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THE 80351
MICROCONTROLLERS

OBJECTIVES

Upon completion of this chapter, you will be able to:

>>  Compare and contrast microprocessors and microcontrollers.
>>  Describe the advantages of microcontrollers for some applications.
>>  Explain the concept of embedded systems.
>>  Discuss criteria for considering a microcontroller.
>>  Explain the variations of speed, packaging, memory, and
cost per unit and how these affect choosing a microcontroller.
>>  Compare and contrast the various members of the 8051 family.
>>  Compare 8051 microcontrollers offered by various manufacturers.

From Chapter 1 of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice
Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.



This chapter begins with a discussion of the role and importance of
microcontrollers in everyday life. In Section 1, we discuss criteria to con-
sider in choosing a microcontroller, as well as the use of microcontrollers in
the embedded market. Section 2 covers various members of the 8051 family,
such as the 8052 and 8031, and their features. In addition, we discuss various
versions of the 8051 such as the 8751, AT89C51, and DS5000.

1: MICROCONTROLLERS AND
EMBEDDED PROCESSORS

In this section, we discuss the need for microcontrollers and contrast them
with general-purpose microprocessors such as the Pentium and other x86 micro-
processors. We also look at the role of microcontrollers in the embedded market.
In addition, we provide some criteria on how to choose a microcontroller.

Microcontroller versus general-purpose microprocessor

What is the difference between a microprocessor and microcontroller?
By microprocessor is meant the general-purpose microprocessors such as
Intel’s x86 family (8086, 80286, 80386, 80486, and the Pentium) or Motorola’s
680x0 family (68000, 68010, 68020, 68030, 68040, etc.). These microproces-
sors contain no RAM, no ROM, and no I/O ports on the chip itself. For this
reason, they are commonly referred to as general-purpose microprocessors. See
Figure 1.

A system designer using a general-purpose microprocessor such as the
Pentium or the 68040 must add RAM, ROM, 1I/O ports, and timers external-
ly to make them functional. Although the addition of external RAM, ROM,
and I/O ports makes these systems bulkier and much more expensive, they have
the advantage of versatility such that the designer can decide on the amount
of RAM, ROM, and I/O ports needed to fit the task at hand. This is not the
case with microcontrollers. A microcontroller has a CPU (a microprocessor)
in addition to a fixed amount of RAM, ROM, I/O ports, and a timer all on a
single chip. In other words, the processor, RAM, ROM, I/O ports, and timer
are all embedded together on one chip; therefore, the designer cannot add any

Data bus
| CPU | RAM | ROM
10 Serial
CPU RAM | | ROM . Timer| | COM
por port I/O | Timer | Serial
COM
port
Address bus

(a) (b)

Figure 1. General-Purpose Microprocessor (a) System Contrasted With Microcontroller (b) System
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Home

Appliances
Intercom
Telephones

Security systems
Garage door openers
Answering machines
Fax machines
Home computers
TVs

Cable TV tuner
VCR

Camcorder

Remote controls
Video games
Cellular phones
Musical instruments
Sewing machines
Lighting control
Paging

Camera

Pinball machines
Toys

Exercise equipment

Office

Telephones
Computers
Security systems
Fax machine
Microwave
Copier

Laser printer
Color printer
Paging

Auto

Trip computer
Engine control
Air bag

ABS
Instrumentation
Security system
Transmission control
Entertainment
Climate control
Cellular phone
Keyless entry

Table 1. Some
Embedded Products

Using Microcontrollers

external memory, 1/O, or timer to it. The fixed amount of
on-chip ROM, RAM, and number of I/O ports in microcon-
trollers makes them ideal for many applications in which cost
and space are critical. In many applications, for example a TV
remote control, there is no need for the computing power of a
486 or even an 8086 microprocessor because the space it takes,
the power it consumes, and the price per unit are much more
critical considerations than the computing power. These appli-
cations most often require some I/O operations to read signals
and turn on and off certain bits. For this reason some call these
processors IBP, “itty-bitty processors” (see “Good Things in
Small Packages Are Generating Big Product Opportunities,”
by Rick Grehan, BYTE magazine, September 1994; www.byte.
com, for an excellent discussion of microcontrollers).

It is interesting to note that some microcontroller manu-
facturers have gone as far as integrating an ADC (analog-to-
digital converter) and other peripherals into the microcontroller.

Microcontrollers for embedded systems

In the literature discussing microprocessors, we often
see the term embedded system. Microprocessors and micro-
controllers are widely used in embedded system products. An
embedded product uses a microprocessor (or microcontroller)
to do one task and one task only. A printer is an example of
embedded system since the processor inside it performs only
one task—namely, getting the data and printing it. Contrast
this with a Pentium-based PC (or any x86 IBM-compatible PC).
A PC can be used for any number of applications such as word
processor, print server, bank teller terminal, video game player,
network server, or internet terminal. Software for a variety of
applications can be loaded and run. Of course the reason a PC
can perform myriad tasks is that it has RAM memory and an
operating system that loads the application software into RAM
and lets the CPU run it. In an embedded system, there is only
one application software that is typically burned into ROM. The
x86 PC contains or is connected to various embedded products
such as the keyboard, printer, modem, disk controller, sound
card, CD-ROM driver, or mouse. Each one of these peripher-
als has a microcontroller inside it that performs only one task.
For example, inside every mouse there is a microcontroller that
performs the task of finding the mouse position and sending it
to the PC. Table 1 lists some embedded products.

x86 PC embedded applications

Although microcontrollers are the preferred choice for
many embedded systems, there are times that a microcontroller
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is inadequate for the task. For this reason, in recent years many manufacturers
of general-purpose microprocessors such as Intel, Freescale Semiconductor
Inc. (formerly Motorola), and AMD (Advanced Micro Devices, Inc.) have
targeted their microprocessor for the high end of the embedded market. While
Intel and AMD push their x86 processors for both the embedded and desktop
PC markets, Freescale has updated the 68000 family in the form of Coldfire to
be used mainly for the high end of embedded systems now that Apple no lon-
ger uses the 680x0 in their Macintosh. Since the early 1990s, a new processor
called ARM has been used in many embedded systems. Currently the ARM is
the most widely used microcontroller in the world and is targeted for the high
end of the embedded market as well as the PC and tablet market. It must be
noted that when a company targets a general-purpose microprocessor for the
embedded market, it optimizes the processor used for embedded systems. For
this reason, these processors are often called high-end embedded processors.
Very often the terms embedded processor and microcontroller are used inter-
changeably.

One of the most critical needs of an embedded system is to decrease
power consumption and space. This can be achieved by integrating more func-
tions into the CPU chip. All the embedded processors based on the x86 and
680x0 have low power consumption in addition to some forms of I/0, COM
port, and ROM all on a single chip. In high-performance embedded proces-
sors, the trend is to integrate more and more functions on the CPU chip and
let the designer decide which features he or she wants to use. This trend is
invading PC system design as well. Normally, in designing the PC mother-
board we need a CPU plus a chip-set containing I/O, a cache controller, a flash
ROM containing BIOS, and finally a secondary cache memory. New designs
are emerging in industry. For example, Cyrix has announced that it is working
on a chip that contains the entire PC, except for DRAM. In other words, we
are about to see an entire computer on a chip.

Currently, because of MS-DOS and Windows standardization many
embedded systems are using x86 PCs. In many cases, using the x86 PCs for
the high-end embedded applications not only saves money but also shortens
development time since there is a vast library of software already written for
the DOS and Windows platforms. The fact that Windows is a widely used and
well understood platform means that developing a Windows-based embedded
product reduces the cost and shortens the development time considerably.

Choosing a microcontroller

There are four major 8-bit microcontrollers. They are: Freescale’s 6811,
Intel’s 8051, Zilog’s Z8, and PIC 16X from Microchip Technology. Each of
these microcontrollers has a unique instruction set and register set; therefore,
they are not compatible with each other. Programs written for one will not run
on the others. There are also 16-bit and 32-bit microcontrollers made by various
chip makers. With all these different microcontrollers, what criteria do design-
ers consider in choosing one? Three criteria in choosing microcontrollers are
as follows: (1) meeting the computing needs of the task at hand efficiently and
cost-effectively, (2) availability of software development tools such as compilers,
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assemblers, and debuggers, and (3) wide availability and reliable sources of the
microcontroller. Next, we elaborate further on each of the above criteria.

Criteria for choosing a microcontroller

1.

Table 2. Some of the Companies Producing a Member

The first and foremost criterion in choosing a microcontroller is that it

must meet the task at hand efficiently and cost-effectively. In analyzing the

needs of a microcontroller-based project, we must first see whether an 8-bit,

16-bit, or 32-bit microcontroller can best handle the computing needs of the

task most effectively. Among other considerations in this category are:

(a) Speed. What is the highest speed that the microcontroller supports?

(b) Packaging. Does it come in a 40-pin DIP (dual inline package) or a QFP
(quad flat package), or some other packaging format? This is important
in terms of space, assembling, and prototyping the end product.

(c) Power consumption. This is especially critical for battery-powered
products.

(d) The amount of RAM and ROM on chip.

(e) The number of I/O pins and the timer on the chip.

(f) How easy it is to upgrade to higher-performance or lower power-
consumption versions.

(g) Cost per unit. This is important in terms of the final cost of the product in
which a microcontroller is used. For example, there are microcontrollers
that cost 50 cents per unit when purchased 100,000 units at a time.

The second criterion in choosing a microcontroller is how easy it is to
develop products around it. Key considerations include the availability of an
assembler, debugger, a code-efficient C language compiler, emulator, techni-
cal support, and both in-house and outside expertise. In many cases, third-
party vendor (i.e., a supplier other than the chip manufacturer) support for
the chip is as good as, if not better than, support from the chip manufacturer.

The third criterion in choosing a microcontroller is its ready availability in
needed quantities both now and in the future. For some designers, this is
even more important than the first two criteria. Currently, of the leading
8-bit microcontrollers, the 8051 family has the largest number of diversi-
fied (multiple source) suppliers. By supplier is meant a producer besides
the originator of the micro-
controller. In the case of the

of the 8051 Family 8051, which was originated

by Intel, several companies

Company Website also currently produce (or
Intel www.intel.com/design/mcs51 have produced in th? pE,lSt) the
Aol " 8051. These companies include
tme LA ST Intel, Atmel, Philips/Signetics,
Philips/Signetics www.semiconductors.philips.com  §ijl.ab, Infineon (formerly
Infineon www.infineon.com Siemens), Matra, and Dallas
Dallas Semi/Maxim www.maxim-ic.com Semiconductor. See Table 2.

Silicon Labs

It should be noted

.silabs. .
WWW.STanbs.com that Freescale, Zilog, and
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Microchip Technology have all dedicated massive resources to ensure wide
and timely availability of their product since their product is stable, mature,
and single sourced. In recent years, they also have begun to sell the ASIC
(application-specific integrated circuit) library cell of the microcontroller.

REVIEW QUESTIONS

1. True or false. Microcontrollers are normally less expensive than micro-
processors.

2. When comparing a system board based on a microcontroller and a general-
purpose microprocessor, which one is cheaper?

3. A microcontroller normally has which of the following devices on-chip?
(a) RAM (b) ROM (c) I/O (d) all of the above

4. A general-purpose microprocessor normally needs which of the following
devices to be attached to it?
(a) RAM (b) ROM (c) /O (d) all of the above

5. An embedded system is also called a dedicated system. Why?

6. What does the term embedded system mean?

7. Why does having multiple sources of a given product matter?

2: OVERVIEW OF THE 8051 FAMILY

In this section, we first look at the various members of the 8051 family
of microcontrollers and their internal features. In addition, we see who are the
different manufacturers of the 8051 and what kind of products they offer.

A brief history of the 8051

In 1981, Intel Corporation introduced an 8-bit microcontroller called the
8051. This microcontroller had 128 bytes of RAM, 4K bytes of on-chip ROM,
two timers, one serial port, and four ports (each 8-bits wide) all on a single chip.
At the time, it was also referred to as a “system on a chip.” The 8051 is an 8-bit
processor, meaning that the CPU can work on only 8 bits of data at a time. Data
larger than 8 bits has to be broken into 8-bit pieces to be processed by the CPU.
The 8051 has a total of four I/O ports, each 8-bits wide. See Figure 2. Although
the 8051 can have a maximum of 64K bytes of on-chip ROM, many manufactur-
ers have put only 4K bytes on the chip. This will be discussed in more detail later.

The 8051 became widely popular after Intel allowed other manufactur-
ers to make and market any flavors of the 8051 they please with the condition
that they remain code-compatible with the 8051. This has led to many versions
of the 8051 with different speeds and amounts of on-chip ROM marketed by
more than half a dozen manufacturers. Next, we review some of them. It is
important to note that although there are different flavors of the 8051 in terms
of speed and amount of on-chip ROM, they are all compatible with the original
8051 as far as the instructions are concerned. This means that if you write your
program for one, it will run on any of them regardless of the manufacturer.
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External
interrupts

L

Interrupt
control

CPU /1

0OSC

]

On-chip
ROM
- for i Etc. g
< program On-chip Timer 0 . -2
- RAM : -
code Timer 1 4—}— g
~—1
Bus Four I/0 Serial
control ports port
PO P2 Pl P3 TXD RXD
[ —
Address/Data

Figure 2. Inside the 8051 Microcontroller Block Diagram

8051 microcontroller

Other members of the 8051 family

They are the 8052 and the 8031.

Table 3. Features of the 8051

The 8051 is the original member of the 8051 family. Intel refers to it as
MCS-51. Table 3 shows the main features of the 8051.

There are two other members in the 8051 family of microcontrollers.

Feature Quantity
ROM 4K bytes
RAM 128 bytes
Timer 2

I/0 pins 32

Serial port 1
Interrupt sources 6

Note: ROM amount indicates
on-chip program space.

8052 microcontroller

The 8052 is another member of the 8051 family.
The 8052 has all the standard features of the 8051 as
well as an extra 128 bytes of RAM and an extra timer.
In other words, the 8052 has 256 bytes of RAM and
three timers. It also has 8K bytes of on-chip program
ROM instead of 4K bytes.

As can be seen from Table 4, the 8051 is a sub-
set of the 8052; therefore, all programs written for the
8051 will run on the 8052, but the reverse is not true.
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Table 4. Comparison of 8051 Family Members

Feature 8051 8052 8031
ROM (on-chip program space in bytes) 4K 8K 0K
RAM (bytes) 128 256 128
Timers 2 3 2
I/0 pins 32 32 32
Serial port 1 1 1
Interrupt sources 6 8 6

8031 microcontroller

Another member of the 8051 family is the 8031 chip. This chip is often
referred to as a ROM-less 8051 since it has 0K bytes of on-chip ROM. To
use this chip, you must add external ROM to it. This external ROM must
contain the program that the 8031 will fetch and execute. Contrast that to
the 8051 in which the on-chip ROM contains the program to be fetched and
executed but is limited to only 4K bytes of code. The ROM containing the
program attached to the 8031 can be as large as 64K bytes. In the process of
adding external ROM to the 8031, you lose two ports. That leaves only two
ports (of the four ports) for I/O operations. To solve this problem, you can
add external I/O to the 8031. There are also various speed versions of the 8031
available from different companies.

Various 8051 microcontrollers

Although the 8051 is the most popular member of the 8051 family, you
will not see “8051” in the part number. This is because the 8051 is available
in different memory types, such as UV-EPROM, Flash, and NV-RAM, all of
which have different part numbers. The UV-EPROM version of the 8051 is the
8751. The flash ROM version is marketed by many companies including Atmel
Corp. and Dallas Semiconductor. The Atmel Flash 8051 is called AT89C51,
while Dallas Semiconductor calls theirs DS89C4x0 (DS89C430/440/450).
The NV-RAM version of the 8051 made by Dallas Semiconductor is called
DS5000. There is also an OTP (one-time programmable) version of the 8051
made by various manufacturers. Next, we discuss briefly each of these chips
and their applications.

8751 microcontroller

This 8751 chip has only 4K bytes of on-chip UV-EPROM. Using
this chip for development requires access to a PROM burner, as well as a
UV-EPROM eraser to erase the contents of UV-EPROM inside the 8751 chip
before you can program it again. Because the on-chip ROM for the 8751 is
UV-EPROM, it takes around 20 minutes to erase the 8751 before it can be
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programmed again. This has led many manufacturers to introduce flash and
NV-RAM versions of the 8051, as we will discuss next. There are also various
speed versions of the 8751 available from different companies.

DS89C4x0 from Dallas Semiconductor (Maxim)

Many popular 8051 chips have on-chip ROM in the form of flash mem-
ory. The AT89C51 from Atmel Corp. is one example of an 8051 with flash
ROM. This is ideal for fast development since flash memory can be erased
in seconds compared to the 20 minutes or more needed for the 8751. For this
reason, the AT89C51 is used in place of the 8751 to eliminate the waiting time
needed to erase the chip and thereby speed up the development time. Using the
AT89C5I1 to develop a microcontroller-based system requires a ROM burner
that supports flash memory; however, a ROM eraser is not needed. Notice that
in flash memory you must erase the entire contents of ROM in order to pro-
gram it again. This erasing of flash is done by the PROM burner itself, which
is why a separate eraser is not needed. To eliminate the need for a PROM
burner, Dallas Semiconductor, now part of the Maxim Corp., has a version of
the 8051/52 called DS89C4x0 (DS89C430/...) that can be programmed via the
serial COM port of the x86 PC.

Notice that the on-chip ROM for the DS89C4x0 is in the form of flash.
The DS89C4x0 (430/440/450) comes with an on-chip loader, which allows the
program to be loaded into the on-chip flash ROM while it is in the system. This
can be done via the serial COM port of the x86 PC. This in-system program
loading of the DS89C4x0 via a PC serial COM port makes it an ideal home
development system. Dallas Semiconductor also has an NV-RAM version of
the 8051 called DS5000. The advantage of NV-RAM is the ability to change
the ROM contents one byte at a time. The DS5000 also comes with a loader,
allowing it to be programmed via the PC’s COM port. From Table 5, notice
that the DS89C4x0 is really an 8052 chip since it has 256 bytes of RAM and
three timers.

DS89C4x0 Trainer
The MDES8051 Trainer is available from www.MicroDigitalEd.com.

Table 5: Versions of 8051/52 Microcontroller From Dallas Semiconductor (Maxim)

Part No. ROM RAM  1/O pins Timers Interrupts V
DS89C30 16K (Flash) 256 32 3 6 5V
DS89C440 32K (Flash) 256 32 3 6 5V
DS89C450 64K (Flash) 256 32 3 6 5V
DS5000 8K (NV-RAM) 128 32 2 6 5V
DS80C320 0K 256 32 3 6 5V
DS87520 16K (UVROM) 256 32 3 6 5V

Source: www.maxim-ic.com/products/microcontrollers/8051_drop_in.cfm
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Table 6. Versions of 8051 From Atmel (All ROM Flash)

Part No. ROM RAM 1/OPins Timer Interrupt Ve Packaging
AT89C51 4K 128 32 2 6 5V 40
AT8ILVSI 4K 128 32 2 6 3V 40
AT89C1051 1K 64 15 1 3 3V 20
AT89C2051 2K 128 15 2 6 3V 20
AT89CS52 8K 128 32 3 8 5V 40
AT89LVS52 8K 128 32 3 8 3V 40

Note: “C” in the part number indicates CMOS.

Table 7. Various Speeds of 8051 From Atmel

Part No. Speed Pins Packaging  Use

AT89CS1-12PC 12 MHz 40 DIP plastic Commercial
AT8I9CS1-16PC 16 MHz 40 DIP plastic Commercial
AT89CS51-20PC 20 MHz 40 DIP plastic Commercial

This Trainer allows you to program the DS89C4x0 chip from the COM port of
the x86 PC, with no need for a ROM burner.

AT89C51 from Atmel Corporation

The Atmel Corp. has a wide selection of 8051 chips, as shown in Tables 6
and 7. For example, the AT89C51 is a popular and inexpensive chip used in many
small projects. It has 4K bytes of flash ROM. Notice the AT89C51-12PC, where
“C” before the 51 stands for CMOS, which has a low power consumption, “12”
indicates 12 MHz, “P” is for plastic DIP package, and “C” is for commercial.

OTP version of the 8051

There are also OTP (one-time programmable) versions of the 8051
available from different sources. Flash and NV-RAM versions are typically
used for product development. When a product is designed and absolutely
finalized, the OTP version of the 8051 is used for mass production since it is
much cheaper in terms of price per unit.

8051 family from Philips

Another major producer of the 8051 family is Philips Corporation.
Indeed, it has one of the largest selections of 8051 microcontrollers. Many of
its products include features such as A-to-D converters, D-to-A converters,
extended I/0, and both OTP and flash.

THE 8051 MICROCONTROLLERS



Table 8. The 8051 Chips From Silicon Labs

Part No. Flash RAM Pins Packaging
C8051F000 32K 256 64 TQFP
C8051F020 64K 4352 100 TQFP
C8051F350 8K 768 32 TQFP

Source: www.SiLabs.com

8051 family from SiLabs

Another major producer of the 8051 family is Silicon Labs Corporation.
Indeed, it has become one of the largest producers of 8051 microcontrollers.
Many of its products include features such as A-to-D converters, D-to-A
converters, extended 1/0, PWM, 12C, and SPI. See Table 8.

REVIEW QUESTIONS

1. Name three features of the 8051.

2. What is the major difference between the 8051 and 8052 microcontrollers?

3. Give the size of RAM in each of the following.
(a) 8051  (b) 8052 (c) 8031

4. Give the size of the on-chip ROM in each of the following.
(a) 8051  (b) 8052 (c) 8031

5. The 8051 is a(n) -bit microprocessor.

6. State a major difference between the 8751, the AT89CS51, and the
DS89C430.

7. True or false. The DS89C430 is really an 8052 chip.

8. True or false. The DS89C430 has a loader embedded to the chip, eliminating
the need for ROM burner.

9. The DS89C430 chip has bytes of on-chip ROM.
10. The DS89C430 chip has bytes of RAM.
SUMMARY

This chapter discussed the role and importance of microcontrollers in
everyday life. Microprocessors and microcontrollers were contrasted and com-
pared. We discussed the use of microcontrollers in the embedded market. We
also discussed criteria to consider in choosing a microcontroller such as speed,
memory, I/O, packaging, and cost per unit. It also provided an overview of the
various members of the 8051 family of microcontrollers, such as the 8052 and
8031, and their features. In addition, we discussed various versions of the 8051,
such as the AT89CS51 and DS89C4x0, which are marketed by suppliers other
than Intel.

THE 8051 MICROCONTROLLERS

11



12

RECOMMENDED WEB LINKS

For a DS89C4x0-based Trainer, see www.MicroDigitalEd.com. For a
SiLabs trainer tutorial, see www.MicroDigitalEd.com.

See the following websites for 8051 products and their features from
various companies:

* www.8052.com/chips.phtml
+ www.MicroDigitalEd.com

PROBLEMS

: MICROCONTROLLERS AND EMBEDDED PROCESSORS

1

1. True or False. A general-purpose microprocessor has on-chip ROM.

2. True or False. A microcontroller has on-chip ROM.

3. True or False. A microcontroller has on-chip I/O ports.

4. True or False. A microcontroller has a fixed amount of RAM on the chip.

5. What components are normally put together with the microcontroller into
a single chip?

6. Intel’s Pentium chips used in Windows PCs need external and

chips to store data and code.

7. List three embedded products attached to a PC.

8. Why would someone want to use an x86 as an embedded processor?

9. Give the name and the manufacturer of some of the most widely used 8-bit
microcontrollers.

10. In Question 9, which microcontroller has the most manufacture sources?

11. In a battery-based embedded product, what is the most important factor
in choosing a microcontroller?

12. In an embedded controller with on-chip ROM, why does the size of the
ROM matter?

13. In choosing a microcontroller, how important is it to have multiple sources
for that chip?

14. What does the term third-party support mean?

15. If a microcontroller architecture has both 8-bit and 16-bit versions, which
of the following statements is true?
(a) The 8-bit software will run on the 16-bit system.
(b) The 16-bit software will run on the 8-bit system.

2: OVERVIEW OF THE 8051 FAMILY

16. The 8751 has bytes of on-chip ROM.

17. The AT89C51 has bytes of on-chip RAM.
18. The 8051 has ____ on-chip timer(s).

19. The 8052 has ____bytes of on-chip RAM.

THE 8051 MICROCONTROLLERS



20.
21
22.
23.
24.
25.
26.
27.

28.

29.
30.

. The 8051 family has

The ROM-Iess version of the 8051 uses as the part number.

pins for I/0.

The 8051 family has circuitry to support serial ports.

The 8751 on-chip ROM is of type .

The AT89C51 on-chip ROM is of type .

The DS5000 on-chip ROM is of type .

The DS89C430 on-chip ROM is of type .

Give the amount of ROM and RAM for the following chips.

(a) AT89CS51 (b) DS89C430 (c) DS89C440

Of the 8051 family, which memory type is the most cost-effective if you are
using a million of them in an embedded product?

What is the difference between the 8031 and 80517

Of the 8051 microcontrollers, which one is the best for a home develop-
ment environment? (You do not have access to a ROM burner.)

ANSWERS TO REVIEW QUESTIONS

[E—

A
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: MICROCONTROLLERS AND EMBEDDED PROCESSORS

True

A microcontroller-based system

(d)

(d)

It is dedicated to doing one type of job.

Embedded system means that the application and processor are combined into a single
system.

Having multiple sources for a given part means you are not hostage to one supplier. More
importantly, competition among suppliers brings about lower cost for that product.

: OVERVIEW OF THE 8051 FAMILY

128 bytes of RAM, 4K bytes of on-chip ROM, four 8-bit I/O ports.
The 8052 has everything that the 8051 has, plus an extra timer, and the on-chip ROM is
8K bytes instead of 4K bytes. The RAM in the 8052 is 256 bytes instead of 128 bytes.

Both the 8051 and the 8031 have 128 bytes of RAM and the 8052 has 256 bytes.
(a) 4K bytes (b) 8K bytes (¢) OK bytes
8

The main difference is the type of on-chip ROM. In the 8751, it is UV-EPROM; in the
ATB89C51, it is flash; and in the DS89C430, it is flash with a loader on the chip.

True

True

16K

256

THE 8051 MICROCONTROLLERS
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3051 ASSEMBLY
LANGUAGE
PROGRAMMING

OBJECTIVES

Upon completion of this chapter, you will be able to:

>>  List the registers of the 8051 microcontroller.

>>  Manipulate data using the registers and MOV instructions.

>>  Code simple 8051 Assembly language instructions.

>>  Assemble and run an 8051 program.

>>  Describe the sequence of events that occur upon 8051 power-up.
>>  Examine programs in ROM code of the 8051.

>>  Explain the ROM memory map of the 8051.

>>  Detail the execution of 8051 Assembly language instructions.
>>  Describe 8051 data types.

>>  Explain the purpose of the PSW (program status word) register.
>>  Discuss RAM memory space allocation in the 8051.

>>  Diagram the use of the stack in the 8051.

>>  Manipulate the register banks of the 8051.

>>  Understand the RISC and CISC architectures.

From Chapter 2 of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice

Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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In Section 1, we look at the inside of the 8051. We demonstrate some
of the widely used registers of the 8051 with simple instructions such as MOV
and ADD. In Section 2, we examine Assembly language and machine language
programming and define terms such as mnemonics, opcode, and operand. The
process of assembling and creating a ready-to-run program for the 8051 is dis-
cussed in Section 3. Step-by-step execution of an 8051 program and the role of
the program counter are examined in Section 4. In Section 5, we look at some
widely used Assembly language directives, pseudocode, and data types related
to the 8051. In Section 6, we discuss the flag bits and how they are affected by
arithmetic instructions. Allocation of RAM memory inside the 8051 plus the
stack and register banks of the 8051 are discussed in Section 7. Section 8 exam-
ines the concepts of RISC and CISC architectures.

1: INSIDE THE 8051

In this section, we examine the major registers of the 8051 and show
their use with the simple instructions MOV and ADD.

Registers

o7 [0 [ o5 [ 04 [ 03 [ o2 [ o1 [ 00

In the CPU, registers
are used to store informa-
tion temporarily. That information could be a byte of data to be processed, or
an address pointing to the data to be fetched. The vast majority of 8051 regis-
ters are 8-bit registers. In the 8051, there is only one data type: 8 bits. The 8 bits
of a register are shown in the diagram from the MSB (most significant bit) D7
to the LSB (least significant bit) DO. With an 8-bit data type, any data larger
than 8 bits must be broken into 8-bit chunks before
it is processed. Since there are a large number of

A registers in the 8051, we will concentrate on some
B of the widely used general-purpose registers.

The most widely used registers of the 8051 are
RO A (accumulator), B, R0, R1, R2, R3, R4, R5, R6, R7,
R1 DPTR (data pointer), and PC (program counter). All

of the above registers are 8 bits, except DPTR and

R2 the program counter. See Figure 1(a) and (b).

R3

R4

R5

DPTR DPH I DPL

R6

R7 PC PC (program counter)
Figure 1(a). Some 8-bit
Registers of the 8051 Figure 1(b). Some 8051 16-bit Registers
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The accumulator, register A, is used for all arithmetic and logic instruc-

tions. To understand the use of these registers, we will show them in the con-
text of two simple instructions, MOV and ADD.

MOV instruction

Simply stated, the MOV instruction copies data from one location to

another. It has the following format:

MOV destination, source ;copy source to dest.

This instruction tells the CPU to move (in reality, copy) the source oper-

and to the destination operand. For example, the instruction “MOV A, R0”
copies the contents of register R0 to register A. After this instruction is execut-
ed, register A will have the same value as register R0. The MOV instruction
does not affect the source operand. The following program first loads register
A with value 55H (that is 55 in hex), then moves this value around to various
registers inside the CPU. Notice the “#” in the instruction. This signifies that
it is a value. The importance of this will be discussed soon.

MOV A, #55H ;load value 55H into reg. A

MOV RO,A ;copy contents of A into RO
; (now A=R0=55H)

MOV R1,A ;copy contents of A into R1
; (now A=R0=R1=55H)

MOV R2,A ;copy contents of A into R2
;now A=R0=R1=R2=55H)

MOV R3, #95H ;load value 95H into R3
; (now R3=95H)

MOV A,R3 ;copy contents of R3 into A

;now A=R3=95H)

When programming the 8051 microcontroller, the following points

should be noted:

1.

Values can be loaded directly into any of registers A, B, or RO-R7.
However, to indicate that it is an immediate value it must be preceded with
a pound sign (#). This is shown next.

MOV A, #23H ;load 23H into A (A=23H)
MOV RO, #12H ;load 12H into RO (R0=12H)
MOV R1,#1FH ;load 1FH into R1 (R1=1FH)
MOV R2, #2BH ;load 2BH into R2 (R2=2BH)
MOV B, #3CH ;load 3CH into B (B=3CH)
MOV R7, #9DH ;load 9DH into R7 (R7=9DH)
MOV R5, #0F9H ;load F9H into R5 (R5=F9H)
MOV R6,#12 ;load 12 decimal (O0OCH)

;into reg. R6 (R6=0CH)

8051 ASSEMBLY LANGUAGE PROGRAMMING .



Notice in instruction “MOV R5, #0F9H” a 0 is used between the # and
F to indicate that F is a hex number and not a letter. In other words, “MOV
RS, #F9H” will cause an error.

2. If values 0 to F are moved into an 8-bit register, the rest of the bits are
assumed to be all zeros. For example, in “MOV A, #5” the result will be A
= 05: that is, A = 00000101 in binary.

3. Moving a value that is too large into a register will cause an error.
MOV A,#7F2H ;ILLEGAL: 7F2H > 8 bits (FFH)
MOV R2,#456 ;ILLEGAL: 456 > 255 decimal (FFH)

4. A value to be loaded into a register must be preceded with a pound sign
(#). Otherwise it means to load from a memory location. For example,
“MOV A, 17H” means to move into A the value held in memory location
17H, which could have any value. In order to load the value 17H into the
accumulator, we must write “MOV A, #17H” with the # preceding the
number. Notice that the absence of the pound sign will not cause an error
by the assembler since it is a valid instruction. However, the result would
not be what the programmer intended. This is a common error for begin-
ning programmers in the 8051.

ADD instruction
The ADD instruction has the following format:

ADD A, source ;ADD the source operand
;to the accumulator

The ADD instruction tells the CPU to add the source byte to register
A and put the result in register A. To add two numbers such as 25H and 34H,
each can be moved to a register and then added together:

MOV A, #25H ;load 25H into A
MOV R2,#34H ;load 34H into R2
ADD A,R2 ;add R2 to accumulator

; (A = A + R2)

Executing the program above results in A = 59H (25H + 34H = 59H)
and R2 = 34H. Notice that the content of R2 does not change. The program
above can be written in many ways, depending on the registers used. Another
way might be:

MOV R5, #25H ;load 25H into R5 (R5=25H)

MOV R7,#34H ;load 34H into R7 (R7=34H)

MOV A, #0 ;load 0 into A (A=0,clear A)

ADD A,R5 ;add to A content of R5
;where A = A + R5

ADD A,R7 ;add to A content of R7

;where A = A + R7
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The program above results in A = 59H. There are always many ways to
write the same program. One question that might come to mind after looking
at the program is whether it is necessary to move both data items into registers
before adding them together. The answer is no, it is not necessary. Look at the
following variation of the same program:

MOV A,#25H ;load one operand into A (A=25H)
ADD A,#34H ;add the second operand 34H to A

In the above case, while one register contained one value, the second
value followed the instruction as an operand. This is called an immediate oper-
and. The examples shown so far for the ADD instruction indicate that the
source operand can be either a register or immediate data, but the destination
must always be register A, the accumulator. In other words, an instruction such
as “ADD R2,#12H” is invalid since register A (accumulator) must be involved
in any arithmetic operation. Notice that “ADD R4 ,A” is also invalid for the rea-
son that A must be the destination of any arithmetic operation. To put it simply:
In the 8051, register A must be involved and be the destination for all arithmetic
operations. The foregoing discussion explains why register A is referred to as the
accumulator.

There are two 16-bit registers in the 8051: program counter and data
pointer. The importance and use of the program counter are covered in
Section 3. The DPTR register is used in accessing data.

REVIEW QUESTIONS

1. Write the instructions to move value 34H into register A and value 3FH
into register B, then add them together.

2. Write the instructions to add the values 16H and CDH. Place the result in

register R2.

True or false. No value can be moved directly into registers RO-R7.

4. What is the largest hex value that can be moved into an 8-bit register?
What is the decimal equivalent of the hex value?

5. The vast majority of registers in 8051 are bits.

e

2: INTRODUCTION TO 8051 ASSEMBLY PROGRAMMING

In this section, we discuss Assembly language format and define some
widely used terminology associated with Assembly language programming.

While the CPU can work only in binary, it can do so at a very high
speed. For humans, however, it is quite tedious and slow to deal with Os and
Is in order to program the computer. A program that consists of Os and 1s
1s called machine language. In the early days of the computer, programmers
coded programs in machine language. Although the hexadecimal system was

8051 ASSEMBLY LANGUAGE PROGRAMMING
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used as a more efficient way to represent binary numbers, the process of work-
ing in machine code was still cumbersome for humans. Eventually, Assembly
languages were developed that provided mnemonics for the machine code
instructions, plus other features that made programming faster and less prone
to error. The term mnemonic is frequently used in computer science and engi-
neering literature to refer to codes and abbreviations that are relatively easy
to remember. Assembly language programs must be translated into machine
code by a program called an assembler. Assembly language is referred to as a
low-level language because it deals directly with the internal structure of the
CPU. To program in Assembly language, the programmer must know all the
registers of the CPU and the size of each, as well as other details.

Today, one can use many different programming languages, such as
BASIC, Pascal, C, C++, Java, and numerous others. These languages are
called high-level languages because the programmer does not have to be con-
cerned with the internal details of the CPU. Whereas an assembler is used to
translate an Assembly language program into machine code (sometimes also
called object code or opcode for operation code), high-level languages are
translated into machine code by a program called a compiler. For instance, to
write a program in C, one must use a C compiler to translate the program into
machine language. Now we look at 8051 Assembly language format and use
an 8051 assembler to create a ready-to-run program.

Structure of Assembly language

An Assembly language program consists of, among other things, a
series of lines of Assembly language instructions. An Assembly language
instruction consists of a mnemonic, optionally followed by one or two oper-
ands. The operands are the data items being manipulated, and the mnemonics
are the commands to the CPU, telling it what to do with those items.

A given Assembly language program (see Program 1) is a series of
statements, or lines, which are either Assembly language instructions such as

ORG OH ;start (origin) at location O

MOV R5, #25H ;load 25H into RS

MOV R7,#34H ;load 34H into R7

MOV A, #0 ;load 0 into A

ADD A,R5 ;add contents of R5 to A
;now A = A + R5

ADD A,R7 ;add contents of R7 to A
;now A = A + R7

ADD A,#12H ;add to A value 12H
;now A = A + 12H

HERE:SJMP HERE ;stay in this loop
END ;end of asm source file

Program 1. Sample of an Assembly Language Program
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ADD and MOV, or statements called directives. While instructions tell the
CPU what to do, directives (also called pseudo-instructions) give directions to
the assembler. For example, in the above program while the MOV and ADD
instructions are commands to the CPU, ORG and END are directives to the
assembler. ORG tells the assembler to place the opcode at memory location
0, while END indicates to the assembler the end of the source code. In other
words, one is for the start of the program and the other one for the end of
the program.

An Assembly language instruction consists of four fields:
[label:] mnemonic [operands] [; comment]

Brackets indicate that a field is optional, and not all lines have them.
Brackets should not be typed in. Regarding the above format, the following
points should be noted.

1. The label field allows the program to refer to a line of code by name.
The label field cannot exceed a certain number of characters. Check your
assembler for the rule.

2. The Assembly language mnemonic (instruction) and operand(s) fields
together perform the real work of the program and accomplish the tasks for
which the program was written. In Assembly language statements such as

ADD A,B
MOV A, #67

ADD and MOV are the mnemonics, which produce opcodes; and “A, B”
and “A, #67” are the operands. Instead of a mnemonic and an operand,
these two fields could contain assembler pseudo-instructions, or directives.
Remember that directives do not generate any machine code (opcode) and
are used only by the assembler, as opposed to instructions that are trans-
lated into machine code (opcode) for the CPU to execute. In Program 1,
the commands ORG (origin) and END are examples of directives (some
8051 assemblers use .ORG and .END). Check your assembler for the rules.
More of these pseudo-instructions are discussed in detail in Section 3.

6,9

3. The comment field begins with a semicolon comment indicator “;”.
Comments may be at the end of a line or on a line by themselves. The
assembler ignores comments, but they are indispensable to programmers.
Although comments are optional, it is recommended that they be used
to describe the program and make it easier for someone else to read and
understand, or for the programmer to remember what they wrote.

4. Notice the label “HERE” in the label field in Program 1. Any label refer-
ring to an instruction must be followed by a colon, “:”. In the SIMP (short
jump instruction), the 8051 is told to stay in this loop indefinitely. If your
system has a monitor program you do not need this line and it should be
deleted from your program. In the next section, we will see how to create
a ready-to-run program.
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REVIEW QUESTIONS

1. What is the purpose of pseudo-instructions?

2. are translated by the assembler into machine code, whereas
are not.

3. True or false. Assembly language is a high-level language.

4. Which of the following produces opcode?
(a)aDD A,R2 (b)MOV A,#12 (c)ORG 2000H (d) SOMP HERE
5. Pseudo-instructions are also called .
6. True or false. Assembler directives are not used by the CPU itself. They are
simply a guide to the assembler.
7. In Question 4, which one is an assembler directive?

3: ASSEMBLING AND RUNNING
AN 8051 PROGRAM

Now that the basic form of an Assembly language program has been
given, the next question is this: How it is created, assembled, and made ready to
run? The steps to create an executable Assembly

language program are outlined as follows. See
Figure 2. Editor

1. First we use an editor to type in a program program

similar to Program 1. Many excellent editors myfile.asm
or word processors are available that can
be used to create and/or edit the program.

. . . Assembler
A widely used editor is the MS-DOS EDIT program
program (or Notepad in Windows), which
comes with all Microsoft operating systems. myfile.lst <J
Notice that the editor must be able to pro-
duce an ASCII file. For many assemblers, myfile.obj other obj files
the file names follow the usual DOS conven- Y r
tions, but the source file has the extension Linker
“asm” or “src”, depending on which assem- program
bler you are using. Check your assembler l
for the convention. The “asm” extension for

Y

. . file.abs
the source file is used by an assembler in the TyITe-ans
next step. l
2. The “asm” source file containing the pro- OH
gram code created in step 1 is fed to an program
8051 assembler. The assembler converts the
instructions into machine code. The assem- ¢
bler will produce an object file and a list file. myfile.hex
The extension for the object file is “obj” while
the extension for the list file is “Ist”. Figure 2. Steps to Create a Program
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0000
0000
0002
0004
0006

g s w N R

6 0007

7 0008

8 000A
9 000C

ORG OH ;start (origin) at 0
7D25 MOV R5, #25H ;load 25H into R5
7F34 MOV R7,#34H ;load 34H into R7
7400 MOV A, #0 ;load 0 into A
2D ADD A,R5 ;add contents of R5 to A
;now A = A + R5
2F ADD A,R7 ;add contents of R7 to A
;now A = A + R7
2412 ADD A,#12H ;add to A value 12H
;now A = A + 12H
80FE HERE: SJMP HERE ;stay in this loop
END ;end of asm source file

Program 2. List File for Program 1

3. Assemblers require a third step called /inking. The link program takes
one or more object files and produces an absolute object file with the
extension “abs”. This abs file is used by 8051 trainers that have a moni-
tor program.

4. Next, the “abs” file is fed into a program called “OH” (object to hex
converter), which creates a file with extension “hex” that is ready to
burn into ROM. This program comes with all 8051 assemblers. Recent
Windows-based assemblers combine steps 2 through 4 into one step.

More about “asm” and “obj” files

The “asm” file is also called the source file and for this reason some
assemblers require that this file have the “src” extension. Check your 8051
assembler to see which extension it requires. As mentioned earlier, this file is
created with an editor such as DOS EDIT or Windows Notepad. The 8051
assembler converts the asm file’s Assembly language instructions into machine
language and provides the obj (object) file. In addition to creating the object
file, the assembler also produces the Ist file (list file).

Ist file

The Ist (list) file, which is optional, is very useful to the programmer
because it lists all the opcodes and addresses, as well as errors that the assem-
bler detected. See Program 2. Many assemblers assume that the list file is
not wanted unless you indicate that you want to produce it. This file can be
accessed by an editor such as DOS EDIT and displayed on the monitor or sent
to the printer to produce a hard copy. The programmer uses the list file to find
syntax errors. It is only after fixing all the errors indicated in the Ist file that the
obj file is ready to be input to the linker program.

8051 ASSEMBLY LANGUAGE PROGRAMMING
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REVIEW QUESTIONS

1. True or false. The DOS program EDIT produces an ASCII file.
2. True or false. Generally, the extension of the source file is “asm” or “src”.
3. Which of the following files can be produced by the DOS EDIT program?
(a) myprog.asm (b) myprog.obj (¢) myprog.exe (d) myprog.lst
4. Which of the following files is produced by an 8051 assembler?
(a) myprog.asm (b) myprog.obj (¢) myprog.hex (d) myprog.Ist
5. Which of the following files lists syntax errors?
(a) myprog.asm (b) myprog.obj (¢) myprog.hex (d) myprog.Ist

4: THE PROGRAM COUNTER AND ROM
SPACE IN THE 8051

In this section, we examine the role of the program counter (PC) register
in executing an 8051 program. We also discuss ROM memory space for vari-
ous 8051 family members.

Program counter in the 8051

Another important register in the 8051 is the program counter. The
program counter points to the address of the next instruction to be executed.
As the CPU fetches the opcode from the program ROM, the program counter
1s incremented to point to the next instruction. The program counter in the
8051 is 16-bits wide. This means that the 8051 can access program addresses
0000 to FFFFH, a total of 64K bytes of code. However, not all members of
the 8051 have the entire 64K bytes of on-chip ROM installed, as we will see
soon. Where does the 8051 wake up when it is powered? We will discuss this
important topic next.

Where the 8051 wakes up when it is powered up

One question that we must ask about any microcontroller (or micro-
processor) is, At what address does the CPU wake up upon applying power
to it? Each microprocessor is different. In the case of the 8051 family (i.e., all
members regardless of the maker and variation), the microcontroller wakes
up at memory address 0000 when it is powered up. By powering up, we mean
applying V__ to the RESET pin. In other words, when the 8051 is powered
up, the program counter has the value of 0000 in it. This means that it expects
the first opcode to be stored at ROM address 0000H. For this reason, in the
8051 system, the first opcode must be burned into memory location 0000H
of program ROM since this is where it looks for the first instruction when it
1s booted. We achieve this by the ORG statement in the source program as
shown earlier. Next, we discuss the step-by-step action of the program coun-
ter in fetching and executing a sample program.
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Placing code in program ROM

To get a better understanding of the role of the program counter in fetching
and executing a program, we examine the action of the program counter as each
instruction is fetched and executed. For example, consider the list file of Program 2
and how the code is placed in the ROM of an 8051 chip. As we can see, the opcode
and operand for each instruction are listed on the left side of the list file.

After the program is burned into ROM of an 8051 family member, such
as 8751 or AT8951 or DS5000, the opcode and operand are placed in ROM
memory locations starting at 0000 as shown in the table below.

ROM Address

Machine Language Assembly Language

0000 7D25 MOV RS, #25H
0002 7F34 MOV R7,#34H
0004 7400 MOV A, #0

0006 2D ADD A,R5

0007 2F ADD A,R7

0008 2412 ADD A, #12H

000A 80FE HERE: SJMP HERE

The table shows that address 0000 contains 7D, which is the opcode for
moving a value into register R5, and address 0001 contains the operand (in this case

Table 1. ROM Contents

Address Code
0000 7D
0001 25
0002 7F
0003 34
0004 74
0005 00
0006 2D
0007 2F
0008 24
0009 12
000A 80
000B FE

25H) to be moved to R5. Therefore, the instruction “MOV
R5, #25H" has a machine code of “7D25”, where 7D is the
opcode and 25 is the operand. Similarly, the machine code
“TF34” is located in memory locations 0002 and 0003 and
represents the opcode and the operand for the instruction
“MOV R7, #34H”. In the same way, machine code “7400”
is located in memory locations 0004 and 0005 and repre-
sents the opcode and the operand for the instruction “MOV
A, #0”. The memory location 0006 has the opcode of 2D,
which is the opcode for the instruction “ADD A, R5” and
memory location 0007 has the content 2F, which is the
opcode for the “ADD A, R7” instruction. The opcode for
the instruction “ADD A, #12H” is located at address 0008
and the operand 12H at address 0009. The memory loca-
tion 000A has the opcode for the SIMP instruction and its
target address is located in location 000B. Table 1 shows
the ROM contents.

Executing a program byte by byte

Assuming that the above program is burned into the ROM of an 8051
chip (8751, AT8951, or DS5000), the following is a step-by-step description of
the action of the 8051 upon applying power to it.
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1. When the 8051 is powered up, the program counter has 0000 and starts to
fetch the first opcode from location 0000 of the program ROM. In the case
of the above program the first opcode is 7D, which is the code for moving
an operand to R5. Upon executing the opcode, the CPU fetches the value
25 and places it in R5. Now one instruction is finished. Then the program
counter is incremented to point to 0002 (PC = 0002), which contains
opcode 7F, the opcode for the instruction “MOV R7,..".

2. Upon executing the opcode 7F, the value 34H is moved into R7. Then the
program counter is incremented to 0004.

3. ROM location 0004 has the opcode for the instruction “MOV A, #0”.
This instruction is executed and now PC = 0006. Notice that all the above
instructions are 2-byte instructions; that is, each one takes two memory
locations.

4. Now PC = 0006 points to the next instruction, which is “ADD A, R5”. This
is a 1-byte instruction. After the execution of this instruction, PC = 0007.

5. The location 0007 has the opcode 2F, which belongs to the instruction
“ADD A,R77. This also is a 1-byte instruction. Upon execution of this
instruction, PC is incremented to 0008. This process goes on until all the
instructions are fetched and executed. The fact that the program counter
points at the next instruction to be executed explains why some micro-
processors (notably the x86) call the program counter the instruction
pointer.

ROM memory map in the 8051 family

Some family members have only 4K bytes of on-chip ROM (e.g.,
8751, AT8951) and some, such as the AT89C52, have 8K bytes of ROM.
Dallas Semiconductor’s DS5000-32 has 32K bytes of on-chip ROM.
Dallas Semiconductor also has an 8051 with 64K bytes of on-chip ROM.
See Figure 3. The point to remember is that no member of the 8051 fam-
ily can access more than 64K bytes of opcode since the program coun-
ter in the 8051 is a 16-bit register (0000 to FFFF address range). It
must be noted that while the first location of program ROM inside the

Example 1

Find the ROM memory address of each of the following 8051 chips:
(a) AT89CS51 with 4KB (b) DS89C420 with 16KB (c) DS5000-32 with 32KB.

Solution:

(a) With 4K bytes of on-chip ROM memory space, we have 4096 bytes (4 x 1024
= 4096). This maps to address locations of 0000 to OFFFH. Notice that 0 is
always the first location. (b) With 16K bytes of on-chip ROM memory space,
we have 16,384 bytes (16 x 1024 = 16,384), which gives 0000-3FFFH. (c) With
32K bytes we have 32,768 bytes (32 x 1024 = 32,768). Converting 32,768 to hex,
we get 8000H; therefore, the memory space is 0000 to 7FFFH.
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Byte Byte Byte
> B Sy >

0000 0000 0000
OFFF

8051

AT89C51 SFEE
DS89C420/30
7FFF
DS5000-32

Figure 3. 8051 On-Chip ROM Address Range

8051 has the address of 0000, the last location can be different depend-
ing on the size of the ROM on the chip. Among the 8051 family members,
the 8751 and AT8951 have 4K bytes of on-chip ROM. This 4K bytes of
ROM memory has memory addresses of 0000 to OFFFH. Therefore, the
first location of on-chip ROM of this 8051 has an address of 0000 and the
last location has the address of OFFFH. Look at Example 1 to see how this
1s computed.

REVIEW QUESTIONS

1. In the 8051, the program counter is bits wide.

2. True or false. Every member of the 8051 family, regardless of the maker,
wakes up at memory 0000H when it is powered up.

At what ROM location do we store the first opcode of an 8051 program?
The instruction “MOV A, #44H” isa ____ -byte instruction.

5. What is the ROM address space for the 8052 chip?

W

5: 8051 DATA TYPES AND DIRECTIVES

In this section, we look at some widely used data types and directives
supported by the 8051 assembler.

8051 data type and directives

The 8051 microcontroller has only one data type. It is 8 bits, and the
size of each register is also 8 bits. It is the job of the programmer to break down
data larger than 8 bits (00 to FFH, or 0 to 255 in decimal) to be processed by
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the CPU. The data types used by the 8051 can be positive or
negative.

DB (define byte)

The DB directive is the most widely used data directive in the assembler.
It is used to define the 8-bit data. When DB is used to define data, the numbers
can be in decimal, binary, hex, or ASCII formats. For decimal, the “D” after the
decimal number is optional, but using “B” (binary) and “H” (hexadecimal) for
the others is required. Regardless of which is used, the assembler will convert
the numbers into hex. To indicate ASCII, simply place the characters in quota-
tion marks (“like this”). The assembler will assign the ASCII code for the num-
bers or characters automatically. The DB directive is the only directive that can
be used to define ASCII strings larger than two characters; therefore, it should
be used for all ASCII data definitions. Following are some DB examples:

ORG 500H
DATAL: DB 28 ;DECIMAL (1C in hex)
DATAZ2: DB 00110101B ;BINARY (35 in hex)
DATA3: DB 39H ; HEX

ORG 510H
DATA4 : DB “2591" ;ASCII NUMBERS

ORG 518H
DATAG6 : DB “My name is Joe” ;ASCII CHARACTERS

Either single or double quotes can be used around ASCII strings. This
can be useful for strings, which contain a single quote such as “O’Leary”. DB
is also used to allocate memory in byte-sized chunks.

Assembler directives

The following are some more widely used directives of the 8051.

ORG (origin)

The ORG directive is used to indicate the beginning of the address.
The number that comes after ORG can be either in hex or in decimal. If the
number is not followed by H, it is decimal and the assembler will convert it to
hex. Some assemblers use “.ORG” (notice the dot) instead of “ORG” for the
origin directive. Check your assembler.

EQU (equate)

This is used to define a constant without occupying a memory loca-
tion. The EQU directive does not set aside storage for a data item but associ-
ates a constant value with a data label so that when the label appears in the
program, its constant value will be substituted for the label. The following
uses EQU for the counter constant and then the constant is used to load the
R3 register.
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COUNT EQU 25
MOV R3, #COUNT
When executing the instruction “MOV R3, #COUNT”, the register R3
will be loaded with the value 25 (notice the # sign). What is the advantage
of using EQU? Assume that there is a constant (a fixed value) used in many
different places in the program, and the programmer wants to change its value
throughout. By the use of EQU, the programmer can change it once and

the assembler will change all of its occurrences, rather than search the entire
program trying to find every occurrence.

END directive

Another important pseudocode is the END directive. This indicates to
the assembler the end of the source (asm) file. The END directive is the last line
of an 8051 program, meaning that in the source code anything after the END
directive is ignored by the assembler. Some assemblers use “.END” (notice the
dot) instead of “END”.

Rules for labels in Assembly language

By choosing label names that are meaningful, a programmer can
make a program much easier to read and maintain. There are several rules
that names must follow. First, each label name must be unique. The names
used for labels in Assembly language programming consist of alphabetic let-
ters in both uppercase and lowercase, the digits 0 through 9, and the special
characters question mark (?), period (.), at (@), underline (_), and dollar sign
($). The first character of the label must be an alphabetic character. In other
words it cannot be a number. Every assembler has some reserved words that
must not be used as labels in the program. Foremost among the reserved
words are the mnemonics for the instructions. For example, MOV and ADD
are reserved since they are instruction mnemonics. In addition to the mne-
monics there are some other reserved words. Check your assembler for the
list of reserved words.

REVIEW QUESTIONS

1. The directive is always used for ASCII strings.
2. How many bytes are used by the following?
DATA 1: DB “AMERICA”"
What is the advantage in using the EQU directive to define a constant value?
4. How many bytes are set aside by each of the following directives?
(a) ASC DATA: DB “1234” (b) MY DATA: DB “ABC1234”"
5. State the contents of memory locations 200H-205H for the following:
ORG 200H
MYDATA : DB “ABC123"

e
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6: 8051 FLAG BITS AND THE PSW REGISTER

Like any other microprocessor, the 8051 has a flag register to indicate
arithmetic conditions such as the carry bit. The flag register in the 8051 is called
the program status word (PSW) register. In this section, we discuss various bits
of this register and provide some examples of how it is altered.

PSW (program status word) register

The PSW register is an 8-bit register. It is also referred to as the flag
register. Although the PSW register is 8 bits wide, only 6 bits of it are used
by the 8051. The two unused bits are user-definable flags. Four of the flags
are called conditional flags, meaning that they indicate some conditions that
result after an instruction is executed. These four are CY (carry), AC (auxil-
iary carry), P (parity), and OV (overflow).

As seen from Figure 4, the bits PSW.3 and PSW .4 are designated as
RS0 and RS1, respectively, and are used to change the bank registers. They are
explained in the next section. The PSW.5 and PSW.1 bits are general-purpose
status flag bits and can be used by the programmer for any purpose. In other
words, they are user definable.

The following is a brief explanation of four of the flag bits of the PSW
register. The impact of instructions on these registers is then discussed.

CY AC FO RS1 RSO oV -- P
CY PSW.7 Carry flag
AC PSW.6 Aucxiliary carry flag
FO PSW.5 Available to the user for general purpose
RS1 PSw4 Register bank selector bit 1
RSO  PSW3 Register bank selector bit 0
ov PSW.2 Overflow flag
-- PSW.1 User-definable bit
P PSW.0 Parity flag. Set/cleared by hardware each instruction cycle

to indicate an odd/even number of 1 bits in the accumulator.

RS1 RS0 Register Bank Address

0 0 0 00H-07H
0 1 1 08H-OFH
1 0 2 10H-17H
1 1 3 18H-1FH

Figure 4. Bits of the PSW Register
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Table 2. Instructions That Affect

CY, the carry flag

Flag Bits This flag is set whenever there is a carry

Instruction CY oV AC out from the D7 bit. This flag bit is affected
after an 8-bit addition or subtraction. It can

ADD X X X also be set to 1 or 0 directly by an instruction

ADDC X X X such as “SETB C” or “CLR C”, where “SETB

SUBB X X X  C” stands for “set bit carry” and “CLR C” for

MUL 0 X “clear carry”.

DIV 0 X -

. X AC, the aux:llar.y carry flag

RRC X If there is a carry from D3 to D4 dur-
ing an ADD or SUB operation, this bit is set;

RLC X otherwise, it is cleared. This flag is used by

SETB C 1 instructions that perform BCD (binary coded

CLR C 0 decimal) arithmetic.

CPL C X .

ANLGbh X e ,::ty ﬂ? flag reflects th ber of 1

: e parity flag reflects the number of 1s

ANL G, /t.nt X in the A (accumulator) register only. If the A

ORL C, bit X register contains an odd number of Is, then P

ORL C, /bit X = 1. Therefore, P = 0 if A has an even number

MOV C, bit X of 1s.

CINE X

Note: X can be 0 or 1.

OV, the overflow flag

This flag is set whenever the result of a
signed number operation is too large, causing

the high-order bit to overflow into the sign bit. In general, the carry flag is
used to detect errors in unsigned arithmetic operations. The overflow flag is
only used to detect errors in signed arithmetic operations. Table 2 lists the
instructions that affect flag bits.

ADD instruction and PSW

Next, we examine the impact of the ADD instruction on the flag bits
CY, AC, and P of the PSW register. Some examples should clarify their status.
Although the flag bits affected by the ADD instruction are CY (carry flag), P
(parity flag), AC (auxiliary carry flag), and OV (overflow flag), we will focus
on flags CY, AC, and P for now.

See Examples 2 through 4 for the impact on selected flag bits as a result
of the ADD instruction.
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Example 2

Show the status of the CY, AC, and P flags after the addition of 38H and 2FH in

the following instructions.
MOV A, #38H

ADD A, #2FH ;after the addition A=67H, CY=0
Solution:
38 00111000
+ 2F 00101111
67 01100111

CY = 0 since there is no carry beyond the D7 bit.
AC =1 since there is a carry from the D3 to the D4 bit.
P = 1 since the accumulator has an odd number of 1s (it has five 1s).

Example 3

Show the status of the CY, AC, and P flags after the addition of 9CH and 64H in
the following instructions.
MOV A, #9CH

ADD A, #64H ;after addition A=00 and CY=1
Solution:
9C 10011100
+ 64 01100100
100 00000000

CY = 1 since there is a carry beyond the D7 bit.
AC =1 since there is a carry from the D3 to the D4 bit.
P = 0 since the accumulator has an even number of 1s (it has zero Is).

Example 4

Show the status of the CY, AC, and P flags after the addition of 88H and 93H in
the following instructions.
MOV A, #88H

ADD A, #93H ;after the addition A=1BH,CY=1
Solution:
88 10001000
+ 93 10010011
11B 00011011

CY = 1 since there is a carry beyond the D7 bit.
AC = 0 since there is no carry from the D3 to the D4 bit.
P = 0 since the accumulator has an even number of 1s (it has four Is).
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REVIEW QUESTIONS

The flag register in the 8051 is called
What is the size of the flag register in the 80517
Which bits of the PSW register are user-definable?
Find the CY and AC flag bits for the following code.
MOV A, #0FFH
ADD A,#01
5. Find the CY and AC flag bits for the following code.
MOV A, #0C2H
ADD A, #3DH

sl .

7: 8051 REGISTER BANKS AND STACK

The 8051 microcontroller has a total of 128 bytes of RAM. In this
section, we discuss the allocation of these 128 bytes of RAM and examine their
usage as registers and stack.

RAM memory space allocation in the 8051

There are 128 bytes of RAM in the 8051 (some members, notably the
8052, have 256 bytes of RAM). The 128 bytes of RAM inside the 8051 are
assigned addresses 00 to 7FH. They can be accessed directly as memory loca-
tions. These 128 bytes are divided into three different groups as follows.

1. A total of 32 bytes from locations 00 to 1F hex are set aside for register
banks and the stack.

2. A total of 16 bytes from locations 20H to 2FH are set aside for bit-address-
able read/write memory.

3. A total of 80 bytes from locations 30H to 7FH are used for read and write
storage, or what is normally called a scratch pad. These 80 locations of
RAM are widely used for the purpose of storing data and parameters by
8051 programmers. See Figure 5.

Register banks in the 8051

As mentioned earlier, a total of 32 bytes of RAM are set aside for
the register banks and stack. These 32 bytes are divided into four banks
of registers in which each bank has eight registers, RO—R7. RAM locations
from 0 to 7 are set aside for bank 0 of RO-R7 where R0 is RAM location 0,
R11s RAM location 1, R2 is location 2, and so on, until memory location 7,
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which belongs to R7 of bank 0. The second
bank of registers RO-R7 starts at RAM
location 08 and goes to location OFH. The
third bank of RO-R7 starts at memory loca-
tion 10H and goes to location 17H. Finally,
RAM locations 18H to 1FH are set aside
for the fourth bank of RO-R7. Figure 6
shows how the 32 bytes are allocated into
four banks:

As we can see from Figure 6, bank 1
uses the same RAM space as the stack. This
is a major problem in programming the 8051.
We must either not use register bank 1 or
allocate another area of RAM for the stack.
This will be discussed below.

Default register bank

If RAM locations 00—1F are set aside
for the four register banks, which register
bank of RO—R7 do we have access to when

s

30

Scratch pad RAM

2F

20

Bit-addressable RAM

IF

18

Register bank 3

17

10

Register bank 2

OF

08

Register bank 1 (Stack)

07

00

Register bank 0

Figure 5. RAM Allocation in the 8051

the 8051 is powered up? The answer is register bank 0; that is, RAM locations
0,1,2,3,4,5, 6, and 7 are accessed with the names R0, R1, R2, R3, R4, RS,
R6, and R7 when programming the 8051. It is much easier to refer to these
RAM locations with names R0, R1, and so on, than by their memory loca-

tions. Examples 5 and 6 clarify this concept.

How to switch register banks

As stated above, register bank 0 is the default when the 8051 is pow-
ered up. We can switch to other banks by use of the PSW register. Bits D4
and D3 of the PSW are used to select the desired register bank, as shown in

Table 3.
Bank 0 Bank 1 Bank 2 Bank 3
7 RT ] F[ R7 ] 17 R7 ] IF[_R7
6[ _R6 | E[ R6_ | 16 _R6_| IE[_R6 |
5[ Rs ] D[RS | 15 _R5_| ID[__ RS |
4 R4 C[ R4 ] 14 R4 IC[__R4
3[R3 B[ R3 | 13[_R3 IB[__R3
2[ R2 A[R2 ] 12[ R2 IA[R2
1[RI 9o R | 11[__RI 19[ Rl
0[_RO 8[_Ro_] 10[__RO 18[ RO

Figure 6. 8051 Register Banks and Their RAM Addresses
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Example 5

State the contents of the RAM locations after the following program:

MOV RO, #99H ;load RO with wvalue 99H
MOV R1, #85H ;load R1 with wvalue 85H
MOV R2, #3FH ;load R2 with wvalue 3FH
MOV R7,#63H ;load R7 with wvalue 63H
MOV RS, #12H ;load R5 with wvalue 12H

Solution:

After the execution of the above program, we have the following:
RAM location 0 has value 99H  RAM location 1 has value 85H
RAM location 2 has value 3FH RAM location 7 has value 63H
RAM location 5 has value 12H

Example 6

Repeat Example 5 using RAM addresses instead of register names.

Solution:

This is called direct addressing mode and uses the RAM address location for the
destination address.

MOV 00, #99H ;load RO with wvalue 99H
MOV 01, #85H ;load R1 with wvalue 85H
MOV 02, #3FH ;load R2 with value 3FH
MOV 07, #63H ;load R7 with value 63H
MOV 05, #12H ;load R5 with wvalue 12H
Table 3. PSW Bits Bank Selection The D3 and D4 bits of register PSW

are often referred to as PSW.4 and PSW.3 since

RS1 (PSW.4) RSO (PSW.3) they can be accessed by the bit-addressable
Bank 0 0 0 instructions SETB and CLR. For example,
“SETB PSW.3” will make PSW.3 =1 and

Bank 1 0 1 '
Bank 2 1 0 select bank register 1. See Example 7.
Bank 3 1 1

Stack in the 8051

The stack is a section of RAM used by the CPU to store information
temporarily. This information could be data or an address. The CPU needs
this storage area since there are only a limited number of registers.

How stacks are accessed in the 8051

If the stack is a section of RAM, there must be registers inside the CPU
to point to it. The register used to access the stack is called the SP (stack pointer)
register. The stack pointer in the 8051 is only 8 bits wide, which means that it
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Example 7

State the contents of the RAM locations after the following program:

SETB PSW.4 ;select bank 2

MOV RO, #99H ;load RO with wvalue 99H
MOV R1, #85H ;load R1 with wvalue 85H
MOV R2, #3FH ;load R2 with wvalue 3FH
MOV R7,#63H ;load R7 with wvalue 63H
MOV R5, #12H ;load R5 with wvalue 12H

Solution:

By default, PSW.3=0 and PSW.4=0; therefore, the instruction “SETB PSW.4”
sets RS1=1 and RS0=0, thereby selecting register bank 2. Register bank 2 uses
RAM locations 10H-17H. After the execution of the above program, we have the
following:

RAM location 10H has value 99H RAM location 11H has value 85H
RAM location 12H has value 3FH RAM location 17H has value 63H
RAM location 15H has value 12H

can take values of 00 to FFH. When the 8051 is powered up, the SP register
contains value 07. This means that RAM location 08 is the first location used
for the stack by the 8051. The storing of a CPU register in the stack is called a
PUSH, and pulling the contents off the stack back into a CPU register is called
a POP. In other words, a register is pushed onto the stack to save it and popped
off the stack to retrieve it. The job of the SP is very critical when push and pop
actions are performed. To see how the stack works, let’s look at the PUSH and
POP instructions.

Pushing onto the stack

In the 8051, the stack pointer points to the last used location of the
stack. As we push data onto the stack, the stack pointer is incremented by
one. Notice that this is different from many microprocessors, notably x86
processors in which the SP is decremented when data is pushed onto the
stack. Examining Example 8, we see that as each PUSH is executed, the con-
tents of the register are saved on the stack and SP is incremented by 1. Notice
that for every byte of data saved on the stack, SP is incremented only once.
Notice also that to push the registers onto the stack we must use their RAM
addresses. For example, the instruction “PUSH 1” pushes register R1 onto
the stack.

Popping from the stack

Popping the contents of the stack back into a given register is the oppo-
site process of pushing. With every pop, the top byte of the stack is copied to
the register specified by the instruction and the stack pointer is decremented
once. Example 9 demonstrates the POP instruction.
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Example 8

Show the stack and stack pointer for the following. Assume the default stack area
and register 0 is selected.

MOV R6,#25H
MOV R1,#12H
MOV R4, #0F3H

PUSH 6
PUSH 1
PUSH 4
Solution:
After PUSH 6 After PUSH 1 After PUSH 4
0B 0B 0B 0B
0A 0A 0A 0A F3
09 09 09 12 09 12
08 08 25 08 25 08 25
Start SP = 07 SP =08 SP =09 SP = 0A
Example 9

Examining the stack, show the contents of the registers and SP after execution of
the following instructions. All values are in hex.

POP 3
POP 5
POP 2

Solution:

0B 54
0A F9
09 76

08 6C

Start SP = 0B

; POP stack into R3
; POP stack into RS
; POP stack into R2

After POP 3 After POP 5 After POP 2
0B 0B 0B

0A F9 AT A

09 76 09 76 09

08 6C 08 6C 08 6C
SP = 0A SP =09 SP =08
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The upper limit of the stack

As mentioned earlier, locations 08 to 1F in the 8051 RAM can be used
for the stack. This is because locations 20-2FH of RAM are reserved for bit-
addressable memory and must not be used by the stack. If in a given program
we need more than 24 bytes (08 to 1FH = 24 bytes) of stack, we can change
the SP to point to RAM locations 30-7FH. This is done with the instruction
“MOV SP, #xx”.

CALL instruction and the stack

In addition to using the stack to save registers, the CPU also uses the
stack to save the address of the instruction just below the CALL instruction.
This is how the CPU knows where to resume when it returns from the called
subroutine.

Stack and bank 1 conflict

Recall from our earlier discussion that the stack pointer register
points to the current RAM location available for the stack. As data is pushed
onto the stack, SP is incremented. Conversely, it is decremented as data is
popped off the stack into the registers. The reason that the SP is incremented
after the push is to make sure that the stack is growing toward RAM loca-
tion 7FH, from lower addresses to upper addresses. If the stack pointer were
decremented after push instructions, we would be using RAM locations 7, 6, 5,

and so on, which belong to R7 to RO of bank 0, the default register bank.

This incrementing of the stack pointer for push instructions also ensures that
the stack will not reach location 0 at the bottom of RAM, and consequently
run out of space for the stack. However, there is a problem with the default
setting of the stack. Since SP = 07 when the 8051 is powered up, the first
location of the stack is RAM location 08, which also belongs to register RO
of register bank 1. In other words, register bank 1 and the stack are using the
same memory space. If in a given program we need to use register banks 1
and 2, we can reallocate another section of RAM to the stack. For example,
we can allocate RAM locations 60H and higher to the stack, as shown in
Example 10.

Viewing registers and memory with a simulator

Many assemblers and C compilers come with a simulator. Simulators
allow us to view the contents of registers and memory after executing
each instruction (single-stepping). We strongly recommend that you use
a simulator to single-step some of the programs in this chapter. Single-
stepping a program with a simulator gives us a deeper understanding
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Example 10

Show the stack and stack pointer for the following instructions.

MOV SP, #5FH ;make RAM location 60H
;first stack location

MOV R2,#25H

MOV R1,#12H

MOV R4, #0F3H

PUSH 2
PUSH 1
PUSH 4
Solution:
After PUSH 2 After PUSH 1 After PUSH 4
63 63 63 63
62 62 62 62 F3
61 61 61 12 61 12
60 60 25 60 25 60 25
Start SP = 5F SP =60 SP =61 SP =62

of microcontroller architecture, in addition to the fact that we can use it to find
errors in our programs. Figures 7 through 10 show screenshots for 8051 simu-
lators from ProView 32 and Keil. See www.MicroDigitalEd.com for tutorials
on how to use the simulators.

RI=E
CFL B arik Data Hardware

PC [0oo3 |RE[o0 |@RO [oo (PO [FF |
ACC  [oo |ROJoo @R1 [oo [P oo
Psw [oo |R1[o0 |@DPTR[FF |F2  [FF |
sP o7 |R2[o0 |x@RO[FF P3 [FF |
DPTHOO00  |R3 [00 |*@R1 [FF | TCON [o0 |
E 00 |R4 [oo |SP% [ | THLO[DOoO
C 0 |RE [00 | ®&REA[:<< | THL1[oooo
E& [0 |R6[00 |Task [wx | THL2[aaeA

13 oo |R¥ oo | TaskP [x¢ | PCOM (00

Figure 7. Register’s Screen from ProView 32 Simulator
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... Data (FIG2-8) 1ol x|

oo: 00 00 OO 00 OO OO OO0 I .......
08: 00 00 OO OO0 OO OO0 OO OO ........
10: 00 00 OO OO0 OO OO0 OO OO ........
18: 00 00 OO OO0 OO OO0 OO OO ........
20: 00O 00 OO OO OO OD OO OO ........
Z8: 00 00 OO OO OO OO OO OO ........
30: 00 00 OO OO OO OO OO OO ........
38: 00 00 OO OO OO OO OO OO ........
40: 00 00 OO OO0 OO O0 OO OO ........
48: 00 00 OO OO0 OO OO0 OO OO ........
hO0: OO0 00 OO OO0 OO O0 OO OO ........
h8: 00 00 OO OO0 OO OD OO OO ........
GO: 00O 00 OO OO0 OO O0 OO OO ........
G8: 00 00 OO OO0 OO OD OO OO ........
FO0: 00 00 OO OO OO OD OO OO ........
Fg: 00 00 OO OO OO ODO OO OO ........

Figure 8. 128-Byte Memory Space from ProView 32 Simulator

A
Reqister | Value I
=l Regs

....... i (=00
....... f (=00
....... 12 (=00
....... | (=00
....... 14 (=00
....... 5 (=00
....... 15 (=00
....... 7 (=00
El-- Sps

....... = 00
....... b (=00
....... sp 007
....... 2P 0=07
....... dptr Q=000
....... PC 4 C: 00000
"""" states 0
....... sec 0.00000000

[ iz 0=00

Fies (57 Regs [\ Books I

Figure 9. Register’s Screen from Keil Simulator
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Output Window |

:0z0000 00 00 00 00 00 00 00 oo
:0x0010 00 00 00 00 0o 00 00 oo
:0x0020 00 00 00 00 00 00 00 oo
:0x0030 00 00 00 00 00 00 00 oo
:0xz0040 00 00 00 00 00 00 00 oo
:0xz005%0 00 00 00 00 oo 00 00 oo
:0z0060 00 OO0 00O OO OO0 00 00 oo
:0z0070 00 00 00O OO 00 00 O0 oo

D 00h, 7Fh '
DEFINE DIR Display 4‘3‘
(3

(1] RBU“d )\Command l{: Finq 4

[ el B eI e B I e N ]

Figure 10. 128-Byte Memory Space from Keil Simulator

REVIEW QUESTIONS

[S—

What is the size of the SP register?
2. With each PUSH instruction, the stack pointer register, SP, is
(incremented, decremented) by 1.

3. With each POP instruction, the SP is (incremented, decre-
mented) by 1.

4. On power-up, the 8051 uses RAM location as the first location of
the stack.

5. On power-up, the 8051 uses bank __ for registers RO-R7.

6. On power-up, the 8051 uses RAM locations to for registers

RO-R7 (register bank 0).
7. Which register bank is used if we alter RSO and RS1 of the PSW by the
following two instructions?
SETB PSW.3
SETB PSW.4
8. In Question 7, what RAM locations are used for registers RO-R7?

8: RISC ARCHITECTURE

In this section, we will examine the merits of the RISC architecture.

What is RISC

In the early 1980s, a controversy broke out in the computer design
community, but unlike most controversies, it did not go away. Since the 1960s,
in all mainframes and minicomputers, designers put as many instructions as
they could think of into the CPU. Some of these instructions performed com-
plex tasks. An example is adding data memory locations and storing the sum
into memory. Naturally, microprocessor designers followed the lead of mini-
computer and mainframe designers. Because these microprocessors used such
a large number of instructions and many of them performed highly complex
activities, they came to be known as CISC (complex instruction set computer).
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According to several studies in the 1970s, many of these complex instructions
etched into the brain of the CPU were never used by programmers and com-
pilers. The huge cost of implementing a large number of instructions (some
of them complex) into the microprocessor, plus the fact that a good portion
of the transistors on the chip are used by the instruction decoder, made some
designers think of simplifying and reducing the number of instructions. As
this concept developed, the resulting processors came to be known as RISC
(reduced instruction set computer).

Features of RISC
The following are some of the features of RISC.

Feature 1

RISC processors have a fixed instruction size. In a CISC microcon-
troller such as the 8051, instructions can be 1, 2, or even 3 bytes. For example,
look at the following instructions in the 8051:

CLR A ;Clear Accumulator, a 1l-byte
instruction
ADD A, #mybyte ;Add mybyte to Accumulator, a

2-byte instruction
LJMP target address ;Long Jump, a 3-byte instruc-
tion

This variable instruction size makes the task of the instruction decoder
very difficult because the size of the incoming instruction is never known. In a
RISC architecture, the size of all instructions is fixed. Therefore, the CPU can
decode the instructions quickly. This is like a bricklayer working with bricks of
the same size as opposed to using bricks of variable sizes. Of course, it is much
more efficient to use bricks of the same size.

Feature 2

One of the major characteristics of RISC architecture is a large number
of registers. All RISC architectures have at least 16 registers. Of these 16 regis-
ters, only a few are assigned to a dedicated function. One advantage of a large
number of registers is that it avoids the need for a large stack to store param-
eters. Although a stack can be implemented on a RISC processor, it is not as
essential as in CISC because so many registers are available.

Feature 3

RISC processors have a small instruction set. RISC processors have only
the basic instructions such as ADD, SUB, MUL, LOAD, STORE, AND, OR,
EXOR, CALL, and JUMP. The limited number of instructions is one of the
criticisms leveled at the RISC processor because it makes the job of Assembly
language programmers much more tedious and difficult compared to CISC
Assembly language programming. This is one reason that RISC is used more
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commonly in high-level language environments such as the C programming
language rather than Assembly language environments. It is interesting to note
that some defenders of CISC have called it “complete instruction set computer”
instead of “complex instruction set computer” because it has a complete set of
every kind of instruction. How many of these instructions are used and how
often is another matter. The limited number of instructions in RISC leads to
programs that are large. Although these programs can use more memory, this
1s not a problem because memory is cheap. Before the advent of semiconductor
memory in the 1960s, however, CISC designers had to pack as much action as
possible into a single instruction to get the maximum bang for their buck.

Feature 4

At this point, one might ask, with all the difficulties associated with
RISC programming, what is the gain? The most important characteristic of
the RISC processor is that more than 95% of instructions are executed with
only one clock cycle, in contrast to CISC instructions. Even some of the 5% of
the RISC instructions that are executed with two clock cycles can be executed
with one clock cycle by juggling instructions around (code scheduling). Code
scheduling is most often the job of the compiler.

Feature 5

Because CISC has such a large number of instructions, each with so
many different addressing modes, microinstructions (microcode) are used to
implement them. The implementation of microinstructions inside the CPU
takes more than 40-60% of transistors in many CISC processors. In the case
of RISC, however, due to the small set of instructions, they are implemented
using the hardwire method. Hardwiring of RISC instructions takes no more
than 10% of the transistors.

Feature 6

RISC uses load/store architecture. In CISC microprocessors, data can be
manipulated while it 1s still in memory. For example, in instructions such as “ADD
Reg, Memory”, the microprocessor must bring the contents of the external
memory location into the CPU, add it to the contents of the register, then move
the result back to the external memory location. The problem is there might be
a delay in accessing the data from external memory. Then the whole process
would be stalled, preventing other instructions from proceeding in the pipeline.
In RISC, designers did away with these kinds of instructions. In RISC, instruc-
tions can only load from external memory into registers or store registers into
external memory locations. There is no direct way of doing arithmetic and logic
operations between a register and the contents of external memory locations. All
these instructions must be performed by first bringing both operands into the reg-
isters inside the CPU, then performing the arithmetic or logic operation, and then
sending the result back to memory. This idea was first implemented by the Cray
1 supercomputer in 1976 and is commonly referred to as load/store architecture.
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In concluding this discussion of RISC processors, it is interesting to
note that RISC technology was explored by the scientists in IBM in the mid-
1970s, but it was David Patterson of the University of California at Berkeley
who in 1980 brought the merits of RISC concepts to the attention of computer
scientists. It must also be noted that in recent years, CISC processors such as
the Pentium have used some of the RISC features in their design. This was the
only way they could enhance the processing power of the x86 processors and
stay competitive. Of course, they had to use lots of gates to do the job, because
they had to deal with all the CISC instructions of the 8086/286/386/486 proces-
sors and the legacy software of DOS.

Ways to increase the CPU power

There are three ways available to microprocessor designers to increase
the processing power of the CPU:

1. Increase the clock frequency of the chip. One drawback of this method is
that the higher is the frequency, the more is the power and heat dissipation.
Power and heat dissipation is especially a problem for handheld devices.

2. Use Harvard architecture by increasing the number of buses to bring more
information (code and data) into the CPU to be processed. While in the
case of x86 and other general-purpose microprocessors this architecture is
very expensive and unrealistic, in today’s single-chip computers (microcon-
trollers) this is not a problem.

3. Change the internal architecture of the CPU and use what is called RISC
architecture.

REVIEW QUESTIONS

[S—

What do RISC and CISC stand for?

2. True or false. Instructions such as “ADD memory, memory’” do not exist
in RISC CPU.

3. True or false. While CISC instructions are of variable sizes, RISC instruc-
tions are all the same size.

4. Which of the following operations do not exist for the ADD instruction in RISC?

(a) register to register (b) immediate to register (c) memory to memory

SUMMARY

This chapter began with an exploration of the major registers of the
8051, including A, B, R0, R1,R2,R3, R4, R5, R6, R7, DPTR, and PC. The use
of these registers was demonstrated in the context of programming examples.
The process of creating an Assembly language program was described from
writing the source file, to assembling it, linking, and executing the program.
The PC (program counter) register always points to the next instruction to be
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executed. The way the 8051 uses program ROM space was explored because
8051 Assembly language programmers must be aware of where programs are
placed in ROM, and how much memory is available.

An Assembly language program is composed of a series of statements that
are either instructions or pseudo-instructions, also called directives. Instructions
are translated by the assembler into machine code. Pseudo-instructions are not
translated into machine code: They direct the assembler in how to translate
instructions into machine code. Some pseudo-instructions, called data direc-
tives, are used to define data. Data is allocated in byte-size increments. The data
can be in binary, hex, decimal, or ASCII formats.

Flags are useful to programmers since they indicate certain conditions,
such as carry or overflow, that result from execution of instructions. The stack
is used to store data temporarily during execution of a program. The stack
resides in the RAM space of the 8051, which was diagrammed and explained.
Manipulation of the stack via POP and PUSH instructions was also explored.
We also examined the concepts of RISC and CISC architectures.

PROBLEMS

1: INSIDE THE 8051

1. Most registers in the 8051 are bits wide.

2. Registers RO-R7 are all bits wide

3. Registers ACC and B are bits wide.

4. Name a 16-bit register in the 8051.

5. To load R4 with the value 65H, the pound sign is (neces-

sary, optional) in the instruction “MOV R4, #65H”.
6. What is the result of the following code and where is it kept?
MOV A, #15H
MOV R2,#13H

ADD A,R2
7. Which of the following is (are) illegal?
(a) MOV R3,#500 (b) MOV R1,#50 (c)MOV R7,#00
(dyMOV A, #255H (e) MOV A, #50H (f) MOV A, #F5H

(g) MOV R9, #50H
8. Which of the following is (are) illegal?
(a) ADD R3,#50H  (b)ADD A,#50H (c) ADD R7,R4
(d) ADD A, #255H (e) ADD A,R5 (f) ADD A, #F5H
(g) ADD R3,A
9. What is the result of the following code and where is it kept?
MOV R4, #25H
MOV A, #1FH
ADD A,R4
10. What is the result of the following code and where is it kept?
MOV A, #15
MOV R5,#15
ADD A,R5
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2: INTRODUCTION TO 8051 ASSEMBLY PROGRAMMING
AND
3: ASSEMBLING AND RUNNING AN 8051 PROGRAM

11.

12.

13.
14.
15.
16.
17.
18.
19.
20.

Assembly language is a (low, high) -level language while C is a
(low, high) -level language.

Of C and Assembly language, which is more efficient in terms of code gen-

eration (i.e., the amount of ROM space it uses)?

Which program produces the “obj” file?

True or false. The source file has the extension “src” or “asm”.

Which file provides the listing of error messages?

True or false. The source code file can be a non-ASCII file.

True or false. Every source file must have ORG and END directives.

Do the ORG and END directives produce opcodes?

Why are the ORG and END directives also called pseudocode?

True or false. The ORG and END directives appear in the “.Ist” file.

4: THE PROGRAM COUNTER AND ROM SPACE IN THE 8051

21.

22.

23.

24.

25.

26.

27.

28.

Every 8051 family member wakes up at address when it is pow-
ered up.

A programmer puts the first opcode at address 100H. What happens when
the microcontroller is powered up?

Find the number of bytes each of the following instruction can take.

(a) MOV A, #55H (b) MOV R3,#3  (c) INC R2

(d)aDD A, #0 (e) MOV A,R1 (f) Mov R3,A

(g) ADD A,R2

Pick up a program listing of your choice, and show the ROM memory
addresses and their contents.

Find the address of the last location of on-chip ROM for each of the fol-
lowing.

(a) DS5000-16  (b) DS5000-8 (c) DS5000-32

(d) AT89C52 (e) 8751 (f) AT89CS51

(g) DS5000-64

Show the lowest and highest values (in hex) that the 8051 program counter
can take.

A given 8051 has 7FFFH as the address of its last location of on-chip
ROM. What is the size of on-chip ROM for this 80517

Repeat Question 27 for 3FFH.

5: 8051 DATA TYPES AND DIRECTIVES

29.

Compile and state the contents of each ROM location for the following
data.
ORG 200H
MYDAT 1: DB “Earth”
MYDAT 2: DB “987-65"
MYDAT 3: DB “GABEH 98"
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30. Compile and state the contents of each ROM location for the following
data.
ORG 340H
DAT 1: DB 22,56H,10011001B,32,0F6H,11111011B

6: 8051 FLAG BITS AND THE PSW REGISTER

31. The PSW is a(n) -bit register.

32. Which bits of PSW are used for the CY and AC flag bits, respectively?
33. Which bits of PSW are used for the OV and P flag bits, respectively?
34. In the ADD instruction, when is CY raised?

35. In the ADD instruction, when is AC raised?

36. What is the value of the CY flag after the following code?

CLR C ;CY = 0
CPL C ;jcomplement carry
37. Find the CY flag value after each of the following codes.
(a) MOV A, #54H (b) MOV A, #00 (c) MOV A, #250
ADD A, #0C4H ADD A, #0FFH ADD A, #05

38. Write a simple program in which the value 55H is added 5 times.

7: 8051 REGISTER BANKS AND STACK

39. Which bits of the PSW are responsible for selection of the register banks?
40. On power-up, what is the location of the first stack?
41. In the 8051, which register bank conflicts with the stack?
42. In the 8051, what is the size of the stack pointer (SP) register?
43. On power-up, which of the register banks is used?
44. Give the address locations of RAM assigned to various banks.
45. Assuming the use of bank 0, find at what RAM location each of the fol-
lowing lines stored the data.
(a) MOV R4, #32H (b) MOV RO, #12H
(c) MOV R7,#3FH (d) MOV RS, #55H
46. Repeat Problem 45 for bank 2.
47. After power-up, show how to select bank 2 with a single instruction.
48. Show the stack and stack pointer for each line of the following program.
ORG O
MOV RO, #66H
MOV R3,#7FH
MOV R7, #5DH

PUSH 0
PUSH 3
PUSH 7
CLR A
MOV R3,A
MOV R7,A
POP 3
POP 7
POP 0
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49.

50.

In Problem 48, does the sequence of POP instructions restore the original
values of registers R0, R3, and R7? If not, show the correct sequence of
instructions.
Show the stack and stack pointer for each line of the following program.
ORG O

MOV SP, #70H

MOV R5,#66H

MOV R2,#7FH

MOV R7,#5DH

PUSH 5
PUSH 2
PUSH 7
CLR A
MOV R2,A
MOV R7,A
POP 7
POP 2
POP 5

8: RISC ARCHITECTURE

SI.
52.

53.
54.

55.

What do RISC and CISC stand for?

In (RISC, CISC) architecture, we can have 1-, 2-, 3-, or 4-byte
instructions.

In (RISC, CISC) architecture, instructions are fixed in size.

In (RISC, CISC) architecture, instructions are mostly executed in
one or two cycles.

In (RISC, CISC) architecture, we can have an instruction to ADD

a register to external memory.

ANSWERS TO REVIEW QUESTIONS

1: INSIDE THE 8051

W

MOV A, #34H

MOV B,#3FH

ADD A,B

MOV A.#16H

ADD A, #0CDH

MOV R2,A

False

FF hex and 255 in decimal
8

2: INTRODUCTION TO 8051 ASSEMBLY PROGRAMMING

The real work is performed by instructions such as MOV and ADD. Pseudo-instructions,
also called assembler directives, instruct the assembler in doing its job.

The instruction mnemonics, pseudo-instructions

False
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All except (¢)
Assembler directives
True

(©

NSk

(98]

: ASSEMBLING AND RUNNING AN 8051 PROGRAM

True

True

(a)

(b) and (d)
(d)

nbk W=

4: THE PROGRAM COUNTER AND ROM SPACE
IN THE 8051

16

True

0000H

2

With 8K bytes, we have 8192 (8 x 1024 = 8192) bytes, and the ROM space is 0000 to
1FFFH.

nbk L=

5: 8051 DATA TYPES AND DIRECTIVES

1. DB
2. 7
3. If the value is to be changed later, it can be done once in one place instead of at every
occurrence.
4. (a)4 bytes (b)7 bytes
5. This places the ASCII values for each character in memory locations starting at 200H.
Notice that all values are in hex.
200 = (41)
201 = (42)
202 = (43)
203 = (31)
204 = (32)
205 = (33)

6: 8051 FLAG BITS AND THE PSW REGISTER
PSW (program status register)

—

2. 8bits
3. DI and D5, which are referred to as PSW.1 and PSW.5, respectively.
4.
Hex binary
FF 1111 1111
+ 1 + 1
100 10000 0000

This leads to CY=1 and AC=1.
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Hex binary

c2 1100 0010
+ 3D + 0011 1101

FF 1111 1111

This leads to CY =0 and AC =0.

7: 8051 REGISTER BANKS AND STACK

8-bit

Incremented

Decremented

08

0

0,7

Register bank 3

RAM locations 18H to 1FH

PRI LD -

o0

: RISC ARCHITECTURE

1. CISC stands for complex instruction set computer; RISC is reduced instruction set
computer.

. True

3. True

(©
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JUMP, LOOP, AND CALL

INSTRUCTIONS

>>
>>
>>
>>
>>
>>
>>
>>
>>
>>

OBJECTIVES

Upon completion of this chapter, you will be able to:

Code 8051 Assembly language instructions using loops.

Code 8051 Assembly language conditional jump instructions.
Explain conditions that determine each conditional jump instruction.
Code long jump instructions for unconditional jumps.

Code short jump instructions for unconditional short jumps.
Calculate target addresses for jump instructions.

Code 8051 subroutines.

Describe precautions in using the stack in subroutines.

Discuss crystal frequency versus machine cycle.

Code 8051 programs to generate a time delay.

From Chapter 3 of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice

Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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In the sequence of instructions to be executed, it is often necessary to
transfer program control to a different location. There are many instructions
in the 8051 to achieve this. This chapter covers the control transfer instructions
available in 8051 Assembly language. In the first section, we discuss instruc-
tions used for looping, as well as instructions for conditional and uncondi-
tional jumps. In the second section, we examine CALL instructions and their
uses. In the third section, time delay subroutines are described for both the
traditional 8051 and its newer generation.

1: LOOP AND JUMP INSTRUCTIONS

In this section, we first discuss how to perform a looping action in the
8051 and then talk about jump instructions, both conditional and unconditional.

Looping in the 8051

Repeating a sequence of instructions a certain number of times is called
a loop. The loop is one of the most widely used actions that any micropro-
cessor performs. In the 8051, the loop action is performed by the instruction
“DJINZ reg, label”. In this instruction, the register is decremented; if it
1s not zero, it jumps to the target address referred to by the label. Prior to the
start of the loop, the register is loaded with the counter for the number of
repetitions. Notice that in this instruction both the register decrement and the
decision to jump are combined into a single instruction.

In the program in Example 1, the R2 register is used as a counter. The
counter is first set to 10. In each iteration the instruction DJNZ decrements
R2 and checks its value. If R2 is not zero, it jumps to the target address associ-
ated with the label “AGAIN”. This looping action continues until R2 becomes
zero. After R2 becomes zero, it falls through the loop and executes the instruc-
tion immediately below it, in this case the “MOV R5, A” instruction.

Notice in the DJNZ instruction that the registers can be any of RO-R7.
The counter can also be a RAM location.

Example 1

Write a program to

(a) clear accumulator, then

(b) add 3 to the accumulator 10 times.

Solution:

;This program adds value 3 to the ACC ten times

MOV A, #0 ;A=0, clear ACC
MOV R2,#10 ; load counter R2=10
AGAIN: ADD A, #03 ;add 03 to ACC
DJNZ R2,AGAIN ;repeat until R2=0(10 times)
MOV R5,A ;save A in RS
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Example 2

What is the maximum number of times that the loop in Example 1 can be repeated?

Solution:

Since R2 holds the count and R2 is an 8-bit register, it can hold a maximum of
FFH (255 decimal); therefore, the loop can be repeated a maximum of 256 times.

Loop inside a loop

As shown in Example 2, the maximum count is 256. What happens if
we want to repeat an action more times than 256? To do that, we use a loop
inside a loop, which is called a nested loop. In a nested loop, we use two regis-
ters to hold the count. See Example 3.

Other conditional jumps

Conditional jumps for the 8051 are summarized in Table 1. In Table 1,
notice that some of the instructions, such as JZ (jump if A = zero) and JC (jump
if carry), jump only if a certain condition is met. Next, we examine some condi-
tional jump instructions with examples.

Example 3

Write a program to (a) load the accumulator with the value 55H, and (b) comple-
ment the ACC 700 times.

Solution:

Since 700 1s larger than 255 (the maximum capacity of any register), we use two
registers to hold the count. The following code shows how to use R2 and R3 for
the count.

MOV A, #55H ;A=55H

MOV R3,#10 ;R3=10, the outer loop count
NEXT: MOV R2,#70 ;R2=70, the inner loop count
AGAIN: CPL A ;complement A register

DJNZ R2,AGAIN ;repeat it 70 times (inner loop)
DJINZ R3,NEXT

In this program, R2 is used to keep the inner loop count. In the instruction “DJINZ
R2,AGAIN”, whenever R2 becomes 0 it falls through and “DINZ R3,NEXT” is
executed. This instruction forces the CPU to load R2 with the count 70 and the
inner loop starts again. This process will continue until R3 becomes zero and the
outer loop is finished.

JUMP, LOOP, AND CALL INSTRUCTIONS
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Table 1. 8051 Conditional Jump Instructions

Instruction Action

Iz Jumpif A=0

INZ Jumpif A= 0

DINZ Decrement and jump if register = 0
CJINE A, data Jump if A # data

CJINE reg, #data  Jump if byte = #data

IC Jump if CY =1

INC Jump if CY =0

JB Jump if bit = 1

JNB Jump if bit =0

JBC Jump if bit = 1 and clear bit

JZ (jump if A = 0)

In this instruction the content of register A is checked. If it is zero, it
jumps to the target address. For example, look at the following code.

MOV A, RO ;A=R0O
JZ OVER ;jump if A = O
MOV A,R1 ;A=R1
JZ OVER ;jump if A = 0

OVER :

In this program, if either RO or R1 is zero, it jumps to the label OVER.
Notice that the JZ instruction can be used only for register A. It can only check
to see whether the accumulator is zero, and it does not apply to any other reg-
ister. More importantly, you don’t have to perform an arithmetic instruction
such as decrement to use the JNZ instruction. See Example 4.

JNC (jump if no carry, jumps if CY = 0)

In this instruction, the carry flag bit in the flag (PSW) register is used to
make the decision whether to jump. In executing “JNC label”, the processor
looks at the carry flag to see if it is raised (CY = 1). If it is not, the CPU starts

Example 4
Write a program to determine if R5 contains the value 0. If so, put 55H in it.
Solution:
MOV A,R5 ;copy R5 to A
JNZ NEXT ;jJump if A is not zero
MOV R5, #55H
NEXT :
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Example 5

Find the sum of the values 79H, F5H, and E2H. Put the sum in registers RO (low
byte) and R5 (high byte).

Solution:
MOV A, #0 ;clear A(A=0)
MOV R5,A ;clear R5
ADD A, #79H ;A=0+79H=79H
JNC N 1 ;1f no carry, add next number
INC R5 ;1f CY=1, increment R5
N 1: ADD A,#0F5H ;A=79+F5=6E and CY=1
JNC N 2 ;jump if CY=0
INC R5 ;If CY=1 then increment R5(R5=1)
N 2: ADD A,#0E2H ;A=6E+E2=50 and CY=1
JNC OVER ;jump if CY=0
INC R5 ;1f CY=1, increment 5
OVER: MOV RO,A ;Now R0O=50H, and R5=02

to fetch and execute instructions from the address of the label. If CY =1, it will
not jump but will execute the next instruction below JNC. See Example 5.
Note that there is also a “JC label” instruction. In the JC instruc-
tion, if CY =1 it jumps to the target address.
There are also JB (jump if bit is high) and JNB (jump if bit is low)
instructions.

All conditional jumps are short jumps

It must be noted that all conditional jumps are short jumps, meaning
that the address of the target must be within —128 to +127 bytes of the con-
tents of the program counter (PC). This very important concept is discussed at
the end of this section.

Unconditional jump instructions

The unconditional jump is a jump in which control is transferred
unconditionally to the target location. In the 8051 there are two unconditional
jumps: LIMP (long jump) and SJMP (short jump). Each is discussed below.

LJMP (long jump)

LJMP is an unconditional long jump. It is a 3-byte instruction in which
the first byte is the opcode and the second and third bytes represent the 16-bit
address of the target location. The 2-byte target address allows a jump to any
memory location from 0000 to FFFFH.
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Remember that although the program counter in the 8051 is 16-bit,
thereby giving a ROM address space of 64K bytes, not all 8051 family members
have that much on-chip program ROM. The original 8051 had only 4K bytes
of on-chip ROM for program space; consequently, every byte was precious.
For this reason there is also an SJIMP (short jump) instruction, which is a
2-byte instruction as opposed to the 3-byte LIMP instruction. This can save
some bytes of memory in many applications where memory space is in short

supply.
SJMP (short jump)

In this 2-byte instruction, the first byte is the opcode and the second
byte is the relative address of the target location. The relative address range
of 00—FFH is divided into forward and backward jumps: that is, within -128
to +127 bytes of memory relative to the address of the current PC (program
counter). If the jump is forward, the target address can be within a space of
127 bytes from the current PC. If the target address is backward, it can be
within —128 bytes from the current PC. This is explained in detail next.

Calculating the short jump address

In addition to the SIMP instruction, all conditional jumps such as
JNC, JZ, and DINZ are also short jumps due to the fact that they are all
2-byte instructions. In these instructions, the first byte is the opcode and the
second byte is the relative address. The target address is relative to the value of
the program counter. To calculate the target address, the second byte is added
to the PC of the instruction immediately below the jump. To understand this,
look at Example 6.

Jump backward target address calculation

While in the case of a forward jump, the displacement value is a posi-
tive number between 0 to 127 (00 to 7F in hex), for the backward jump the
displacement is a negative value of 0 to 128, as explained in Example 7.

It must be emphasized that regardless of whether the SIMP is a for-
ward or backward jump, for any short jump the target address can never be
more than -128 to +127 bytes from the address associated with the instruction
below the SJMP. If any attempt is made to violate this rule, the assembler will
generate an error stating the jump is out of range.

REVIEW QUESTIONS

1. The mnemonic DJNZ stands for

2. True or false. “DONZ R5,BACK” combines a decrement and a jump in a
single instruction.

“JNC HERE” is a ___-byte instruction.

In “Jz NEXT”, which register’s content is checked to see if it is zero?

5. LIMP is a ___-byte instruction.

B w
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Example 6

Using the following list file, verify the jump forward address calculation.

Line PC Opcode Mnemonic Operand
01 0000 ORG 0000
02 0000 7800 MOV RO, #0
03 0002 7455 MOV A, #55H
04 0004 6003 JZ NEXT
05 0006 08 INC RO

06 0007 04 AGAIN: INC A

07 0008 04 INC A

08 0009 2477 NEXT : ADD A,#77h
09 000B 5005 JNC OVER
10 000D E4 CLR A

11 000E F8 MOV RO,A
12 O00F F9 MOV R1,A
13 0010 FA MOV R2,A
14 0011 FB MOV R3,A
15 0012 2B OVER: ADD A,R3
16 0013 50F2 JNC AGAIN
17 0015 80FE HERE : SJMP HERE
18 0017 END

Solution:

First notice that the JZ and JNC instructions both jump forward. The target
address for a forward jump is calculated by adding the PC of the following instruc-
tion to the second byte of the short jump instruction, which is called the relative
address. In line 4, the instruction “JZ NEXT” has opcode of 60 and operand of
03 at the addresses of 0004 and 0005. The 03 is the relative address, relative to the
address of the next instruction INC RO, which is 0006. By adding 0006 to 3, the
target address of the label NEXT, which is 0009, is generated. In the same way for
line 9, the “JNC OVER” instruction has opcode and operand of 50 and 05 where
50 1s the opcode and 05 the relative address. Therefore, 05 is added to 000D, the
address of instruction “CLR A”, giving 12H, the address of label OVER.

Example 7

Verify the calculation of backward jumps in Example 6.

Solution:

In that program list, “JNC AGAIN” has opcode 50 and relative address F2H. When
the relative address of F2H is added to 15H, the address of the instruction below
the jump, we have 15H + F2H = 07 (the carry is dropped). Notice that 07 is the
address of label AGAIN. Look also at “SdMP HERE”, which has 80 and FE for
the opcode and relative address, respectively. The PC of the following instruction
0017H is added to FEH, the relative address, to get 0015H, address of the HERE
label (17H + FEH = 15H). Notice that FEH is -2 and 17H + (-2) = 15H.
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2: CALL INSTRUCTIONS

Another control transfer instruction is the CALL instruction, which
1s used to call a subroutine. Subroutines are often used to perform tasks that
need to be performed frequently. This makes a program more structured in
addition to saving memory space. In the 8051 there are two instructions for
call: LCALL (long call) and ACALL (absolute call). Deciding which one to
use depends on the target address. Each instruction is explained next.

LCALL (long call)

In this 3-byte instruction, the first byte is the opcode and the second
and third bytes are used for the address of the target subroutine. Therefore,
LCALL can be used to call subroutines located anywhere within the 64K-byte
address space of the 8051. To make sure that after execution of the called
subroutine the 8051 knows where to come back to, the processor automati-
cally saves on the stack the address of the instruction immediately below the
LCALL. When a subroutine is called, control is transferred to that subroutine,
and the processor saves the program counter on the stack and begins to fetch
instructions from the new location. After finishing execution of the subrou-
tine, the instruction RET (return) transfers control back to the caller. Every
subroutine needs RET as the last instruction. See Example 8.

The following points should be noted for the program in Example 8.

1. Notice the DELAY subroutine. Upon executing the first “LCALL
DELAY”, the address of the instruction right below it, “MOV A, #0AAH”,
1s pushed onto the stack, and the 8051 starts to execute instructions at
address 300H.

Example 8
Write a program to toggle all the bits of port 1 by sending to it the values 5S5H and
AAH continuously. Put a time delay in between each issuing of data to port 1.
Solution:

ORG 0
BACK: MOV A, #55H ;load A with 55H

MOV P1,A ;send 55H to port 1

LCALL DELAY ;time delay

MOV A, #0AAH ;load A with AA (in hex)

MOV P1,A ;send AAH to port 1

LCALL DELAY

SJMP BACK ;keep doing this indefinitely
;— this is the delay subroutine

ORG 300H ;put time delay at address 300H
DELAY: MOV R5,#0FFH ;R5 = 255(FF in hex),the counter
AGAIN: DJNZ R5,AGAIN ;stay here until R5 becomes 0

RET ;return to caller (when R5 = 0)

END ;end of asm file
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2. In the DELAY subroutine, first the counter RS is set to 255 (R5 = FFH);
therefore, the loop is repeated 256 times. When R5 becomes 0, control falls
to the RET instruction, which pops the address from the stack into the
program counter and resumes executing the instructions after the CALL.

The amount of time delay in Example 8 depends on the frequency of
the 8051. However, you can increase the time delay by using a nested loop as
shown below.

DELAY: ;nested loop delay
MOV R4, #255 ;R4 = 255(FF in hex)
NEXT : MOV R5, #255 ;R5 = 255(FF in hex)
AGAIN: DJNZ R5,AGAIN ;stay here until R5 becomes 0
DJNZ R4 ,NEXT ;decrement R4
;keep loading R5 until R4 = 0
RET ;return (when R4 = 0)

CALL instruction and the role of the stack

To understand the importance of the stack in microcontrollers, we now
examine the contents of the stack and stack pointer for Example 8. This is
shown in Example 9.

Example 9

Analyze the stack contents after the execution of the first LCALL in the following.
Solution:

001 0000 ORG 0

002 0000 7455 BACK: MOV A, #55H ;load A with 55H
003 0002 F590 MOV P1,A ;send 55H to port 1
004 0004 120300 LCALL DELAY ;time delay

005 0007 74AA MOV A,#0AAH ;load A with AAH
006 0009 F590 MOV P1,A ;send AAH to port 1
007 O000B 120300 LCALL DELAY

008 O0OE 8O0FO SJMP BACK ;keep doing this
009 0010

010 0010 ;——this is the delay subroutine

011 0300 ORG 300H

012 0300 DELAY :

013 0300 7DFF MOV R5, #0FFH ;R5=255

014 0302 DDFE AGAIN: DJNZ R5,AGAIN ;stay here

015 0304 22 RET ;return to caller
016 0305 END ;end of asm file

When the first LCALL is executed, the address of the instruction 0A

“MOV A, #0AAH” is saved on the stack. Notice that the low byte N o0

goes first and the high byte is last. The last instruction of the called

subroutine must be a RET instruction, which directs the CPU to POP W
the top bytes of the stack into the PC and resume executing at address

07. The diagram shows the stack frame after the first LCALL. SP = 09
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Use of PUSH and POP instructions in subroutines

Upon calling a subroutine, the stack keeps track of where the CPU
should return after completing the subroutine. For this reason, we must be
very careful in any manipulation of stack contents. The rule is that the number
of PUSH and POP instructions must always match in any called subroutine.
In other words, for every PUSH there must be a POP. See Example 10.

Example 10

Analyze the stack for the first LCALL instruction in the following program.

01 0000 ORG O

02 0000 7455 BACK: MOV A, #55H ;load A with 55H

03 0002 F590 MOV P1,A ;send 55H to port 1
04 0004 7C99 MOV R4, #99H

05 0006 7D67 MOV R5,#67H

06 0008 120300 LCALL DELAY ;time delay

07 000B 74AA MOV A, #0AAH ;load A with AA

08 000D F590 MOV P1,A ;send AAH to port 1
09 000F 120300 LCALL DELAY

10 0012 8OEC SJMP BACK ;keep doing this

11 0014 ;——this is the delay subroutine
12 0300 ORG 300H

13 0300 C004 DELAY: PUSH 4 ; PUSH R4

14 0302 CO0O05 PUSH 5 ; PUSH R5

15 0304 7CFF MOV R4,#0FFH ;R4=FFH

16 0306 7DFF NEXT: MOV R5,#0FFH ;R5=255
17 0308 DDFE AGAIN: DJIJNZ R5,AGAIN

18 030A DCFA DJINZ R4 ,NEXT

19 030C D005 POP 5 ;POP into R5

20 030E D004 POP 4 ; POP into R4

21 0310 22 RET ;return to caller
22 0311 END ;end of asm file
Solution:

First notice that for the PUSH and POP instructions, we must specify the direct
address of the register being pushed or popped. Here is the stack frame.

After the first LCALL After PUSH 4 After PUSH 5
0B 0B 0B 67 RS
0A 0A 99 R4 0A 99 R4
09 00 PCH 09 00 PCH 09 00 PCH
08 0B PCL 08 0B PCL 08 0B PCL
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Calling subroutines

In Assembly language programming, it is common to have one main
program and many subroutines that are called from the main program. See
Figure 1. This allows you to make each subroutine into a separate module.
Each module can be tested separately and then brought together with the main
program. More importantly, in a large program the modules can be assigned
to different programmers in order to shorten development time.

It needs to be emphasized that in using LCALL, the target address of the
subroutine can be anywhere within the 64K-byte memory space of the 8051. This
is not the case for the other call instruction, ACALL, which is explained next.

ACALL (absolute call)

ACALL is a 2-byte instruction in contrast to LCALL, which has 3 bytes.
Since ACALL is a 2-byte instruction, the target address of the subroutine must be
within 2K bytes because only 11 bits of the 2 bytes are used for the address. There
1s no difference between ACALL and LCALL in terms of saving the program
counter on the stack or the function of the RET instruction. The only differ-
ence is that the target address for LCALL can be anywhere within the 64K-byte

;MAIN program calling subroutines

ORG 0
MATIN : LCALL SUBR 1
LCALL SUBR 2
LCALL SUBR_3
HERE : SJIMP HERE

; ————end of MAIN

SUBR 1:
RET
;————end of subroutine 1
SUBR 2:
RET
;———end of subroutine 2
SUBR_3:
RET
;———end of subroutine 3
END ;end of the asm file

Figure 1. 8051 Assembly Main Program That Calls Subroutines
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Example 11

A developer is using the Atmel AT89C1051 microcontroller chip for a product.
This chip has only 1K byte of on-chip flash ROM. Which instruction, LCALL or
ACALL, is more useful in programming this chip?

Solution:

The ACALL instruction is more useful since it is a 2-byte instruction. It saves one

byte each time the call instruction is used.

address space of the 8051, while the target address of ACALL must be within a
2K-byte range. In many variations of the 8051 marketed by different companies,
on-chip ROM is as low as 1K byte. In such cases, the use of ACALL instead of
LCALL can save a number of bytes of program ROM space. See Example 11.

Of course, in addition to using compact instructions, we can program
efficiently by having a detailed knowledge of all the instructions supported by
a given microprocessor, and using them wisely. Look at Example 12.

REVIEW QUESTIONS

1. What do the mnemonics “LCALL” and “ACALL” stand for?

2. True or false. In the 8051, control can be transferred anywhere within the
64K bytes of code space if using the LCALL instruction.

3. How does the CPU know where to return to after executing the RET
instruction?

Example 12
Rewrite Example 8§ as efficiently as you can.
Solution:
ORG 0
MOV A, #55H ;load A with 55H
BACK: MOV P1,A ;issue value in reg A to port 1
ACALL DELAY ;time delay
CPL A ;complement reg A
SJMP BACK ;keep doing this indefinitely
5 this is the delay subroutine
DELAY:
MOV R5,#0FFH ;R5=255(FF in hex), the counter
AGAIN: DJNZ R5,AGAIN ;stay here until R5 becomes 0
RET ;return to caller
END ;end of asm file

Notice in this program that register A is set to S5SH. By complementing 55H,
we have AAH, and by complementing AAH we have 55H. Why? “01010101” in
binary (55H) becomes “10101010” in binary (AAH) when it is complemented, and
“10101010” becomes “01010101” if it is complemented.
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4. Describe briefly the function of the RET instruction.
5. The LCALL instruction is a ___-byte instruction.

3: TIME DELAY FOR VARIOUS 8051 CHIPS

In the last section, we used the DELAY subroutine. In this section, we
discuss how to generate various time delays and calculate exact delays for the
8051 and DS89C4x0.

Machine cycle for the 8051

The CPU takes a certain number of clock cycles to execute an instruc-
tion. In the 8051 family, these clock cycles are referred to as machine cycles
(MC). While the original 8051 design used 12 clock periods per machine
cycle, many of the newer generations of the 8051 use much fewer clocks per
machine cycle. For example, the DS5000 uses 4 clock periods per machine
cycle, while the DS89C4x0 uses only 1 clock per machine cycle. See Table 2.
In the 8051 family, the length of the machine cycle depends on the frequency
of the crystal oscillator connected to the 8051 system. The crystal oscillator,
along with on-chip circuitry, provides the clock source for the 8051 CPU. The
frequency of the crystal connected to the 8051 family can vary from 4 MHz
to 30 MHz, depending on the chip rating and manufacturer. Very often the
11.0592 MHz crystal oscillator is used to make the 8051-based system compat-

ible with the serial port of the x86 PC.
Table 2. Clocks per Machine Cycle for Various  In the original 8051, 1 machine cycle

8051 Versions lasts 12 oscillator periods. Therefore,
. to calculate the machine cycle for the
Chip/Maker Clocks per 251 we take 1/12 of the crystal fre-
Machine Cycle o
quency, then take its inverse, as shown
AT89CS51 Atmel 12 in Examples 13 and 14.
P89C54X2 Philips 6
DS5000 Dallas Semi 4
DS89C430/40/50 Dallas Semi 1
Example 13

The following shows crystal frequency for three different 8051-based systems. Find
the period of the machine cycle in each case.
(a) 11.0592 MHz (b) 16 MHz (c) 20 MHz

Solution:

(a) 11.0592 MHz/12 = 921.6 kHz; machine cycle is 1/921.6 kHz = 1.085 us (micro-
second)

(b) 16 MHZz/12 = 1.333 MHz; machine cycle = 1/1.333 MHz = 0.75 us

(c) 20 MHZz/12 = 1.66 MHz; machine cycle = 1/1.66 MHz = 0.60 us
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Example 14

For an 8051 system of 11.0592 MHz, find how long it takes to execute each of the
following instructions.

(a) MOV R3,#55 (b) DEC R3 (c) DINZ R2,target
(d) ngmp (e) sgmP (f) NOP (no operation)
(g) MUL AB

Solution:

The machine cycle for a system of 11.0592 MHz is 1.085 us, as shown in Example 13.
Table 1 in the Appendix “8051 Instructions, Timing, and Registers” shows machine
cycles for each of the above instructions. Therefore, we have:

Instruction Machine Cycles Time to Execute

(a) MOV R3,#55 1 1x1.085 pus = 1.085 pus
(b) DEC R3 1 1x1.085 ps = 1.085 us
(c) DINZ R2, target 2 2x1.085 pus = 2.17 us
(d) Lavp 2 2x1.085 pus = 2.17 us
(e) SJMP 2 2x1.085 us = 2.17 ps
(f) wop 1 1x1.085 us = 1.085 us
(g) MUL AB 4 4x1.085 pus = 4.34 us

Delay calculation for 8051

As seen in the last section, a DELAY subroutine consists of two parts:
(1) setting a counter and (2) a loop. Most of the time delay is performed by the
body of the loop, as shown in Example 15.

Very often, we calculate the time delay based on the instructions inside
the loop and ignore the clock cycles associated with the instructions outside
the loop.

In Example 15, the largest value the R3 register can take is 255; there-
fore, one way to increase the delay is to use NOP instructions in the loop.
NOP, which stands for “no operation,” simply wastes time. This is shown in
Example 16.

Loop inside loop delay

Another way to get a large delay is to use a loop inside a loop, which is
also called a nested loop. See Example 17.
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Example 15

Find the size of the delay in the following program, if the crystal frequency is
11.0592 MHz.

MOV A, #55H ;load A with 55H

AGAIN: MOV P1,A ;issue value in reg A to port 1
ACALL DELAY ;time delay
CPL A ;complement reg A
SJMP AGAIN ;keep doing this indefinitely

5 Time delay

DELAY: MOV R3,#200 ;load R3 with 200

HERE: DJNZ R3,HERE ;stay here until R3 become 0
RET ;return to caller

Solution:

From Table 1 in the Appendix “8051 Instructions, Timing, and Registers,” we have
the following machine cycles for each instruction of the DELAY subroutine.

Machine Cycle

DELAY : MOV R3,#200 1
HERE : DJNZ R3,HERE 2
RET 2

Therefore, we have a time delay of [(200 x 2) + 1 + 2] x 1.085 us = 436.255 ps.

Example 16

For an 8051 system of 11.0592 MHz, find the time delay for the following subroutine:

Machine Cycle
DELAY: MOV R3,#250 1

HERE : NOP
NOP
NOP
NOP
DJNZ R3,HERE

N R R R R

RET 2

Solution:

The time delay inside the HERE loop is [250(1 + 1 + 1 + 1 + 2)] x 1.085 us = 1500 x
1.085 us = 1627.5 ps. Adding the two instructions outside the loop, we have 1627.5
us + 3 x 1.085 us = 1630.755 ps.

If machine cycle timing is critical to your system design, make sure that you check the
manufacture’s data sheets for the device specification. For example, the DS8§9C430
has 3 machine cycles instead of 2 machine cycles for the RET instruction.
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Example 17

For a machine cycle of 1.085 us, find the time delay in the following subroutine.

DELAY : Machine Cycle
MOV R2,#200 1
AGAIN: MOV R3, #250 1
HERE : NOP 1
NOP 1
DJIJNZ R3,HERE 2
DJIJNZ R2,AGAIN 2
RET 2

Solution:

For the HERE loop, we have (4 x 250) x1.085 us = 1085 ps. The AGAIN loop
repeats the HERE loop 200 times; therefore, we have 200 x 1085 ps = 217000, if
we do not include the overhead. However, the instructions “MOV R3, #250” and
“DJINZ R2,AGAIN” at the beginning and end of the AGAIN loop add (3 x 200 x
1.085 us) = 651 ps to the time delay. As a result, we have 217000 + 651 = 217651
us = 217.651 milliseconds for total time delay associated with the above DELAY
subroutine. Notice that in the case of a nested loop, as in all other time delay loops,
the time is approximate since we have ignored the first and last instructions in the
subroutine.

Delay calculation for other versions of 8051

In creating a time delay using Assembly language instructions, one
must be mindful of two factors that can affect the accuracy of the delay.

1. The crystal frequency: The frequency of the crystal oscillator connected to
the X1-X2 input pins is one factor in the time delay calculation. The dura-
tion of the clock period for the machine cycle is a function of this crystal
frequency.

2. The 8051 design: Since the original 8051 was designed in 1980, both the
field of IC technology and the architectural design of microprocessors
have seen great advancements. Due to the limitations of IC technology and
limited CPU design experience at that time, the machine cycle duration was
set at 12 clocks. Advances in both IC technology and CPU design in recent
years have made the 1-clock machine cycle a common feature of many new
8051 chips. Indeed, one way to increase the 8051 performance without los-
ing code compatibility with the original 8051 is to reduce the number of
clock cycles it takes to execute an instruction. For these reasons, the num-
ber of machine cycles and the number of clock periods per machine cycle
varies among the different versions of the 8051 microcontrollers. While
the original 8051 design used 12 clock periods per machine cycle, many of
the newer generations of the 8051 use much fewer clocks per machine cycle.
For example, the DS5000 uses 4 clock periods per machine cycle, while the
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Example 18

From Table 2, find the period of the machine cycle in each case if XTAL =
11.0592 MHz, and discuss the impact on performance:
(a) AT89CS51 (b) P89C54X2 (c) DS5000 (d) DS89C4x0.

Solution:

(a) 11.0592 MHz/12 = 921.6 kHz; MC is 1/921.6 kHz = 1.085 us (microsec-
ond) = 1085 ns

(b) 11.0592 MHz/6 = 1.8432 MHz; MC is 1/1.8432 MHz = 0.5425 us = 542 ns

(c) 11.0592 MHz/4 = 2.7648 MHz; MC is 1/2.7648 MHz = 0.36 us = 360 ns

(d) 11.0592 MHz/1 = 11.0592 MHz; MC is 1/11.0592 MHz = 0.0904 us = 90 ns

This means that if we connect an AT89C51 and a DS89C4x0 to a crystal of the
same frequency, we get approximately 9 to 10 times performance boost for the
DS89C4x0 chip over the AT89C51. See Example 20.

DS89C4x0 uses only 1 clock per machine cycle. The 8051 products from
Philips Semiconductors have the option of using either 6 or 12 clocks per
machine cycle. Table 2 shows some of the 8051 versions with their machine
cycles.

Delay calculation for DS89C4x0

In the case of the DS89C4x0, since the number of clocks per machine
cycle was reduced from 12 to 1, the number of machine cycles used to exe-
cute an instruction had to be changed to reflect this reality. Table 3 compares
the machine cycles for the DS89C4x0 and 8051 for some instructions. See
Examples 18 through 22.

From the above discussion, we conclude that use of the instruction in
generating time delay is not the most reliable method. To get more accurate time
delay we use timers. Meanwhile, to get an accurate time delay for a given 8051
microcontroller, we must use an oscilloscope to measure the exact time delay.

Table 3. Comparison of 8051 and DS89C4x(0 Machine Cycles

Instruction 8051 DS89C4x0
MOV R3,#value 1 2
DEC Rx 1 1
DINZ 2 4
LIMP 2 3
SIMP 2 3
NOP 1 1
MUL AB 4 9
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Example 19

For an AT8051 and DS89C430/40/50 system of 11.0592 MHz, find how long it
takes to execute each of the following instructions.

(a) MOV R3,#55 (b) DEC R3 (c) DONZ R2, target
(d) Lamp (e) sgmp (f) NOP (no operation)
(g) MUL AB

Solution:

The machine cycle time for the AT8951 and DS89C430 was shown in Example 18.
Table 3 shows machine cycles for each of the above instructions. Therefore, we
have:

Instruction AT8051 DS89C430140150

(a) MOV R3,#55 1x1085 ns = 1085 ns 2x90 ns = 180 ns
(b) DEC R3 1x1085 ns = 1085 ns 1x90 ns = 90 ns
(c) DINZ R2, .. 2x1085 ns = 2170 ns 4x90 ns = 360 ns
(d) Lgmp 2x1085 ns = 2170 ns 3x90 ns = 270 ns
(e) sgmp 2x1085 ns = 2170 ns 3x90 ns = 270 ns
(f) Nop 1x1085 ns = 1085 ns 1x90 ns = 90 ns
(g) MUL AB 4x1085 ns = 4340 ns 9%90 ns = 810 ns
Example 20

Find the time delay for the loop section of the following subroutine if it is run on a
DS89C430 chip, assuming a crystal frequency of 11.0592 MHz.

DS89C430 Machine Cycle
DELAY : MOV R3,#250

HERE : NOP
NOP
NOP
NOP
DJNZ R3,HERE

N

RET

Solution:

The time delay inside the HERE loop 1s [250(1 + 1 + 1 + 1 + 4)] x 90 ns = 2000 x
90 ns = 180 ps. Comparing this with Example 16, we see DS89C4x0 is about
9 times faster (1627 us /180 us = 9).
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Example 21

Write a program to toggle all the bits of P1 every 200 ms. Assume that the crystal
frequency is 11.0592 MHz and that the system is using the AT89C51.

Solution:
;Tested for AT89C51 of 11.0592 MHz.

MOV A, #55H

AGAIN: MOV P1,A
ACALL DELAY
CPL A

SIJMP AGAIN

; Time delay

DELAY : MOV R5,#2

HEREL: MOV R4,#180
HERE2: MOV R3,#255
HERE3: DJNZ R3,HERE3

DJNZ R4 ,HERE2
DJNZ R5,HERE1
RET

2 % 180 x 255 x 2 MC x 1.085 ps = 199,206 ps

Example 22

Write a program to toggle all the bits of P1 every 200 ms. Assume the crystal fre-
quency is 11.0592 MHz and the system is using DS89C430/40/50.

Solution:

;Tested for DS89C430 of 11.0592 MH=z.
MOV A, #55H

AGAIN: MOV P1,A
ACALL DELAY 200m
CPL A

SIJMP AGAIN

5 Time delay

DELAY 200m:

MOV R5, #9
HERE1: MOV R4 ,#242
HERE2: MOV R3,#255
HERE3: DJNZ R3,HERE3

DJINZ R4 ,HERE2
DJNZ R5,HERE1
RET

Delay 9 x 242 x 255 x4 MC x 90 ns = 199,940 ps

Use an oscilloscope to measure the system square wave period to verify delay.
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SJMP to itself using $ sign

In cases where there is no monitor program, we need to short jump to

itself in order to keep the microcontroller busy. A simple way of doing that is
to use the $ sign. That means in place of this

HERE: SJMP HERE

we can use the following:

SJMP $
REVIEW QUESTIONS
1. True or false. In the 8051, the machine cycle lasts 12 clock cycles of the
crystal frequency.
2. The minimum number of machine cycles needed to execute an 8051
instruction is
3. For Question 2, what is the maximum number of cycles needed, and for
which instructions?
4. Find the machine cycle for a crystal frequency of 12 MHz.
5. Assuming a crystal frequency of 12 MHz, find the time delay associated
with the loop section of the following DELAY subroutine.
DELAY: MOV R3,#100
HERE: NOP
NOP
NOP
DJIJNZ R3,HERE
RET
6. True or false. In the DS89C430, the machine cycle lasts 12 clock cycles of
the crystal frequency.
7. Find the machine cycle for a DS89C430 if the crystal frequency is
11.0592 MHz.
SUMMARY

The flow of a program proceeds sequentially, from instruction to

instruction, unless a control transfer instruction is executed. The various types
of control transfer instructions in Assembly language include conditional and
unconditional jumps, and call instructions.

The looping action in 8051 Assembly language is performed using a

special instruction, which decrements a counter and jumps to the top of the
loop if the counter is not zero. Other jump instructions jump conditionally,
based on the value of the carry flag, the accumulator, or bits of the I/O port.
Unconditional jumps can be long or short, depending on the relative value of

JUMP, LOOP, AND CALL INSTRUCTIONS



the target address. Special attention must be given to the effect of LCALL and
ACALL instructions on the stack.

RECOMMENDED WEB LINKS

See the following websites for DS89C430/40/50 instructions and timing:

* WWWw.maxim-ic.com
« www.MicroDigitalEd.com

See the following websites for 8051 products and their features from

various companies:

* www.8052.com
* www.MicroDigitalEd.com

PROBLEMS

1: LOOP AND JUMP INSTRUCTIONS

1.

2.

10.
1.
12.
13.
14.

15.

16.

In the 8051, looping action with the instruction “DJNZ Rx,rel
address” is limited to _____ iterations.

If a conditional jump is not taken, what is the next instruction to be
executed?

In calculating the target address for a jump, a displacement is added to the
contents of register

The mnemonic SJMP stands for and itisa__ -byte instruction.
The mnemonic LIMP stands for and it i1s a ___-byte
instruction.

What is the advantage of using SJMP over LIMP?

True or false. The target of a short jump is within -128 to +127 bytes of the
current PC.

True or false. All 8051 jumps are short jumps.

Which of the following instructions is (are) not a short jump?
(a)Jz (b) INC (c) LIMP (d) DINZ

A short jump is a ___-byte instruction. Why?

True or false. All conditional jumps are short jumps.

Show code for a nested loop to perform an action 1000 times.
Show code for a nested loop to perform an action 100,000 times.
Find the number of times the following loop is performed.

MOV R6,#200
BACK: MOV R5,#100
HERE: DJNZ R5,HERE
DJNZ R6,BACK

The target address of a jump backward is a maximum of bytes
from the current PC.
The target address of a jump forward is a maximum of bytes

from the current PC.

JUMP, LOOP, AND CALL INSTRUCTIONS
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2: CALL INSTRUCTIONS

17.
18.
19.
20.
21.
22.
23.

24.
25.

26.

LCALL is a ___ -byte instruction.

ACALL is a ___-byte instruction.

The ACALL target address is limited to _____ bytes from the present PC.
The LCALL target address is limited to _____ bytes from the present PC.
When LCALL is executed, how many bytes of the stack are used?

When ACALL is executed, how many bytes of the stack are used?

Why do the PUSH and POP instructions in a subroutine need to be equal
in number?

Describe the action associated with the POP instruction.

Show the stack for the following code.
000B 120300 LCALL DELAY
000E 80FO SJMP BACK ;keep doing this
0010
0010 ;-——————- this is the delay subroutine
0300 ORG 300H
0300 DELAY:
0300 7DFF MOV R5,#0FFH ;R5=255
0302 DDFE AGAIN: DJIJNZ R5,AGAIN ;stay here
0304 22 RET ;return

Reassemble Example 10 at ORG 200 (instead of ORG 0) and show the
stack frame for the first LCALL instruction.

3: TIME DELAY FOR VARIOUS 8051 CHIPS

27.
28.
29.
30.
31.

32.

33.

Find the system frequency if the machine cycle = 1.2 us.

Find the machine cycle if the crystal frequency is 18 MHz.

Find the machine cycle if the crystal frequency is 12 MHz.

Find the machine cycle if the crystal frequency is 25 MHz.

True or false. LIMP and SIMP instructions take the same amount of time
to execute even though one is a 3-byte instruction and the other is a 2-byte
instruction.

Find the time delay for the delay [prray.: MOV R3,#150

subroutine shown to the right, if the |HERE: NOP

system has an 8051 with frequency of NOP

11.0592 MHz." NOP
DJIJNZ R3,HERE
RET

Find the time delay for the delay [DELAY: MOV R3,#200

subroutine shown to the right, if the |HERE: NOP

system has an 8051 with frequency of Egg

16 MHz. DJNZ R3,HERE
RET

JUMP, LOOP, AND CALL INSTRUCTIONS



DELAY : MOV R5,#100 34. Find the time delay for the delay sub-
BACK: MOV R2,#200 routine shown to the left, if the system
AGAIN: MOV  R3,#250 has an 8051 with frequency of 11.0592
HERE : NOP MHz.

NOP

DJINZ R3,HERE

DJINZ R2,AGAIN

DJINZ R5,BACK

RET
DELAY : MOV R2,#150 35. Find the time delay for the delay sub-
AGAIN: MOV R3,#250 routine shown to the left, if the system
HERE: NOP has an 8051 with frequency of 16 MHz.

NOP

NOP

DJINZ R3,HERE
DJINZ R2,AGAIN
RET

36.
37.
38.
39.
40.

Repeat Problem 32 for DS89C430.

Repeat Problem 33 for DS89C430.

Repeat Problem 34 for DS89C430.

Repeat Problem 35 for DS89C430.

In an AT89C51-based system, explain performance improvement if we
replace the AT89CS51 chip with a DS89C430. Is it 12 times faster?

ANSWERS TO REVIEW QUESTIONS

[S—
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: LOOP AND JUMP INSTRUCTIONS

Decrement and jump if not zero
True

2

A

3

: CALL INSTRUCTIONS

Long CALL and absolute CALL

True

The address of where to return is in the stack.

Upon executing the RET instruction, the CPU pops off the top 2 bytes of the stack into
the PC register and starts to execute from this new location.

3

: TIME DELAY FOR VARIOUS 8051 CHIPS

True

1

MUL and DIV each take 4 machine cycles.

12 MHz /12 = 1 MHz, and MC = 1/1 MHz = 1 ps.

[100(1 + 1+ 1+ 2)] X 1 pus =500 pus = 0.5 milliseconds.

False. It takes 1 clock.

11.0592 MHz/1 = 11.0592 MHz; machine cycle is 1/11.0592 MHz = 0.0904 ps = 90.4 ns

JUMP, LOOP, AND CALL INSTRUCTIONS .
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1/0 PORT
PROGRAMMING

OBJECTIVES

Upon completion of this chapter, you will be able to:

>>  List the four ports of the 8051.

>>  Describe the dual role of port 0 in providing both data and addresses.
>>  Code Assembly language to use the ports for input or output.

>>  Explain the dual role of port 0 and port 2.

>>  Code 8051 instructions for I/O handling.

>>  Code I/O bit-manipulation programs for the 8051.

From Chapter 4 of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice
Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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This chapter describes the I/O port programming of the 8051 with
many examples. In Section 1, we describe I/O access using byte-size data, and
in Section 2, bit manipulation of the I/O ports is discussed in detail.

1: 8051 /0 PROGRAMMING

In the 8051, there are a total of four ports for I/O operations. Examining
Figure 1, note that of the 40 pins, a total of 32 pins are set aside for the four
ports PO, P1, P2, and P3, where each port takes 8 pins. The rest of the pins
are designated as V_, GND, XTALI, XTAL2, RST, EA, ALE/PROG, and
PSEN.

I/0 port pins and their functions

The four ports PO, P1, P2, and P3 each use 8 pins, making them 8-bit
ports. All the ports upon RESET are configured as inputs, ready to be used
as input ports. When the first 0 is written to a port, it becomes an output. To
reconfigure it as an input, a 1 must be sent to the port. To use any of these
ports as an input port, it must be programmed, as we will explain throughout
this section. First, we describe each port.

PDIP/Cerdip
N\
PLO []1 40 [ Ve
P11 []2 39 [] P0.0 (ADO)
P12 []3 38 [] Po.1 (ADI)
P13 |4 8051 37 ] Po.2 (AD2)
P14 []5 (8031) 36 [ ] P0.3 (AD3)
P15 []6 35 [ ] P0.4 (AD4)
PlL6 []7 DS89C4x0 34 [] P0.5 (AD5)
P17 []38 33 [] P0.6 (AD6)
RST []9 32 [ P0.7 (AD7)
(RXD) P3.0 [} 10 31 [ EAN,,
(TXD)P3.1 [ 11 30 [] ALE/PROG
(NTO) P3.2 [] 12 29 [ ] PSEN
(NTI) P33 [] 13 28 [ P27 (Al5)
(TO) P3.4 [] 14 27 [ ] P26 (Al14)
(THP3.5 [} 15 26 [ ] P2.5 (A13)
(WR)P3.6 [] 16 25 [ ] P24 (A12)
(RD)P3.7 [ 17 24 [ P23 (AlD)
XTAL2 [] 18 23 [ ] P22 (A10)
XTAL1 [} 19 22 [ P2.1(A9)
GND []20 21 [J P2.0 (A8)
Figure 1. 8051 Pin Diagram
I/0 PORT PROGRAMMING



8051

V., Port 0

10K Port 0 occupies a total
§ § § § § § § of 8 pins (pins 32-39). Tt can be
used for input or output. To use
P0.0 [ the pins of port 0 as both input
PO.1 and output ports, each pin must

P0.2 J
P0.3 % be connected externally to a 10K-
58';} = ohm pull-up resistor. This is due
P0.6 to the fact that PO is an open
P0.7 drain, unlike P1, P2, and P3, as
we will soon see. Open drain 1s a
term used for MOS chips in the

Figure 2. Port 0 with Pull-Up Resistors

same way that open collector is
used for TTL chips. In any system
using the 8051/52 chip, we nor-
mally connect PO to pull-up resistors. See Figure 2. In this way we take advan-
tage of port 0 for both input and output. For example, the following code will
continuously send out to port 0 the alternating values of 55H and AAH.

;Toggle all bits of PO

BACK: MOV A, #55H
MOV PO,A
ACALL DELAY
MOV A, #0AAH
MOV PO,A
ACALL DELAY
SJMP BACK

It must be noted that complementing 55H (01010101) turns it into
AAH (10101010). By sending 55H and AAH to a given port continuously, we
toggle all the bits of that port.

Port 0 as input

With resistors connected to port 0, in order to make it an input, the port
must be programmed by writing 1 to all the bits. In the following code, port 0
1s configured first as an input port by writing 1s to it, and then data is received
from that port and sent to P1.

;Get a byte from PO and send it to Pl

MOV A, #0FFH ;A = FF hex
MOV PO,A ;make PO an input port
;by writing all 1s to it
BACK: MOV A, PO ;get data from PO
MOV P1,A ;send it to port 1
SJMP BACK ;keep doing it
I/0 PORT PROGRAMMING
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Dual role of port 0

As shown in Figure 1, port 0 is also designated as AD0O-AD?7, allow-
ing it to be used for both address and data. When connecting an 8051/31 to an
external memory, port 0 provides both address and data. The 8051 multiplexes
address and data through port 0 to save pins.

Port 1

Port 1 occupies a total of 8 pins (pins 1 through 8). It can be used as
input or output. In contrast to port 0, this port does not need any pull-up
resistors since it already has pull-up resistors internally. Upon reset, port 1 is
configured as an input port. The following code will continuously send out to
port 1 the alternating values 55H and AAH.

;Toggle all bits of Pl continuously
MOV A, #55H

BACK: MOV P1,A
ACALL DELAY
CPL A ;complement (Invert) reg. A

SIJMP BACK

Port 1 as input

If port 1 has been configured as an output port, to make it an input
port again, it must be programmed as such by writing 1 to all its bits. In the
following code, port 1 is configured first as an input port by writing 1s to it,
then data is received from that port and saved in R7, R6, and R5.

MOV A, #0FFH ;A=FF hex

MOV P1,A ;make Pl an input port
;by writing all 1s to it

MOV A,P1 ;get data from P1

MOV R7,A ;save it in reg R7

ACALL DELAY ;wait

MOV A,P1 ;get another data from P1

MOV R6,A ;save it in reg R6

ACALL DELAY ;wailt

MOV A,P1 ;get another data from P1

MOV R5,A ;save it in reg R5

Port 2

Port 2 occupies a total of 8 pins (pins 21 through 28). It can be used as
input or output. Just like P1, port 2 does not need any pull-up resistors since it
already has pull-up resistors internally. Upon reset, port 2 is configured as an
input port. The following code will continuously send out to port 2 the alter-
nating values 55H and AAH. That is, all the bits of P2 toggle continuously.

I/0 PORT PROGRAMMING



Table 1. Port 3 Alternate

MOV A, #55H

BACK: MOV P2,A
ACALL DELAY
CPL A ;complement reg. A

SIJMP BACK

Port 2 as input

To make port 2 an input, it must programmed as such by writing 1 to all its
bits. In the following code, port 2 is configured first as an input port by writing 1s
to it. Then data is received from that port and is sent to P1 continuously.

;Get a byte from P2 and send it to Pl

MOV A, #0FFH ;A=FF hex
MOV P2,A ;make P2 an input port by
;writing all 1s to it
BACK: MOV A,P2 ;get data from P2
MOV P1,A ;send it to Port 1
SJMP BACK ;keep doing that

Dual role of port 2

In many systems based on the 8051, P2 is used as simple I/O. However,
in 8031-based systems, port 2 must be used along with PO to provide the
16-bit address for external memory. As shown in Figure 1, port 2 is also des-
ignated as A8—A15, indicating its dual function. Since an 8051/31 is capable
of accessing 64K bytes of external memory, it needs a path for the 16 bits of
the address. While PO provides the lower 8 bits via A0O—A7, it is the job of P2
to provide bits A8—A15 of the address. In other words, when the 8051/31 is
connected to external memory, P2 is used for the upper 8 bits of the 16-bit
address, and it cannot be used for I/0.

From the discussion so far, we conclude that in systems based on 8751,
89C51, or DS589C4x0 microcontrollers, we have three ports, PO, P1, and P2,
for 1/0 operations. This should be enough for most microcontroller applica-
tions. That leaves port 3 for interrupts as well as other sig-
nals, as we will see next.

Functions
P3 Bit Function Pin Port 3
P3.0 RxD 10 Port 3 occupies a total of 8 pins, pins 10 through
P3.1 TxD 11 17. It can be used as input or output. P3 does not need
P30 INTO |p any pull-up resistors, just as P1 and P2 did not. Although
P3-3 — T port 3 is configured as an input port upon reset, this is
i INT1 not the way it is most commonly used. Port 3 has the
p3.4 TO 14 additional function of providing some extremely impor-
P3.5 T1 15 tant signals such as interrupts. Table 1 provides these
P3.6 WR 16 alternate functions of P3. This information applies to
P37 RD 17 both 8051 and 8031 chips.

I/0 PORT PROGRAMMING
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P3.0 and P3.1 are used for the RxD and TxD serial communication
signals. Bits P3.2 and P3.3 are set aside for external interrupts. Bits P3.4
and P3.5 are used for timers 0 and 1. Finally, P3.6 and P3.7 are used to pro-
vide the WR and RD signals of external memories connected in 8031-based
systems. In systems based on the 8751, 89C51, or DS89C4x0, pins 3.6 and
3.7 are used for I/O while the rest of the pins in port 3 are normally used in
the alternate function role. See Example 1.

Example 1

Write a test program for the DS89C4x0 chip to toggle all the bits of PO, P1, and
P2 every 1/4 of a second. Assume a crystal frequency of 11.0592 MHz.

Solution:
;Tested for the DS89C4x with XTAL = 11.0592 MHz.

ORG 0
BACK: MOV A, #55H
MOV PO,A
MOV P1,A
MOV P2,A
ACALL QSDELAY ;Quarter of a second delay
MOV A, #0AAH
MOV PO,A
MOV P1,A
MOV P2,A
ACALL QSDELAY
SJIMP BACK
e 1/4 SECOND DELAY

QSDELAY:
MOV R5, #11
H3: MOV R4, #2438
H2: MOV R3, #2565
H1: DJINZ R3, HI ;4 MC for DS89C4x0

DJNZ R4, H2
DJINZ R5, H3
RET
END

Delay = 11 x 248 x 255 x4 MC X 90 ns = 250,430 pus

Use an oscilloscope to verify the delay size.

I/0 PORT PROGRAMMING



Different ways of accessing the entire 8 bits

In the following code, as in many previous I/O examples, the entire
8 bits of port 1 are accessed.

BACK: MOV
MOV
ACALL
MOV
MOV
ACALL

SJMP

A, #55H
P1,A
DELAY
A, #0AAH
P1,A
DELAY
BACK

The above code toggles every bit of P1 continuously. We have seen
a variation of the above program earlier. Now we can rewrite the code in a
more efficient manner by accessing the port directly without going through the
accumulator. This is shown next.

BACK: MOV
ACALL
MOV
ACALL

SJIJMP

P1, #55H
DELAY
P1, #0AAH
DELAY
BACK

The following is another way of doing the same thing.

MOV
MOV
ACALL
CPL
SJIMP

BACK:

A, #55H ;A=55 HEX

P1,A

DELAY

A ;complement reg. A
BACK

We can write another variation of the above code by using a technique
called read-modify—write. This is shown at the end of this chapter.

Ports status upon reset

Upon reset, all ports have value FFH on them as shown in Table 2. This
makes them input ports upon reset.

Table 2. Reset Value of Some
8051 Ports

REVIEW QUESTIONS
Register Reset Value (Binary)
1. There are a total of ports in the 8051 and
PO 1920900 each has bits.
P1 1111111 2. True or false. All of the 8051 ports can be used
P2 11111111 for both input and output.
P3 11111111 3. Which 8051 ports need pull-up resistors to func-
tion as an I/O port?
I/0 PORT PROGRAMMING
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4. True or false. Upon power-up, the I/O pins are configured as output ports.
5. Show simple statements to send 99H to ports P1 and P2.

2: 1/0 BIT-MANIPULATION PROGRAMMING

In this section, we further examine 8051 I/O instructions. We pay special
attention to I/O bit manipulation since it is a powerful and widely used feature
of the 8051 family.

I/0 ports and bit-addressability

Sometimes we need to access only 1 or 2 bits of the port instead of the
entire 8 bits. A powerful feature of 8051 I/O ports is their capability to access
individual bits of the port without altering the rest of the bits in that port.
Of the four 8051 ports, we can access either the entire 8 bits or any single bit
without altering the rest. When accessing a port in single-bit manner, we use
the syntax “SETB Px.y” where x is the port number 0, 1, 2, or 3, and y is the
desired bit number from 0 to 7 for data bits DO to D7. For example, “SETB
P1.5” sets high bit 5 of port 1. Remember that DO is the LSB and D7 is the
MSB. For example, the following code toggles bit P1.2 continuously.

BACK: CPL P1.2 ;jcomplement P1.2 only
ACALL DELAY
SJMP BACK

;another variation of the above program follows

AGAIN: SETB P1.2 ;change only P1l.2=high
ACALL DELAY
CLR P1.2 ;change only Pl.2=1low

ACALL DELAY
SIJMP AGAIN

Notice that P1.2 is the third bit of P1, since the first bit is P1.0, the
second bit is P1.1, and so on. Table 3 shows the bits of the 8051 1/O ports.
See Example 2 for bit manipulation of I/O ports. Notice in Example 2 that

Table 3. Single-Bit Addressability of Ports

PO P1 P2 P3 Port Bit
P0.0 P1.0 P2.0 P3.0 DO
PO.1 P1.1 P2.1 P3.1 D1
P0.2 P1.2 P2.2 P3.2 D2
P0.3 P1.3 P23 P3.3 D3
P0.4 P1.4 P24 P3.4 D4
P0.5 P1.5 P2.5 P3.5 D5
P0.6 P1.6 P2.6 P3.6 D6
P0.7 P1.7 P2.7 P3.7 D7
I/0 PORT PROGRAMMING



Example 2

Write the following programs.
(a) Create a square wave of 50% duty cycle on bit 0 of port 1.
(b) Create a square wave of 66% duty cycle on bit 3 of port 1.

Solution:

(a) The 50% duty cycle means that the “on” and “off” states (or the high and low
portions of the pulse) have the same length. Therefore, we toggle P1.0 with a
time delay in between each state.

HERE: SETB P1.0 ;set to high bit 0 of port 1
LCALL DELAY ;call the delay subroutine
CLR P1.0 ;P1.0=0
LCALL DELAY
SJMP HERE ;keep doing it

Another way to write the above program is:

HERE: CPL P1.0 ;complement bit 0 of port 1
LCALL DELAY ;call the delay subroutine
SJMP HERE ;keep doing it
8051
P1.0 — —

(b)  The 66% duty cycle means the “on” state is twice the “off” state.

BACK: SETB P1.3 ;set port 1 bit 3 high
LCALL DELAY ;call the delay subroutine
LCALL DELAY ;call the delay subroutine again
CLR P1.3 ;clear bit 2 of port 1(P1l.3=low)
LCALL DELAY ;call the delay subroutine
SJMP BACK ;keep doing it
8051
P1.3— —
I/0 PORT PROGRAMMING
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Table 4. Single-Bit Instructions

Instruction Function

SETB bit Set the bit (bit = 1)

CLR bit Clear the bit (bit = 0)

CPL bit Complement the bit (bit = NOT bit)

JB bit,target Jump to target if bit = 1 (jump if bit)

JNB bit,target Jump to target if bit = 0 (jump if no bit)

JBC bit,target Jump to target if bit = 1, clear bit (jump if bit, then clear)

unused portions of ports 1 and 2 are undisturbed. This single-bit addressabil-
ity of I/O ports is one of most powerful features of the 8051 microcontroller
and is among the reasons that many designers choose the 8051 over other
microcontrollers.

Table 4 lists the single-bit instructions for the 8051.

Checking an input bit

The JNB (jump if no bit) and JB (jump if bit = 1) instructions are also
widely used single-bit operations. They allow you to monitor a bit and make
a decision depending on whether it is 0 or 1. Instructions JNB and JB can be
used for any bits of I/0 ports 0, 1, 2, and 3, since all ports are bit-address-
able. However, most of port 3 is used for interrupts and serial communication

Example 3

Write a program to perform the following:

(a) keep monitoring the P1.2 bit until it becomes high
(b) when P1.2 becomes high, write value 45H to port 0
(c) send a high-to-low (H-to-L) pulse to P2.3

Solution:
SETB P1.2 ;make P1.2 an input
MOV A, #45H ;A=45H
AGAIN: JNB P1l.2,AGAIN ;get out when P1.2=1
MOV PO,A ;issue A to PO
SETB P2.3 ;make P2.3 high
CLR P2.3 ;make P2.3 low for H-to-L

In this program, instruction “JNB P1.2,AGAIN” (JNB means jump if no
bit) stays in the loop as long as P1.2 is low. When P1.2 becomes high, it gets out
of the loop, writes the value 45H to port 0, and creates an H-to-L pulse by the
sequence of instructions SETB and CLR.

I/0 PORT PROGRAMMING



Table 5. Instructions For Reading the Status of an Input Port

Mnemonic Example Description

MOV A, PX MOV A, P2 Bring into A the data at P2 pins

JNB PX.Y,.. JNB P2.1, TARGET Jump if pin P2.1 is low

JB PX.Y, .. JB P1.3, TARGET Jump if pin P1.2 is high

MOV C, PX.Y MOV C, P2.4 Copy status of pin P2.4 to CY

CJINE A, PX,.. CIJNE A, P1,TARGET Compare A with Pland jump if
not equal

signals, and typically is not used for any I/O, either single-bit or byte-wise.
Table 5 shows a list of instructions for reading the ports. See Examples 4

through 5.

Reading a single bit into the carry flag

We can also use the carry flag to save or examine the status of a single
bit of the port. To do that, we use the instruction “MOV C, Px.y” as shown

in the next two examples.

Notice in Examples 6 and 7 how the carry flag is used to get a bit of

data from the port.

Example 4

Assume that bit P2.3 is an input and represents the condition of an oven. If it goes
high, it means that the oven is hot. Monitor the bit continuously. Whenever it goes
high, send a high-to-low pulse to port P1.5 to turn on a buzzer.

Solution:

HERE:JNB P2.3,HERE ;keep monitoring for high

SETB P1.5
CLR P1.5
SJMP HERE

VCC

;set bit P1.5=1
;make high-to-low
;keep repeating

Switch —|_
_|

4.7k

P23

8051

Buzzer

nst— >—O)

741504 \V4
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Example 5

A switch is connected to pin P1.7. Write a program to check the status of the
switch (sw) and perform the following:

(a) If sw=0, send letter “N” to P2.

(b) If sw=1, send letter “Y” to P2.

Solution:
SETB P1.7 ;make P1.7 an input
AGAIN: JB  P1.2,0VER ;jump if P1.7=1
MOV P2, #'N’ ;SW=0, issue ‘N’ to P2
SJMP AGAIN ;keep monitoring
OVER: MOV P2,#'Y’ ;SW=1, issue ‘Y’ to P2
SJMP AGAIN ;keep monitoring
Example 6

A switch is connected to pin P1.7. Write a program to check the status of the
switch and perform the following:

(a) If sw = 0, send letter “N” to P2.

(b) If sw = 1, send letter “Y” to P2.

Use the carry flag to check the switch status. This is a repeat of the last example.

Solution:
SETB P1.7 ;make P1.7 an input

AGAIN: MOV C,Pl1.2 ;read the SW status into CF
JC  OVER ;jump if SW = 1
MOV P2, #’'N’ ;SW = 0, issue ‘N’ to P2
SJMP AGAIN ;keep monitoring

OVER: MOV P2,#'Y’ ;SW = 1, issue ‘'Y’ to P2
SJMP AGAIN ;keep monitoring

Example 7

A switch is connected to pin P1.0 and an LED to pin P2.7. Write a program to get
the status of the switch and send it to the LED.

Solution:
SETB P1.7 ;make P1.7 an input

AGAIN: MOV C,P1.0 ;read the SW status into CF
mMov P2.7,C ;send the SW status to LED
SJMP AGAIN ;keep repeating

Note: The instruction “MOV P2.7, P1.0” is wrong since such an instruction
does not exist. However, “MOV P2, P1” is a valid instruction.
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Reading Input Pins versus Port Latch

In reading a port, some instructions read the status of port pins while
others read the status of an internal port latch. Therefore, when reading ports
there are two possibilities:

1. Read the status of the input pin.
2. Read the internal latch of the output port.

We must make a distinction between these two categories of instruc-
tions since confusion between them is a major source of errors in 8051
programming, especially where external hardware is concerned. We discuss
these instructions briefly.

Instructions for reading input ports

As stated earlier, to make any bit of any 8051 port an input port, we
must write 1 (logic high) to that bit. After we configure the port bits as input,
we can use only certain instructions in order to get the external data present at
the pins into the CPU. Table 5 shows the list of such instructions.

Reading latch for output port

Some instructions read the contents of an internal port latch instead of
reading the status of an external pin. Table 6 provides a list of these instruc-
tions. For example, look at the “ANL. P1, A” instruction. The sequence of
actions taken when such an instruction is executed is as follows.

1. The instruction reads the internal latch of the port and brings that data
into the CPU.

2. This data is ANDed with the contents of register A.

3. The result is rewritten back to the port latch.

4. The port pin data is changed and now has the same value as the port latch.

From the above discussion, we conclude that the instructions that
read the port latch normally read a value, perform an operation (and possi-
bly change it), and then rewrite it back to the port latch. This is often called
“read-modify—write” .

Read-modify—write feature

The ports in the 8051 can be accessed by the read—modify—write
technique. This feature saves many lines of code by combining in a single
instruction all three actions of (1) reading the port, (2) modifying its value, and
(3) writing to the port. The following code first places 01010101 (binary) into

I/0 PORT PROGRAMMING
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Table 6. Instructions for Reading a Latch (Read—Modify—Write)

Mnemonic Example

ANL Px ANL P1,A

ORL Px ORL P2,A

XRL Px XRL PO,A

JBC PX.Y,TARGET JBC P1.1,TARGET
CPL DPX.Y CPL P1.2

INC Px INC P1

DEC Px DEC P2

DJINZ PX.Y,TARGET DJINZ P1, TARGET
MOV PX.Y,C MOv P1.2,C
CLR PX.Y CLR P2.3

SETB PX.Y SETB P2.3

Note: xis 0, 1, 2, or 3 for PO-P3.

port 1. Next, the instruction “XLR P1,#0FFH” performs an XOR logic oper-
ation on PI with 1111 1111 (binary), and then writes the result back into P1.

MOV P1,#55H ;P1 = 01010101

AGAIN: XLR P1,#0FFH ;EX-OR Pl with 11111111
ACALL DELAY
SIJMP AGAIN

Notice that the XOR of 55H and FFH gives AAH. Likewise, the XOR
of AAH and FFH gives 55H.

REVIEW QUESTIONS

1. True or false. The instruction “SETB P2.1” makes pin P2.1 high while
leaving other bits of P2 unchanged.
2. Show one way to toggle the pin P1.7 continuously using 8051 instructions.

NOTE

Intel’s Datasheet on 1/O ports of 8051 upon Reset mentions the
following: “All the port latches in the 8051 have 1s written to them
by the reset function. If a 0 subsequently written to a port latch,
it can be reconfigured as an input by writing a 1 to it.” The only
reason we write Is to the port upon Reset is to emphasize the
above point. We write 0 to a given port to make it an output and
1 to make it an input.
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3.

4.
5.

Using the instruction “JNB P2.5,HERE” assume that bit P2.5 is an
(input, output).

Write instructions to get the status of P2.7 and put it on P2.0.

Write instructions to toggle both bits of P1.7 and P1.0 continuously.

SUMMARY

This chapter focused on the I/0 ports of the 8051. The four ports of the

8051, PO, P1, P2, and P3, each use 8 pins, making them 8-bit ports. These ports
can be used for input or output. Port 0 can be used for both address and data.
Port 3 can be used to provide interrupt and serial communication signals.
Then I/O instructions of the 8051 were explained, and numerous examples
were given. We also discussed the bit-addressability of the 8051 ports.

PROBLEMS

1: 8051 I/O PROGRAMMING

1. The 8051 DIP (dual in-line) packageisa ____ -pin package.

2. Which pins are assigned to V,.and GND?

3. In the 8051, how many pins are designated as I/O port pins?

4. How many pins are designated as PO and which number are they in the
DIP package?

5. How many pins are designated as P1 and which number are they in the
DIP package?

6. How many pins are designated as P2 and which number are they in the
DIP package?

7. How many pins are designated as P3 and which number are they in the
DIP package?

8. Upon RESET, all the bits of ports are configured as (input, output).

9. In the 8051, which port needs a pull-up resistor in order to be used as I/0?

10. Which port of the 8051 does not have any alternate function and can be
used solely for 1/0?

11. Write a program to get 8-bit data from P1 and send it to ports PO, P2, and
P3.

12. Write a program to get 8-bit data from P2 and send it to ports PO and P1.

13. In P3, which pins are for RxD and TxD?

I/0 PORT PROGRAMMING
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14.

15.

At what memory location does the 8051 wake up upon RESET? What is
the implication of that?

Write a program to toggle all the bits of P1 and P2 continuously

(a) using AAH and 55H (b) using the CPL instruction.

2: I/0 BIT-MANIPULATION PROGRAMMING

16.
17.
18.
19.
20.

21.

22.
23.

24.
25.
26.

27.
28.

Which ports of the 8051 are bit-addressable?

What is the advantage of bit-addressability for 8051 ports?

When P1 is accessed as a single-bit port, it is designated as

Is the instruction “CPL P1” a valid instruction?

Write a program to toggle P1.2 and P1.5 continuously without disturbing
the rest of the bits.

Write a program to toggle P1.3, P1.7, and P2.5 continuously without dis-
turbing the rest of the bits.

Write a program to monitor bit P1.3. When it is high, send 55H to P2.
Write a program to monitor the P2.7 bit. When it is low, send 55H and
AAH to PO continuously.

Write a program to monitor the P2.0 bit. When it is high, send 99H to
P1. If it 1s low, send 66H to P1.

Write a program to monitor the P1.5 bit. When it is high, make a low-to-
high-to-low pulse on P1.3.

Write a program to get the status of P1.3 and put it on P1.4.

The P1.4 refers to which bit of P1?

Write a program to get the status of P1.7 and P1.6 and put them on P1.0
and P1.7, respectively.

ANSWERS TO REVIEW QUESTIONS

[S—

Nk L=

: 8051 /O PROGRAMMING

4, 8.

True

PO

False

MOV P1,#99H
MOV P2, #99H

2: 1/0 BIT-MANIPULATION PROGRAMMING

—_—

W

True

H1l: CPL P1.7
SJMP H1

Input

MOV C,P2.7

MOV P2.0,C

H1l: CPL P1.7
CPL P1.0
SJMP H1
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3051 ADDRESSING
MODES

OBJECTIVES

Upon completion of this chapter, you will be able to:

>>  List the five addressing modes of the 8051 microcontroller.

>>  Contrast and compare the addressing modes.

>>  Code 8051 Assembly language instructions using each addressing mode.
>>  Access RAM using various addressing modes.

>>  List the SFR (special function registers) addresses.

>>  Discuss how to access the SFR.

>>  Manipulate the stack using direct addressing mode.

>>  Code 8051 instructions to manipulate a look-up table.

>>  Access RAM, I/O, and ports using bit addresses.

>>  Discuss how to access the extra 128 bytes of RAM space in the 8052.

From Chapter 5 of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice
Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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The CPU can access data in various ways. The data could be in a reg-
ister, or in memory, or be provided as an immediate value. These various
ways of accessing data are called addressing modes. In this chapter, we discuss
8051/52 addressing modes in the context of some examples.

The various addressing modes of a microprocessor are determined
when it is designed, and therefore cannot be changed by the programmer. The
8051 provides a total of five distinct addressing modes. They are as follows:

1. immediate
2. register
3. direct
4. register indirect
5. indexed
In Section 1, we look at immediate and register addressing modes. In
Section 2, we cover accessing memory using the direct, register indirect, and
indexed addressing modes. Section 3 discusses the bit-addressability of RAM,

registers, and I/O ports. In Section 4, we show how to access the extra 128
bytes of RAM in the 8052.

1: IMMEDIATE AND REGISTER
ADDRESSING MODES

In this section, we first examine immediate addressing mode and then
register addressing mode.

Immediate addressing mode

In this addressing mode, the source operand is a constant. In immedi-
ate addressing mode, as the name implies, when the instruction is assembled,
the operand comes immediately after the opcode. Notice that the immediate
data must be preceded by the pound sign, “#”. This addressing mode can be
used to load information into any of the registers, including the DPTR register.
Examples follow.

MOV A, #25H ;load 25H into A

MOV R4, #62 ;load the decimal value 62 into R4
MOV B, #40H ;load 40H into B

MOV DPTR, #4521H ;DPTR=4512H

Although the DPTR register 1s 16-bit, it can also be accessed as two
8-bit registers, DPH and DPL, where DPH is the high byte and DPL is the low
byte. Look at the following code.

MOV DPTR, #2550H
1s the same as:

MOV DPL, #50H

MOV DPH, #25H

8051 ADDRESSING MODES



Also notice that the following code would produce an error since the
value is larger than 16 bits.

MOV DPTR, #68975 ;illegal!! value > 65535 (FFFFFH)

We can use the EQU directive to access immediate data as shown below.

COUNT EQU 30
MOV R4, #COUNT ;R4=1E (30=1EH)
MOV DPTR, #MYDATA ;DPTR=200H
ORG 200H

MYDATA: DB “America”

Notice that we can also use immediate addressing mode to send data to
8051 ports. For example, “MOV P1, #55H” is a valid instruction.

Register addressing mode

Register addressing mode involves the use of registers to hold the data
to be manipulated. Examples of register addressing mode follow.

MOV A,R0 ;copy the contents of RO into A

MOV R2,A ;copy the contents of A into R2

ADD A,R5 ;add the contents of R5 to contents of A
ADD A,R7 ;add the contents of R7 to contents of A
MOV R6,A ;save accumulator in R6

It should be noted that the source and destination registers must match
in size. In other words, coding “MOV DPTR,A” will give an error, since the
source is an 8-bit register and the destination is a 16-bit register. See the
following.

MOV DPTR, #25F5H
MOV R7,DPL
MOV Ré6,DPH

Notice that we can move data between the accumulator and Rn (for
n = 0 to 7) but movement of data between Rn registers is not allowed. For
example, the instruction “MOV R4 ,R7” is invalid.

In the first two addressing modes, the operands are either inside one
of the registers or tagged along with the instruction itself. In most programs,
the data to be processed is often in some memory location of RAM or in the
code space of ROM. There are many ways to access this data. The next section
describes these different methods.

8051 ADDRESSING MODES o3
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REVIEW QUESTIONS

1. Can the programmer of a microcontroller make up new addressing modes?
2. Show the instruction to load 1000 0000 (binary) into R3.
3. Why is the following invalid?
“MOV R2,DPTR”
4. True or false. DPTR 1is a 16-bit register that is also accessible in low-byte
and high-byte formats.
5. Isthe PC (program counter) also available in low-byte and high-byte formats?

2: ACCESSING MEMORY USING VARIOUS ADDRESSING
MODES

We can use direct or register indirect addressing modes to access data
stored either in RAM or in registers of the 8051. This topic will be discussed
thoroughly in this section. We will also show how to access on-chip ROM con-
taining data using indexed addressing mode.

Direct addressing mode

There are 128 bytes of RAM in the 8051. The RAM has been assigned
addresses 00 to 7FH. The following is a summary of the allocation of these 128
bytes.

1. RAM locations 00-1FH are assigned to the register banks and stack.

2. RAM locations 20-2FH are set aside as bit-addressable space to save
single-bit data. This is discussed in Section 3.

3. RAM locations 30-7FH are available as a place to save byte-sized data.

Although the entire 128 bytes of RAM can be accessed using direct
addressing mode, it is most often used to access RAM locations 30—7FH. This
1s due to the fact that register bank locations are accessed by the register names
of RO-R7, but there is no such name for other RAM locations. In the direct
addressing mode, the data is in a RAM memory location whose address is
known, and this address is given as a part of the instruction. Contrast this
with immediate addressing mode, in which the operand itself is provided with
the instruction. The “#” sign distinguishes between the two modes. See the
examples below, and note the absence of the “#” sign.

MOV RO, 40H ;save content of RAM location 40H in RO
MOV 56H,A ;save content of A in RAM location 56H
MOV R4, 7FH ;move contents of RAM location 7FH to R4

As discussed earlier, RAM locations 0 to 7 are allocated to bank 0 regis-
ters RO—R7. These registers can be accessed in two ways, as shown below.

MOV A, 4 ;1s the same as
MOV A,R4 ;which means copy R4 into A
MOV A, 7 ;1s the same as
MOV A,R7 ;which means copy R7 into A
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MOV A, 2 ;1s the same as

MOV A,R2 ;which means copy R2 into A
MOV A,0 ;1s the same as
MOV A,RO ;which means copy RO into A

The above examples should reinforce the importance of the “#” sign in
8051 instructions. See the following code.

MOV R2,#5 ;R2 with wvalue 5

MOV A, 2 ;copy R2 to A (A=R2=05)
MOV B, 2 ;copy R2 to B (B=R2=05)
MOV 7,2 ;copy R2 to R7

;since “MOV R7,R2” is invalid

Although it is easier to use the names R0-R7 than their memory
addresses, RAM locations 30H to 7FH cannot be accessed in any way other
than by their addresses since they have no names.

SFR registers and their addresses

Among the registers we have discussed so far, we have seen that RO—
R7 are part of the 128 bytes of RAM memory. What about registers A, B,
PSW, and DPTR? Do they also have addresses? The answer is yes. In the
8051, registers A, B, PSW, and DPTR are part of the group of registers com-
monly referred to as SFRs (special function registers). There are many special
function registers and they are widely used. The SFR can be accessed by their
names (which is much easier) or by their addresses. For example, register A has
address EOH, and register B has been designated the address FOH, as shown in
Table 1. Notice how the following pairs of instructions mean the same thing.

MOV OEOH,#55H ;is the same as
MOV A, #55H ;which means load 55H into A (A=55H)

MOV OFOH,#25H ;is the same as

MOV B, #25H ;which means load 25H into B (B=25H)
MOV O0EOH,R2 ;1s the same as

MOV A,R2 ;which means copy R2 into A

MOV O0OFOH,RO ;1s the same as

MOV B,RO ;which means copy RO into B

MOV P1, A ;1s the same as

MOV 90H,A ;which means copy reg A to Pl

Table 1 lists the 8051 special function registers and their addresses.

8051 ADDRESSING MODES
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Table 1. 8051 Special Function Register Addresses

Symbol Name Address
ACC* Accumulator 0EOH
B* B register OFOH
PSW* Program status word 0DOH
SP Stack pointer 81H
DPTR Data pointer 2 bytes

DPL Low byte 82H

DPH High byte 83H
PO* Port 0 8OH
P1* Port 1 90H
P2* Port 2 0AOH
P3* Port 3 0BOH
IP* Interrupt priority control 0B8H
IE* Interrupt enable control 0A8H
T™MOD Timer/counter mode control 89H
TCON* Timer/counter control 88H
T2CON* Timer/counter 2 control 0C8H
T2MOD Timer/counter mode control 0C9H
THO Timer/counter 0 high byte 8CH
TLO Timer/counter 0 low byte 8AH
THI1 Timer/counter 1 high byte SDH
TL1 Timer/counter 1 low byte 8BH
TH2 Timer/counter 2 high byte 0CDH
TL2 Timer/counter 2 low byte 0CCH
RCAP2H T/C 2 capture register high byte 0CBH
RCAP2L T/C 2 capture register low byte 0CAH
SCON* Serial control 98H
SBUF Serial data buffer 99H
PCON Power control 87TH

* Bit-addressable

The following two points should be noted about the SFR addresses.

1. The special function registers have addresses between SOH and FFH. These
addresses are above 80H, since the addresses 00 to 7FH are addresses of
RAM memory inside the 8051.

2. Notall the address space of 80 to FF is used by the SFR. The unused locations
80H to FFH are reserved and must not be used by the 8051 programmer.

Regarding direct addressing mode, notice the following two points: (a)
the address value is limited to one byte, 00-FFH, which means this addressing
mode is limited to accessing RAM locations and registers located inside the
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Example 1

Write a code to send 55H to ports P1 and P2, using (a) their names, (b) their addresses.

Solution:
(a) MOV A, #55H ;A=55H
MOV P1,A ; P1=55H
MOV P2,A ; P2=55H
(b) From Table 1, P1 address = 90H; P2 address = AOH
MOV A, #55H ;A=55H
MOV 90H,A ; P1=55H
MOV O0OAOH,A ; P2=55H

8051; (b) if you examine the Ist file for an Assembly language program, you
will see that the SFR registers’ names are replaced with their addresses as listed
in Table 1. See Example 1.

Stack and direct addressing mode

Another major use of direct addressing mode is the stack. In the 8051
family, only direct addressing mode is allowed for pushing onto the stack.
Therefore, an instruction such as “PUSH A” is invalid. Pushing the accumula-
tor onto the stack must be coded as “PUSH O0EOH” where OEOH is the address
of register A. Similarly, pushing R3 of bank 0 is coded as “PUSH 03”. Direct
addressing mode must be used for the POP instruction as well. For example,
“pPoP 04” will pop the top of the stack into R4 of bank 0.

Register indirect addressing mode

In the register indirect addressing mode, a register is used as a pointer
to the data. If the data is inside the CPU, only registers RO and R1 are used for
this purpose. See Example 2. In other words, R2-R7 cannot be used to hold

Example 2
Show the code to push R5, R6, and A onto the stack and then pop them back into
R2, R3, and B, where register B = register A, R2 = R6, and R3 = R5.
Solution:
PUSH 05 ;push R5 onto stack
PUSH 06 ;push R6 onto stack
PUSH OEOH ;push register A onto stack
POP OFOH ;pop top of stack into register B
;now register B = register A
POP 02 ;pop top of stack into R2
;now R2 = R6
POP 03 ;pop top of stack into R3
;now R3 = R5

8051 ADDRESSING MODES
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the address of an operand located in RAM when using this addressing mode.
When RO and R1 are used as pointers, that is, when they hold the addresses of
RAM locations, they must be preceded by the “@” sign, as shown below.

MOV A,@R0 ;move contents of RAM location whose
;address is held by RO into A

MOV @R1,B ;move contents of B into RAM location
;whose address is held by R1

Notice that RO (as well as R1) is preceded by the “@” sign. In the
absence of the “@” sign, MOV will be interpreted as an instruction moving the
contents of register RO to A, instead of the contents of the memory location
pointed to by RO.

Advantage of register indirect addressing mode

One of the advantages of register indirect addressing mode is that
it makes accessing data dynamic rather than static as in the case of direct
addressing mode. Example 3 shows two cases of copying 55H into RAM
locations 40H to 45H and Example 4 shows how to clear contents of RAM
location. Notice in solution (b) that there are two instructions that are repeat-
ed numerous times. We can create a loop with those two instructions as
shown in solution (¢). Solution (c¢) is the most efficient and is possible only
because of register indirect addressing mode. Looping is not possible in direct
addressing mode. This is the main difference between the direct and register
indirect addressing modes.

An example of how to use both RO and R1 in the register indirect
addressing mode in a block transfer is given in Example 5.

Limitation of register indirect addressing mode in the 8051

As stated earlier, RO and R1 are the only registers that can be used for
pointers in register indirect addressing mode. Since R0 and R1 are 8 bits wide,
their use is limited to accessing any information in the internal RAM (scratch
pad memory of 30H-7FH, or SFR). However, there are times when we need
to access data stored in external RAM or in the code space of on-chip ROM.
Whether accessing externally connected RAM or on-chip ROM, we need a
16-bit pointer. In such cases, the DPTR register is used, as shown next.

Indexed addressing mode and on-chip ROM access

Indexed addressing mode is widely used in accessing data elements of
look-up table entries located in the program ROM space of the 8051. The
instruction used for this purpose is “MOVC A, @A+DPTR”. The 16-bit regis-
ter DPTR and register A are used to form the address of the data element
stored in on-chip ROM. Because the data elements are stored in the program
(code) space ROM of the 8051, the instruction MOVC is used instead of
MOV. The “C” means code. In this instruction the contents of A are added
to the 16-bit register DPTR to form the 16-bit address of the needed data.
See Examples 6 and 7.
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Example 3

Write a program to copy the value 55H into RAM memory locations 40H to 45H
using

(a) direct addressing mode,

(b) register indirect addressing mode without a loop, and

(c) with a loop.

Solution:
(a)
MOV A, #55H ;load A with wvalue 55H
MOV 40H,A ;copy A to RAM location 40H
MOV 41H,A ;copy A to RAM location 41H
MOV 42H,A ;copy A to RAM location 42H
MOV 43H,A ;copy A to RAM location 43H
MOV 44H,A ;copy A to RAM location 44H
(b)
MOV A, #55H ;load A with value 55H
MOV RO, #40H ;load the pointer. R0=40H
MOV @RO,A ;copy A to RAM location RO points to
INC RO ;increment pointer. Now R0=41H
MOV @RO,A ;copy A to RAM location RO points to
INC RO ;increment pointer. Now R0=42H
MOV @RO,A ;copy A to RAM location RO points to
INC RO ;increment pointer. Now R0=43H
MOV @RO,A ;copy A to RAM location RO points to
INC RO ;increment pointer. Now R0=44H
MOV @RO,A
(c)

MOV A, #55H ;A=55H
MOV RO, #40H ;load pointer. R0=40H, RAM address
MOV R2,#05 ;load counter, R2=5

AGAIN: MOV @RO,A ;copy 55H to RAM location RO points to

INC RO ;increment RO pointer

DJNZ R2,AGAIN ;loop until counter = zero
Example 4
Write a program to clear 16 RAM locations starting at RAM address 60H.
Solution:

CLR A ;A=0

MOV R1, #60H ;load pointer. R1=60H

MOV R7,#16 ;load counter, R7=16 (10 in hex)
AGAIN: MOV @R1,A ;clear RAM location R1 points to

INC R1 ;increment R1 pointer

DJNZ R7,AGAIN ;loop until counter = zero
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Example 5

Write a program to copy a block of 10 bytes of data from RAM locations starting
at 35H to RAM locations starting at 60H.

Solution:
MOV RO, #35H ;source pointer
MOV R1, #60H ;destination pointer
MOV R3,#10 ;counter
BACK: MOV A, @RO ;get a byte from source
MOV @R1,A ;copy it to destination
INC RO ;increment source pointer
INC R1 ;increment destination pointer
DJNZ R3,BACK ;keep doing it for all ten bytes
Example 6

In this program, assume that the word “USA” is burned into ROM locations starting
at 200H, and that the program is burned into ROM locations starting at 0. Analyze
how the program works and state where “USA” is stored after this program is run.

Solution:
ORG O0000H ;burn into ROM starting at 0
MOV DPTR, #200H ;DPTR=200H look-up table address
CLR A ;clear A(A=0)
MOVC A, @A+DPTR ;get the char from code space
MOV RO,A ;save it in RO
INC DPTR ;DPTR=201 pointing to next char
CLR A ;clear A(A=0)
MOVC A, @A+DPTR ;get the next char
MOV R1,A ;save it in R1
INC DPTR ;DPTR=202 pointing to next char
CLR A ;clear A(A=0)
MOVC A, @A+DPTR ;get the next char
MOV R2,A ;save it in R2
HERE: SOMP HERE ;stay here
;Data is burned into code space starting at 200H
ORG 200H
MYDATA : DB “USA”
END ;end of program

In the above program, ROM locations 200H-202H have the following contents.
200=('U’") 201=('S’") 202=('A"")

We start with DPTR = 200H and A = 0. The instruction “MOVC A, @A+DPTR” moves
the contents of ROM location 200H (200H + 0 = 200H) to register A. Register A con-
tains 55H, the ASCII value for “U.” This is moved to R0. Next, DPTR is incremented
to make DPTR = 201H. A is set to 0 again to get the contents of the next ROM loca-
tion 201H, which holds character “S.” After this program is run, we have RO = 55H,
R1 = 53H, and R2 = 41H, the ASCII values for the characters “U,” “S,” and “A.”
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Example 7

Assuming that ROM space starting at 250H contains “America,” write a program

to transfer the bytes into RAM locations starting at 40H.

Solution:
; (a) This method uses a counter
ORG 0000
MOV DPTR, #MYDATA ;load ROM pointer
MOV RO, #40H ; load RAM pointer
MOV R2,#7 ; load counter
BACK: CLR A ;A = 0
MOVC A, @A+DPTR ;move data from code space
MOV @RO,A ;save it in RAM
INC DPTR ;increment ROM pointer
INC RO ;increment RAM pointer
DJINZ R2,BACK ;loop until counter=0
HERE : SJMP HERE

R On-chip code space used for storing data

ORG
MYDATA: DB
END

250H
“AMERICA”

; (b) This method uses null char for end of string

ORG 0000
MOV DPTR, #MYDATA ; load ROM pointer
MOV RO, #40H ; load RAM pointer

BACK: CLR A ;A=0
MOVC A, @A+DPTR ;move data from code space
JZ HERE ;exit if null character
MOV @RO,A ;save it in RAM
INC DPTR ;increment ROM pointer
INC RO ;increment RAM pointer
SJMP BACK ; Lloop

HERE : SJMP HERE

jo--------- On-chip code space used for storing data

ORG
MYDATA: DB

END

250H
“AMERICA"”, 0 ;notice null char for
;end of string

Notice the null character, 0, indicating the end of the string, and how we use
the JZ instruction to detect that.
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Look-up table and the MOVC instruction

The look-up table is a widely used concept in microprocessor program-
ming. It allows access to elements of a frequently used table with minimum
operations. As an example, assume that for a certain application we need x?
values in the range of 0 to 9. We can use a look-up table instead of calculating
it. See Examples 8 and 9.

Example 8
Write a program to get the x value from P1 and send x? to P2, continuously.
Solution:
ORG O
MOV DPTR, #300H ;load look-up table address
MOV A, #0FFH ;A=FF
MOV P1,A ;configure Pl as input port
BACK: MOV A,P1 ;jget X
MOVC A, @A+DPTR ;get X squared from table
MOV P2,A ;ilssue it to P2
SJMP BACK ;keep doing it
ORG 300H
XSQR TABLE:
DB 0,1,4,9,16,25,36,49,64,81
END

Notice that the first instruction could be replaced with “MOV DPTR, #XSQR TABLE”.

Example 9

Answer the following questions for Example 8.

(a) Indicate the content of ROM locations 300-309H.

(b) At what ROM location is the square of 6, and what value should be there?
(c) Assume that P1 has a value of 9. What value is at P2 (in binary)?

Solution:
(a) All values are in hex.

300 = (00) 301 = (01) 302 = (04) 303 = (09)
304 = (10) 4 x 4 = 16 = 10 in hex

305 = (19) 5 5 = 25 = 19 in hex

306 = (24) 6 6 = 36 = 24H

307 = (31) 308 = (40) 309 = (51)

(b) 306H; it is 24H

(c) 01010001B, which is 5S1H and 81 in decimal (9% = 81).
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In addition to being used to access program ROM, DPTR can be used to
access memory externally connected to the 8051.

Another register used in indexed addressing mode is the program counter.

In many of the examples above, the MOV instruction was used for the
sake of clarity, even though one can use any instruction as long as that instruc-
tion supports the addressing mode. For example, the instruction “ADD A, @
R0” would add the contents of the memory location pointed to by RO to the
contents of register A.

Indexed addressing mode and MOVX instruction

The 8051 has 64K bytes of code space under the direct control of the PC
register. We just showed how to use the MOVC instruction to access a portion of
this 64K-byte code space as data memory space. In many applications, the size
of program code does not leave any room to share the 64K-byte code space with
data. For this reason, the 8051 has another 64K bytes of memory space set aside
exclusively for data storage. This data memory space is referred to as external
memory and it is accessed only by the MOVX instruction. In other words, the
8051 has a total of 128K bytes of memory space since 64K bytes of code added
to 64K bytes of data space gives us 128K bytes. One major difference between
the code space and data space is that, unlike code space, the data space cannot be
shared between code and data.

Accessing RAM Locations 30-7FH as scratch pad

As we have seen so far, in accessing registers RO—R7 of various banks,
it is much easier to refer them by their RO—R7 names than by their RAM loca-
tions. The only problem is that we have only four banks and very often the task
of bank switching and keeping track of register bank usage is tedious and prone
to errors. For this reason, in many applications we use RAM locations 30-7FH
as scratch pad and leave addresses 8—1FH for stack usage. That means that we
use RO-R7 of bank 0, and if we need more registers we simply use RAM loca-
tions 30-7FH. Look at Example 10.

Example 10

Write a program to toggle P1 a total of 200 times. Use RAM location 32H to
hold your counter value instead of registers RO-R7.

Solution:

MOV P1,#55H ;P1=55H

MOV 32H,#200 ;load counter value into RAM loc 32h
LOP1:CPL  P1 ;toggle P1

ACALL DELAY

DJNZ 32H,LOP1 ;repeat 200 times
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REVIEW QUESTIONS

The instruction “MOV A, 40H” uses addressing mode. Why?
What address is assigned to register R2 of bank 0?

What address is assigned to register R2 of bank 2?

What address is assigned to register A?

Which registers are allowed to be used for register indirect addressing
mode if the data is in on-chip RAM?

Al A

3: BIT ADDRESSES FOR I/0 AND RAM

Many microprocessors such as the 386 or Pentium allow programs to
access registers and I/O ports in byte size only. In other words, if you need to
check a single bit of an I/O port, you must read the entire byte first and then
manipulate the whole byte with some logic instructions to get hold of the desired
single bit. This is not the case with the 8051. Indeed, one of the most important
features of the 8051 is the ability to access the registers, RAM, and I/O ports in
bits instead of bytes. This is a very unique and powerful feature for a micropro-
cessor made in the early 1980s. In this section, we show address assignment of
bits of /O, register, and memory, in addition to ways of programming them.

Bit-addressable RAM

Of the 128-byte internal RAM of the 8051, only 16 bytes are bit-
addressable. The rest must be accessed in byte format. The bit-addressable
RAM locations are 20H to 2FH. These 16 bytes provide 128 bits of RAM
bit-addressability since 16 x 8 = 128. They are addressed as 0 to 127 (in decimal)
or 00 to 7FH. Therefore, the bit addresses 0 to 7 are for the first byte of inter-
nal RAM location 20H, and 8 to OFH are the bit addresses of the second byte
of RAM location 21H, and so on. The last byte of 2FH has bit addresses of
78H to 7FH. See Figure 1 and Example 11. Note that internal RAM locations

Example 11

Find out to which byte each of the following bits belongs. Give the address of the
RAM byte in hex.

(a) SETB 42H ;set bit 42H to 1(d) SETB 28H ;set bit 28H to 1
(b) CLR 67H ;clear bit 67 (¢) CLR 12 ;clear bit 12 (decimal)
(c) CLR OFH ;clear bit 0FH (f) SETB 05

Solution:

(a) RAM bit address of 42H belongs to D2 of RAM location 28H.
(b) RAM bit address of 67H belongs to D7 of RAM location 2CH.
(c) RAM bit address of OFH belongs to D7 of RAM location 21H.
(d) RAM bit address of 28H belongs to DO of RAM location 25H.
(e) RAM bit address of 12 belongs to D4 of RAM location 21H.
(f) RAM bit address of 05 belongs to D5 of RAM location 20H.
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Byte
address
7F
General-
purpose
RAM
30
2F [7F 7E 7D 7C 7B 7A 79 78
2E |77 76 75 74 73 72 71 70
2D |6F 6E 6D 6C 6B 6A 69 68
. 2C |67 66 65 64 63 62 61 60
g 2B |[5F 5E 5D 5C 5B 5A 59 58
§ 2A [57 56 55 54 53 52 51 50
2 29 |4F 4E 4D 4C 4B 4A 49 48
— 28 |47 46 45 44 43 42 41 40
Z 27 |3F 3E 3D 3C 3B 3A 39 38
£ 26 (37 36 35 34 33 32 31 30
= 25 |2F 2E 2D 2C 2B 2A 29 28
g 24 27 26 25 24 23 22 21 20
23 |1F 1E 1D 1C 1B 1A 19 18
22 |17 16 15 14 13 12 11 10
21 |[oF OE 0D 0oc 0B 0a 09 08
20 |07 06 05 04 03 02 01 00
ig Bank 3
17 Bank 2
10
OF Bank 1
08
83 Default register bank for RO-R7

Figure 1. 16 Bytes of Internal RAM

Note: They are both bit- and byte-accessible.

Table 2. Single-Bit Instructions

20-2FH are both byte-addressable
and bit-addressable.

In order to avoid confusion
regarding the addresses 00—7FH, the
following two points must be noted.

1. The 128 bytes of RAM have the
byte addresses of 00—7FH and
can be accessed in byte size using
various addressing modes such
as direct and register indirect,
as we have seen in this chapter.
These 128 bytes are accessed
using byte-type instructions.

2. The 16 bytes of RAM locations
20-2FH also have bit addresses
of 00—7FH since 16 x 8 = 128.
In order to access these 128 bits
of RAM locations and other bit-
addressable space of 8051 indi-
vidually, we can use only the
single-bit instructions such as
SETB. Table 2 provides a list
of single-bit instructions. Notice
that the single-bit instructions use
only one addressing mode and
that 1s direct addressing mode.
The first two sections of this
chapter showed various address-
ing modes of byte-addressable
space of the 8051, including indi-
rect addressing mode. It must be
noted that there is no indirect
addressing mode for single-bit
instructions.

Instruction Function

SETB bit Set the bit (bit = 1)

CLR bit Clear the bit (bit = 0)

CPL bit Complement the bit (bit = NOT bit)

JB bit,target

Jump to target if bit = 1 (jump if bit)

JNB Dbit,target

Jump to target if bit = 0 (jump if no bit)

JBC bit,target

Jump to target if bit = 1, clear bit (jump if bit, then clear)
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I/0 port bit addresses

The 8051 has four 8-bit I/O ports: PO, P1, P2, and P3. We can access
either the entire 8 bits or any single bit without altering the rest. When access-
ing a port in a single-bit manner, we use the syntax “SETB X.Y” where X is
the port number 0, 1, 2, or 3, and Y is the desired bit number from 0 to 7 for
data bits DO to D7. See Figure 2. For example, “SETB P1.5” sets high bit 5
of port 1. Remember that DO is the LSB and D7 is the MSB.

As mentioned earlier in

this chapter, every SFR regis-
ter is assigned a byte address and | Byte

ports PO-P3 are part of the SFR. | address Bit address
For example, PO is assigned byte FF
address 80H, and P1 has address
of 90H as shown in Figure 2. While

FO|F7 F6 F5 F4 F3 F2 F1 FO|B

all of the SFR registers are byte- o l®7 E6 E5 E4 E3 E2 E1 EO| ACC
addressable some of them are also
bit-addressable. The P0-P3 are DO |D7 D6 D5 D4 D3 D2 D1 DO | PSW

among this category of SFR reg-
isters. From Figure 2, we see that
the bit addresses for PO are 80H to
87H, and for P1 are 90H to 97H,

B8 |-- -- -- BC BB BA B9 B8| IP

BO | B7 B6 B5 B4 B3 B2 Bl BO| P3

and so on. A8 |AF -- —- AC AB AA A9 A8| IE
Notice that when code such
as “SETB P1.0” is assembled, it AO |A7 A6 A5 A4 A3 A2 Al AO| P2
becomes “SETB 90H” since P1.0
has the RAM address of 90H. Also 99 Not bit-addressable SBUF
notice from Figures 1 and 2 that bit 98 [9F 9& 9D 9c 9B 92 99 98| scon
addresses 00-7FH belong to RAM
byte addresses 20-2FH, and bit 90 |97 96 95 94 93 92 91 90| P1
addresses 80-F7H belong to SFR
of PO, TCON, PI, SCON, P2 and 8D Not bit-addressable TH1
so on. The bit addresses for PO-P3 8C Not bit-addressable THO
are shown in Table 3 and discussed 8B Not bit-addressable TL1
next. 8A Not bit-addressable TLO
89 Not bit-addressable TMOD
. 88 | 8F 8E 8D 8C 8B 8A 89 88| TCON
Bit memory map 87 Not bit-addressable PCON
From Figures 1 and 2 and
Table 3, once again notice the fol- 83 Not bit-addressable DPH
lowing facts. 82 Not bit-addressable DPL
1. The bit addresses 00-7FH are 81 Not bit-addressable SP
assigned to RAM locations of 80 [87 86 85 84 83 82 81 80| PO
20-2FH. Special function registers

Figure 2. SFR RAM Address (Byte and Bit)
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Table 3. Bit Addresses for All Ports

PO Address P1 Address P2 Address P3 Address  Port’s Bit
P0.0 80 P1.0 90 P2.0 A0 P3.0  BO DO
P0.1 81 P1.1 91 P2.1 Al P3.1 B1 D1
P0.2 82 P12 92 P22 A2 P3.2 B2 D2
P0.3 83 P1.3 93 P23 A3 P3.3 B3 D3
P0.4 84 P14 94 P24 A4 P3.4 B4 D4
P0.5 85 P1.5 95 P2.5 A5 P3.5 BS D5
P0.6 86 P1.6 96 P2.6 A6 P3.6  B6 D6
P0.7 87 P1.7 97 P2.7 A7 P3.7  B7 D7

2. The bit addresses 80—87H are assigned to the PO port.

3. The bit addresses 88—8FH are assigned to the TCON register.

4. The bit addresses 90-97H are assigned to the P1 port.

5. The bit addresses 98-9FH are assigned to the SCON register.

6. The bit addresses AO-A7H are assigned to the P2 port.

7. The bit addresses AS—AFH are assigned to the IE register.

8. The bit addresses BO-B7H are assigned to the P3 port.

9. The bit addresses BS—-BFH are assigned to IP.

10. The bit addresses CO—CFH are not assigned.

11. The bit addresses DO-D7H are assigned to the PSW register.

12. The bit addresses D8~DFH are not assigned.

13. The bit addresses EO-E7H are assigned to the accumulator register.

14. The bit addresses ES—EFH are not assigned.

15. The bit addresses FO—F7H are assigned to the B register. See Example 12.

Example 12

For each of the following instructions, state to which port the bit belongs. Use
Table 3.
(a) SETB 86H (b) CLR 87H (c) SETB 92H (d) SETB 0A7H

Solution:

(a) SETB 86H isfor SETB PO.6.
(b) CLR 87H isfor CLR PO.7.

(c) SETB 92H isfor SETB P1.2.
(d) SETB OA7H isfor SETB P2.7.
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Registers bit-addressability

While all I/O ports are bit-addressable, that is not the case with registers,
as seen from Figure 1. Only registers A, B, PSW, IP, IE, ACC, SCON, and
TCON are bit-addressable. Of the bit-addressable registers, we will concentrate
on the familiar registers A, B, and PSW.

Now let’s see how we can use bit-addressability of registers A and
PSW. In the PSW register, two bits are set aside for the selection of the regis-
ter banks. See Figure 3. Upon RESET, bank 0 is selected. We can select any
other banks using the bit-addressability of the PSW. The bit addressability of
PSW also eliminates the need for instructions such as JOV (Jump if OV=1). See
Examples 13 and 14.

Examples 15 through 19 provide a better understanding of the bit-
addressability of the 8051.

CYy AC FO RS1 RSO oV -- P
RS1 RS0 Register Bank Address
0 0 0 00H-07H
0 1 1 08H—OFH
1 0 2 10H-17H
1 1 3 18H-1FH

Figure 3. Bits of the PSW Register

Example 13
Write a program to save the accumulator in R7 of bank 2.
Solution:
CLR DPSW.3
SETB PSW.4
MOV R7,A
Example 14

While there are instructions such as JNC and JC to check the carry flag bit (CY),

there are no such instructions for the overflow flag bit (OV). How would you write
code to check OV?

Solution:

The OV flag is PSW.2 of the PSW register. PSW is a bit-addressable register; there-
fore, we can use the following instruction to check the OV flag.

JB PSW. 2, TARGET ;jump if OV=1
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Example 15

Write a program to see if the RAM location 37H contains an even value. If so, send
it to P2. If not, make it even and then send it to P2.

Solution:
MOV A,37H ;load RAM location 37H into accumulator
JNB ACC.0,YES ;is DO of reg A 0? if so jump
INC A ;1t is odd, make it even

YES: MOV P2,A ;send it to P2

Example 16

Assume that bit P2.3 is an input and represents the condition of a door. If it goes
high, it means that the door is open. Monitor the bit continuously. Whenever it
goes high, send a low-to-high pulse to port P1.5 to turn on a buzzer.

Solution:
HERE : JNB P2.3,HERE ;keep monitoring for high
CLR P1.5 ;Clear bit (P1.5 = 0)
ACALL DELAY
SETB P1.5 ;P1.5=1 (low-to-high pulse)
ACALL DELAY
SJMP HERE
VCC
} P23
4.7k Buzzer
rst— >—O)
74LS04 V
Example 17

The status of bits P1.2 and P1.3 of I/O port P1 must be saved before they are
changed. Write a program to save the status of P1.2 in bit location 06 and the status
of P1.3 in bit location 07.

Solution:

CLR 06 ;clear bit address 06

CLR 07 ;clear bit address 07

JNB P1.2,0VER ;check bit P1.2,if 0 then jump

SETB 06 ;1f P1.2=1,set bit location 06 to 1
OVER:JNB P1.3,NEXT ;check bit P1.3, if 0 then jump

SETB 07 ;if P1.3=1, set bit location 07 to 1
NEXT: ...
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Example 18

Write a program to save the status of bit P1.7 on RAM address bit 05.

Solution:
MOV C,P1.7 ;get bit from port
MOV 05, C ;save bit
Example 19
Write a program to get the status of bit pin P1.7 and send it to pin P2.0.
Solution:
HERE: MOV C,P1.7 ;get bit from port
MOV P2.0,C ;send bit to port
SJMP HERE ;repeat forever

Using BIT directive

The BIT directive is a widely used directive to assign the bit-address-
able I/O and RAM locations. The BIT directive allows a program to assign
the I/O or RAM bit at the beginning of the program, making it easier to
modify them. For the use of BIT directive, see Examples 20 through 23.

Example 20

Assume that bit P2.3 is an input and represents the condition of an oven. If it goes
high, it means that the oven is hot. Monitor the bit continuously. Whenever it goes
high, send a low-to-high pulse to port P1.5 to turn on a buzzer.

Solution:
OVEN_HOT BIT P2.3
BUZZER BIT P1.5

HERE : JNB OVEN_ HOT,HERE ;keep monitoring for HOT
ACALL DELAY S

CPL BUZZER ;sound the buzzer
ACALL DELAY S
SJMP HERE

This is similar to Example 16, except the use of BIT directive allows us to assign the
OVEN_HOT and BUZZER bit to any port. This way you do not have to search
the program for them.

8051 ADDRESSING MODES



Example 21

An LED is connected to pin P1.7. Write a program to toggle the LED forever.

Solution:
LED BIT P.7 ;using BIT directive
HERE : CPL LED ;toggle LED
LCALL DELAY ;delay
SJMP HERE ;repeat forever
Example 22

A switch is connected to pin P1.7 and an LED to pin P2.0. Write a program to get
the status of the switch and send it to the LED.

Solution:
SW BIT P1.7 ;assign bit
LED BIT P2.0 ;assign bit
HERE: MOV C,SW ;get the bit from the port
MOV LED, C ;send the bit to the port
SJMP HERE ;repeat forever
Example 23

Assume that RAM bit location 12H holds the status of whether there has been
a phone call or not. If it is high, it means there has been a new call since it was
checked the last time. Write a program to display “New Messages” on an LCD if
bit RAM 12H is high. If it is low, the LCD should say “No New Messages.”

Solution:
PHONBIT BIT 12H
MOV C, PHONBIT ;copy bit location 12H to carry
JNC NO ;check to see if is high
MOV DPTR, #400H ;vyes, load address of message
LCALL DISPLAY ;display message
SJMP EXIT ;get out
NO: MOV DPTR, #420H ;load the address of No message
LCALL DISPLAY ;display it
EXIT: ;exit
o —————— data to be displayed on LCD
ORG 400H
YES MG: DB “"New Messages”, 0
ORG 420H
NO_MG: DB "No New Messages”, 0
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Using EQU directive

We can also use the EQU directive to assign addresses, as shown in the
next few examples. Notice that in Example 24, the ports are defined by their
names, while in Example 25, they are defined by their addresses.

Example 24

A switch is connected to pin P1.7. Write a program to check the status of the switch
and make the following decision.

(a) If sw = 0, send “NO” to P2.

(b) If sw = 1, send “YES” to P2.

Solution:
SW EQU P1.7
MYDATA EQU P2
HERE : MOV C,SW
Jc OVER
MOV  MYDATA, #'N’ ;SW=0, send “NO”
MOV  MYDATA, #’'0O’
SJMP HERE
OVER: MOV  MYDATA, #'Y’ ;SW=1, send “YES”
MOV MYDATA, #'E’
MOV  MYDATA,#'S’
SJMP HERE
END
Example 25

Solution:

SW EQU

MYDATA EQU

HERE : MOV
Jc
MOV
SJMP

OVER: MOV
SJMP
END

A switch is connected to pin P1.7. Write a program to check the status of the switch
and make the following decision.

(a) If sw = 0, send ‘0’ to P2.

(b) If sw = 1, send ‘1’ to P2.

Use EQU to designate the I/O ports.

97H ;P1.7 bit address
0AQH ;P2 address

C,SW

OVER

MYDATA,#'0’ ;00110000 to P2
HERE

MYDATA, #'1' ;00110001 to P2
HERE
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REVIEW QUESTIONS

True or false. All I/O ports of the 8051 are bit-addressable.

True or false. All registers of the 8051 are bit-addressable.

True or false. All RAM locations of the 8051 are bit-addressable.

Indicate which of the following registers are bit-addressable.

(a) A (b)B (c)R4 (d) PSW (e) R7

5. Of the 128 bytes of RAM in the 8051, how many bytes are bit-addressable?
List them.

6. How would you check to see whether bit DO of R3 is high or low?

7. Find out to which byte each of the following bits belongs. Give the address

of the RAM byte in hex.

sl .

(a) SETB 20 (b) CLR 32 (c) SETB 12H
(d) SETB 95H (e) SETB OEGH
8. While bit addresses 00-7FH belong to , bit addresses

80-F7H belong to
9. True or false. PO, P1, P2, and P3 are part of SFR.
10. True or false. Register ACC is bit-addressable.

4: EXTRA 128-BYTE ON-CHIP RAM IN 8052

The 8052 microcontroller is an enhanced version of the 8051. In recent
years, the 8052 has replaced the 8051 due to many of its new features. DS§9C430
1s an example of 8052 architecture. One of the new features of the 8052 is an
extra 128 bytes of on-chip RAM space. In other words, the 8051 has only 128
bytes of on-chip RAM, while the 8052 has 256 bytes of it. To understand it,
first let’s recall the following two facts from earlier discussion in this chapter.

1. The 8051 has 128 bytes of on-chip RAM with addresses 00—7FH. They are
used for (a) register banks (addresses 00-1FH), (b) bit-addressable RAM
space (addresses 20-2FH), and (c) the scratch pad (addresses 30-7FH).

2. Another 128 bytes of on-chip RAM with addresses 80-FFH are desig-
nated as special function registers. Again, the SFRs are accessed by direct
addressing mode as we saw earlier in this chapter.

In addition to the above two features, the 8052 has another 128 bytes of
on-chip RAM with addresses 80—FFH. This extra 128 bytes of on-chip RAM is
often called upper memory to distinguish it from the lower 128 bytes of 00—7FH.
The only problem is, the address space 80-FFH is the same address space
assigned to the SFRs. In other words, they are physically two separate memo-
ries, but they have the same addresses. This parallel address space in the 8052
forces us to use two different addressing modes to access them as described next.

1. To access the SFRs, we use direct addressing mode. The instruction “MOV
90H, #55H” is an example of accessing the SFR with direct addressing
mode. Since 90H is the address of P1, this is same as “MOV P1, #55H".
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2. To access the upper 128 bytes, we use the indirect addressing mode, which
uses RO and R1 registers as pointers. Therefore, instructions “MOV @R0O, A”
and “MOV @R1, A” are employed to access the upper memory as long as
registers RO and R1 have values of 80H or higher. For example, the following
codes will put 55H into address 90H of the upper 128 bytes of RAM.

MOV RO, #90H ;load the upper memory address
MOV @RO,#55H ;put 55H into an address pointed to
;by RO reg.

Figure 4 shows the parallel space shared between the SFR and the
upper 128 bytes of RAM in the 8052. Example 26 shows how to access the
upper 128 bytes of on-chip RAM in the 8052 microcontroller.

FF Direct access FE Indirect access
(MOV 90H, #55H) (MOV @RO, A)
SFR Only Upper RAM

80 80

TF

20

1F Accumulator,
Registers,
Program status word,

18 Bank 3 Stack pointer,

17 Status and control bits,
Ports,
Timers,

10 Bank 2 )

OF Serial control,
Power control, and
Others

08 Bank 1

07

00 Bank O

Figure 4. 8052 On-Chip RAM Address Space
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Example 26

Write a program for the 8052 to put 55H into the upper RAM locations of
90-99H.

Solution:

ORG 0

MOV A, #55H

MOV R2,#10

MOV  RO,#90H ;access the upper 128 bytes of on-chip RAM

BACK : MOV @RO, A ;use indirect addressing mode
INC RO
DJNZ R2,BACK ;repeat for all locations
SIJMP S ;stay here
END

Run the above program on your simulator and examine the upper memory to see
the result. (See Figures 5 and 6 for screenshots.)

For data to be processed in the code space of ROM, see Example 27.

Example 27

Assume that the on-chip ROM has a message. Write a program to copy it from
code space into the upper memory space starting at address 80H. Also, as you place
a byte in upper RAM, give a copy to PO.

Solution:
ORG 0
MOV DPTR, #MYDATA
MOV  R1, #80H ;access the upper 128 bytes of on-chip RAM

Bl: CLR A
MOVC A,@A+DPTR ;copy from code ROM space

MOV  @R1,A ;store in upper RAM space
MOV  PO,A ;give a copy to PO
JZ EXIT ;exit if last byte
INC DPTR ;increment DPTR
INC R1 ;increment R1
SJMP Bl ;repeat until the last byte
EXIT: SJMP S ;stay here when finished
ORG 300H
MYDATA: DB “The Promise of World Peace”,0
END

Run the above program on your simulator and examine the upper memory to see
the result.
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Simulators and Data RAM space

All the major 8051/52 simulators have ways of showing the data RAM
contents. Figures 5 and 6 show some of them.

wi-, Data [upperspace]

Figure 5. Franklin Software’s ProView Upper Memory for the 8052

I:0=80 00 00 OO0 OO OO0 00 0o oo ... ;J
I:0=88 00 00 OO0 OO OO0 00 0o oo ... ..
I:0=x90 G55 5% 55 55 5§55 55 55 G55 TJULILILILICILT
I:0=x%3 G55 G55 00 OO OO0 00 00 oo 1d......
I:0=xz&0 00 00 OO0 QOO OO0 00 0o oo ... ..
I:0=xz&3 00 00 OO0 OO OO0 OO O0 oo ..., ..
I:0=BO 00 00O OO0 QOO OO0 o0 oo oo ...
I:0=B83 00 00 OO0 OO OO0 00 oo oo ..., ...
I:0=C0O 00 00 00 Q00 0o o0 oo oo ...
I:0=C3 00 00 00 00 0o o0 oo oo ...
I:0=zD0 00 00 00 00 0o oo oo oo ...
I:0=D3 00 00 00 OO0 0o o0 oo oo ...
I:0=E0 00 00 00 00 oo oo oo oo ...
I:0=xE8 00 00 00 00 0o oo oo oo ... ...
I:0=xF0O 00 00 00 QOO0 00 o0 oo oo ...
I:0=xF83 00 00 00 00 0o o0 oo oo ... ...

0 I:0x80 , OxFF

<start address: ., <end address: <cr> rﬁ
|4 I 4 I PIHr\I Ewild }-.IEummand .f{. Finc“ | I I _}I

Figure 6. Keil’s pVision Upper Memory for the 8052
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REVIEW QUESTIONS

1. True or false. The 8052 is an upgraded version of the 8051.

2. True or false. The 8052 has a total of 256 bytes of on-chip RAM in addi-
tion to the SFRs.

3. True or false. The extra 128 bytes of RAM in the 8052 is physically the
same RAM as the SFR.

4. Give the address for the upper RAM of the 8052.

5. Show how to put value 99H into RAM location F6H of upper RAM in the
8052.

SUMMARY

This chapter described the five addressing modes of the 8051. Immediate
addressing mode uses a constant for the source operand. Register addressing
mode involves the use of registers to hold data to be manipulated. Direct or
register indirect addressing modes can be used to access data stored in either
RAM or in registers of the 8051. Direct addressing mode is also used to manip-
ulate the stack. Register indirect addressing mode uses a register as a pointer
to the data. The advantage of this is that it makes addressing dynamic rather
than static. Indexed addressing mode is widely used in accessing data elements
of look-up table entries located in the program ROM space of the 8051.

A group of registers called the SFRs (special function registers) can be
accessed by their names or their addresses. We also discussed the bit-addressable
ports, registers, and RAM locations and showed how to use single-bit instructions
to access them directly.

PROBLEMS
1 AND 2: IMMEDIATE AND REGISTER ADDRESSING MODES/
ACCESSING MEMORY USING VARIOUS ADDRESSING MODES

1. Which of the following are invalid uses of immediate addressing mode?
(a) MOV A, #24H (b)MOV R1,30H (c)MOV R4, #60H

2. Identify the addressing mode for each of the following.
(a) MOV B, #34H (b)MOV A,50H (c) MOV R2,07
(d)y MOV R3, #0 (€) MOV R7,0 () MOV R6, #7FH
(g) MOV RO,A (h) MOV B,A (i) MOV A, @RO
(j) MOV R7,A (k) MOV A, @R1

3. Indicate the address assigned to each of the following.
(a) RO of bank 0 (b) ACC (¢c) R7 of bank 0
(d) R3 of bank 2 (e) B (f) R7 of bank 3
(g) R4 of bank 1 (h) DPL (1) R6 of bank 1
(G) RO of bank 3 (k) DPH () PO
4. Which register bank shares space with the stack?
5. In accessing the stack, we must use addressing mode.

8051 ADDRESSING MODES
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10.
11

12.
13.

What does the following instruction do?

“MOV A, 0F0H”

What does the following instruction do?

“MOV A, 1FH”

Write code to push R0, R1, and R3 of bank 0 onto the stack and pop them
back into R5, R6, and R7 of bank 3.

Which registers are allowed to be used for register indirect addressing
mode when accessing data in RAM?

Write a program to copy FFH into RAM locations 50H to 6FH.

. Write a program to copy 10 bytes of data starting at ROM address 400H

to RAM locations starting at 30H.
Write a program to find y where y = x2 + 2x + 5, and x is between 0 and 9.
Write a program to add the following data and store the result in RAM
location 30H.
ORG 200H
MYDATA : DB 06,09,02,05,07

3: BIT ADDRESSES FOR /O AND RAM

14.
15.
16.
17.
18.
19.

20.
21.
22.

23.

24.
25.
26.
27.
28.
29
30.
31.
32.
33.

34.

“SETB A” is a(n) (valid, invalid) instruction.
“CLR A”1is a(n) (valid, invalid) instruction.
“CPL A”is a(n) (valid, invalid) instruction.

Which I/O ports of PO, P1, P2, and P3 are bit-addressable?

Which registers of the 8051 are bit-addressable?

Which of the following instructions are valid? If valid, indicate which bit is
altered.

(a) SETB P1 (b) SETB P2.3 (c) CLR ACC.5
(d) CLR 90H (¢e) SETB B.4 (f) CLR 80H
(g) CLR PSW.3 (h) CLR 87H

Write a program to generate a square wave with 75% duty cycle on bit P1.5.
Write a program to generate a square wave with 80% duty cycle on bit P2.7.
Write a program to monitor P1.4. When it goes high, the program will
generate a sound (square wave of 50% duty cycle) on pin P2.7.

Write a program to monitor P2.1. When it goes low, the program will send
the value 55H to PO.

What bit addresses are assigned to P0?

What bit addresses are assigned to P1?

What bit addresses are assigned to P2?

What bit addresses are assigned to P3?

What bit addresses are assigned to the PCON register?

. What bit addresses are assigned to the TCON register?

What bit addresses are assigned to register A?

What bit addresses are assigned to register B?

What bit addresses are assigned to register PSW?

The following are bit addresses. Indicate where each one belongs.

(a)85H (b)87H (c)88H (d)8DH (e)93H (f) ASH

(gg A7TH (h)B3H (i) D4H (j) D7H (k) F3H

Write a program to save registers A and B on R3 and R5 of bank 2, respectively.
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35. Give another instruction for “CLR C”.

36. In Problem 19, assemble each instruction and state if there is any difference
between them.

37. Show how you would check whether the OV flag is low.

38. Show how you would check whether the CY flag is high.

39. Show how you would check whether the P flag is high.

40. Show how you would check whether the AC flag is high.

41. Give the bit addresses assigned to the flag bit of CY, P, AC, and OV.

42. Of the 128 bytes of RAM locations in the 8051, how many of them are
assigned a bit address as well? Indicate which bytes those are.

43. Indicate the bit addresses assigned to RAM locations 20H to 2FH.

44. The byte addresses assigned to the 128 bytes of RAM are to

45. The byte addresses assigned to the SFR are to .

46. Indicate the bit addresses assigned to both of the following. Is there a gap
between them?
(a) RAM locations 20H to 2FH (b) SFR

47. The following are bit addresses. Indicate where each one belongs.
(a)0SH (b)47H (c)18H (d)2DH (e) 53H (f) 15H
(gg67H (h)55H ()14H (j)37H (k) 7FH

48. True or false. The bit addresses of less than 80H are assigned to RAM
locations 20-2FH.

49. True or false. The bit addresses of 80H and beyond are assigned to SFR.

50. Write instructions to save the CY flag bit in bit location 4.

S1. Write instructions to save the AC flag bit in bit location 16H.

52. Write instructions to save the P flag bit in bit location 12H.

53. Write instructions to see whether the D0 and D1 bits of register A are high.
If so, divide register A by 4.

54. Write a program to see whether the D7 bit of register A is high. If so, send
a message to the LCD stating that ACC has a negative number.

55. Write a program to see whether the D7 bit of register B is low. If so, send
a message to the LCD stating that register B has a positive number.

56. Write a program to set high all the bits of RAM locations 20H to 2FH
using the following methods:
(a) byte addresses (b) bit addresses

57. Write a program to see whether the accumulator is divisible by 8.

58. Write a program to find the number of zeros in register R2.

4: EXTRA 128-BYTE ON-CHIP RAM IN 8052

59. What is the total number of bytes of RAM in the 8052 including the SFR
registers? Contrast that with the 8051.

60. What addressing mode is used to access the SFR?

61. What addressing mode is used to access the upper 128 bytes of RAM in the
8052?

62. Give the address range of the lower and the upper 128 bytes of RAM in the 8052.

63. In the 8052, the SFR shares the address space with the (lower,
upper) 128 bytes of RAM.

64. In Question 63, discuss if they are physically the same memory.
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65. Explain what is the difference between these two instructions.
(a) MOV 80H,#99H  (b) MOV @RO, #99H if RO=80H

66. Which registers can be used to access the upper 128 bytes of RAM in the
80527

67. Write a program to put 55H into RAM locations CO-CFH of upper memory.

68. Write a program to copy the contents of lower RAM locations 60-6FH to
upper RAM locations DO-DFH.

ANSWERS TO REVIEW QUESTIONS

[S—

: IMMEDIATE AND REGISTER ADDRESSING MODES

No

MOV R3,#10000000B

Source and destination registers’ sizes do not match.
True

No

NS

[\

: ACCESSING MEMORY USING VARIOUS ADDRESSING MODES

Direct; because there is no “#” sign
02

12H

EOH

RO and R1

kL=

(98]

: BIT ADDRESSES FOR /O AND RAM

True
False
False
A, B, and PSW
16 bytes are bit-addressable; they are from byte location 20H to 2FH.
MOV A,R3
JNB ACC.0
7. For (a), (b), and (c) use Figure 1. (a) RAM byte 22H, bit D4
(b) RAM byte 24H, bit DO (c) RAM byte 22H, bit D2
For (d) and (e) use Figure 2. (d) SETB P1.5 (e) SETB ACC.6
8. RAM bytes 20-2FH, special function registers.
9. True
10. True

SAINAN e

4: EXTRA 128-BYTE ON-CHIP RAM IN 8052

True

True

False

80-FFH

MOV A, #99H
MOV RO, #0F6H
MOV  @RO,A

NS
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ARITHMETIC, LOGIC
INSTRUCTIONS, AND

PROGRAMS

Upon completion of this chapter, you will be able to:

>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>

OBJECTIVES

Define the range of numbers possible in 8051 unsigned data.
Code addition and subtraction instructions for unsigned data.
Perform addition of BCD (binary coded decimal) data.

Code 8051 unsigned data multiplication and division instructions.
Code 8051 Assembly language logic instructions AND, OR, and EX-OR.
Use 8051 logic instructions for bit manipulation.

Use compare and jump instructions for program control.

Code 8051 rotate instruction and data serialization.

Explain the BCD system of data representation.

Contrast and compare packed and unpacked BCD data.

Code 8051 programs for ASCII and BCD data conversion.

Code 8051 programs to create and test the checksum byte.

From Chapter 6 of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice
Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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This chapter describes all 8051 arithmetic and logic instructions. Program
examples are given to illustrate the application of these instructions. In Section 1,
we discuss instructions and programs related to addition, subtraction, multi-
plication, and division of unsigned numbers. Signed numbers are discussed in
Section 2. In Section 3, we discuss the logic instructions AND, OR, and XOR,
as well as the COMPARE instruction. The ROTATE instruction and data seri-
alization are discussed in Section 4. In Section 5, we provide some real-world
applications such as BCD and ASCII conversion and checksum byte testing.

1: ARITHMETIC INSTRUCTIONS

Unsigned numbers are defined as data in which all the bits are used to rep-
resent data, and no bits are set aside for the positive or negative sign. This means
that the operand can be between 00 and FFH (0 to 255 decimal) for 8-bit data.

Addition of unsigned numbers

In the 8051, in order to add numbers together, the accumulator register
(A) must be involved. The form of the ADD instruction is

ADD A, source ;A = A + source

The instruction ADD is used to add two operands. The destination oper-
and is always in register A, while the source operand can be a register, immediate
data, or in memory. Remember that memory-to-memory arithmetic operations
are never allowed in 8051 Assembly language. The instruction could change any
of the AC, CY, or P bits of the flag register, depending on the operands involved.
The effect of the ADD instruction on the overflow flag is discussed in Section 3
since it is used mainly in signed number operations. Look at Example 1.

Example 1

Show how the flag register is affected by the following instructions.

MOV A, #0F5H ;A=F5 hex
ADD A, #0BH ;A=F5+0B=00

Solution:

F5H 1111 0101
+ OBH + 0000 1011
100H 0000 0000

After the addition, register A (destination) contains 00 and the flags are as follows:

CY = 1 since there is a carry out from D7.
P = 0 because the number of s is zero (an even number).
AC =1 since there is a carry from D3 to D4.

ARITHMETIC, LOGIC INSTRUCTIONS, AND PROGRAMS



Addition of individual bytes

To calculate the sum of any number of operands, the carry flag should
be checked after the addition of each operand. Example 2 uses R7 to accumu-
late carries as the operands are added to A.

Analysis of Example 2

Three iterations of the loop are shown below. Tracing of the program is
left to the reader as an exercise.

1. In the first iteration of the loop, 7DH is added to A with CY =0 and R7 =
00, and the counter R2 = 04.

2. In the second iteration of the loop, EBH is added to A, which results in A =
68H and CY = 1. Since a carry occurred, R7 is incremented. Now the coun-
ter R2 = 03.

3. In the third iteration, C5H is added to A, which makes A = 2DH. Again a
carry occurred, so R7 is incremented again. Now counter R2 = 02.

At the end when the loop is finished, the sum is held by registers A and
R7, where A has the low byte and R7 has the high byte.

Example 2
Assume that RAM locations 40—44 have the following values. Write a program to
find the sum of the values. At the end of the program, register A should contain the
low byte and R7 the high byte. All values are in hex.
40=(7D)
41=(EB)
42=(C5)
43=(5B)
44=(30)
Solution:
MOV RO, #40H ; load pointer
MOV R2, #5 ; load counter
CLR A ;A=0
MOV R7,A ;clear R7
AGAIN: ADD A,@RO ;add the byte pointer to A by RO
JNC NEXT ;1f CY=0 don’t accumulate carry
INC R7 ;keep track of carries
NEXT: INC RO ;increment pointer
DJINZ R2,AGAIN ;repeat until R2 is =zero

ARITHMETIC, LOGIC INSTRUCTIONS, AND PROGRAMS
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Example 3
Write a program to add two 16-bit numbers. The numbers are 3CE7H and 3B§DH.
Place the sum in R7 and R6; R6 should have the lower byte.
Solution:
CLR C ;make CY=0
MOV A, #0E7H ;load the low byte now A=E7H
ADD A, #8DH ;add the low byte now A=74H and CY=1
MOV R6,A ;save the low byte of the sum in R6
MOV A, #3CH ;load the high byte
ADDC A, #3BH ;add with the carry
;3B + 3C + 1 = 78(all in hex)
MOV R7,A ;save the high byte of the sum

ADDC and addition of 16-bit numbers

When adding two 16-bit data operands, we need to be concerned with
the propagation of a carry from the lower byte to the higher byte. The instruc-
tion ADDC (add with carry) is used on such occasions. For example, look at
the addition of 3CE7H + 3B8DH, as shown below.

1
3C E7
+ 3B 8D
78 74

When the first byte is added (E7 + 8D = 74, CY = 1). The carry is

propagated to the higher byte, which results in 3C + 3B + 1 = 78 (all in hex).
Example 3 shows the above steps in an 8051 program.

BCD number system

BCD stands for binary coded decimal. BCD is needed 1able 1. BCD Code

because in everyday life we use the digits 0 to 9 for numbers, pigit BCD
not binary or hex numbers. Binary representation of 0 to 9 is
called BCD (see Table 1). In computer literature one encounters 9 0000
two terms for BCD numbers: (1) unpacked BCD and (2) packed L 0001
BCD. We describe each one next. 2 0010
3 0011
Unpacked BCD 4 0100
In unpacked BCD, the lower 4 bits of the number repre- > 0101
sent the BCD number, and the rest of the bits are 0. For example, 6 0110
“0000 1001” and “0000 0101” are unpacked BCD for 9 and 5,  ~ 0111
respectively. Unpacked BCD requires 1 byte of memory or an 2 1882

8-bit register to contain it.
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Packed BCD

In packed BCD, a single byte has two BCD numbers in it, one in
the lower 4 bits, and one in the upper 4 bits. For example, “0101 1001” is
packed BCD for 59H. It takes only 1 byte of memory to store the packed BCD
operands. And so one reason to use packed BCD is that it is twice as efficient
in storing data.

There is a problem with adding BCD numbers, which must be corrected.
The problem is that after adding packed BCD numbers, the result is no longer
BCD. Look at the following.

MOV A, #17H
ADD A, #28H

Adding these two numbers gives 0011 1111B (3FH), which is not BCD!
A BCD number can only have digits from 0000 to 1001 (or 0 to 9). In other
words, adding two BCD numbers must give a BCD result. The result above
should have been 17 + 28 =45 (0100 0101). To correct this problem, the pro-
grammer must add 6 (0110) to the low digit: 3F + 06 = 45H. The same problem
could have happened in the upper digit (e.g., in 52H + 87H = D9H). Again to
solve this problem, 6 must be added to the upper digit (D9H + 60H = 139H)
to ensure that the result is BCD (52 + 87 = 139). This problem is so pervasive
that most microprocessors such as the 8051 have an instruction to deal with it.
In the 8051, the instruction “DA A” is designed to correct the BCD addition
problem. This is discussed next.

DA instruction

The DA (decimal adjust for addition) instruction in the 8051 is pro-
vided to correct the aforementioned problem associated with BCD addition.
The mnemonic “DA” has as its only operand the accumulator “A.” The DA
instruction will add 6 to the lower nibble or higher nibble if needed; otherwise,
it will leave the result alone. The following example will clarify these points.

MOV A, #47H ;A=47H first BCD operand

MOV B, #25H ;B=25 second BCD operand

ADD A,B ;hex (binary) addition (A=6CH)
DA A ;adjust for BCD addition (A=72H)

After the program is executed, register A will contain 72H (47 + 25 =72).
The “DA” instruction works only on A. In other words, while the source can
be an operand of any addressing mode, the destination must be in register A
in order for DA to work. It also needs to be emphasized that DA must be used
after the addition of BCD operands and that BCD operands can never have
any digit greater than 9. In other words, A-F digits are not allowed. It is also
important to note that DA works only after an ADD instruction; it will not
work after the INC (increment) instruction.

ARITHMETIC, LOGIC INSTRUCTIONS, AND PROGRAMS
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Summary of DA action
After an ADD or ADDC instruction,

1. If the lower nibble (4 bits) is greater than 9, or if AC = 1, add 0110 to the
lower 4 bits.

2. 1If the upper nibble is greater than 9, or if CY =1, add 0110 to the upper

4 bits.

In reality there is no other use for the AC (auxiliary carry) flag bit
except for BCD addition and correction. For example, adding 29H and 18H
will result in 41H, which 1s incorrect as far as BCD is concerned.

Hex
29
18
41
6
47

BCD
0010 1001

0001 1000

0100 0001 AC
0110

Il
[

0100 0111

Since AC =1 after the addition, “DA A” will add 6 to the lower nibble.
The final result is in BCD format. See Example 4.

Example 4

be in BCD.

Solution:

AGAIN:

NEXT :

DJNZ R2,AGAIN

RO, #40H
R2, #5

R7,A
A, @RO
A
NEXT
R7

RO

Assume that 5 BCD data items are stored in RAM locations starting at 40H, as
shown below. Write a program to find the sum of all the numbers. The result must

; load pointer

; load counter

;A=0

;clear R7

;add the byte pointer to A by RO
;adjust for BCD

;if CY=0 don’t accumulate carry
;keep track of carries
;increment pointer

;repeat until R2 is zero
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Subtraction of unsigned numbers

SUBB A, source ;A = A - source - CY

In many microprocessors, there are two different instructions for
subtraction: SUB and SUBB (subtract with borrow). In the 8051 we have
only SUBB. To make SUB out of SUBB, we have to make CY = 0 prior to
the execution of the instruction. Therefore, there are two cases for the SUBB
instruction: (1) with CY = 0 and (2) with CY = 1. First, we examine the case
where CY = 0 prior to the execution of SUBB. Notice that we use the CY
(carry flag) flag for the borrow.

SUBB (subtract with borrow) when CY =0

In subtraction, the 8051 microprocessors (indeed, all modern CPUs) use
the 2’s complement method. Although every CPU contains adder circuitry, it
would be too cumbersome (and take too many transistors) to design separate
subtracter circuitry. For this reason, the 8051 uses adder circuitry to perform
the subtraction command. Assuming that the 8051 is executing a simple sub-
tract instruction and that CY = 0 prior to the execution of the instruction, one
can summarize the steps of the hardware of the CPU in executing the SUBB
instruction for unsigned numbers, as follows.

1. Take the 2’s complement of the subtrahend (source operand).
2. Add it to the minuend (A).
3. Invert the carry.
These three steps are performed for every SUBB instruction by the
internal hardware of the 8051 CPU, regardless of the source of the operands,

provided that the addressing mode is supported. After these three steps, the
result is obtained and the flags are set. Example 5 illustrates the three steps.

Example 5

Show the steps involved in the following.

CLR C ;make CY=0

MOV A, #3FH ;load 3FH into A (A = 3FH)

MOV  R3,#23H ;load 23H into R3 (R3 = 23H)

SUBB A,R3 ;subtract A - R3, place result in A

Solution:

A = 3F 0011 1111 0011 1111

R3 = 23 0010 0011 + 1101 1101 (2’'s complement)
1C 1 0001 1100

0 CF=0 (step 3)

The flags would be set as follows: CY = 0, AC = 0, and the programmer must look

at the carry flag to determine if the result is positive or negative.
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If the CY = 0 after the execution of SUBB, the result is positive; if
CY = 1, the result is negative and the destination has the 2’s complement of the
result. Normally, the result is left in 2’s complement, but the CPL (complement)
and INC instructions can be used to change it. The CPL instruction performs
the 1’s complement of the operand; then the operand is incremented (INC) to
get the 2’s complement. See Example 6.

SUBB (subtract with borrow) when CY = 1

This instruction is used for multibyte numbers and will take care of the
borrow of the lower operand. If CY = 1 prior to executing the SUBB instruc-
tion, it also subtracts 1 from the result. See Example 7.

Example 6
Analyze the following program:
CLR C
MOV A, #4CH ;load A with value 4CH (A=4CH)
SUBB A, #6EH ;subtract 6E from A
JNC NEXT ;1f CY=0 jump to NEXT target
CPL A ;1f CY=1 then take 1’s complement
INC A ;and increment to get 2’s complement
NEXT:MOV R1,A ;save A in R1
Solution:
Following are the steps for “SUBB A, #6EH”:
4C 0100 1100 0100 1100
- 6E 0110 1110 2'’s comp = 1001 0010
-22 0O 1101 1110
CY = 1, the result is negative, in 2’'s complement.
Example 7
Analyze the following program:
CLR C ;CY = 0
MOV A, #62H ;A = 62H
SUBB A, #96H ;62H - 96H = CCH with CY = 1
MOV R7,A ;save the result
MOV A,#27H ;A=27H
SUBB A, #12H ;27H - 12H - 1 = 14H
MOV R6,A ;save the result
Solution:
After the SUBB, A = 62H — 96H = CCH and the carry flag is set high indicating
there is a borrow. Since CY = 1, when SUBB is executed the second time A = 27H
— 12H - 1 = 14H. Therefore, we have 2762H — 1296H = 14CCH.
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UNSIGNED MULTIPLICATION AND DIVISION

In multiplying or dividing two numbers in the 8051, the use of registers
A and B is required since the multiplication and division instructions work
only with these two registers. We first discuss multiplication.

Multiplication of unsigned numbers

The 8051 supports byte-by-byte multiplication only. The bytes are
assumed to be unsigned data. The syntax is as follows:

MUL AB ;A x B, place 16-bit result in B and A

In byte-by-byte multiplication, one of the operands must be in register A,
and the second operand must be in register B. After multiplication, the result is
in the A and B registers; the lower byte is in A, and the upper byte is in B. The
following example multiplies 25H by 65H. The result is a 16-bit data that is held
by the A and B registers. See Table 2.

MOV A, #25H ;load 25H to reg. A
MOV B, #65H ;load 65H in reg. B
MUL AB ;25H * 65H = E99 where

;B = OEH and A = 99H

Division of unsigned numbers

In the division of unsigned numbers, the 8051 supports byte over byte
only. The syntax is as follows.

DIV AB ;divide A by B

When dividing a byte by a byte, the numerator must be in register A
and the denominator must be in B. After the DIV instruction is performed,
the quotient is in A and the remainder is in B. See the following example and
Table 3.

MOV A, #95 ;load 95 into A

MOV B, #10 ;load 10 into B

DIV AB ;now A = 09 (quotient) and
;B = 05 (remainder)

Table 2. Unsigned Multiplication Summary (MUL AB)

Multiplication  Operand 1 Operand 2 Result
byte x byte A B A = low byte, B = high byte

Note: Multiplication of operands larger than 8 bits takes some manipulation. It is left to
the reader to experiment with.
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Table 3. Unsigned Division Summary (DIV AB)

Division

Numerator

Denominator Quotient Remainder

byte / byte

A

B A B

(If B =0, then OV = 1 indicating an error)

Notice the following points for instruction “DIV AB”.

1. This instruction always makes CY = 0 and OV = 0 if the denominator is

not 0.

2. If the denominator is 0 (B = 0), OV = 1 indicates an error, and CY = 0.
The standard practice in all microprocessors when dividing a number by 0
is to indicate in some way the invalid result of infinity. In the 8051, the OV

(overflow) flag is set to 1.

An application for DIV instructions

There are times when an ADC (analog-to-digital converter) is connected
to a port and the ADC represents some quantity such as temperature or pres-
sure. The 8-bit ADC provides data in hex in the range of 00-FFH. This hex data
must be converted to decimal. We do that by dividing it by 10 repeatedly, saving
the remainders as shown in Examples 8 and 9.

Example 8

Solution:

MOV
MOV
MOV
MOV
DIV
MOV
MOV
DIV
MOV
MOV

A, #0FFH
P1,A

A, Pl

B, #10
AB

R7,B

B, #10
AB

R6,B
R5,A

Write a program (a) to make P1 an input port, (b) to get a byte of hex data in the
range of 00—FFH from P1 and convert it to decimal. Save the digits in R7, R6, and
RS, where the least significant digit is in R7.

;make P1 an input port
;read data from Pl
;B=0A hex (10 dec)
;divide by 10

;save lower digit
;divide by 10 once more
;save the next digit
;save the last digit

The input value from P1 is in the hex range of 00—FFH or in binary 00000000 to
11111111. This program will not work if the input data is in BCD. In other words,
this program converts from binary to decimal. To convert a single decimal digit to
ASCII format, we OR it with 30H as shown in Sections 4 and 5.
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Example 9

Analyze the program in Example 8, assuming that P1 has a value of FDH for
data.

Solution:

To convert a binary (hex) value to decimal, we divide it by 10 repeatedly until
the quotient is less than 10. After each division the remainder is saved. In the
case of an 8-bit binary such as FDH we have 253 decimal as shown below (all
in hex).

Quotient Remainder
FD/0A= 19 3 (low digit)
19/0A= 2 5 (middle digit)
2 (high digit)

Therefore, we have FDH = 253. In order to display this data it must be converted
to ASCII, which is described in a later section in this chapter.

REVIEW QUESTIONS

1. Inmultiplication of two bytes in the 8051, we must place one byte in register
and the other in register
2. In unsigned byte-by-byte multiplication, the product will be placed in
register(s) .
Is "MUL A,R1” avalid 8051 instruction? Explain your answer.
4. In byte/byte division, the numerator must be placed in register
and the denominator in register
5. In unsigned byte/byte division, the quotlent will be placed in regis-
ter and the remainder in register
6. Is “DIV A,R1” avalid 8051 instruction? Explain your answer.
7. The instruction “ADD A, source” places the sum in
8. Why is the following ADD instruction illegal?
“ADD R1,R2”
9. Rewrite the instruction above in correct form.
10. The instruction “ADDC A, source” places the sum in
11. Find the value of the A and CY flags in each of the following.
(a) MOV A, #4FH (b) MOV A, #9CH
ADD A, #0B1H ADD A, #63H
12. Show how the CPU would subtract 05H from 43H.
13.If CY =1, A =95H, and B = 4FH prior to the execution of “SUBB A, B”,
what will be the contents of A after the subtraction?

(98]
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2: SIGNED NUMBER CONCEPTS AND ARITHMETIC
OPERATIONS

All data items used so far have been unsigned numbers, meaning that
the entire 8-bit operand was used for the magnitude. Many applications require
signed data. In this section, the concept of signed numbers is discussed along
with related instructions. If your applications do not involve signed numbers,
you can bypass this section.

Concept of signed numbers in computers

In everyday life, numbers are used that could be positive or negative.
For example, a temperature of 5 degrees below zero can be represented as
-5, and 20 degrees above zero as +20. Computers must be able to accommo-
date such numbers. To do that, computer scientists have devised the following
arrangement for the representation of signed positive and negative numbers:
The most significant bit (MSB) is set aside for the sign (+ or -), while the rest
of the bits are used for the magnitude. The sign is represented by 0 for positive
(+) numbers and 1 for negative (-) numbers. Signed byte representation is
discussed below.

Signed 8-bit operands

D7|D6|D5|D4|D3|D2| Dl

DO

In signed byte operands, D7 (MSB) is the _ .
sign and DO to D6 are set aside for the magni- |S'gnI Magnitude

tude of the number. If D7 = 0, the operand is |

positive, and if D7 = 1, it is negative.
Figure 1. 8-Bit Signed Operand

Positive numbers

The range of positive numbers that can be represented by the format
shown in Figure 1 is 0 to +127. If a positive number is larger than +127, a
16-bit size operand must be used. Since the 8051 does not support 16-bit data,
we will not discuss it.

0 0000 0000
+1 0000 0001

+5 0000 0101
+127 0111 1111
Negative numbers

For negative numbers, D7 is 1; however, the magnitude is represented
in its 2’s complement. Although the assembler does the conversion, it is still
important to understand how the conversion works. To convert to negative
number representation (2’s complement), follow these steps.
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1. Write the magnitude of the number in 8-bit binary (no sign).
2. Invert each bit.
3. Add 1toit.

Examples 10-12 demonstrate these three steps.

Example 10

Show how the 8051 would represent -5.

Solution:
Observe the following steps.

1. 0000 0101 5 in 8-bit binary
2. 1111 1010 invert each bit
3. 1111 1011 add 1 (which becomes FB in hex)

Therefore -5 = FBH, the signed number representation in 2’s complement for -5.

Example 11

Show how the 8051 would represent -34H.

Solution:
Observe the following steps.

1. 0011 0100 34H given in binary
2. 1100 1011 invert each bit
3. 1100 1100 add 1 (which is CC in hex)

Therefore -34 = CCH, the signed number representation in 2’s complement for
-34H.

Example 12

Show how the 8051 would represent —-128.

Solution:
Observe the following steps.

1. 1000 0000 128 in 8-bit binary
2. 0111 1111 invert each bit
3. 1000 0000 add 1 (which becomes 80 in hex)

Therefore -128 = 80H, the signed number representation in 2’s complement for
-128.
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From the examples, it is clear that the range of byte-sized negative num-
bers is -1 to -128. The following lists byte-sized signed number ranges:

Decimal Binary Hex
-128 1000 0000 80
-127 1000 0001 81
-126 1000 0010 82
-2 1111 1110 FE
-1 1111 1111 FF
0 0000 0000 00
+1 0000 0001 01
+2 0000 0010 02
+127 0111 1111 7F

Overflow problem in signed number operations

When using signed numbers, a serious problem arises that must be
dealt with. This is the overflow problem. The 8051 indicates the existence of
an error by raising the OV flag, but it is up to the programmer to take care
of the erroneous result. The CPU understands only Os and 1s and ignores the
human convention of positive and negative numbers. What is an overflow?
If the result of an operation on signed numbers is too large for the regis-
ter, an overflow has occurred and the programmer must be notified. Look at
Example 13.

In this example, +96 is added to +70 and the result according to the
CPU was -90. Why? The reason is that the result was larger than what A could
contain. Like all other 8-bit registers, A could only contain up to +127. The

Example 13
Examine the following code and analyze the result.
MOV A, #+96 ;A = 0110 0000 (A = 60H)
MOV R1,#+70 ;R1 = 0100 0110 (R1 = 46H)
ADD A,R1 ;A = 1010 0110
;A = A6H = -90 decimal, INVALID!
Solution:

+96 0110 0000
+ +70 0100 0110
+ 166 1010 0110 and OV=1

indicate the overflow.

According to the CPU, the result is -90, which is wrong. The CPU sets OV =1 to
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designers of the CPU created the overflow flag specifically for the purpose of
informing the programmer that the result of the signed number operation is
erroneous.

When is the OV flag set?

In 8-bit signed number operations, OV is set to 1 if either of the following
two conditions occurs:

1. There is a carry from D6 to D7 but no carry out of D7 (CY = 0).
2. There is a carry from D7 out (CY = 1) but no carry from D6 to D7.

In other words, the overflow flag is set to 1 if there is a carry from D6
to D7 or from D7 out, but not both. This means that if there is a carry both

from D6 to D7 and from D7 out, OV = 0. In Example 13, since there is only
a carry from D6 to D7 and no carry from D7 out, OV = 1. Study Examples

14-16 to understand the overflow flag in signed arithmetic.

Example 14

Observe the following, noting the role of the OV flag.

MOV A,#-128 ;A = 1000 0000 (A = 8O0H)
MOV R4,#-2 ;R4 = 1111 1110(R4 = FEH)
ADD A,R4 ;A = 0111 1110 (A=7EH=+126, invalid)
Solution:
-128 1000 0000
+ -2 1111 1110
-130 0111 1110 and 0OV=1

According to the CPU, the result is +126, which is wrong (OV = 1).

Example 15

Observe the following, noting the OV flag.

MOV A, #-2 ;A=1111 1110 (A=FEH)
MOV R1,#-5 ;R1=1111 1011 (R1=FBH)
ADD A,R1 ;A=1111 1001 (A=F9H=-7,correct,OV=0)

Solution:
-2 1111 1110

=5 1111 1011
=7 1111 1001 and OV = O

According to the CPU, the result is -7, which is correct (OV = 0).
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Example 16

Examine the following, noting the role of OV.

MOV A, #+7 ;A=0000 0111 (A=07H)

MOV R1,#+18 ;R1=0001 0010 (R1=12H)

ADD A,R1 ;A=0001 1001 (A=19H=+25, correct,OV=0)
Solution:

7 0000 0111
+ 18 0001 0010
25 0001 1001 and OV = 0

According to the CPU, this is +25, which is correct (OV = 0)

From the examples, we conclude that in any signed number addition,
OV indicates whether the result is valid or not. If OV = 1, the result is errone-
ous; if OV = 0, the result is valid. We can state emphatically that in unsigned
number addition we must monitor the status of CY (carry flag), and in signed
number addition, the OV (overflow) flag must be monitored by the program-
mer. In the 8051, instructions such as JINC and JC allow the program to branch
right after the addition of unsigned numbers, as we saw in Section 1. There is
no such instruction for the OV flag. However, this can be achieved by “JB
PSW.2” or “JNB PSW.2” since PSW, the flag register, is a bit-addressable
register. This is discussed later in this chapter.

Instructions to create 2’s complement

The 8051 does not have a special instruction to make the 2’s comple-
ment of a number. To do that, we can use the CPL instruction and ADD, as
shown next.

CPL A ; 1’s complement (Invert)
ADD A,#1 ; add 1 to make 2’'s complement

REVIEW QUESTIONS

1. In an 8-bit operand, bit is used for the sign bit.

2. Convert -16H to its 2’s complement representation.

3. The range of byte-sized signed operands is — to +
4. Show +9 and -9 in binary.

5. Explain the difference between a carry and an overflow.
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3: LOGIC AND COMPARE INSTRUCTIONS

Apart from I/O and arithmetic instructions, logic instructions are some
of the most widely used instructions. In this section, we cover Boolean logic
instructions such as AND, OR, exclusive-or (XOR), and complement. We will
also study the compare instruction.

Logical AND Function AND

Inputs Output ANL destination, source ;dest = dest AND
source

X Y X AND Y

0 0 0 This instruction will perform a logical AND on the

0 1 0 two operands and place the result in the destination. The
destination is normally the accumulator. The source oper-

1 0 0 and can be a register, in memory, or immediate. The ANL

1 1 1

instruction for byte-size operands has no effect on any of
the flags. The ANL instruction is often used to mask (set to

§ D—X ANDY 0) certain bits of an operand. See Example 17.

OR
Logical OR Function ORL destination, source ;dest = dest
Inputs Output OR source
X Y XORY The destination and source operands are ORed, and
the result is placed in the destination. The ORL instruction
0 0 0 can be used to set certain bits of an operand to 1. The desti-
0 1 1 nation is normally the accumulator. The source operand can
1 0 1 be a register, in memory, or immediate. The ORL instruction
1 1 1 for byte-size operands has no effect on any of the flags. See
Example 18.

Example 17

Show the results of the following.

MOV A, #35H ;A = 35H

ANL A, #0FH ;A = A AND OFH (now A = 05)
Solution:

35H 0011 0101

OFH 0000 1111

O5H 0000 0101 35H AND OFH = O05H
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Example 18
Show the results of the following.
MOV A, #04 ;A = 04
ORL A, #30H ;A = A OR 30H (now A = 34H)
Solution:
04H 0000 0100
30H 0011 0000
34H 0011 0100 04H OR 30H = 34H
XOR Logical XOR Function
XRL destination, source ;jdest = dest  Inputs Output
XOR source
This instruction will perform the XOR operation on X Y XXORY
the two operands and place the result in the destination. The 0 0
destination is normally the accumulator. The source oper-
: . ) ) 0 1 1
and can be a register, in memory, or immediate. The XRL
instruction for byte-size operands has no effect on any of the 1 0 1
flags. See Examples 19 and 20. 1 1 0

XRL can also be used to see if two registers have the ¢
same value. “XRL A,R1” will exclusive-or register A and vy @—X XOR 'Y
register R1, and put the result in A. If both registers have
the same value, 00 is placed in A. Then we can use the JZ instruction to make
a decision based on the result. See Example 20.

Example 19

Show the results of the following.
MOV A, #54H
XRL A, #78H

Solution:

54H 0101 0100

78H 0111 1000

2CH 0010 1100 54H XOR 78H = 2CH
Example 20

The XRL instruction can be used to clear the contents of a register by XORing it
with itself. Show how “XRL A, A” clears A, assuming that A = 45H.

Solution:
45H 0100 0101
45H 0100 0101
00 0000 0000 XOR a number with itself = 0
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Example 21
Read and test P1 to see whether it has the value 45H. If it does, send 99H to P2;
otherwise, it stays cleared.
Solution:
MOV P2, #00 ;clear P2
MOV P1,#0FFH ;make Pl an input port
MOV R3, #45H ;R3=45H
MOV A,P1l ;read P1
XRL A,R3
JNZ EXIT ;jump if A has value other than 0
MOV P2, #99H
EXIT: ...

In the program in Example 21, notice the use of the JNZ instruction.
JNZ and JZ test the contents of the accumulator only. In other words, there is
no such thing as a zero flag in the 8051.

Another widely used application of XRL is to toggle bits of an oper-
and. For example, to toggle bit 2 of register A, we could use the following
code. This code causes D2 of register A to change to the opposite value, while
all the other bits remain unchanged.

XRL A, #04H ;EX-OR A with 0000 0100
Logical Inverter CPL A (complement accumulator)
Input Output This instruction complements the contents of regis-
X NOT X ter A. The complement action changes the Os to 1s and the

Is to 0s. This is also called 1’s complement.
0 1
1 0 MOV A, #55H
CPL A ;now A=AAH

X—DO—NOTX ;01010101 becomes 10101010 (AAH)

To get the 2’s complement, all we have to do is to add 1 to the 1’s com-
plement. See Example 22. In other words, there is no 2’s complement instruc-

Example 22

Find the 2’s complement of the value 85H.

Solution:
MOV A, #85H 85H = 1000 0101
CPL A ;1’s comp. 1’S = 0111 1010
ADD A,#1 ;2's comp. + 1

0111 1011 = 7BH
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tion in the 8051. Notice that in complementing a byte, the data must be in reg-
ister A. Although the CPL instruction cannot be used to complement RO-R7,
it does work on PO-P3 ports.

Compare instruction

The 8051 has an instruction for the compare operation. It has the follow-
ing syntax.

CINE destination, source,relative address

In the 8051, the actions of comparing and jumping are combined
into a single instruction called CINE (compare and jump if not equal). The
CJNE instruction compares two operands, and jumps if they are not equal.
In addition, it changes the CY flag to indicate if the destination operand is
larger or smaller. It is important to notice that the operands themselves
remain unchanged. For example, after the execution of the instruction “CJNE
A, #67H,NEXT”, register A still has its original value. This instruction com-
pares register A with value 67H and jumps to the target address NEXT only if
register A has a value other than 67H. See Examples 23 and 24.

In CINE, the destination operand can
be in the accumulator or in one of the Rn regis- Table 4. Carry Flag Setting For
ters. The source operand can be in a register, in CJNE Instruction

memory, or immediate. This instruction affects

i > Compare Carry Flag
the carry flag only. CY is changed as shown in

Table 4. destination > source CY =0

destination < source CY =1

Example 23

Examine the following code, then answer the following questions.

MOV A, #55H
CJINE A, #99H, NEXT

NEXT :
(a) Will it jump to NEXT?

(b) What is in A after the CJNE instruction is executed?

Solution:

(a) Yes, it jumps because S5H and 99H are not equal.
(b) A = 55H, its original value before the comparison.
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Example 24

Write a code to determine if register A contains the value 99H. If so, make R1 =
FFH; otherwise, make R1 = 0.

Solution:
MOV R1, #0 ;clear R1
CINE A, #99H, NEXT ;1f A not equal to 99, then jump
MOV R1, #0FFH ;they are equal, make R1 = FFH
NEXT: ... ;not equal so R1 = 0
OVER: ...
The following code shows how the comparison works for all possible
conditions.
CJINE R5,#80,NOT EQUAL ;check R5 for 80
... ;R5=80
NOT EQUAL: JNC NEXT ;jump if R5>80
;R5<80
NEXT:

Notice in the CINE instruction that any Rn register can be compared
with an immediate value. There is no need for register A to be involved. Also
notice that CY is always checked for cases of greater or less than, but only
after it is determined that they are not equal. See Examples 25 through 27.

Example 25
Assume that P1 is an input port connected to a temperature sensor. Write a pro-
gram to read the temperature and test it for the value 75. According to the test
results, place the temperature value into the registers indicated by the following.
IfT=75 then A =75
IfT<75 then R1 =T
IfT>75 then R2=T
Solution:
MOV P1, #O0FFH ;make Pl an input port
MOV A,P1 ;read Pl port, temperature
CJINE A, #75,0VER ;jump if A not equal to 75
SJMP EXIT ;A=75, exit
OVER: JNC NEXT ;1f CY=0 then A>75
MOV R1,A ;CY=1, A<75, save in R1
SJMP EXIT ;and exit
NEXT : MOV R2,A ;A>75, save it in R2
EXTIT:
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Example 26

Write a program to monitor P1 continuously for the value 63H. It should stop
monitoring only if P1 = 63H.

Solution:

MOV P1, #O0FFH ;make Pl an input port
HERE: MOV A,P1 ;get P1

CJINE A, #63,HERE ;keep monitoring unless P1=63H
Example 27

Assume internal RAM memory locations 40H-—44H contain the daily temperature
for five days, as shown below. Search to see if any of the values equals 65. If value
65 does exist in the table, give its location to R4; otherwise, make R4 = 0.
40H=(76) 41H=(79) 42H=(69) 43H= (65) 44H= (62)

Solution:
MOV R4, #0 ;R4=0
MOV RO, #40H ; load pointer
MOV R2, #05 ; load counter
BACK: MOV A, @RO ;get the byte from RAM
CJINE A, #65,NEXT ;compare RAM data with 65
MOV A,RO ;1f 65, save address
MOV R4,A
SJMP EXIT ;and exit
NEXT : INC RO ;otherwise increment pointer
DJNZ R2,BACK ;keep checking until count=0
EXIT: SIJMP EXIT

The compare instruction is really a subtraction, except that the values
of the operands do not change. Flags are changed according to the execu-
tion of the SUBB instruction. It must be emphasized again that in the CJINE
instruction, the operands are not affected, regardless of the result of the com-
parison. Only the CY flag is affected. This is despite the fact that CINE uses
the subtract operation to set or reset the CY flag.

REVIEW QUESTIONS
1. Find the contents of register A after the following code in each case.
(a) MOV A, #37H (byMOV A, #37H (c)MOV A, #37H
ANL A, #0CAH ORL A, #0CAH XRL A, #0CAH

To mask certain bits of the accumulator, we must ANL it with

To set certain bits of the accumulator, to 1, we must ORL it with
XRLing an operand with itself results in :

True or false. The CJNE instruction alters the contents of its operands.

Nk
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6. What value must R4 have in order for the following instruction not to
jump?
CJINE R4, #53,0VER
7. Find the contents of register A after execution of the following code.

CLR A
ORL A, #99H
CPL A

4: ROTATE INSTRUCTION AND DATA SERIALIZATION

In many applications, there is a need to perform a bitwise rotation of an
operand. In the 8051, the rotation instructions RL, RR, RLC, and RRC are
designed specifically for that purpose. They allow a program to rotate the accu-
mulator right or left. We explore the rotate instructions next since they are widely
used in many different applications. In the 8051, to rotate a byte the operand must
be in register A. There are two type of rotations. One is a simple rotation of the
bits of A, and the other is a rotation through the carry. Each is explained below.

Rotating the bits of A right or left

RR A ;rotate right A
In rotate right, the 8 bits of the accumulator
_J are rotated right one bit, and bit DO exits from the
MSB ——> LSB least significant bit and enters into D7 (most signifi-
cant bit). See the code and diagram.

MOV A, #36H ;A=0011 0110
RR A ;A=0001 1011
RR A ;A=1000 1101
RR A ;A=1100 0110
RR A ;A=0110 0011
RL A ;rotate left A

In rotate left, the 8 bits of the accumula-

the MSB (most significant bit) and enters into DO
(least significant bit). See the code and diagram.

L_ J tor are rotated left one bit, and bit D7 exits from
MSB «<— LSB

MOV A, #72H ;A=0111 0010
RL A ;A=1110 0100
RL A ;A=1100 1001

Notice that in the RR and RL instructions no flags are affected.
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Rotating through the carry

There are two more rotate instructions in the 8051. They involve the
carry flag. Each is shown next.

RRC A ;rotate right through carry

In RRC A, as bits are rotated
from left to right, they exit the LSB to the
carry flag, and the carry flag enters the
MSB. In other words, in RRC A the LSB MSB LSB
1s moved to CY and CY is moved to the
MSB. In reality, the carry flag acts as if

—» CY —>

it is part of register A, making it a 9-bit

register.
CLR C ;make CY=0
MOV A, #26H ;A=0010 0110
RRC A ;A=0001 0011 CY=0
RRC A ;A=0000 1001 CY=1
RRC A ;A=1000 0100 CY=1
RLC A ;rotate left through carry

In RLC A, as bits are shifted from
right to left they exit the MSB and enter

the carry flag, and the carry flag enters
the LSB. In other words, in RCL the L
CY =

MSB <=— LSB

A

MSB is moved to CY and CY is moved
to the LSB. See the following code and

diagram.
SETB C ;make CyY=1
MOV A, #15H ;A=0001 0101
RLC A ;A=0010 1011 CY=0
RLC A ;A=0101 0110 CY=0
RLC A ;A=1010 1100 CY=0
RLC A ;A=0101 1000 CyY=1

Serializing data

Serializing data is a way of sending a byte of data one bit at a time
through a single pin of microcontroller. There are two ways to transfer a byte
of data serially:
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1. Using the serial port. In using the serial port, programmers have very limited
control over the sequence of data transfer.

2. The second method of serializing data is to transfer data one bit at
a time and control the sequence of data and spaces in between them.
In many new generation devices such as LCD, ADC, and ROM, the
serial versions of these devices are becoming popular since they take
less space on a printed circuit board. We discuss this important topic
next.

Serializing a byte of data

Serializing data is one of the most widely used applications of the
rotate instruction. Setting the CY flag status to any pin of ports PO—P3 and
using the rotate instruction, we transfer a byte of data serially (one bit at a
time). Repeating the following sequence 8 times will transfer an entire byte,
as shown in Example 28.

RRC A ;move the bit to CY
MOV P1.3,C ;output carry as data bit

Example 28

Write a program to transfer value 41H serially (one bit at a time) via pin P2.1. Put
two highs at the start and end of the data. Send the byte LSB first.

Solution:
MOV A, #41H
SETB P2.1 ;high
SETB P2.1 ;high

MOV R5, #8
HERE:RRC A

MOV P2.1,C ;send the carry bit to P2.1
DJNZ R5, HERE
SETB P2.1 ;high
SETB P2.1 ;high
Pin
Reg A —» CY —» P2.1
D7 DO
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Example 29
Write a program to bring in a byte of data serially one bit at a time via pin P2.7 and
save it in register R2. The byte comes in with the LSB first.
Solution:

MOV R5, #8
HERE:MOV C,P2.7 ; bring in bit

RRC A

DJIJNZ R5, HERE

MOV R2,A ;save it

Pin

P27 —»| CY —> Reg A

D7 DO

Example 29 shows how to bring in a byte of data serially one bit at
a time.

Single-bit operations with CY

Aside from the fact that the carry flag is altered by arithmetic and
logic instructions, in the 8051 there are also several instructions by which
the CY flag can be manipulated directly. These instructions are listed in
Table 5.

Examples 30-33 give simple applications of the instructions in Table 5,
including some dealing with the logic operations AND and OR.

Example 30

Write a program to save the status of bits P1.2 and P1.3 on RAM bit locations 6
and 7, respectively.

Solution:
MOV C,P1.2 ;save status of P1.2 on CY
MOV 06, C ;save carry in RAM bit location 06
MOV C,P1.3 ;save status of P1.3 on CY
MOV 07, C ;save carry in RAM bit location 07
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Table 5. Carry Bit-Related Instructions

Instruction Function

SETB C make CY =1

CLR C clear carry bit (CY = 0)

CPL C complement carry bit

MOV b,C copy carry status to bit location (CY = b)

MOV C,b copy bit location status to carry (b = CY)

JNC target jump to target if CY =0

JC target jump to target if CY =1

ANL C, bit AND CY with bit and save it on CY

ANL C,/bit AND CY with inverted bit and save it on CY

ORL C,bit OR CY with bit and save it on CY

ORL C,/bit OR CY with inverted bit and save it on CY
Example 31

Assume that bit P2.2 is used to control an outdoor light and bit P2.5 a light inside
a building. Show how to turn on the outside light and turn off the inside one.

Solution:
SETB C sCY = 1
ORL C,P2.2 ;CY = P2.2 ORed with CY
MOV P2.2,C ;turn it “on” if not already “on”
CLR C ;CY = 0
ANL C,P2.5 ;CY = P2.5 ANDed with CY
MOV P2.5,C ;turn it off if not already off
Example 32
Write a program that finds the number of 1s in a given byte.
Solution:
MOV R1,#0 iR1 keeps the number of 1s
MOV R7,#8 ;counter = 08 rotate 8 times
MOV A, #97H ;£find the number of 1s in 97H
AGAIN: RLC A ;rotate it through the CY once
JNC NEXT ;check for CY
INC R1 ;1f CY=1 then add one to count
NEXT : DJNZ R7,AGAIN ;go through this 8 times
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After:
Before: D7-D4 D3-D0 SWAP D3-D0 D7-D4

After:
Before: 0111 0010 SWAP 0010 0111

Example 33

(a) Find the contents of register A in the following code.
(b) In the absence of a SWAP instruction, how would you exchange the nibbles?
Write a simple program to show the process.

Solution:

(a)
MOV A, #72H ;A = 72H
SWAP A ;A = 27H

(b)
MOV A, #72H ;A=0111 0010
RL A ;A=1110 0100
RL A ;A=1100 1001
RL A ;A=1001 0011
RL A ;A=0010 0111

SWAP A

Another useful instruction is the SWAP instruction. It works only on
the accumulator. It swaps the lower nibble and the higher nibble. In other
words, the lower 4 bits are put into the higher 4 bits, and the higher 4 bits are
put into the lower 4 bits. See the diagrams below and Example 33.

REVIEW QUESTIONS

1. What is the value of register A after each of the following instructions?
MOV A, #25H

RR A
RR A
RR A
RR A

2. What is the value of register A after each of the following instructions?
MOV A, #A2H
RL
RL
RL
RL

>
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What is the value of register A after each of the following instructions?
CLR A
SETB C
RRC A
SETB C
RRC A

Why does “RLC R1” give an error in the 80517

What is in register A after the execution of the following code?
MOV A, #85H
SWAP A
ANL A, #O0FOH

Find the status of the CY flag after the following code.

CLR A

ADD A, #OFFH
JNC OVER
CPL C

OVER :

Find the status of the CY flag after the following code.

CLR C
JNC OVER
SETB C

OVER:

Find the status of the CY flag after the following code.

CLR C
Jc OVER
CPL C

OVER :

Show how to save the status of P2.7 in RAM bit location 31.

10. Show how to move the status of RAM bit location 09 to P1.4.

5: BCD, ASCIIl, AND OTHER APPLICATION PROGRAMS

In this section, we provide some real-world examples on how to use
arithmetic and logic instructions. For example, many newer microcontrollers
have a real-time clock (RTC), where the time and date are kept even when
the power is off. These microcontrollers provide the time and date in BCD.
However, to display them they must be converted to ASCII. Next, we show
the application of logic and rotate instructions in the conversion of BCD and

ASCIIL.
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ASCIl numbers

On ASCII keyboards, when the key “0” is activated, “011 0000 (30H)
is provided to the computer. Similarly, 31H (011 0001) is provided for the key
“1,” and so on, as shown in Table 6.

It must be noted that although ASCII is standard in the United States
(and many other countries), BCD numbers are universal. Since the keyboard,
printers, and monitors all use ASCII, how does data get converted from ASCII
to BCD, and vice versa? These are the subjects covered next.

Packed BCD to ASCII conversion

Many systems have what is called a real-time clock (RTC). The RTC
provides the time of day (hour, minute, second) and the date (year, month, day)
continuously, regardless of whether the power is on or off. However, this data is
provided in packed BCD. For this data to be displayed on a device such as an
LCD, or to be printed by the printer, it must be in ASCII format.

To convert packed BCD to ASCII, it must first be converted to
unpacked BCD. Then the unpacked BCD is tagged with 011 0000 (30H).
The following demonstrates converting from packed BCD to ASCII. See also
Example 34.

Packed BCD Unpacked BCD ASCII

29H 02H & O9H 32H & 39H

0010 1001 0000 0010 & 0011 0010 &
0000 1001 0011 1001

ASCII to packed BCD conversion

To convert ASCII to packed BCD, it is first converted to unpacked
BCD (to get rid of the 3), and then combined to make packed BCD. For
example, for 4 and 7 the keyboard gives 34 and 37, respectively. The goal is

Table 6. ASCII Code for Digits 0-9

Key ASCII (hex) Binary BCD (unpacked)
0 30 011 0000 0000 0000
1 31 011 0001 0000 0001
2 32 011 0010 0000 0010
3 33 011 0011 0000 0011
4 34 011 0100 0000 0100
5 35 011 0101 0000 0101
6 36 0110110 0000 0110
7 37 0110111 0000 0111
8 38 011 1000 0000 1000
9 39 011 1001 0000 1001
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Example 34

Assume that register A has packed BCD. Write a program to convert packed BCD
to two ASCII numbers and place them in R2 and R6.

Solution:

MOV
MOV
ANL
ORL
MOV
MOV
ANL
RR
RR
RR
RR
ORL
MOV

Of course, in the above code we can replace all the “RRA” instructions with a
single “SWAP A” instruction.

A, #29H
R2,A
A, #0FH
A, #30H
R6,A
A,R2
A, #0FOH
A

A

A

A

A, #30H
R2,A

;A=29H, packed BCD

;keep a copy of BCD data in R2
;mask the upper nibble (A=09)
;make it an ASCII, A=39H ('9’)
;save it (R6=39H ASCII char)
;A=29H, get the original data
;mask the lower nibble (A=20)
;rotate right

;rotate right

;rotate right

;rotate right, (A=02)

;A=32H, ASCII char ‘'2'

;save ASCII char in R2

to produce 47H or “0100 0111,” which is packed BCD. This process is illus-
trated next.

Key ASCIIT
4 34
7 37

MOV
ANL

SWAP

MOV
MOV
ANL
ORL

~

~

7

I

oy wo

I

Unpacked BCD Packed BCD

00000100
00000111 01000111 or 47H
#'4' ;A=34H, hex for ASCII char 4
#O0FH ;mask upper nibble (A=04)
;A=40H
A
#'7' ;R1=37H, hex for ASCII char 7

#OFH ;mask upper nibble (R1=07)

B

;A=47H, packed BCD

After this conversion, the packed BCD numbers are processed and the
result will be in packed BCD format. As we saw earlier in this chapter, a spe-
cial instruction—“DA A”—requires that data be in packed BCD format.

Using a look-up table for ASCII

In some applications, it is much easier to use a look-up table to get the
ASCII character we need. This is a widely used concept in interfacing a key-
board to the microcontroller. This is shown in Example 35.
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Example 35

Assume that the lower three bits of P1 are connected to three switches. Write a pro-
gram to send the following ASCII characters to P2 based on the status of the switches.

000 ‘0
001 ‘1T
010 2
011 ‘3
100 ‘4
101 ‘5
110 ‘6’
111 T
Solution:
MOV DPTR, #MYTABLE
MOV A,P1 ;get SW status
ANL A,#07H ;mask all but lower 3 bits
MOVC A,@A+DPTR ;get the data from look-up table
MOV P2,A ;display value
SIJMP S ;stay here
ORG 400H
MYTABLE DB ‘o, 1 ,'2",'3","'4" ,'5" , 6", "7’
END

You can easily modify this program for the hex values of 0—F, which are supplied
by 4x4 keyboards.

Checksum byte in ROM

To ensure the integrity of the ROM contents, every system must perform
the checksum calculation. The process of checksum will detect any corrup-
tion of the contents of ROM. One of the causes of ROM corruption is current
surge, which occurs either when the system is turned on or during operation. To
ensure data integrity in ROM, the checksum process uses what is called a check-
sum byte. The checksum byte is an extra byte that is tagged to the end of a series
of bytes of data. To calculate the checksum byte of a series of bytes of data, the
following steps can be taken.

1. Add the bytes together and drop the carries.

2. Take the 2’s complement of the total sum; this is the checksum byte, which
becomes the last byte of the series.

To perform the checksum operation, add all the bytes, including the
checksum byte. The result must be zero. If it is not zero, one or more bytes of
data have been changed (corrupted). To clarify these important concepts, see
Example 36.
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Example 36

Assume that we have 4 bytes of hexadecimal data: 25H, 62H, 3FH, and 52H.

(a) Find the checksum byte,(b) perform the checksum operation to ensure data
integrity, and (c) if the second byte 62H has been changed to 22H, show how check-
sum detects the error.

Solution:
(a) Find the checksum byte.
25H
+ 62H
+ 3FH
+ 52H

118H (Dropping the carry of 1, we have 18H. Its 2’s complement is ESH.
Therefore, the checksum byte is ESH.)

(b)  Perform the checksum operation to ensure data integrity.

25H
62H
3FH
52H
E8H
200H  (Dropping the carries, we get 00, indicating that data is not corrupted.)

+ + + +

(c) If the second byte 62H has been changed to 22H, show how checksum
detects the error.

25H
22H
3FH
52H
E8H
1coH  (Dropping the carry, we get COH, which is not 00, and that means data
is corrupted.)

+ + + +

Checksum program in modules

The checksum generation and testing program is given in modu-
lar form. We have divided the program into several modules (subroutines or
subprograms). Dividing a program into several modules (called functions in
C programming) allows us to use its modules in other applications. It is com-
mon practice to divide a program into several modules, test each module, and
put them into a library. The checksum program shown next has three modules:
It (a) gets the data from code ROM, (b) calculates the checksum byte, and (c)
tests the checksum byte for any data error. Each of these modules can be used
in other applications.
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Checksum program
; CALCULATING AND TESTING CHECKSUM BYTE

DATA ADDR EQU 400H
COUNT EQU 4
RAM ADDR EQU 30H

R main program
ORG 0
ACALL COPY DATA
ACALL CAL_ CHKSUM
ACALL TEST CHKSUM
SJMP S

————————— copying data from code ROM to data RAM

COPY_DATA:
MOV  DPTR, #DATA ADDR ;load data address
MOV RO,#RAM ADDR ;load RAM data address
MOV  R2, #COUNT ;load counter

H1: CLR A ;clear accumulator
MOVC A, @A+DPTR ;bring in data from code ROM
MOV @RO,A ;save 1t in RAM
INC DPTR ;increment DPTR
INC RO ;increment RO
DJNZ R2,H1 ;repeat for all
RET

;- calculating checksum byte
CAL_CHKSUM:
MOV R1,#RAM ADDR ;load data address

MOV  R2, #COUNT ;load count
CLR A ;clear accumulator
H2: ADD A,@R1 ;add bytes and ignore carries
INC R1 ;increment R1
DJNZ R2,H2 ;repeat for all
CPL A ;1’s complement
INC A ;2's complement (checksum byte)
MOV @R1,A ;save it 1in data RAM
RET

j---------- testing checksum byte

TEST CHKSUM:
MOV R1,#RAM ADDR ;load data address
MOV R2, #COUNT+1 ;load counter

CLR A ;clear accumulator

H3: ADD A,@R1 ;add bytes and ignore carries
INC R1 ;increment R1
DJIJNZ R2,H3 ;repeat for all
Jz G 1 ;ls result zero? then good
MOV P1,#’'B’ ;1f not, data is bad
SIJMP OVER

G 1: MOV P1,#'G’ ;data is not corrupted

OVER: RET

R my data in code ROM
ORG 400H

MYBYTE: DB 25H,62H,3FH,52H
END
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Binary (hex) to ASCII conversion

Many ADC (analog-to-digital converter) chips provide output data in
binary (hex). To display the data on an LCD or PC screen, we need to convert
it to ASCII. The following code shows the binary-to-ASCII conversion pro-
gram. Notice that the subroutine gets a byte of 8-bit binary (hex) data from P1
and converts it to decimal digits, and the second subroutine converts the deci-
mal digits to ASCII digits and saves them. We are saving the low digit in the
lower address location and the high digit in the higher address location. This is
referred to as the little-endian convention, that is, low byte to low location and
high byte to high location. All Intel products use the little-endian convention.

Binary-to-ASCIl conversion program
; CONVERTING BIN (HEX) TO ASCII

RAM ADDR EQU 40H

ASCI RSULT EQU 50H

COUNT EQU 3

- main program
ORG O
ACALL BIN DEC_CONVRT
ACALL DEC ASCI CONVRT
SIJMP S

j----- Converting BIN(HEX) TO DEC (00-FF TO 000-255)
BIN DEC CONVRT:

MOV RO, #RAM ADDR ;save DEC digits in these RAM loca-
tions

MOV A, P1l ;read data from P1
MOV B, #10 ;B=0A hex (10 dec)
DIV AB ;divide by 10

MOV @RO,B ;save lower digit
INC RO

MOV B, #10

DIV AB ;divide by 10 once more
MOV @RO,B ;save the next digit
INC RO

MOV @RO,A ;save the last digit
RET

I Converting DEC digits to displayable ASCII digits
DEC_ASCI_CONVRT:

MOV RO, #RAM ADDR ;addr of DEC data
MOV R1,#ASCI RSULT ;addr of ASCII data
MOV R2,#3 ; count

BACK: MOV A,@RO ;get DEC digit
ORL A, #30H ;make it an ASCII digit
MOV @R1,A ;save it
INC RO ;next digit
INC R1 ;next
DJUNZ R2,BACK ;repeat until the last one
RET
END
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REVIEW QUESTIONS

1. For the following decimal numbers, give the packed BCD and unpacked
BCD representations.
(a) 15 (b) 99

2. Show the binary and hex formats for “76” and its BCD version.

3. Does the register A have BCD data after the following instruction is
executed?

MOV A, #54
4. 67H in BCD when converted to ASCII is Hand ___ H.
5. Does the following convert unpacked BCD in register A to ASCII?

MOV A, #09
ADD A, #30H
6. The checksum byte method is used to test data integrity in (RAM,
ROM).

7. Find the checksum byte for the following hex values: 88H, 99H, AAH,
BBH, CCH, DDH.

8. True or false. If we add all the bytes, including the checksum byte, and the
result is FFH, there is no error in the data.

SUMMARY

This chapter discussed arithmetic instructions for both signed and
unsigned data in the 8051. Unsigned data uses all 8 bits of the byte for data,
making a range of 0 to 255 decimal. Signed data uses 7 bits for data and 1 for
the sign bit, making a range of -128 to +127 decimal.

Binary coded decimal (BCD) data represents the digits 0 through 9.
Both packed and unpacked BCD formats were discussed. The 8051 contains
special instructions for arithmetic operations on BCD data.

In coding arithmetic instructions for the 8051, special attention has to
be given to the possibility of a carry or overflow condition.

This chapter also defined the logic instructions AND, OR, XOR, and
complement. In addition, 8051 Assembly language instructions for these func-
tions were described. Compare and jump instructions were described as well.
These functions are often used for bit manipulation purposes.

The rotate and swap instructions of the 8051 are used in many applica-
tions such as serial devices. This chapter also described checksum byte data
checking, BCD and ASCII formats, and conversions.

PROBLEMS

1: ARITHMETIC INSTRUCTIONS

1. Find the CY and AC flags for each of the following.
(a) MOV A,#3FH (b) MOV A,#99H
ADD A, #45H ADD A, #58H
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(c) MOV A, #0FFH (d) MOV A, #0FFH

SETB C ADD A, #1
ADDC A, #00
(e) MOV A, #0FEH (f) CLR C
SETB C MOV A, #0FFH
ADDC A, #01 ADDC A, #01
ADDC A, #0

2. Write a program to add all the digits of your ID number and save the result
in R3. The result must be in BCD.

3. Write a program to add the following numbers and save the result in R2,
R3. The data is stored in on-chip ROM.

ORG 250H
MYDATA : DB 53,94,56,92,74,65,43,23,83

4. Modify Problem 3 to make the result in BCD.

5. Write a program to (a) write the value 55H to RAM locations 40H-4FH,
and (b) add all these RAM locations’ contents together, and save the result
in RAM locations 60H and 61H.

6. State the steps that the SUBB instruction will go through for each of the
following.

(a) 23H-12H  (b) 43H-53H (c) 99-99

7. For Problem 6, write a program to perform each operation.

8. True or false. The “DA A” instruction works on register A and it must be
used after the ADD and ADDC instructions.

9. Write a program to add 897F9AH to 34BC48H and save the result in
RAM memory locations starting at 40H.

10. Write a program to subtract 197F9AH from 34BC48H and save the result
in RAM memory locations starting at 40H.

11. Write a program to add BCD 197795H to 344548H and save the BCD
result in RAM memory locations starting at 40H.

12. Show how to perform 77 x 34 in the 8051.

13. Show how to perform 77 + 3 in the 8051.

14. True or false. The MUL and DIV instructions work on any register of the
8051.

15. Write a program with three subroutines to (a) transfer the following data
from on-chip ROM to RAM locations starting at 30H, (b) add them and
save the result in 70H, and (c) find the average of the data and store it in
R7. Notice that the data is stored in a code space of on-chip ROM.

ORG 250H
MYDATA : DB 3,9,6,9,7,6,4,2,8

2: SIGNED NUMBER CONCEPTS AND ARITHMETIC OPERATIONS

16. Show how the following are represented by the assembler.

(a)-23 (b) +12 (c) -28
(d) +6FH (e) -128 () +127

17. The memory addresses in computers are (signed, unsigned)
numbers.
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18. Write a program for each of the following and indicate the status of the
OV flag for each.
(a) (+15) + (-12) (b) (-123) + (-127)
(c) (+25H) + (+34H) (d) (-127) + (+127)

19. Explain the difference between the CY and OV flags and where each one
is used.

20. Explain when the OV flag is raised.

21. Which register holds the OV flag?

22. How do you detect the OV flag in the 8051? How do you detect the CY
flag?

3: LOGIC AND COMPARE INSTRUCTIONS

23. Assume that these registers contain the following: A = FO, B = 56, and R1
= 90. Perform the following operations. Indicate the result and the register
where it is stored.

Note: The operations are independent of each other.

(a) ANL A, #45H (b) ORL A,B
(c) XRL A,#76H (d) ANL A,R1
() XRL A,R1 (f) ORL A,R1

(g) ANL A, #OFFH (h) ORL A, #99H
(i) XRL A,#0EEH  (j) XRL A, #0AAH
24. Find the contents of register A after each of the following instructions.

(a) MOV A, #65H (b) MOV A, #70H
ANL A, #76H ORL A, #6BH
(c) MOV A, #95H (d) MOV A, #5DH
XRL A, #0AAH MOV R3,#78H
ANL A,R3
() MOV A, #0C5H (f) MOV A, #6AH
MOV R6,#12H MOV R4, #6EH
ORL A,R6 XRL A,R4
(g) MOV A,#37H
ORL A, #26H

25. True or false. In using the CJNE instruction, we must use the accumulator
as the destination.

26. Is the following a valid instruction?
“CJNE R4, #67,HERE”

27. Does the 8051 have a “CJE” (compare and jump if equal) instruction?

28. Indicate the status of CY after CJINE is executed in each of the following
cases.

(a) MOV A, #25H (b) MOV A, #0FFH
CJINE A, #44H,OVER CJINE A, #6FH,NEXT
(c) MOV A, #34 (d) MOV R1,#0
CJINE A, #34,NEXT CJINE R1,#0,NEXT
(e) MOV R5, #54H (f) MOV A, #0AAH
CJINE R5,#0FFH, NEXT ANL A, #55H

CJINE A, #00,NEXT
29. In Problem 28, indicate whether or not the jump happens for each case.

ARITHMETIC, LOGIC INSTRUCTIONS, AND PROGRAMS



4: ROTATE INSTRUCTION AND DATA SERIALIZATION

30. Find the contents of register A after each of the following is executed.

(a) MOV A, #56H (b) MOV A, #39H
SWAP A CLR C
RR A RLA
RR A RLA
(c) CLR C (d) SETB C
MOV A, #4DH MOV A, #7AH
SWAP A SWAP A
RRC A RLC A
RRC A RLC A
RRC A

31. Show the code to replace the SWAP code
(a) using the rotate right instructions.
(b) using the rotate left instructions.

32. Write a program that finds the number of zeros in an 8-bit data item.

33. Write a program that finds the position of the first high in an 8-bit data
item. The data is scanned from DO to D7. Give the result for 68H.

34. Write a program that finds the position of the first high in an 8-bit data
item. The data is scanned from D7 to DO0. Give the result for 6§H.

35. A stepper motor uses the following sequence of binary numbers to move
the motor. How would you generate them?

1100,0110,0011,1001

5: BCD, ASCII, AND OTHER APPLICATION PROGRAMS

36. Write a program to convert a series of packed BCD numbers to ASCII.
Assume that the packed BCD is located in ROM locations starting at
300H. Place the ASCII codes in RAM locations starting at 40H.

ORG 300H
MYDATA : DB 76H,87H,98H,43H

37. Write a program to convert a series of ASCII numbers to packed BCD.
Assume that the ASCII data is located in ROM locations starting at 300H.
Place the BCD data in RAM locations starting at 60H.

ORG 300H
MYDATA : DB “87675649"

38. Write a program to get an 8-bit binary number from P1, convert it to
ASCII, and save the result in RAM locations 40H, 41H, and 42H. What is
the result if P1 has 1000 1101 binary as input?

39. Find the result at points (1), (2), and (3) in the following code.

CJINE A, #50,NOT_EQU

.. ;point (1)
NOT EQU: Jc NEXT

.. ;point (2)
NEXT : C ;point (3)
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40.

4]1.
42.

43.

44,

45.

46.

Assume that the lower four bits of P1 are connected to four switches. Write
a program to send the following ASCII characters to P2 based on the status
of the switches.

0000 ‘0
0001 ‘1
0010 A
0011 ‘3
0100 ‘q
0101 ‘5
0110 ‘6’
0111 “r
1000 ‘g’
1001 ‘9’
1010 ‘A’
1011 ‘B’
1100 ‘C
1101 ‘D’
1110 ‘E’
1111 ‘F

Find the checksum byte for the following ASCII message: “Hello”

True or false. If we add all the bytes, including the checksum byte, and the
result is 00H, then there 1s no error in the data.

Write a program: (a) to get the data “Hello, my fellow World citizens”
from code ROM, (b) to calculate the check sum byte, and (c) to test the
checksum byte for any data error.

Give three reasons you should write your programs in modules.

To display data on LCD or PC monitors, it must be in (BIN, BCD,
ASCII).

Assume that the lower four bits of P1 are connected to four switches. Write
a program to send the following ASCII characters to P2 based on the sta-
tus of the switches. Do not use the look-up table method.

0000 ‘0’
0001 ‘r
0010 2
0011 ‘3
0100 4
0101 ‘5
0110 ‘6’
0111 “r
1000 ‘8’
1001 ‘9’
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ANSWERS TO REVIEW QUESTIONS

[S—

: ARITHMETIC INSTRUCTIONS

A, B

A, B

No. We must use registers A and B for this operation.
A, B

A, B

We must use registers A and B for this operation.

A, the accumulator

We must use register A for this operation.

MOV A,R1

ADD A,R2

10. A, the accumulator

11. () A=00and CY =1 (b)) A=FFand CY =0
12.

A Al

43H 0100 0011 0100 0011
-05H 0000 0101 2’'s complement + 1111 1011

3EH 0011 1110
13. A=95H-4FH -1 =45H

2: SIGNED NUMBER CONCEPTS AND ARITHMETIC OPERATIONS

1. D7
16H is 00010110 in binary and its 2’s complement is 1110 1010 or
—-16H = EA in hex.

3. 128 to +127

4. +9=00001001 and =9 = 11110111 or F7 in hex.

5. An overflow is a carry into the sign bit (D7), but the carry is a carry out of register (D7).
3: LOGIC AND COMPARE INSTRUCTIONS
1. (a)02 (b) FFH (c) FDH

2. Zeros

3. One

4. All zeros

5. False

6. #53

7. 66H

4: ROTATE INSTRUCTION AND DATA SERIALIZATION

52H

2AH

COH

Because all the rotate instructions work with the accumulator only
50H

CY=0

CY=0

CY =1

MOV C,P2.7 ;save status of P2.7 on CY

MOV 31,C ;save carry in RAM bit location 06
. MOV C, 9 ;save status of RAM bit 09 in CY
MOV P1.4,C ;save carry in P1l.4

WX, W=

—_
=]
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5: BCD, ASCII, AND OTHER APPLICATION PROGRAMS

1.

2.

Nk

(a) 15H = 0001 0101 packed BCD, 0000 0001,0000 0101 unpacked BCD

(b) 99H = 1001 1001 packed BCD, 0000 1001,0000 1001 unpacked BCD

3736H = 00110111 00110110B

and in BCD we have 76H = 0111 0110B

No. We need to write it 54H (with the H) or 01010100B to make it in BCD. The value 54
without the “H” is interpreted as 36H by the assembler.

36H, 37H

Yes, since A = 39H

ROM

88H + 99H + AAH + BBH + CCH + DDH = 42FH. Dropping the carries we have 2FH,
and its 2’s complement is D1H.

False
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3051 PROGRAMMING
IN C

OBJECTIVES

Upon completion of this chapter, you will be able to:

>>  Examine the C data type for the 8051.

>>  Code 8051 C programs for time delay and I/O operations.

>>  Code 8051 C programs for I/O bit manipulation.

>>  Code 8051 C programs for logic and arithmetic operations.
>>  Code 8051 C programs for ASCII and BCD data conversion.
>>  Code 8051 C programs for binary (hex) to decimal conversion.
>>  Code 8051 C programs to use the 8051 code space.

>>  Code 8051 C programs for data serialization.

From Chapter 7 of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice
Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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Compilers produce hex files that we download into the ROM of the
microcontroller. The size of the hex file produced by the compiler is one of the
main concerns of microcontroller programmers, for two reasons:

1. Microcontrollers have limited on-chip ROM.
2. The code space for the 8051 is limited to 64K bytes.

How does the choice of programming language affect the compiled pro-
gram size? While Assembly language produces a hex file that is much smaller
than C, programming in Assembly language is tedious and time consuming. C
programming, on the other hand, is less time consuming and much easier to
write, but the hex file size produced is much larger than if we used Assembly
language. The following are some of the major reasons for writing programs in
C instead of Assembly:

1. Ttis easier and less time consuming to write in C than Assembly.

2. Cis easier to modify and update.

3. You can use code available in function libraries.

4. C code is portable to other microcontrollers with little or no modification.

The study of C programming for the 8051 is the main topic of this
chapter. In Section 1, we discuss data types and time delays. I/O programming
is discussed in Section 2. The logic operations AND, OR, XOR, inverter, and
shift are discussed in Section 3. Section 4 describes ASCII and BCD conver-
sions and checksums. In Section 5, we show how 8051 C compilers use the
program (code) ROM space for data. Finally, Section 6 examines data serial-
ization for the 8051.

1: DATA TYPES AND TIME DELAY IN 8051 C

In this section, we first discuss C data types for the 8051 and then
provide code for time delay functions.

C data types for the 8051

Since one of the goals of 8051 C programmers is to create smaller hex
files, it 1s worthwhile to reexamine C data types for the 8051. In other words,
a good understanding of C data types for the 8051 can help programmers to
create smaller hex files. In this section, we focus on the specific C data types
that are most useful and widely used for the 8051 microcontroller.

Unsigned char

Since the 8051 is an 8-bit microcontroller, the character data type is the
most natural choice for many applications. The unsigned char is an 8-bit data type
that takes a value in the range of 0-255 (00-FFH). It is one of the most widely
used data types for the 8051. In many situations, such as setting a counter value,

8051 PROGRAMMING IN C



where there is no need for signed data we should use the unsigned char instead of
the signed char. Remember that C compilers use the signed char as the default if
we do not put the keyword unsigned in front of the char (see Example 1). We can
also use the unsigned char data type for a string of ASCII characters, including
extended ASCII characters. Example 2 shows a string of ASCII characters. See
Example 3 for toggling ports.

In declaring variables, we must pay careful attention to the size of the
data and try to use unsigned char instead of int. Because the 8051 has a limited
number of registers and data RAM locations, using the int in place of the char
data type can lead to a larger size hex file. Such a misuse of the data types in
compilers such as Microsoft Visual C++ for x86 IBM PCs is not a significant
issue.

Example 1

Write an 8051 C program to send values 00-FF to port P1.

Solution:

#include <reg51.h>
void main(void)
{
unsigned char z;
for (z=0;z<=255;z++)
Pl=z;

}

Run the above program on your simulator to see how P1 displays values 00-FFH
in binary.

Example 2

Write an 8051 C program to send hex values for ASCII characters of 0, 1, 2, 3, 4,
5, A, B, C, and D to port P1.

Solution:

#include <reg5l.h>
void main (void)
{
unsigned char mynum[]= "“012345ABCD”;
unsigned char z;
for(z=0;2z<=10;z++)
Pl=mynum/[z] ;
}

Run the above program on your simulator to see how P1 displays values 30H,
31H, 32H, 33H, 34H, 35H, 41H, 42H, 43H, and 44H, the hex values for ASCII 0,
1, 2, and so on.
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Example 3

Write an 8051 C program to toggle all the bits of P1 continuously.

Solution:

// Toggle Pl forever
#include <reg51.h>
void main(void)

{

for(;;) //repeat forever
P1=0x55; //0x indicates the data is in hex (binary)
P1=0xAA;

}

Run the above program on your simulator to see how P1 toggles continuously.
Examine the asm code generated by the C compiler.

Signed char

The signed char is an 8-bit data type that uses the most significant bit

(D7 of D7-D0) to represent the — or + value. As a result, we have only 7 bits
for the magnitude of the signed number, giving us values from —128 to +127.
In situations where + and — are needed to represent a given quantity such as
temperature, the use of the signed char data type is a must.

Again notice that if we do not use the keyword unsigned, the default is

the signed value. For that reason,we should stick with the unsigned char unless
the data needs to be represented as signed numbers. See Example 4.

Example 4

Write an 8051 C program to send values of —4 to +4 to port P1.

Solution:

//sign numbers
#include <reg51.h>
void main (void)
{
char mynum([]= {+1,-1,+2,-2,+43,-3,+4,-4};
unsigned char z;
for(z=0;2z<=8;z++)
Pl=mynum [z];
}

Run the above program on your simulator to see how P1 displays values of 1,
FFH, 2, FEH, 3, FDH, and 4, FCH, the hex values for +1, -1, +2, -2, and
SO on.
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Unsigned int

The unsigned int is a 16-bit data type that takes a value in the range of 0
to 65535 (0000-FFFFH). In the 8051, unsigned int is used to define 16-bit vari-
ables such as memory addresses. It is also used to set counter values of more
than 256. Since the 8051 is an 8-bit microcontroller and the int data type takes
two bytes of RAM, we must not use the int data type unless we have to. Since
registers and memory accesses are in 8-bit chunks, the misuse of int variables
will result in a larger hex file. Such misuse is not a big deal in PCs with 256
megabytes of memory, 32-bit Pentium registers and memory accesses, and a
bus speed of 133 MHz. However, for 8051 programming, do not use unsigned
int in places where unsigned char will do the job. Of course the compiler will
not generate an error for this misuse, but the overhead in hex file size is notice-
able. Also in situations where there is no need for signed data (such as setting
counter values), we should use unsigned int instead of signed int. This gives a
much wider range for data declaration. Again, remember that the C compiler
uses signed int as the default if we do not use the keyword unsigned.

Signed int

Signed int is a 16-bit data type that uses the most significant bit (D15 of
D15-D0) to represent the — or + value. As a result, we have only 15 bits for the
magnitude of the number, or values from —32,768 to +32,767.

Sbit (single bit)

The sbit keyword is a widely used 8051 C data type designed specifically to
access single-bit addressable registers. It allows access to the single bits of the SFR
registers. Some of the SFRs are bit-addressable. Among the SFRs that are widely
used and are also bit-addressable are ports PO-P3. We can use sbit to access the
individual bits of the ports, as shown in Example 5.

Example 5

Write an 8051 C program to toggle bit DO of the port P1 (P1.0) 50,000 times.

Solution:

#include <reg5l.h>
sbit MYBIT = P1°0; //notice that sbit is
//declared outside of main
void main (void)
unsigned int z;
for (z=0; z<=50000; z++)
MYBIT = O;
MYBIT = 1;

Run the above program on your simulator to see how P1.0 toggles continuously.
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Bit and sfr

The bit data type allows access to single bits of bit-addressable memory
spaces 20-2FH. Notice that while the sbit data type is used for bit-addressable
SFRs, the bit data type is used for the bit-addressable section of RAM space
20-2FH. To access the byte-size SFR registers, we use the sfr data type. We will
see the use of sbit, bit, and sfr data types in the next section. See Table 1.

Time delay
There are two ways to create a time delay in 8051 C:

1. Using a simple for loop
2. Using the 8051 timers

In either case, when we write a time delay we must use the oscilloscope
to measure the duration of our time delay. Next, we use the for loop to create
time delays.

In creating a time delay using a for loop, we must be mindful of three
factors that can affect the accuracy of the delay.

1. The 8051 design: The original 8051 microcontroller was designed in 1980.
Since then, both the fields of IC technology and microprocessor architec-
tural design have seen great advancements. For instance, the number of
machine cycles and the number of clock periods per machine cycle vary
among different versions of the 8051/52 microcontroller. While the original
8051/52 design used 12 clock periods per machine cycle, many of the newer
generations of the 8051 use fewer clocks per machine cycle. For example,
the DS5000 uses 4 clock periods per machine cycle, while the DS89C4x0
uses only 1 clock per machine cycle.

2. The crystal frequency connected to the X1-X2 input pins: The duration of
the clock period for the machine cycle is a function of this crystal frequency.

3. Compiler choice: The third factor that affects the time delay is the compiler
used to compile the C program. When we program in Assembly language, we
can control the exact instructions and their sequences used in the DELAY
subroutine. In the case of C programs, it is the C compiler that converts the C

Table 1. Some Widely Used Data Types for 8051 C

Data Type Size in Bits Data Range/Usage

unsigned char 8-bit 0 to 255

char (signed) 8-bit -128 to +127

unsigned int 16-bit 0 to 65535

int (signed) 16-bit -32,768 to +32,767

sbit 1-bit SFR bit-addressable only
bit 1-bit RAM bit-addressable only
sfr 8-bit RAM addresses 80-FFH only
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statements and functions to Assembly language instructions. As a result, differ-
ent compilers produce different code. In other words, if we compile a given 8051
C program with different compilers, each compiler produces different hex code.

For the above reasons, when we write time delays for C, we must use
the oscilloscope to measure the exact duration. Look at Examples 6 through 8.

Example 6

Write an 8051 C program to toggle bits of P1 continuously forever with some delay.

Solution:

// Toggle Pl forever with some delay in between “on” and “off”.
#include <reg5l.h>

void main (void)

{

unsigned int x;

for(;;) //repeat forever
{
P1=0x55;
for (x=0;x<40000;x++); //delay size unknown
P1=0xAA;

for (x=0;x<40000;x++) ;

Example 7

Write an 8051 C program to toggle bits of P1 ports continuously with a 250 ms delay.
Solution:

This program is tested for the DS8§9C4x0 with XTAL = 11.0592 MHz.

#include <reg51.h>

void MSDelay (unsigned int) ;
void main (void)

{

while (1) //repeat forever

{
P1=0x55;
MSDelay (250) ;
P1=0xAA;
MSDelay (250) ;

}
void MSDelay (unsigned int itime)

{
unsigned int i, Jj;
for(i=0;i<itime;i++)
for(j=0;3<1275;j++) ;

}

Run the above program on your Trainer and use the oscilloscope to measure the delay.
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Example 8

Write an 8051 C program to toggle all the bits of PO and P2 continuously with a
250 ms delay.

Solution:

//This program is tested for the DS89C4x0 with XTAL = 11.0592 MHz
#include <reg51.h>
void MSDelay (unsigned int) ;
void main(void)
{
while (1) //another way to do it forever
{
P0=0x55;
P2=0x55;
MSDelay (250) ;
PO0=0xAA;
P2=0xAA;
MSDelay (250) ;
}
}
void MSDelay (unsigned int itime)
{
unsigned int i, j;
for(i=0;i<itime;i++)
for(j=0;3<1275;j++) ;

REVIEW QUESTIONS

1. Give the magnitude of the unsigned char and signed char data types.

2. Give the magnitude of the unsigned int and signed int data types.

3. If we are declaring a variable for a person’s age, we should use the ___ data
type.

4. True or false. Using a for loop to create a time delay is not recommended
if you want your code be portable to other 8051 versions.

5. Give three factors that can affect the delay size.

2: /0 PROGRAMMING IN 8051 C

In this section, we look at C programming of the I/O ports for the 8051.
We look at both byte and bit I/O programming.

Byte size 11O

Ports PO-P3 are byte-accessible. We use the PO-P3 labels as defined in
the 8051/52 C header file. Examples 9-11 provide a better understanding of
how ports are accessed in 8051 C.
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Example 9

LEDs are connected to bits P1 and P2. Write an 8051 C program that shows the
count from 0 to FFH (0000 0000 to 1111 1111 in binary) on the LEDs.

Solution:

#include <reg51.h>
#define LED P2 //notice how we can define P2
void main (void)

{

P1=00; //clear P1
LED=0; //clear P2
for(;;) //repeat forever
{
Pl++; //increment P1
LED++; //increment P2
}
}
Example 10

Write an 8051 C program to get a byte of data from P1, wait 1/2 second, and then
send it to P2.

Solution:
#include <reg5l1.h>

void MSDelay (unsigned int) ;
void main(void)

{

unsigned char mybyte;

P1=0xFF; //make Pl an input port
while (1)
{
mybyte=P1; //get a byte from P1
MSDelay (500) ;
P2=mybyte; //send it to P2

}
}

void MSDelay (unsigned int itime)
{
unsigned int i, j;
for(i=0;i<itime;i++)
for(j=0;3<1275;7j++) ;
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Example 11

Write an 8051 C program to get a byte of data from PO. If it is less than 100, send
it to P1; otherwise, send it to P2.

Solution:

#include <reg51.h>
void main (void)

{
unsigned char mybyte;
P0=0xFF; //make PO an input port
while (1)
{
mybyte=PO0; //get a byte from PO
if (mybyte<100)
Pl=mybyte; //send it to Pl if less than 100
else
P2=mybyte; //send it to P2 if more than 100
}
}

Bit-addressable I/0 programming

The I/O ports of PO-P3 are bit-addressable. We can access a single bit
without disturbing the rest of the port. We use the sbit data type to access a
single bit of PO-P3. One way to do that is to use the Px*y format where x
is the port 0, 1, 2, or 3, and y is the bit 0-7 of that port. For example, P1"7
indicates P1.7. When using this method, you need to include the reg51 . h file.
Study Examples 12-15 to become familiar with the syntax.

Example 12

Write an 8051 C program to toggle only bit P2.4 continuously without disturbing
the rest of the bits of P2.

Solution:

//toggling an individual bit
#include <reg51.h>

sbit mybit = P2%4; //notice the way single bit is declared
void main (void)
{
while (1)
{
mybit=1; //turn on P2.4
mybit=0; //turn off P2.4

}
}
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Example 13

Write an 8051 C program to monitor bit P1.5. If it is high, send 55H to PO; other-
wise, send AAH to P2.

Solution:
#include <reg51.h>

sbit mybit = P17°5; //notice the way single bit is declared
void main(void)

{
mybit=1; //make mybit an input
while (1)

{

if (mybit==1)

P0=0x55;
else
P2=0xAA;
}
}
Example 14

A door sensor is connected to the P1.1 pin, and a buzzer is connected to P1.7.
Write an 8051 C program to monitor the door sensor, and when it opens, sound the
buzzer. You can sound the buzzer by sending a square wave of a few hundred Hz.

Solution:

#include <reg51.h>
void MSDelay (unsigned int) ;
sbit Dsensor = P1"1; //notice the way single bit is defined
sbit Buzzer = P1%7;
void main(void)
{
Dsensor=1; //make P1l.1 an input
while (Dsensor==1)
{
buzzer=0;
MSDelay (200) ;
buzzer=1;
MSDelay (200) ;

}

void MSDelay (unsigned int itime)
{
unsigned int i, j;
for(i=0;i<itime;i++)
for(§=0;3<1275;j++) ;
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Example 15

The data pins of an LCD are connected to P1. The information is latched into the
LCD whenever its Enable pin goes from high to low. Write an 8051 C program to
send “The Earth is but One Country” to this LCD.

Solution:

#include <reg51.h>

#define LCDData P1 //LCDData declaration
sbit En=P270; //the enable pin

void main (void)

{

unsigned char message[ ]= “The Earth is but One Country”;
unsigned char z;
for(z=0;2z<28;z++) //send all the 28 characters

{

LCDData=message [z] ;
En=1; //a high-
En=0; //-to-low pulse to latch the LCD data

}
}

Run the above program on your simulator to see how P1 displays each character
of the message. Meanwhile, monitor bit P2.0 after each character is issued.

Accessing SFR addresses 80-FFH

Another way to access the SFR RAM space 80—FFH is to use the sfr
data type. This is shown in Example 16. We can also access a single bit of any
SFR if we specify the bit address as shown in Example 17. Both the bit and
byte addresses for the PO-P3 ports are given in Table 2. Notice in Examples 16
and 17 that there is no #include <reg51.h> statement. This allows us to access
any byte of the SFR RAM space 80-FFH. This is a method widely used for
the new generation of 8051 microcontrollers.

Table 2. Single-Bit Addresses of Ports

PO Address P1 Address P2 Address P3 Address Port’s Bit

P0.0  80H P1.0 90H P2.0 AOH P3.0 BOH DO
P0.1 8IH P1.1 91H P2.1 AlH P3.1 BIH Dl
P0.2  82H P12  92H P22 A2H P32 B2H D2
P0.3  83H P1.3  93H P23 A3H P3.3  B3H D3
P0.4  84H P1.4  94H P2.4  A4H P3.4 B4H D4
P0.5 85H P1.5 95H P25 ASH P3.5 BSH D5
P0.6  86H P1.6  96H P2.6 A6H P3.6 B6H D6
P0.7 87TH P1.7  97H P27 ATH P3.7 B7H D7
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Example 16

Write an 8051 C program to toggle all the bits of PO, P1, and P2 continuously with
a 250 ms delay. Use the sfr keyword to declare the port addresses.

Solution:

// Accessing Ports as SFRs using the sfr data type

sfr PO 0x80; //declaring PO using sfr data type
sfr P1 = 0x90;

sfr P2 = 0xAOQ;

void MSDelay (unsigned int) ;

void main (void)

{

while (1) //do it forever
{
P0=0x55;
P1=0x55;
P2=0x55;
MSDelay (250) ; //250 ms delay
PO=0xAA;
P1=0xAA;
P2=0xAA;
MSDelay (250) ;

J

void MSDelay (unsigned int itime)
{
unsigned int 1, 3j;
for(i=0;i<itime;i++)
for(§=0;7<1275;j++) ;

Example 17

Write an 8051 C program to turn bit P1.5 on and off 50,000 times.
Solution:

sbit MYBIT = 0x95; //another way to declare bit P1%5
void main (void)
{
unsigned int z;
for(z=0;z<50000;z++)
{
MYBIT=1;
MYBIT=0;

}
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Example 18

Write an 8051 C program to get the status of bit P1.0, save it, and send it to P2.7
continuously.

Solution:

#include <reg51.h>

sbit inbit = P170;

sbit outbit = P2"7; //sbit is used to declare SFR bits

bit membit; //notice we use bit to declare
//bit-addressable memory

void main (void)

{
while (1)
{
membit=inbit; //get a bit from P1.0
outbit=membit; //and send it to P2.7
}
}

Using bit data type for bit-addressable RAM

The sbit data type is used for bit-addressable SFR registers only.
Sometimes we need to store some data in a bit-addressable section of the
data RAM space 20-2FH. To do that, we use the bit data type, as shown in
Example 18.

REVIEW QUESTIONS

The address of P1 is .

Write a short program that toggles all bits of P2.

Write a short program that toggles only bit P1.0.

True or false. The sbit data type is used for both SFR and RAM single-bit
addressable locations.

5. True or false. The bit data type is used only for RAM single-bit address-
able locations.

el S

3: LOGIC OPERATIONS IN 8051 C

One of the most important and powerful features of the C language is
its ability to perform bit manipulation. This section describes the action of bit-
wise logic operators and provides some examples of how they are used.
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Bit-wise operators in C

While every C programmer is familiar with the logical operators AND
(&&), OR (||), and NOT (!), many C programmers are less familiar with the
bit-wise operators AND (&), OR (|), EX-OR (#), Inverter (~), Shift Right
(>>), and Shift Left (<<). These bit-wise operators are widely used in software
engineering for embedded systems and control; consequently, understanding
and mastery of them are critical in microprocessor-based system design and
interfacing. See Table 3.

The following shows some examples using the C logical operators.

1. 0x35 & 0xOF = 0x05 /* ANDing */
2. 0x04 | 0x68 = 0x6C /* ORing: */
3. 0x54 ~ 0x78 = 0x2C /* XORing */
4. ~0x55 = 0xAA /* Inverting 55H */

Examples 19 and 20 show the use of bit-wise operators.

Table 3. Bit-wise Logic Operators for C

AND OR EX-OR Inverter
A B A&B A|B A"B Y=~B
0 0 0 0 0 1
0 1 0 1 1 0
1 0 0 1 1
1 1 1 1 0

Example 19

Run the following program on your simulator and examine the results.

Solution:

#include <reg51l.h>
void main (void)

{
PO= 0x35 & O0xOF; //ANDing
Pl= 0x04 | 0x68; //ORing
P2= 0x54 * 0x78; //XORing
PO= ~0x55; //inversing
Pl= 0x9A >> 3; //shifting right 3 times
P2= 0x77 >> 4; //shifting right 4 times
PO= 0x6 << 4; //shifting left 4 times
}
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Example 20

Write an 8051 C program to toggle all the bits of PO and P2 continuously with a
250 ms delay. Use the inverting operator.

Solution:
The program below is tested for the DS89C4x0 with XTAL = 11.0592 MHz.

#include <reg51.h>
void MSDelay (unsigned int) ;
void main(void)
{
P0=0x55;
P2=0x55;
while (1)
{
P0=~PO;
P2=~P2;
MSDelay (250) ;
}
}

void MSDelay (unsigned int itime)
{
unsigned int i, j;
for(i=0;i<itime;i++)
for(j=0;3<1275;j++) ;

Bit-wise shift operation in C

There are two bit-wise shift operators in C: (1) shift right ( >>) and (2)
shift left (<<).
Their format in C is as follows:

data >> number of bits to be shifted right
data << number of bits to be shifted left

The following shows some examples of shift operators in C.

1. 0x9A >> 3= 0x13 /* shifting right 3 times */
2. 0x77 >>4 = 0x07 /* shifting right 4 times */
3. 0x6 << 4 = 0x60 /* shifting left 4 times */

Examples 21-23 show how the bit-wise operators are used in the 8051 C.
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Example 21

Write an 8051 C program to toggle all the bits of PO, P1, and P2 continuously with
a 250 ms delay. Use the Ex-OR operator.

Solution:

The program below is tested for the DS§9C4x0 with XTAL = 11.0592 MHz.
#include <reg51.h>
void MSDelay (unsigned int) ;
void main (void)
{
P0=0x55;
P1=0x55;
P2=0x55;
while (1)
{
P0=P0" OXFF;
P1=P1" 0xFF;
P2=P2" 0xFF;
MSDelay (250) ;

}

void MSDelay (unsigned int itime)
{
unsigned int i, j;
for(i=0;i<itime;i++)
for(§=0;3<1275;j++) ;

Example 22

Write an 8051 C program to get bit P1.0 and send it to P2.7 after inverting it.

Solution:

#include <reg5l.h>

sbit inbit=P170;

sbit outbit=P2"7; //sbit is used declare port (SFR) bits
bit membit; //notice this is bit-addressable memory
void main (void)

{

while (1)
{
membit=inbit; //get a bit from P1.0
outbit=~membit; //invert it and send it to P2.7

}
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Example 23
Write an 8051 C program to read the P1.0 and P1.1 bits and issue an ASCII character
to PO according to the following table.
P1.1 P1.0
0 0 send ‘0’ to PO
0 1 send ‘1’ to PO
1 0 send ‘2’ to PO
1 1 send 3’ to PO
Solution:
#include <reg5l.h>
void main (void)
{
unsigned char z;
z=P1; //read P1
z=2&0X3 ; //mask the unused bits
switch(z) //make decision
{
case (0) :
{
P0='0"'; //issue ASCII 0
break;
}
case (1)
{
P0="1"; //issue ASCII 1
break;
}
case (2)
{
P0="2"; //issue ASCII 2
break;
}
case (3)
{
P0O='3"; //issue ASCII 3
break;
}
}
}
REVIEW QUESTIONS

l.

AR N

Find the content of P1 after the following C code in each case.
(a) P1=0x37&0xCA; (b) P1=0x37|0xCA; (c) P1=0x37"0xCA;
To mask certain bits, we must AND them with
To set high certain bits, we must OR them with )
Ex-ORing a value with itself results in .
Find the contents of P2 after execution of the following code.
P2=0;
P2=P2|0x99;
P2=~P2;
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4: DATA CONVERSION PROGRAMS IN 8051 C

Many newer microcontrollers have a real-time clock (RTC) that keeps
track of the time and date even when the power is off. Very often the RTC pro-
vides the time and date in packed BCD. However, to display them they must
be converted to ASCII. In this section, we show the application of logic and
rotate instructions in the conversion of BCD and ASCII.

ASCIl numbers

On ASCII keyboards, when the key “0” is activated, “011 0000 (30H)
is provided to the computer. Similarly, 31H (011 0001) is provided for the key
“1,” and so on, as shown in Table 4.

Packed BCD to ASCII conversion

The RTC provides the time of day (hour, minute, second) and the date
(year, month, day) continuously, regardless of whether the power is on or off.
However, this data is provided in packed BCD. To convert packed BCD to
ASCII, it must first be converted to unpacked BCD. Then the unpacked BCD
is tagged with 011 0000 (30H). The following demonstrates converting from
packed BCD to ASCII. See also Example 24.

Packed BCD Unpacked BCD ASCIT
0x29 0x02, 0x09 0x32, 0x39
00101001 00000010,00001001 00110010,00111001

ASCII to packed BCD conversion

To convert ASCII to packed BCD, it is first converted to unpacked BCD
(to get rid of the 3), and then combined to make packed BCD. For example, 4

Table 4. ASCII Code for Digits 0-9

Key ASCII (hex) Binary BCD (unpacked)
0 30 011 0000 0000 0000
1 31 011 0001 0000 0001
2 32 011 0010 0000 0010
3 33 011 0011 0000 0011
4 34 011 0100 0000 0100
5 35 011 0101 0000 0101
6 36 0110110 0000 0110
7 37 0110111 0000 0111
8 38 011 1000 0000 1000
9 39 011 1001 0000 1001
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and 7 on the keyboard give 34H and 37H, respectively. The goal is to produce
47H or “0100 0111”, which is packed BCD.

Key ASCIT Unpacked BCD Packed BCD
4 34 00000100
7 37 00000111 01000111 or 47H

After this conversion, the packed BCD numbers are processed and the
result will be in packed BCD format. See Examples 24 and 25.

Example 24

Write an 8051 C program to convert packed BCD 0x29 to ASCII and display the
bytes on P1 and P2.
Solution:

#include <reg51.h>
void main (void)

{

unsigned char x, vy, z;

unsigned char mybyte 0x29;

X = mybyte & O0xOF; //mask lower 4 bits

Pl = x | 0x30; //make it ASCII

y = mybyte & O0xXFO; //mask upper 4 bits

y =y >> 4; //shift it to lower 4 bits
P2 = y | 0x30; //make it ASCII

Example 25

Write an 8051 C program to convert ASCII digits of ‘4’ and ‘7’ to packed BCD and
display them on P1.

Solution:

#include <reg51.h>
void main(void)

{

unsigned char bcdbyte;
unsigned char w='4"';
unsigned char z='7';

w = w & OxO0F; //mask 3
W = W << 4; //shift left to make upper BCD digit
z = z & OxO0F; //mask 3

bcdbyte = w | z; //combine to make packed BCD
P1 = bcdbyte;
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Checksum byte in ROM

To ensure the integrity of ROM contents, every system must perform
the checksum calculation. The process of checksum will detect any corruption
of the contents of ROM. One of the causes of ROM corruption is current
surge, which occurs either when the system is turned on or during operation.
To ensure data integrity in ROM, the checksum process uses what is called a
checksum byte. The checksum byte is an extra byte that is tagged to the end of
a series of bytes of data. To calculate the checksum byte of a series of bytes of
data, the following steps can be taken.

1. Add the bytes together and drop the carries.

2. Take the 2’s complement of the total sum. This is the checksum byte,
which becomes the last byte of the series.

To perform the checksum operation, add all the bytes, including the check-
sum byte. The result must be zero. If it is not zero, one or more bytes of data have
been changed (corrupted). To clarify these important concepts, see Examples
26-28.

Example 26

Assume that we have 4 bytes of hexadecimal data: 25H, 62H, 3FH, and 52H.

(a) Find the checksum byte, (b) perform the checksum operation to ensure data
integrity, and (c) if the second byte 62H has been changed to 22H, show how check-
sum detects the error.

Solution:
(a) Find the checksum byte.
25H
+ 62H
+ 3FH
+ 52H

118H (Dropping the carry of 1 and taking the 2’s complement, we get ESH.)

(b)  Perform the checksum operation to ensure data integrity.

25H
62H
3FH
52H
E8H
200H (Dropping the carries we get 00, which means data is not corrupted.)

+
+
+
+

(c) If the second byte 62H has been changed to 22H, show how checksum

detects the error.
25H
22H
3FH
52H
E8H
1C0H (Dropping the carry, we get COH, which means data is corrupted.)

+
+
+
+
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Example 27

Write an 8051 C program to calculate the checksum byte for the data given in
Example 26.

Solution:

#include <reg51.h>
void main(void)
{
unsigned char mydatal[] = {0x25,0x62,0x3F,0x52};
unsigned char sum=0;
unsigned char x;
unsigned char chksumbyte;
for (x=0;x<4;xX++)

{

P2=mydata [x] ; //issue each byte to P2
sum=sum+mydata [x] ; //add them together
Pl=sum; //issue the sum to P1
}
chksumbyte=~gum+1 ; //make 2’'s complement
Pl=chksumbyte; //show the checksum byte

}

Single-step the above program on the 8051 simulator and examine the contents of
P1 and P2. Notice that each byte is put on P1 as they are added together.

Example 28

Write an 8051 C program to perform step (b) of Example 26. If data is good, send
ASCII character ‘G’ to P0. Otherwise send ‘B’ to PO.

Solution:

#include <reg51.h>
void main (void)
{
unsigned char mydatal[]={0x25,0x62,0x3F, 0x52,0xE8};
unsigned char chksum=0;
unsigned char x;
for (x=0;x<5;x++)

chksum=chksum+mydata [x]; //add them together
if (chksum==0)

PO="G’;
else

PO='B’;
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Binary (hex) to decimal and ASCII conversion in 8051 C

The printf function is part of the standard I/O library in C and can
do many things, including converting data from binary (hex) to decimal, or
vice versa. But printf takes a lot of memory space and increases your hex file
substantially. For this reason, in systems based on the 8051 microcontroller, it
1s better to write your own conversion function instead of using printf.

One of the most widely used conversions is the binary to decimal con-
version. In devices such as ADC (analog-to-digital conversion) chips, the
data is provided to the microcontroller in binary. In some RTCs, data, such
as time and dates are also provided in binary. In order to display binary data,
we need to convert it to decimal and then to ASCII. Since the hexadecimal
format is a convenient way of representing binary data, we refer to the binary
data as hex. The binary data 00—FFH converted to decimal will give us 000
to 255. One way to do that is to divide it by 10 and keep the remainder. For
example, 11111101 or FDH is 253 in decimal. The following is one version of
an algorithm for conversion of hex (binary) to decimal:

Quotient Remainder
FD/0OA 19 3 (low digit) LSD
19/0A 2 5 (middle digit)
2 (high digit) (MSD)

Example 29 shows the C program for that algorithm.

Example 29

Write an 8051 C program to convert 11111101 (FD hex) to decimal and display the
digits on PO, P1, and P2.

Solution:

#include <reg51.h>
void main (void)

{

unsigned char x, binbyte, dil, d2, d3;

binbyte = O0xFD; //binary (hex) byte

X = binbyte / 10; //divide by 10

dl = binbyte % 10; //find remainder (LSD)

d2 = x % 10; //middle digit

d3 = x / 10; //most significant digit (MSD)
PO = di;

Pl = d2;

P2 = d3;
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REVIEW QUESTIONS

1.

Rl

0 0 N o

10.

For the following decimal numbers, give the packed BCD and unpacked
BCD representations.

(a) 15 (b) 99

Show the binary and hex formats for “76” and its BCD version.

67H in BCD when converted to ASCIlis __ Hand ____ H.

Does the following convert unpacked BCD in register A to ASCII?
mydata = 0x09 + 0x30;

Why is the use of packed BCD preferable to ASCII?

Which one takes more memory space: packed BCD or ASCII?

In Question 6, which 1s more universal?

Find the checksum byte for the following values: 22H, 76H, SFH, 8CH, 99H.
To test data integrity, we add them together, including the checksum byte.
Then drop the carries. The result must be equal to _____if the data is not
corrupted.

An ADC provides an input of 0010 0110. What happens if we output that
to the screen?

5: ACCESSING CODE ROM SPACE IN 8051 C

Using the code (program) space for predefined data is the widely used

option in the 8051. In this chapter, we explore the same concept for 8051 C.

RAM data space versus code data space

1.

In the 8051, we have three spaces to store data. They are as follows:

The 128 bytes of RAM space with address range 00—7FH. (In the 8052, it
1s 256 bytes.) We can read (from) or write (into) this RAM space directly
or indirectly using the RO and R1 registers.

The 64K bytes of code (program) space with addresses of 0000-FFFFH.
This 64K bytes of on-chip ROM space is used for storing programs
(opcodes) and therefore is directly under the control of the program counter
(PC). We can use the “MOVC A, @A+DPTR” Assembly language instruc-
tion to access it for data. There are two problems with using this code space
for data. First, since it is ROM memory, we can burn our predefined data
and tables into it. But we cannot write into it during the execution of the
program. The second problem is that the more of this code space we use
for data, the less is left for our program code. For example, if we have an
8051 chip such as DS89C4x0 with only 16K bytes of on-chip ROM, and we
use 4K bytes of it to store some look-up table, only 12K bytes is left for the
code program. For some applications this can be a problem. For this rea-
son, Intel created another memory space called external memory especially
for data. This is discussed next very briefly.

8051 PROGRAMMING IN C



3. The 64K bytes of external memory, which can be used for both RAM
and ROM. This 64K bytes is called external since we must use the MOVX
Assembly language instruction to access it. At the time the 8051 was
designed, the cost of on-chip ROM was very high; therefore, Intel used all
the on-chip ROM for code but allowed connection to external RAM and
ROM. In other words, we have a total of 128K bytes of memory space
since the off-chip or external memory space of 64K bytes plus the 64K
bytes of on-chip space provides you a total of 128K bytes of memory
space.

Next, we discuss on-chip RAM and ROM space usage by the 8051 C
compiler. We have used the Proview32 C compiler to verify the concepts dis-
cussed next. Use the compiler of your choice to verify these concepts.

RAM data space usage by the 8051 C compiler

In Assembly language programming, the 128 bytes of RAM space is used
mainly by register banks and the stack. Whatever remains is used for scratch
pad RAM. The 8051 C compiler first allocates the first 8 bytes of the RAM to
bank 0 and then some RAM to the stack. Then it starts to allocate the rest to
the variables declared by the C program. While in Assembly the default starting
address for the stack is 08, the C compiler moves the stack’s starting address to
somewhere in the range of 50—7FH. This allows us to allocate contiguous RAM
locations to array elements. See Figure 1.

In cases where the program has individual variables in addition to array
elements, the 8051 C compiler allocates RAM locations in the following order:

1. Bank 0 addresses 0-7
7F 2. Individual variables addresses 08 and
beyond
Scratch pad RAM 3. Array elements addresses right after
variables
30 4. Stack addresses right after
2F , array elements
Bit-addressable RAM
20 You can verify the above order by run-
IF Register bank 3 ning ]‘Egample 30 on your 8051 C simulator and
8 examining the contents of the data RAM space.
= Remember that array elements need contigu-
Register bank 2 ous RAM locations and that limits the size of the
10 array due to the fact that we have only 128 bytes
OF of RAM for everything. In the case of Example 31,
Register bank 1 (stack) | the array elements are limited to around 100. Run
gj Example 31 on your 8051 C simulator and exam-
Register bank 0 ine the RAM space allocat}on. Keep changing the
00 size of the array and monitor the RAM space to

see what happens.

Figure 1. RAM Allocation in the 8051
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Example 30

Compile and single-step the following program on your 8051 simulator. Examine
the contents of the 128-byte RAM space to locate the ASCII values.

Solution:

#include <reg5l.h>
void main (void)
{
unsigned char mynum[]= “ABCDEF”; //This uses RAM space
//to store data
unsigned char z;
for(z=0;z<=6;2z++)
Pl=mynum [z];
}

Run the above program on your 8051 simulator and examine the RAM space to
locate values 41H, 42H, 43H, 44H, and so on, the hex values for ASCII letters
‘A, ‘B, ‘C,” and so on.

Example 31

Write, compile, and single-step the following program on your 8051 simulator.
Examine the contents of the code space to locate the values.

Solution:

#include <reg51.h>
void main(void)
{
unsigned char mydata[100]; //100 byte space in RAM
unsigned char x,z=0;
for (x=0;x<100;x++)

{

Z--; //count down
mydata [x] =z2; //save it in RAM
Pl=z; //give a copy to Pl too

}
}

Run the above program on your 8051 simulator and examine the data RAM
space to locate values FFH, FEH, FDH, and so on in RAM.

The 8052 RAM data space

Intel added some new features to the 8051 microcontroller and called

it the 8052. One of the new features was an extra 128 bytes of RAM space.
That means that the 8052 has 256 bytes of RAM space instead of 128 bytes.
Remember that the 8052 is code-compatible with the 8051. This means that
any program written for the 8051 will run on the 8052, but not the other way

8051 PROGRAMMING IN C




around since some features of the 8052 do not exist in the 8051. The extra
128 bytes of RAM helps the 8051/52 C compiler to manage its registers and
resources much more effectively. Since the vast majority of the new versions
of the 8051, such as DS89C4x0, are really based on 8052 architecture, you
should compile your C programs for the 8052 microcontroller. We do that
by (1) using the reg52 . h header file and (2) choosing the 8052 option when
compiling the program.

Accessing code data space in 8051 C

In all our 8051 C examples so far, byte-size variables were stored in the
128 bytes of RAM. To make the C compiler use the code space instead of the
RAM space, we need to put the keyword code in front of the variable declara-
tion. The following are some examples:

code unsigned char mynum[]= “012345ABCD”; //use code space
code unsigned char weekdays=7, month=0x12; //use code space

Example 32 shows how to use code space for data in 8051 C.

Compiler variations

Look at Example 33. It shows three different versions of a program
that sends the string “HELLO” to the P1 port. Compile each program with the
8051 C compiler of your choice and compare the hex file size. Then compile
each program on a different 8051 C compiler, and examine the hex file size to
see the effectiveness of your C compiler. See www.MicroDigitalEd.com for
8051 C compilers.

Example 32

Compile and single-step the following program on your 8051 simulator. Examine
the contents of the code space to locate the ASCII values.

Solution:

#include <reg5l.h>
void main (void)
{
code unsigned char mynum[]= “ABCDEF”; //uses code space
//for data
unsigned char z;
for(z=0;2z<=6;z++)
Pl=mynum/[z] ;
}

Run the above program on your 8051 simulator and examine the code space to
locate values 41H, 42H, 43H, 44H, and so on, the hex values for ASCII characters
of ‘A, ‘B,” ‘C,” and so on.
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Example 33

Compare and contrast the following programs and discuss the advantages and
disadvantages of each one.

(a)
#include <reg51.h>
void main (void)

{

Pl='H';
Pl='E’;
Pl='L";
Pl='L";
P1="0';

(b)
#include <reg51.h>
void main (void)

{

unsigned char mydata[]="HELLO”;
unsigned char z;
for(z=0;z<=5;z++)

Pl=mydata[z] ;

(©
#include <reg51.h>
void main (void)

{

//Notice Keyword code
code unsigned char mydatal[]="HELLO”;
unsigned char z;
for(z=0;2z<=5;z++)
Pl=mydata[z] ;

}

Solution:

All the programs send out “HELLO” to P1, one character at a time, but they do
it in different ways. The first one is short and simple, but the individual characters
are embedded into the program. If we change the characters, the whole program
changes. It also mixes the code and data together. The second one uses the RAM
data space to store array elements, and therefore the size of the array is limited.
The third one uses a separate area of the code space for data. This allows the size
of the array to be as long as you want if you have the on-chip ROM. However, the
more code space you use for data, the less space is left for your program code. Both
programs (b) and (c) are easily upgradable if we want to change the string itself or
make it longer. That is not the case for program (a).
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REVIEW QUESTIONS

L.

The 8051 has bytes of data RAM, while the 8052 has bytes.

2. The 8051 has K bytes of code space and K bytes of external data

space.

True or false. The code space can be used for data but the external data
space cannot be used for code.

Which space would you use to declare the following values for 8051 C?
(a) the number of days in the week

(b) the number of months in a year

(c) a counter for a delay

In 8051 C, we should not use more than 100 bytes of the RAM data space
for variables. Why?

: DATA SERIALIZATION USING 8051 C

Serializing data is a way of sending a byte of data one bit at a time

through a single pin of microcontroller. There are two ways to transfer a byte
of data serially:

l.

Using the serial port. When using the serial port, the programmer has very
limited control over the sequence of data transfer.

The second method of serializing data is to transfer data one bit a
time and control the sequence of data and spaces in between them. In
many new generation devices such as LCD, ADC, and ROM, the serial
versions are becoming popular since they take less space on a printed
circuit board.

Examine Examples 34-37 to see how data serialization is done in 8051 C.
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Example 34

Write a C program to send out the value 44H serially one bit at a time via P1.0.
The LSB should go out first.

Solution:

//SERIALIZING DATA VIA P1.0 (SHIFTING RIGHT)
#include <reg51.h>
sbit P1b0 = P170;
sbit regALSB = ACC"0;
void main(void)
{
unsigned char conbyte = 0x44;
unsigned char x;
ACC = conbyte;
for (x=0; x<8; X++)
{
P1b0 = regALSB;
ACC = ACC >> 1;

Pin

Reg A —»| P1.0

D7 DO

Example 35

Write a C program to send out the value 44H serially one bit at a time via P1.0.
The MSB should go out first.

Solution:

//SERIALIZING DATA VIA P1.0 (SHIFTING LEFT)
#include <reg51.h>
sbit P1b0 = P1%0;
sbit regAMSB = ACC"7;
void main(void)
{

unsigned char conbyte = 0x44;

unsigned char x;

ACC = conbyte;

for (x=0; =x<8; xX++)

{
P1b0 = regAMSB;
ACC = ACC << 1;
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Example 36

Write a C program to bring in a byte of data serially one bit at a time via P1.0. The
LSB should come in first.

Solution:

//BRINGING IN DATA VIA P1.0 (SHIFTING RIGHT)
#include <reg51.h>
sbit P1b0 = P170;
sbit ACCMSB = ACC*7;
void main (void)
{
unsigned char conbyte = 0x44;
unsigned char x;
for (x=0; xX<8; X++)
{
ACCMSB = P1Dbo0;
ACC = ACC >> 1;

}

P2=ACC;

Pin

P1.0 pb—» Reg A

D7 DO

Example 37

Write a C program to bring in a byte of data serially one bit at a time via P1.0. The
MSB should come in first.

Solution:

//BRINGING DATA IN VIA P1.0 (SHIFTING LEFT)
#include <reg51.h>
sbit P1b0 = P170;
sbit regALSB = ACC*0;
void main (void)
{
unsigned char x;
for (x=0; x<8; xX++)

{
regALSB = P1b0;
ACC = ACC << 1;

}

P2=ACC;

}
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SUMMARY

This chapter dealt with 8051 C programming, especially I/O program-
ming and time delays in 8051 C. We also showed the logic operators AND,
OR, XOR, and complement. In addition, some applications for these opera-
tors were discussed. This chapter also described BCD and ASCII formats and
conversions in 8051 C. We also compared and contrasted the use of code space
and RAM data space in 8051 C. The widely used technique of data serializa-
tion was also discussed.

RECOMMENDED WEB LINKS

See the following websites for 8051 C compilers:

* www.MicroDigitalEd.com
* www.8052.com

PROBLEMS

1: DATA TYPES AND TIME DELAY IN 8051 C

1. Indicate what data type you would use for each of the following variables:
(a) the temperature
(b) the number of days in a week
(c) the number of days in a year
(d) the number of months in a year
(e) the counter to keep the number of people getting on a bus
(f) the counter to keep the number of people going to a class
(g) an address of 64K bytes RAM space
(h) the voltage
(1) a string for a message to welcome people to a building

2. Give the hex value that is sent to the port for each of the following C
statements:
(a) P1=14; (b)P1=0x18; (c)P1l='A’'; (d)P1=7;
(e) P1=32; (f) P1=0x45; (g)P1=255; (h) P1=0x0F;

3. Give three factors that can affect time delay code size in the 8051 micro-
controller.

4. Of the three factors in Problem 3, which one can be set by the system
designer?

5. Can the programmer set the number of clock cycles used to execute an
instruction? Explain your answer.

6. Explain why various 8051 C compilers produce different hex file sizes.
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7. What is the difference between the sbit and bit data types?

8. Write an 8051 C program to toggle all bits of P1 every 200 ms.

9. Use your 8051 C compiler to see the shortest time delay that you can
produce.

10. Write a time delay function for 100 ms.

11. Write an 8051 C program to toggle only bit P1.3 every 200 ms.

12. Write an 8051 C program to count up P1 from 0 to 99 continuously.

3: LOGIC OPERATIONS IN 8051 C

13. Indicate the data on the ports for each of the following.
Note: The operations are independent of each other.

(a) P1=0xF0&0x45; (b) P1=0xF0&0x56;
(c) P1=0xF0"0x76; (d) P2=0xF0&0x90;
(e) P2=0xF0"0x90; (f) P2=0xFO0|0x90;
(g) P2=0xFO&0XFF; (h) P2=0xF0|0x99;
(i) P2=0xF0"0xEE; (j) P2=0xF0"0xAA;
14. Find the contents of the port after each of the following operations.
(a) P1=0x65&0%76; (b) P1=0x70|0x6B;
(c) P2=0x95"0xAA; (d) P2=0x5D&0x78;
(e) P2=0xC5|0x12; (f) PO=0x6A"0x6E;

(g) P1=0x37]|0x26;
15. Find the port value after each of the following is executed.
(a) P1=0x65>>2; (b) P2=0x39<<2;
(c) P1=0xD4>>3; (d) P1=0xA7<<2;
16. Show the C code to swap 0x95 to make it 0x59.
17. Write a C program that finds the number of zeros in an 8-bit data item.
18. A stepper motor uses the following sequence of binary numbers to move
the motor. How would you generate them in 8051 C?
1100,0110,0011,1001

4: DATA CONVERSION PROGRAMS IN 8051 C

19. Write a program to convert the following series of packed BCD numbers
to ASCII. Assume that the packed BCD is located in data RAM.
76H,87H,98H,43H
20. Write a program to convert the following series of ASCII numbers to
packed BCD. Assume that the ASCII data is located in data RAM.
“8767"
21. Write a program to get an 8-bit binary number from P1, convert it to
ASCII, and save the result if the input is packed BCD of 00—0x99. Assume
P1 has 1000 1001 binary as input.
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5: ACCESSING CODE ROM SPACE IN 8051 C
22. Indicate what memory (embedded, data RAM, or code ROM space) you

would use for the following variables:

(a) the temperature

(b) the number of days in week

(c) the number of days in a year

(d) the number of months in a year

(e) the counter to keep the number of people getting on a bus
(f) the counter to keep the number of people going to a class
(g) an address of 64K bytes RAM space

(h) the voltage

(1) a string for a message to welcome people to building

23. Discuss why the total size of your 8051 C variables should not exceed 100

bytes.

24. Why do we use the ROM code space for video game characters and

shapes?

25. What is the drawback of using RAM data space for 8051 C variables?
26. What is the drawback of using ROM code space for 8051 C data?
27. Write an 8051 C program to send your first and last names to P2. Use

ROM code space.

ANSWERS TO REVIEW QUESTIONS

[S—

S e \O]

NS

: DATA TYPES AND TIME DELAY IN 8051 C

0 to 255 for unsigned char and —128 to +127 for signed char

0 to 65,535 for unsigned int and —32,768 to +32,767 for signed int

Unsigned char

True

(a) Crystal frequency of 8051 system, (b) 8051 machine cycle timing, and (c) compiler use
for 8051 C

: /O PROGRAMMING IN 8051 C

90H
#include <reg5l.h>
void main()
{
P2
P2
!
#include <reg5l.h>
sbit P10bit = P170;
void main()
{
P10bit
P10bit

0x55;
O0xAA

0;
1;

False, only to SFR bit
True
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: LOGIC OPERATIONS IN 8051 C

(a) 02 (b) FFH (c) FDH
Zeros

One

All zeros

66H

NS

4: DATA CONVERSION PROGRAMS IN 8051 C

1. (a) 15H = 0001 0101 packed BCD, 0000 0001,0000 0101 unpacked BCD
(b) 99H = 1001 1001 packed BCD, 0000 1001,0000 1001 unpacked BCD

2. 3736H =0011011100110110B
and in BCD we have 76H = 0111 0110B

3. 36H, 37H

4. Yes, since A = 39H

5. Space savings

6. ASCII

7. ASCII

8. 2ICH

9. 00

10. First convert from binary to decimal, then to ASCII, then send to screen.

: ACCESSING CODE ROM SPACE IN 8051 C

128, 256

64K, 64K

True

(a) data space, (b) data space, (c) RAM space

The compiler starts storing variables in code space.

(9]
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3051 HARDWARE
CONNECTION AND
INTEL HEX FILE

OBJECTIVES

Upon completion of this chapter, you will be able to:

>>  Explain the purpose of each pin of the 8051 microcontroller.

>>  Show the hardware connection of the 8051 chip.

>>  Explain how to design an 8051-based system.

>>  Show the design of the DS89C4x0 Trainer.

>>  Code the test program in Assembly and C for testing the DS89C4x0.

>>  Show how to delete programs from DS89C4x0 flash ROM using PC
HyperTerminal.

>>  Show how to download programs into a DS89C4x0 system using
PC HyperTerminal.

>>  Explain the Intel hex file.

From Chapter 8 of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice
Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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This chapter describes the process of physically connecting and testing
8051-based systems. In the first section, we describe the function of the pins
of 8051 chip. The second section shows the hardware connection for an 8051
Trainer using the DS89C4x0 (DS89C430/40/50) chip. It also shows how to
download programs into a DS89C4x0-based system using PC HyperTerminal.
In Section 3, we explain the characteristics of the Intel hex file.

1: PIN DESCRIPTION OF THE 8051

Although 8051 family members (e.g., 8751, 89C51, 89C52, DS89C4x0)
come in different packages, such as DIP (dual in-line package), QFP (quad flat
package), and LLC (leadless chip carrier), they all have 40 pins that are dedi-
cated to various functions such as I/O, RD, WR, address, data, and interrupts.
It must be noted that some companies provide a 20-pin version of the 8051
with a reduced number of 1/O ports for less demanding applications. However,
since the vast majority of developers use the 40-pin chip, we will concentrate
on that. Figure 1 shows the pins for the 8051/52. For the 8052 chip, some of
the pins have extra functions and they will be discussed as we study them.

PDIP/Cerdip
U/
P10 []1 40 [ V..
P11 []2 39 [ P0.0 (ADO)
P12 []3 38 |1 Po.1 (ADD)
P1.3 E 4 8051/52 37 g P0.2 (AD2)
P14 5 36 P0.3 (AD3)
P15 []6 (DS89C4x0 35 |1 Po.4 (AD4)
P16 []7 AT89Cs1 ] P0.5 (AD5)
P1.7 8 8031) 33 ] P0.6 (AD6)
RST []9 32 |1 Po.7 (ADY)
(RXD) P3.0 [] 10 31 [ EANV,,
(TXD)P3.1 [] 11 30 [] ALE/PROG
(ANTO)P3.2 [] 12 29 [] PSEN
(NT1) P3.3 [] 13 28 [ P27 (A15)
(TO)P3.4 [] 14 27 [ P26 (Al4)
(TH P35 []15 26 [ P25 (A13)
(WR) P3.6 [] 16 25 [] P24 (A12)
(RD)P3.7 [ 17 24 [] P23 (AlD)
XTAL2 []18 23 [ P22 (A10)
XTAL1 []19 22 [ P2.1 (A9)
GND [] 20 21 [] P2.0(A8)

Figure 1. 8051 Pin Diagram
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Examining Figure 1, note that of the 40 pins, a total of 32 pins are
set aside for the four ports PO, P1, P2, and P3, where each port takes 8 pins.
The rest of the pins are designated as V_, GND, XTALI, XTAL2, RST, EA,

PSEN, and ALE. Of these pins, six (V__, GND,

cc’

XTALI1, XTAL2, RST, and EA) are used by

e
—i 1o

C2
) XTAL? all members of the 8051 and 8031 families. In
30 pF other words, they must be connected in order

for the system to work, regardless of whether
the microcontroller is of the 8051 or 8031 fam-
ily. The other two pins, PSEN and ALE, are

XTALI used mainly in 8031-based systems. We first
describe the function of each pin. Ports are
discussed separately.

I

GND
\"

CcC

Pin 40 provides supply voltage to the

Figure 2(a). XTAL Connection to 8051 chip. The voltage source is +5V.

GND
NC XTAL2
Pin 20 is the ground.
XTAL1 and XTAL2
External
oscillator ———— XTALI The 8051 has an on-chip oscillator but
signal requires an external clock to run it. Most often
a quartz crystal oscillator is connected to inputs
GND XTALT1 (pin 19) and XTAL2 (pin 18). The
| quartz crystal oscillator connected to XTALI
= and XTAL?2 also needs two capacitors of 30 pF
value. One side of each capacitor is connected
Figure 2(b). XTAL Connection to an to the ground, as shown in Figure 2(a).
External Clock Source It must be noted that there are various

speeds of the 8051 family. Speed refers to the
maximum oscillator frequency connected to XTAL. For example, a 12-MHz
chip must be connected to a crystal with 12-MHz frequency or less. Likewise,
a 20-MHz microcontroller requires a crystal frequency of no more than 20
MHz. When the 8051 is connected to a crystal oscillator and is powered up, we
can observe the frequency on the XTAL?2 pin using the oscilloscope.
If you decide to use a frequency source other than a crystal oscillator,
such as a TTL oscillator, it will be connected to XTAL1; XTAL?2 is left uncon-
nected, as shown in Figure 2(b).

RST

Pin 9 is the RESET pin. It is an input and is active high (normally
low). Upon applying a high pulse to this pin, the microcontroller will reset

8051 HARDWARE CONNECTION AND INTEL HEX FILE
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and terminate all activities. This is
often referred to as a power-on reset.
Activating a power-on reset will cause
all values in the registers to be lost. It

<

)p——19o0

will set program counter (PC) to all Os. +

Figures 3(a) and (b) show two 10 uF 3
ways of connecting the RST pin to I j_ | EA/V,,
the power-on reset circuitry. Figure 0P = Xl
3(b) uses a momentary switch for 82K T ' -
reset circuitry. % rI>F v 13

In order for the RESET input S| RST
to be effective, it must have a mini-

mum duration of 2 machine cycles.
In other words, the high pulse must
be high for a minimum of 2 machine
cycles before it is allowed to go low.
Here 1s what the Intel manual says

about the Reset circuitry:

When power is turned on, the Figure 3(a). Power-On RESET Circuit
circuit holds the RST pin high

for an amount of time that
depends on the capacitor value

for the 8051 you are using.

VCC
and the rate at which it charges. T 31 | —
. EA/V,

To ensure a valid reset the RST l o PP

pin must be held high long 0

enough to allow the oscillator to 1 o 1OHE 30 plF | Xl

start up plus two machine cycles. Q T ] s

Although, an 8.2K-ohm resis- . ¥ |F_L X2

tor and a 10-uF capacitor will take P 9| et
care of the vast majority of the cases,
you still need to check the data sheet .

EA
Figure 3(b). Power-On RESET with Momentary

The 8051 family members, Switch
such as the 8751/52, 89C51/52, or L
DS89C4x0, all come with on-chip ROM to store programs. In such cases, the EA
pin is connected to V.. For family members such as the 8031 and 8032 in which
there is no on-chip ROM, code is stored on an external ROM and is fetched by
the 8031/32. Therefore, for the 8031 the EA pin must be connected to GND to
indicate that the code is stored externally. EA, which stands for “external access,”
is pin number 31 in the DIP packages. It is an input pin and must be connected
to either V. or GND. In other words, it cannot be left unconnected.

In 8051 chips with on-chip ROM, such as the 8751/52, 89C51/52, or
DS89C4x0, EA is connected to V, as we will see in the next section.
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The pins discussed so far must be connected no matter which family
member is used. The next two pins are used mainly in 8031-based systems. The
following is a brief description of each.

PSEN

This is an output pin. PSEN stands for “program store enable.” In an
8031-based system in which an external ROM holds the program code, this pin
1s connected to the OE pin of the ROM.

ALE

ALE (address latch enable) is an output pin and is active high. When
connecting an 8031 to external memory, port 0 provides both address and data.
In other words, the 8031 multiplexes address and data through port 0 to save
pins. The ALE pin is used for demultiplexing the address and data by connecting
to the G pin of the 741.S373 chip.

Ports 0,1, 2, and 3

As shown in Figure 1, the four ports PO, P1, P2, and P3 each use 8 pins,
making them 8-bit ports. All the ports upon RESET are configured as input,
since PO-P3 have value FFH on them. The following is a summary of features
of PO-P3.

PO

As shown in Figure 1, port 0 is also designated as ADO-AD?7, allowing it
to be used for both address and data. When connecting an 8051/31 to an external
memory, port 0 provides both address and data. The 8051 multiplexes address
and data through port 0 to save pins. ALE indicates if PO has address or data.
When ALE = 0, it provides data DO-D7, but when ALE =1 it has address A0—
A7. Therefore, ALE is used for demultiplexing address and data with the help of

a 741.S373 latch. In the 8051-based

v systems where there is no external

- 10K memory connection, the pins of PO
§ § § § § § § must be connected externally to a
10K-ohm pull-up resistor. This is

. due to the fact that PO is an open
805152 FO-1 drain, unlike P1, P2, and P3. Open
P0.2 drain is a term used for MOS chips

in the same way that open collector

gv)
S
(98]
0 Mod

Figure 4. Port 0 with Pull-Up Resistors
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is used for TTL chips. In many systems using the 8751, 89C51, or DS89C4x0
chips, we normally connect PO to pull-up resistors. See Figure 4. With external
pull-up resistors connected to PO, it can be used as a simple /O port, just like
P1 and P2. In contrast to port 0, ports P1, P2, and P3 do not need any pull-up
resistors since they already have pull-up resistors internally. Upon reset, ports
P1, P2, and P3 are configured as input ports.

P1 and P2

In 8051-based systems with no external memory connection, both P1
and P2 are used as simple I/O. However, in 8031/51-based systems with exter-
nal memory connections, port 2 must be used along with PO to provide the
16-bit address for the external memory. As shown in Figure 1, port 2 is also
designated as A8—A1S5, indicating its dual function. Since an 8031/51 is capa-
ble of accessing 64K bytes of external memory, it needs a path for the 16 bits
of the address. While PO provides the lower 8 bits via AO—A7, it is the job of
P2 to provide bits A§8—A15 of the address. In other words, when the 8031/51
is connected to external memory, P2 is used for the upper 8 bits of the 16-bit
address, and it cannot be used for 1/0.

From the discussion so far, we conclude that in systems based on 8051
microcontrollers, we have three ports, PO, P1, and P2, for I/O operations. This
should be enough for most microcontroller applications. That leaves port 3 for
interrupts as well as other signals, as we will see next.

Port 3

Port 3 occupies a total of 8 pins, pins 10 through 17. It can be used as
input or output. P3 does not need any pull-up resistors, the same as P1 and
P2 did not. Although port 3 is configured as an input port upon reset, this is
not the way it is most commonly used. Port 3 has the additional function of
providing some extremely important signals such as interrupts. Table 1 pro-
vides these alternate functions of P3. This information applies to both 8051
and 8031 chips.

P3.0 and P3.1 are used for the RxD and TxD serial communication
signals. Bits P3.2 and P3.3 are set aside for

external interrupts. Bits P3.4 and P3.5 are Table 1. Port 3 Alternate Functions

used for Timers 0 and 1. Finally, P3.6 and P3 Bit Function Pin

P3.7 are used to provide the WR and RD

signals of external memory connections. In P3.0 RxD 10
systems based on the 8051, pins 3.6 and 3.7 P3.1 @ 11
are used for I/O while the rest of the pins P3.2 INTO 12
in port 3 are normally used in the alternate p3 3 INT1 13
function role. P34 TO 14
P3.5 Tl 15
P3.6 WR 16
P3.7 RD 17
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Table 2. RESET Value of Some
8051 Registers

Register Reset Value (hex)

PC 0000
DPTR 0000
ACC 00
PSW 00
Sp 07

B 00
PO-P3 FF

Program counter value upon reset

Activating a power-on reset will cause all val-
ues in the registers to be lost. Table 2 provides a par-
tial list of 8051 registers and their values after power-
on reset. From Table 2, we note that the value of the
program counter is 0 upon reset, forcing the CPU to
fetch the first opcode from ROM memory location
0000. This means that we must place the first byte of
opcode in ROM location 0 because that is where the
CPU expects to find the first instruction.

Machine cycle and crystal frequency

In the 8051, one or more machine cycles are used to execute an instruc-
tion. The period of machine cycle (MC) varies among the different versions
of 8051 from 12 clocks in the AT89C51 to 1 clock in the DS89C4x0 chip. See
Table 3 and Example 1. The frequency of the crystal oscillator connected to
the X—X2 pins dictates the speed of the clock used in the machine cycle. From
Table 3, we can conclude that using the same crystal frequency of 12 MHz for
both the AT89C51 and DS89C4x0 chips gives performance almost 12 times
better from the DS89C4x0 chip. The reason we say “almost” is that the num-
ber of machine cycles it takes to execute an instruction is not the same for the
AT89CS51 and DS89C4x0 chips. See Example 1.

Table 3. Clocks per Machine Cycle for Various 8051 Versions

Chip (Maker) Clocks per Machine Cycle
AT89C51/52 (Atmel) 12

P89C54X2 (Phillips) 6

DS5000 (Maxim/Dallas Semiconductor) 4

DS89C4x0 (Maxim/Dallas Semiconductor) 1

Example 1

Solution:
1/11.0592 MHz = 90.42 ns

Find the machine cycle for the following chips if XTAL = 11.0592 MHz:
(a) AT89CS51 (b) DS89C4x0 (c) DS5000.

(@) MC =12 x90.42 ns = 1.085 us
(b) MC =1 x90.42 ns = 90.42 ns
(c) MC =4 x90.42 ns = 361.68 ns

8051 HARDWARE CONNECTION AND INTEL HEX FILE
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REVIEW QUESTIONS

1. A given AT89CS5I1 chip has a speed of 16 MHz. What is the range of
frequency that can be applied to the XTAL1 and XTAL?2 pins?

2. Which pin is used to inform the 8051 that the on-chip ROM contains the

program?

Upon power-up, the program counter has a value of )

4. Upon power-up, the 8051 fetches the first opcode from ROM address
location .

5. Which 8051 port needs pull-up resistors to function as an I/O port?

(98]

2: DESIGN AND TEST OF DS89C4x0 TRAINER

In this section, we show connections for 8051-based systems using chips
such as the AT89C51 and DS89C4x0.

AT89C51/52-based trainer connection

In systems based on an AT89C51/52-type microcontroller, you need
a ROM burner to burn your program into the microcontroller. For the
ATS89C51, the ROM burner can erase the flash ROM in addition to burn-
ing a program into it. In the case of the 8751, you also need an EPROM
erasure tool since it uses UV-EPROM. To burn the 8751, you need to erase
its contents first, which takes approximately 20 minutes for UV-EPROM. For
the AT89C51, this is not required since it has flash ROM.

Figure 5 shows the minimum connection for the 8751 or 89C51-based
system. Notice that “EA=V_” indicates that an 8751 or 89C51 has on-chip
ROM for the program. Also notice the PO connection to pull-up resistors to
ensure the availability of PO for I/O operations. If you need to use a momen-
tary switch for RESET, refer to Figure 3(b).

DS89C4x0 family

The DS89C4x0 chip from Maxim/Dallas Semiconductor is an 8051 type
microcontroller with on-chip flash ROM. It also has a built-in loader allowing it
to download programs into the chip via the serial port, therefore eliminating any
need for an external ROM burner. This

important feature makes the DS89C4x0 Taple 4. On-Chip Flash ROM Size for the
chip an ideal candidate for 8051-based DPS89C4x0 Family from Maxim/Dallas

home development systems. Semiconductor.

DS89C4x0 flash ROM size Chip On-Chip ROM Size (Flash)
While all DS89C4x0 chips share DS89C430 16K bytes

the same features, they come with different DS89C440 32K bytes

ts of on-chip ROM. Table 4
amounts of on-chip T Ds8ocaso 64K bytes

Source: www.maxim-ic.com
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VCC
j Ve 10K
+
8751/89C51 § § § § § § §
10 uF 31
—e EA/V. P0.0
I
W0pF L —ixi " PO.1 -
K []11.0592 MHz gg% S
4 X2 P04 =
30 pF 18 PO.5
RST P0O.6
9 PO.7
P3.0/RXD
P3.1/TXD P2.0
P3.2/INTO P2.1
P3.3/INT1 P2.2
P3.4/T0 P2.3
P3.5/T1 P24
P2.5
P1.0 P2.6
P1.1 P2.7
P1.2 N
P1.3 PSEN
P14 ALE/PROG
P1.5 —_
P1.6 P3.6 WR
P1.7 P3.7/RD

Figure 5. Minimum Connection for 89C51/52-Based Systems

shows the on-chip ROM size for various DS89C4x0 chips. Refer to the website
www.maxim-ic.com for further information. Notice that while the AT89C51
comes with 4K bytes of on-chip ROM and the AT89C52 comes with 8K bytes,
the DS89C4x0 has 16K bytes of on-chip ROM. Also notice that the DS§9C430
is a replacement for the DS89C420 with the bugs fixed. See Example 2.

Example 2

Find the address space for the on-chip ROM of the following chips:
(a) AT89CS51, (b) AT89CS52, and (c) DS89C430.

Solution:

(a) AT89CS51 has 4K bytes of on-chip ROM. That gives us 4 x 1024 = 4,096
bytes. Converting the 4096 to hex, we get 1000H. Therefore, the address space is
0000-0FFFH.

(b) AT89C52 has 8K bytes of on-chip ROM. That gives us 8 x 1024 = 8,192
bytes. Converting the 8,192 to hex, we get 2000H. Therefore, the address space is
0000-1FFFH.

(c) DS89C430 has 16K bytes of on-chip ROM. That gives us 16 x 1024 = 16,384
bytes. Converting the 16,384 to hex, we get 4000H. Therefore, the address space
is 0000-3FFFH.

8051 HARDWARE CONNECTION AND INTEL HEX FILE
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Key features of the DS89C4x0
The following are some of the key features of the DS89C4x0 chip taken
from the Maxim/Dallas Semiconductor website (http://www.maxim-ic.com).

1. 80C52 compatible
(a) 8051 pin- and instruction-set compatible
(b) Four bidirectional 1/O ports
(c) Three 16-bit timer counters
(d) 256 bytes scratchpad RAM

2. On-chip flash memory
(a) 16KB for DS89C430
(b) 32KB for DS89C440
(c) 64KB for DS89C450
3. In-system programmable through the serial port
1KB SRAM for MOVX
4. ROMSIZE Feature
(a) Selects internal program memory size from 0 to 64K
(b) Allows access to entire external memory map
(c) Dynamically adjustable by software
5. High-speed architecture
(a) 1 clock per machine cycle
(b) DC to 33MHz operation
(c) Single-cycle instruction in 30 ns
(d) Optional variable length MOVX to access fast/slow peripherals
Two full-duplex serial ports
Programmable watchdog timer

13 interrupt sources (six external)

W o =N

Five levels of interrupt priority
10. Power-fail reset
11. Early warning power-fail interrupt

DS89C4x0 Trainer connection

We selected the DS89C4x0 for an 8051 Trainer because it is inexpensive
but powerful, and one can easily wire-wrap it to be used at work and home.
The connection for the DS89C4x0 Trainer is shown in Figure 6.

If you decide not to wire-wrap the trainer yourself, you can buy this
DS89C4x0-based trainer from the www.MicroDigitalEd.com website.

Using the DS89C4x0 for development is more advantageous than using
the 8751 or 89C51 system for the following two major reasons.

1. Using the DS89C4x0 for an 8051 microcontroller allows us to program the
chip without any need for a ROM burner. Because not everyone has access
to a ROM burner, the DS89C4x0 is an ideal home-development system.
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=
Z
A
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DS89C4x0
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[
2N3904 e
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I Run =
= -
§ W 10k PSEN 30 pF
“ 2N3904 XTALI T'
Program =

30 pF
= GND XTAL2 —-l—_|

11.0592 MHz

I L

Figure 6. DS89C4x0 Trainer

The advantage of the DS89C4x0 is that it can be programmed via the
COM port of a PC (x86 IBM or compatible PC) while it is in the system.
Contrast this with the 89C51 system in which you must remove the chip,
program it, and install it back in the system every time you want to change
the program contents of the on-chip ROM. This results in a much longer
development time for the 89C51 system compared with the DS89C4x0
system.

2. The two serial ports on the DS89C4x0 allow us to use one for PC interfacing
with the chip and the other for data acquisition.

Notice from Figure 6 that the reset circuitry and serial port connections
are the same as in any 8051-based system. However, the extra circuitry needed
for programming are two transistors, a switch, and 10K and 1K-ohm resistors.
In fact, you can add these components to your 8751/89C51 system and use
it as a DS89C4x0 system by simply plugging a DS89C4x0 chip in the socket.
The switch allows you to select between the program and run options. We can
load our program into the DS89C4x0 by setting the switch to V__, and run the
program by setting it to Gnd.

Figure 6 shows the connection for the 8051 Trainer from www.
MicroDigitalEd.com. The trainer provided by this website has both of the
serial ports connected and accessible via two DB-9 connectors. It also has 8
LEDs and 8 switches along with the PO—P3 ports, all of which are accessible
via terminal blocks. It also comes with an on-board power regulator.
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Communicating with the DS89C4x0 Trainer

After we build our DS89C4x0-based system, we can communicate with
it using the HyperTerminal software. HyperTerminal comes with Microsoft
Windows NT, 2000, and XP. For Windows Vista and 7 use Tera Terminal.

Using HyperTerminal with the DS89C4x0

Assuming that your serial cable has a DB-9 connector on both ends, we
take the following steps to establish communication between the DS89C4x0
Trainer and HyperTerminal. See Figure 7.

1. With the trainer’s power off, connect the COMI1 port on the back of your
PC to one end of the serial cable.

2. The other end of the serial cable is connected to the DB-9 connection on
the DS89C4x0 Trainer designated as SERTAL#0. After you connect your
DS89C4x0 Trainer to your PC, power up the trainer. Set the switch to the
program position.

3. In Windows Accessories, click on HyperTerminal. (If you get a modem
installation option, choose “No.”)

4. Type a name, and click OK (or HyperTerminal will not let you go on).

5. For “Connect Using” select COM1 and click OK. Choose COM2 if COM1
is used by the mouse.

6. Pick 9600 baud rate, 8-bit data, no parity bit, and 1 stop bit.

7. Change the “Flow Control” to NONE or Xon/Xoff, and click OK.
(Definitely do not choose the hardware option.)

8. Now you are in Windows HyperTerminal, and when you press the ENTER
key a couple of times, the DS89C4x0 will respond with the following
message: DS§9C4x0 LOADER VERSION 1.0 COPYRIGHT (C) 2000
DALLAS SEMICONDUCTOR>

If you do not see “>" after pressing the ENTER key several times, go
through the above steps one more time. Then, if you do not get “>", you need
to check your hardware connections, such as the MAX232/233. See the end of
this section for some troubleshooting tips.

Loading and running a program with the DS89C4x0 Trainer

After we get the “>" from the DS89C4x0, we are ready to load the
program into it and run. First, make sure that the file you are loading is in
Intel hex format. The Intel hex format is provided by your 8051 assembler/
compiler. More about Intel hex format is given in the next section.

Erase command for the DS89C4x0

To reload the DS89C4x0 chip with another program, we first need to
erase its contents. The K (Klean) command will erase the entire contents of the
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#g ds89c420 - HyperTerminal

File Edit “iew LCall Transfer Help

DE59C420 LOADER VERSION 1.0 COPYRIGHT (C) Z000 DALLAY SEMICONDUCTOR
*

Connected 0:01:14 Auto detect 57600 8-M-1 MLk

Figure 7. Screen Capture from HyperTerminal for DS89C4x0 Trainer

flash ROM of the chip. Remember that you must use the “>K” command to
erase the ROM before you can reload any program. You can verify the operation
of the “>K” command by using the Dump command to display ROM contents
on screen. You should see all FFs in all the locations of ROM after applying the
“>K” command.

Go to www.MicroDigitalEd.com to see the above steps presented with
screenshots. The website also shows how to use Tera Terminal with Windows

Vista and Windows 7 since HyperTerminal is no longer provided with the
Windows Vista and 7.

Loading the program

After making sure that you have the switch on the program position
and you have the “>” prompt on your screen, go through the following steps
to load a program:

1. Atthe “>” prompt, enter L (L is for Load). Example: “>L"” and press Enter.

2. In HyperTerminal, click on the Transfer menu option. Click on Send Text File.

3. Select your file from your disk. Example: “C:test.hex”

4. Wait until the loading is complete. The appearance of the “GGGG>”
prompt indicates that the loading is good and finished.

5. Now use D to dump the contents of the flash ROM of the DS89C4x0 onto
the screen. Example: >D 00 4F
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The dump will give you the opcodes and operands of all the instructions
in your program. You can compare this information with the information
provided by the list file. In the next section, we will examine the Intel hex
file and compare it with the list file of the test program.

Running the program

Change the switch to the run position, press the reset button on the
DS89C4x0 system, and the program will execute. Use a logic probe (or scope)
to see the PO, P1, and P2 bits toggle “on” and “off” continuously with some
delay in between the “on” and “off” states.

Test program for the DS89C4x0 in Assembly and C

To test your DS89C4x0 hardware connection, we can run a simple
test in which all the bits of PO, P1, and P2 toggle continuously with some
delay in between the “on” and “off” states. The programs for testing the
trainer in both Assembly and C are provided below. Notice that the time
delay is for a DS89C4x0 based on the 11.0592 MHz crystal frequency. This
time delay must be modified for the AT89C51/52 chips since DS89C4x0 uses
a machine cycle of 1 clock period instead of the 12 clock periods used by the
AT89C51/52 chip.

Trainer test program in Assembly

ORG 0H
MAIN: MOV PO, #55H
MOV P1l, #55H
MOV P2, #55H
MOV R5, #250
ACALL MSDELAY
MOV PO, #O0AAH
MOV P1, #O0AAH
MOV P2, #0AAH
MOV R5, #250
ACALL MSDELAY
SJMP MAIN
P —— 250 MILLISECOND DELAY ---

MSDELAY :

HERE3 : MOV R4, #35
HERE2 : MOV R3, #79
HEREL: DJNZ R3, HERE1l

DJNZ R4, HERE2
DJNZ R5, HERE3
RET

END MAIN
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Trainer test program in C

#include <reg51.h>
void MSDelay (unsigned int) ;
void main (void)

{

while (1) //repeat forever
{
P0=0x55; //send value to port
P1=0x55;
P2=0x55;
MSDelay (250) ; //call 250 ms function
PO = OxAA; //set value to port
Pl = 0xAA;
P2 = 0xAA;
MSDelay (250) ; //call 250 ms function

}

void MSDelay (unsigned int itime)
{
unsigned int i, Jj;
for(i=0;i<itime;i++)
for(j=0;3<1275;j++) ;
}

DS89C4x0 commands

There are many commands embedded into the DS§9C4x0 loader. The
most widely used among them are L, K, and D. Here is the summary of their
operations.

L  Loads standard ASCII Intel hex formatted data into flash memory.

K  Erases the entire contents of flash memory.

D  <begin> <end> Dumps the Intel hex file.

We have shown the use of the L (load), K (klean), and D (dump)
commands earlier. A complete list of commands and error messages can be
obtained from www.MicroDigitalEd.com.

Some troubleshooting tips

Running the test program on your DS89Cx0-based trainer (or 8051
system) should toggle all the I/O bits with some delay. If your system does not
work, follow these steps to find the problem.

1. With the power off, check your connection for all pins, especially V . and GND.

2. Check RST (pin #9) using an oscilloscope. When the system is powered
up, pin #9 is low. Upon pressing the momentary switch it goes high. Make
sure the momentary switch is connected properly.
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3. Observe the XTAL2 pin on the oscilloscope while the power is on. Y ou should
see a crude square wave. This indicates that the crystal oscillator is good.

4. If all the above steps pass inspection, check the contents of the on-chip ROM
starting at memory location 0000. It must be the same as the opcodes pro-
vided by the list file of Figure 8. Your assembler produces the list file, which
lists the opcodes and operands on the left side of the assembly instructions.
This must match exactly the contents of your on-chip ROM if the proper
steps were taken in burning and loading the program into the on-chip ROM.

REVIEW QUESTIONS

1. True or false. The DS89C4x0 is an 8052 chip.

2. Which pin is used for reset?

3. What is the status of the reset pin when it is not activated?

4. What kind of ROM is used in the DS89C4x0 chip?

5. Theloader for the DS89C4x0 works with the (serial, parallel) port.
6. Give two reasons that the DS89C4x0 is preferable over 89C51 chips.

7. In the DS89C4x0 Trainer, what is the role of the Prog/Run switch?

8. What is the highest frequency that we can connect to the DS89C4x0?

9. True or false. The DS89C4x0 can download the file into its ROM only if

it is in Intel hex file format.
10. Which command is used to erase the contents of ROM in the DS89C4x0 chip?
11. Which command is used to load the ROM in the DS89C4x0 chip?
12. Which command is used to dump the contents of ROM in the DS89C4x0
chip?

3: EXPLAINING THE INTEL HEX FILE

Intel hex file is a widely used file format designed to standardize the
loading of executable machine codes into a ROM chip. Therefore, loaders that
come with every ROM burner (programmer) support the Intel hex file format.
While in many newer Windows-based assemblers the Intel hex file is produced
automatically (by selecting the right setting), in a DOS-based PC you need a
utility called OH (object-to-hex) to produce that. In the DOS environment, the
object file is fed into the linker program to produce the abs file; then the abs
file is fed into the OH utility to create the Intel hex file. While the abs file is
used by systems that have a monitor program, the hex file is used only by the
loader of an EPROM programmer to load it into the ROM chip.

Program list file for test program

The list file for the test program is given in Figure 8. The LOC and OBJ
fields in Figure 8 must be noted. The location is the address where the opcodes
(object codes) are placed. The LOC and OBJ information is used to create the
hex file. Next, we will analyze the hex file belonging to the list file of Figure 8.

8051 HARDWARE CONNECTION AND INTEL HEX FILE



LOC OBJ LINE
0000 1 ORG OH
0000 758055 2 MAIN: MOV PO, #55H
0003 759055 3 MOV P1, #55H
0006 75A055 4 MOV P2, #55H
0009 7DFA 5 MOV R5, #250
000B 111C 6 ACALL MSDELAY
000D 7580AA 7 MOV PO, #OAAH
0010 7590AA 8 MOV P1l, #OAAH
0013 75A0AA 9 MOV P2, #OAAH
00le 7DFA 10 MOV R5, #250
0018 111cC 11 ACALL MSDELAY
001A 80E4 12 SJMP MAIN

13 ;--- THE 250 MILLISECOND DELAY.

14 MSDELAY :
001C 7C23 15 HERE3: MOV R4, #35
001lE 7B4F 16 HERE2: MOV R3,#79
0020 DBFE 17 HERE1L: DJNZ R3, HERE1
0022 DCFA 18 DJNZ R4, HERE2
0024 DDF6 19 DJNZ R5, HERE3
0026 22 20 RET

21 END

Figure 8. List File For Test Program (Assembly)

Analyzing Intel hex file

Figure 9 shows the Intel hex file for the test program whose list file is
given in Figure 8. Since the ROM burner (loader) uses the hex file to down-
load the opcode into ROM, the hex file must provide the following: (1) the
number of bytes of information to be loaded, (2) the information itself, and

:1000000075805575905575A0557DFA111C7580AA9F
:100010007590AA75A0AATDFA111C80E47C237B4F01
:07002000DBFEDCFADDF62235

:00000001 FF

Separating the fields, we get the following:

:CC AAAA TT DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD SS
:10 0000 00 75805575905575A0557DFA111C7580AA 9F
:10 0010 00 7590AA75A0AAT7DFA111C80E47C237B4F 01
:07 0020 00 DBFEDCFADDEF622 35
:00 0000 O1 FF

Figure 9. Intel Hex File Test Program as Provided by the Assembler
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(3) the starting address where the information must be placed. Each line of the
hex file consists of six parts. In Figure 9, we have separated the parts to make
it easier to analyze. The following describes each part.

1. “” Each line starts with a colon.

2. CC, the count byte. This tells the loader how many bytes are in the line.
CC can range from 00 to 16 (10 in hex).

3. AAAA is for the address. This is a 16-bit address. The loader places the
first byte of data into this memory address.

4. TT is for type. This field is either 00 or O1. If it is 00, it means that there
are more lines to come after this line. If it is 01, it means that this is the last
line and the loading should stop after this line.

5. DD......D is the real information (data or code). There is a maximum of
16 bytes in this part. The loader places this information into successive
memory locations of ROM.

6. SSis a single byte. This last byte is the checksum byte of everything in that
line. The checksum byte is used for error checking. Notice that the checksum
byte at the end of each line represents everything in that line and not just the
data portion.

Now, compare the data portion of the Intel hex file in Figure 9 with the
information under the OBJ field of the list file in Figure 8. Notice that they are
identical, as they should be. The extra information is added by the Intel hex
file formatter. You can run the C language version of the test program and
verify its operation. Your C compiler will provide you both the list file and the
Intel hex file if you want to explore the Intel hex file concept.

Examine Examples 3 to 5 to gain an insight into the Intel hex file.

Example 3

From Figure 9, analyze the six parts of line 3.

Solution:

After the colon (:) we have 07, which means that 7 bytes of data are in this line.
0020H 1s the address at which the data starts. Next, 00 means that this is not the
last line of the record. Then the data, which is 7 bytes, is as follows: DB FE DC FA
DD F6 22. Finally, the last byte, 35, is the checksum byte.

Example 4

Verify the checksum byte for line 3 of Figure 9. Verify also that the information is
not corrupted.

Solution:

07 +00+20+ 00+ DB+ FE + DC+ FA + DD + F6 + 22 = SCBH. Dropping the
carries (5) gives CBH, and its 2’s complement is 35H, which is the last byte of line 3.
If we add all the information in line 3, including the checksum byte, and drop the

carries we should get 00.
07+ 00+ 20+ 00+ DB+ FE + DC + FA + DD + F6 + 22 + 35 = 600H
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Example 5

Compare the data portion of the Intel hex file of Figure 9 with the opcodes in the
list file of the test program given in Figure 8. Do they match?

Solution:

In the first line of Figure 9, the data portion starts with 75H, which is the opcode
for the instruction “MOV”, as shown in the list file of Figure 8. The last byte of the
data in line 3 of Figure 9 is 22, which is the opcode for the “RET” instruction in the
list file of Figure 8.

REVIEW QUESTIONS

1. True or false. The Intel hex file uses the checksum byte method to ensure
data integrity.

The first byte of a line in the Intel hex file represents ____.

The last byte of a line in the Intel hex file represents ____.

In the TT field of the Intel hex file, we have 00. What does it indicate?
Find the checksum byte for the following values: 22H, 76H, SFH, 8CH,
99H.

6. In Question 5, add all the values and the checksum byte. What do you get?

Nk wb

SUMMARY

This chapter began by describing the function of each pin of the 8051.
The four ports of the 8051, PO, P1, P2, and P3, each use 8 pins, making them
8-bit ports. These ports can be used for input or output. Port 0 can be used
for either address or data. Port 3 can be used to provide interrupt and serial
communication signals. Then the design of the DS89C4x0-based trainer was
shown. We also explained the Intel hex format.

RECOMMENDED WEB LINKS

See the following website for the DS89C4x0 and other trainers:
* www.MicroDigitalEd.com

For Microsoft Windows Vista and 7, we must use Tera Terminal since
they no longer come with HyperTerminal. See the following website for using
Tera Terminal in place of HyperTerminal:

* www.MicroDigitalEd.com
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PROBLEMS

1
1
2
3.
4
5

=

7.
8.

9.
10.

11.
12.

13.

14.

15.
16.

17

18.
19.

20.
21.

22.

23

24.

2:

25.
26.
27.
28.

29.

: PIN DESCRIPTION OF THE 8051

. The 8051 DIP package is a -pin package.
. Which pins are assigned to V_ and GND?

In the 8051, how many pins are designated as I/O port pins?

. The crystal oscillator is connected to pins and
. If an 8051 is rated as 25 MHz, what is the maximum frequency that can be

connected to it?

Indicate the pin number assigned to RST in the DIP package.

RST is an (input, output) pin.

The RST pin is normally (low, high) and needs a (low,
high) signal to be activated.

What are the contents of the program counter upon RESET of the 80517
What are the contents of the SP register upon RESET of the 80517

What are the contents of the A register upon RESET of the 80517

Find the machine cycle for the following crystal frequencies connected to
X1 and X2.

(a) I2MHz  (b) 20 MHz (c)25MHz  (d) 30 MHz

EA stands for and is an (input, output) pin.

For 8051 family members with on-chip ROM such as the 8751 and the

89C51, pin EA is connected to (V. GND).
PSEN is an (input, output) pin.
ALE is an (input, output) pin.

. ALE is used mainly in systems based on the (8051, 8031).

How many pins are designated as PO and what are those in the DIP package?
How many pins are designated as Pl and what are those in the DIP
package?

How many pins are designated as P2 and what are those in the DIP package?

How many pins are designated as P3 and what are those in the DIP
package?
Upon RESET, all the bits of ports are configured as (input, output).

. In the 8051, which port needs a pull-up resistor to be used as I/0O?
Which port of the 8051 does not have any alternate function and can be
used solely for I/0O?

DESIGN AND TEST OF DS89C40 TRAINER

Write a program to get 8-bit data from P1 and send it to ports PO, P2, and
P3.

Write a program to get 8-bit data from P2 and send it to ports PO and P1.
In P3, which pins are for RxD and TxD?

At what memory location does the 8051 wake up upon RESET? What is
the implication of that?

Write a program to toggle all the bits of P1 and P2 continuously

(a) using AAH and 55H (b) using the CPL instruction.
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30.
31.
32.
33.
34.
35.
36.
37.

38

39.

40.

What is the address of the last location of on-chip ROM for the AT§9C51?
What is the address of the last location of on-chip ROM for the DS89C430?
What is the address of the last location of on-chip ROM for the DS89C440?
What is the address of the last location of on-chip ROM for the DS89C450?
What is the fastest frequency that DS89C4x0 can run on?

What is the slowest frequency that DS89C4x0 can run on?

Calculate the machine cycle time for the DS89C430 if XTAL = 33 MHz.
Before we reprogram the DS89C4x0 we must (dump, erase) the
flash ROM.

. True or false. In order to download the hex file into the DS89C4x0, it must

be in the Intel hex file format.

Give two features of the DS89C4x0 that earlier 8051 and 8052 chips do not
have.

After downloading a program, the DS89C4x0 gives the message “>GGGG™.
What does it mean?

3: EXPLAINING THE INTEL HEX FILE

41.
42.
43.
44,
45.
46.

47.

Analyze the six parts of line 1 of Figure 9.

Analyze the six parts of line 2 of Figure 9.

Verify the checksum byte for line 1 of Figure 9 and also verify that the
information is not corrupted.

Verify the checksum byte for line 2 of Figure 9 and also verify that the
information is not corrupted.

Reassemble the test program with ORG address of 100H and analyze the
Intel hex file.

Reassemble the test program with ORG address of 300H and compare the
Intel hex file with the results of Problem 45.

Write a program to toggle all the bits of P1 and P2 continuously with no
delay and analyze the Intel hex file.

ANSWERS TO REVIEW QUESTIONS

[S—

nbk D=

[\

Nk wbde=

: PIN DESCRIPTION OF THE 8051

From 0 to 16 MHz, but no more than 16 MHz
EA

PC = 0000

0000

Port 0

: DESIGN AND TEST OF DS89C4X0 TRAINER

True

Pin 9

Low

Flash

Serial

(a) It comes with a loader inside the chip and (b) it has two serial ports.
The SW allows to load the program or to run it.
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8. 33 MHz

9. True

10. >K

11. >L

12. >D

3: EXPLAINING INTEL THE HEX FILE

1. True

2. The number of bytes of data in the line

3. Checksum byte

4. 00 means this is not the last line and there are more lines of data to be followed.

5. 22H + 76H + 5FH + 8CH + 99H = 21CH. Dropping the carries we have 1CH and its 2’s
complement is E4H.

6. 22H + 76H + 5SFH + 8CH + 99H + E4 = 300H. Dropping the carries we have 00, which

means data is not corrupted.
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3051 TIMER
PROGRAMMING
IN ASSEMBLY AND C

OBJECTIVES

Upon completion of this chapter, you will be able to:

>>  List the timers of the 8051 and their associated registers.

>>  Describe the various modes of the 8051 timers.

>>  Program the 8051 timers in Assembly and C to generate time delays.
>>  Program the 8051 counters in Assembly and C as event counters.

From Chapter 9 of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice
Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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The 8051 has two timers/counters. They can be used either as timers
to generate a time delay or as counters to count events happening outside the
microcontroller. In Section 1, we see how these timers are used to generate
time delays. In Section 2, we show how they are used as event counters. In
Section 3, we use C language to program the 8051 timers.

1: PROGRAMMING 8051 TIMERS

The 8051 has two timers: Timer 0 and Timer 1. They can be used either
as timers or as event counters. In this section, we first discuss the timers’ regis-
ters and then show how to program the timers to generate time delays.

Basic registers of the timer

Both Timer 0 and Timer 1 are 16 bits wide. Since the 8051 has an 8-bit
architecture, each 16-bit timer is accessed as two separate registers of low byte
and high byte. Each timer is discussed separately.

Timer 0 registers

The 16-bit register of Timer 0 is accessed as low byte and high byte. The
low-byte register is called TLO (Timer 0 low byte) and the high-byte register is
referred to as THO (Timer 0 high byte). These registers can be accessed like any
other register, such as A, B, R0, R1, or R2. For example, the instruction “MOV
TLO, #4FH” moves the value 4FH into TLO, the low byte of Timer 0. These
registers can also be read like any other register. For example, “MOV R5, THO”
saves THO (high byte of Timer 0) in R5. See Figure 1.

Timer 1 registers

Timer 1 is also 16 bits, and its 16-bit register is split into two bytes,
referred to as TL1 (Timer 1 low byte) and TH1 (Timer 1 high byte). These reg-
isters are accessible in the same way as the registers of Timer 0. See Figure 2.

| THO 1l TLO
D15||D14(|D13|({D12|(D11|[D10|[ D9 |[ D8 || D7 || D6 || DS || D4 || D3 || D2 || D1 || DO
Figure 1. Timer 0 Registers

| TH1 I TLI1
D15||D14(|D13|({D12|({D11|[{D10|[ D9 |[ D8 || D7 || D6 || D5 || D4 || D3 || D2 || D1 || DO

Figure 2. Timer 1 Registers
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TMOD (timer mode) register

Both timers 0 and 1 use the same register, called TMOD, to set the various
timer operation modes. TMOD is an 8-bit register in which the lower 4 bits are set
aside for Timer 0 and the upper 4 bits for Timer 1. In each case, the lower 2 bits
are used to set the timer mode and the upper 2 bits to specify the operation. These
options are discussed next.

M1, MO

MO and M1 select the timer mode. As shown in Figure 3, there are
three modes: 0, 1, and 2. Mode 0 is a 13-bit timer, mode 1 is a 16-bit timer, and
mode 2 is an 8-bit timer. We will concentrate on modes 1 and 2 since they are
the ones used most widely. We will soon describe the characteristics of these
modes, after describing the rest of the TMOD register. See Example 1.

CIT (clockitimer)

This bit in the TMOD register is used to decide whether the timer is
used as a delay generator or an event counter. If C/T = 0, it is used as a timer
for time delay generation. The clock source for the time delay is the crystal fre-
quency of the 8051. This section is concerned with this choice. The timer’s use
as an event counter is discussed in the next section.

(MSB) (LSB)

GATE| T | M1 | MO [GATE| C/T [ M1 | MO
Timer 1 Timer 0

GATE Gating control when set. The timer/counter is enabled only when the
INTX pin is high and the TRx control pin is set. When cleared, the timer is
enabled whenever the TRx control bit is set.

CIT  Timer or counter selected cleared for timer operation (input from internal
system clock). Set for counter operation (input from Tx input pin).

M1 Mode bit 1

MO  Mode bit 0

M1 MO Mode Operating Mode

0 0 0 13-bit timer mode
8-bit timer/counter THx with TLx as 5-bit prescaler
0 1 1 16-bit timer mode

16-bit timer/counters THx and TLx are cascaded; there is
no prescaler

1 0 2 8-bit auto-reload
8-bit auto-reload timer/counter; THx holds a value that is
to be reloaded into TLx each time it overflows.

1 1 3 Split timer mode

Figure 3. TMOD Register
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Example 1

Indicate which mode and which timer are selected for each of the following:
(a) MOV TMOD, #01H (b) MOV TMOD, #20H (c) MOV TMOD, #12H.

Solution:
We convert the values from hex to binary. From Figure 3, we have:

(a) TMOD 00000001, mode 1 of Timer 0 is selected.

(b) TMOD = 00100000, mode 2 of Timer 1 is selected.

(c) TMOD = 00010010, mode 2 of Timer 0, and mode 1 of
Timer 1 are selected.

Clock source for timer

As you know, every timer needs a clock pulse to tick. What is the
source of the clock pulse for the 8051 timers? If C/T = 0, the crystal frequency
attached to the 8051 is the source of the clock for the timer. This means that
the size of the crystal frequency attached to the 8051 also decides the speed at
which the 8051 timer ticks. The frequency for the timer is always 1/12th the
frequency of the crystal attached to the 8051. See Example 2.

Example 2

Find the timer’s clock frequency and its period for various 8051-based systems,
with the following crystal frequencies.

(a) 12 MHz

(b) 16 MHz

(c) 11.0592 MHz
Solution:

XTAL
oscillator

A\

+12

(a) 1/12x 12 MHz =1 MHz and T =1/1 MHz =1 ps
(b) 1/12x 16 MHz = 1.333 MHz and T = 1/1.333 MHz = .75 us

(c) 1/12 x 11.0592 MHz = 921.6 kHz;
T = 1/921.6 kHz = 1.085 ps

Note that 8051 timers use 1/12 of XTAL frequency, regardless of machine cycle
time.
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Although various 8051-based systems have an XTAL frequency of
10 MHz to 40 MHz, we will concentrate on the XTAL frequency of 11.0592
MHz. The reason behind such an odd number has to do with the baud rate
for serial communication of the 8051. XTAL = 11.0592 MHz allows the 8051
system to communicate with the IBM PC with no errors.

GATE

The other bit of the TMOD register is the GATE bit. Notice in the
TMOD register of Figure 3 that both timers 0 and 1 have the GATE bit. What
1s its purpose? Every timer has a means of starting and stopping. Some tim-
ers do this by software, some by hardware, and some have both software and
hardware controls. The timers in the 8051 have both. The start and stop of the
timer are controlled by way of software by the TR (timer start) bits TR0 and
TRI1. This is achieved by the instructions “SETB TR1” and “CLR TR1” for
Timer 1, and “SETB TRO” and “CLR TRO” for Timer 0. The SETB instruc-
tion starts it, and it is stopped by the CLR instruction. These instructions start
and stop the timers as long as GATE = 0 in the TMOD register. The hardware
way of starting and stopping the timer by an external source is achieved by
making GATE = 1 in the TMOD register. However, to avoid further confusion
for now, we will make GATE = 0, meaning that no external hardware is needed
to start and stop the timers. In using software to start and stop the timer where
GATE = 0, all we need are the instructions “SETB TRx” and “CLR TRx’.

Now that we have this basic understanding of the role of the TMOD
register, we will look at the timers’ modes and how they are programmed to
create a time delay. Because modes 1 and 2 are so widely used, we describe
each of them in detail. See Example 3.

Mode 1 programming
The following are the characteristics and operations of mode 1:

1. It is a 16-bit timer; therefore, it allows values of 0000 to FFFFH to be
loaded into the timer’s registers TL and TH.

2. After TH and TL are loaded with a 16-bit initial value, the timer must be
started. This is done by “SETB TRO” for Timer 0 and “SETB TR1” for Timer 1.

Example 3

Find the value for TMOD if we want to program Timer 0 in mode 2, use 8051
XTAL for the clock source, and use instructions to start and stop the timer.

Solution:

TMOD = 0000 0010 Timer 0, mode 2,
C/T = 0 to use XTAL clock source, and
gate = 0 to use internal (software)
start and stop method.
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3. After the timer is started, it starts to count up. It counts up until it reaches its
limit of FFFFH. When it rolls over from FFFFH to 0000, it sets high a flag bit
called TF (timer flag). This timer flag can be monitored. When this timer flag is
raised, one option would be to stop the timer with the instructions “CLR TR0”
or “CLR TR1” for Timer 0 and Timer 1, respectively. Again, it must be noted
that each timer has its own timer flag: TFO for Timer 0 and TF1 for Timer 1.

4. After the timer reaches its limit and rolls over, in order to repeat the pro-
cess the registers TH and TL must be reloaded with the original value, and
TF must be reset to 0.

I LIt
XTAL _ , :>—| TH | TL |—>| TF|
: - =12
Oscillator |
TF goes high Overflow
=0 TR when FFFE >0  flag

Steps to program in mode 1

To generate a time delay using the timer’s mode 1, the following steps
are taken. To clarify these steps, see Example 4.

1. Load the TMOD value register indicating which timer (Timer 0 or Timer 1)
is to be used and which timer mode (0 or 1) is selected.

2. Load registers TL and TH with initial count values.

3. Start the timer.

4. Keep monitoring the timer flag (TF) with the “ONB TFx, target”
instruction to see if it is raised. Get out of the loop when TF becomes high.

5. Stop the timer.

6. Clear the TF flag for the next round.

7. Go back to Step 2 to load TH and TL again.

To calculate the exact time delay and the square wave frequency gener-
ated on pin P1.5, we need to know the XTAL frequency. See Example 5.

From Example 6, we can develop a formula for delay calculations using
mode 1 (16-bit) of the timer for a crystal frequency of XTAL = 11.0592 MHz.
This is given in Figure 4. The scientific calculator in the Accessories directory

(a) (b)

(FFFF - YYXX + 1) X 1.085 us Convert YYXX values of the
where YYXX are TH, TL initial ||TH,TL register to decimal to
values respectively. Notice get a NNNNN decimal number,
that values YYXX are in hex. then (65536 - NNNNN) x 1.085 us

Figure 4. Timer Delay Calculation for XTAL = 11.0592 MHz: (a) in Hex; (b) in Decimal
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Example 4

In the following program, we are creating a square wave of 50% duty cycle (with
equal portions high and low) on the P1.5 bit. Timer 0 is used to generate the time
delay. Analyze the program.

MOV TMOD, #01 ;Timer 0, mode 1(16-bit mode)
HERE : MOV TLO, #0F2H ;TLO = F2H, the Low byte
MOV THO, #0FFH ;THO = FFH, the High byte
CPL P1.5 ;toggle P1.5
ACALL DELAY
SJMP HERE ;load TH, TL again
jm——————— delay using Timer O
DELAY
SETB TRO ;start Timer O
AGAIN: JNB TFO,AGAIN ;monitor Timer 0 flag until
;it rolls over
CLR TRO ;stop Timer O
CLR TFO ;clear Timer 0 flag
RET
Solution:

In the above program notice the following steps.

TMOD is loaded.

FFF2H is loaded into THO-TLO.

P1.5 is toggled for the high and low portions of the pulse.

The DELAY subroutine using the timer is called.

In the DELAY subroutine, Timer 0 is started by the “SETB TRO” instruction.
Timer 0 counts up with the passing of each clock, which is provided by the crys-
tal oscillator. As the timer counts up, it goes through the states of FFF3, FFF4,
FFF5, FFF6, FFF7, FFF8, FFF9, FFFA, FFFB, and so on until it reaches
FFFFH. One more clock rolls it to 0, raising the timer flag (TFO = 1). At that
point, the JNB instruction falls through.

7. Timer 0 is stopped by the instruction “CLR TRO”. The DELAY subroutine
ends, and the process is repeated.

S th B W o=

Notice that to repeat the process, we must reload the TL and TH registers and start
the timer again.
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Example 5

In Example 4, calculate the amount of time delay in the DELAY subroutine gener-
ated by the timer. Assume that XTAL = 11.0592 MHz.

Solution:

The timer works with a clock frequency of 1/12 of the XTAL frequency; therefore,
we have 11.0592 MHz / 12 = 921.6 kHz as the timer frequency. As a result, each
clock has a period of T =1/921.6 kHz = 1.085 us. In other words, Timer 0 counts
up each 1.085 ps resulting in delay = number of counts x 1.085 ps.

The number of counts for the rollover is FFFFH — FFF2H = ODH (13 decimal).
However, we add one to 13 because of the extra clock needed when it rolls over
from FFFF to 0 and raises the TF flag. This gives 14 x 1.085 us = 15.19 us for half
the pulse. For the entire period T =2 x 15.19 us = 30.38 us gives us the time delay
generated by the timer.

Example 6

In Example 5, calculate the frequency of the square wave generated on pin P1.5.

Solution:

In the time delay calculation of Example 5, we did not include the overhead due to
instructions in the loop. To get a more accurate timing, we need to add clock cycles
due to the instructions in the loop. To do that, we use the machine cycles from
Table 1 in the Appendix “8051 Instructions, Timing, and Registers” as shown below.

Cycles
HERE: MOV TLO, #0F2H 2
MOV THO, #0FFH 2
CPL P1.5 1
ACALL DELAY 2
SJMP HERE 2
e delay using Timer O
DELAY
SETB TRO 1
AGAIN: JNB TFO,AGAIN 14
CLR TRO 1
CLR TFO 1
RET 2
Total 28

T=2x 28 x 1.085 us= 60.76 us and F = 16458.2 Hz.

Note that 8051 timers use 1/12 of XTAL frequency, regardless of machine cycle
time.

of Microsoft Windows can help you to find the TH, TL values. This calculator
supports decimal, hex, and binary calculations.

In Examples 7 and 8, we did not reload TH and TL since it was a single
pulse. Look at Example 9 to see how the reloading works in mode 1.
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Example 7

Find the delay generated by Timer 0 in the following code, using both of the meth-
ods of Figure 4. Do not include the overhead due to instructions.

CLR P2.3 ;clear P2.3

MOV  TMOD, #01 ;Timer 0, mode 1(16-bit mode)
HERE : MOV TLO, #3EH ;TLO = 3EH, Low byte

MOV THO, #0B8H ;THO = B8H, High byte

SETB P2.3 ;SET high P2.3

SETB TRO ;start Timer O
AGAIN: JNB TFO,AGAIN ;monitor Timer 0 flag

CLR TRO ;stop Timer O

CLR TFO ;clear Timer 0 flag for

;next round
CLR P2.3

Solution:

(a) (FFFF - B&3E + 1) = 47C2H = 18370 in decimal and 18370 x 1.085 pus =
19.93145 ms.

(b) Since TH - TL = B83EH = 47166 (in decimal), we have 65536 - 47166 = 18370.
This means that the timer counts from B83EH to FFFFH. This plus rolling
over to 0 goes through a total of 18370 clock cycles, where each clock is 1.085
us in duration. Therefore, we have 18370 x 1.085 ps = 19.93145 ms as the width
of the pulse.

Example 8

Modify TL and TH in Example 7 to get the largest time delay possible. Find the
delay in ms. In your calculation, exclude the overhead due to the instructions in
the loop.

Solution:

To get the largest delay, we make TL and TH both 0. This will count up from 0000
to FFFFH and then roll over to 0.

CLR P2.3 ;clear P2.3

MOV  TMOD, #01 ;Timer 0, mode 1(16-bit mode)
HERE : MOV TLO, #0 ;TLO = 0, Low byte

MOV  THO, #0 ;THO = 0, High byte

SETB P2.3 ;SET P2.3 high

SETB TRO ;start Timer O
AGAIN: JNB TFO,AGAIN ;monitor Timer 0 flag

CLR TRO ;stop Timer O

CLR TFO ;clear Timer 0 flag

CLR P2.3

Making TH and TL both 0 means that the timer will count from 0000 to FFFFH,
and then roll over to raise the TF flag. As a result, it goes through a total of 65536
states. Therefore, we have delay = (65536 - 0) x 1.085 us = 71.1065 ms.
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Example 9

The following program generates a square wave on pin P1.5 continuously using
Timer 1 for a time delay. Find the frequency of the square wave if XTAL = 11.0592
MHz. In your calculation do not include the overhead due to instructions in the
loop.

MOV  TMOD, #10H ;Timer 1, mode 1(16-bit)
AGAIN: MOV TL1, #34H ;TL1 = 34H, Low byte

MOV  TH1,#76H ;TH1 = 76H, High byte

; (7634H = timer value)

SETB TR1 ;start Timer 1
BACK: JNB TF1,BACK ;stay until timer rolls over

CLR TR1 ;stop Timer 1

CPL P1.5 ;comp. P1.5 to get hi, 1lo

CLR TF1 ;clear Timer 1 flag

SJMP AGAIN ;reload timer since Mode 1

;1s not auto-reload

Solution:

In the above program notice the target of SIMP. In mode 1, the program must
reload the TH, TL register every time if we want to have a continuous wave. Here
is the calculation.

Since FFFFH - 7634H = 89CBH + 1 = 89CCH and 89CCH = 35276 clock count.
35276 x 1.085 us = 38.274 ms for half of the square wave. The entire square wave
length is 38.274 x 2 = 76.548 ms and has a frequency = 13.064 Hz.

Also notice that the high and low portions of the square wave pulse are equal. In
the above calculation, the overhead due to all the instructions in the loop is not
included.

Finding values to be loaded into the timer

Assuming that we know the amount of timer delay we need, the ques-
tion is how to find the values needed for the TH, TL registers. To calculate the
values to be loaded into the TL and TH registers, look at Examples 10 through
12 where we use crystal frequency of 11.0592 MHz for the 8051 system.

Assuming XTAL =11.0592 MHz from Example 10, we can use the fol-
lowing steps for finding the TH, TL registers’ values.

1. Divide the desired time delay by 1.085 us.

2. Perform 65536 - n, where n is the decimal value we got in Step 1.

3. Convert the result of Step 2 to hex, where yyxx is the initial hex value to
be loaded into the timer’s registers.

4. Set TL = xx and TH = yy.
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Example 10

Assume that XTAL = 11.0592 MHz. What value do we need to load into the
timer’s registers if we want to have a time delay of 5 ms? Show the program for
Timer 0 to create a pulse width of 5 ms on P2.3.

Solution:

Since XTAL = 11.0592 MHz, the counter counts up every 1.085 us. This means
that out of many 1.085 us intervals we must make a 5 ms pulse. To get that, we
divide one by the other. We need 5 ms / 1.085 us = 4608 clocks. To achieve that we
need to load into TL and TH the value 65536 - 4608 = 60928 = EEOOH. Therefore,
we have TH = EE and TL = 00.

CLR P2.3 ;clear P2.3

MOV  TMOD, #01 ;Timer 0, mode 1 (16-bit mode)
HERE : MOV TLO, #0 ;TLO = 0, Low byte

MOV  THO, #OEEH ;THO = EE( hex), High byte

SETB P2.3 ;SET P2.3 high

SETB TRO ;start Timer O
AGAIN: JNB TFO,AGAIN ;monitor Timer 0 flag

;until it rolls over

CLR P2.3 ;clear P2.3

CLR TRO ;stop Timer O

CLR TFO ;clear Timer 0 flag

Example 11

Assuming that XTAL = 11.0592 MHz, write a program to generate a square wave
of 2 kHz frequency on pin P1.5.

Solution:

This is similar to Example 10, except that we must toggle the bit to generate the
square wave. Look at the following steps.

(@)T=1/f=1/2kHz= 500 ps the period of the square wave.

(b) 1/2 of it for the high and low portions of the pulse is 250 ps.

(c) 250 ps / 1.085 us = 230 and 65536 - 230 = 65306, which in hex is FF1AH.

(d) TL = 1AH and TH = FFH, all in hex. The program is as follows.

MOV  TMOD, #10H ;Timer 1, mode 1(16-bit)
AGAIN: MOV TL1,#1AH ;TL1=1AH, Low byte
MOV TH1, #0FFH ;TH1=FFH, High byte
SETB TR1 ;start Timer 1
BACK: JNB TF1,BACK ;stay until timer rolls over
CLR TR1 ;stop Timer 1
CPL P1.5 ;complement P1.5 to get hi, 1lo
CLR TF1 ;clear Timer 1 flag
SJMP AGAIN ;reload timer since mode 1

;1s not auto-reload

8051 TIMER PROGRAMMING IN ASSEMBLY AND C

231



232

Example 12

Assuming XTAL = 11.0592 MHz, write a program to generate a square wave of
50 Hz frequency on pin P2.3.

Solution:

Look at the following steps.

(a) T=1/50 Hz = 20 ms, the period of the square wave.

(b) 1/2 of it for the high and low portions of the pulse = 10 ms

(c) 10 ms / 1.085 us = 9216 and 65536 - 9216 = 56320 in decimal, and in hex
it is DCOOH.

(d) TL = 00 and TH = DC (hex)

The program follows.

MOV  TMOD, #10H ;Timer 1, mode 1 (16-bit)
AGAIN: MOV  TL1,#00 ;TL1 = 00, Low byte
MOV TH1, #0DCH ;TH1 = DCH, High byte
SETB TR1 ;start Timer 1
BACK: JNB TF1,BACK ;stay until timer rolls over
CLR TR1 ;stop Timer 1
CPL P2.3 ;comp. P2.3 to get hi, lo
CLR TF1 ;clear Timer 1 flag
SJMP AGAIN ;reload timer since mode 1

;1s not auto-reload

Generating a large time delay

As we have seen in the examples so far, the size of the time delay depends
on two factors: (a) the crystal frequency and (b) the timer’s 16-bit register in mode
1. Both of these factors are beyond the control of the 8051 programmer. We saw
earlier that the largest time delay is achieved by making both TH and TL zero.
What if that is not enough? Example 13 shows how to achieve large time delays.

Using Windows calculator to find TH, TL

The scientific calculator in Microsoft Windows is a handy and easy-to-
use tool to find the TH, TL values. Assume that we would like to find the TH,
TL values for a time delay that uses 35,000 clocks of 1.085 us. The following
steps show the calculation.

1. Bring up the scientific calculator in MS Windows and select decimal.

2. Enter 35,000.

3. Select hex. This converts 35,000 to hex, which 1s 88 B&H.

4. Select +/-to give -35000 decimal (7748H).
5

. The lowest two digits (48) of this hex value are for TL and the next two (77)
are for TH. We ignore all the Fs on the left since our number is 16-bit data.
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Example 13

Examine

overhead due to the instructions in the loop.

AGAIN:

BACK:

Solution:
TH-TL

us = 70.820 ms, and for 200 of them we have 200 x 70.820 ms = 14.164024 seconds.

the following program and find the time delay in seconds. Exclude the

MOV  TMOD, #10H ;Timer 1, mode 1(16-bit)
MOV  R3,#200 ;counter for multiple delay
MOV TL1, #08H ;TL1 = 08, Low byte

MOV  TH1,#01H ;THL = 01, High byte

SETB TR1 ;start Timer 1

JNB TF1,BACK ;stay until timer rolls over
CLR TR1 ;stop Timer 1

CLR TF1 ;clear Timer 1 flag

DJINZ R3,AGAIN ;1f R3 not zero then

;reload timer

= 0108H = 264 in decimal and 65536 - 264 = 65272. Now 65272 x 1.085

Mode 0

Mode 0 is exactly like mode 1 except that it is a 13-bit timer instead of

16-bit. The 13-bit counter can hold values between 0000 to 1FFFH in TH — TL.
Therefore, when the timer reaches its maximum of 1FFH, it rolls over to 0000,
and TF is raised.

Mode 2 programming

The following are the characteristics and operations of mode 2.

1. It is an 8-bit timer; therefore, it allows only values of 00 to FFH to be
loaded into the timer’s register TH.

2. After TH is loaded with the 8-bit value, the 8051 gives a copy of it to TL.
Then the timer must be started. This is done by the instruction “SETB
TRO” for Timer 0 and “SETB TR1” for Timer 1. This is just like mode 1.

3. After the timer is started, it starts to count up by incrementing the TL reg-
ister. It counts up until it reaches its limit of FFH. When it rolls over from
FFH to 00, it sets high the TF (timer flag). If we are using Timer 0, TFO
goes high; if we are using Timer 1, TF1 is raised.

4. When the TL register rolls from FFH to 0 and TF is set to 1, TL is reloaded
automatically with the original value kept by the TH register. To repeat the

Tt Overflow
XTAL o :>—| TL {—4>|TF
Oscillator g I I e

+12 I_
:Reload TF goes high

_ TR
C/T=0 @ when FF =0
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process, we must simply clear TF and let it go without any need by the pro-
grammer to reload the original value. This makes mode 2 an auto-reload, in
contrast with mode 1 in which the programmer has to reload TH and TL.

It must be emphasized that mode 2 is an 8-bit timer. However, it has an
auto-reloading capability. In auto-reload, TH is loaded with the initial count
and a copy of it is given to TL. This reloading leaves TH unchanged, still hold-
ing a copy of the original value. This mode has many applications, including
setting the baud rate in serial communication.

Steps to program in mode 2
To generate a time delay using the timer’s mode 2, take the following steps.
1. Load the TMOD value register indicating which timer (Timer 0 or Timer
1) is to be used, and select the timer mode (mode 2).
2. Load the TH registers with the initial count value.
3. Start the timer.

4. Keep monitoring the timer flag (TF) with the “JNB TFx, target” instruc-
tion to see whether it is raised. Get out of the loop when TF goes high.

5. Clear the TF flag.
6. Go back to Step 4, since mode 2 is auto-reload.

Example 14 illustrates these points. To achieve a larger delay, we can use
multiple registers as shown in Example 15. See also Examples 16 and 17.

Example 14

Assuming that XTAL = 11.0592 MHz, find (a) the frequency of the square wave
generated on pin P1.0 in the following program and (b) the smallest frequency
achievable in this program, and the TH value to do that.

MOV ~ TMOD, #20H ;Tl/mode 2/8-bit/auto-reload
MOV TH1, #5 pEll = 5
SETB TR1 ;start Timer 1

BACK: JNB TF1,BACK ;stay until timer rolls over
CPL P1.0 ;comp. P1.0 to get hi, 1lo
CLR TF1 ;clear Timer 1 flag
SJMP BACK ;mode 2 is auto-reload

Solution:

(a) First notice the target address of SIMP. In mode 2 we do not need to reload
TH since it is auto-reload. Now (256 — 05) x 1.085 us = 251 x 1.085 ps = 272.33
us 1is the high portion of the pulse. Since it is a 50% duty cycle square wave, the
period T is twice that; as a result T =2 x 272.33 us = 544.67 us and the frequency
= 1.83597 kHz.

(b) To get the smallest frequency, we need the largest T and that is achieved when
TH = 00. In that case, we have T = 2 x 256 x 1.085 us = 555.52 us and the fre-
quency = 1.8 kHz.
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Example 15

Find the frequency of a square wave generated on pin P1.0.

Solution:
MOV  TMOD, #2H ;Timer 0, mode 2
; (8-bit, auto-reload)
MOV THO, #0 ; THO=0
AGAIN: MOV  R5,#250 ;count for multiple delay
ACALL DELAY
CPL P1.0 ;toggle P1.0
SIJMP AGAIN ;repeat
DELAY : SETB TRO ;start Timer O
BACK: JNB TFO0, BACK ;stay until timer rolls over
CLR TRO ;stop Timer O
CLR TFO ;clear TF for next round
DJNZ R5,DELAY
RET

T=2250 x 256 x 1.085 ups) = 138.88 ms and frequency = 72 Hz.

Example 16

Assuming that we are programming the timers for mode 2, find the value (in hex)
loaded into TH for each of the following cases.

(a) MOV TH1,#-200 (b) mMov THO, #-60
(c) MoV TH1, #-3 (d) mov TH1, #-12
(e) MOV THO, #-48

Solution:

You can use the Windows scientific calculator to verify the results provided by the
assembler. In Windows calculator, select decimal and enter 200. Then select hex, then
+/- to get the TH value. Remember that we only use the right two digits and ignore
the rest since our data is an 8-bit data. The following is what we get.

Decimal 2’s Complement (TH Value)
-200 38H

-60 C4H

-3 FDH

-12 F4H

-48 DOH
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Example 17

AGAIN:

DELAY :

BACK:

Solution:

MOV

MOV
SETB

TMOD, #2H
THO, #-150
P1.3

ACALL DELAY
ACALL DELAY

CLR P1.3
ACALL DELAY
SIJMP AGAIN
SETB TRO

JNB TFO, BACK
CLR TRO

CLR TFO

RET

Find (a) the frequency of the square wave generated in the following code and (b)
the duty cycle of this wave.

;Timer 0, mode 2

; (8-bit, auto-reload)

;THO = 6AH = 2's comp of -150
;P1.3 1

;P1.3

Il
(@)

;start Timer O

;stay until timer rolls over
;stop Timer O

;clear TF for next round

For the TH value in mode 2, the conversion is done by the assembler as long as
we enter a negative number. This also makes the calculation easy. Since we are
using 150 clocks, we have time for the DELAY subroutine = 150 x 1.085 us = 162
us. The high portion of the pulse is twice that of the low portion (66% duty cycle).
Therefore, we have T = high portion + low portion = 325.5 us + 162.25 us = 488.25
us and frequency = 2.048 kHz.

Assemblers and negative values

Since the timer is 8-bit in mode 2, we can let the assembler calculate the
value for TH. For example, in “MOV TH1, #-100", the assembler will calcu-
late the -100 = 9C, and makes THI = 9C in hex. This makes our job easier.

Notice that in many of the time delay calculations we have ignored the
clocks caused by the overhead instructions in the loop. To get a more accurate
time delay, and hence frequency, you need to include them. If you use a digital
scope and you don’t get exactly the same frequency as the one we have calcu-
lated, it is because of the overhead associated with those instructions.

In this section, we used the 8051 timer for time delay generation.
However, a more powerful and creative use of these timers is to use them as
event counters. We discuss this use of the counter next.

REVIEW QUESTIONS

1. How many timers do we have in the 80517
2. Each timer has

registers that are ____ bits wide.
3. TMOD register is a(n) ___-bit register.
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In the instruction “MOV TH1, #-200”, find the hex value for the TH register.
To get a 2-ms delay, what number should be loaded into TH, TL using
mode 1? Assume that XTAL = 11.0592 MHz.

10. To get a 100-ps delay, what number should be loaded into the TH register
using mode 2? Assume XTAL = 11.0592 MHz.

4. True or false. The TMOD register is a bit-addressable register.

5. Indicate the selection made in the instruction “MOV TMOD, #20H”.
6. In mode 1, the counter rolls over when it goes from ____to
7. In mode 2, the counter rolls over when it goes from ____ to

8.

9.

2: COUNTER PROGRAMMING

In the last section, we used the timer/counter of the 8051 to generate time
delays. These timers can also be used as counters counting events happening
outside the 8051. The use of the timer/counter as an event counter is covered in
this section. As far as the use of a timer as an event counter is concerned, every-
thing that we have talked about in programming the timer in the last section
also applies to programming it as a counter, except the source of the frequency.
When the timer/counter is used as a timer, the 8051’s crystal is used as the source
of the frequency. When it is used as a counter, however, it is a pulse outside the
8051 that increments the TH, TL registers. In counter mode, notice that the
TMOD and TH, TL registers are the same as for the timer discussed in the last
section; they even have the same names. The timer’s modes are the same as well.

C/T bit in TMOD register

Recall from the last section that the C/T bit in the TMOD register decides
the source of the clock for the timer. If C/T = 0, the timer gets pulses from the
crystal. By contrast, when C/T = 1, the timer is used as a counter and gets its pulses
from outside the 8051. Therefore, when C/T = 1, the counter counts up as puls-
es are fed from pins 14 and 15. These pins are called TO (Timer 0 input) and T1
(Timer 1 input). Notice that these two pins belong to port 3. In the case of Timer
0, when C/T = 1, pin P3.4 provides the clock pulse and the counter counts up for
each clock pulse coming from that pin. Similarly, for Timer 1, when C/T = 1 each
clock pulse coming in from pin P3.5 makes the counter count up. See Table 1.

Table 1. Port 3 Pins Used for Timers 0 and 1

Pin  Port Pin Function Description
14 P3.4 TO Timer/Counter 0 external input
15 P3.5 T1 Timer/Counter 1 external input
(MSB) (LSB)
[ GATE |[ o1 || M1 || Mo [[GATE || o || M1 || MO |
Timer 1 Timer O
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In Example 18, we use Timer 1 as an event counter where it counts
up as clock pulses are fed into pin 3.5. These clock pulses could represent the
number of people passing through an entrance, or the number of wheel rota-

tions, or any other event that can be converted to pulses.

In Example 18, the TL data was displayed in binary. In Example 19, the
TL registers are converted to ASCII to be displayed on an LCD. See Figures 5

through 7 and Example.

Example 18

(set high) the T1 pin (pin P3.5) to allow pulses to be fed into it.

Assuming that clock pulses are fed into pin T1, write a program for counter 1 in
mode 2 to count the pulses and display the state of the TL1 count on P2.

Solution:
MOV  TMOD, #01100000B ;counter 1, mode 2,C/T=1
;external pulses
MOV  TH1, #0 ;clear THI1
SETB P3.5 ;make T1 input
AGAIN: SETB TR1 ;start the counter
BACK: MOV A,TL1 ;get copy of count TL1
MOV  P2,A ;display it on port 2
JNB TF1,BACK ;keep doing it 1f TF=0
CLR TR1 ;stop the counter 1
CLR TF1 ;make TF=0
SJMP AGAIN ;keep doing it

Notice in the above program the role of the instruction “SETB P3.5”.
Although ports are set up for input when the 8051 is powered up, we still make
P3.5 an input port (by making it high) to make sure it is an input since some other
programs could have used it as an output. In other words, we must configure

8051
P2 is connected to eight LEDs p2—

c [ to

and input T1 to pulse. — LEDs
LT L |ms =
T1 —

ImEml Overflow I Overflow
Timer 0O flag Timer 1 flag
External :>—|THO”TLO |—>| TFO | External :>—|TH1 ”TLI |—>| TF1 |
mnput | input |
pin 3.4 TFO goes high pin 3.5 TFO goes high
C/T=1 TRO when FFFF =0 C/T=1TRI when FFFF =0

Figure 5(a). Timer 0 with External Input (Mode 1) Figure 5(b). Timer 1 with External Input (Mode 1)

8051 TIMER PROGRAMMING IN ASSEMBLY AND C




Example 19

Assume that a 1-Hz frequency pulse is connected to input pin 3.4. Write a program
to display counter 0 on an LCD. Set the initial value of THO to -60.

Solution:
To display the TL count on an LCD, we must convert 8-bit binary data to ASCII.

ACALL LCD SET UP ;initialize the LCD

MOV TMOD, #00000110B ; counter 0,mode 2,C/T=1

MOV THO, #-60 ;counting 60 pulses

SETB P3.4 ;make TO as input
AGAIN: SETB TRO ;starts the counter
BACK: MOV A, TLO ;get copy of count TLO

ACALL CONV ;convert in R2, R3, R4

ACALL DISPLAY ;display on LCD

JNB TFO0, BACK ;loop if TFO0=0

CLR TRO ;stop the counter 0

CLR TFO ;make TF0=0

SJMP  AGAIN ;keep doing it

;converting 8-bit binary to ASCII
;upon return, R4, R3, R2 have ASCII data (R2 has LSD)

CONV : MOV B, #10 ;divide by 10
DIV AB
MOV R2,B ;save low digit
MOV B, #10 ;divide by 10 once more
DIV AB
ORL A, #30H ;make it ASCII
MOV R4 ,A ;save MSD
MOV A,B
ORL A,#30H ;make 2nd digit an ASCII
MOV R3,A ;save it
MOV A,R2
ORL A,#30H ;make 3rd digit an ASCII
MOV R2,A ;save the ASCII
RET
8051
Pl— to
LT |my B |0
P3.4 |
1-Hz clock TO —

By using 60 Hz we can generate seconds, minutes, hours.

Note that on the first round, it starts from 0, since on RESET, TLO = 0.
To solve this problem, load TLO with —60 at the beginning of the program.
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TF1 goes high
when FF—=>0
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Figure 6. Timer 0 with External Input (Mode 2) Figure 7. Timer 1 with External Input (Mode 2)

As another example of the application of the timer with C/T = 1, we
can feed an external square wave of 60 Hz frequency into the timer. The pro-
gram will generate the second, the minute, and the hour out of this input fre-
quency and display the result on an LCD. This will be a nice digital clock, but
not a very accurate one.

Before we finish this chapter, we need to state two important points.

1. You might think that the use of the instruction “JNB TFx, target” to
monitor the raising of the TFx flag is a waste of the microcontroller’s time.
You are right. There is a solution to this: the use of interrupts. By using
interrupts we can go about doing other things with the microcontroller.
When the TF flag is raised it will inform us.

2. You might wonder to what register TR0 and TR 1 belong. They belong to
a register called TCON, which is discussed next.

Table 2. Equivalent Instructions for the Timer Control Register (TCON)

For Timer 0

SETB TRO = SETB TCON .4
CLR TRO = CLR TCONA4
SETB TFO = SETB TCON.5
CLR TFO = CLR TCON.5
For Timer 1
SETB TR1 = SETB TCON.6
CLR TR1 = CLR TCON.6
SETB TF1 = SETB TCON.7
CLR TF1 = CLR TCON.7

TCON: Timer/Counter Control Register

[ TF1

| TRI | TFo | TRO | IE1 | ITI | IE0O [ ITO |
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TCON register

In the examples so far we have seen the use of the TR0 and TR1 flags to
turn on or off the timers. These bits are part of a register called TCON (timer
control). This register is an 8-bit register. As shown in Table 2, the upper four
bits are used to store the TF and TR bits of both Timer 0 and Timer 1. The
lower four bits are set aside for controlling the interrupt bits. We must notice
that the TCON register is a bit-addressable register. Instead of using instruc-
tions such as “SETB TR1” and “CLR TR1”, we could use “SETB TCON.6”
and “CLR TCON. 6", respectively. Table 2 shows replacements of some of the
instructions we have seen so far.

The case of GATE =1 in TMOD

Before we finish this section, we need to discuss another case of the
GATE bit in the TMOD register. All discussion so far has assumed that GATE
= 0. When GATE = 0, the timer is started with instructions “SETB TRO0” and
“SETB TR1” for Timers 0 and 1, respectively. What happens if the GATE bit
in TMOD is set to 1?7 As can be seen in Figures 8 and 9, if GATE = 1, the
start and stop of the timer are done externally through pins P3.2 and P3.3 for
Timers 0 and 1, respectively. This is in spite of the fact that TRx is turned on
by the “SETB TRx” instruction. This allows us to start or stop the timer exter-
nally at any time via a simple switch. This hardware way of controlling the stop
and start of the timer can have many applications. For example, assume that an
8051 system is used in a product to sound an alarm every second using Timer 0,
perhaps in addition to many other things. Timer 0 is turned on by the software
method of using the “SETB TRO” instruction and is beyond the control of the

XTAL

. — =12
Oscillator ’ CT=0
CT=1
TO IN

Pin3.2

TRO
Gate DC
INTO Pin

Pin 3.2

Figure 8. Timer/Counter 0
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XTAL

. — =12
Oscillator ’ CT=0

CT=1

TO IN
Pin 3.5

TR1
Gate DC
INTI Pin

Pin 3.3

Figure 9. Timer/Counter 1

user of that product. However, a switch connected to pin P3.2 can be used to
turn on and off the timer, thereby shutting down the alarm.

REVIEW QUESTIONS

1. Who provides the clock pulses to 8051 timers if C/T = 0?

2. Who provides the clock pulses to 8051 timers if C/T = 1?

3. Does the discussion in Section 1 apply to timers if C/T = 1?

4. What must be done to allow P3.4 to be used as an input for T1, and why?
5. What is the equivalent of the following instruction?

“SETB TCON.6”

3: PROGRAMMING TIMERS 0 AND 1IN 8051 C

In this section, we study C programming for the 8051 timers. The general-
purpose registers of the 8051, such as RO-R7, A, and B, are under the control
of the C compiler and are not accessed directly by C statements. In the case
of SFRs, the entire RAM space of 80-FFH is accessible directly using 8051
C statements. Here, we discuss how to access the 8051 timers directly using C
statements.

Accessing timer registers in C

In 8051 C, we can access the timer registers TH, TL, and TMOD direct-
ly using the reg51.h header file. This is shown in Example 20. It also shows
how to access the TR and TF bits.
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Example 20

Write an 8051 C program to toggle all the bits of port P1 continuously with some
delay in between. Use Timer 0, 16-bit mode to generate the delay.

Solution:
#include <reg51.h>

void TODelay (void) ;
void main (void)

{

while (1) //repeat forever
{
P1=0x55; //toggle all bits of P1
TODelay () ; //delay size unknown
P1=0xAA; //toggle all bits of P1
TODelay () ;

}
}

void TODelay ()

{

TMOD=0x01; //Timer 0, Mode 1

TLO=0x00; //load TLO

THO=0x35; //load THO

TRO=1; //turn on TO

while (TF0==0) ; //wait for TFO0 to roll over
TRO0=0; //turn off TO

TF0=0; //clear TFO

FFFFH — 3500H = CAFFH = 51967 + 1 = 51968

51968 x 1.085 us = 56.384 ms is the approximate delay.

8051
N

PO LEDs
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Calculating delay length using timers

The delay length depends on three factors: (a) the crystal frequen-
cy, (b) the number of clocks per machine cycle, and (c) the C compiler. The
original 8051 used 1/12 of the crystal oscillator frequency as 1 machine cycle.
In other words, each machine cycle is equal to 12 clock periods of the crys-
tal frequency connected to the X1-X2 pins. The time it takes for the 8051
to execute an instruction is one or more machine cycles. To speed up the
8051, many recent versions of the 8051 have reduced the number of clocks
per machine cycle from 12 to 4, or even 1. For example, the AT89C51/52 uses
12, while the DS5000 uses 4 clocks, and the DS89C4x0 uses only 1 clock per
machine cycle. As we mentioned earlier in this chapter, the 8051 timers also
use the crystal frequency as the clock source. The frequency for the timer
is always 1/12th the frequency of the crystal attached to the 8051, regard-
less of the 8051 version. In other words, for the AT89C51/52, DS5000, or
DS89C4x0 the duration of the time to execute an instruction varies, but they
all use 1/12th of the crystal’s oscillator frequency for the clock source to the
timers. This is done in order to maintain compatibility with the original 8051
since many designers use timers to create time delay. This is an important
point and needs to be emphasized. The C compiler is a factor in the delay
size since various 8051 C compilers generate different hex code sizes. This
explains why the timer delay duration is unknown for Example 20 since none
of the other factors mentioned is specified.

Delay duration for the AT89C51/52 and DS89C4x0 chips

As we stated before, there is a major difference between the AT89C51
and DS89C4x0 chips in terms of the time it takes to execute a single instruc-
tion. Although the DS89C4x0 executes instructions 12 times faster than the
AT89CS51 chip, they both still use Osc/12 clock for their timers. The faster exe-
cution time for the instructions will have an impact on your delay length. To
verify this very important point, compare parts (a) and (b) of Example 21 since
they have been tested on these two chips with the same speed and C compiler.

Timers 0 and 1 delay using mode 1 (16-bit non—-auto-reload)

Examples 21 and 22 show 8051 C programming of the timers 0 and 1
in mode 1 (16-bit non—-auto-reload). Examine them to get familiar with the
syntax.

Timers 0 and 1 delay using mode 2 (8-bit auto-reload)

Examples 23 through 25 show 8051 C programming of timers 0 and 1
in mode 2 (8-bit auto-reload). Study these examples to get familiar with the
syntax.
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Example 21

Write an 8051 C program to toggle only bit P1.5 continuously every 50 ms. Use
Timer 0, mode 1 (16-bit) to create the delay. Test the program (a) on the AT89C51
and (b) on the DS89C4x0.

Solution:
#include <reg51.h>
void TOMlDelay (void) ;
sbit mybit=P1"5;
void main (void)
{
while (1)
{
mybit=~mybit; //toggle P1.5
TOM1Delay () ; //Timer 0, mode 1(16-bit)
}
}

(a) Tested for AT89C51, XTAL=11.0592 MHz, using the Proview32 compiler

void TOMlDelay (void)

{

TMOD=0x01; //Timer 0, mode 1(16-bit)
TLO=0xXFD; //load TLO

THO=0x4B; //load THO

TRO=1; //turn on TO

while (TF0==0) ; //wait for TFO0 to roll over
TRO=0; //turn off TO

TF0=0; //clear TFO

}

(b) Tested for DS89C4x0, XTAL=11.0592 MHz, using the Proview32 compiler

void TOMlDelay (void)

{

TMOD=0x01; //Timer 0, mode 1(16-bit)
TLO=0xXFD; //load TLO

THO=0x4B; //load THO

TRO=1; //turn on TO

while (TF0==0) ; //wait for TFO0 to roll over
TRO=0; //turn off TO

TF0=0; //clear TFO

}

FFFFH — 4BFDH = B402H = 46082 + 1 = 46083

Timer delay = 46083 x 1.085 us = 50 ms
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Example 22

Write an 8051 C program to toggle all bits of P2 continuously every 500 ms. Use
Timer 1, mode 1 to create the delay.

Solution:
Iltested for DS89C4x0, XTAL = 11.0592 MHz, using the Proview32 compiler

#include <reg51.h>
void T1MlDelay (void) ;
void main(void)

{

unsigned char x;

P2=0x55;
while (1)
{
P2=~P2; //toggle all bits of P2
for (x=0;x<20;X++)
T1M1Delay () ;
}
}
void T1MlDelay (void)
{
TMOD=0x10; //Timer 1, mode 1(16-bit)
TL1=0xXFE; //load TL1
TH1=0xA5; //load TH1
TR1=1; //turn on T1
while (TF1==0) ; //wait for TFl to roll over
TR1=0; //turn off T1
TF1=0; //clear TF1

ASFEH = 42494 in decimal

65536 — 42494 = 23042
23042 x 1.085 pus = 25 ms and 20 x 25 ms = 500 ms

Note that 8051 timers use 1/12 of XTAL frequency, regardless of machine cycle
time.
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Example 23

Write an 8051 C program to toggle only pin P1.5 continuously every 250 ms. Use
Timer 0, mode 2 (8-bit auto-reload) to create the delay.

Solution:
Iltested for DS89C4x0, XTAL = 11.0592 MHz, using the Proview32 compiler

#include <reg51.h>
void TOM2Delay (void) ;
sbit mybit=P1"5;

void main (void)

{

unsigned char x, vy;

while (1)
{
mybit=~mybit; //toggle P1.5
for (x=0;x<250;x++) //due to for loop overhead
for (y=0;y<36;y++) //we put 36 and not 40

TOM2Delay () ;

}

void TOM2Delay (void)

{

TMOD=0x02 ; //Timer 0, mode 2 (8-bit auto-reload)
THO=-23; //load THO (auto-reload value)
TRO=1; //turn on TO
while (TF0==0) ; //wait for TFO0 to roll over
TRO0=0; //turn off TO
TF0=0; //clear TFO
}
256 — 23 =233

23 x 1.085 us = 25 us
25 pus x 250 x 40 = 250 ms by calculation.

However, the scope output does not give us this result. This is due to overhead of
the for loop in C. To correct this problem, we put 36 instead of 40.
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Example 24

Write an 8051 C program to create a frequency of 2500 Hz on pin P2.7. Use Timer
1, mode 2 to create the delay.

Solution:
Iltested for DS89C4x0, XTAL = 11.0592 MHz, using the Proview32 compiler

#include <reg51.h>
void T1M2Delay (void) ;
sbit mybit=P2"7;

void main (void)

{

unsigned char x;

while (1)
{
mybit=~mybit; //toggle P2.7
T1M2Delay () ;

}

void T1M2Delay (void)

{

TMOD=0x20 ; //Timer 1, mode 2 (8-bit auto-reload)
TH1=-184; //load TH1 (auto-reload value)

TR1=1; //turn on T1

while (TF1==0) ; //wait for TFl to roll over

TR1=0; //turn off T1

TF1=0; //clear TF1

1 /2500 Hz = 400 s
400 ps / 2 = 200 ps
200 ps / 1.085 ps = 184

8051

2500 Hz

psH LML L
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Example 25

A switch is connected to pin P1.2. Write an 8051 C program to monitor sw and
create the following frequencies on pin P1.7:

SW=0: 500 Hz

SW=1: 750 Hz

Use Timer 0, mode 1 for both of them.

Solution:

Iltested for AT89C51/52, XTAL = 11.0592 MHz, using the Proview32 compiler
#include <reg51.h>

sbit mybit=P1"5;

sbit SW=P1"7;

void TOMlDelay (unsigned char) ;

void main (void)

{
SW=1; //make P1.7 an input
while (1)
{
mybit=~mybit; //toggle P1.5
if (SW==0) //check switch
TOM1Delay (0) ;
else
TOM1Delay (1) ;

}
}
void TOMlDelay (unsigned char c)

{

TMOD=0x01;
if (c==0)
{
TL0=0X67; //FEC67
THO=0xFC;

TLO=0x9A; //FD9A
THO=0xFD;

}
TRO=1;
while (TF0==0) ;
TRO0=0;
TF0=0;

}

FC67H = 64615

65536 — 64615 = 921

921 x 1.085 ps = 999.285 ps
1/(999.285 us x 2) = 500 Hz
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C programming of timers 0 and 1 as counters

In Section 2, we showed how to use timers 0 and 1 as event counters.
A timer can be used as a counter if we provide pulses from outside the chip
instead of using the frequency of the crystal oscillator as the clock source. By
feeding pulses to the TO (P3.4) and T1 (P3.5) pins, we turn Timer 0 and Timer
I into counter 0 and counter 1, respectively. Study Examples 26 through 29 to
see how timers 0 and 1 are programmed as counters using the C language.

Example 26

Solution:

#include <reg51.h>
sbit T1 = P3"5;
void main (void)
{
L=l g
TMOD=0x60 ;
TH1=0;

while (1)

{

do

{
TR1=1;
P1=TL1;

}

TR1=0;
TF1=0;

}

P1 is connected to 8 LEDs.
T1 (P3.5) is connected to a
1-Hz external clock.

while (TF1==0) ;

Assume that a 1-Hz external clock is being fed into pin T1 (P3.5). Write a C pro-
gram for counter 1 in mode 2 (8-bit auto-reload) to count up and display the state
of the TL1 count on PI. Start the count at OH.

//make T1l an input

//
//set count to 0

//repeat forever

//start timer
//place value on pins

//wait here

//stop timer
//clear flag

8051

P1
to

LEDs

1 Hz T1
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Example 27

Assume that a 1-Hz external clock is being fed into pin TO (P3.4). Write a C pro-
gram for counter 0 in mode 1 (16-bit) to count the pulses and display the THO and
TLO registers on P2 and P1, respectively.

Solution:

#include <reg51.h>

volid main (void)

{

TO0=1; //make TO an input
TMOD=0x05 ; //
TLO=0; //set count to 0
THO0=0; //set count to 0
while (1) //repeat forever
{
do
{
TRO=1; //start timer
P1=TLO; //place value on pins
P2=THO; //
}
while (TF0==0) ; //wait here
TRO=0; //stop timer
TF0=0;
}
}
8051
P1— P1 and
— P2 to
S I I — | LEDs
1-Hz clock TO |P3.4 [
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Example 28

Assume that a 2-Hz external clock is being fed into pin T1 (P3.5). Write a C
program for counter 0 in mode 2 (8-bit auto-reload) to display the count in ASCII.
The 8-bit binary count must be converted to ASCII. Display the ASCII digits
(in binary) on PO, P1, and P2 where PO has the least significant digit. Set the initial
value of THO to 0.

Solution:

To display the TL1 count, we must convert 8-bit binary data to ASCII. The ASCII
values will be shown in binary. For example, ‘9’ will show as 00111001 on ports.

#include <reg51.h>
void BinToASCITI (unsigned char) ;
void main ()
{

unsigned char value;

L=l g

TMOD=0x06 ;

THO=0;

while (1)
{
do
{
TRO=1;
value=TLO;
BinToASCII (value) ;
}
while (TF0==0) ;
TRO0=0;
TF0=0;
}
}

void BinToASCII (unsigned char value) //see Chapter 7
{
unsigned char x,dl,d2,d3;
x = value / 10;
dl = value % 10
d2 = x % 10;
d3 = x / 10
PO = 30 | di;
P1 = 30 | d2;
P2 = 30 | d3
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Example 29

Assume that a 60-Hz external clock is being fed into pin TO (P3.4). Write a C
program for counter 0 in mode 2 (8-bit auto-reload) to display the seconds and
minutes on P1 and P2, respectively.

Solution:

#include <reg51.h>
void ToTime (unsigned char) ;
void main ()

{

unsigned char wval;

T0=1;
TMOD=0x06 ; //T0, mode 2, counter
THO0=-60; //sec = 60 pulses
while (1)
{
do
{
TRO=1;
sec=TLO;

ToTime (val) ;
}
while (TF0==0) ;
TRO=0;
TFO0=0;
}
}

void ToTime (unsigned char wval)

{

unsigned char sec, min;

min = value / 60;
sec = value % 60;
Pl = sec;
P2 = min;
}
8051
P E P1 and
— P2 to
_ LT L _lpssgppf= | LEDs
60-Hz clock TO —

By using 60 Hz, we can generate seconds, minutes, and hours.
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REVIEW QUESTIONS

Who provides the clock pulses to 8051 timers if C/T = 0?
Indicate the selection made in the statement “TMOD = 0x207.
In mode 1, the counter rolls over when it goes from ___ to
In mode 2, the counter rolls over when it goes from ____ to

In the statement “TH1 = -2007, find the hex value for the TH register.
TFO and TF1 are part of register ____.

In Question 6, is the register bit-addressable?

Show how to monitor the TF1 flag for high in 8051 C.

PN R DD =

SUMMARY

The 8051 has two timers/counters. When used as timers they can gener-
ate time delays. When used as counters they can serve as event counters. This
chapter showed how to program the timers/counters for various modes.

The two timers are accessed as two 8-bit registers: TLO and THO for
Timer 0, and TL1 and THI for Timer 1. Both timers use the TMOD register
to set timer operation modes. The lower 4 bits of TMOD are used for Timer 0
and the upper 4 bits are used for Timer 1.

There are different modes that can be used for each timer. Mode 0 sets
the timer as a 13-bit timer, mode 1 sets it as a 16-bit timer, and mode 2 sets it
as an 8-bit timer.

When the timer/counter is used as a timer, the 8051’s crystal is used as
the source of the frequency; when it is used as a counter, however, it is a pulse
outside the 8051 that increments the TH, TL registers.

PROBLEMS

1: PROGRAMMING 8051 TIMERS

1. How many timers do we have in the 80517

2. The timers of the 8051 are -bit and are designated as and
3. The registers of Timer 0 are accessed as and

4. The registers of Timer 1 are accessed as and

5. In Questions 3 and 4, are the registers bit-addressable?

6. The TMOD register is a(n) ___-bit register.

7. What is the job of the TMOD register?

8. True or false. TMOD is a bit-addressable register.

9. Find the TMOD value for both Timer 0 and Timer 1, mode 2, software

start/stop (gate = 0), with the clock coming from the 8051’s crystal.
10. Find the frequency and period used by the timer if the crystal attached to
the 8051 has the following values.
(a) XTAL = 11.0592 MHz (b) XTAL =20 MHz
(c) XTAL =24 MHz (d) XTAL = 30 MHz
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1.

12.

13.
14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Indicate the size of the timer for each of the following modes.
(a) mode 0 (b) mode 1 (c) mode 2
Indicate the rollover value (in hex and decimal) of the timer for each of the
following modes.
(a) mode 0 (b) mode 1 (c) mode 2
Indicate when the TF1 flag is raised for each of the following modes.
(a) mode 0 (b) mode 1 (c) mode 2
True or false. Both Timer 0 and Timer 1 have their own TF.
True or false. Both Timer 0 and Timer 1 have their own timer start (TR).
Assuming XTAL = 11.0592 MHz, indicate when the TFO flag is raised for
the following program.

MOV TMOD, #01

MOV TLO, #12H

MOV THO, #1CH

SETB TRO
Assuming that XTAL = 16 MHz, indicate when the TFO flag is raised for
the following program.

MOV  TMOD, #01

MOV TLO,#12H

MOV  THO, #1CH

SETB TRO
Assuming that XTAL = 11.0592 MHz, indicate when the TFO flag is raised
for the following program.

MOV TMOD, #01

MOV TLO, #10H

MOV  THO, #0F2H

SETB TRO
Assuming that XTAL = 20 MHz, indicate when the TFO flag is raised for
the following program.

MOV  TMOD, #01

MOV TLO, #12H

MOV THO, #1CH

SETB TRO
Assume that XTAL = 11.0592 MHz. Find the TH1,TL1 value to generate
a time delay of 2 ms. Timer 1 is programmed in mode 1.
Assume that XTAL = 16 MHz. Find the TH1,TL1 value to generate a time
delay of 5 ms. Timer 1 is programmed in mode 1.
Assuming that XTAL = 11.0592 MHz, program Timer 0 to generate a time
delay of 2.5 ms.
Assuming that XTAL = 11.0592 MHz, program Timer 1 to generate a time
delay of 0.2 ms.
Assuming that XTAL = 20 MHz, program Timer 1 to generate a time
delay of 100 ms.
Assuming that XTAL = 11.0592 MHz and that we are generating a square
wave on pin P1.2, find the lowest square wave frequency that we can gener-
ate using mode 1.
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26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Assuming that XTAL = 11.0592 MHz and that we are generating a square
wave on pin P1.2, find the highest square wave frequency that we can
generate using mode 1.
Assuming that XTAL = 16 MHz and that we are generating a square wave
on pin P1.2, find the lowest square wave frequency that we can generate
using mode 1.
Assuming that XTAL = 16 MHz and that we are generating a square wave
on pin P1.2, find the highest square wave frequency that we can generate
using mode 1.
In mode 2 assuming that TH1 = F1H, indicate which states timer 2 goes
through until TF1 is raised. How many states is that?
Program Timer 1 to generate a square wave of 1 kHz. Assume that XTAL
=11.0592 MHz.
Program Timer 0 to generate a square wave of 3 kHz. Assume that XTAL
=11.0592 MHz.
Program Timer 0 to generate a square wave of 0.5 kHz. Assume that
XTAL = 20 MHz.
Program Timer 1 to generate a square wave of 10 kHz. Assume that XTAL
=20 MHz.
Assuming that XTAL = 11.0592 MHz, show a program to generate a
I-second time delay. Use any timer you want.
Assuming that XTAL = 16 MHz, show a program to generate a 0.25-sec-
ond time delay. Use any timer you want.
Assuming that XTAL = 11.0592 MHz and that we are generating a square
wave on pin P1.3, find the lowest square wave frequency that we can gener-
ate using mode 2.
Assuming that XTAL = 11.0592 MHz and that we are generating a square
wave on pin P1.3, find the highest square wave frequency that we can gen-
erate using mode 2.
Assuming that XTAL = 16 MHz and that we are generating a square wave
on pin P1.3, find the lowest square wave frequency that we can generate
using mode 2.
Assuming that XTAL = 16 MHz and that we are generating a square wave
on pin P1.3, find the highest square wave frequency that we can generate
using mode 2.
Find the value (in hex) loaded into TH in each of the following.

(a) MOV THO,#-12 (b) MOV THO,#-22

(c) MOV THO,#-34 (d) MOV THO,#-92

(e) MOV TH1,#-120 (f) MOV TH1,#-104

(g7 MOV TH1,#-222 (h) MOV TH1,#-67
In Problem 40, indicate by what number the machine cycle frequency of
921.6 kHz (XTAL = 11.0592 MHz) is divided.
In Problem 41, find the time delay for each case from the time the timer
starts to the time the TF flag is raised.
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2: COUNTER PROGRAMMING

43.

44,
45.
46.
. Program Timer 1 to be an event counter. Use mode 1 and display the

47

48.
49.
50.

S1.
. Give another instruction to perform the action of

52

To use the timer as an event counter, we must set the C/T bit in the TMOD
register to (low, high).

Can we use both of the timers as event counters?

For counter 0, which pin is used to input clocks?

For counter 1, which pin is used to input clocks?

binary count on P1 and P2 continuously. Set the initial count to 20,000.
Program Timer 0 to be an event counter. Use mode 2 and display the
binary count on P2 continuously. Set the initial count to 20.

Program Timer 1 to be an event counter. Use mode 2 and display the
decimal count on P2, P1, and PO continuously. Set the initial count to 99.
The TCON register is a(n) -bit register.

True or false. The TCON register is not a bit-addressable register.

“SETB TRO”.

3: PROGRAMMING TIMERS 0 AND 1 IN 8051 C

53.

54.

55

56.

57.

58.

Program Timer 0 in C to generate a square wave of 3 kHz. Assume that
XTAL = 11.0592 MHz.
Program Timer 1 in C to generate a square wave of 3 kHz. Assume that
XTAL =11.0592 MHz.

. Program Timer 0 in C to generate a square wave of 0.5 kHz. Assume that

XTAL = 11.0592 MHz.

Program Timer 1 in C to generate a square wave of 0.5 kHz. Assume that
XTAL = 11.0592 MHz.

Program Timer 1 in C to be an event counter. Use mode 1 and display the
binary count on P1 and P2 continuously. Set the initial count to 20,000.
Program Timer 0 in C to be an event counter. Use mode 2 and display the
binary count on P2 continuously. Set the initial count to 20.

ANSWERS TO REVIEW QUESTIONS

I: PROGRAMMING 8051 TIMERS

NS

SO PN

Two

2,8

8

False

0010 0000 indicates Timer 1, mode 2, software start and stop, and using XTAL for fre-
quency.

FFFFH to 0000

FFH to 00

—200 is 38H; therefore, TH1 = 38H

2 ms/1.085 ps = 1843 = 0733H where TH = F8H and TL = CDH (negative of 0733H)
100 ms/1.085 ps = 92 or SCH; therefore, TH = A4H (negative of SCH)

8051 TIMER PROGRAMMING IN ASSEMBLY AND C
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3

balb o

PN L=

: COUNTER PROGRAMMING

The crystal attached to the 8051

The clock source for the timers comes from pins TO and T1.

Yes

We must use the instruction “SETB P3.4” to configure the T1 pin as input, which allows
the clocks to come from an external source.

SETB TR1

: PROGRAMMING TIMERS 0 AND 1 IN 8051 C

The crystal attached to the 8051
Timer 2, mode 2, 8-bit auto-reload
FFFFH to 0

FFH to 0

38H

TMOD

Yes

While (TF1==0);
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3051 SERIAL PORT

PROGRAMMING IN

ASSEMBLY AND C

OBJECTIVES

Upon completion of this chapter, you will be able to:

>>  Contrast and compare serial versus parallel communication.
>>  List the advantages of serial communication over parallel.
>>  Explain serial communication protocol.

>>  Contrast synchronous versus asynchronous communication.
>>  Contrast half- versus full-duplex transmission.

>>  Explain the process of data framing.

>>  Describe data transfer rate and bps rate.

>>  Define the RS232 standard.

>>  Explain the use of the MAX232 and MAX233 chips.

>>  Interface the 8051 with an RS232 connector.

>>  Discuss the baud rate of the 8051.

>>  Describe serial communication features of the 8051.

>>  Program the 8051 serial port in Assembly and C.

>>  Program the second serial port of DS§9C4x0 in Assembly and C.

From Chapter 10 of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice

Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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Computers transfer data in two ways: parallel and serial. In parallel data
transfers, often eight or more lines (wire conductors) are used to transfer data
to a device that is only a few feet away. Examples of parallel transfers are print-
ers and hard disks; each uses cables with many wire strips. Although in such
cases a lot of data can be transferred in a short amount of time by using many
wires in parallel, the distance cannot be great. To transfer to a device located
many meters away, the serial method is used. In serial communication, the data
is sent one bit at a time, in contrast to parallel communication, in which the
data is sent a byte or more at a time. Serial communication of the 8051 is the
topic of this chapter. The 8051 has serial communication capability built into it,
thereby making possible fast data transfer using only a few wires.

In this chapter, we first discuss the basics of serial communication. In
Section 2, 8051 interfacing to RS232 connectors via MAX232 line drivers is
discussed. Serial port programming of the 8051 is discussed in Section 3. The
second serial port of DS89C4x0 is programmed in Section 4. Section 5 covers
8051 C programming for serial ports #0 and #1.

1: BASICS OF SERIAL COMMUNICATION

When a microprocessor communicates with the outside world, it pro-
vides the data in byte-sized chunks. In some cases, such as printers, the infor-
mation is simply grabbed from the 8-bit data bus and presented to the 8-bit
data bus of the printer. This can work only if the cable is not too long, since
long cables diminish and even distort signals. Furthermore, an 8-bit data path
1s expensive. For these reasons, serial communication is used for transferring
data between two systems located at distances of hundreds of feet to millions
of miles apart. Figure 1 diagrams serial versus parallel data transfers.

The fact that serial communication uses a single data line instead of the
8-bit data line of parallel communication not only makes it much cheaper but
also enables two computers located in two different cities to communicate over
the telephone.

Serial transfer Parallel transfer

DO
Sender

Receiver

Y

Sender

YYYYYYYY

D7

Receiver

Figure 1. Serial versus Parallel Data Transfer
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For serial data communication to work, the byte of data must be con-
verted to serial bits using a parallel-in-serial-out shift register; then it can be
transmitted over a single data line. This also means that at the receiving end
there must be a serial-in-parallel-out shift register to receive the serial data and
pack them into a byte. Of course, if data is to be transferred on the telephone
line, it must be converted from Os and 1s to audio tones, which are sinusoidal-
shaped signals. This conversion is performed by a peripheral device called a
modem, which stands for “modulator/demodulator.”

When the distance is short, the digital signal can be transferred as it is
on a simple wire and requires no modulation. This is how IBM PC keyboards
transfer data to the motherboard. However, for long-distance data transfers
using communication lines such as a telephone, serial data communication
requires a modem to modulate (convert from Os and Is to audio tones) and
demodulate (converting from audio tones to Os and 1s).

Serial data communication uses two methods, asynchronous and syn-
chronous. The synchronous method transfers a block of data (characters) at
a time, while the asynchronous method transfers a single byte at a time. It is
possible to write software to use either of these methods, but the programs
can be tedious and long. For this reason, there are special IC chips made by
many manufacturers for serial data communications. These chips are com-
monly referred to as UART (universal asynchronous receiver-transmitter)
and USART (universal synchronous-asynchronous receiver-transmitter). The
8051 chip has a built-in UART, which is discussed in detail in Section 3.

Half- and full-duplex transmission

In data transmission if the data can be transmitted and received, it is a
duplex transmission. This is in contrast to simplex transmissions such as with
printers, in which the computer only sends data. Duplex transmissions can be
half or full duplex, depending on whether or not the data transfer can be simul-
taneous. If data is transmitted one way at a time, it is referred to as half duplex.
If the data can go both ways at the same time, it is full duplex. Of course, full
duplex requires two wire conductors for the data lines (in addition to the signal
ground), one for transmission and one for reception in order to transfer and
receive data simultaneously. See Figure 2.

Asynchronous serial communication and data framing

The data coming in at the receiving end of the data line in a serial data
transfer is all Os and 1s; it 1s difficult to make sense of the data unless the sender
and receiver agree on a set of rules, a protocol, on how the data is packed, how
many bits constitute a character, and when the data begins and ends.

Start and stop bits

Asynchronous serial data communication is widely used for character-
oriented transmissions, while block-oriented data transfers use the synchro-
nous method. In the asynchronous method, each character is placed between

8051 SERIAL PORT PROGRAMMING IN ASSEMBLY AND C
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Simplex Transmitter Receiver

Half Duplex Transmitter - | Receiver

; - ;
Receiver / \ Transmitter

Full Duplex Transmitter »| Receiver

Receiver < Transmitter

Figure 2. Simplex, Half-, and Full-Duplex Transfers

start and stop bits. This is called framing. In data framing for asynchronous
communications, the data, such as ASCII characters, are packed between a
start bit and a stop bit. The start bit is always one bit, but the stop bit can be
one or two bits. The start bit is always a 0 (low) and the stop bit(s) is 1 (high).
For example, look at Figure 3 in which the ASCII character “A” (8-bit binary
0100 0001) 1s framed between the start bit and a single stop bit. Notice that the
LSB is sent out first.

Notice in Figure 3 that when there is no transfer, the signal is 1 (high),
which is referred to as mark. The 0 (low) is referred to as space. Notice that the
transmission begins with a start bit followed by D0, which is the LSB, then the
rest of the bits until the MSB (D7), and finally, the one stop bit indicating the
end of the character “A.”

In asynchronous serial communications, peripheral chips and modems
can be programmed for data that is 7- or 8-bits wide. This is in addition to
the number of stop bits, 1 or 2. While in older systems ASCII characters were
7-bit, in recent years, due to the extended ASCII characters, 8-bit data has
become common. In some older systems, due to the slowness of the receiving
mechanical device, two stop bits were used to give the device sufficient time to
organize itself before transmission of the next byte. In modern PCs, however,
the use of one stop bit is standard. Assuming that we are transferring a text

Space Stop } 0 1 0 0 0 O 0 1} Start Markg

bit . . . . bit

}

Goes out last D7 DO Goes out first

Figure 3. Framing ASCII “A” (41H)
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file of ASCII characters using one stop bit, we have a total of 10 bits for each
character: 8 bits for the ASCII code and 1 bit each for the start and stop bits.
Therefore, for each 8-bit character there are an extra 2 bits, which gives 20%
overhead.

In some systems, the parity bit of the character byte is included in the
data frame in order to maintain data integrity. This means that for each charac-
ter (7- or 8-bit, depending on the system) we have a single parity bit in addition
to start and stop bits. The parity bit is odd or even. In the case of an odd-parity
bit, the number of data bits, including the parity bit, has an odd number of 1s.
Similarly, in an even-parity bit system, the total number of bits, including the
parity bit, is even. For example, the ASCII character “A,” binary 0100 0001,
has 0 for the even-parity bit. UART chips allow programming of the parity bit
for odd-, even-, and no-parity options.

Data transfer rate

The rate of data transfer in serial data communication is stated in
bps (bits per second). Another widely used terminology for bps is baud rate.
However, the baud and bps rates are not necessarily equal. This is due to the
fact that baud rate is the modem terminology and is defined as the number
of signal changes per second. In modems a single change of signal sometimes
transfers several bits of data. As far as the conductor wire is concerned, the
baud rate and bps are the same, and for this reason we use the terms bps and
baud interchangeably.

The data transfer rate of a given computer system depends on commu-
nication ports incorporated into that system. For example, the early IBM PC/
XT could transfer data at the rate of 100 to 9600 bps. In recent years, however,
Pentium-based PCs transfer data at rates as high as 56K bps. It must be noted
that in asynchronous serial data communication, the baud rate is generally
limited to 100,000 bps.

RS232 standards

To allow compatibility among data communication equipment made
by various manufacturers, an interfacing standard called RS232 was set by the
Electronics Industries Association (EIA) in 1960. In 1963, it was modified and
called RS232A. RS232B and RS232C were issued in 1965 and 1969, respec-
tively. Here, we refer to it simply as RS232. Today, RS232 is the most widely
used serial I/O interfacing standard. This standard is used in PCs and numer-
ous types of equipment. However, since the standard was set long before the
advent of the TTL logic family, its input and output voltage levels are not
TTL-compatible. In RS232, a 1 is represented by —3 to —25 V, while a 0 bit
is +3 to +25 V, making -3 to +3 undefined. For this reason, to connect any
RS232 to a microcontroller system we must use voltage converters such as
MAX232 to convert the TTL logic levels to the RS232 voltage levels, and vice
versa. MAX232 IC chips are commonly referred to as line drivers. RS232 con-
nection to MAX232 is discussed in Section 2.

8051 SERIAL PORT PROGRAMMING IN ASSEMBLY AND C
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RS232 pins

Table 1 provides the pins and their labels for the original RS232 cable,
Table 1. RS232 Pins (DB-25)

commonly referred to as the DB-25 connector.
In labeling, DB-25P refers to the plug connector
(male) and DB-25S is for the socket connector
(female). See Figure 4.

Since not all the pins are used in PC cables,
IBM introduced the DB-9 version of the serial
I/0 standard, which uses 9 pins only, as shown in
Table 2. The DB-9 pins are shown in Figure 5.

Data communication classification

Current terminology classifies data com-
munication equipment as DTE (data terminal
equipment) or DCE (data communication equip-
ment). DTE refers to terminals and computers that
send and receive data, while DCE refers to com-
munication equipment, such as modems, that are
responsible for transferring the data. Notice that
all the RS232 pin function definitions of Tables 1
and 2 are from the DTE point of view.

The simplest connection between a PC
and microcontroller requires a minimum of three
pins, TxD, RxD, and ground, as shown in Figure
6. Notice in the figure that the RxD and TxD
pins are interchanged.

Examining RS232 handshaking
signals

To ensure fast and reliable data trans-
mission between two devices, the data transfer
must be coordinated. Just as in the case of the
printer, because the receiving device in serial

Pin Description

1 Protective ground

2 Transmitted data (TxD)

3 Received data (RxD)

4 Request to send (RTS)

5 Clear to send (CTS)

6  Data set ready (DSR)

7 Signal ground (GND)

8 Data carrier detect (DCD)
9/10 Reserved for data testing

11 Unassigned

12 Secondary data carrier detect
13 Secondary clear to send

14  Secondary transmitted data
15 Transmit signal element timing
16  Secondary received data

17  Receive signal element timing
18  Unassigned

19  Secondary request to send

20 Data terminal ready (DTR)
21  Signal quality detector

22 Ring indicator

23 Data signal rate select

24  Transmit signal element timing
25  Unassigned

1 13

\V Y

>

O

O

N

14

N
25

Figure 4. The Original RS232 Connector DB-25 (No Longer in Use)
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9

Figure 5. DB-9 9-Pin Connector

Table 2. IBM PC DB-9 Signals

Pin  Description

1 Data carrier detect (@)
2 Received data (RxD)

3 Transmitted data (TxD)

4 Data terminal ready (DTR)
S Signal ground (GND)

6 Data set ready (D—SR)

7 Request to send (R—TS)

8 Clear to send (m)

9 Ring indicator (RI)

data communication may have no room for the
data, there must be a way to inform the sender
to stop sending data. Many of the pins of the
RS 232 connector are used for handshaking sig-
nals. Their descriptions are provided below only
as a reference and they can be bypassed since
they are not supported by the 8051 UART chip.

1. DTR (data terminal ready). When a terminal
(or a PC COM port) is turned on, after going
through a self-test, it sends out signal DTR to
indicate that it is ready for communication.
If there is something wrong with the COM
port, this signal will not be activated. This
is an active-low signal and can be used to
inform the modem that the computer is alive
and kicking. This is an output pin from DTE
(PC COM port) and an input to the modem.

2. DSR (data set ready). When DCE (modem)
is turned on and has gone through the self-
test, it asserts DSR to indicate that it is
ready to communicate. Thus, it is an output
from the modem (DCE) and input to the PC
(DTE). This is an active-low signal. If for
any reason the modem cannot make a con-
nection to the telephone, this signal remains
inactive, indicating to the PC (or terminal)
that it cannot accept or send data.

3. RTS (request to send). When the DTE device (such as a PC) has a byte to
transmit, it asserts RTS to signal the modem that it has a byte of data to trans-
mit. RTS is an active-low output from the DTE and an input to the modem.

4. CTS (clear to send). In response to RTS, when the modem has room for
storing the data it is to receive, it sends out signal CTS to the DTE (PC) to
indicate that it can receive the data now. This input signal to the DTE is
used by the DTE to start transmission.

5. DCD (carrier detect, or DCD, data carrier detect). The modem asserts

DTE DTE

RxD RxD

Ground

Figure 6. Null Modem Connection

signal DCD to inform the DTE (PC) that a
valid carrier has been detected and that con-
tact between it and the other modem is estab-
lished. Therefore, DCD is an output from the
modem and an input to the PC (DTE).

6. RI (ring indicator). An output from the
modem (DCE) and an input to a PC (DTE) indi-
cates that the telephone is ringing. It goes on and
off in synchronization with the ringing sound. Of
the six handshake signals, this is the least often
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used, due to the fact that modems take care of answering the phone. However,
if the PC is in charge of answering the phone, this signal can be used.

From the above description, PC and modem communication can be sum-
marized as follows: While signals DTR and DSR are used by the PC and modem,
respectively, to indicate that they are alive and well, it is RTS and CTS that actual-
ly control the flow of data. When the PC wants to send data it asserts RTS, and in
response, if the modem is ready (has room) to accept the data, it sends back CTS.
If, for lack of room, the modem does not activate CTS, the PC will deassert DTR
and try again. RTS and CTS are also referred to as hardware control flow signals.

This concludes the description of the most important pins of the RS232
handshake signals plus TxD, RxD, and ground. Ground is also referred to as
SG (signal ground).

x86 PC COM ports

The x86 PCs (based on x86 microprocessors) used to have two COM
ports. Both COM ports were RS232-type connectors. The COM ports were desig-
nated as COM 1 and COM 2. In recent years, one of these has been replaced with
the USB port, and COM 1 is the only serial port available, if any. We can connect
8051 serial port to the COM 1 port of a PC for serial communication experiments.
In the absence of a COM port, we can use COM-to-USB converter module.

With this background in serial communication, we are ready to look at
the 8051. In the next section, we discuss the physical connection of the 8051
and RS232 connector, and in Section 3, we show how to program the 8051
serial communication port.

REVIEW QUESTIONS

1. The transfer of data using parallel lines is (faster, slower) but

(more expensive, less expensive).

2. True or false. Sending data to a printer is duplex.

3. True or false. In full duplex we must have two data lines, one for transfer
and one for receive.

4. The start and stop bits are used in the (synchronous, asyn-
chronous) method.

5. Assuming that we are transmitting the ASCII letter “E” (0100 0101 in
binary) with no parity bit and one stop bit, show the sequence of bits trans-
ferred serially.

6. In Question 5, find the overhead due to framing.

7. Calculate the time it takes to transfer 10,000 characters as in Question 5 if
we use 9600 bps. What percentage of time is wasted due to overhead?

8. True or false. RS232 is not TTL-compatible.

9. What voltage levels are used for binary 0 in RS232?

10. True or false. The 8051 has a built-in UART.

11. On the back of x86 PCs, we normally have __ COM port connectors.

12. The PC COM ports are designated by DOS and Windowsas ___and ___
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2: 8051 CONNECTION TO RS232

In this section, the details of the physical connections of the 8051 to
RS232 connectors are given. As stated in Section 1, the RS232 standard is not
TTL-compatible; therefore, it requires a line driver such as the MAX232 chip to
convert RS232 voltage levels to TTL levels, and vice versa. The interfacing of 8051
with RS232 connectors via the MAX232 chip is the main topic of this section.

RxD and TxD pins in the 8051

The 8051 has two pins that are used specifically for transferring and
receiving data serially. These two pins are called TxD and RxD and are part of
the port 3 group (P3.0 and P3.1). Pin 11 of the 8051 (P3.1) is assigned to TxD
and pin 10 (P3.0) is designated as RxD. These pins are TTL-compatible; there-
fore, they require a line driver to make them RS232 compatible. One such line
driver is the MAX232 chip. This is discussed next.

MAX232

Since the RS232 is not compatible with today’s microprocessors and
microcontrollers, we need a line driver (voltage converter) to convert the RS232’s
signals to TTL voltage levels that will be acceptable to the 8051°s TxD and RxD
pins. One example of such a converter is MAX232 from Maxim Corp. (Www.
maxim-ic.com). The MAX232 converts from RS232 voltage levels to TTL voltage
levels, and vice versa. One advantage of the MAX232 chip is that it usesa +5V
power source which is the same as the source voltage for the 8051. In other words,
with a single +5 V power supply we can power both the 8051 and MAX232, with
no need for the dual power supplies that are common in many older systems.

The MAX232 has two sets of line drivers for transferring and receiving
data, as shown in Figure 7. The line drivers used for TxD are called T1 and T2,
while the line drivers for RxD are designated as R1 and R2. In many applications,

i N 2| T 8051 AX232
MAX
CIE]} Max22 |
L c4 TxDO (P3.1) |LL 1 42 5
+ 14 T+ 13 3 D
(o2 2g N N
TliN Tlout =
1 >o 14 RxDO (P3.0) |0 12
Rlout RIN DB-9
12 o<} 13
T2IN T2out
10 {>c 7
R2our R2IN
9 o< 8

TTL side 15 | RS232 side

Figure 7. Inside MAX232 and Its Connection to the 8051 (Null Modem)
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VCC

13

— 7

14 11 :l
12 MAX233 }Z 8051 MAX233
| 17
10 :l TxDO (P3.1) |1 2 S 2 S
TN Tlour 4 3 D
2 >o 5
Rlour Oq RIN RxDO (P3.0) 10 3
3 4 X e DB-9
T2IN T2out
1 >o 18
R2our R2in
20 o] 19
6 9
TTL side RS233 side

Figure 8. Inside M AX233 and Its Connection to the 8051 (Null Modem)

only one of each is used. For example, T1 and R1 are used together for TxD and
RxD of the 8051, and the second set is left unused. Notice in MAX232 that the
T1 line driver has a designation of Tlin and Tlout on pin numbers 11 and 14,
respectively. The Tlin pin is the TTL side and is connected to TxD of the micro-
controller, while T1out is the RS232 side that is connected to the RxD pin of the
RS232 DB connector. The R1 line driver has a designation of R1in and R1out on
pin numbers 13 and 12, respectively. The R1in (pin 13) is the RS232 side that is
connected to the TxD pin of the RS232 DB connector, and R1out (pin 12) is the
TTL side that is connected to the RxD pin of the microcontroller. See Figure 7.
Notice the null modem connection where RxD for one is TxD for the other.

MAX?232 requires four capacitors ranging from 1 to 22 uF. The most
widely used value for these capacitors is 22 uF.

MAX233

To save board space, some designers use the MAX233 chip from Maxim.
The MAX233 performs the same job as the MAX232 but eliminates the need
for capacitors. However, the MAX233 chip is much more expensive than the
MAX232. Notice that MAX233 and MAX232 are not pin compatible. You
cannot take a MAX232 out of a board and replace it with a MAX233. See
Figure 8 for MAX233 with no capacitor used.

REVIEW QUESTIONS

1. True or false. The PC COM port connector is the RS232 type.

2. Which pins of the 8051 are set aside for serial communication, and what
are their functions?

What are line drivers such as MAX232 used for?

MAX?232 can support ____lines for TxD and _____ lines for RxD.

5. What is the advantage of the MAX233 over the MAX232 chip?

W
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Table 3. PC Baud 3: 8051 SERIAL PORT PROGRAMMING

Rates

IN ASSEMBLY

110
150
300
600
1200
2400
4800
9600
19200

In this section, we discuss the serial communication reg-
isters of the 8051 and show how to program them to transfer
and receive data serially. Since IBM PC/compatible comput-
ers are so widely used to communicate with 8051-based systems,
we will emphasize serial communications of the 8051 with the
COM port of the PC. To allow data transfer between the PC
and an 8051 system without any error, we must make sure that
the baud rate of the 8051 system matches the baud rate of the

PC’s COM port. Some of the baud rates supported by PC BIOS
are listed in Table 3. You can examine these baud rates by going
to the Windows HyperTerminal program and clicking on the
Communication Settings option. The HyperTerminal program
comes with Windows. HyperTerminal supports baud rates much
higher than the ones listed in Table 3.

Baud rate in the 8051

The 8051 transfers and receives data serially at many different baud
rates. The baud rate in the 8051 is programmable. This is done with the help
of Timer 1. Before we discuss how to do that, we will look at the relationship
between the crystal frequency and the baud rate in the 8051.

The 8051 divides the crystal frequency by 12 to get the machine
cycle frequency. In the case of XTAL = 11.0592 MHz, the machine cycle
frequency is 921.6 kHz (11.0592 MHz / 12 = 921.6 kHz). The 8051’s serial
communication UART circuitry divides the machine cycle frequency of
921.6 kHz by 32 once more before it is used by Timer 1 to set the baud rate.
Therefore, 921.6 kHz divided by 32 gives 28,800 Hz. This is the number we
will use throughout this section to find the Timer 1 value to set the baud
rate. When Timer 1 is used to set the baud rate it must be programmed in
mode 2, that is 8-bit, auto-reload. To get baud rates compatible with the
PC, we must load TH1 with the values shown in Table 4. Example 1 shows
how to verify the data in Table 4.

Table 4. Timer 1 TH1 Register Values for Various Baud Rates

Baud Rate TH1 (Decimal) TH1 (Hex)
9600 -3 FD

4800 -6 FA

2400 -12 F4

1200 -24 ES8

Note: XTAL = 11.0592 MHz.
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Example 1

With XTAL = 11.0592 MHz, find the TH1 value needed to have the following
baud rates:  (a) 9600 (b) 2400 (c) 1200.

Solution:

With XTAL = 11.0592 MHz, we have:

The machine cycle frequency of the 8051 = 11.0592 MHz / 12 = 921.6 kHz, and
921.6 kHz / 32 = 28,800 Hz is the frequency provided by UART to Timer 1 to set
baud rate.

(a) 28,800 / 3 = 9600 where —3 = FD (hex) is loaded into TH1
(b) 28,800 / 12 = 2400 where —12 = F4 (hex) is loaded into TH1
(c) 28,800 /24 = 1200 where —24 = E8 (hex) is loaded into TH1

Notice that 1/12th of the crystal frequency divided by 32 is the default value upon
activation of the 8051 RESET pin. We can change this default setting. This is
explained at the end of this chapter.

11.0592 MHz
XTAL Machine cycle freq. 3 28,800 Hz
. > =12 = EEE— .
oscillator 921.6 kHz by UART | To Timer 1 to
set the baud

rate

SBUF register

SBUF is an 8-bit register used solely for serial communication in the
8051. For a byte of data to be transferred via the TxD line, it must be placed in
the SBUF register. Similarly, SBUF holds the byte of data when it is received
by the 8051°s RxD line. SBUF can be accessed like any other register in the
8051. Look at the following examples of how this register is accessed:

MOV SBUF, #’'D’ ;load SBUF=44H, ASCII for ‘D’
MOV SBUF, A ;copy accumulator into SBUF
MOV A, SBUF ;copy SBUF into accumulator

The moment a byte is written into SBUF, it is framed with the start and
stop bits and transferred serially via the TxD pin. Similarly, when the bits are
received serially via RxD, the 8051 deframes it by eliminating the stop and start
bits, making a byte out of the data received, and then placing it in the SBUF.

SCON (serial control) register

The SCON register is an 8-bit register used to program the start bit,
stop bit, and data bits of data framing, among other things.
The following describes various bits of the SCON register.
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SMO SM1 SM2 REN TBS8 RBS TI RI

SMO0 SCON.7 Serial port mode specifier.

SM1 SCON.6 Serial port mode specifier.

SM2  SCON.5 Used for multiprocessor communication. (Make it 0.)

REN SCONA4 Set/cleared by software to enable/disable reception.

TBS SCON.3 Not widely used.

RB8 SCON.2 Not widely used.

TI SCON.1 Transmit interrupt flag. Set by hardware at the beginning of
the stop bit in mode 1. Must be cleared by software.

RI SCON.0 Receive interrupt flag. Set by hardware halfway through the

stop bit time in mode 1. Must be cleared by software.

Figure 9. SCON Serial Port Control Register (Bit-Addressable)
Note: Make SM2, TB8, and RB8 = 0.

SMo, SM1

SMO0 and SM1 are D7 and D6 of the SCON register, respectively. These
two bits determine the framing of data by specifying the number of bits per
character, and the start and stop bits. They take the following combinations.

SMO SM1

0 0 Serial Mode 0

0 1 Serial Mode 1, 8-bit data, 1 stop bit, 1 start bit
1 0 Serial Mode 2

1 1 Serial Mode 3

Of the four serial modes, only mode 1 is of interest to us. In the SCON
register, when serial mode 1 is chosen, the data framing is 8 bits, 1 stop bit, and
1 start bit, which makes it compatible with the COM port of IBM/compatible
PCs. More importantly, serial mode 1 allows the baud rate to be variable and
is set by Timer 1 of the 8051. In serial mode 1, for each character a total of 10
bits are transferred, where the first bit is the start bit, followed by 8 bits of data,
and finally 1 stop bit.

Sm2

SM2 is the D5 bit of the SCON register. This bit enables the multipro-
cessing capability of the 8051 and is beyond the discussion of this chapter. For
our applications, we will make SM2 = 0 since we are not using the 8051 in a
multiprocessor environment.

REN

The REN (receive enable) bit is D4 of the SCON register. The REN bit
1s also referred to as SCON.4 since SCON is a bit-addressable register. When
the REN bit is high, it allows the 8051 to receive data on the RxD pin of the
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8051. As a result if we want the 8051 to both transfer and receive data, REN
must be set to 1. By making REN = 0, the receiver is disabled. Making REN =
1 or REN = 0 can be achieved by the instructions “SETB SCON.4” and “CLR
SCON. 47, respectively. Notice that these instructions use the bit-addressable
features of register SCON. This bit can be used to block any serial data recep-
tion and is an extremely important bit in the SCON register.

B8

TBS (transfer bit §) is bit D3 of SCON. It is used for serial modes 2 and 3.
We make TB8 = 0 since it is not used in our applications.

RB8

RBS (receive bit 8) is bit D2 of the SCON register. In serial mode 1, this
bit gets a copy of the stop bit when an 8-bit data is received. This bit (as is the case
for TBS) is rarely used anymore. In all our applications we will make RBS8 = 0.
Like TBS8, the RB8 bit is also used in serial modes 2 and 3.

TI

TT (transmit interrupt) is bit D1 of the SCON register. This is an extremely
important flag bit in the SCON register. When the 8051 finishes the transfer
of the 8-bit character, it raises the TI flag to indicate that it is ready to transfer
another byte. The TT bit is raised at the beginning of the stop bit. We will discuss
its role further when programming examples of data transmission are given.

RI

RI (receive interrupt) is the DO bit of the SCON register. This is another
extremely important flag bit in the SCON register. When the 8051 receives data
serially via RxD, it gets rid of the start and stop bits and places the byte in the
SBUF register. Then it raises the RI flag bit to indicate that a byte has been
received and should be picked up before it is lost. RI is raised halfway through
the stop bit, and we will soon see how this bit is used in programs for receiving
data serially.

Programming the 8051 to transfer data serially

In programming the 8051 to transfer character bytes serially, the fol-
lowing steps must be taken.

1. The TMOD register is loaded with the value 20H, indicating the use of
Timer 1 in mode 2 (8-bit auto-reload) to set the baud rate.

2. The THI1 is loaded with one of the values in Table 4 to set the baud rate
for serial data transfer (assuming XTAL = 11.0592 MHz).

3. The SCON register is loaded with the value 50H, indicating serial mode 1,
where an 8-bit data is framed with start and stop bits.

4. TRl is set to I to start Timer 1.
5. Tlis cleared by the “CLR TI” instruction.
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6. The character byte to be transferred serially is written into the SBUF register.
7. The TI flag bit is monitored with the use of the instruction “JNB TI, xx”

to see if the character has been transferred completely.

8. To transfer the next character, go to Step 5.

Example 2 shows a program to transfer data serially at 4800 baud.

Example 3 shows how to transfer “YES” continuously.

Importance of the Tl flag

To understand the importance of the role of TI, look at the following
sequence of steps that the 8051 goes through in transmitting a character via TxD.

Example 2
Write a program for the 8051 to transfer letter “A” serially at 4800 baud,
continuously.
Solution:
MOV  TMOD, #20H ;Timer 1, mode 2 (auto-reload)
MOV TH1,#-6 ;4800 baud rate
MOV  SCON, #50H ;8-bit, 1 stop, REN enabled
SETB TR1 ;start Timer 1
AGAIN: MOV SBUF, #”A"” ;letter “A” to be transferred
HERE : JNB TI,HERE ;wait for the last bit
CLR TI ;clear TI for next char
SJMP AGAIN ;keep sending A
Example 3

Write a program to transfer the message “YES” serially at 9600 baud, 8-bit data, 1

stop bit. Do this continuously.

Solution:
MOV TMOD, #20H
MOV TH1, #-3
MOV SCON, #50H
SETB TR1
AGAIN: MOV A #"Y”
ACALL TRANS
MOV A #"E"
ACALL TRANS
MOV A, #"S"
ACALL TRANS
SJIMP AGAIN
j----- serial data transfer
TRANS MOV SBUF, A
HERE JNB TI,HERE
CLR TI
RET

;Timer 1, mode
;9600 baud

;8-bit, 1 stop
;start Timer 1

;transfer “Y”
;transfer “E”
;transfer “S”

;keep doing it

subroutine

; load SBUF
;wait for last
;get ready for

bit, REN enabled

bit to transfer
next byte
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The byte character to be transmitted is written into the SBUF register.
The start bit is transferred.
The 8-bit character is transferred one bit at a time.

The stop bit is transferred. It is during the transfer of the stop bit that the
8051 raises the TI flag (TI = 1), indicating that the last character was trans-
mitted and it is ready to transfer the next character.

v =

5. By monitoring the TI flag, we make sure that we are not overloading the
SBUF register. If we write another byte into the SBUF register before TI is
raised, the untransmitted portion of the previous byte will be lost. In other
words, when the 8051 finishes transferring a byte, it raises the TI flag to
indicate it is ready for the next character.

6. After SBUF is loaded with a new byte, the TI flag bit must be forced to 0
by the “CLR TI” instruction in order for this new byte to be transferred.

From the above discussion, we conclude that by checking the TI flag
bit, we know whether or not the 8051 is ready to transfer another byte. More
importantly, it must be noted that the TI flag bit is raised by the 8051 itself
when it finishes the transfer of data, whereas it must be cleared by the pro-
grammer with an instruction such as “CLR TI”. It also must be noted that if
we write a byte into SBUF before the TI flag bit is raised, we risk the loss of
a portion of the byte being transferred. The TI flag bit can be checked by the
instruction “JNB TI,...” or we can use an interrupt.

Programming the 8051 to receive data serially

In the programming of the 8051 to receive character bytes serially, the
following steps must be taken.

1. The TMOD register is loaded with the value 20H, indicating the use of
Timer 1 in mode 2 (8-bit auto-reload) to set the baud rate.

2. THI1 is loaded with one of the values in Table 4 to set the baud rate (assum-
ing XTAL = 11.0592 MHz).

3. The SCON register is loaded with the value 50H, indicating serial mode
1, where 8-bit data is framed with start and stop bits and receive enable is
turned on.

4. TR1issetto 1 to start Timer 1.
5. Rl is cleared with the “CLR RI” instruction.

6. The RI flag bit is monitored with the use of the instruction “JNB RI, xx”
to see if an entire character has been received yet.

7. When RI is raised, SBUF has the byte. Its contents are moved into a safe
place.

8. To receive the next character, go to Step 5.
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Example 4

Program the 8051 to receive bytes of data serially, and put them in P1. Set the baud
rate at 4800, 8-bit data, and 1 stop bit.
Solution:
MOV  TMOD, #20H ;Timer 1, mode 2 (auto-reload)
MOV TH1, #-6 ;4800 baud
MOV  SCON, #50H ;8-bit, 1 stop, REN enabled
SETB TR1 ;start Timer 1
HERE: JNB RI,HERE ;walt for char to come in
MOV A, SBUF ;save incoming byte in A
MOV P1,A ;send to port 1
CLR RI ;get ready to receive next byte
SJMP HERE ;keep getting data

Examples 4 and 5 show the coding of the above steps.

Importance of the Rl flag bit

In receiving bits via its RxD pin, the 8051 goes through the following

steps.

1.

bit

It receives the start bit indicating that the next bit is the first bit of the
character byte it is about to receive.

The 8-bit character is received one bit at a time. When the last bit is received,
a byte is formed and placed in SBUF-.

. The stop bit is received. When receiving the stop bit the 8051 makes RI = 1,

indicating that an entire character byte has been received and must be picked
up before it gets overwritten by an incoming character.

By checking the RI flag bit when it is raised, we know that a character has
been received and is sitting in the SBUF register. We copy the SBUF con-
tents to a safe place in some other register or memory before it is lost.

After the SBUF contents are copied into a safe place, the RI flag bit must
be forced to 0 by the “CLR RI” instruction in order to allow the next
received character byte to be placed in SBUF. Failure to do this causes loss
of the received character.

From the above discussion, we conclude that by checking the RI flag
we know whether or not the 8051 has received a character byte. If we fail

to copy SBUF into a safe place, we risk the loss of the received byte. More
importantly, it must be noted that the RI flag bit is raised by the 8051, but it
must be cleared by the programmer with an instruction such as “CLR RI”. It
also must be noted that if we copy SBUF into a safe place before the RI flag

bit

is raised, we risk copying garbage. The RI flag bit can be checked by the

instruction “JNB RI,xx” or by using an interrupt.
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Example 5

Assume that the 8051 serial port is connected to the COM port of the IBM PC,
and on the PC we are using the HyperTerminal program to send and receive data
serially. P1 and P2 of the 8051 are connected to LEDs and switches, respectively.
Write an 8051 program to (a) send to the PC the message “We Are Ready,” (b)
receive any data sent by the PC and put it on LEDs connected to P1, and (c) get
data on switches connected to P2 and send it to the PC serially. The program should
perform part (a) once, but parts (b) and (c) continuously. Use the 4800 baud rate.

Solution:
ORG 0
MOV P2, #0FFH ;make P2 an input port
MOV TMOD, #20H ;Timer 1, mode 2 (auto-reload)
MOV TH1, #0FAH ;4800 baud rate
MOV SCON, #50H ;8-bit,1 stop, REN enabled
SETB TR1 ;start Timer 1
MOV DPTR, #MYDATA ;load pointer for message
H 1: CLR A
MOVC A, @A+DPTR ;get the character
JZ B 1 ;1f last character get out
ACALL SEND ;otherwise call transfer
INC DPTR ;next one
SJMP H 1 ;stay in loop
B 1: MOV A, P2 ;read data on P2
ACALL SEND ;transfer it serially
ACALL RECV ;get the serial data
MOV P1,A ;display it on LEDs
SJMP B 1 ;stay in loop indefinitely
e serial data transfer. ACC has the data
SEND: MOV SBUF, A ;load the data
H 2: JNB TI,H 2 ;stay here until last bit gone
CLR TI ;get ready for next char
RET ;return to caller
fmmmm - - receive data serially in ACC
RECV: JNB RI,RECV ;wait here for char
MOV A, SBUF ;save it in ACC
CLR RI ;get ready for next char
RET ;return to caller
G- The message
MYDATA : DB “We Are Ready”,0
END
8051
Pl i LED
To TxD
PC

COM
port RxD P2 g SW

8051 SERIAL PORT PROGRAMMING IN ASSEMBLY AND C




Doubling the baud rate in the 8051

There are two ways to increase the baud rate of data transfer in the 8051.
1. Use a higher-frequency crystal.
2. Change a bit in the PCON register, shown below.
D7 DO
[sMOD| - [ -- | -- | GF1 | GFo [ PD | IDL |

Option 1 is not feasible in many situations since the system crystal is
fixed. More importantly, it is not feasible because the new crystal may not be
compatible with the IBM PC serial COM port’s baud rate. Therefore, we will
explore option 2. There is a software way to double the baud rate of the 8051
while the crystal frequency is fixed. This is done with the register called PCON
(power control). The PCON register is an 8-bit register. Of the 8 bits, some are
unused, and some are used for the power control capability of the 8051. The bit
that is used for the serial communication is D7, the SMOD (serial mode) bit.
When the 8051 is powered up, D7 (SMOD bit) of the PCON register is zero. We
can set it to high by software and thereby double the baud rate. The following
sequence of instructions must be used to set high D7 of PCON, since it is not a
bit-addressable register:

MOV A, PCON ;place a copy of PCON in ACC
SETB ACC.7 ;make D7=1
MOV PCON, A ;now SMOD=1 without

;changing any other bits

To see how the baud rate is doubled with this method, we show the
role of the SMOD bit (D7 bit of the PCON register), which can be 0 or 1. We
discuss each case.

Baud rates for SMOD =0

When SMOD = 0, the 8051 divides 1/12 of the crystal frequency by 32
and uses that frequency for Timer 1 to set the baud rate. In the case of XTAL
=11.0592 MHz, we have:

Machine cycle freq. = 11.0592 MHz / 12 = 921.6 kHz
and
921.6 kHz / 32 = 28,800 Hz since SMOD = 0

This is the frequency used by Timer 1 to set the baud rate. This has
been the basis of all the examples so far since it is the default when the 8051 is
powered up. The baud rate for SMOD = 0 was listed in Table 4.

Baud rates for SMOD = 1

With the fixed crystal frequency, we can double the baud rate by making
SMOD = 1. When the SMOD bit (D7 of the PCON register) is set to 1, 1/12 of
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Table 5. Baud Rate Comparison for SMOD = (0 and SMOD =1

TH1  (Decimal) (Hex) SMOD =0 SMOD = 1
3 FD 9,600 19,200
-6 FA 4,800 9,600
“12 F4 2,400 4,800
4 ES 1,200 2,400

Note: XTAL = 11.0592 MHz.

XTAL is divided by 16 (instead of 32) and that is the frequency used by Timer
1 to set the baud rate. In the case of XTAL = 11.0592 MHz, we have:

Machine cycle freg. = 11.0592 MHz / 12 = 921.6 kHz
and
921.6 kHz / 16 = 57,600 Hz since SMOD = 1

This is the frequency used by Timer 1 to set the baud rate.

Table 5 shows that the values loaded into TH1 are the same for both
cases; however, the baud rates are doubled when SMOD = 1. See Examples 6
through 10 to clarify the data given in Table 5.

Example 6

Assuming that XTAL = 11.0592 MHz for the following program, state (a) what
this program does, (b) compute the frequency used by Timer 1 to set the baud rate,
and (c¢) find the baud rate of the data transfer.

MOV A, PCON ;A = PCON
SETB ACC.7 ;make D7 = 1
MOV PCON, A ;SMOD = 1, double baud rate

;with same XTAL freq.

MOV  TMOD, #20H ;Timer 1, mode 2 (auto-reload)

MOV TH1, -3 ;19200 (57,600 / 3 = 19200 baud rate
;since SMOD=1)

MOV  SCON, #50H ;8-bit data,l stop bit, RI enabled

SETB TR1 ;start Timer 1
MOV A, #"B” ;transfer letter B
A 1: CLR TI ;make sure TI=0
MOV  SBUF, A ;transfer it
H1: JNB TI,H 1 ;jstay here until the last bit is gone
SJMP A 1 ;keep sending “B” again and again
Solution:

(a) This program transfers ASCII letter B (01000010 binary) continuously.
(b) With XTAL = 11.0592 MHz and SMOD = 1 in the above program, we have:

11.0592 MHz / 12 = 921.6 kHz machine cycle frequency
921.6 kHz / 16 = 57,600 Hz frequency used by Timer 1 to set the baud rate
57,600 Hz / 3 = 19,200 baud rate
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Example 7

Find the TH1 value (in both decimal and hex) to set the baud rate to each of the
following: (a) 9600 (b) 4800 if SMOD =1. Assume that XTAL =11.0592 MHz.

Solution:

With XTAL = 11.0592 MHz and SMOD = 1, we have Timer 1 frequency = 57,600 Hz.
(a) 57,600 / 9600 = 6; therefore, TH1 = —6 or TH1 = FAH.
(b) 57,600 / 4800 = 12; therefore, TH1 = —12 or TH1 = F4H.

SMOD =1
11.0592 MHz
57,600 Hz T,
: Sl L E——
XTAL N . Machine cycle freq.‘ Timer 1
oscillator i 9216kHz o seU
: 28,800 Hz  baud
+32
rate
SMOD =0
Example 8

Find the baud rate if THI = -2, SMOD =1, and XTAL = 11.0592 MHz. Is this
baud rate supported by IBM/compatible PCs?

Solution:

With XTAL = 11.0592 MHz and SMOD = 1, we have Timer 1 frequency = 57,600
Hz. The baud rate is 57,600 / 2 = 28,800. This baud rate is not supported by the
BIOS of the PCs; however, the PC can be programmed to do data transfer at such
a speed. Also, HyperTerminal in Windows supports this and other baud rates.

Interrupt-based data transfer

By now you might have noticed that it is a waste of the microcontroller’s
time to poll the TI and RI flags. In order to avoid wasting the microcontroller’s
time, we use interrupts instead of polling.

REVIEW QUESTIONS

1. Which timer of the 8051 is used to set the baud rate?

2. If XTAL = 11.0592 MHz, what frequency is used by the timer to set the

baud rate?

Which mode of the timer is used to set the baud rate?

4. With XTAL = 11.0592 MHz, what value should be loaded into THI to
have a 9600 baud rate? Give the answer in both decimal and hex.

5. To transfer a byte of data serially, it must be placed in register

6. SCON stands for and itis a(n) ____ -bit register.

e
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Example 9
Assume a switch is connected to pin P1.7. Write a program to monitor its status
and send two messages to serial port continuously as follows:
If sw=0, send “NO”
If sw=1, send “YES”
Assume XTAL = 11.0592 MHz, 9600 baud, 8-bit data, and 1 stop bit.
Solution:
SW1 EQU P1.7
ORG 0H ;starting position
MATIN: MOV TMOD, #20H
MOV TH1, #-3 ;9600 baud rate
MOV SCON, #50H
SETB TR1 ;start timer
SETB SW1 ;make SW an input
SHlN: JB SW1,NEXT ;check SW status
MOV DPTR, #MESS1 ;if SW=0 display "“NO”
FN: CLR A
MOVC A, @A+DPTR ;read the wvalue
JZ S1 ;check for end of line
ACALL SENDCOM ;send value to serial port
INC DPTR ;move to next value
SJMP FN jrepeat
NEXT: MOV DPTR, #MESS2 ;1f SW=1 display “YES”
LN: CLR A
MOVC A, @A+DPTR ;read the wvalue
JZ S1 ;check for end of line
ACALL SENDCOM ;send value to serial port
INC DPTR ;move to next value
SJIMP LN ;repeat
SENDCOM : MOV SBUF, A ;place value in buffer
HERE: JNB TI,HERE ;walt until transmitted
CLR TI ;clear
RET ;return
MESS1 : DB “NO”, 0
MESS2 : DB “YES”,0
END

7. Which register is used to set the data size and other framing information
such as the stop bit?

8. True or false. SCON is a bit-addressable register.

9. When is TI raised?

10. Which register has the SMOD bit, and what is its status when the 8051 is
powered up?
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Example 10

Write a program to send the message “The Earth is but One Country” to serial port.
Assume a sw is connected to pin P1.2. Monitor its status and set the baud rate as

follows:

sw = 0, 4800 baud rate
sw = 1, 9600 baud rate
Assume XTAL = 11.0592 MHz, 8-bit data, and 1 stop bit.

Solution:

MAIN:

S s

SLOWSP:

OVER :
FN:

SENDCOM:

HERE :

SW
ORG

MOV
MOV
MOV
SETB
SETB
JNB
MOV
SETB
MOV
SJMP
MOV
CLR
MOV
MOV
CLR
MOvC
JZ
ACALL
INC
SJMP

MOV
JNB
CLR
RET

BIT P1.2
OH

TMOD, #20H
TH1,#-6
SCON, #50H
TR1

SW

SW, SLOWSP
A, PCON
ACC.7
PCON, A
OVER

A, PCON
ACC.7
PCON, A
DPTR, #MESS1
A
A,@A+DPTR
S1
SENDCOM
DPTR

FN

SBUF, A
TI,HERE
TT

END

;Starting position

;4800 baud rate (default)

;make SW an input

;check SW status

;read PCON

;set SMOD High for 9600
;write PCON

;send message

;read PCON

;make SMOD Low for 4800
;write PCON

;load address to message

;read value

;check for end of line

;send value to the serial port
;move to next wvalue

;repeat

;place value in buffer
;wait until transmitted
;clear
;return

“The Earth is but One Country”,0
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4: PROGRAMMING THE SECOND SERIAL PORT

Many of the new generations of the 8051 microcontrollers come with
two serial ports. The DS89C4x0 and DS80C320 are among them. In this
section, we show the programming of the second serial port of the DS89C4x0
chip.

DS89C4x0 second serial port

The second serial port of the DS§9C4x0 uses pins P1.2 and P1.3 for the
Rx and Tx lines, respectively. See Figure 10. The MDES8O051 Trainer (avail-
able from www.MicroDigitalEd.com) uses the DS89C4x0 chip and comes
with two serial ports already installed. It also uses the MAX232 for the RS232
connection to DB9. The connections for the RS232 to the DS89C4x0 of the
MDES8051 Trainer are shown in Figure 11. Notice that the first and second
serial ports are designated as Serial #0 and Serial #1, respectively.

DIP
U/

(T2)P1.0 []1 40 [ Ve
(T2EX)P1.1 []2 39 [ P0.0 (ADO)
[RXD) P12 []3 38 1 Po.1 (AD1)
(TXD1) P13 []4 DS 37 [ P0.2 (AD2)
(INT2) P1.4 s 89C4x0 36 1 P0.3 (AD3)
(NT3) P15 []6 35 ] P0.4 (AD4)
(INT4)P1.6 []7 (89C430 34 ] P0.5 (AD5)
(NT5) P17 [ 8 89C440 33 |7 pos (ADS)

RST []9 89C450) 32 [ ro.7(ADY)
(RXD0) P3.0 [ 10 31 [ EAV,,
(TXDO) P3.1 [} 11 30 [] ALE/PROG
(INTO) P3.2 [] 12 29 [] PSEN
(INTI) P33 [] 13 28 [ P27 (A15)

(TO)P3.4 [] 14 27 [ P2.6(Al4)

(TH P35 []15 26 [ P25 (A13)

(WR) P3.6 []16 25 [] P24 (A12)

[RD)P3.7 [ 17 24 ] P23 (AlD)

XTAL2[] 18 23 [ P22 (A10)
XTAL1[] 19 22 [ P2.1(A9)
GND [] 20 21 [ P2.0(A8)

Figure 10. DS89C4x0 Pin Diagram
Note: Notice P1.2 and P1.3 pins are used by Rx and Tx
lines of the second serial port.
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Figure 11. Inside MAX232 and Its Connection to the DS89C4x(

Addresses for all SCON and SBUF registers

All the programs we have seen so far in this chapter assume the use of the
first serial port as the default serial port since every version of the 8051 comes
with at least one serial port. The SCON, SBUF, and PCON registers of the 8051
are part of the special function registers. The address for each of the SFRs is
shown in Table 6. Notice that SCON has address 98H, SBUF has address 99H,
and finally PCON is assigned the 87H address. The first serial port is supported
by all assemblers and C compilers in the market for the 8051. If you examine the
list file for 8051 Assembly language programs, you will see that these labels are
replaced with their SFR addresses. The second serial port is not implemented by
all versions of the 8051/52 microcontroller. Only a few versions of the 8051/52,
such as the DS89C4x0, come with the second serial port. As a result, the second
serial port uses some reserved SFR addresses for the SCON and SBUF registers
and there is no universal agreement among the makers as to which addresses
should be used. In the case of the DS89C4x0, the SFR addresses of COH and
CI1H are set aside for SBUF and SCON, as shown in Table 6. The DS89C4x0
technical documentation refers to these registers as SCON1 and SBUF1 since
the first ones are designated as SCONO and SBUFO.

Table 6. SFR Byte Addresses for DS89C4x0 Serial Ports

SFR First Serial Port Second Serial Port
SCON (byte address) SCONO = 98H SCONI1 = COH
SBUF (byte address) SBUFO0 = 99H SBUF1 = C1H
TL (byte address) TL1 = §8BH TL1 = §8BH

TH (byte address) THI1 = 8DH THI1 = 8DH
TCON (byte address) TCONO = 88H TCONO = 88H
PCON (byte address) PCON = 87H PCON = 87H
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Table 7. SFR Addresses for the DS89C4x0

Symbol Name Address
ACC* Accumulator EOH
B* B register FOH
PSW* Program status word DOH
SP Stack pointer 81H
DPTR Data pointer 2 bytes

DPL Low byte 82H

DPH High byte 83H
PO* Port 0 8OH
P1* Port 1 90H
p2* Port 2 0AOH
P3* Port 3 BOH
IP* Interrupt priority control B8H
IE* Interrupt enable control ASH
TMOD Timer/counter mode control 89H
TCON* Timer/counter control 88H
T2CON* Timer/counter 2 control C8H
T2MOD Timer/counter mode control C9H
THO Timer/counter 0 high byte 8CH
TLO Timer/counter 0 low byte 8AH
THI1 Timer/counter 1 high byte 8DH
TLI Timer/counter 1 low byte 8BH
TH2 Timer/counter 2 high byte CDH
TL2 Timer/counter 2 low byte CCH
RCAP2H T/C 2 capture register high byte CBH
RCAP2L T/C 2 capture register low byte CAH
SCONO* Serial control (first serial port) 98H
SBUFO0 Serial data buffer (first serial port) 99H
PCON Power control 87TH
SCONT* Serial control (second serial port) COH
SBUF1 Serial data buffer (second serial port) ClH

* Bit-addressable

Programming the second serial port using timer 1

While each serial port has its own SCON and SBUF registers, both ports
can use Timer 1 for setting the baud rate. Indeed, upon reset, the DS89C4x0
chip uses Timer 1 for setting the baud rate of both serial ports. Since the older
8051 assemblers do not support this new second serial port, we need to define
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SMO [ sm1 | smM2 | REN [ T™B8 [ RB§ | TI | RI

Bits Bit Addresses
Serial #0  Serial #1

SM0O0 SCONO0.7=9FH SCONI1.7=C7H Serial port mode specifier
SM1 SCONO0.6 =9EH SCONI1.6 = C6H Serial port mode specifier
SM2 SCONO0.5=9DH SCONI.5=C5H Multiprocessor communication
REN SCON0.4=9CH SCONI1.4=C4H Enable/disable reception
TB8 SCONO0.3=9BH SCONI1.3=C3H Not widely used
RB8 SCONO0.2=9AH SCONI1.2=C2H Not widely used
TI SCONO0.1 = 99H SCONI1.1 =CIH Transmit interrupt flag
RI SCONO0.0 = 98H SCON1.0 = COH Receive interrupt flag
Note: Make SM2, TB§, and RB8 = 0.

Figure 12. SCON0 and SCON1 Bit Addresses (TI and RI Bits Must be Noted)

them as shown in Example 11. Notice that in both C and Assembly, SBUF and
SCON refer to the SFR registers of the first serial port. To avoid confusion, in
DS89C4x0 programs we use SCONO and SBUFO for the first and SCONI1 and
SBUF1 for the second serial ports. For this reason, the MDES051 Trainer des-
ignates the serial ports as Serial #0 and Serial #1 in order to comply with this

designation. See Examples 12 through 14.

Example 11
Write a program for the second serial port of the DS89C4x0 to continuously transfer
the letter “A” serially at 4800 baud. Use 8-bit data and 1 stop bit. Use Timer 1.
Solution:
SBUF1 EQU 0C1H ;second serial SBUF addr
SCON1 EQU O0COH ;second serial SCON addr
TI1 BIT OC1H ;second serial TI bit addr
RI1 BIT OCOH ;second serial RI bit addr
ORG 0H ;starting position
MAIN:
MOV TMOD, #20H ;COM2 uses Timer 1 upon reset
MOV TH1, #-6 ;4800 baud rate
MOV SCON1, #50H ;COM2 has its own SCON1
SETB TR1 ;start Timer 1
AGAIN: MOV A, #'A ;send char ‘A’
ACALL SENDCOM2
SJMP AGAIN
SENDCOM2 :
MOV SBUF1,A ;COM2 has its own SBUF
HERE : JNB TI1,HERE ;COM2 has its own TI flag
CLR TI1
RET
END
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Example 12

Write a program to send the text string “Hello” to Serial #1. Set the baud rate at
9600, 8-bit data, and 1 stop bit.

Solution:
SCON1 EQU O0COH
SBUF1 EQU O0C1lH
TI1 BIT OC1H
ORG OH ;starting position
MOV TMOD, #20H
MOV TH1, #-3 ;9600 baud rate
MOV SCON1, #50H
SETB TR1
MOV DPTR, #MESS1 ;display “Hello”
FN: CLR A
MOVC A, @A+DPTR ;read value
JZ S1 ;check for end of line
ACALL SENDCOM2 ;send to serial port
INC DPTR ;move to next value
SJIMP FN
Sl: SJIMP S1
SENDCOM?2 :
MOV SBUF1, A ;place value in buffer
HERE1: JNB TI1,HEREL ;walt until transmitted
CLR TI1 ;clear
RET
MESS1 : DB “Hello”, 0
END
Example 13

Program the second serial port of the DS89C4x0 to receive bytes of data serially
and put them on P1. Set the baud rate at 4800, 8-bit data, and 1 stop bit.

Solution:

HERE:

SBUF1 EQU O0C1lH
SCON1 EQU O0COH
RI1 BIT OCOH
ORG OH

MOV TMOD, #20H
MOV TH1, #-6
MOV SCON1, #50H
SETB TR1

JNB RI1,HERE
MOV A, SBUF1
MOV P1,A

CLR RI1

SJMP HERE

END

;second serial SBUF addr
;second serial SCON addr
;second serial RI bit addr
;starting position

;COM2 uses Timer 1 upon reset
;4800 baud rate

;COM2 has its own SCON1
;start Timer 1

;walit for data to come in
;save data

;display on P1
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Example 14

Assume that a switch is connected to pin P2.0.

Write a program to monitor the switch and perform the following:
(a) If sw = 0, send the message “Hello” to the Serial #0 port.
(b) If sw = 1, send the message “Goodbye” to the Serial #1 port.

Solution:

SH:

FN:

NEXT :
LN:

SENDCOML1 :

HERE:

SENDCOM2 :

HERE1:

MESS1:
MESS2:

SCON1
TI1
SW1
ORG
MOV
MOV
MOV
MOV
SETB
SETB
JB
MOV
CLR
MOVC
Jz
ACALL
INC
SJMP
MOV
CLR
MOVC
Jz
ACALL
INC
SJMP

MOV
JNB
CLR
RET

MOV
JNB
CLR
RET

DB
DB
END

EQU 0COH
BIT OC1H
BIT P2.0
OH

TMOD, #20H
TH1, #-3
SCON, #50H
SCON1, #50H
TR1

SW1
SW1,NEXT
DPTR, #MESS1
A

A, @A+DPTR
S1
SENDCOM1
DPTR

FN

DPTR, #MESS2
A

A, @A+DPTR
S1
SENDCOM2
DPTR

LN

SBUF, A
TI,HERE
TI

SBUF1,A
TI1,HERE1l
TI1

“Hello”, 0
“Goodbye”, 0

;starting position

;9600 baud rate

;make SW1 an input
;check SW1 status
;1f SW1=0 display “Hello”

;read value

;check for end of line
;send to serial port
;move to next value

;1f SW1l=1 display “Goodbye”

;read value

;check for end of line
;send to serial port
;move to next value

;place value in buffer
;wait until transmitted
;clear

;place value in buffer
;wait until transmitted
;clear
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REVIEW QUESTIONS

(All questions refer to the DS89C4x0 chip.)

1. Upon reset, which timer is used to set the baud rate for Serial #0 and Serial #1?

2. Which pins are used for the second serial ports?

3. With XTAL = 11.0592 MHz, what value should be loaded into TH1 to
have a 28,800 baud rate? Give the answer in both decimal and hex.

4. To transfer a byte of data via the second serial port, it must be placed in
register .

5. SCONI refers to and it is a(n) -bit register.

6. Which register is used to set the data size and other framing information
such as the stop bit for the second serial port?

5: SERIAL PORT PROGRAMMING IN C

This section shows C programming of the serial ports for the 8051/52
and DS89C4x0 chips.

Transmitting and receiving data in 8051 C

The SFR registers of the 8051 are accessible directly in 8051 C compil-
ers by using the reg51.h file. Examples 15 through 19 show how to program
the serial port in 8051 C. Connect your 8051 Trainer to the PC’s COM port
and use HyperTerminal to test the operation of these examples.

Example 15

Write a C program for the 8051 to transfer the letter “A” serially at 4800 baud con-
tinuously. Use 8-bit data and 1 stop bit.

Solution:

#include <reg51.h>
void main (void)
{
TMOD=0x20 ; //use Timer 1,8-BIT auto-reload
TH1=0xFA; //4800 baud rate
SCON=0x50;
TR1=1;
while (1)
{
SBUF='A"; //place value in buffer
while (TI==0) ;
TI=0;

}
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Example 16

Write an 8051 C program to transfer the message “YES” serially at 9600 baud,
8-bit data, 1 stop bit. Do this continuously.

Solution:

#include <reg51.h>
void SerTx (unsigned char) ;
void main (void)
{
TMOD=0x20 ; //use Timer 1,8-BIT auto-reload
TH1=0xFD; //9600 baud rate
SCON=0x50;
TR1=1; //start timer
while (1)
{
SerTx (‘Y’) ;
SerTx (‘E’) ;
SerTx ('S’) ;
}
}

void SerTx (unsigned char x)

{

SBUF=x; //place value in buffer
while (TI==0) ; //wait until transmitted
TI=0;
}
Example 17

Program the 8051 in C to receive bytes of data serially and put them in P1. Set the
baud rate at 4800, 8-bit data, and 1 stop bit.

Solution:

#include <reg51.h>
void main (void)

{

unsigned char mybyte;

TMOD=0x20 ; //use Timer 1,8-BIT auto-reload
TH1=0xFA; //4800 baud rate
SCON=0x50;
TR1=1; //start timer
while (1) //repeat forever
{

while (RI==0) ; //wait to receive

mybyte=SBUF; //save value

Pl=mybyte; //write value to port

RI=0;
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Example 18

Write an 8051 C program to send two different strings to the serial port. Assuming
that sw i1s connected to pin P2.0, monitor its status and make a decision as follows:
If sw = 0, send your first name
If sw = 1, send your last name
Assume XTAL = 11.0592 MHz, baud rate of 9600, 8-bit data, 1 stop bit.

Solution:

#include <reg51.h>
sbit MYSW=P2"0; //input switch
void main (void)
{
unsigned char z;
unsigned char fname[]="ALI";
unsigned char lname[]="SMITH”;

TMOD=0x20 ; //use Timer 1,8-BIT auto-reload
TH1=0xFD; //9600 baud rate
SCON=0x50;
TR1=1; //start timer
if (MYSW==0) //check switch
{
for(z=0;2z<3;z++) //write name
{
SBUF=fname [z] ; //place value in buffer
while (TI==0) ; //wait for transmit
TI=0;
}
}
else
{
for(z=0;2z<5;z++) //write name
{
SBUF=1name [z] ; //place value in buffer
while (TI==0) ; //wait for transmit
TI=0;

}
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Example 19

Write an 8051 C program to send the two messages “Normal Speed” and “High Speed”
to the serial port. Assuming that sw is connected to pin P2.0, monitor its status and set
the baud rate as follows:

sw = 0, 28,800 baud rate

sw = 1, 56K baud rate

Assume that XTAL = 11.0592 MHz for both cases.

Solution:

#include <reg5l.h>
sbit MYSW=P2"0; //input switch
void main (void)
{
unsigned char z;
unsigned char Messl[]="Normal Speed”;
unsigned char Mess2[]="High Speed”;

TMOD=0x20 ; //use Timer 1,8-BIT auto-reload
TH1=0xFF; //28,800 for normal speed
SCON=0x50;

TR1=1; //start timer

if (MYSW==0)

{

for(z=0;z<12;z++)

{

SBUF=Messl[z] ; //place value in buffer
while (TI==0) ; //wait for transmit
TI=0;
}
}
else
{
PCON=PCON | 0%80; //for high speed of 56K

for(z=0;2z<10;z++)

{

SBUF=Mess2 [z] ; //place value in buffer
while (TI==0) ; //wait for transmit
TI=0;

}
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8051 C compilers and the second serial port

Since many C compilers do not support the second serial port of the
DS89C4x0 chip, we have to declare the byte addresses of the new SFR regis-
ters using the sfr keyword. Table 6 and Figure 12 provide the SFR byte and
bit addresses for the DS89C4x0 chip. Examples 20 and 21 show C versions of
Examples 11 and 13 in Section 4.

Notice in both Examples 20 and 21 that we are using Timer 1 to set the
baud rate for the second serial port. Upon reset, Timer 1 is the default for the
second serial port of the DS89C4x0 chip.

Example 20

Write a C program for the DS89C4x0 to transfer letter “A” serially at 4800 baud
continuously. Use the second serial port with 8-bit data and 1 stop bit. We can only
use Timer 1 to set the baud rate.

Solution:

#include <reg51.h>
sfr SBUF1=0xC1;
sfr SCON1=0xCO;
sbit TI1=0xC1;
void main (void)

{

TMOD=0x20 ; //use Timer 1 for 2nd serial port
TH1=0xFA; //4800 baud rate
SCON1=0x50; //use 2nd serial port SCON1l register
TR1=1; //start timer
while (1)
SBUF1="A"; //use 2nd serial port SBUF1l register
while (TI1==0); //wait for transmit
TI1=0;
DS89C4x0 MAX232
11 11 14 2 5 %
TxDO (P3.1) [:) =
RxDO (P3.0) 0 5 13 3 = 3
7 2 5 % =P
4 10 D S e
TxD1 (P1.3) 3 3 * 5
RxDI (P12) |5 5
PC
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Example 21

Program the DS89C4x0 in C to receive bytes of data serially via the second serial
port and put them in P1. Set the baud rate at 9600, 8-bit data, and 1 stop bit. Use
Timer 1 for baud rate generation.

Solution:

#include <reg51.h>
sfr SBUF1=0xC1;
sfr SCON1=0xCO;
sbit RI1=0xCO;
void main (void)

{

unsigned char mybyte;

TMOD=0x20 ; //use Timer 1,8-BIT auto-reload
TH1=0xFD; //9600
SCON1=0x50; //use SCON1l of 2nd serial port
TR1=1;
while (1)
{
while (RI1==0) ; //monitor RI1 of 2nd serial port
mybyte=SBUF1; //use SBUF1 of 2nd serial port
P2=mybyte; //place value on port
RI1=0;
}
}
REVIEW QUESTIONS

1. How are the SFR registers accessed in C?
True or false. C compilers support the second serial port of the DS89C4x0

chip.
3. Registers SBUF and SCON are declared in C using the keyword.
SUMMARY

This chapter began with an introduction to the fundamentals of serial
communication. Serial communication, in which data is sent one bit a time,
is used when data is sent over significant distances since in parallel commu-
nication, where data is sent a byte or more a time, great distances can cause
distortion of the data. Serial communication has the additional advantage of
allowing transmission over phone lines. Serial communication uses two meth-
ods: synchronous and asynchronous. In synchronous communication, data is
sent in blocks of bytes; in asynchronous, data is sent in bytes. Data communi-
cation can be simplex (can send but cannot receive), half duplex (can send and
receive, but not at the same time), or full duplex (can send and receive at the
same time). RS232 is a standard for serial communication connectors.

The 8051°’s UART was discussed. We showed how to interface the 8051
with an RS232 connector and change the baud rate of the 8051. In addition,
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we described the serial communication features of the 8051, and programmed
the 8051 for serial data communication. We also showed how to program the
second serial port of the DS89C4x0 chip in Assembly and C.

PROBLEMS

1: BASICS OF SERTIAL COMMUNICATION

1.

Which is more expensive, parallel or serial data transfer?

2. True or false. 0- and 5-V digital pulses can be transferred on the telephone

P @

10.
1.
12.
13.

14.
15.

16.

without being converted (modulated).

Show the framing of the letter ASCII “Z” (0101 1010), no parity, 1 stop
bit.

If there is no data transfer and the line is high, it is called

(mark, space).

True or false. The stop bit can be 1, 2, or none at all.

Calculate the overhead percentage if the data size is 7, 1 stop bit, no parity.
True or false. The RS232 voltage specification is TTL compatible.

What is the function of the MAX 232 chip?

True or false. DB-25 and DB-9 are pin compatible for the first 9 pins.
How many pins of the RS232 are used by the IBM serial cable, and why?
True or false. The longer the cable, the higher the data transfer baud rate.
State the absolute minimum number of signals needed to transfer data
between two PCs connected serially. What are those signals?

If two PCs are connected through the RS232 without the modem, they are
both configured as a (DTE, DCE) -to- (DTE, DCE)
connection.

State the nine most important signals of the RS232.

Calculate the total number of bits transferred if 200 pages of ASCII data are
sent using asynchronous serial data transfer. Assume a data size of 8 bits, 1
stop bit, and no parity. Assume each page has 80x25 of text characters.

In Problem 15, how long will the data transfer take if the baud rate is 9,600?

2: 8051 CONNECTION TO RS232

17

23

26.

. The MAX232 DIP package has pins.
18.
19.
20.
21.
22.

For the MAX232, indicate the V_  and GND pins.

The MAX233 DIP package has ____ pins.

For the MAX233, indicate the V. and GND pins.

Is the MAX232 pin compatible with the MAX233?

State the advantages and disadvantages of the MAX232 and MAX233.

. MAX232/233 has line driver(s) for the RxD wire.
24,
25.

MAX232/233 has line driver(s) for the TxD wire.

Show the connection of pins TxD and RxD of the 8051 to a DB-9 RS232
connector via the second set of line drivers of MAX232.

Show the connection of the TxD and RxD pins of the 8051 to a DB-9
RS232 connector via the second set of line drivers of MAX233.
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27. Show the connection of the TxD and RxD pins of the 8051 to a DB-25
RS232 connector via MAX232.

28. Show the connection of the TxD and RxD pins of the 8051 to a DB-25
RS232 connector via MAX233.

3: 8051 SERTAL PORT PROGRAMMING IN ASSEMBLY

29. Which of the following baud rates are supported by the BIOS of 486/
Pentium PCs?
(a) 4,800 (b) 3,600 (c) 9,600
(d) 1,800 (e) 1,200 (f) 19,200

30. Which timer of the 8051 is used for baud rate programming?

31. Which mode of the timer is used for baud rate programming?

32. What is the role of the SBUF register in serial data transfer?

33.SBUF is a(n) ___-bit register.

34. What is the role of the SCON register in serial data transfer?

35.SCON is a(n) ____-bit register.

36. For XTAL = 11.0592 MHz, find the TH1 value (in both decimal and hex)
for each of the following baud rates.

(a) 9,600 (b) 4,800 (c) 1,200 (d) 300 (e) 150
37. What is the baud rate if we use “MOV TH1, #-1" to program the baud
rate?

38. Write an 8051 program to transfer serially the letter “Z” continuously at a
1,200 baud rate.

39. Write an 8051 program to transfer serially the message “The earth is but
one country and mankind its citizens” continuously at a 57,600 baud rate.

40. When is the TI flag bit raised?

41. When is the RI flag bit raised?

42. To which register do RI and TI belong? Is that register bit-addressable?

43. What is the role of the REN bit in the SCON register?

44. In a given situation we cannot accept reception of any serial data. How do
you block such a reception with a single instruction?

45. To which register does the SMOD bit belong? State its role in the rate of
data transfer.

46. Is the SMOD bit high or low when the 8051 is powered up?

In the following questions, the baud rates are not compatible with the COM
ports of the PC (x86 IBM/compatible).

47. Find the baud rate for the following if XTAL = 16 MHz and SMOD = 0.

(a) MOV TH1,#-10 (b) MOV TH1, #-25
(c) MOV TH1,#-200 (d) MOV TH1,#-180

48. Find the baud rate for the following if XTAL = 24 MHz and SMOD = 0.
(a) MOV TH1,#-15 (b) MOV TH1, #-24
(c) MOV TH1,#-100 (d) MOV TH1,#-150

49. Find the baud rate for the following if XTAL = 16 MHz and SMOD = 1.
(a) MOV TH1,#-10 (b) MOV TH1,#-25
(c) MOV TH1,#-200 (d) MOV TH1,#-180
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50. Find the baud rate for the following if XTAL = 24 MHz and SMOD = 1.
(a) MOV TH1,#-15 (b) MOV TH1, #-24
(c) MOV TH1,#-100 (dy MOV TH1,#-150

4: PROGRAMMING THE SECOND SERIAL PORT

51. Upon reset, which timer of the 8051 is used?

52. Which timer of the DS89C4x0 is used to set the baud rate for the second
serial port?

53. Which mode of the timer is used for baud rate programming of the second
serial port?

54. What is the role of the SBUFT1 register in serial data transfer?

55. SBUF1 is a(n) -bit register.

56. What is the role of the SCONI1 register in serial data transfer?

57.SCONI is a(n) ___-bit register.

58. For XTAL = 11.0592 MHz, find the THI value (in both decimal and hex)
for each of the following baud rates.

(a) 9,600 (b) 4,800 (c) 1,200 (d) 300 (e) 150

59. Write a program for DS89C4x0 to transfer serially the letter “Z” contin-
uously at a 1,200 baud rate. Use the second serial port.

60. Write a program for DS89C4x0 to transfer serially the message “The earth
1s but one country and mankind its citizens” continuously at a 57,600 baud
rate. Use the second serial port.

61. When is the TI1 flag bit raised?

5: SERIAL PORT PROGRAMMING IN C

62. Write an 8051 C program to transfer serially the letter “Z” continuously at
a 1,200 baud rate.

63. Write an 8051 C program to transfer serially the message “The earth is but
one country and mankind its citizens” continuously at a 57,600 baud rate.

64. Write a C program for DS89C4z0 to transfer serially the letter “Z” contin-
uously at a 1,200 baud rate. Use the second serial port.

65. Write a C program for the DS89C4x0 to transfer serially the message “The
earth is but one country and mankind its citizens” continuously at a 57,600
baud rate. Use the second serial port.

ANSWERS TO REVIEW QUESTIONS

1: BASICS OF SERTIAL COMMUNICATION

Faster, more expensive

False; it is simplex.

True

Asynchronous

With 0100 0101 binary, the bits are transmitted in the sequence:

(a) 0 (start bit) (b) 1 (c) 0 (d) 1 () 0 () 0 (g) 0 (h) 1 (1) 0 (j) 1 (stop bit)

2 bits (one for the start bit and one for the stop bit). Therefore, for each 8-bit character,
a total of 10 bits is transferred.

kL=

o
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7.
8.
9.
10.
11.
12.

10000 x 10 = 100000 bits total bits transmitted. 100000 / 9600 = 10.4 seconds; 2/ 10 = 20%.
True

+3to+25V

True

2

COM 1 and COM 2

2: 8051 CONNECTION TO RS232

I.

True

Pins 10 and 11. Pin 11 is for TxD and pin 10 for RxD.

They are used for converting from RS232 voltage levels to TTL voltage levels and vice
versa.

2,2

It does not need the four capacitors that MAX232 must have.

3: 8051 SERIAL PORT PROGRAMMING IN ASSEMBLY

0.

Timer 1

28,800 Hz

Mode 2

-3 or FDH since 28,800/3 = 9,600
SBUF

Serial control, 8

SCON

True

During transfer of stop bit
PCON; it is low upon RESET.

4: PROGRAMMING THE SECOND SERIAL PORT

IR S e

(9]

whhe=

Timer 1

Pins P1.2 and P1.3
-1 of FFH
SBUF1

Serial control 1, 8
SCONI1

: SERTAL PORT PROGRAMMING IN C

By using the reg51 . h file
False
sfr
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INTERRUPTS
PROGRAMMING

IN ASSEMBLY AND C

OBJECTIVES

Upon completion of this chapter, you will be able to:

>>  Contrast and compare interrupts versus polling.

>>  Explain the purpose of the ISR (interrupt service routine).
>>  List the six interrupts of the 8051.

>>  Explain the purpose of the interrupt vector table.

>>  Enable or disable 8051/52 interrupts.

>>  Program the 8051/52 timers using interrupts.

>>  Describe the external hardware interrupts of the 8051/52.
>>  Contrast edge-triggered with level-triggered interrupts.
>>  Program the 8051 for interrupt-based serial communication.
>>  Define the interrupt priority of the 8051.

>>  Program 8051/52 interrupts in C.

From Chapter 11 of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice

Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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In this chapter, we explore the concept of the interrupt and interrupt
programming. In Section 1, the basics of 8051 interrupts are discussed. In
Section 2, interrupts belonging to Timers 0 and 1 are discussed. External hard-
ware interrupts are discussed in Section 3, while the interrupt related to serial
communication is presented in Section 4. In Section 5, we cover interrupt pri-
ority in the 8051/52. Finally, C programming of 8051 interrupts is covered in
Section 6.

1: 8051 INTERRUPTS

In this section, first we examine the difference between polling and
interrupts and then describe the various interrupts of the 8051.

Interrupts versus polling

A single microcontroller can serve several devices. There are two ways
to do that: interrupts or polling. In the interrupt method, whenever any device
needs its service, the device notifies the microcontroller by sending it an inter-
rupt signal. Upon receiving an interrupt signal, the microcontroller interrupts
whatever it is doing and serves the device. The program associated with the inter-
rupt is called the interrupt service routine (ISR) or interrupt handler. In polling,
the microcontroller continuously monitors the status of a given device; when
the status condition is met, it performs the service. After that, it moves on to
monitor the next device until each one is serviced. Although polling can moni-
tor the status of several devices and serve each of them as certain conditions are
met, it is not an efficient use of the microcontroller. The advantage of interrupts
is that the microcontroller can serve many devices (not all at the same time, of
course); each device can get the attention of the microcontroller based on the pri-
ority assigned to it. The polling method cannot assign priority since it checks all
devices in a round-robin fashion. More importantly, in the interrupt method the
microcontroller can also ignore (mask) a device request for service. This is again
not possible with the polling method. The most important reason that the inter-
rupt method is preferable 1s that the polling method wastes much of the micro-
controller’s time by polling devices that do not need service. So in order to avoid
tying down the microcontroller, interrupts are used. In the case of the timer, if
we use the interrupt method, the microcontroller can go about doing other tasks,
and when the TF flag is raised the timer will interrupt the microcontroller in
whatever it is doing.

Interrupt service routine

For every interrupt, there must be an interrupt service routine (ISR), or
interrupt handler. When an interrupt is invoked, the microcontroller runs the
interrupt service routine. For every interrupt, there is a fixed location in memory
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that holds the address of its ISR. The group of memory locations set aside to hold
the addresses of ISRs is called the interrupt vector table, shown in Table 1.

Steps in executing an interrupt

Upon activation of an interrupt, the microcontroller goes through the
following steps.

1. It finishes the instruction it is executing and saves the address of the next
instruction (PC) on the stack.

2. It also saves the current status of all the interrupts internally (i.e., not on
the stack).

3. Itjumps to a fixed location in memory called the interrupt vector table that
holds the address of the interrupt service routine.

4. The microcontroller gets the address of the ISR from the interrupt vector
table and jumps to it. It starts to execute the interrupt service subroutine
until it reaches the last instruction of the subroutine, which is RETTI (return
from interrupt).

5. Upon executing the RETI instruction, the microcontroller returns to the
place where it was interrupted. First, it gets the program counter (PC)
address from the stack by popping the top two bytes of the stack into the
PC. Then it starts to execute from that address.

Notice from Step 5 the critical role of the stack. For this reason, we
must be careful in manipulating the stack contents in the ISR. Specifically, in
the ISR, just as in any CALL subroutine, the number of pushes and pops must
be equal.

Six interrupts in the 8051

In reality, only five interrupts are available to the user in the 8051, but
many manufacturers’ data sheets state that there are six interrupts since they
include reset. The six interrupts in the 8051 are allocated as follows.

1. Reset. When the reset pin is activated, the 8051 jumps to address location
0000.

Table 1. Interrupt Vector Table for the 8051

Interrupt ROM Location (Hex) Pin Flag Clearing
Reset 0000 9 Auto
External hardware interrupt 0 (INTO) 0003 P3.2 (12) Auto
Timer 0 interrupt (TFO) 000B Auto
External hardware interrupt 1 (INT1) 0013 P3.3(13) Auto
Timer 1 interrupt (TF1) 001B Auto
Serial COM interrupt (RI and TT) 0023 Programmer
clears it

INTERRUPTS PROGRAMMING IN ASSEMBLY AND C
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2. Two interrupts are set aside for the timers: one for Timer 0 and one for
Timer 1. Memory locations 000BH and 001BH in the interrupt vector
table belong to Timer 0 and Timer 1, respectively.

3. Two interrupts are set aside for hardware external hardware interrupts.
Pin numbers 12 (P3.2) and 13 (P3.3) in port 3 are for the external hard-
ware interrupts INTO and INTI, respectively. These external interrupts
are also referred to as EX1 and EX2. Memory locations 0003H and
0013H in the interrupt vector table are assigned to INTO and INTI,
respectively.

4. Serial communication has a single interrupt that belongs to both receive
and transmit. The interrupt vector table location 0023H belongs to this
interrupt.

Notice in Table 1 that a limited number of bytes is set aside for each
interrupt. For example, a total of 8 bytes from location 0003 to 0000A is set
aside for INTO, external hardware interrupt 0. Similarly, a total of 8 bytes
from location 000BH to 0012H is reserved for TFO0, Timer 0 interrupt. If the
service routine for a given interrupt is short enough to fit in the memory space
allocated to it, it is placed in the vector table; otherwise, an LJMP instruction
is placed in the vector table to point to the address of the ISR. In that case,
the rest of the bytes allocated to that interrupt are unused. In the next three
sections, we will see many examples of interrupt programming that clarify
these concepts.

From Table 1, also notice that only three bytes of ROM space are
assigned to the reset pin. They are ROM address locations 0, 1, and 2.
Address location 3 belongs to external hardware interrupt 0. For this
reason, in our program we put the LIMP as the first instruction and
redirect the processor away from the interrupt vector table, as shown in
Figure 1. In the next section, we will see how this works in the context of
some examples.

Enabling and disabling an interrupt

Upon reset, all interrupts are disabled (masked), meaning that none
will be responded to by the microcontroller if they are activated. The inter-
rupts must be enabled by software in order for the microcontroller to respond

ORG O ;wake-up ROM reset location
LJMP MAIN ;bypass interrupt vector table

;---- the wake-up program
ORG 30H

END

Figure 1. Redirecting the 8051 from the Interrupt Vector Table at Power-up

INTERRUPTS PROGRAMMING IN ASSEMBLY AND C



D7 DO

EA -- ET2 ES ET1 EX1 ETO EXO0

EA IE.7  Disables all interrupts. If EA = 0, no interrupt is acknowledged.
If EA =1, each interrupt source is individually enabled or disabled
by setting or clearing its enable bit.

- IE.6 Not implemented, reserved for future use.*

ET2 IE.5 Enables or disables Timer 2 overflow or capture interrupt (8052
only).

ES IE.4  Enables or disables the serial port interrupt.
ET1 IE.3 Enables or disables Timer 1 overflow interrupt.
EX1 IE.2 Enables or disables external interrupt 1.

ET0 IE.1 Enables or disables Timer 0 overflow interrupt.

EX0 IE.0 Enables or disables external interrupt 0.

Figure 2. IE (Interrupt Enable) Register
*User software should not write 1s to reserved bits. These bits may be used in future
flash microcontrollers to invoke new features.

to them. There is a register called IE (interrupt enable) that is responsible
for enabling (unmasking) and disabling (masking) the interrupts. Figure 2
shows the IE register. Note that IE is a bit-addressable register.

From Figure 2, notice that bit D7 in the IE register is called EA (enable
all). This must be set to 1 in order for the rest of the register to take effect. D6
is unused. D5 is used by the 8052. The D4 bit is for the serial interrupt, and so
on.

Steps in enabling an interrupt
To enable an interrupt, we take the following steps:

1. Bit D7 of the IE register (EA) must be set to high to allow the rest of the
register to take effect.

2. If EA =1, interrupts are enabled and will be responded to if their corre-
sponding bits in IE are high. If EA = 0, no interrupt will be responded to,
even if the associated bit in the IE register is high.

To understand this important point, look at Example 1.

INTERRUPTS PROGRAMMING IN ASSEMBLY AND C
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Example 1

Show the instructions to (a) enable the serial interrupt, Timer O interrupt, and
external hardware interrupt 1 (EX1), and (b) disable (mask) the Timer 0 interrupt,
then (c) show how to disable all the interrupts with a single instruction.

Solution:

(a) MOV IE,#10010110B ;enable serial, Timer 0, EX1

Since IE is a bit-addressable register, we can use the following instructions to access
individual bits of the register.

(b) CLR IE.1 ;mask (disable) Timer 0 interrupt only
(c) CLR IE.7 ;disable all interrupts

Another way to perform the “MOV IE,#10010110B” instruction is by using
single-bit instructions as shown below.

SETB IE.7 ;EA=1, Global enable

SETB IE.4 ;enable serial interrupt
SETB IE.1 ;enable Timer 0 interrupt
SETB IE.2 ;enable EX1

REVIEW QUESTIONS

1. Of the interrupt and polling methods, which one avoids tying down the
microcontroller?

2. Besides reset, how many interrupts do we have in the 8051?

3. In the 8051, what memory area is assigned to the interrupt vector table?
Can the programmer change the memory space assigned to the table?

4. What are the contents of register IE upon reset, and what do these contents
mean?

5. Show the instruction to enable the EX0 and Timer 0 interrupts.

6. Which pin of the 8051 is assigned to the external hardware interrupt INT1?

7. What address in the interrupt vector table is assigned to the INT1 and
Timer 1 interrupts?

2: PROGRAMMING TIMER INTERRUPTS

In the chapter “8051 Timer Programming in Assembly and C,” we
discussed how to use Timer 0 and Timer 1 with the polling method. In this sec-
tion, we use interrupts to program the 8051 timers. Please review that chapter
before you study this section.

Roll-over timer flag and interrupt

In the chapter “8051 Timer Programming in Assembly and C,” it was
noted that the timer flag (TF) is raised when the timer rolls over. In that chap-
ter, we also showed how to monitor TF with the instruction “JNB TF, tar-
get”. In polling TF, we have to wait until the TF is raised. The problem with
this method is that the microcontroller is tied down while waiting for TF to
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TFO Timer O Interrupt Vector TF1 Timer 1 Interrupt Vector

1 [=———— 000BH 1 [ =— 001BH
jumps to jumps to

Figure 3. TF Interrupt

be raised and cannot do any thing else. Using interrupts solves this problem
and avoids tying down the controller. If the timer interrupt in the IE register is
enabled, whenever the timer rolls over, TF is raised, and the microcontroller is
interrupted in whatever it is doing, and jumps to the interrupt vector table to
service the ISR. In this way, the microcontroller can do other things until it is
notified that the timer has rolled over. See Figure 3 and Example 2.

Notice the following points about the program in Example 2.

1. We must avoid using the memory space allocated to the interrupt vector
table. Therefore, we place all the initialization codes in memory starting at

Example 2

Write a program that continuously gets 8-bit data from PO and sends it to P1 while
simultaneously creating a square wave of 200 us period on pin P2.1. Use Timer 0
to create the square wave. Assume that XTAL = 11.0592 MHz.

Solution:
We will use Timer 0 in mode 2 (auto-reload). THO = 100/1.085 us = 92.

;—-Upon wake-up go to main, avoid using memory space ;allocat-
ed to Interrupt Vector Table

ORG 0000H

LJMP MAIN ;bypass interrupt wvector table

;—-ISR for Timer 0 to generate square wave

ORG 000BH ;Timer 0 interrupt vector table
CPL P2.1 ;toggle P2.1 pin
RETI ;return from ISR

12

;—-The main program for initialization

ORG 0030H ;after vector table space
MAIN: MOV  TMOD, #02H ;Timer 0, mode 2 (auto-reload)
MOV PO, #OFFH ;make PO an input port
MOV THO, #-92 ; THO=A4H for -92
MOV IE, #82H ;IE=10000010 (bin) enable Timer 0
SETB TRO ;Start Timer O
BACK: MOV A, PO ;get data from PO
MOV  P1,A ;issue it to P1
SJMP BACK ;keep doing it

;loop unless interrupted by TFO
END

INTERRUPTS PROGRAMMING IN ASSEMBLY AND C
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30H. The LIMP instruction is the first instruction that the 8051 executes
when it is powered up. LIMP redirects the controller away from the inter-
rupt vector table.

2. The ISR for Timer 0 is located starting at memory location 000BH since it
is small enough to fit the address space allocated to this interrupt.

3. We enabled the Timer O interrupt with “MOV  IE,#10000010B” in
MAIN.

4. While the PO data is brought in and issued to P1 continuously, whenever
Timer 0 is rolled over, the TFO flag is raised, and the microcontroller gets
out of the “BACK” loop and goes to 0000BH to execute the ISR associ-
ated with Timer 0.

5. In the ISR for Timer 0, notice that there is no need for a “CLR TFO0”
instruction before the RETI instruction. This is because the 8051
clears the TF flag internally upon jumping to the interrupt vector
table.

In Example 2, the interrupt service routine was short enough that it
could be placed in memory locations allocated to the Timer O interrupt.
However, that is not always the case. See Example 3.

Notice that the low portion of the pulse is created by the 14 MC
(machine cycles) where each MC = 1.085 us and 14 x 1.085 ps = 15.19 us.

REVIEW QUESTIONS

1. True or false. There is only a single interrupt in the interrupt vector table
assigned to both Timer 0 and Timer 1.

2. What address in the interrupt vector table is assigned to Timer 0?

3. Which bit of IE belongs to the timer interrupt? Show how both are
enabled.

4. Assume that Timer 1 is programmed in mode 2, TH1 = F5H, and the
IE bit for Timer 1 is enabled. Explain how the interrupt for the timer
works.

5. True or false. The last two instructions of the ISR for Timer 0 are:

CLR TFO
RETT

3: PROGRAMMING EXTERNAL HARDWARE INTERRUPTS

The 8051 has two external hardware interrupts. Pin 12 (P3.2) and pin
13 (P3.3) of the 8051, designated as INTO0 and INT1, are used as external hard-
ware interrupts. Upon activation of these pins, the 8051 gets interrupted in
whatever it 1s doing and jumps to the vector table to perform the interrupt
service routine. In this section, we study these two external hardware inter-
rupts of the 8051 with some examples.
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Example 3

Rewrite Example 2 to create a square wave that has a high portion of 1085 us and
a low portion of 15 us. Assume XTAL = 11.0592 MHz. Use Timer 1.

Solution:
Since 1085 ps is 1000 x 1.085, we need to use mode 1 of Timer 1.

; --Upon wake-up go to main, avoid using memory space
;--allocated to Interrupt Vector Table
ORG 0000H
LJMP MAIN ;bypass interrupt wvector table
;--ISR for Timer 1 to generate square wave
ORG 001BH ;Timer 1 interrupt vector table
LJMP ISR T1 ;jump to ISR

;--The main program for initialization

ORG 0030H ;after vector table
MAIN: MOV TMOD, #10H ;Timer 1, mode 1
MOV PO, #OFFH ;make PO an input port

MOV  TL1,#018H ;TL1=18 the Low byte of -1000
MOV  TH1,#0FCH ;TH1=FC the High byte of -1000

MOV IE, #88H ;IE=10001000 enable Timer 1 int.
SETB TR1 ;start Timer 1
BACK: MOV A, PO ;get data from PO
MOV P1,A ;lssue 1t to P1
SJMP BACK ;keep doing it

7

;--Timer 1 ISR. Must be reloaded since not auto-reload

ISR T1: CLR TR1 ;stop Timer 1
CLR P2.1 ;P2.1=0, start of low portion
MOV R2,#4 g 2 MC
HERE: DJINZ R2,HERE ;4x2 machine cycle (MC) 8 MC
MOV  TL1,#18H ;load Tl Low byte wvalue 2 MC
MOV TH1, #0FCH ;load Tl High byte value 2 MC
SETB TR1 ;starts Timer 1 1 MC
SETB P2.1 ;P2.1=1, back to high 1 MC
RETI ;return to main
END

External interrupts INTO and INT1

There are only two external hardware interrupts in the 8051: INTO and
INT1. They are located on pins P3.2 and P3.3 of port 3, respectively. The inter-
rupt vector table locations 0003H and 0013H are set aside for INT0 and INT1,
respectively. See Figure 4. As mentioned in Section 1, they are enabled and
disabled using the IE register. How are they activated? There are two types of
activation for the external hardware interrupts: (1) level triggered and (2) edge
triggered. Let’s look at each one. First, we see how the level-triggered interrupt
works. See Example 4.
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Example 4

Write a program to generate a square wave of 50 Hz frequency on pin P1.2. Assume
that XTAL = 11.0592 MHz and that it uses an interrupt for Timer O.

Solution:
ORG 0
LJMP MAIN
ORG 000BH ;ISR for Timer O
CPL P1.2 ;complement P1.2
MOV  TLO, #00 ;reload timer values
MOV  THO, #0DCH
RETT ;return from interrupt
ORG 30H ;starting location for prog.
i------ main program for initialization
MAIN: MOV  TMOD, #00000001B ;Timer 0, Mode 1
MOV  TLO, #00
MOV  THO, #0DCH
MOV IE, #82H ;enable Timer 0 interrupt
SETB TRO ;start timer
HERE: SJMP HERE ;stay here until interrupted
END
8051
P1.2

50-Hz square wave

Level-triggered
INTO )y >o
(Pin 3.2) ITO 0003
l A 1IEO
Edge-triggered —+_ (TCON.1)
Level-triggered
INTI1 )Y >o
(Pin 3.3) IT1 0013
: A 1IE1
Edge-triggered i (TCON.3)

Figure 4. Activation of INTO and INT1
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Level-triggered interrupt

In the level-triggered mode, INTO and INT1 pins are normally high (just
like all I/O port pins) and if a low-level signal is applied to them, it triggers the
interrupt. Then the microcontroller stops whatever it is doing and jumps to the
interrupt vector table to service that interrupt. This is called a level-triggered
or level-activated interrupt and is the default mode upon reset of the 8051. The
low-level signal at the INT pin must be removed before the execution of the
last instruction of the interrupt service routine, RETI; otherwise, another inter-
rupt will be generated. In other words, if the low-level interrupt signal is not
removed before the ISR is finished, it is interpreted as another interrupt and the
8051 jumps to the vector table to execute the ISR again. Look at Example 5.

Example 5

Assume that the INT1 pin is connected to a switch that is normally high. Whenever
it goes low, it should turn on an LED. The LED is connected to P1.3 and is nor-
mally off. When it is turned on it should stay on for a fraction of a second. As long
as the switch is pressed low, the LED should stay on.

Solution:
ORG 0000H
LJMP MAIN ;bypass interrupt vector table
;--ISR for hardware interrupt INT1l to turn on the LED
ORG 0013H ;INT1 ISR
SETB P1.3 ;turn on LED
MOV  R3, #255 ;load counter
BACK: DJNZ R3,BACK ;keep LED on for a while
CLR P1.3 ;turn off the LED
RETI ;return from ISR
; --MAIN program for initialization
ORG 30H
MAIN: MOV IE,#10000100B ;enable external INT1
HERE: SJMP HERE ;stay here until interrupted
END

Pressing the switch will turn the LED on. If it is kept activated, the LED stays on.

VCC
8051

to

P13[——
\h————INTl LED
4
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In this program, the microcontroller is looping continuously in the
HERE loop. Whenever the switch on INT1 (pin P3.3) is activated, the micro-
controller gets out of the loop and jumps to vector location 0013H. The ISR
for INTI turns on the LED, keeps it on for a while, and turns it off before it
returns. If by the time it executes the RETT instruction the INT1 pin is still
low, the microcontroller initiates the interrupt again. Therefore, to end this
problem, the INTI pin must be brought back to high by the time RETTI is
executed.

Sampling the low-level triggered interrupt

Pins P3.2 and P3.3 are used for normal I/O unless the INTO and INT1
bits in the IE registers are enabled. After the hardware interrupts in the IE
register are enabled, the controller keeps sampling the INT#z pin for a low-
level signal once each machine cycle. According to one manufacturer’s data
sheet, “the pin must be held in a low state until the start of the execution
of ISR. If the INT# pin is brought back to a logic high before the start of
the execution of ISR there will be no interrupt.” However, upon activa-
tion of the interrupt due to the low level, it must be brought back to high
before the execution of RETI. Again, according to one manufacturer’s data
sheet, “If the INT# pin is left at a logic low after the RETI instruction of the
ISR, another interrupt will be activated after one instruction is executed.”
Therefore, to ensure the activation of the hardware interrupt at the INT#n
pin, make sure that the duration of the low-level signal is around 4 machine
cycles, but no more. This is due to the fact that the level-triggered interrupt
is not latched. Thus the pin must be held in a low state until the start of the
ISR execution. See Figure 5.

Edge-triggered interrupts

As stated before, upon reset the 8051 makes INTO and INT1 low-
level triggered interrupts. To make them edge-triggered interrupts, we must
program the bits of the TCON register. The TCON register holds, among
other bits, the ITO and IT1 flag bits that determine level- or edge-triggered
mode of the hardware interrupts. ITO and IT1 are bits DO and D2 of the
TCON register, respectively. They are also referred to as TCON.0 and

1 MC
4 machine cycles
1.085 us

to INTO
or INT1 pins

4 % 1.085 ps

Figure 5. Minimum Duration of the Low-Level Triggered Interrupt (XTAL = 11.0592
MHz)

Note: On RESET, ITO (TCON.0) and IT1 (TCON.2) are both low, making external
interrupts level-triggered.
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TCON.2 since the TCON register is bit-addressable. Upon reset, TCON.0
(ITO) and TCON.2 (IT1) are both 0s, meaning that the external hardware
interrupts of INTO and INT1 pins are low-level triggered. By making the
TCON.0 and TCON.2 bits high with instructions such as “SETB TCON.O0”
and “SETB TCON. 2", the external hardware interrupts of INTO and INTI
become edge-triggered. For example, the instruction “SETB CON.2”
makes INT1 what is called an edge-triggered interrupt, in which, when a
high-to-low signal is applied to pin P3.3, the controller will be interrupted
and forced to jump to location 0013H in the vector table to service the ISR
(assuming that the interrupt bit is enabled in the IE register).

Look at Example 6. Notice that the only difference between this
program and the program in Example 5 is in the first line of MAIN where
the instruction “SETB TCON.2” makes INT1 an edge-triggered interrupt.
When the falling edge of the signal is applied to pin INT1, the LED will be
turned on momentarily. The LED’s on-state duration depends on the time
delay inside the ISR for INTI1. To turn on the LED again, another high-
to-low pulse must be applied to pin 3.3. This is the opposite of Example
5. In Example 5, due to the level-triggered nature of the interrupt, as long
as INT1 is kept at a low level, the LED is kept in the on state. But in this
example, to turn on the LED again, the INT1 pulse must be brought back
high and then forced low to create a falling edge to activate the interrupt.

Example 6
Assuming that pin 3.3 (INT1) is connected to a pulse generator, write a program
in which the falling edge of the pulse will send a high to P1.3, which is connected
to an LED (or buzzer). In other words, the LED is turned on and off at the same
rate as the pulses are applied to the INT1 pin. This is an edge-triggered version of
Example 5.
Solution:
ORG 0000H
LJMP MAIN
;--ISR for hardware interrupt INT1l to turn on the LED
ORG 0013H ; INT1 ISR
SETB P1.3 ;turn on the LED
MOV  R3,#255
BACK: DONZ R3,BACK ;keep the LED on for a while
CLR P1.3 ;turn off the LED
RETI ;return from ISR
; --MAIN program for initialization
ORG 30H
MAIN: SETB TCON.?2 ;make INT1 edge-trigger interrupt
MOV  IE,#10000100B ;enable External INT1
HERE: SOMP HERE ;stay here until interrupted
END
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Sampling the edge-triggered interrupt

Before ending this section, we need to answer the question of how
often the edge-triggered interrupt is sampled. In edge-triggered interrupts, the
external source must be held high for at least one machine cycle, and then held
low for at least one machine cycle to ensure that the transition is seen by the
microcontroller.

Minimum pulse duration to detect 1 MC

edge-triggered interrupts. = = 1.085 us

XTAL = 11.0592 MHz 1.085ps | >
1 MC

The falling edge is latched by the 8051 and is held by the TCON reg-
ister. The TCON.1 and TCON.3 bits hold the latched falling edge of pins
INTO and INTI, respectively. TCON.1 and TCON.3 are also called IE0 and
IE1, respectively, as shown in Figure 6. They function as interrupt-in-service
flags. When an interrupt-in-service flag is raised, it indicates to the external
world that the interrupt is being serviced and no new interrupt on this INT#
pin will be responded to until this service is finished. This is just like the
busy signal you get if calling a telephone number that is in use. Regarding
the ITO and IT1 bits in the TCON register, the following two points must be
emphasized.

1. The first point is that when the ISRs are finished (i.e., upon execution of
instruction RETI), these bits (TCON.1 and TCON.3) are cleared, indi-
cating that the interrupt is finished and the 8051 is ready to respond to
another interrupt on that pin. For another interrupt to be recognized, the
pin must go back to a logic high state and be brought back low to be con-
sidered an edge-triggered interrupt.

2. The second point is that while the interrupt service routine is being
executed, the INTn pin is ignored, no matter how many times it makes
a high-to-low transition. In reality, one of the functions of the RETI
instruction is to clear the corresponding bit in the TCON register
(TCON.1 or TCON.3). This informs us that the service routine is no lon-
ger in progress and has finished being serviced. For this reason, TCON.1
and TCON.3 in the TCON register are called interrupt-in-service flags.
The interrupt-in-service flag goes high whenever a falling edge is detected
at the INT pin, and stays high during the entire execution of the ISR. It
is only cleared by RETI, the last instruction of the ISR. Because of this,
there is no need for an instruction such as “CLR TCON.1” (or “CLR
TCON.3” for INTI) before the RETI in the ISR associated with the
hardware interrupt INTO. As we will see in the next section, this is not
the case for the serial interrupt.
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D7

DO

TF1 TR1

TFO | TRO | IEI ITI IE0 | ITO |

TF1

TR1

TFO0

TRO

IE1

IT1

1E0

ITO

TCON.7

TCON.6

TCON.5

TCON 4

TCON.3

TCON.2

TCON.1

TCON.O

Timer 1 overflow flag. Set by hardware when timer/counter 1
overflows. Cleared by hardware as the processor vectors to
the interrupt service routine.

Timer 1 run control bit. Set/cleared by software to turn
timer/counter 1 on/off.

Timer 0 overflow flag. Set by hardware when timer/counter 0
overflows. Cleared by hardware as the processor vectors to
the service routine.

Timer 0 run control bit. Set/cleared by software to turn
timer/counter 0 on/off.

External interrupt 1 edge flag. Set by CPU when the
external interrupt edge (H-to-L transition) is detected.
Cleared by CPU when the interrupt is processed.
Note: This flag does not latch low-level

triggered interrupts.

Interrupt 1 type control bit. Set/cleared by software to
specify falling edge/low-level triggered external interrupt.

External interrupt 0 edge flag. Set by CPU when external
interrupt (H-to-L transition) edge is detected. Cleared by CPU
when interrupt is processed.

Note. This flag does not latch low-level triggered interrupts.

Interrupt 0 type control bit. Set/cleared by software to specify
falling edge/low-level triggered external interrupt.

Figure 6. TCON (Timer/Counter) Register (Bit-addressable)

More about the TCON register

Next, we look at the TCON register more closely to understand its role

in handling interrupts. Figure 6 shows the bits of the TCON register.

ITO and IT1

TCON.0 and TCON.2 are referred to as I'TO and IT1, respectively. These
two bits set the low-level or edge-triggered modes of the external hardware inter-
rupts of the INTO and INTT1 pins. They are both 0 upon reset, which makes them
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Example 7

What is the difference between the RET and RETI instructions? Explain why we
cannot use RET instead of RETI as the last instruction of an ISR.

Solution:

Both perform the same actions of popping off the top two bytes of the stack into the
program counter, and making the 8051 return to where it left off. However, RETI
also performs an additional task of clearing the interrupt-in-service flag, indicating
that the servicing of the interrupt is over and the 8051 now can accept a new interrupt
on that pin. If you use RET instead of RETI as the last instruction of the interrupt ser-
vice routine, you simply block any new interrupt on that pin after the first interrupt,
since the pin status would indicate that the interrupt is still being serviced. In the cases
of TFO, TF1, TCON.1, and TCON.3, they are cleared by the execution of RETI.

low-level triggered. The programmer can make either of them high to make the
external hardware interrupt edge-triggered. In a given system based on the 8051,
once they are set to 0 or 1 they will not be altered again since the designer has
fixed the interrupt as either edge- or level-triggered. See Example 7.

IEO and IE1

TCON.1 and TCON.3 are referred to as IEO and IEI, respectively.
These bits are used by the 8051 to keep track of the edge-triggered interrupt
only. In other words, if the ITO and IT1 are 0, meaning that the hardware
interrupts are low-level triggered, IEO and IE1 are not used at all. The IEO
and IE1 bits are used by the 8051 only to latch the high-to-low edge transition
on the INTO and INT1 pins. Upon the edge transition pulse on the INTO (or
INTI) pin, the 8051 marks (sets high) the IEx bit in the TCON register, jumps
to the vector in the interrupt vector table, and starts to execute the ISR. While
it is executing the ISR, no H-to-L pulse transition on the INTO (or INT1) is
recognized, thereby preventing any interrupt inside the interrupt. Only the
execution of the RETTI instruction at the end of the ISR will clear the IEx bit,
indicating that a new H-to-L pulse will activate the interrupt again. From this
discussion, we can see that the IEO and IE1 bits are used internally by the 8051
to indicate whether or not an interrupt is in use. In other words, the program-
mer is not concerned with these bits since they are solely for internal use.

TRO and TR1

These are the D4 (TCON.4) and D6 (TCON.6) bits of the TCON
register. They are used to start or stop timers 0 and 1, respectively. Although
we have used syntax such as “SETB TRx” and “CLR Trx”, we could have
used instructions such as “SETB TCON.4” and “CLR TCON.4” since TCON
1s a bit-addressable register.

TFO0 and TF1

These are the D5 (TCON.5) and D7 (TCON.7) bits of the TCON register.
They are used by timers 0 and 1,
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respectively, to indicate if the timer has rolled over. Although we have used the syn-
tax “JNB TFx, target” and “CLR Trx”, we could have used instructions such
as “JNB TCON.5, target” and “CLR TCON.5” since TCON is bit-addressable.

REVIEW QUESTIONS

1. True or false. There is a single interrupt in the interrupt vector table
assigned to both external hardware interrupts ITO and IT1.
2. What address in the interrupt vector table is assigned to INTO and INT1?
How about the pin numbers on port 3?
3. Which bit of IE belongs to the external hardware interrupts? Show how
both are enabled.
4. Assume that the IE bit for the external hardware interrupt EX1 is enabled
and is active low. Explain how this interrupt works when it is activated.
True or false. Upon reset, the external hardware interrupt is low-level triggered.
In Question 5, how do we make sure that a single interrupt is not recog-
nized as multiple interrupts?
7. True or false. The last two instructions of the ISR for INTO are:
CLR TCON.1
RETI

A

4: PROGRAMMING THE SERIAL COMMUNICATION
INTERRUPT

In this section, we explore interrupt-based serial communication, which
allows the 8051 to do many things, in addition to sending and receiving data
from the serial communication port.

Rl and TI flags and interrupts

The SCON register is an 8-bit register used to program the start bit, stop
bit, and data bits of data framing. TI is bit D1 of the SCON register, and RI is
the DO bit of the SCON register. T1 (transmit interrupt) is raised when the last
bit of the framed data, the stop bit, is transferred, indicating that the SBUF reg-
ister is ready to transfer the next byte. RI (receive interrupt) is raised when the
entire frame of data, including the stop bit, is received. In other words, when the
SBUF register has a byte, RI is raised to indicate that the received byte needs
to be picked up before it is lost (overrun) by new incoming serial data. As far as
serial communication is concerned, all the above concepts apply equally when
using either polling or an interrupt. The only difference is in how the serial com-
munication needs are served. In the polling method, we wait for the flag (TI

TI——
RI , ) 0023H

Serial interrupt is invoked by TI or RI flags

Figure 7. Single Interrupt for Both TI and RI
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or RI) to be raised; while we wait we cannot do anything else. In the interrupt
method, we are notified when the 8051 has received a byte, or is ready to send the
next byte; we can do other things while the serial communication needs are served.

In the 8051, only one interrupt is set aside for serial communication.
See Figure 7. This interrupt is used to both send and receive data. If the inter-
rupt bit in the IE register (IE.4) is enabled, that is, when RI or TT is raised, the
8051 gets interrupted and jumps to memory address location 0023H to execute
the ISR. In that ISR, we must examine the TT and RI flags to see which one
caused the interrupt and respond accordingly. See Example 8.

Example 8
Write a program in which the 8051 reads data from P1 and writes it to P2 continu-
ously while giving a copy of it to the serial COM port to be transferred serially.
Assume that XTAL = 11.0592 MHz. Set the baud rate at 9600.
Solution:
ORG 0
LJMP MAIN
ORG 23H
LJMP SERIAL ;jump to serial interrupt ISR
ORG 30H
MAIN: MOV  P1, #0FFH ;make Pl an input port
MOV  TMOD, #20H ;timer 1, mode 2 (auto-reload)
MOV  TH1, #0FDH ;9600 baud rate
MOV ~ SCON, #50H ;8-bit, 1 stop, REN enabled
MOV IE,#10010000B ;enable serial interrupt
SETB TR1 ;start timer 1
BACK: MOV A,P1 ;read data from port 1
MOV  SBUF,A ;give a copy to SBUF
MOV  P2,A ;send it to P2
SJMP BACK ;stay in loop indefinitely
e Serial Port ISR
ORG 100H
SERIAL: JB TI, TRANS ;jump if TI is high
MOV A, SBUF ;otherwise due to receive
CLR RI ;clear RI since CPU does not
RETI ;return from ISR
TRANS : CLR TI ;clear TI since CPU does not
RETI ;return from ISR
END
In the above program, notice the role of TI and RI. The moment a byte is written
into SBUF it is framed and transferred serially. As a result, when the last bit (stop
bit) is transferred the TI is raised, which causes the serial interrupt to be invoked
since the corresponding bit in the IE register is high. In the serial ISR, we check for
both TI and RI since both could have invoked the interrupt. In other words, there
1s only one interrupt for both transmit and receive.
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Use of serial COM in the 8051

In the vast majority of applications, the serial interrupt is used main-
ly for receiving data and is never used for sending data serially. This is like
receiving a telephone call, where we need a ring to be notified. If we need to
make a phone call there are other ways to remind ourselves and so no need for
ringing. In receiving the phone call, however, we must respond immediately
no matter what we are doing or we will miss the call. Similarly, we use the seri-
al interrupt to receive incoming data so that it is not lost. Look at Example 9.

Clearing Rl and Tl before the RETI instruction

Notice in Example 9 that the last instruction before the RETTI is the
clearing of the RI or TI flags. This is necessary since there is only one interrupt
for both receive and transmit, and the 8051 does not know who generated it;

Example 9

Write a program in which the 8051 gets data from P1 and sends it to P2 contin-
uously while incoming data from the serial port is sent to PO. Assume that XTAL
= 11.0592 MHz. Set the baud rate at 9600.

Solution:
ORG 0
LJMP MAIN
ORG 23H
LJMP SERIAL ;jump to serial ISR
ORG 30H
MAIN: MOV  P1, #0FFH ;make Pl an input port
MOV  TMOD, #20H ;timer 1, mode 2 (auto-reload)
MOV  TH1, #0FDH ;9600 baud rate
MOV ~ SCON, #50H ;8-bit,1 stop, REN enabled
MOV IE,#10010000B ;enable serial interrupt
SETB TR1 ;start Timer 1
BACK: MOV A,P1 ;read data from port 1
MOV  P2,A ;send it to P2
SJMP BACK ;stay in loop indefinitely
preccesccesscsssss= SERIAL PORT ISR
ORG 100H
SERIAL: JB TI, TRANS ;jump if TI is high
MOV A, SBUF ;otherwise due to receive
MOV  PO,A ;send incoming data to PO
CLR RI ;clear RI since CPU doesn’t
RETI ;return from ISR
TRANS : CLR TI ;clear TI since CPU doesn’t
RETI ;return from ISR
END
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Example 10

Solution:

MAIN:

BACK:

SERIAL:

TRANS :

Write a program using interrupts to do the following:

(a) Receive data serially and send it to PO.

(b) Have port P1 read and transmitted serially, and a copy given to P2.
(c) Make Timer 0 generate a square wave of 5 kHz frequency on PO0.1.
Assume that XTAL = 11.0592 MHz. Set the baud rate at 4800.

——————————————————— SERIAL PORT ISR

0
MAIN
000BH ;ISR for Timer O
P0.1 ;toggle PO.1
;return from ISR
23H
SERIAL ;jump to serial int. ISR
30H
P1,#0FFH ;make Pl an input port
TMOD, #22H ;timer 0&1,mode 2, auto-reload
TH1, #0F6H ;4800 baud rate
SCON, #50H ;8-bit, 1 stop, REN enabled
THO, #-92 ;for 5 KHz wave
IE,#10010010B ;enable serial, timer 0 int.
TR1 ;start timer 1
TRO ;start timer O
A,P1 ;read data from port 1
SBUF, A ;give a copy to SBUF
P2,A ;write it to P2
BACK ;stay in loop indefinitely
100H
TI, TRANS ;jump if TI is high
A, SBUF ;otherwise due to received
PO,A ;send serial data to PO
RI ;clear RI since CPU does not
;return from ISR
TI ;clear TI since CPU does not

;return from ISR

therefore, it is the job of the ISR to clear the flag. Contrast this with the external
and timer interrupts where it is the job of the 8051 to clear the interrupt flags. By
contrast, in serial communication the RI (or TT) must be cleared by the program-
mer using software instructions such as “CLR TI” and “CLR RI” in the ISR. See
Example 10. Notice that the last two instructions of the ISR are clearing the flag,
followed by RETI.
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Table 2. Interrupt Flag Bits for the 8051/52 Before finishing this sec-
tion notice the list of all inter-

Interrupt Flag SFR Register Bit rupt flags given in Table 2.

External O 1EO TCON.1 While the TCON register holds

External 1 IE1 TCON 3 four of the interrupt‘ﬂags, in the
: 8051 the SCON register has the

Timer 0 TFO TCON.5 RI and TI flags.

Timer 1 TF1 TCON.7

Serial port  TI SCON.1

Timer 2 TF2 T2CON.7 (AT89C52) REVIEW QUESTIONS

Timer 2 EXF2 T2CON.6 (AT89CS2) 1. True or false. There is a sin-

gle interrupt in the interrupt
vector table assigned to both
the TT and RI interrupts.
2. What address in the interrupt vector table is assigned to the serial interrupt?
3. Which bit of the IE register belongs to the serial interrupt? Show how it is
enabled.
4. Assume that the IE bit for the serial interrupt is enabled. Explain how this
interrupt gets activated and also explain its actions upon activation.
5. True or false. Upon reset, the serial interrupt is active and ready to go.
6. True or false. The last two instructions of the ISR for the receive interrupt are:
CLR RIT
RETT
7. Answer Question 6 for the send interrupt.

5: INTERRUPT PRIORITY IN THE 8051/52

The next topic that we must deal with is what happens if two interrupts
are activated at the same time? Which of these two interrupts is responded to
first? Interrupt priority is the main topic of discussion in this section.

Interrupt priority upon reset

When the 8051 is powered up, the priorities are assigned according to
Table 3. From Table 3, we see, for example, that if external hardware interrupts
0 and 1 are activated at the same
time, external interrupt 0 (INTO) is
Highest to Lowest Priority responded to first. Only after INTO
has been serviced i1s INT1 serviced,

Table 3. 8051/52 Interrupt Priority Upon Reset

External Interrupt 0 (INTO) since INT1 has the lower priority.
Timer Interrupt 0 (TFO) In reality, the priority scheme in
External Interrupt 1 (INT1) the table is nothing but an internal
Timer Interrupt 1 (TF1) poﬁinti sgqltlence itn Whtllfh the 8051

; — polls the interrupts in the sequence
Serial Communication (RI+ TI) listed in Table 3 and responds
Timer 2 (8052 only) TF2 accordingly.
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Example 11

Discuss what happens if interrupts INTO, TFO, and INT1 are activated at the same
time. Assume priority levels were set by the power-up reset and that the external
hardware interrupts are edge-triggered.

Solution:

If these three interrupts are activated at the same time, they are latched and kept
internally. Then the 8051 checks all five interrupts according to the sequence listed
in Table 3. If any is activated, it services it in sequence. Therefore, when the above
three interrupts are activated, [EO (external interrupt 0) is serviced first, then Timer
0 (TFO0), and finally IEI (external interrupt 1).

Setting interrupt priority with the IP register

We can alter the sequence of Table 3 by assigning a higher priority
to any one of the interrupts. This is done by programming a register called
IP (interrupt priority). Figure 8 shows the bits of the IP register. Upon
power-up reset, the IP register contains all Os, making the priority sequence
based on Table 3. To give a higher priority to any of the interrupts, we
make the corresponding bit in the IP register high. Look at Examples 11
and 12.

Another point that needs to be clarified is the interrupt priority when
two or more interrupt bits in the IP register are set to high. In this case, while
these interrupts have a higher priority than others, they are serviced according
to the sequence of Table 3. See Example 13.

D7 DO

| - | - | pr2 | ps [ pPr1 [ PXt [ PrO | PXO |

Priority bit = 1 assigns high priority. Priority bit = 0 assigns low priority.

- IP.7  Reserved

- IP.6  Reserved

PT2 IP.5 Timer 2 interrupt priority bit (8052 only)
PS IP.4  Serial port interrupt priority bit

PT1 IP.3  Timer 1 interrupt priority bit

PX1 IP.2  External interrupt 1 priority bit

PTO IP.1  Timer O interrupt priority bit

PX0 [IP.0  External interrupt O priority bit

Figure 8. Interrupt Priority Register (Bit-addressable)
User software should never write 1s to unimplemented bits, since they may be used
in future products.
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Example 12

(a) Program the IP register to assign the highest priority to INT1 (external inter-
rupt 1), then (b) discuss what happens if INTO, INT1, and TFO are activated at the
same time. Assume that the interrupts are both edge-triggered.

Solution:

(a) MOV IP,#00000100B ;IP.2=1 to assign INT1 higher priority
The instruction “SETB IP.2” also will do the same thing as the above line
since IP is bit-addressable.

(b) The instruction in Step (a) assigned a higher priority to INT1 than the others;
therefore, when INTO, INT1, and TFO interrupts are activated at the same time,
the 8051 services INT1 first, then it services INTO, then TFO. This is due to the
fact that INT1 has a higher priority than the other two because of the instruc-
tion in Step (a). The instruction in Step (a) makes both the INT0O and TFO bits
in the IP register 0. As a result, the sequence in Table 3 is followed, which gives
a higher priority to INTO over TFO.

Interrupt inside an interrupt

What happens if the 8051 is executing an ISR belonging to an interrupt
and another interrupt is activated? In such cases, a high-priority interrupt can
interrupt a low-priority interrupt. This is an interrupt inside an interrupt. In the
8051 a low-priority interrupt can be interrupted by a higher-priority interrupt,
but not by another low-priority interrupt. Although all the interrupts are latched
and kept internally, no low-priority interrupt can get the immediate attention of
the CPU until the 8051 has finished servicing the high-priority interrupts.

Triggering the interrupt by software

There are times when we need to test an ISR by way of simulation. This
can be done with simple instructions to set the interrupts high and thereby

Example 13

Assume that after reset, the interrupt priority is set by the instruction
“MOV IP, #00001100B”. Discuss the sequence in which the interrupts are serviced.

Solution:

The instruction “MOV IP,#00001100B” (B is for binary) sets the external inter-
rupt 1 (INT1) and Timer 1 (TF1) to a higher priority level compared with the rest
of the interrupts. However, since they are polled according to Table 3, they will
have the following priority.

Highest Priority External Interrupt 1 (INTT)
Timer Interrupt 1 (TF1)
External Interrupt 0 (INTO)
Timer Interrupt 0 (TFO0)

Lowest Priority Serial Communication (RI + TT)
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cause the 8051 to jump to the interrupt vector table. For example, if the IE bit
for Timer 1 is set, an instruction such as “SETB TF1” will interrupt the 8051 in
whatever it is doing and force it to jump to the interrupt vector table. In other
words, we do not need to wait for Timer 1 to roll over to have an interrupt. We
can cause an interrupt with an instruction that raises the interrupt flag.

REVIEW QUESTIONS

1. True or false. Upon reset, all interrupts have the same priority.

2. What register keeps track of interrupt priority in the 80517 Is it a bit-
addressable register?

3. Which bit of IP belongs to the serial interrupt priority? Show how to assign
it the highest priority.

4. Assume that the IP register contains all Os. Explain what happens if both
INTO and INT1 are activated at the same time.

5. Explain what happens if a higher-priority interrupt is activated while the 8051
1s serving a lower-priority interrupt (i.e., executing a lower-priority ISR).

6: INTERRUPT PROGRAMMING IN C

So far all the programs in this chapter have been written in Assembly.
In this section, we show how to program the 8051/52’s interrupts in 8051 C
language. In reading this section, it is assumed that you already know the
material in the first two sections of this chapter.

8051 C interrupt numbers
The 8051 C compilers have extensive support for the 8051 interrupts
with two major features as follows:

1. They assign a unique number to each of the 8051 interrupts, as shown in
Table 4.

2. Itcan also assign a register bank to an ISR. This avoids code overhead due
to the pushes and pops of the RO-R7 registers.

Example 14 shows how a simple interrupt is written in 8051 C. See also
Examples 15 through 17.

Table 4. 8051/52 Interrupt Numbers in C

Interrupt Name Numbers Used by 8051 C
External Interrupt 0 (INTO) 0
Timer Interrupt 0 (TFO) 1
External Interrupt 1 (INT1) 2
Timer Interrupt 1 (TF1) 3
Serial Communication (RI + TT) 4
Timer 2 (8052 only) (TEF2) 5
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Example 14

Solution:

void timerO (void)

{

WAVE = ~WAVE;

}

void main ()

{

200 pus /2 =100 ps

100 ps / 1.085 us = 92

Switch

#include <reg51.h>

sbit SW = P1%7;
sbit IND = P170;
sbit WAVE = P275;

interrupt 1

Write a C program that continuously gets a single bit of data from P1.7 and sends it
to P1.0, while simultaneously creating a square wave of 200 us period on pin P2.5.
Use timer 0 to create the square wave. Assume that XTAL = 11.0592 MHz.

We will use Timer 0 in mode 2 (auto-reload). One half of the period is 100 ps,
100/1.085 us = 92, and THO = 256 — 92 = 164 or A4H

//toggle pin

//make switch input

//THO

-92
//enable interrupts for timer 0

//send switch to LED

8051

| P1.7

P1.0 |

P2.5

LED

5000 Hz
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Example 15

Write a C program that continuously gets a single bit of data from P1.7 and sends
it to P1.0 in the main, while simultaneously (a) creating a square wave of 200 us
period on pin P2.5, and (b) sending letter ‘A’ to the serial port. Use Timer 0 to cre-
ate the square wave. Assume that XTAL = 11.0592 MHz. Use the 9600 baud rate.

Solution:

We will use Timer 0 in mode 2 (auto-reload). THO = 100/1.085 us = -92, which is
A4H

#include <reg51.h>

sbit SW = P1"7;
sbit IND = P170;
sbit WAVE = P2%5;

void timerO (void) interrupt 1

{

WAVE = ~WAVE; //toggle pin
}
void serialO() interrupt 4
{
if (TI == 1)
{
SBUF = ‘A’; //send A to serial port
TI = 0; //clear interrupt
}
else
{
RI = 0; //clear interrupt

void main ()

{

SW = 1; //make switch input
TH1 = -3; //9600 baud
TMOD = 0x22; //mode 2 for both timers
THO = OxA4; //-92=A4H for timer 0
SCON = 0x50;
TRO = 1;
TR1 = 1; //start timer
IE = 0x92; //enable interrupt for TO
while (1) //stay here
{
IND = SW; //send switch to LED

}
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Example 16

Write a C program using interrupts to do the following:
(a) Receive data serially and send it to PO.
(b) Read port P1, transmit data serially, and give a copy to P2.

(c) Make Timer 0 generate a square wave of 5 kHz frequency on PO0.1.

Assume that XTAL = 11.0592 MHz. Set the baud rate at 4800.

Solution:

#include <reg51.h>
sbit WAVE = P0"1;

void timer0() interrupt 1
{
WAVE = ~WAVE; //toggle pin
}
void serialO() interrupt 4
{
1f(TI == 1)
{
TI = 0; //clear interrupt
}
else
{
PO = SBUF; //put value on pins
RI = 0; //clear interrupt
}

void main ()

{

unsigned char x;

Pl = OXFF; //make P1 an input
TMOD = 0x22;
TH1 = O0xF6; //4800 baud rate
SCON = 0x50;
THO = OxA4; //5 kHz has T = 200 us
IE = 0x92; //enable interrupts
TR1 = 1; //start timer 1
TRO = 1; //start timer 0
while (1)
{
X = P1; //read value from pins
SBUF = Xx; //put value in buffer
P2 = Xx; //write value to pins
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Example 17

Write a C program using interrupts to do the following:

(a) Generate a 10000 Hz frequency on P2.1 using TO 8-bit auto-reload.

(b) Use Timer 1 as an event counter to count up a 1-Hz pulse and display it on PO.
The pulse is connected to EXI.

Assume that XTAL = 11.0592 MHz. Set the baud rate at 9600.

Solution:

#include <reg51.h>

sbit WAVE = P2"1;
unsigned char cnt;

void timer0() interrupt 1
{ WAVE = ~WAVE; //toggle pin
vojd timerl () interrupt 3
{ cnt++; //increment counter
PO = cnt; //display value on pins

}

void main ()

{

cnt = 0; //set counter to zero
TMOD = 0x42;

THO = 0x-46; //10000 Hz

IE = 0x86; //enable interrupts

TRO = 1; //start timer 0

TR1 = 1; //start timer 1

while (1) ; //wait until interrupted

)
1/10000 Hz = 100 ps

100 ps/2 = 50 us

50 us/1.085 us = 46
8051

PO LEDs

10000 Hz
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SUMMARY

An interrupt is an external or internal event that interrupts the micro-

controller to inform it that a device needs its service. Every interrupt has a
program associated with it called the ISR, or interrupt service routine. The
8051 has six interrupts, five of which are user-accessible. The interrupts are
for reset: two for the timers, two for external hardware interrupts, and a serial
communication interrupt. The 8052 has an additional interrupt for Timer 2.

The 8051 can be programmed to enable or disable an interrupt, and

the interrupt priority can be altered. This chapter showed how to program
8051/52 interrupts in both Assembly and C languages.

PROBLEMS

1
1
2.
3
4

e it

10.
11.

12.
13.
14.

15.
16.
17.
18.
19.
20.

21.
22.

: 8051 INTERRUPTS

. Which technique, interrupt or polling, avoids tying down the microcontroller?

Including reset, how many interrupts does the 8051 have?

. In the 8051, what memory area is assigned to the interrupt vector table?
. True or false. The 8051 programmer cannot change the memory space

assigned to the interrupt vector table.

What memory address in the interrupt vector table is assigned to INTO0?
What memory address in the interrupt vector table is assigned to INT1?
What memory address in the interrupt vector table is assigned to Timer 0?
What memory address in the interrupt vector table is assigned to Timer 1?
What memory address in the interrupt vector table is assigned to the serial
COM interrupt?

Why do we put an LIMP instruction at address 0?

What are the contents of the IE register upon reset, and what do these
values mean?

Show the instruction to enable the EX1 and Timer 1 interrupts.

Show the instruction to enable every interrupt of the 8051.

Which pin of the 8051 is assigned to the external hardware interrupts INTO
and INT1?

How many bytes of address space in the interrupt vector table are assigned
to the INTO and INT1 interrupts?

How many bytes of address space in the interrupt vector table are assigned
to the Timer 0 and Timer 1 interrupts?

To put the entire interrupt service routine in the interrupt vector table, it
must be no more than bytes in size.

True or false. The IE register is not a bit-addressable register.

With a single instruction, show how to disable all the interrupts.

With a single instruction, show how to disable the EX1 interrupt.

True or false. Upon reset, all interrupts are enabled by the 8051.

In the 8051, how many bytes of ROM space are assigned to the reset inter-
rupt, and why?
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2: PROGRAMMING TIMER INTERRUPTS

23.

24,
25.
26.
. Assume that Timer 0 is programmed in mode 2, TH1 = FOH, and the IE

27

28.

29.

30.

31.

32.

True or false. For both Timer 0 and Timer 1, there is an interrupt assigned
to it in the interrupt vector table.

What address in the interrupt vector table is assigned to Timer 1?

Which bit of IE belongs to the Timer 0 interrupt? Show how it is enabled.
Which bit of IE belongs to the Timer 1 interrupt? Show how it is enabled.

bit for Timer 0 is enabled. Explain how the interrupt for the timer works.
True or false. The last two instructions of the ISR for Timer 1 are:

CLR TF1

RETI
Assume that Timer 1 is programmed for mode 1, THO = FFH, TL1 =
F8H, and the IE bit for Timer 1 is enabled. Explain how the interrupt is
activated.
If Timer 1 is programmed for interrupts in mode 2, explain when the inter-
rupt is activated.
Write a program to create a square wave of T = 160 ms on pin P2.2
while the 8051 is sending out 55H and AAH to P1 continuously.
Write a program in which every 2 seconds, the LED connected to P2.7 is
turned on and off four times, while the 8051 is getting data from P1 and
sending it to PO continuously. Make sure the on and off states are 50 ms in
duration.

3: PROGRAMMING EXTERNAL HARDWARE INTERRUPTS

33.

34.

35.
36.
37.
38.

39.
40.

41.
42.

43

44.

True or false. A single interrupt is assigned to each of the external hard-
ware interrupts EX0 and EX1.

What address in the interrupt vector table is assigned to INTO and INT1?
How about the pin numbers on port 3?

Which bit of IE belongs to the EX0 interrupt? Show how it is enabled.
Which bit of IE belongs to the EX1 interrupt? Show how it is enabled.
Show how to enable both external hardware interrupts.

Assume that the IE bit for external hardware interrupt EXO0 is enabled and
1s low-level triggered. Explain how this interrupt works when it is activat-
ed. How can we make sure that a single interrupt is not interpreted as multiple
interrupts?

True or false. Upon reset, the external hardware interrupt is edge-triggered.
In Question 39, how do we make sure that a single interrupt is not recog-
nized as multiple interrupts?

Which bits of TCON belong to EX0?

Which bits of TCON belong to EX17?

. True or false. The last two instructions of the ISR for INT1 are:

CLR TCON.3

RETT
Explain the role of TCON.0 and TCON.2 in the execution of external
interrupt 0.
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45.
46.

47.

48.

49.

Explain the role of TCON.1 and TCON.3 in the execution of external interrupt 1.
Assume that the IE bit for external hardware interrupt EX1 is enabled and is
edge-triggered. Explain how this interrupt works when it is activated. How can
we make sure that a single interrupt is not interpreted as multiple interrupts?
Write a program using interrupts to get data from P1 and send it to P2
while Timer 0 is generating a square wave of 3 kHz.

Write a program using interrupts to get data from P1 and send it to P2
while Timer 1 is turning on and off the LED connected to P0.4 every
second.

Explain the difference between the low-level and edge-triggered interrupts.

50. How do we make the hardware interrupt edge-triggered?
51. Which interrupts are latched, low-level or edge-triggered?
52. Which register keeps the latched interrupt for INTO and INT1?

4: PROGRAMMING THE SERIAL COMMUNICATION INTERRUPT

53.
54.

55.

56.

57.

38.

59.

60.

61.

62.

63.

True or false. There are two interrupts assigned to interrupts TI and RI.
What address in the interrupt vector table is assigned to the serial inter-
rupt? How many bytes are assigned to it?
Which bit of the IE register belongs to the serial interrupt? Show how it is
enabled.
Assume that the IE bit for the serial interrupt is enabled. Explain how this
interrupt gets activated and also explain its working upon activation.
True or false. Upon reset, the serial interrupt is blocked.
True or false. The last two instructions of the ISR for the receive interrupt are:
CLR TT
RETT
Answer Question 58 for the receive interrupt.
Assuming that the interrupt bit in the IE register is enabled, when TTI is
raised, what happens subsequently?
Assuming that the interrupt bit in the IE register is enabled, when RI is
raised, what happens subsequently?
Write a program using interrupts to get data serially and send it to P2 while
Timer 0 is generating a square wave of 5 kHz.
Write a program using interrupts to get data serially and send it to P2 while
Timer 0 is turning the LED connected to P1.6 on and off every second.

5: INTERRUPT PRIORITY IN THE 8051/52

64.
65.
66.
67.

68.

True or false. Upon reset, EX1 has the highest priority.

What register keeps track of interrupt priority in the 8051? Explain its role.
Which bit of IP belongs to the EX2 interrupt priority? Show how to assign
it the highest priority.

Which bit of IP belongs to the Timer 1 interrupt priority? Show how to
assign it the highest priority.

Which bit of IP belongs to the EX1 interrupt priority? Show how to assign
it the highest priority.
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69.

70.

71.

72.

73.

Assume that the IP register has all 0s. Explain what happens if both INTO
and INTI are activated at the same time.

Assume that the IP register has all Os. Explain what happens if both TFO
and TF1 are activated at the same time.

If both TFO and TF1 in the IP are set to high, what happens if both are
activated at the same time?

If both INTO and INTT in the IP are set to high, what happens if both are
activated at the same time?

Explain what happens if a low-priority interrupt is activated while the 8051
1s serving a higher-priority interrupt.

ANSWERS TO REVIEW QUESTIONS

1
1.
2.
3
4

oW

: 8051 INTERRUPTS

Interrupts

5

Address locations 0000 to 25H. No. They are set when the processor is designed.

All Os means that all interrupts are masked, and as a result no interrupts will be responded
to by the 8051.

MOV IE,#10000011B
P3.3, which is pin 13 on the 40-pin DIP package
0013H for INT1 and 001BH for Timer 1

2: PROGRAMMING TIMER INTERRUPTS

False. There is an interrupt for each of the timers, Timer 0 and Timer 1.

000BH

Bits D1 and D3 and “MOV IE,#10001010B” will enable both of the timer inter-
rupts.

After Timer 1 is started with instruction “SETB TR1”, the timer will count up from
F5H to FFH on its own while the 8051 is executing other tasks. Upon rolling over from
FFH to 00, the TF1 flag is raised, which will interrupt the 8051 in whatever it is doing
and force it to jump to memory location 001BH to execute the ISR belonging to this
interrupt.

False. There is no need for “CLR TF0” since the RETT instruction does that for us.

3: PROGRAMMING EXTERNAL HARDWARE INTERRUPTS

False. There is an interrupt for each of the external hardware interrupts of INTO and
INTL.
0003H and 0013H. The pins numbered 12 (P3.2) and 13 (P3.3) on the DIP package.

Bits DO and D2 and “MOV IE,#10000101B” will enable both of the external hard-
ware interrupts.

Upon application of a low pulse (4 machine cycles wide) to pin P3.3, the 8051 is inter-
rupted in whatever it is doing and jumps to ROM location 0013H to execute the ISR.
True

Make sure that the low pulse applied to pin INT1 is no wider than 4 machine cycles. Or,
make sure that the INT1 pin is brought back to high by the time the 8051 executes the
RETI instruction in the ISR.

False. There is no need for the “CLR TCON . 0” since the RETI instruction does that for us.
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: PROGRAMMING THE SERIAL COMMUNICATION INTERRUPT

True. There is only one interrupt for both the transfer and receive.

23H

Bit D4 (IE.4) and “MOV IE,#10010000B” will enable the serial interrupt.

The RI (receive interrupt) flag is raised when the entire frame of data, including the stop

bit, is receive. As a result, the receive byte is delivered to the SBUF register and the 8051

jumps to memory location 0023H to execute the ISR belonging to this interrupt. In the

serial COM interrupt service routine, we must save the SBUF contents before it is lost by

the incoming data.

False

True. We must do it since the RETT instruction will not do it for the serial interrupt.
CLR TI

RETI

: INTERRUPT PRIORITY IN THE 8051/52

False. They are assigned priority according to Table 3.
IP (interrupt priority) register. Yes, it is bit-addressable.

Bit D4 (IP.4) and the instruction “MOV IP,#00010000B” will do it.

If both are activated at the same time, INTO is serviced first since it has a higher priority.
After INTO is serviced, INT1 is serviced, assuming that the external interrupts are edge-
triggered and H-to-L transitions are latched. In the case of low-level triggered interrupts,
if both are activated at the same time, the INTO is serviced first; then after the 8051 has
finished servicing the INTO, it scans the INTO and INT1 pins again, and if the INT1 pin
is still high, it will be serviced.

We have an interrupt inside an interrupt, meaning that the lower-priority interrupt is put
on hold and the higher one is serviced. After servicing this higher-priority interrupt, the
8051 resumes servicing the lower-priority ISR.
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LCD AND KEYBOARD

INTERFACING

>>
>>
>>
>>
>>
>>
>>
>>

OBJECTIVES

Upon completion of this chapter, you will be able to:

List reasons that LCDs are gaining widespread use, replacing LEDs.
Describe the functions of the pins of a typical LCD.

List instruction command codes for programming an LCD.
Interface an LCD to the 8051.

Program an LCD in Assembly and C.

Explain the basic operation of a keyboard.

Describe the key press and detection mechanisms.

Interface a 4x4 keypad to the 8051 using C and Assembly.

From Chapter 12 of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice

Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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This chapter explores some real-world applications of the 8051. We
explain how to interface the 8051 to devices such as an LCD and a keyboard.
In Section 1, we show LCD interfacing with the 8051. In Section 2, keyboard
interfacing with the 8051 is shown. We use C and Assembly for both sections.

1: LCD INTERFACING

This section describes the operation modes of LCDs, then describes
how to program and interface an LCD to an 8051 using Assembly and C.

LCD operation

In recent years, the LCD is finding widespread use replacing LEDs
(seven-segment LEDs or other multisegment LEDs). This is due to the follow-

ing reasons:

1. The declining prices of LCDs.

2. The ability to display numbers, characters, and graphics. This is in contrast
to LEDs, which are limited to numbers and a few characters.

3. Incorporation of a refreshing controller into the LCD, thereby relieving
By contrast, the LED must be

the CPU of the task of refreshing the LCD.
refreshed by the CPU (or in some other
way) to keep displaying the data.

4. Ease of programming for characters and
graphics.

LCD pin descriptions

The LCD discussed in this section has
14 pins. The function of each pin is given in
Table 1. Figure 1 shows the pin positions for
various LCDs.

Voo Vsg and V.

While V. and Vg provide +5 V and
ground, respectively, V. i1s used for control-
ling LCD contrast.

RS, register select

There are two very important registers
inside the LCD. The RS pin is used for their
selection as follows. If RS = 0, the instruction
command code register is selected, allowing
the user to send a command such as clear dis-
play or cursor at home. If RS = 1, the data
register is selected, allowing the user to send
data to be displayed on the LCD.

Table 1. Pin Descriptions for LCD

Pin Symbol 1/0O Description

1 Vg --  Ground
2 Vg -- 45V power supply
3 V. --  Power supply
to control contrast
4 RS I RS =0 to select
command register,
RS =1 to select
data register
5 R/W 1 R/W = 0 for write,
R/W =1 for read
6 E 1 Enable
7 DBO I/O The 8-bit data bus
8 DBI I/O The 8-bit data bus
9 DB2 I/O The 8-bit data bus
10 DB3 I/O The 8-bit data bus
11 DB4 I/O The 8-bit data bus
12 DB5 I/O The 8-bit data bus
13 DB6 I/O The 8-bit data bus
14 DB7 I/O The 8-bit data bus
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Table 2. LCD Command Codes Code
Command to LCD Instruction (Hex) Register

1  Clear display screen

2 Return home

4  Decrement cursor (shift cursor to left)
6  Increment cursor (shift cursor to right)
5 Shift display right

7  Shift display left

8  Display off, cursor off

A Display off, cursor on

C Display on, cursor off

E  Display on, cursor blinking off

F  Display on, cursor blinking

10 Shift cursor position to left

14 Shift cursor position to right

18 Shift the entire display to the left

1C Shift the entire display to the right

80 Force cursor to beginning of 1st line
CO0 Force cursor to beginning of 2nd line
38 2 lines and 5x7 matrix

RIW, read|write

R/W input allows the user to
write information to the LCD or read
information from it. R/W = 1 when
reading; R/W = 0 when writing.

E, enable

The enable pin is used by the
LCD to latch information presented to
its data pins. When data is supplied to
data pins, a high-to-low pulse must be
applied to this pin in order for the LCD
to latch in the data present at the data
pins. This pulse must be a minimum of
450 ns wide.

DO-D7

The 8-bit data pins, DO-D7, are used
to send information to the LCD or read
the contents of the LCD’s internal registers.

To display letters and numbers,
we send ASCII codes for the letters A-Z,
a-z, and numbers 0-9 to these pins while
making RS = 1.

There are also instruction com-

mand codes that can be sent to the LCD to clear the display or force the
cursor to the home position or blink the cursor. Table 2 lists the instruction

command codes.

We also use RS = 0 to check the busy flag bit to see if the LCD is ready
to receive information. The busy flag is D7 and can be read when R/W =1 and
RS =0, as follows: if R/W =1, RS = 0. When D7 =1 (busy flag = 1), the LCD

12 14
"o DIIOIIOUO0D
O 14 ng 13

oo

oo

oo

oo

2188

© © noonoonnonnonn. (©
DMCI1610A 14 DMC16106B 21 DMC20261
DMC1606C DMC16207 DMC24227
DMCl6117 DMC16230 DMC24138
DMCl16128 DMC20215 DMC32132
DMC16129 DMC32216 DMC32239
DMC1616433 DMC40131
DMC20434 DMC40218

Figure 1. Pin Positions for Various LCDs from Optrex
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1s busy taking care of internal operations and will not accept any new informa-
tion. When D7 = 0, the LCD is ready to receive new information. (Note. It is
recommended to check the busy flag before writing any data to the LCD.)

Sending commands and data to LCDs with a time delay

To send any of the commands from Table 2 to the LCD, make pin
RS = 0. For data, make RS = 1. Then send a high-to-low pulse to the E pin to
enable the internal latch of the LCD. This is shown in Program 1. See Figure 2
for LCD connections.

;calls a time delay before sending next data/command

; P1.0-P1.7 are connected to LCD data pins DO0-D7

; P2.0 is connected to RS pin of LCD

; P2.1 is connected to R/W pin of LCD

; P2.2 is connected to E pin of LCD
ORG OH
MOV A, #38H ;init. LCD 2 lines,5x7 matrix
ACALL COMNWRT ;call command subroutine
ACALL DELAY ;give LCD some time
MOV A, #0EH ;display on, cursor on
ACALL COMNWRT ;call command subroutine
ACALL DELAY ;give LCD some time
MOV A,#01 ;clear LCD
ACALL COMNWRT ;call command subroutine
ACALL DELAY ;give LCD some time
MOV A, #06H ;shift cursor right
ACALL COMNWRT ;call command subroutine
ACALL DELAY ;give LCD some time
MOV A, #84H ;cursor at line 1,pos. 4
ACALL COMNWRT ;call command subroutine
ACALL DELAY ;give LCD some time
MOV A,#'N! ;display letter N
ACALL DATAWRT ;call display subroutine
ACALL DELAY ;give LCD some time
MOV A,#'0! ;display letter O
ACALL DATAWRT ;call display subroutine

AGAIN: SJMP AGAIN ;stay here

COMNWRT : ;send command to LCD
MOV P1,A ;copy reg A to portl
CLR P2.0 ;RS=0 for command
CLR P2.1 ;R/W=0 for write
SETB P2.2 ;E=1 for high pulse
ACALL DELAY ;give LCD some time
CLR P2.2 ;E=0 for H-to-L pulse
RET

DATAWRT : ;write data to LCD
MOV P1,A ;jcopy reg A to portl
SETB P2.0 ;RS=1 for data
CLR P2.1 ;R/W=0 for write

Program 1. Communicating with LCD Using a Delay (continued)

236 LCD AND KEYBOARD INTERFACING



SETB P2.2 ;E=1 for high pulse
ACALL DELAY ;give LCD some time
CLR P2.2 ;E=0 for H-to-L pulse
RET
DELAY : MOV R3, #50 ;50 or higher for fast CPUs
HERE2: MOV R4, #255 ;R4=255
HERE: DJIJNZ R4 ,HERE ;stay until R4 becomes 0
DJINZ R3,HERE2
RET
END

Program 1. (continued)

LCD Sending code or data to the

8051}1.0 DO oY LCD with checking busy flag

The above code showed how
V.. | == 10K _
P17 D7 por | to send commands to the LCD with-
Vi, out checking the busy flag. Notice that
we must put a long delay between issu-

P2.0—1 - ing data or commands to the LCD.
P2.1 However, a much better way is to moni-
P2.2 . .
tor the busy flag before issuing a com-
mand or data to the LCD. This is shown
Figure 2. LCD Connections in Program 2.

;Check busy flag before sending data, command to LCD
;Pl=data pin,P2.0=RS,P2.1=R/W,P2.2=E pins
MOV A, #38H ;init. LCD 2 lines,5x7 matrix
ACALL COMMAND ;ilssue command
MOV A, #0EH ;LCD on, cursor on
ACALL COMMAND ;1ssue command
MOV A, #01H ;clear LCD command
ACALL COMMAND ;1ssue command
MOV A, #06H ;shift cursor right
ACALL COMMAND ;issue command
MOV A, #86H ;cursor: line 1, pos. 6
ACALL COMMAND ;command subroutine
MOV A,#'N! ;display letter N
ACALL DATA DISPLAY
MOV A, #'0! ;display letter O
ACALL DATA_DISPLAY
HERE : SJMP HERE ; STAY HERE
COMMAND: ACALL READY ;is LCD ready?
MOV P1,A ;issue command code
CLR P2.0 ;RS=0 for command
CLR P2.1 ;R/W=0 to write to LCD

Program 2. Communicating with LCD Using the Busy Flag (continued)
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SETB P2.2 ;E=1 for H-to-L pulse
CLR P2.2 ;E=0 ,latch in
RET
DATA DISPLAY:
ACALL READY ;is LCD ready?
MOV P1,A ;issue data
SETB P2.0 ;RS=1 for data
CLR P2.1 ;R/W=0 to write to LCD
SETB P2.2 ;E=1 for H-to-L pulse
ACALL DELAY ;give LCD some time
CLR P2.2 ;E=0, latch in
RET
READY : SETB P1.7 ;make P1.7 input port
CLR P2.0 ;RS=0 access command reg
SETB P2.1 ;R/W=1 read command reg
;read command reg and check busy flag
BACK: CLR P2.2 ;E=0 for L-to-H pulse
ACALL DELAY ;give LCD some time
SETB P2.2 ;E=1 L-to-H pulse

Program 2. (continued)

Notice in the above program that the busy flag is D7 of the com-
mand register. To read the command register we make R/W =1 and
RS = 0, and a L-to-H pulse for the E pin will provide us the command
register. After reading the command register, if bit D7 (the busy flag) is
high, the LCD is busy and no information (command or data) should be
issued to it. Only when D7 = 0 can we send data or commands to the LCD.
Notice in this method that no time delays are used since we are checking
the busy flag before issuing commands or data to the LCD. Contrast the
Read and Write timing for the LCD in Figures 3 and 4. Note that the E line
1s negative-edge triggered for the write, while it is positive-edge triggered
for the read.

LCD data sheet

In the LCD, one can put data at any location. The following shows
address locations and how they are accessed.

RS R/W DB7 DB6 DB5 DB4 DB3 DB2 DBl1 DBO
0 0 1 A A A A A A A
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DO0-D7 Data

N

tp

E

itan

tp = Data output delay time
tas = Setup time prior to E (going high) for both RS and R/W = 140 ns (minimum)
tayg = Hold time after E has come down for both RS and R/W = 10 ns (minimum)

Figure 3. LCD Timing for Read ( L-to-H for E line)
Note: Read requires an L-to-H pulse for the E pin.

\

Data /

P e H

E——m— bsw ==

S
tpwH H

R/W_l tas : :‘;A_H>I

R |

tpwy = Enable pulse width = 450 ns (minimum)

tpsw = Data setup time = 195 ns (minimum)

ty = Data hold time = 10 ns (minimum)

tas = Setup time prior to E (going high) for both RS and R/W = 140 ns (minimum)
tag = Hold time after E has come down for both RS and R/W = 10 ns (minimum)

Figure 4. LCD Timing for Write (H-to-L for E line)
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Table 3. LCD Addressing

DB7 DB6 DBS DB4 DB3 DB2 DB1 DBO0
Line 1 (min) 1 0 0 0 0 0 0 0
Line 1 (max) 1 0 1 0 0 1 1 1
Line 2 (min) 1 1 0 0 0 0 0 0
Line 2 (max) 1 1 1 0 0 | 1 1

where AAAAAAA = 0000000 to 0100111 for line 1 and AAAAAAA =
1000000 to 1100111 for line 2. See Table 3.

The upper address range can go as high as 0100111 for the 40-character-

wide LCD, while for the 20-character-wide LCD it goes up to 010011 (19 decimal =
10011 binary). Notice that the upper range 0100111 (binary) = 39 decimal, which
corresponds to locations 0 to 39 for the LCDs of 40x2 size.

From the above discussion, we can get the addresses of cursor positions

for various sizes of LCDs. See Figure 5 for the cursor addresses for common
types of LCDs. Note that all the addresses are in hex. Table 4 provides a
detailed list of LCD commands and instructions. Table 2 is extracted from this

table.
16 LCD 80 81 82 83 84 85 86 through 8F
Co Cl C2 C3 C4 C5 Cé6 through CF
20 1 LCD 80 81 82 83 through 93
20 LCD 80 81 82 83 through 93
Co C1 c2 C3 through D3
20 LCD 80 81 82 83 through 93
Co C1l C2 C3 through D3
94 95 96 97 through A7
D4 D5 D6 D7 through E7
40 LCD 80 81 82 83 through A7
Co C1l c2 C3 through E7

Figure 5. Cursor Addresses for Some LCDs

Note: All data is in hex.
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Table 4. List of LCD Instructions

Execution
Instruction NS BRMARMMms Description Time
xEoAAfRAAAR (Max)
Clear Display o0 0 0 0 0 0 0 0o o 1 Clears entire display and sets DD 1.64 ms
RAM address 0 in address counter
Return Home o0 0 0 0 0 0 0 0 1 - Sets DD RAM address 0 as address 1.64 ms

counter. Also returns display being
shifted to original position. DD RAM
contents remain unchanged.

Entry Mode 000000 011/Ds Setscursor move direction and specifies 40 us
Set shift of display. These operations are
performed during data write and read.
Display On/ 000000 1D c B Sets On/Off of entire display (D), 40 ps
Off Control cursor On/Off (C), and blink of cursor
position character (B).
Cursor or 0000 0 1S8/CRL-- Moves cursor and shifts display 40 us
Display Shift without changing DD RAM contents.
FunctionSet o0 0 o 0 1 b N F- - Setsinterface data length (DL), number 40 ps
of display lines (L), and character font (F).
Set CGRAM o000 1 AGC Sets CG RAM address. CG RAM data 40 ps
Address is sent and received after this setting.
Set DDRAM o0 o0 1 ADD Sets DD RAM address. DD RAM data 40 ps
Address is sent and received after this setting.
Read Busy 0 1 BF AC Reads busy flag (BF) indicating 40 ps
Flag & Address internal operation is being performed
and reads address counter contents.
Write Data 10 Write Data Worites data into DD or CG RAM. 40 ps
CG or DD RAM
Read Data 11 Read Data Reads data from DD or CG RAM. 40 us
CG or DD RAM
Notes:

1. Execution times are maximum times when fcp or fosc is 250 kHz.
2. Execution time changes when frequency changes. For example, when fcp or fosc is 270 kHz:
40 us x 250 /270 = 37 us.

3. Abbreviations:

DD RAM Display data RAM
Character generator RAM

CG RAM
ACC
ADD
AC
/D=1
S=1
SIC=1
R/L=1
DL=1
N=1
F=1
BF =1

CG RAM address

DD RAM address, corresponds to cursor address
Address counter used for both DD and CG RAM addresses.

Increment

Accompanies display shift

Display shift;
Shift to the right;

8 bits, DL = 0: 4 bits

1line, N =0:1 line

5x10dots, F=0:5x7dots

Internal operation;

1/D =0 Decrement

S/C =0 Cursor move
R/L = 0 Shift to the left

BF =0 Can accept instruction

LCD AND KEYBOARD INTERFACING
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Sending information to LCD using MOVC instruction

Program 3 shows how to use the MOVC instruction to send data
and commands to an LCD. For an 8051 C version of LCD programming,

see Examples 1 and 2.

P2.1=R/W, P2.2=E pins

command subroutine
LCD some time

command subroutine

LCD some time
here
command to LCD

COMND to P1
for command

;R/W=0 for write
;E=1 for high pulse

LCD some time

;E=0 for H-to-L

DATA to P1
for data

;R/W=0 for write
;E=1 for high pulse

LCD some time

;E=0 for H-to-L pulse

DELAY FOR fast CPUs

;commands and null

;data and null

;calls a time delay before sending next data/command
; P1.0-P1.7=D0-D7, P2.0=RS,
ORG 0
MOV DPTR, #MYCOM
Cl: CLR A
MOVC A, @A+DPTR
ACALL COMNWRT ;call
ACALL DELAY ;give
JZz SEND_ DAT
INC DPTR
SJMP C1
SEND_DAT: MOV DPTR, #MYDATA
D1: CLR A
MOVC A,@A+DPTR
ACALL DATAWRT ;call
ACALL DELAY ;give
INC DPTR
JZz AGAIN
SJMP D1
AGAIN: SIJMP AGAIN ;stay
COMNWRT : ;send
MOV  P1,A ; SEND
CLR P2.0 ;RS=0
CLR P2.1
SETB P2.2
ACALL DELAY ;give
CLR P2.2
RET
DATAWRT :
MOV P1,A ; SEND
SETB P2.0 ;RS=1
CLR P2.1
SETB P2.2
ACALL DELAY ;give
CLR P2.2
RET
DELAY: MOV R3,#250 ; LONG
HERE2: MOV R4, #255 ;
HERE: DJIJNZ R4 ,HERE ;
DJIJNZ R3,HERE2
RET
ORG 300H
MYCOM: DB 38H,0EH,01,06,84H,0
MYDATA : DB "HELLO", O
END

Program 3. Sending Information to LCD with MOVC Instruction.

LCD AND KEYBOARD INTERFACING

342




Example 1

Write an 8051 C program to send letters ‘M,” ‘D,” and ‘E’ to the LCD using delays.

Solution:
#include <reg5l1.h>
sfr ldata = 0x90; //P1=LCD data pins (Fig. 2)
sbit rs = P270;
sbit rw = P271;
sbit en = P2"2;
n

()

vo%d mai
lcdemd (0x38)
MSDelay (250)
lcdemd (0x0E)
MSDelay (250)
lcdemd (0x01)
MSDelay (250)
lcdemd (0x06)
MSDelay (250)
lcdemd (0x86)
MSDelay (250)
lcddata )
)

)

)

)

//line 1, position 6

(M) ;
MSDelay (250) ;
lcddata ('D') ;
MSDelay (250) ;
lcddata (

1

IEI

}

void lcdcmd (unsigned char value)

{

ldata = wvalue; // put the value on the pins
rs = 0;

rw = 0;

en = 1; // strobe the enable pin
MSDelay (1) ;

en = 0;

return;

}

void lcddata (unsigned char value)

{

ldata = value; // put the value on the pins
rs = 1;

rw = 0;

en = 1; // strobe the enable pin
MSDelay (1) ;

en = 0;

return;

}

void MSDelay (unsigned int itime)
{
unsigned int i, j;
for(i=0;i<itime;i++)
for(j=0;3<1275;j++) ;
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Example 2

Repeat Example 1 using the busy flag method.

Solution:

#include <reg51.h>

sfr ldata = 0x90; //P1=LCD data pins (Fig. 2)
sbit rs P2°0;

sbit rw P271;

sbit en P272;

sbit busy = P177;

void main ()

{

lcdcemd
lcdemd (0x0E
lcdemd (0x01

0x38)

)

)

lcdemd (0x06)
)

)

)

)

NN

lcdcemd (0x86
lcddata ('M!
lcddata ('D!
lcddata ('E’

i //line 1, position 6

}

void lcdcmd (unsigned char value)
{
lcdready () ; //check the LCD busy flag
ldata = value; //put the value on the pins
rs

1; //strobe the enable pin

}

void lcddata (unsigned char value)

lcdready () ; //check the LCD busy flag
ldata = value; //put the value on the pins
rs = 1
rw 0
en 1
MSDelay (1) ;
en = 0;
return;

~

~e ~

//strobe the enable pin

}

void lcdready ()

busy = 1; //make the busy pin an input
rs = 0;
rw = 1;
while (busy==1) //wait here for busy flag
{
en = 0; //strobe the enable pin
MSDelay (1) ;
en = 1;
}
return;
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Example 2 (Continued)

void MSDelay (unsigned int itime)

unsigned int i, j;
for(i=0;i<itime;i++)
for(j=0;3<1275;j++) ;

REVIEW QUESTIONS

1. The RS pin is an (input, output) pin for the LCD.

2. The E pin is an (input, output) pin for the LCD.

3. The E pin requires an (H-to-L, L-to-H) pulse to latch in informa-

tion at the data pins of the LCD.

4. For the LCD to recognize information at the data pins as data, RS must
be set to (high, low).

5. Give the command codes for line 1, first character, and line 2, first character.

2: KEYBOARD INTERFACING

Keyboards and LCDs are the most widely used input/output devices
of the 8051, and a basic understanding of them is essential. In this section, we
first discuss keyboard fundamentals, along with key press and key detection
mechanisms. Then we show how a keyboard is interfaced to an 8051.

Interfacing the keyboard to the 8051

At the lowest level, keyboards are organized in a matrix of rows and col-
umns. The CPU accesses both rows and columns through ports; therefore, with
two 8-bit ports, an 8 x 8 matrix of keys can be connected to a microprocessor.
When a key is pressed, a row and a column make a contact; otherwise, there
1s no connection between rows and columns. In IBM PC keyboards, a single
microcontroller (consisting of a microprocessor, RAM and EPROM, and sev-
eral ports all on a single chip) takes care of hardware and software interfacing
of the keyboard. In such systems, it is the function of programs stored in the
EPROM of the microcontroller to scan the keys continuously, identify which
one has been activated, and present it to the motherboard. In this section, we
look at the mechanism by which the 8051 scans and identifies the key.

Scanning and identifying the key

Figure 6 shows a 4 x 4 matrix connected to two ports. The rows are con-
nected to an output port and the columns are connected to an input port. If no
key has been pressed, reading the input port will yield 1s for all columns since
they are all connected to high (V). If all the rows are grounded and a key is
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Figure 6. Matrix Keyboard Connection to Ports

pressed, one of the columns will have 0 since the key pressed provides the path
to ground. It is the function of the microcontroller to scan the keyboard con-
tinuously to detect and identify the key pressed. How it is done is explained next.

Grounding rows and reading the columns

To detect a pressed key, the microcontroller grounds all rows by pro-
viding 0 to the output latch, and then it reads the columns. If the data read
from the columns is D3-D0 = 1111, no key has been pressed and the process
continues until a key press is detected. However, if one of the column bits has a
zero, this means that a key press has occurred. For example, if D3-D0 = 1101,
this means that a key in the D1 column has been pressed. After a key press is
detected, the microcontroller will go through the process of identifying the key.
Starting with the top row, the microcontroller grounds it by providing a low to
row DO only; then it reads the columns. If the data read is all 1s, no key in that
row is activated and the process is moved to the next row. It grounds the next
row, reads the columns, and checks for any zero. This process continues until
the row is identified. After identification of the row in which the key has been
pressed, the next task is to find out which column the pressed key belongs to.
This should be easy since the microcontroller knows at any time which row and
column are being accessed. Look at Example 3.

Program 4 is the 8051 Assembly language program for detection and
identification of key activation. In this program, it is assumed that P1 and P2
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Example 3

From Figure 6, identify the row and column of the pressed key for each of the
following.

(a) D3-DO0 = 1110 for the row, D3-D0 = 1011 for the column

(b) D3-D0 = 1101 for the row, D3-D0 = 0111 for the column

Solution:

From Figure 6, the row and column can be used to identify the key.

(a) The row belongs to D0 and the column belongs to D2; therefore, key number 2
was pressed.

(b) The row belongs to D1 and the column belongs to D3; therefore, key number 7
was pressed.

; Keyboard subroutine. This program sends the ASCII code ;for
pressed key to P0.1
;P1.0-P1.3 connected to rows P2.0-P2.3 connected to columns

MOV P2, #0FFH ;make P2 an input port
K1: MOV P1,#0 ;ground all rows at once

MOV A,P2 ;read all col. ensure all keys open

ANL A,#00001111B ;masked unused bits

CJNE A,#00001111B,K1 ;check till all keys released
K2: ACALL DELAY ;call 20 ms delay

MOV A, P2 ;see if any key is pressed

ANL A,#00001111B ;mask unused bits

CIJNE A,#00001111B,0OVER ;key pressed, await closure

SJMP K2 ;check if key pressed
OVER: ACALL DELAY ;walt 20 ms debounce time

MOV A,P2 ;check key closure

ANL A,#00001111B ;mask unused bits

CINE A,#00001111B,0VER1 ;key pressed, find row

SJMP K2 ;1f none, keep polling
OVER1l: MOV P1,#11111110B ;ground row O

MOV A, P2 ;read all columns

ANL A,#00001111B ;mask unused bits

CINE A, #00001111B,ROW 0 ;key row 0, find the col.

MOV P1,#11111101B ;ground row 1

MOV A, P2 ;read all columns

ANL A,#00001111B ;mask unused bits

CJNE A,#00001111B,ROW 1 ;key row 1, find the col.

MOV P1,#11111011B ;ground row 2

MOV A, P2 ;read all columns

ANL A,#00001111B ;mask unused bits

CINE A, #00001111B,ROW 2 ;key row 2, find the col.

MOV P1,#11110111B ;ground row 3

MOV A, P2 ;read all columns

Program 4. Keyboard Program (continued)

LCD AND KEYBOARD INTERFACING

347



348

ANL A,#00001111B ;mask unused bits
CIJNE A,#00001111B,ROW 3 ;key row 3, find the col.
LJIJMP K2 ;1f none, false input, repeat
ROW 0: MOV DPTR, #KCODEO ;set DPTR=start of row 0
SJMP FIND ;£ind col. key belongs to
ROW _1: MOV DPTR, #KCODE1 ;set DPTR=start of row 1
SJMP FIND ;£ind col. key belongs to
ROW_2: MOV DPTR, #KCODE?2 ;set DPTR=start of row 2
SJMP FIND ;£ind col. key belongs to
ROW 3: MOV DPTR, #KCODE3 ;set DPTR=start of row 3
FIND: RRC A ;see if any CY bit is low
JNC MATCH ;1f zero, get the ASCII code
INC DPTR ;point to next col. address
SJMP FIND ;keep searching
MATCH: CLR A ;set A=0 (match is found)
MOVC A, @A+DPTR ;get ASCITI code from table
MOV PO, A ;display pressed key
LJMP K1
;ASCII LOOK-UP TABLE FOR EACH ROW
ORG 300H
KCODEO : DB ‘o', 1,2, '3 ;ROW O
KCODE1l: DB 4t '5' g, V7! ;ROW 1
KCODE2: DB 'gr','9','A'", 'B' ;ROW 2
KCODE3: DB ‘¢, 'D','E'",'F! ;ROW 3
END

Program 4. (continued)

are initialized as output and input, respectively. Program 4 goes through the
following four major stages:

1.

To make sure that the preceding key has been released, Os are output to all
rows at once, and the columns are read and checked repeatedly until all the
columns are high. When all columns are found to be high, the program waits
for a short amount of time before it goes to the next stage of waiting for a
key to be pressed.

To see if any key is pressed, the columns are scanned over and over in an
infinite loop until one of them has a 0 on it. Remember that the output
latches connected to rows still have their initial zeros (provided in stage 1),
making them grounded. After the key press detection, the microcontroller
waits 20 ms for the bounce and then scans the columns again. This serves two
functions: (a) it ensures that the first key press detection was not an errone-
ous one due to a spike noise, and (b) the 20-ms delay prevents the same key
press from being interpreted as a multiple key press. If after the 20-ms delay
the key is still pressed, it goes to the next stage to detect which row it belongs
to; otherwise, it goes back into the loop to detect a real key press.
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Figure 7. Flowchart for Program 4
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3. To detect which row the key press belongs to, the microcontroller
grounds one row at a time, reading the columns each time. If it finds that
all columns are high, this means that the key press cannot belong to that
row; therefore, it grounds the next row and continues until it finds the
row the key press belongs to. Upon finding the row that the key press
belongs to, it sets up the starting address for the look-up table holding the
scan codes (or the ASCII value) for that row and goes to the next stage
to identify the key.

4. To identify the key press, the microcontroller rotates the column bits, one

bit at a time, into the carry flag and checks to see if it is low. Upon finding
the zero, it pulls out the ASCII code for that key from the look-up table;
otherwise, it increments the pointer to point to the next element of the
look-up table. Figure 7 flowcharts this process.

Example 4

Write a C program to read the keypad and send the result to the first serial port.
P1.0-P1.3 connected to rows

P2.0-P1.3 connected to columns

Configure the serial port for 9600 baud, 8-bit, and 1 stop bit.

Solution:
#include <reg5l.h>

#define COL P2 //define ports for easier reading
#define ROW P1

void MSDelay (unsigned int wvalue) ;
void SerTX (unsigned char) ;

unsigned char keypadl[4] [4] = {o@o, A, uge g,
t41v 151 rgr 17
81,19, 'AT B!,
ICIIIDIIIEIIIFI};

void main ()

{

unsigned char colloc, rowloc;

TMOD = 0x20; //timer 1, mode 2
TH1 = -3; //9600 baud

SCON = 0x50; //8-bit, 1 stop bit
TR1 = 1; //start timer 1

//keyboard routine. This sends the ASCII
//code for pressed key to the serial port

COL = OxFF; //make P2 an input port
while (1) //repeat forever
do

{
ROW = 0x00; //ground all rows at once
colloc = COL; //read the columns
colloc &= O0xOF; //mask used bits
} while(colloc != 0x0F); //check until all keys released
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Example 4 (Continued)

do
{
do
{
MSDelay (20) ; //call delay
colloc = COL; //see if any key is pressed
colloc &= 0xOF; //mask unused bits
} while(colloc == 0xO0F);//keep checking for keypress
MSDelay (20) ; //call delay for debounce
colloc = COL; //read columns
colloc &= O0xOF; //mask unused bits
} while(colloc == 0x0F); //wait for keypress
while (1)
{
ROW = OxFE; //ground row O
colloc = COL; //read columns
colloc &= O0xOF; //mask unused bits
if (colloc != 0xOF) //column detected
rowloc = 0; //save row location
break; //exit while loop
}
ROW = OxFD; //ground row 1
colloc = COL; //read columns
colloc &= O0xOF; //mask unused bits
if (colloc != 0xOF) //column detected
rowloc = 1; //save row location
break; //exit while loop
ROW = OxFB; //ground row 2
colloc = COL; //read columns
colloc &= O0xOF; //mask unused bits
if (colloc != 0xOF) //column detected
rowloc = 2; //save row location
break; //exit while loop
}
ROW = OxF7; //ground row 3
colloc = COL; //read columns
colloc &= O0xOF; //mask unused bits
rowloc = 3; //save row location
break; //exit while loop

}

//check column and send result to the serial port
if (colloc == O0xO0E)
SerTX (keypad [rowloc] [0]) ;
else if (colloc == 0xO0D)
SerTX (keypad [rowloc] [1]) ;
else if (colloc == 0xO0B)
SerTX (keypad [rowloc] [2]) ;
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Example 4 (Continued)

else
SerTX (keypad [rowloc] [3]) ;
}

}

void SerTX (unsigned char x)

SBUF = x; //place value in buffer
while (TI==0) ; //wait until transmitted
TI = 0; //clear flag

void MSDelay (unsigned int wvalue)

unsigned int x, vy;
for (x=0;x%x<1275;xX++)
for (y=0;y<value;y++) ;

While the key press detection is standard for all keyboards, the pro-
cess for determining which key is pressed varies. The look-up table method
shown in Program 4 can be modified to work with any matrix up to 8 x 8.
Figure 7 provides the flowchart for Program 4 for scanning and identifying
the pressed key.

There are IC chips such as National Semiconductor’s MM74C923 that
incorporate keyboard scanning and decoding all in one chip. Such chips use
combinations of counters and logic gates (no microcontroller) to implement
the underlying concepts presented in Program 4. Example 4 shows keypad pro-
gramming in 8051 C.

REVIEW QUESTIONS

1. True or false. To see if any key is pressed, all rows are grounded.

2. If D3-DO0 = 0111 i1s the data read from the columns, which column does
the pressed key belong to?

3. True or false. Key press detection and key identification require two differ-
ent processes.

4. 1In Figure 6, if the rows are D3-D0 = 1110 and the columns are D3-D0 =
1110, which key is pressed?

5. True or false. To identify the pressed key, one row at a time is grounded.

SUMMARY

This chapter showed how to interface real-world devices such as LCDs
and keypads to the 8051. First, we described the operation modes of LCDs,
then described how to program the LCD by sending data or commands to it
via its interface to the 8051.
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Keyboards are one of the most widely used input devices for 8051
projects. This chapter also described the operation of keyboards, including
key press and detection mechanisms. Then the 8051 was shown interfacing
with a keyboard. 8051 programs were written to return the ASCII code for the
pressed key.

RECOMMENDED WEB LINKS

Optrex is one of the largest manufacturer of LCDs. You can obtain
datasheets from its website:

°* www.optrex.com.
LCDs can be purchased from the following websites:

+ www.digikey.com
* WWW.Jameco.com
* www.elexp.com

PROBLEMS

: LCD INTERFACING

1

1. The LCD discussed in this section has (4, 8) data pins.

2. Describe the function of pins E, R/W, and RS in the LCD.

3. What is the difference between the V. and Vi pins on the LCD?

4. “Clear LCD” is a (command code, data item) and its value is

hex.

What is the hex value of the command code for “display on, cursor on?

6. Give the state of RS, E, and R/W when sending a command code to the
LCD.

7. Give the state of RS, E, and R/W when sending data character “Z” to the
LCD.

8. Which of the following is needed on the E pin in order for a command code
(or data) to be latched in by the LCD?

(a) H-to-L pulse (b) L-to-H pulse

9. True or false. For the above to work, the value of the command code
(data) must already be at the DO-D7 pins.

10. There are two methods of sending streams of characters to the LCD: (1)
checking the busy flag, or (2) putting some time delay between sending
each character without checking the busy flag. Explain the difference and
the advantages and disadvantages of each method. Also explain how we
monitor the busy flag.

11. For a 16x2 LCD, the location of the last character of line 1 is 8FH (its com-
mand code). Show how this value was calculated.

12. For a 16x2 LCD, the location of the first character of line 2 1s COH (its
command code). Show how this value was calculated.

9,
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13.

14.

15.

16.

17.

18.

19.

20.

For a 20x2 LCD, the location of the last character of line 2 is 93H (its com-
mand code). Show how this value was calculated.

For a 20x2 LCD, the location of the third character of line 2 is C2H (its
command code). Show how this value was calculated.

For a 40x2 LCD, the location of the last character of line 1 is A7H (its
command code). Show how this value was calculated.

For a 40x2 LCD, the location of the last character of line 2 is E7TH (its
command code). Show how this value was calculated.

Show the value (in hex) for the command code for the 10th location, line 1
on a 20x2 LCD. Show how you got your value.

Show the value (in hex) for the command code for the 20th location, line 2
on a 40x2 LCD. Show how you got your value.

Rewrite the COMNWRT subroutine. Assume connections P1.4 = RS,
P1.5=R/W, P1.6 = E.

Repeat Problem 19 for the data write subroutine. Send the string “Hello”
to the LCD by checking the busy flag. Use the instruction MOVC.

2: KEYBOARD INTERFACING

21

22.
23.
24.
25.
26.
27.

28.

. In reading the columns of a keyboard matrix, if no key is pressed we

should get all (1s, 0s).

In Figure 6, to detect the key press, which of the following is grounded?
(a) all rows (b) one row at time  (c) both (a) and (b)

In Figure 6, to identify the key pressed, which of the following is grounded?
(a) all rows (b) one row at time  (c¢) both (a) and (b)

For Figure 6, indicate the column and row for each of the following.
(a) D3-D0 = 0111 (b) D3-D0 = 1110

Indicate the steps to detect the key press.

Indicate the steps to identify the key pressed.

Indicate an advantage and a disadvantage of using an IC chip for key-
board scanning and decoding instead of using a microcontroller.

What is the best compromise for the answer to Problem 27?

ANSWERS TO REVIEW QUESTIONS

1
1
2.
3.
4
5

[\

NS

: LCD INTERFACING

Input

Input

H-to-L

High

80H and COH

: KEYBOARD INTERFACING

True
Column 3
True

0

True
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ADC, DAC, AND SENSOR

INTERFACING

OBJECTIVES

Upon completion of this chapter, you will be able to:

>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>

Interface ADC (analog-to-digital converter) chips to the 8051.
Interface temperature sensors to the 8051.

Explain the process of data acquisition using ADC chips.

Describe factors to consider in selecting an ADC chip.

Describe the function of the pins of 804/809/848 ADC chips.
Describe the function of the pins of the MAX1112 serial ADC chip.
Interface serial ADC chips to the 8051.

Program serial and parallel ADC chips in 8051 C and Assembly.
Describe the basic operation of a DAC (digital-to-analog converter) chip.
Interface a DAC chip to the 8051.

Program a DAC chip to produce a sine wave on an oscilloscope.
Program DAC chips in 8051 C and Assembly.

Explain the function of precision IC temperature sensors.

Describe signal conditioning and its role in data acquisition.

From Chapter 13 of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice

Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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This chapter explores some more real-world devices such as ADCs
(analog-to-digital converters), DACs (digital-to-analog converters), and
sensors. We will also explain how to interface the 8051 to these devices. In
Section 1, we describe analog-to-digital converter (ADC) chips. We will study
the 8-bit parallel ADC chips ADC0804, ADC0808/0809, and ADC0848 We
will also look at the serial ADC chip MAX1112. The characteristics of DAC
chips are discussed in Section 2. In Section 3, we show the interfacing of sensors
and discuss the issue of signal conditioning.

1: PARALLEL AND SERIAL ADC

This section will explore interfacing of both parallel and serial ADC
chips to microcontrollers. First, we describe the ADCO0804 chip, then show
how to interface it to the 8051. Then we examine the ADC0808/0809 and
ADCO0848 characteristics and show how to interface them to the 8051. At the
end of this section, we describe the serial ADC chip MAX1112 and program it
in both C and Assembly.

ADC devices

Analog-to-digital converters are among the most widely used devices
for data acquisition. Digital computers use binary (discrete) values, but in the
physical world everything is analog (continuous). Temperature, pressure (wind
or liquid), humidity, and velocity are a few examples of physical quantities
that we deal with every day. A physical quantity is converted to electrical (volt-
age, current) signals using a device called a transducer. Transducers are also
referred to as sensors. Sensors for temperature, velocity, pressure, light, and
many other natural quantities produce an output that is voltage (or current).
Therefore, we need an analog-to-digital converter to translate the analog sig-
nals to digital numbers so that the microcontroller can read and process them.
An ADC has n-bit resolution where n can be &, 10, 12, 16 or even 24 bits.
The higher-resolution ADC provides a smaller step size, where step size is the
smallest change that can be discerned by an ADC. This is shown in Table 1.
In this chapter, we examine several 8-bit ADC chips. In addition to resolution,
conversion time is another major factor in judging an ADC. Conversion time is

Table 1. Resolution versus Step Size for ADC

n-bit Number of Steps Step Size (mV)
8 256 5/256 = 19.53
10 1024 5/1024 = 4.88
12 4096 5/4096 = 1.2

16 65536 5/65536 = 0.076

Notes: VCc =5V

Step size (resolution) is the smallest change that can be discerned by an ADC.
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defined as the time it takes for an ADC to convert the analog input to a digital
(binary) number. The ADC chips are either parallel or serial. In parallel ADC,
we have eight or more pins dedicated to bringing out the binary data, but in
serial ADC we have only one pin for data out. Serial ADCs are discussed at the
end of this section.

ADCO0804 chip

The ADC0804 IC s an 8-bit parallel ADC in the family of the ADC0800
series from National Semiconductor (www.national.com). It is also available
from many other manufacturers. It works with +5 V and has a resolution of
8 bits. In the ADC0804, the conversion time varies depending on the clocking
signals applied to the CLK IN pin, but it cannot be faster than 110 us. The
following is the ADC0804 pin description.

CcSs

Chip select is an active-low input used to activate the ADC0804 chip.
To access the ADC0804, this pin must be low.

RD (read)

This is an input signal and is active low. The ADC converts the analog
input to its binary equivalent and holds it in an internal register. RD is used
to get the converted data out of the ADC0804 chip. When CS = 0, if a high-
to-low pulse is applied to the RD pin, the 8-bit digital output shows up at the
DO0-D7 data pins. The RD pin is also referred to as output enable (OE).

WR (write; a better name might be “start conversion”)

This is an active-low input used to inform the ADCO0804 to start
the conversion process. If CS = 0 when WR makes a low-to-high transition,
the ADCO0804 starts converting the analog input value of V,  to an 8-bit digital
number. The amount of time it takes to convert varies depending on the CLK
IN and CLK R values explained below. When the data conversion is complete,
the INTR pin is forced low by the ADC0804.

CLKIN and CLK R

CLK IN is an input pin connected to an external clock source when
an external clock is used for timing. However, the 804 has an internal clock
generator. To use the internal clock generator (also called self-clocking) of the
ADCO0804, the CLK IN and CLK R pins are connected to a capacitor and a
resistor, as shown in Figure 1. In that case, the clock frequency is determined by
the equation:

1
1.1 RC

Typical values are R = 10K ohms and C = 150 pF. Substituting in the
above equation, we get /= 606 kHz. In that case, the conversion time is 110 ps.
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ADCO0804

+5V
20
10k 6 , \V
POT 7| Vin(+) 18 N
1_8 Vin(-) DO 7
+ A GND DI [Tg
= 9 Vref/2 D2 15
19 D3 > LEDs

D473

CLK R =
10k A DS
CLK in 101 oy E—

150 pF = DI ~

1
—qcs

3
—QJRD WR 00—
10 D GND INTR 02 | Normally

open

é START

Figure 1. ADC0804 Chip (Testing ADC0804 in Free Running Mode)

INTR (interrupt; a better name might be “end of conversion”)

This is an output pin and is active low. It is a normally high pin
and when the conversion is finished, it goes low to signal the CPU that the
converted data is ready to be picked up. After INTR goes low, we make
CS =0 and send a high-to-low pulse to the RD pin to get the data out of the
ADCO0804 chip.

Vi, (+) and V,, (-)

These are the differential analog inputs where V.. =V, (+) =V, ().
Often the V. (-) pin is connected to ground and the V. (+) pin is used as the
analog input to be converted to digital.

Vee
This 1s the +5 V power supply. It is also used as a reference voltage
when the V, /2 input (pin 9) is open (not connected). This is discussed next.

V, /2

re

Pin 9 is an input voltage used for the reference voltage. If this pin
i1s open (not connected), the analog input voltage for the ADC0804 is in
the range of 0 to 5 V (the same as the V__ pin). However, there are many
applications where the analog input applied to V, needs to be other than
the 0 to +5 V range. V_ /2 is used to implement analog input voltages other
than 0 to 5 V. For example, if the analog input range needs to be 0 to 4 V,
V..¢/2 is connected to 2 V. Table 2 shows the V, range for various V /2
mputs.
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Table 2. V_ J2 Relation to V, Range (ADC0804)

V../2 (V) V., (V) Step Size (mV)
Not connected™ 0to5 5/256 = 19.53
2.0 0to4 4/255 = 15.62
1.5 0to3 3/256 = 11.71
1.28 0 to 2.56 2.56/256 = 10

Notes: V=5V
*When not connected (open), V.2 is measured at 2.5 V for V_ =5 V.

Step size (resolution) is the smallest change that can be discerned by an ADC.

DO-D7

D0-D7 (D7 is the MSB) are the digital data output pins since
ADCO0804 is a parallel ADC chip. These are tri-state buffered and the
converted data is accessed only when CS = 0 and RD is forced low.
To calculate the output voltage, use the following formula.

V

in

out step size

where D, = digital data output (in decimal), V, = analog input voltage,
and step size (resolution) is the smallest change, which is (2 x V/2)/256 for
ADCO0804.

Analog ground and digital ground

These are the input pins providing the ground for both the analog
signal and the digital signal. Analog ground is connected to the ground of
the analog V, while digital ground is connected to the ground of the V__ pin.
The reason that we have two ground pins is to isolate the analog V, signal
from transient voltages caused by digital switching of the output D0-D7.
Such isolation contributes to the accuracy of the digital data output. In our
discussion, both are connected to the same ground; however, in the real world
of data acquisition, the analog and digital grounds are handled separately.

From this discussion, we conclude that the following steps must be
followed for data conversion by the ADC0804 chip.

1. Make CS =0 and send a low-to-high pulse to pin WR to start the conversion.

2. Keep monitoring the INTR pin. If INTR is low, the conversion is
finished and we can go to the next step. If INTR is high, keep polling
until it goes low.

3. After the INTR has become low, we make CS = 0 and send a high-to-
low pulse to the RD pin to get the data out of the ADC0804 IC chip.
The timing for this process is shown in Figure 2.
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CS

WR
DO0-D7 Data out

INTR

Start conversion End conversion

Read it

Figure 2. Read and Write Timing for ADC0804
Note: CS is set to low for both RD and WR pulses.

Clock source for ADC0804

The speed at which an analog input is converted to the digital output
depends on the speed of the CLK input. According to the ADC0804 data
sheets, the typical operating frequency is approximately 640 kHz at 5 V.
Figures 3 and 4 show two ways of providing clock to the ADCO0804. In
Figure 4, notice that the clock in for the ADC0804 is coming from the crystal
of the microcontroller. Since this frequency is too high, we use D flip-flops
(74LS74) to divide the frequency. A single D flip-flop divides the frequency
by 2 if we connect its Q to the D input. For a higher-frequency crystal, you
can use four flip-flops.

+5V

8051 ADC0804
P2.5 RD \Y 10k 150 pF

cc
CLK IN

P10 DO

Yy

Vref2 —O 128V

||IJ_
&
<

ot

AAAAAAAA

Vin (+) 10k

Vin () e POT
P17 D7 AGND
CS
P2.7 | INTR GND

Figure 3. 8051 Connection to ADC0804 with Self-Clocking
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8051
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lT XTALL py6
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\/

[
=]
=]

741L.S74

AN %4

»| RD Ve

p|{ WR CLKR —O
< DO CLK IN
<
< Vref/2 [0
<
< Vin (+)
< Vin ()
< D7 AGND

CS
<} INTR GND
T
D Q-

Use four to five DFF to
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frequency for the

ADC chip

AN

10k
POT

Figure 4. 8051 Connection to ADC0804 with Clock from XTAL?2 of the 8051

Programming ADC0804 in Assembly

Examine the ADCO0804 connection to the 8051 in Figure 4. The
following program monitors the INTR pin and brings an analog input
into register A. It then calls hex-to-ASCII conversion and data display
subroutines.

BACK:

HERE :

RD

WR
INTR
MYDATA
MOV
SETB
CLR
SETB
JB
CLR
MOV
ACALL
ACALL
SETB
SJIMP

BIT P2.5
BIT P2.
BIT P2.7

EQU P1
P1l,#0FFH
INTR

WR

WR

INTR, HERE

RD

A ,MYDATA
CONVERSION
DATA DISPLAY
RD

BACK

(&)}

;RD

;WR (start conversion)

;end-of -conversion

;P1.0-P1.7=D0-D7 of the ADC804

;make P1 = input

;WR=0

;WR=1 L-to-H to start conversion

;wait for end of conversion

;conversion finished,enable RD

;read the data

;hex-to-ASCII conversion (Chap 6)
;display the data(Chap 12)
;make RD=1 for next round
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Programming ADC0804 in C
The 8051 C version of the above program is given below.

#include <reg51.h>
sbit RD = P2"5;
sbit WR = P276;
sbit INTR = P2"7;
sfr MYDATA = P1;
void main ()

{

unsigned char value;

MYDATA = OxFF; //make P1 and input

INTR = 1; //make INTR and input

RD = 1; //set RD high

WR = 1; //set WR high

while (1)

{

WR = 0; //send WR pulse
WR = 1; //L-to-H(Start Conversion)
while (INTR == 1) ; //wait for EOC
RD = 0; //send RD pulse
value = MYDATA; //read value
ConvertAndDisplay (value); //(Chap 7 and 12)
RD = 1;

}

ADCO0808/0809 chip with eight analog channels

Another useful chip is the ADCO0808/0809 from National Semiconductor.
See Figure 5. While the ADC0804 has only one analog input, this chip has eight of
them. The ADC0808/0809 chip allows us to monitor up to eight different analog
inputs using only a single chip. Notice that the ADC0808/0809 has an 8-bit data
output just like the ADC0804. The eight analog input channels are multiplexed
and selected according to Table 3 using three address pins, A, B, and C.

IN0 —| GND Clock V¢ |—5 D0
— —
—_— —
—_— —

R — ADC0808/0809 —
—_— —
—_— —

IN7 ——— ——> D7
——| Vier(+) EOC |—
— Vref(_) OE |e&——

SC ALE

T T o

Figure 5. ADC0808/0809
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Table 3. ADC0808/0809 Analog Channel Selection

Selected Analog Channel C

B

INO

INI

IN2

IN3

IN4

INS

IN6

el Ll el Bl K= KN Hen N Na»)

IN7

—_—— OO == OO
—lol—|lol~=|cl~|c | »

In the ADCO0808/0809, V, (+) and V () set the reference voltage. If
V() = Gnd and V_(+) = 5V, the step size is 5 V/256 = 19.53 mV. Therefore,
to get a 10 mV step size we need to set V, (+) =2.56 V and V_(-) = Gnd. From
Figure 5, notice the ALE (address latch enable) pin. We use A, B, and C address-
es to select INO-IN7, and activate ALE to latch in the address. SC is for start
conversion. SC is the same as the WR pin in other ADC chips. EOC is for end-
of-conversion, and OE is for output enable (READ). The EOC and OE are the
same as the INTR and RD pins respectively. Table 4 shows the step size relation to
the V_; voltage. Notice that there is no V| /2 in the ADC0808/0809 chip.

Steps to program the ADC0808/0809

The following are steps to get data from an ADC0808/0809.

1. Select an analog channel by providing bits to A, B, and C addresses

according to Table 3.

2. Activate the ALE (address latch enable) pin. It needs an L-to-H pulse to

latch in the address. See Figure 6.

3. Activate SC (start conversion) by an L-to-H pulse to initiate conversion.

4. Monitor EOC (end of conversion) to see whether conversion is finished.
H-to-L output indicates that the data is converted and is ready to be picked
up. If we do not use EOC, we can read the converted digital data after a

Table 4. V_ ; Relation to V, Range for ADC0808/0809

Vi V) V., (V) Step Size (mV)
Not connected 0to5 5/256 = 19.53
4.0 0to4 4/255 =15.62
3.0 0to3 3/256 = 11.71
2.56 0 to 2.56 2.56/256 = 10
2.0 0to?2 2/256 = 7.81

1 Otol 1/256 = 3.90
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cock — LI LT LT LT L e

WR (SC)

RD (OE)

ALE

ADDR

EOC (INTR)

DO0-D7

Latch
address

Latch
data

Figure 6. Selecting a Channel and Read Timing for ADC0809

brief time delay. The delay size depends on the speed of the external clock
we connect to the CLK pin. Notice that the EOC is the same as the INTR
pin in other ADC chips.

5. Activate OE (output enable) to read data out of the ADC chip. An L-to-H
pulse to the OE pin will bring digital data out of the chip. Also notice that
the OE is the same as the RD pin in other ADC chips.

Notice in the ADC0808/0809 that there is no self-clocking and the clock
must be provided from an external source to the CLK pin. Although the speed
of conversion depends on the frequency of the clock connected to the CLK
pin, it cannot be faster than 100 microseconds.

Figure 7 shows the connections for the following programs.

+5V

ADC0809 -|_

RD (OE) V,

+
0
<

8051
P2.5

ce

MHz T

F‘:: 11.0592 =
|
|

XTAL1 P26
P1.0
XTAL2

Yy

WR (SC)

DO

AAAAAAAA

Y

D7

A

ALE

Vref (+) —0 2.56 V
INO|——

____*

IN1
IN2
IN3
IN4
INS
IN6
IN7
CLOCK

Vref (-)

I—D
—p

1 C
01

74LS74

=1

INTR (EOC) CcS
A B Cc GND
AAA

\/
AN

|||—

10k
POT

Figure 7. 8051 Connection to ADC0809 for Channel 1
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Programming ADC0808/0809 in Assembly

BACK:

HERE :

MOV MYDATA, #0FFH

ALE BIT
OE BIT
SC BIT
EOC BIT
ADDR A BIT
ADDR B BIT
ADDR C BIT
MYDATA EQU
ORG OH

SETB EOC
CLR ALE
CLR SC

CLR OE

P2.
P2.
P2.
P2.
P2.
P2.
P2.

P1

CLR  ADDR_C
CLR  ADDR_B

HERE1:

Programming ADC0808/0809 in C

SETB ADDR A
ACALL DELAY

SETB ALE

ACALL DELAY

SETB SC

ACALL DELAY

CLR ALE

CLR SC

JB EOC, HERE
JNB EOC, HERE1
SETB OE

ACALL DELAY

MOV A,MYDATA
CLR OE

ACALL CONVERSION
ACALL DATA DISPLAY
SJMP BACK

#include <reg51.h>

sbit
sbit
sbit
sbit
sbit
sbit
sbit
sfr

ALE = P274;
OE P2"5;
SC = P2%6;
EOC = P277;

ADDR A = P270;
ADDR B = P2"1;
ADDR C = P2"2;

MYDATA = P1;

N R O J o0 U b

;make Pl an input
;make EOC an input

;clear ALE
;clear WR
;clear RD

i C=
.B=

i

;A=1

0
0

(Select Channel 1)
;make sure the addr is stable
;latch address

;delay for fast DS89C4x0 Chip

;start conversion

;wait until done

;walit until done

;enable RD
;wait
;read data

;clear RD for next time

;hex to ASCII

(Chap 6)

;display the data (Chap 12)
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void main ()

{

unsigned char value;

MYDATA = OxFF; //make Pl an input
EOC = 1; //make EOC an input
ALE = 0; //clear ALE
OE = 0; //clear OE
SC = 0; //clear SC
while (1)
{
ADDR C = 0; //C=0
ADDR B = 0; //B=0
ADDR A = 1; //A=1 (Select Channel 1)
MSDelay (1) ; //delay for fast DS89C4x0
ALE = 1;
MSDelay (1) ;
sSC = 1;
MSDelay (1) ;
ALE = 0;
SC = 0; //start conversion
while (EOC==1) ; //wait for data conversion
while (EOC==0) ;
OE = 1; //enable RD
MSDelay (1) ;
value = MYDATA; //get the data
OE = 0; //disable RD for next round

ConvertAndDisplay (value) ;

//Chap 7 & 12

}

ADCO0848 interfacing

The ADCO0848 IC is another analog-to-dig-
ital converter in the family of the ADC0800 series
from National Semiconductor Corp. Data sheets for
this chip can be found at its website, www.national.
com. From there, go to Products > Analog-Data
Acquisition > A-to-D Converter-General Purpose.

The ADCO0848 has a resolution of 8 bits. It is
an eight-channel ADC, thereby allowing it to monitor
up to eight different analog inputs. See Figure 8. The
ADCO0844 chip in the same family has four channels.
The following describes the pins of the ADC0848.

CSs

Chip select is an active-low input used to activate
the 848 chip. To access the 848, this pin must be low.

RD (read)

RD is an input signal and is active low. ADC
converts the analog input to its binary equivalent and

T
o 1 RD Ve 24
O 2 CHI CS 23
O3 CH2 WR 22
] 4 CH3 INTR 21
O 5 CH4 DBO/MAO 20
o 6 CHS DB1/MAL 19
o] 7 CH6 DB2/MA?2 18
O 8 CH7 DB3/MA3 17
O 9 CHS DB4/MA4 16
] 10 AGND DB5 15
o 11 Vref DB6 14
] 12 DGND DB7 13

I I N N

Figure 8. ADC0848 Chip
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Table 5. ADC0848 Vref versus Step Size holds it in an internal register. RD is used to

get the converted data out of the 848 chip.

VielV) Step Size (mV) When CS = 0, if the RD pin is asserted
S 19.53 (5V/256) low, the 8-bit digital output shows up at the
4 15.62 (4V/256) ?0D7 data pm%lTh(e) ED pin is also referred
2.56 10 (2.56V/256) o as output enable (OE).
1.2
0 6461 ; 5 Vrer

- : V..¢ 1s an input voltage used for the
Note: Step size = V. /256. reference voltage. The voltage connected

to this pin dictates the step size. For the
ADCO0848, the step size is V, /256 since it is an 8-bit ADC and 2 to the power
of 8 gives us 256 steps. See Table 5. For example, if the analog input range
needs to be 0 to 4 V, V_ ¢ is connected to 4 V. That gives 4 V/256 = 15.62 mV
for the step size. In another case, if we need a step size of 10 mV, then V . =
2.56 V, since 2.56 V/256 = 10 mV.

DB0-DB7

DBO0-DB7 are the digital data output pins. With a D0O-D7 output,
the 848 must be an 8-bit ADC. The step size, which is the smallest change, is
dictated by the number of digital outputs and the V__; voltage. To calculate the
output voltage, we use the following formula:

Kﬂ

out " step size

where D, = digital data output (in decimal), V; = analog input volt-
age, and step size (resolution) is the smallest change, which is V| /256 for
an 8-bit ADC. See Example 1 for clarification. Notice that D0-D7 are
tri-state buffered and that the converted data is accessed only when CS = 0
and a low pulse is applied to the RD pin. Also, notice the dual role of
pins DO-D7. They are also used to send in the channel address. This is dis-
cussed next.

Example 1

For a given ADCO0848, we have V_ = 2.56 V. Calculate the DO-D7 output if the
analog input is: (a) 1.7 V and (b) 2.1 V.

Solution:
Since the step size is 2.56/256 = 10 mV, we have the following.

(@) D, = 1.7 V/10 mV = 170 in decimal, which gives us 10101011 in binary
for D7-DO.
(b) D, = 2.1 V/10 mV = 210 in decimal, which gives us 11010010 in binary
for D7-DO.
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CH1 ——>| GND Vee [<—> DO/MAO
 — «—> D|/MAI1
> ~<—> D2/MA2
—

— ADC0848 <<—> D3/MA3
— <«—> D4/MA4
-«

CH8 —>
— 3] AGND «—> D7
——>| Vref INTR[—>

WR CS RD

bt

Figure 9. ADC0848 Block Diagram

MAO0-MA4 (multiplexed address)

The ADC0848 uses multiplexed address/data pins to select the channel.
Notice in Figure 9 that a portion of the DBO-DB?7 pins are also designated as
MAO-MAA4. The DO-D7 pins are inputs when the channel’s address is sent in.
However, when the converted data is being read, DO-D7 are outputs. While
the use of multiplexed address/data saves some pins, it makes I/O interfacing
more difficult as we will soon see.

WR (write; a better name might be “start conversion”)

This is an input into the ADC0848 chip and plays two important roles:
(1) It latches the address of the selected channel present on the DO-D7 pins,
and (2) it informs the ADC0848 to start the conversion of the analog input
at that channel. If CS = 0 when WR makes a low-to-high transition, the
ADCO0848 latches in the address of the selected channel and starts converting
the analog input value to an 8-bit digital number. The amount of time it takes
to convert is a maximum of 40 us for the ADCO0848. The conversion time is set
by an internal clock.

CH1-CH8

CHI1-CHB& are eight channels of the V, analog inputs. In what is called
single-ended mode, each of the eight channels can be used for analog V; ,
where the AGND (analog ground) pin is used as a ground reference for all the
channels. These eight channels of input allow us to read eight different analog
signals, but not all at the same time since there is only a single DO-D7 output.
We select the input channel by using the MAO-MA4 multiplexed address pins
according to Table 6. In Table 6, notice that MA4 = low and MA3 = high
for single-ended mode. The ADC0848 can also be used in differential mode.
In differential mode, two channels, such as CH1 and CH2, are paired together
for the V, (+) and V, (-) differential analog inputs. In that case V, = CHI(+)
— CH2(-) 1s the differential analog input. To use ADC0848 in differential
mode, MA4 = don’t care and MA3 is set to low. For more on this, see the
ADCO0848 data sheet on the www.national.com website.
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Table 6. ADCO0848 Analog Channel Selection (Single-Ended Mode)
Selected Analog Channel MA4 MA3 MA2 MAI1 MAO

CHI1 0 1 0 0 0
CH2 0 1 0 0 1
CH3 0 1 0 1 0
CH4 0 1 0 1 1
CHS5 0 1 1 0 0
CHo6 0 1 1 0 |
CH7 0 1 1 1 0
CHS 0 1 1 1 1

Note: Channel is selected when CS = 0, RD =1, and an L-to-H pulse is applied to WR.

Vee
V.. is the +5 V power supply.

AGND, DGND (analog ground and digital ground)

Both are input pins providing the ground for both the analog signal
and the digital signal. Analog ground is connected to the ground of the analog
V., while digital ground is connected to the ground of the V- pin. The reason
that we have two ground pins is to isolate the analog V. signal from transient
voltages caused by digital switching of the output DO-D7. Such isolation
contributes to the accuracy of the digital data output. Notice that in the
single-ended mode the voltage at the channel is the analog input and AGND
is the reference for the V, . In our discussion, both the AGND and DGND are
connected to the same ground; however, in the real world of data acquisition,
the analog and digital grounds are handled separately.

INTR (interrupt; a better name might be “end of conversion”)

This is an output pin and is active low. It is a normally high pin
and when the conversion is finished, it goes low to signal the CPU that the
converted data is ready to be picked up. After INTR goes low, we make
CS = 0 and apply a low pulse to the RD pin to get the binary data out of the
ADCO0848 chip. See Figure 10.

Selecting an analog channel

The following are the steps we need to take for data conversion by the
ADCO0848 chip.

I. While CS = 0 and RD = 1 provide the address of the selected channel
(see Table 6) to the DBO-DB7 pins, and apply a low-to-high pulse to the
WR pin to latch in the address and start the conversion. The channel’s
addresses are O8H for CH1, 09H for CH2, 0OAH for CH3, and so on, as
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INTR

MAO-MA4
DO_D7 ' MAO-MA4 D0-D7 }
1

Latch Latch
address data

Figure 10. Selecting a Channel and Read Timing for the ADC0848

shown in Table 6. Notice that this process not only selects the channel, but
also starts the conversion of the analog input at the selected channel.

2. While WR =1 and RD = 1 keep monitoring the INTR pin. When INTR
goes low, the conversion is finished and we can go to the next step. If
INTR is high, we keep the ADC0848 polling until it goes low, signalling
end-of-conversion.

3. After the INTR has become low, we must make CS = 0, WR = 1, and
apply a low pulse to the RD pin to get the data out of the 848 IC chip.

ADCO0848 connection to 8051

The following is a summary of the connection between the 8051 and the
ADCO0848, as shown in Figure 11.

P1.0-P1.7 DO-D7 of ADC: Channel selection (out), data read (in)
P2.7 to INTR P2.7 as input

P2.6 to WR P2.6 as output

P2.5 to RD P2.5 as output

Notice the following facts about Figure 11.

1. P2 is an output when we select a channel, and it is an input when we read
the converted data.

2. We can monitor the INTR pin of the ADC for end-of-conversion or we
can wait a few milliseconds and then read the converted data.

Displaying ADC0848 data

In order to display the ADC result on a screen or LCD, it must be
converted to ASCII. To convert it to ASCII, however, it must first be converted
to decimal. To convert a 00—FF hex value to decimal, we keep dividing it by
10 until the remainder is less than 10. Each time we divide it by 10 we keep the
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Figure 11. 8051 Connection to ADC(0848 for Channel 2

quotient as one of our decimal digits. In the case of an 8-bit data, dividing
it by 10 twice will do the job. For example, if we have FFH it will become
255 in decimal. To convert from decimal to ASCII format, we OR each digit
with 30H. Now all we have to do is to send the digits to the PC screen using

a serial port, or send them to the LCD.

Programming ADC0848 in Assembly

The following program selects channel 2, reads the data, and calls

conversion and display subroutines.

CS
RD
WR
INTR
ORG
SETB
SETB
SETB
SETB
BACK:
MOV
NOP
CLR
CLR
NOP
NOP
SETB
SETB
MOV
HERE:

JB
CLR
CLR
NOP
NOP
SETB

BIT
BIT
BIT
BIT
OH
INTR
CS
RD
WR

P1,#09H

CS
WR

WR
CS

P1,#0FFH

INTR, HERE

CS
RD

RD

P2.
P2.5

.6
P2.7

P2

4

;make INTR an input
;set Chip Select high
;set Read high

;set Write high

;Chan 2 address (Table 6)

;wait

;chip select (CS=0)

;write = LOW

;make pulse width wide enough
;for DS89C4x0 you might need a delay
;latch the address and start conv
;de-select the chip

;make Pl an input

;wait for EOC

;chip select (CS=0)

;read RD=0

;make pulse width wide enough

;bring out digital data

ADC, DAC, AND SENSOR INTERFACING

371



372

MOV A,P1 ;get the wvalue

SETB CS ;de-select for next round
ACALL CONVERT ;convert to ASCII (Chap 6)
ACALL DATA DISPLAY ;display the data (Chap 12)
SJMP BACK

Programming ADC0848 in C

The following program selects channel 2, reads the data, and calls con-
version and display subroutines.

#include <reg5l1.h>
sbit CS P2"4;
sbit WR = P2"5;
sbit RD = P276;
sbit INTR = P2"7;

void main ()

{

unsigned char value;

INTR = 1; //make INTR an input
cs = 1;
WR = 1;
RD = 1;
while (1)
{
P1 = 0x09; //Chan 2 addr see Table 6
CS = 0; //chip select
WR = 0; //write=LOW
Delay () ; //make pulse wide enough
WR = 1; //L-to-H to latch addr
Cs = 1; //de-select
P1 = OxFF; //make Pl an input
while (INTR==1) ; //wait for EOC
CS = 0; //chip select
RD = 0; //read
Delay () ;
RD = 1; //read the data
value = P1; //get the value
CcCs = 1;
ConvertAndDisplay(value); //Chap 7 & 12

Serial ADC chips

All the ADC chips we have discussed so far have been of the parallel
type. The D0-D7 data pins of the ADC0848/0808/0809/0804 provide an 8-bit
parallel data path between the ADC chip and the CPU. In the case of the 16-bit
parallel ADC chip, we need 16 pins for the data path. In recent years, for many
applications where space is a critical issue, using such a large number of pins
for data is not feasible. For this reason, serial devices such as the serial ADC
are becoming widely used. Next, we examine the MAX1112 serial ADC chip
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from Maxim Corporation (Www.maxim-
ic.com) and show how to interface it with .\ |
the microcontroller. a1 cro Vg 20 |
2 CHI SCLK 19 1
MAX1112 ADC —
3 CH2 CS18 [
The MAX1112 is an eight-bit serial
. . . 4 CH3 Dy 17
ADC chip with eight channels of analog N
mput. It has a single D, pin to bring out L5 CH4 SSTRB 16 H
the digital data after it has been converted. 06 CH5 Doyt 15 P
It 1s compatible with a popular SPI and ]7 cHe DGND 14 |1
Microwire serial standard. The following
.. . 8 CH7 AGND 13 H
are descriptions of the MAX1112 pins (see
Figure 12) 9 COM REFOUT 12 A
10 SHDN REFIN 11 2
CHO0-CH7

CHO-CHY7 are eight channels of the
analog inputs. In the single-ended mode,
each of the channels can be used for an analog input where the COM pin is
used as a ground reference for all the channels. In single-ended mode, eight
channels of input allow us to read eight different analog inputs. We select the
input channel by sending in the control byte via the DIN pin. In differential
mode, we have four sets of two-channel differentials. CHO and CH1 go together,
and CH2-CH3, and so on. See Figure 13.

Figure 12. MAX1112 Chip

com

Ground reference for the analog input in single-ended mode.

CS

Chip select is an active-low input used to select the MAX1112 chip.
To send in the control byte via the D pin, CS must be low. When CS is high,
the D, 1s high impedance.

SCLK
Serial clock input. SCLK is used to bring data out and send in the control

byte, one bit at a time.

Doyr
Serial data out. The digital data is clocked out one bit at a time on the

H-to-L edge (falling edge) of SCLK.
DIN

Serial data in the control byte is clocked in one bit at a time on the
L-to-H edge (rising edge) of SCLK.
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SSTRB

Serial strobe output. In inter- | | |

nal clock mode this indicates end-of- CHO ——>| AGNDDGND Vad
conversion. It goes high when the con- — MAX1112
version is complete. —
— SCLK |—
V,, CH7 —> D%g <_<—
. — | REFIN

Vpp 18 the +5 V power supply. REFOUT DOUT ——>
AGND, DGND (analog ground and SHDN SSTRB
digital ground) T ¢

Both are input pins providing

ground for both the analog and the g0 13 MAX1112 Serial ADC Block Diagram
digital signals.

SHDN

Shutdown is an input and is normally not connected (or is connected
to Vpp)- If low, the ADC is shut down to save power. This is shut down by
hardware. The control byte causes shutdown by software.

REFIN

Reference voltage input. This voltage dictates the step size.

REFOUT

Internal Reference Generator output. A 1 uF bypass capacitor is placed
between this pin and AGND.

MAX1112 control byte

The MAX1112 chip has eight channels of analog inputs that are
selected using a control byte. The control byte is fed into the MAX1112 seri-
ally one bit at a time via the Dy, pin with the help of SCLK. The control byte
must be sent in with the MSB (most significant bit) going in first. The MSB
of the control byte is high to indicate the start of the control byte, as shown
in Figure 14.

REFIN voltage and step size

The step size for the MAX1112 depends on the voltage connected to
the REFIN pin. In unipolar mode, with V;y =5V, we get 4.096 V for full-
scale if the REFIN pin is connected to the AGND with a 1-uF capacitor. That
gives us a 16-mV step size since 4.096 V/256 = 16mV. To get a 10-mV step
size, we need to connect the REFIN pin to a 2.56 V external voltage source,
since 2.56 V/256 = 10 mV. According to the MAX1112 data sheet, the external
reference voltage must be between 1 V and V5. Notice the lower limit for the
reference voltage. See Figure 15.
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Start | SEL2 | SLEl | SELO |UN/BIP[SGL/DF| PD1 | PDO |

Start The MSB (D7) must be high to define the beginning of the control byte.

It must be sent in first.
SEL2 SEL1 SELO CHANNEL SELECTION (single-ended mode)
0 0 0 CHANO
0 0 1 CHANI
0 1 0 CHAN2
0 1 1 CHAN3
1 0 0 CHAN4
1 0 1 CHANS
1 1 0 CHANG6
1 1 1 CHAN7
UNI/BIP = unipolar: Digital data output is binary 00-FFH.
0 = bipolar: Digital data output is in 2’s complement.
SGL/DIF 1 = single-ended: eight channels of single-ended with COM as
reference.
0 = differential: Two channels (e.g., CHO-CH1) are differential.
PD1 1 = fully operational
0 = power-down: Power down to save power using software.
PDO 1 = external clock mode: The conversion speed is dictated by SCLK.

0 = internal clock mode: The conversion speed is dictated internally,
and the SSTRB pin goes high to indicate end-of-conversion.

Figure 14. MAX1112 Control Byte

+5V
8051 MAX1112 By
P20 —®{ CS Vad —|—
P21 ¥ SCLK SHDN
P2.2 ——» DIN CHO [—
P2.3 <— DOUT CH1 >
CH2 |—
CH3 |—
CH4 |—
CH5 |—
CH6 —
. REFI L
2.56 VO— N CH7 —
_r REFOUT
1 uF
COM
AGND
DGND

Figure 15. 8051 Connection to MAX1112 for 2nd Channel
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Example 2

Find the MAX1112 control byte for (a) CHO and (b) CH3. Assume single-ended,
unipolar, internal clock, and fully operational modes.

Solution:
From Figure 14, we have the following:
(2) 10001110 (8E in hex) (b) 10111110 (BE in hex)
CS ] 1 1 1 1 1 1 1 1 —
‘I‘ l ‘I‘ 2 ‘I‘ ’; ‘I‘ 4 ‘I‘ 5 I‘ 6 I‘ 7 ‘I‘ 8
SCLK 1 1 1 1 1 1 1 1
ST%RT sﬁLz séLl séLo UNQBH> SGQHnF P¢1 P¢0
DIN —— !

Figure 16. MAX1112 Internal Clock Mode Timing Diagram: Sending Control Byte
into MAX1112

Selecting a channel

We select the analog input channel using the control byte. See Example 2.
Notice that the MSB (D7) of the control byte must be high.

The control byte is fed into the DIN pin one bit at a time using SCLK.
The DIN pin clocks in the control byte on the rising edge of SCLK, as shown
in Figure 16.

;Assembly Code for sending in control byte in
;MAX1112, see Figure 15

CS BIT P2.0

SCLK BIT P2.1

DIN BIT P2.2

DOUT BIT P2.3

MOV A, #9EH ;channel 1 selection
MOV  R3, #8 ;load count
CLR CS ;CS=0
CLR C

H1l: RLC A ;give bit to CY
MOV DIN, C ;send bit to DIN
CLR SCLK ;low SCLK for L-H pulse
ACALL DELAY ;delay
SETB SCLK ;latch data, see Fig 16
ACALL DELAY ;delay
DJNZ R3,H1 ;repeat for all 8 bits
SETB CS ;deselect ADC, conversion starts
CLR SCLK ;SCLK=0 during conversion
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//C Code for sending in control byte for MAX1112 ADC
#include <reg51.h>
sbit CS = P270; //see Figure 15
sbit SCLK = P2"1;
sbit DIN = P2%2;
sbit DOUT = P2"3;
sbit MSBRA = ACC"7;
void main (void)
{
unsigned char conbyte=0x9E; //Chan 1
unsigned char x;
ACC=conbyte;

CS=0;
for (x=0; X<8; X++)
{

SCLK=0;
DIN=MSBRA; //Send D7 of Reg A to Din
Delay () ;
SCLK=1; //latch in the bit
Delay () ;
ACC = ACC << 1; //next bit
}

Cs=1; //deselect MAX1112

SCLK=0; //Make SCLK low during conversion

Start conversion and end of conversion for MAX1112

When the last bit of the control byte, PDO, is sent in, the conversion
starts, and SSTRB goes low. The end-of-conversion state is indicated by
SSTRB going high, which happens 55 ps after PDO is clocked in. We can either
wait 55 ps, or monitor SSTRB before we get the digital data out of the ADC
chip. Next, we show how to get digital data out of the MAX1112.

Reading out digital data

The 8-bit converted digital data is brought out of the MAX1112 via
the Dgy;r pin using SCLK. As we apply a negative-edge pulse to the SCLK
pin, the 8-bit digital data is read out one bit at a time with the MSB (D7) com-
ing out first. The SSTRB goes high to indicate that the conversion is finished.
According to the MAX1112 data sheet, “after SSTRB goes high, the second
falling edge of SCLK produces the MSB” of converted data at the D pin.
In other words, we need 9 pulses to get data out. To bring data out, CS must
be low. See Figure 17.

The following is Assembly code for reading out digital data in the
MAXI1112:

CS BIT P2.
SCLK BIT P2.
DIN BIT P2.
DOUT BIT P2.

w N P O
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SCLK

T

ohokokohokoknko

DoUT

Figure 17. MAX1112 Internal Clock Mode Timing Diagram: Reading ADC Data

Byte from MAX1112
SETB DOUT ;make it an input
CLR CS ;CS=0
SETB SCLK
ACALL DELAY ;need delay for DS89C4x0
CLR SCLK ;first H-to-L
ACALL DLELAY ;read data out on 2ND H-to-L
CLR A
MOV R3,#8 H
H2: SETB SCLK ;
ACALL DELAY ;need delay for DS89C4x0
CLR SCLK ;H-to-L pulse to get bit out
ACALL DELAY ;
MOV  C,DOUT ;move bit to CY flag
RLC A ;bring in the bit
DJIJNZ R3,H2 ;repeat for all 8 bits
SETB CS ;CS=1
MOV  P1,A ;send converted data to P1

//C Code for reading data in MAX1112
#include <reg5l1.h>

sbit CS = P270;
sbit SCLK = P2"1;
sbit DIN = P2%2;
sbit DOUT = P2"3;
sbit LSBRA = ACC™0;
void main (void)

{

unsigned char x;
CS=0;

SCLK=1;
Delay () ;
SCLK=0;
Delay () ;
for (x=0;

{

//select max1112
//an extra H-to-L pulse

X<8; X++) //get all 8 bits

SCLK=1;
Delay () ;

278 ADC, DAC, AND SENSOR INTERFACING



SCLK=0;
Delay ()
LSBRA=DOUT; //bring in bit from DOUT
//pin to DO of Reg A
//keep shifting data

//for all 8 bits

ACC = ACC << 1;

CS=1; //deselect ADC

P1=ACC;

//display data on P1

MAX1112 program in Assembly

;The following program selects the channel and
;reads the ADC data

Cs BIT P2.
SCLK BIT P2.
DIN BIT P2.
DOUT BIT P2.

ORG OH

0

1
2
3

;sending in control byte
MAIN: MOV A, #9EH

H1:

MOV  R3,#8

;channel 1
;load count

CLR CS ;CS=0

RLC A ;give bit to CY

MOV  DIN,C ;send bit to DIN

CLR SCLK ;low SCLK for L-H pulse
ACALL DELAY ;delay

SETB SCLK ;latch data

ACALL DELAY ;delay

DJNZ R3,H1

;repeat for all 8 bits

SETB CS ;deselect ADC, conv starts
CLR SCLK ;SCLK=0 during conversion
SETB DOUT ;make it an input

;Reading data out
CLR CsS ;CS=0
SETB SCLK
ACALL DELAY ;need delay for DS89C4x0
CLR SCLK ;first H-to-L

H2:

ACALL DLELAY
MOV  R3, #8

;read data out on 2ND H-L

i

SETB SCLK ;
ACALL DELAY ;need delay for DS89C4x0
CLR SCLK ;H-to-L pulse to get bit out

ACALL DELAY ;
MOV  C,DOUT

;move bit to CY flag

RLC A ;bring in the bit

DJNZ R3,H2 ;repeat for all 8 bits
SETB CS ;CS=1

MOV  P1,A ;display data on P1
SJMP MAIN ;keep doing it
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MAX1112 program in C

//The following program selects the channel and
//reads ADC data
#include <reg51.h>

sbit
sbit
sbit
sbit
sbit
sbit

void

{

Cs = P270;
SCLK = P271;
DIN = P2"2;
DOUT = P273;
MSBRA = ACC"7;
LSBRA = ACC™0;
main (void)
unsigned char conbyte=0x9E; //Chan 1
unsigned char x;
while (1)
{
ACC=conbyte; //select the channel
CS=0;
for (x=0; x<8; X++)
{
SCLK=0;
DIN=MSBRA; //send D7 of Reg A to Din
Delay () ;
SCLK=1; //latch in the bit
Delay () ;
ACC = ACC << 1; //next bit
}
Cs=1; //deselect MAX1112
SCLK=0; //Make SCLK low during conversion
CS=0; //read the data
SCLK=1; //an extra H-to-L pulse
Delay () ;
SCLK=0; //get all 8 bits
Delay () ;
for(x=0; x<8; X++)
{
SCLK=1;
Delay () ;
SCLK=0;
Delay ()
LSBRA=DOUT; //bring in bit from DOUT
//pin to DO of Reg A
ACC = ACC << 1; //keep shifting data
//for all 8 bits
}
Cs=1; //deselect ADC
P1=ACC; //display data on P1
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REVIEW QUESTIONS

1. In the ADC0804, the INTR signal is an (input, output).
2. In the ADCO0804, to begin conversion, send a(n) pulse to pin
3. Which pin of the ADCO0804 indicates end-of-conversion?

4. Both the ADC0804 and ADC0808/0809 are -bit converters.

5. Indicate the direction (out, in) for each of the following pins of the
ADC0808/0809.
(a) A, B, C (b) SC (c) EOC

6. In the ADCO0848, the INTR signal is an (input, output).

7. In the ADCO0848, to begin conversion, send a(n ) pulse to

8. Which pin of the ADC0848 indicates end-of-conversion?

9. The ADC0848 is a(n) -bit converter.

10. True or false. While the ADC0848 has eight pins for Dy, the MAX1112

has only one D ;1 pin.

11. Indicate the number of analog input channels for each of the following
ADC chips.
(a) ADC0804  (b) ADCO0848 (c) MAX1112

12. Explain how to select analog input channel for the MAX1112.

2: DAC INTERFACING

This section will show how to interface a DAC (digital-to-analog
converter) to the 8051. Then we demonstrate how to generate a sine wave on
the scope using the DAC.

Digital-to-analog (DAC) converter

The digital-to-analog converter (DAC) is a device widely used to
convert digital pulses to analog signals. In this section, we discuss the basics of
interfacing a DAC to the 8051.

Recall from your digital electronics book the two methods of creating
a DAC: binary weighted and R/2R ladder. The vast majority of integrated
circuit DACs, including the MC1408 (DACO0808) used in this section, use
the R/2R method since it can achieve a much higher degree of precision.
The first criterion for judging a DAC is its resolution, which is a function
of the number of binary inputs. The common ones are 8, 10, and 12 bits.
The number of data bit inputs decides the resolution of the DAC since the
number of analog output levels is equal to 27, where » is the number of data
bit inputs. Therefore, an 8-input DAC such as the DACO0808 provides 256
discrete voltage (or current) levels of output. Similarly, the 12-bit DAC pro-
vides 4096 discrete voltage levels. There are also 16-bit DACs, but they are
more expensive.
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MC1408 DAC (or DAC0808)

In the MC1408 (DACO0808), the digital inputs are converted to current
(I, and by connecting a resistor to the I, pin, we convert the result to
voltage. The total current provided by the I_ , pin is a function of the binary
numbers at the DO-D7 inputs of the DAC0808 and the reference current (1),
and is as follows:

+ + + + + + +
2 4 8 16 32 64 128 256

out ~ “ref

(07 D6 D5 D4 D3 D2 DI DO)

Here, DO is the LSB, D7 is the MSB for the inputs, and 1 is the input
current that must be applied to pin 14. The I_ current is generally set to 2
mA. Figure 18 shows the generation of current reference (setting I . =2 mA)
by using the standard 5 V power supply and 1 K and 1.5 K-ohm standard
resistors. Some DACs also use the zener diode (LM336), which overcomes
any fluctuation associated with the power supply voltage. Now assuming that

Example 3

Assuming that R = 5K and I, ;=2 mA, calculate V  , for the following binary inputs:
(a) 10011001 binary (99H) (b) 11001000 (C8H).

Solution:

(a) I, = 2 mA (153/256) = 1.195 mA and V_, = 1.195 mA x 5K = 5.975 V
(b) I, = 2 mA (200/256) = 1.562 mA and V, = 1.562 mA x 5K = 7.8125 V

ey +5V

8051 DACO0808 -|_ 5k 5k
RD V,

cc
WR Vref (+)

P1.0 DO 1k
D1 ouT - To

D2

I—

YYVVYVYYYVYY

D3 0.1 uF
D4 Vref ()
D5 to10V
D6 —
5k =
D7

VEE COMP GND

J_ 0.1 uF
-l

-12V

P1.7

scope

Vout=0

Figure 18. 8051 Connection to DAC0808
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I..;=2mA, if all the inputs to the DAC are high, the maximum output current
1s 1.99 mA (verify this for yourself). See Example 3.

Converting |_ . to voltage in DAC0808

Ideally we connect the output pin I, to a resistor, convert this current
to voltage, and monitor the output on the scope. In real life, however, this can
cause inaccuracy since the input resistance of the load where it is connected
will also affect the output voltage. For this reason, the I current output is
isolated by connecting it to an op-amp such as the 741 with R, = 5 K ohms for
the feedback resistor. Assuming that R = 5 K ohms by changing the binary
input, the output voltage changes as shown in Example 4.

out

Generating a sine wave

To generate a sine wave, we first need a table whose values represent
the magnitude of the sine of angles between 0 and 360 degrees. The values for
the sine function vary from —1.0 to +1.0 for 0- to 360-degree angles. Therefore,
the table values are integer numbers representing the voltage magnitude for
the sine of theta. This method ensures that only integer numbers are output
to the DAC by the 8051 microcontroller. Table 7 shows the angles, the sine
values, the voltage magnitudes, and the integer values representing the voltage
magnitude for each angle (with 30-degree increments). To generate Table 7,
we assumed the full-scale voltage of 10 V for DAC output (as designed in
Figure 18). Full-scale output of the DAC is achieved when all the data inputs
of the DAC are high. Therefore, to achieve the full-scale 10 V output, we use
the following equation.

V.. =5V+ (5xsin 0)

out

V.t of DAC for various angles is calculated and shown in Table 7. See
Example 5 for verification of the calculations.

To find the value sent to the DAC for various angles, we simply
multiply the V , voltage by 25.60 because there are 256 steps and full-scale

Vi 18 10 V. Therefore, 256 steps/10 V = 25.6 steps per volt. To further

Example 4

In order to generate a stair-step ramp, set up the circuit in Figure 18 and connect
the output to an oscilloscope. Then write a program to send data to the DAC to
generate a stair-step ramp.

Solution:
CLR A

AGAIN: MOV P1,A ;send data to DAC
INC A ;count from 0 to FFH
ACALL DELAY ;let DAC recover

SIJMP AGAIN
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Table 7. Angle versus Voltage Magnitude for Sine Wave

Angle 0 V ut (Voltage Magnitude) Values Sent to DAC (Decimal)
(degrees)  Sin© 5V+ SV xsin0) (Voltage Mag. x 25.6)
0 0 5 128
30 0.5 7.5 192
60 0.866 9.33 238
90 1.0 10 255
120 0.866 9.33 238
150 0.5 7.5 192
180 0 5 128
210 -0.5 2.5 64
240 -0.866 0.669 17
270 -1.0 0 0
300 -0.866 0.669 17
330 -0.5 2.5 64
360 0 5 128
Example 5
Verify the values given for the following angles: (a) 30° (b) 60°.

Solution:

@V, =5V+(EVXsin0)=5V+5xsin30°=5V+5x05=75V

DAC input values = 7.5 V x 25.6 = 192 (decimal)
b))V =5V+(BVxsin0) =5V+5xsin60°=5V+5x0.866=933V
DAC input values = 9.33 V x 25.6 = 238 (decimal)

clarify this, look at the following code. This program sends the values to
the DAC continuously (in an infinite loop) to produce a crude sine wave.
See Figure 19.

AGAIN: MOV DPTR, #TABLE
MOV R2, #COUNT
BACK: CLR A
MOVC A, @A+DPTR
MOV P1,A
INC DPTR
DJNZ R2,BACK
SJMP AGAIN
ORG 300
TABLE: DB 128,192,238,255,238,192 ;see Table 7
DB 128,64,17,0,17,64,128
;To get a better looking sine wave, regenerate
;Table 7 for 2-degree angles
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Volts
101= —1
0 —4—
8 +—
7 ——
6 4+
5
4 -
34
24
14
0 ! ! ! ! | | | | } | Degrees
30 60 9 120 150 180 210 240 270 300 330 360
Figure 19. Angle versus Voltage Magnitude for Sine Wave
Programming DAC in C

#include <reg5l.h>

sfr DACDATA = P1;

void main ()

{
unsigned char WAVEVALUE [12] = {128,192,238,255,

238,192,128, 64,
17,0,17,64};
unsigned char x;
while (1)
{
for (x=0;x<12;xX++)

{

DACDATA = WAVEVALUE [x] ;

}
}

REVIEW QUESTIONS

1. In a DAC, input is (digital, analog) and output is (digital,
analog).

2. In an ADC, input is (digital, analog) and output is (digital,
analog).

3. DACO0808 is a(n) ___ -bit D-to-A converter.

4. (a) The output of DACO0808 is in (current, voltage).
(b) True or false. The output of DACO080S is ideal to drive a motor.
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3: SENSOR INTERFACING AND SIGNAL CONDITIONING

This section will show how to interface sensors to the microcontroller.
We examine some popular temperature sensors and then discuss the issue of
signal conditioning. Although we concentrate on temperature sensors, the
principles discussed in this section are the same for other types of sensors such

as light and pressure sensors.

Temperature sensors

Transducers convert physical data such as
temperature, light intensity, flow, and speed to
electrical signals. Depending on the transducer,
the output produced is in the form of voltage,
current, resistance, or capacitance. For exam-
ple, temperature is converted to electrical signals
using a transducer called a thermistor. A thermis-
tor responds to temperature change by changing
resistance, but its response is not linear, as seen in
Table 8.

The complexity associated with writ-
ing software for such nonlinear devices has led
many manufacturers to market a linear tem-
perature sensor. Simple and widely used linear

Table 8. Thermistor Resistance ver-
sus Temperature

Temperature (C) Tf (K ohms)

0 29.490
25 10.000
50 3.893
75 1.700
100 0.817

From William Kleitz, Digital Electronics

temperature sensors include the LM34 and LM35 series from National

Semiconductor Corp. They are discussed next.

LM34 and LM35 temperature sensors

The sensors of the LM34 series are precision integrated-circuit temper-
ature sensors whose output voltage is linearly proportional to the Fahrenheit
temperature. See Table 9. The LM34 requires no external calibration since it is
internally calibrated. It outputs 10 mV for each degree of Fahrenheit tempera-

ture. Table 9 is a selection guide for the LM34.

Table 9. LM34 Temperature Sensor Series Selection Guide

Part Temperature Range Accuracy Output Scale
LM34A =50 F to +300 F +20F 10 mV/F
LM34 =50 F to +300 F +30F 10 mV/F
LM34CA —40 F to +230 F +20F 10 mV/F
LM34C —40 Fto +230 F +3.0F 10 mV/F
LM34D -32Fto +212 F +4.0 F 10 mV/F

Note: Temperature range is in degrees Fahrenheit.
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Table 10. LM35 Temperature Sensor Series Selection Guide

Part Temperature Range Accuracy Output Scale
LM35A -55Cto +150 C +1.0C 10 mV/C
LM35 =55 Cto +150 C +1.5C 10 mV/C
LM35CA -40 Cto +110 C +1.0C 10 mV/C
LM35C —40 Cto +110C +1.5C 10 mV/C
LM35D 0 Cto +100 C +2.0C 10 mV/C

Note: Temperature range is in degrees Celsius.

The LM35 series sensors are precision integrated-circuit tempera-
ture sensors whose output voltage is linearly proportional to the Celsius
(centigrade) temperature. The LM35 requires no external calibration since
it 1s internally calibrated. It outputs 10 mV for each degree of centigrade
temperature. Table 10 is the selection guide for the LM35. (For further infor-
mation, see www.national.com.)

Signal conditioning and interfacing the LM35 to the 8051

Signal conditioning is widely used in the world of data acquisition.
The most common transducers produce an output in the form of voltage,
current, charge, capacitance, and resistance. However, we need to convert
these signals to voltage in order to send input to an A-to-D converter.
See Figure 20. This conversion (modification) is commonly called signal
conditioning. See Figure 20. Signal conditioning can be a

Figure 20. Getting Data
From the Analog World

current-to-voltage conversion or a signal amplification.
Analog world . . .

(temperature, For example, the thermlsto.r changes resistance with tF:m-
pressure, etc.) perature. The change of resistance must be translated into
voltages in order to be of any use to an ADC. Look at the
[ case of connecting an LM35 to an ADCO0848. Since the
Transducer ADCO0848 has 8-bit resolution with a maximum of 256 (28)
\ steps and the LM35 (or LM34) produces 10 mV for every
- degree of temperature change, we can condition V, of the
Signal ADC0848 to produce a V , of 2560 mV (2.56 V) for full-
conditioning scale output. Therefore, in order to produce the full-scale
\ V,u 0f 2.56 V for the ADCO0848, we need to set V= 2.56.
ADC This makes V  , of the ADCO0848 correspond directly to the

temperature as monitored by the LM35. See Table 11.
Y Figure 21 shows the connection of a temperature sen-
Microcontroller sor to the ADC0848. Notice that we use the LM336-2.5 zener

diode to fix the voltage across the 10 K pot at 2.5 V. The use
of the LM336-2.5 should overcome any fluctuations in the
power supply.

ADC, DAC, AND SENSOR INTERFACING
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Table 11. Temperature versus V_, for ADC0848
Temp. (C) V, (mV) V. (D7-D0)

0 0 0000 0000

1 10 0000 0001

2 20 0000 0010

3 30 0000 0011

10 100 0000 1010

30 300 0001 1110

+5V
@
8051 ADC0848
p2.5s ——RD Ve
P26 p|WR 2.5k
P1.0 (<@——p DO/MAO CH1lI— LM35
<¢——P| DI/MA1L CH24:| )or
<——> D2/MA2 cml— LM34
<¢—P D3/MA3 CH5
<¢—P D4/MA4 CH6l——
¢ D5 CHI— —=
¢— D¢ CHS8|— 2
P E— 10k
byl I Vref (+) > poT
g Set to 2.56 V
P27 («@—— INTR AGND
DGND

9EEIN'T

Figure 21. 8051 Connection to ADC0848 and Temperature Sensor

Reading and displaying temperature

The following two programs show code for displaying temperature in
both Assembly and C. The programs correspond to Figure 21.

;Program 1
;Assembly code to read temperature, convert it,
;and put it on PO with some delay

RD BIT P2.5 ;RD
WR BIT P2.6 ;WR (start conversion)
INTR BIT P2.7 ;end-of-conversion
MYDATA EQU P1 ;P1.0-P1.7=D0-D7 of the ADC0848
MOV  P1, #0FFH ;make P1 = input
SETB INTR
BACK: CLR WR ;WR=0
SETB WR ;WR=1 L-to-H to start conversion
HERE: JB INTR, HERE ;wait for end of conversion
CLR RD ;conversion finished, enable RD
MOV  A,MYDATA ;read the data from ADC0848
ACALL CONVERSION ;hex-to-ASCII conversion

ADC, DAC, AND SENSOR INTERFACING




ACALL DATA DISPLAY

SETB RD
SJMP BACK
CONVERSION:

MOV B, #10
DIV AB
MOV R7,B
MOV B, #10
DIV AB
MOV  R6,B
MOV  R5,A
RET

DATA DISPLAY

MOV PO,R7
ACALL DELAY
MOV  PO,R6
ACALL DELAY
MOV  PO,R5
ACALL DELAY
RET

//Program 2

//C code to read temp from ADC0848,
//decimal, and put it on PO with some delay

#include <reg5l.h>

sbit RD = P275;
sbit WR = P2%6;

sbit INTR = P2"7;

sfr MYDATA = P1;

;least significant byte

;most significant byte

//P1l connected to DO0-D7 of
void ConvertAndDisplay (unsigned char value) ;

;display the data
;make RD=1 for next round

void MSDelay (unsigned int wvalue) ;
void main ()

{

void ConvertAndDisplay (unsigned char wvalue)

{

MYDATA
INTR =
RD = 1;
WR = 1;
while (1

{

o

I

)

WR =
WR =
while
RD =

I

o —~BF O

I

OxFF;

INTR =

1);

value = MYDATA;
ConvertAndDisplay (value) ;

RD = 1;

//make Pl and input
//make INTR and input

//set RD high
//set WR high

//send WR pulse

//wait for EOC
//send RD pulse
//read value from ADC0848

unsigned char x,dl,d2,d3;

x=value/10;
dl=value%1l0;

convert 1t to

ADC, DAC, AND SENSOR INTERFACING
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d2=x%10

d3=x/10

P0=dl; //LSByte
MSDelay (250) ;

P0=d2;

MSDelay (250) ;

P0=d3; //MSByte
MSDelay (250) ;

}

void MSDelay (unsigned int value)

{

unsigned char x,y;
for (x=0;x<value;x++)
for(y=0;y<1275;y++) ;

REVIEW QUESTIONS

1. True or false. The transducer must be connected to signal conditioning
circuitry before it is sent to the ADC.

2. The LM35 provides mV for each degree of (Fahrenbheit,
Celsius) temperature.

3. The LM34 provides _ mV for each degree of (Fahrenheit,
Celsius) temperature.

4. Why do we set the V_ . of ADC0848 to 2.56 V if the analog input is con-
nected to the LM35?

5. In Question 4, what is the temperature if the ADC output is 0011 1001?

SUMMARY

This chapter showed how to interface real-world devices such as DAC

chips, ADC chips, and sensors to the 8051. First, we discussed both parallel and
serial ADC chips, then described how to interface them to the 8051 and pro-
gram it in both Assembly and C. Next, we explored the DAC chip and showed
how to interface it to the 8051. In the last section we studied sensors. We also
discussed the relation between the analog world and a digital device, and
described signal conditioning, an essential feature of data acquisition systems.

PROBLEMS

1: PARALLEL AND SERIAL ADC

1. Give the status of CS and WR in order to start conversion for the
ADCO0804.

2. Give the status of CS and WR in order to get data from the ADC0804.

3. In the ADCO0804, what happens to the converted analog data? How do we

know if the ADC is ready to provide us the data?
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12.
13.

14.
15.

16.
17.

18.

19.

20.

21.
22.

23

25.

26.

27

In the ADC0804, what happens to the old data if we start conversion again
before we pick up the last data?

In the ADCO0804, INTR is an (input, output) signal. What is its
function in the ADC0804?

For an ADC0804 chip, find the step size for each of the following V /2
values.

@V, 2=128V() V. J/2=1V (¢ V, J2=19V

In the ADCO0804, what should be the V /2 value for a step size of 20 mV?
In the ADC0804, what should be the V_ /2 value for a step size of 5 mV?
In the ADCO0804, what is the role of pins V, (+) and V, (-)?

. With a step size of 19.53 mV, what is the analog input voltage if all outputs

are 1?

.With V_J/2 =0.64 V, find the V,  for the following outputs.

(a) D7-D0 = 11111111 (b) D7-D0 = 10011001 (c) D7-D0 = 1101100
True or false. ADC0804 is an 8-bit ADC.

Which of the following ADC sizes provide the best resolution?

(a) 8-bit (b) 10-bit (c) 12-bit (d) 16-bit (e) They are all the same.

In Question 13, which provides the smallest step size?

Calculate the step size for the following ADCs, if V is 5V,

(a) 8-bit (b) 10-bit (c) 12-bit (d) 16-bit

True or false. ADCO0808/0809 is an 8-bit ADC.

Indicate the direction (in, out) for each of the following ADC0808/0809
pins.

(a) SC (b) EOC () A,B,C

(d) ALE (e) OE (f) INO-IN7

(g) DO-D7

Explain the role of the ALE pin in the ADC0808/0809 and show how to

select channel 5 analog input.

In the ADC0808/0809, assume V_{-) = Gnd. Give the V_(+) voltage
value if we want the following step sizes:

(a) 20 mV (b) 5mV (¢c) 10 mV

(d) I5mV () 2 mV (f) 25 mV

In the ADC0808/0809, assume V, (-) = Gnd. Find the step size for the
following values of V _(+):

(a) 1.28V b1V (c)0.64V

True or false. ADC0848 is an 8-bit ADC.

Give the status of CS and WR in order to start conversion for the
ADCO0848.

. Give the status of CS and WR in order to get data from the ADC084S.
24,

In the ADC0848, what happens to the converted analog data? How do we
know that the ADC is ready to provide us the data?

In the ADC0848, what happens to the old data if we start conversion again
before we pick up the last data?

In the ADCO0848, INTR 1is an (input, output) signal. What is its
function in the ADC0848?

. For an ADC0848 chip, find the step size for each of the following V_.

(a) Vref =128V (b) Vrefz 1V (c) Vref =19V

ADC, DAC, AND SENSOR INTERFACING
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28.

29.

30.
31.

32.

33

35.
36.

37

38.
39.
40.
41.
42.
43,
44.
45.
46.
47.
48.

49.
50.

In the ADCO0848, what should be the Vref value if we want a step size of
20 mV?

In the ADC0848, what should be the Vref value if we want a step size of 5
mV?

In the ADCO0848, how is the analog channel selected?

With a step size of 19.53 mV, what is the analog input voltage if all outputs
are 1?

With V= 1.28V, find the V, for the following outputs.

(a) D7-D0 = 11111111 (b) D7-D0 = 10011001 (c) D7-D0 = 1101100

. True or false. MAXI1112 is an 8-bit ADC.
34.

Indicate the direction (in, out) for each of the following MAX1112 pins.

(a) CS (b) DOUT (c) COM
(d) DIN (e) SCLK (f) CHANO-CHAN?7
(2) SSTRB

For MAX1112, give the status of CS in order to get data out.
For MAX1112, give the status of CS when sending in the control byte.

. For MAX1112, give the control byte for CHAN2, CHANS, and CHANT7.

Assume single-ended, unipolar, internal clock, and fully operational
modes.

For MAX1112 chip, find the step size for each of the following REFIN
provided externally.

(a) REFIN =128 V(b) REFIN =1V (¢) REFIN=19V

In the MAX1112, how is the analog channel selected?

In the MAX1112, what should be the REFIN value if we want a step size
of 5mV?

With REFIN = 1.28 V, find the V,  for the following outputs.

(a) D7-DO0 = 11111111 (b) D7-D0 = 10011001 (c) D7-D0 = 1101100

The control byte is sent in on the (positive edge/negative
edge) of the SCLK signal.
Converted digital data is brought out on the (positive edge/

negative edge) of the SCLK signal.

What is the lowest REFIN value?

It takes SCLKs to send in the control byte.

It takes SCLKSs to bring out digital data for one channel after the
conversion is completed.

When does the conversion start in the MAX1112?

How do we recognize end-of-conversion in the MAX1112?

What is the step size if REFIN is connected to AGND with REFOUT?
In single-ended mode, which pin is used for ground reference for CHANO-
CHANT7T?

2: DAC INTERFACING

S1.
52.

True or false. DACO080S is the same as DAC1408.

Find the number of discrete voltages provided by the n-bit DAC for the
following.

(@n=80b)n=10(c)n=12

392
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53. For DACI1408, if I .= 2 mA show how to get the I
inputs are high.

of 1.99 when all

out

54. Find the I, for the following inputs. Assume .= 2 mA for DACO0808.
(a) 10011001 (b) 11001100 (c) 11101110
(d) 00100010 (e) 00001001 (f) 10001000

55.To get a smaller step, we need a DAC with (more, fewer) digital

inputs.
56. To get full-scale output, what should be the inputs for DAC?

3: SENSOR INTERFACING AND SIGNAL CONDITIONING

57. What does it mean when it is said that a given sensor has a linear output?

58. The LM34 sensor produces mV for each degree of temperature.

59. What is signal conditioning?

60. What is the purpose of the LM336 zener diode around the pot setting the
V..¢ in Figure 21?

ANSWERS TO REVIEW QUESTIONS

[S—

: PARALLEL AND SERIAL ADC

Output

L-to-H, WR

INTR

8

(a) all in (b) in (c) out
Output

L-to-H, WR

INTR

8

10. True

11. (a)1(b)8(c) 8

12. We send the control byte to the DIN pin one bit at a time.

NN B DD =

e

2: DAC INTERFACING

(a) Digital, analog. (b) Analog, digital
8
(a) current (b) true

W=

(98]

: SENSOR INTERFACING AND SIGNAL CONDITIONING

True

10, Celsius.

10, Fahrenheit.

Since ADC0848 is an 8-bit ADC, it gives us 256 steps, and 2.56 V/256 = 10 mV. LM35
produces 10 mV for each degree of temperature which matches the ADC’s step size.
00111001 = 57, which indicates it is 57 degrees.

el NS

e
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3051 INTERFACING TO
EXTERNAL MEMORY

>>
>>
>>

>>

OBJECTIVES

Upon completion of this chapter, you will be able to:

Explain how to interface ROM with the 8031/51/52.

Explain how to use both on-chip and off-chip memory with the 8051/52.
Code 8051 Assembly and C programs accessing the 64K-byte data memory
space.

Show how to access the 1K-byte RAM of the DS89C4x0 in Assembly
and C.

From Chapter 14 of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice

Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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In this chapter, we discuss how to interface the 8031/51/52 to external
memory. In Section 1, we explore 8031/51/52 interfacing with external ROM.
In Section 2, we discuss 8031/51/52 interfacing with external RAM. We will
also examine the 1K-byte SRAM of the DS89C4x0 chip. In Section 3, we will
show how to access external data memory in C.

1: 8031/51 INTERFACING WITH EXTERNAL ROM

The 8031 chip is a ROMless version of the 8051. In other words, it is
exactly like any member of the 8051 family such as the 8751 or 89C51 as far
as executing the instructions and features are concerned, but it has no on-chip
ROM. Therefore, to make the 8031 execute 8051 code, it must be connected to
external ROM memory containing the program code. In this section, we look
at interfacing the 8031 microcontroller with external ROM. Before we discuss
this topic, one might wonder why someone would want to use the 8031 when
they could buy an 8751, 89C51, or DS5000. The reason is that all these chips
have a limited amount of on-chip ROM. Therefore, in many systems where
the on-chip ROM of the 8051 is not sufficient, the use of an 8031 is ideal since
it allows the program size to be as large as 64K bytes. Although the 8031 chip
itself is much cheaper than other family members, an 8031-based system is
much more expensive since the ROM containing the program code is connect-
ed externally and requires more supporting circuitry, as we explain next. First,
we review some of the pins of the 8031/51 used in external memory interfacing.
See Figure 1.

EA pin

For 8751/89C51/DS5000-based systems, we connect the EA pin to V...
to indicate that the program code is stored in the microcontroller’s on-chip
ROM. To indicate that the program code is stored in external ROM, this
pin must be connected to GND. This is the case for the 8051-based system.
In fact, there are times when, due to repeated burning and erasing of on-chip
ROM, its UV-EPROM is no longer working. In such cases, one can also use
the 8751 (or 89CS51 or any 8051) as the 8031. All we have to do is to connect
the EA pin to ground and connect the chip to external ROM containing the
program code.

PO and P2 role in providing addresses

Since the PC (program counter) of the 8031/51 is 16-bit, it is capable
of accessing up to 64K bytes of program code. In the 8031/51, port 0 and port
2 provide the 16-bit address to access external memory. Of these two ports,
PO provides the lower 8 bit addresses AO—A7, and P2 provides the upper 8-bit
addresses A8—A15. More importantly, PO is also used to provide the 8-bit data
bus D0-D7. In other words, pins P0.0-P0.7 are used for both the address and
data paths. This is called address/data multiplexing in chip design. Of course, the
reason Intel used address/data multiplexing in the 8031/51 is to save pins. How

8051 INTERFACING TO EXTERNAL MEMORY



PDIP/Cerdip
P10 []1 ~ 40 [ V.
P1.1 []2 39 ] P0.0 (ADO)
P12 []3 38 [1 Po.1 (AD])
P13 []4 37 ] P0.2 (AD2)
P14 []5 36 [1 P0.3 (AD3)
P15 []6 8031/8051 35 1 P0.4 (AD4)
Pl.6 []7 /8052 34 [] P0.5 (ADS)
P1.7 []38 33 [1 P0.6 (AD6)
RST []9 32 [] P0.7 (AD?)
(RXD) P3.0 [] 10 31 [ EANV,,
(TXD) P3.1 [] 11 30 [C] ALE/PROG
(NTO) P32 [] 12 29 [] PSEN
(INT1) P3.3 [] 13 28 [1 P2.7 (A15)
(TO)P3.4 []14 27 [ P2.6 (Al14)
(T1)P3.5 []15 26 [ P2.5 (A13)
(WR)P3.6 []16 25 [] P24 (A12)
(RD)P3.7 [ 17 24 ] P23 (All)
XTAL2[] 18 23 [ P2.2 (A10)
XTAL1[] 19 22 [ p2.1 (A9)
GND [] 20 21 [ P2.0 (A8)
Figure 1. 8051 Pin Diagram
o o do we know when PO is used for the data path
Vee GND and when it is used for the address path? This

is the job of the ALE (address latch enable)

—ip—{P T >—10p—

— 2D  |cIK 28 — pin. ALE is an output pin for the 8031/51

] ig 4318 s microcontroller. Therefore, when ALE = 0,

—5p 5Q — the 8031 uses PO for the data path, and when

—] 6D 6Q — ALE =1, it uses it for the address path. As

] ;g — ;8 — a result, to extract the addresses from the PO
G oc pins we connect PO to a 74L.S373 latch (see

Enable Output control Figure 2) and use the ALE pin to latch the
address as shown in Figure 3. This extract-

Funtion Table ing of addresses from PO is called address/

Sourfﬁif GEnable b | output data demultiple?dng. o
3 H 0 H From Figure 3, it is important to
L H L L note that normally ALE = 0, and PO is used
|':| ')-( § go as a data bus, sending data out or bringing
data in. Whenever the 8031/51 wants to use
Figure 2. 74L.S373 D Latch PO as an address bus, it puts the addresses

) . AO0-A7 on the PO pins and activates ALE =
Source: Reprinted by permission of Texas | to indi hat PO has the add S
Instruments, Copyright Texas Instruments, ‘to ndicate that as the addresses. See
1988. Flgure 4.
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8031/51

ALE

G

AD7

P0.7 D Q A7 )
Lower 8-bit
0.0 741.S373 A0 Address bus
ADO —
C
- D7 Data
bus
DO
Figure 3. Address/Data Multiplexing
8031/51
EA [R®D) P37 RD
| WR) P36 WR
= PSEN PSEN
P27 Al5
Upper 8-bit
P20 AS Address bus
ALE 1 G
P0.7 ADT DO A7
—— Lower 8-bit
P0.0 74LS373 ———— ,, Address bus
ADO —
ocC
b7 Data
bus

DO

PSEN

Figure 4. Data, Address, and Control Buses for the 8031

Another important signal for the 8031/51 is the PSEN (program store

enable) signal. PSEN is an output signal for the 8031/51 microcontroller and
must be connected to the OE pin of a ROM containing the program code. In

other words, to access external ROM containing program code, the 8031/51

uses the PSEN signal. It is important to emphasize the role of EA and PSEN
when connecting the 8031/51 to external ROM. When the EA pin is connect-
ed to GND, the 8031/51 fetches opcode from external ROM by using PSEN.
Notice in Figure 5 the connection of the PSEN pin to the OE pin of ROM.

In systems based on the 8751/89C51/DS5000 where EA is connected to V.,

these chips do not activate the PSEN pin. This indicates that the on-chip ROM
contains program code.
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8031

EA P3.7 RD v,
P3.6 WR | |
PSEN — OE Vi
CE
P27
Al2
Al2 2864
P20 = Ay (2764)
ALE 1 G 8Kx8
AD7 = A7 A7 Program
P0.7 |D Q ROM
P0.0 74L.S373 — A0
ADO 5c D7 DO

il

D7

DO

Figure 5. 8031 Connection to External Program ROM

In systems where the external ROM contains the program code, burn-
ing the program into ROM leaves the microcontroller chip untouched. This
1s preferable in some applications due to flexibility. In such applications, the
software is updated via the serial or parallel ports of the x86 PC. This is espe-
cially the case during software development and this method is widely used in
many 8051-based trainers and emulators.

On-chip and off-chip code ROM

In all our examples of 8051-based systems so far, we used either the
on-chip ROM or the off-chip ROM for the program code. There are times
that we want to use both of them. Is this possible? The answer is yes. For
example, in an 8751 (or 89C51) system we could use the on-chip ROM for
the boot code, and an external ROM (using NV-RAM) will contain the user’s
program. In this way, the system boot code resides on-chip and the user’s pro-
grams are downloaded into off-chip NV-RAM. In such a system we still have
EA = V_, meaning that upon reset the 8051 executes the on-chip program
first; then, when it reaches the end of the on-chip ROM it switches to exter-
nal ROM for the rest of the program code. Many 8051 trainers are designed
using this method. Again, notice that this is done automatically by the 8051.
For example, in an 8751 (89C51) system with both on-chip and off-chip ROM
code where EA = V., the controller fetches opcodes starting at address 0000,
and then goes on to address OFFF (the last location of on-chip ROM). Then
the program counter generates address 1000H and is automatically directed
to the external ROM containing the program code. See Examples 1 and 2.
Figure 6 shows the memory configuration.

8051 INTERFACING TO EXTERNAL MEMORY
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Example 1

Discuss the program ROM space allocation for each of the following cases.
(a) EA = 0 for the 8751 (89C51) chip.

(b) EA = V. with both on-chip and oftf-chip ROM for the 8751.

(c) EA = V. with both on-chip and off-chip ROM for the §752.

Solution:

(a) When EA = 0, the EA pin is strapped to GND, and all program fetches
are directed to external memory regardless of whether or not the 8751 has
some on-chip ROM for program code. This external ROM can be as high as
64K bytes with address space of 0000-FFFFH. In this case, an 8751 (89C51) is
the same as the 8031 system.

(b) With the 8751 (89C51) system where EA = V., the microcontroller fetches
the program code of addresses 0000-OFFFH from on-chip ROM since it has
4K bytes of on-chip program ROM and any fetches from addresses 1000H—
FFFFH are directed to external ROM.

(c) With the 8752 (89C52) system where EA = V., the microcontroller fetches
the program code of addresses 0000—1FFFH from on-chip ROM since it
has 8K bytes of on-chip program ROM and any fetches from addresses
2000H-FFFFH are directed to external ROM.

Example 2

Discuss the role of the PSEN pin in accessing on-chip and off-chip program codes.

Solution:

In the process of fetching the internal on-chip program code, the PSEN pin is
not used and is never activated. However, PSEN is used for all external program
fetches. In Figure 11, notice that PSEN is also used to activate the CE pin of the
program ROM.

8031/51 8051 8052
EA = GND EA = V¢ EA = V¢
0000 0000~ 5y chip 0000 On-chip
OFFF| 4K 3K
1000 1FFF
Shfif_ Off 2000
P I Off-
chip chip
FFFu FFFFL____ | FFFFL__ |

Figure 6. On-chip and Off-chip Program Code Access
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REVIEW QUESTIONS

If EA = GND, indicate from what source the program code is fetched.

If EA =V, indicate from what source the program code is fetched.
Which port of the 8051 is used for address/data multiplexing?

Which port of the 8051 provides DO-D7?

Which port of the 8051 provides A0-A7?

Which port of the 8051 provides A8-A15?

True or false. In accessing externally stored program code, the PSEN sig-
nal is always activated.

Nons W=

2: 8051 DATA MEMORY SPACE

The MOVC instruction, where C stands for code, indicates that data is
located in the code space of the 8051. In the 8051 family there is also a separate
data memory space. In this section, we describe the data memory space of the
8051 and show how to access it in Assembly.

Data memory space

In addition to its code space, the 8051 family also has 64K bytes of data
memory space. In other words, the 8051 has 128K bytes of address space of
which 64K bytes are set aside for program code and the other 64K bytes are
set aside for data. Program space is accessed using the program counter to
locate and fetch instructions, but the data memory space is accessed using the
DPTR register and an instruction called MOVX, where X stands for external
(meaning that the data memory space must be implemented externally).

External ROM data

To connect the 8031/51 to external ROM containing data, we use RD
(pin P3.7). See Figure 7. Notice the role of signals PSEN and RD. For the ROM
containing the program code, PSEN is used to fetch the code. For the ROM
containing data, the RD signal is used to fetch the data. To access the external

data memory space, we must use the instruction MOVX as described next.

MOVX instruction

MOVX is a widely used instruction allowing access to external data mem-
ory space. This is true regardless of which member of the 8051 family is used. To
bring externally stored data into the CPU, we use the instruction “MOVX A, @DPTR”.
This instruction will read the byte of data pointed to by register DPTR and store
it in the accumulator. In applications where a large data space is needed, the look-
up table method is widely used. See Examples 3 and 4 for the use of MOVX and
Example 5 for the design of an 8031-based system.

8051 INTERFACING TO EXTERNAL MEMORY
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8051

P3.7
P3.6
PSEN

P2.7

P2.0
ALE

P0.7

P0.0

RD Vpp
WR
— I:AIS—DG ))_ a ﬁ Vpp
Al3
Al2 A
— 8Kx8
1 6 Data
AD7 Do A7 ROM
741.S373
ADO oc A0 A0 D7 DO
= D7

DO

Figure 7. 8051 Connection to External Data ROM

Example 3

An external ROM uses the 8051 data space to store the look-up table (starting at 1000H)
for DAC data. Write a program to read 30 bytes of these data and send them to P1I.

Solution:
MYXDATA EQU 1000H
COUNT EQU 30
MOV DPTR, #MYXDATA ;pointer to external data
MOV R2, #COUNT ;counter
AGAIN: MOVX A,@DPTR ;get byte from external mem
MOV P1,A ;lssue it to P1
INC DPTR ;next location
DJINZ R2,AGAIN ;until all are read
Example 4

Solution:

TABLE
RAMTBLE
COUNT

BACK:

EQU
EQU
EQU
MOV
MOV
MOV
MOVX
MOV
INC
INC
DJNZ

000H
30H
10

DPTR, #TABLE

R5, #COUNT

RO, #RAMTBLE

External data ROM has a look-up table for the squares of numbers 0-9. Since the
internal RAM of the 8031/51 has a shorter access time, write a program to copy
the table elements into internal RAM starting at address 30H. The look-up table
address starts at address 0 of external ROM.

;pointer to external data
;counter
;pointer to internal RAM

A, @DPTR ;get byte from external mem
@RO, A ;store it in internal RAM
DPTR ;next data location

RO ;next RAM location

R5, BACK ;until all are read
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Example 5

Show the design of an 8031-based system with 8K bytes of program ROM and 8K
bytes of data ROM.

Solution:

Figure 8 shows the design. Notice the role of PSEN and RD in each ROM. For
program ROM, PSEN is used to activate both OE and CE. For data ROM, we use
RD to activate OE, while CE is activated by a simple decoder.

8031 . J

P3.7

EA RD cc cc
e L ] | 1 |
= PSEN

Al5 OE V, OE V
P27 AL :})_ = OE VY, = o
A Ao
Al2 Al12
P20 ——— 8Kx8 8Kx8
ALE —— ¢ Data Program
p0.7 —222HD Q Al ROM ROM
P0.0 — 7415373 — A0 A0
oc D7 DO D7 DO

= D7

DO

Figure 8. 8031 Connection to External Data ROM and External Program ROM

From the discussion so far, we conclude that while we can use internal
RAM and registers located inside the CPU for storage of data, any additional
memory space for read/write data must be implemented externally. This is dis-
cussed further next.

External data RAM

To connect the 8051 to an external SRAM, we must use both RD (P3.7)
and WR (P3.6). This is shown in Figure 9.

MOVX instruction

In writing data to external data RAM, we use the instruction “MOVX
@DPTR, A” where the contents of register A are written to external RAM
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P3.7 RD
P3.6 WR 1
AlS5 e
PSEN [—— Al [: CE WE OE
P27 AL3 Al3
Al2 Al2
P2.0 —= 16Kx8
ALE 16 Data
AD7 A7 RAM
PO.7 D Q
741L.S37
P0.0 373 A0
ADO —_— A0 D7 DO

I

D7

DO

Figure 9. 8051 Connection to External Data RAM

Example 6
(a) Write a program to read 200 bytes of data from P1 and save the data in external
RAM starting at RAM location S000H.

(b) What is the address space allocated to data RAM in Figure 9?

Solution:

(a)

RAMDATA EQU ©5000H

COUNT EQU 200
MOV DPTR, #RAMDATA ;pointer to external NV-RAM
MOV R3, #COUNT ;counter

AGAIN: MOV A,P1 ;read data from P1
MOVX @DPTR,A ;save it external NV-RAM
ACALL DELAY ;wait before next sample
INC DPTR ;next data location
DJNZ R3,AGAIN ;until all are read

HERE : SJMP HERE ;stay here when finished

(b) The data address space is 8000H to BFFFH.

whose address is pointed to by the DPTR register. This has many applica-
tions, especially where we are collecting a large number of bytes of data. In
such applications, as we collect data we must store them in NV-RAM so
that when power is lost we do not lose the data. See Example 6 and Figure 9.
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A single external ROM for code and data

Assume that we have an 8031-based system connected to a single
64Kx8 (27512) external ROM chip. This single external ROM chip is used for
both program code and data storage. For example, the space 0000-7FFFH is
allocated to program code, and address space DOOOH-FFFFH is set aside for
data. In accessing the data, we use the MOVX instruction. How do we con-
nect the PSEN and RD signals to such a ROM? Note that PSEN is used to
access the external code space and the RD signal is used to access the external
data space. To allow a single ROM chip to provide both program code space
and data space, we use an AND gate to signal the OE pin of the ROM chip as

shown in Figure 10.
8031 system with ROM and RAM

There are times that we need program ROM, data ROM, and data
RAM in a system. This is shown in Example 7.

8031
A P3.7 RD 37 V..
_| P3.6 WR |
= PSEN —
P27 Al a5 9B Ve
AlZ_AL3
20 64Kx8
: A8 ROM
ALE 1 G
AD? . Program/
P0.7 D Q Data
P00 741.S373 A0 .
ADO oc AO D7 DO CE
T —
= D7 )
DO

Figure 10. A Single ROM for Both Program and Data

Example 7

Assume that we need an 8031 system with 16KB of program space, 16KB of data
ROM starting at 0000, and 16K of NV-RAM starting at 8000H. Show the design
using a 74L.S138 for the address decoder.

Solution:

The solution is diagrammed in Figure 11. Notice that there is no need for a decoder
for program ROM, but we need a 74L.S138 decoder for data ROM and RAM. Also
notice that G1 = V_,, G2A = GND, G2B = GND, and the C input of the 74LS138
1s also grounded since we use YO-Y3 only.
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8031
p3.7 —RD O

[ EA P3.6 WR

P2.6 Ald—JA Y0 Jo—————"—

PSEN ™ L
741L.S138 [
OE

D7

AlS B YIP
P2.7 C 2
G2A Gl —
_ | CE WE OE Voo — OE Vi
= VCC @ CE
L Al3 Al3 Al3 Al3
P2.0 —A3 16Kx8 16Kx8 16Kx8
ALE ————C Data Data Program
P07 —AD7 m_ A7 RAM ROM ROM
741837
P0.0 ADO 8373 | E 20 A0 A0 A0
oc D7 DO D7 DO D7 DO

DO

Figure 11. 8031 Connection to External Program ROM, Data RAM, and Data ROM

Interfacing to large external memory

In some applications, we need a large amount (256K bytes, for
example) of memory to store data. However, the 8051 can support only
64K bytes of external data memory since DPTR is 16-bit. To solve this
problem, we connect AO-A15 of the 8051 directly to the external memory’s
AO0-A15 pins and use some of the P1 pins to access the 64K-byte blocks inside
the single 256Kx8 memory chip. This is shown in Example 8§ and illustrated
in Figure 12.

Accessing 1K-byte SRAM in Assembly

The DS89C4x0 chip family has 1K byte of SRAM, which is accessible
by using the MOV X instruction. Next, we will show how to access this 1K byte
of SRAM in Assembly language. The C versions of these programs are given
in the next section.

1k byte of SRAM in DS89C4X0

The DS89C4x0 family (DS89C30/40/50) comes with 1K byte of
SRAM embedded into the chip. See Table 1. This is in addition to the 256
bytes of RAM that comes with any 8052 chip such as the DS89C4x0. This
1K byte (1IKB) of SRAM can be very useful in many applications, especially
for C compilers that need to store data variables. Another case in which this
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Example 8

In a certain application, we need 256K bytes of NV-RAM to store data collected
by an 8051 microcontroller. (a) Show the connection of an 8051 to a single 256K x8
NV-RAM chip. (b) Show how various blocks of this single chip are accessed.

Solution:

(a) The 256Kx8 NV-RAM has 18 address pins (A0O-A17) and 8 data lines. As
shown in Figure 12, AO-A15 go directly to the memory chip while A16 and
A17 are controlled by P1.0 and P1.1, respectively. Also notice that chip select
of external RAM is connected to P1.2 of the 8051.

(b) The 256K bytes of memory are divided into four blocks, and each block is

accessed as follows:

7
1

Al6

pP1.

R O B O

X

0

Block Address Space
O0O0O0OH-OFFFFH
10000H-1FFFFH
20000H-2FFFFH
30000H-3FFFFH
External RAM disabled

For example, to access the 20000H-2FFFFH address space, we need the following:

;enable external RAM

Chip Select Al
P1.2 P1.
0 0
0 0
0 1
0 1
1 g
CLR P1.2
MOV  DPTR, #0
CLR P1.0
SETB P1.1

MOV A, SBUF
MOVX @DPTR, A

;start of 64K memory block
;A16=0
;A17=1 for 20000H block

;get data from serial port

;save data in block 20000H addr.

INC DPTR ;next location
8051
P3.7 RD —
P3.6 WR I
P1.2 I CE WE OE
P1.1 A17
P1.0 A16
p2.7 A15
256Kx8
P2.0 5 Data
ALE 16 NV-RAM
AD7 A7
P0.7 I DQ
- 74LS373 20
ADO e A0 D7 DO

D7

DO

Figure 12. 8051 Accessing 256Kx8 External NV-RAM
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Table 1. DS89C4x0 Family from Maxim/Dallas Semiconductor

Part No. On-chip ROM On-chip RAM On-chip SRAM

(Flash) Accessed by MOVX
DS89C430 16KB 256B 1KB
DS89C440 32KB 256B 1KB
DS89C450 64KB 256B 1KB

1K-byte RAM can be put to great use is the tiny RTOS (real time operating
systems) designed for the 8051 family. To access this 1K byte of SRAM in
the DS89C4x0 chip, we must use the MOVX instruction. Notice that while
accessing the 256 bytes of RAM in the 8052, we use either direct or regis-
ter-indirect addressing modes, but to access the data stored in this 1KB of
RAM, we must use the MOVX instruction. Upon power-on reset, the access
to the 1KB SRAM is blocked. In order to access it, we must enable some bits
in the SFR registers called PMR (power management register). The PMR
1s an SFR register and is located at address C4H. The SFR location C4H is
one of the reserved byte spaces of the 8052 used by Dallas Semiconductor
for PMR. The PMR bits related to the IKB SRAM are shown in Figure
13. Examine the information in Figure 13 very carefully. The 1IKB SRAM is
not accessible upon reset. This is the default state that allows us to interface
the DS89C4x0 chip to external data memory, just like any member of the
8051/52 family. To access the IKB SRAM, we must make PMR bits DEMO
= 1and DMEI = 0. In that case, any MOVX address of 0000—03FFH will go
to the on-chip 1KB SRAM and all other addresses are directed to the exter-
nal data memory. That means that if we want to add external data memory

1 0 0 0 0 0 DME1 | DMEO
DME1 DMEO Data Memory Memory Access
Address Range
0 0 0000-FFFFH External Data Memory
(Default)
(after every reset)
X 1 0000-03FFH Internal SRAM Data
Memory
0400-FFFFH External Data Memory
1 0 Reserved Reserved

Figure 13. PMR Register Bits for 1K-byte SRAM of DS89C4x0 Chip
Note: Power management register (PMR) is an SFR in the DS89C4x0 family and is
located at address C4H.
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to the DS89C4x0 chip, we must designate it as 0400-FFFFH since the first
1K-byte space is already taken by the IKB SRAM, assuming that the proper
bits in the PMR are enabled. Again, it must be emphasized that upon reset,
access to the IKB SRAM is blocked, and can be accessed only if we set the
proper bits in the PMR register. This must be done every time we power up
the DS89C4x0-based system. Study Examples 9-11 to see how we access this
1KB SRAM.

REVIEW QUESTIONS

l.

The 8051 has a total of ___ bytes of memory space for both program code
and data.

2. All the data memory space of the 8051 is (internal, external).

3. True or false. In the 8051, program code must be read-only memory.

4. True or false. In the 8051, data memory can be read or write memory.

5. Explain the role of pins PSEN, RD, and WR in accessing external
memory.

6. True or false. Every 8051 chip comes with 1KB of SRAM.

7. True or false. Upon reset, access to the IKB SRAM of the DS89C4x0 is
blocked.

Example 9

Write a program (a) to enable access to the IKB SRAM of the DS§9C4x0, (b) put
the ASCII numbers ‘0, ‘1,” and 2° in SRAM, and (c) read the same data from
SRAM and send each one to ports PO, P1, and P2, respectively.

Solution:

MYXDATA EQU 000H
COUNT EQU 5
IDATA EQU 40H

ORG 0

MOV A,0C4h ;read PMR register
SETB ACC.O0 ;make DMEO=1

MOV 0C4H, A ;enable 1KB SRAM

MOV  DPTR, #MYXDATA
MOV A, #'0’
MOVX @DPTR, A
MOVX A,@DPTR,A
MOV  PO,A

INC DPTR

MOV A, #'1’
MOVX @DPTR, A
MOVX A,@DPTR,A
MOV  P1,A

INC DPTR

MOV A, #'2'
MOVX @DPTR, A
MOVX A,@DPTR,A
MOV  P2,A

END
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Example 10

Write a program (a) to enable access to the IKB SRAM of the DS89C4x0, and (b)
transfer a block of data from RAM locations 40-44H into the 1K SRAM.

Solution:

Assume that we have the following data in the RAM location (256-byte space)
starting at 40H:

40=(7D) 41=(96) 42=(C5) 43=(12) 44=(83)

MYXDATA EQU 000H

COUNT EQU 5
IDATA EQU 40H

ORG 0
MOV A, 0C4h ;read PMR register
SETB ACC.O0 ;make DMEO=1
MOV 0C4H, A ;enable 1KB SRAM
MOV DPTR, #MYXDATA ;pointer to 1KB SRAM
MOV  R2, #COUNT ;counter
MOV RO, #IDATA ; LOAD POINTER

AGAIN: MOV  A,@RO ;get a byte
MOVX A,@DPTR ;save it in 1KB SRAM
INC RO ; NEXT
INC DPTR ;next location
DJINZ R2,AGAIN ;until all are read
END

Example 11

Write a program in Assembly (a) to enable access to the 1IKB SRAM of the
DS89C4x0, (b) move a block of data from code space of the DS89C4x0 chip into
1KB SRAM, and (c) then read the same data from RAM and send it to the serial
port of the 8051 one byte at a time.

Solution:
DATA ADDR EQU 400H ;jcode data
COUNT EQU 5 ;message size
RAM ADDR EQU 40H ;8051 internal RAM address
ORG 0
ACALL COPY 1 ;copy from code ROM to internal RAM
MOV A, 0C4H ;read PMR of DS89C4x0
SETB ACC.O0 ;enable PMR bit for 1K SRAM
MOV 0C4H, A ;write it to PMR of DS89C4x0
ACALL COPY_ 2 ;copy from internal RAM to 1KB SRAM
MOV  TMOD, #20H ;set up serial port
MOV  TH1, #-3 ;9600 baud rate
MOV ~ SCON, #50H
SETB TR1
ACALL COPY_ COM ;copy from 1KB SRAM to serial port
SIJMP S ;stay here
COPY 1:

MOV  DPTR, #DATA ADDR
MOV RO, #RAM ADDR
MOV  R2, #COUNT
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Example 11 (Continued)

H1l: CLR A
MOVC A,@A+DPTR
MOV  @RO,A

INC DPTR
INC RO
DJNZ R2,H1
RET

jo——————= transfer data from internal RAM to external RAM

~ MOV  DPTR, #0 ;DS89C4x0 1KB addr
MOV RO, #RAM_ADDR
MOV  R2, #COUNT

H2: MOV A,@RO ;get a byte from internal RAM
MOVX @DPTR, A ;Sstore it in 1KB SRAM of DS89C4x0
INC DPTR
INC RO
DJNZ R2,H2
RET

—————————— data transfer from 1KB SRAM to serial port

COPY COM:
MOV DPTR, #0 ;DS89C4x0 1KB addr
MOV R2, #COUNT
H3: MOVX A,@DPTR ;get a byte from 1KB SRAM space
ACALL SERIAL ;send it to com port
INC DPTR
DJNZ R2,H3
RET
e —————— send data to serial port
SERIAL:

MOV SBUF, A
H4: JNB TI,H4

CLR TI
RET

;———-data in code space
ORG 400H

MYBYTE : DB “HELLO”
END

3: ACCESSING EXTERNAL DATA
MEMORY IN 8051 C

In this section, we show how to access the external data space of the
8051 family using C language. To access the external data space (RAM or
ROM) of the 8051 using C, we use XBYTE[loc] where loc is an address in the
range of 0000-FFFFH. Example 12 shows how to write some data to external
RAM addresses starting at 0. Notice that the XBYTE function is part of the
absacc.h header file. Examine Examples 13 and 14 to gain some mastery of

accessing external data memory using C.
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Example 12

Write a C program (a) to store ASCII letters ‘A’ to ‘E’ in external RAM addresses
starting at 0, then (b) get the same data from the external RAM and send it to Pl
one byte at a time.

Solution:

#include <reg51.h>
#include <absacc.h> //notice the header file for XBYTE

void main (void)

{

unsigned char x;

XBYTE[0]="'A’; //write ASCII ‘A’ to External RAM location 0
XBYTE[1]='B’; //write ASCII ‘B’ to External RAM location 1
XBYTE[2]="'C’; //write ASCII ‘C’ to External RAM location 2

XBYTE [3]='D"’;
XBYTE[4]="E’;
for (x=0;x<5;x++)
P1=XBYTE [x] ; //read external RAM data and send it to
P1

}
Run the above program on your 8051 simulator and examine the contents of xdata
to verify the result.

Example 13

An external ROM uses the 8051 data space to store the look-up table (starting at
100H) for DAC data. Write a C program to read 30 bytes of table data and send
it to P1.

Solution:

#include <reg5l1.h>
#include <absacc.h> //notice the header file for XBYTE

void main (void)
unsigned char count;
for (count=0;count<30;count++)
P1=XBYTE[0x100+count] ;

Accessing DS89C4x0’s 1KB SRAM in C

In Section 2, we discussed how to access the 1KB SRAM of the
DS89C4x0 chip using Assembly language. Examples 15 and 16 will show the
8051 C version of some of the Assembly programs.
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Example 14

Assume that we have an external RAM with addresses 0000-2FFFH for a given
8051-based system. (a) Write a C program to move the message “Hello” into external
RAM, and (b) read the same data in external RAM and send it to the serial port.
Solution:

#include <reg5l.h>

#include <absacc.h> //notice the header file for XBYTE

unsigned char msg[5]="Hello”;

void main (void)

{

unsigned char x;
TMOD = 0x20; //USE TIMER 1,8-BIT AUTO-RELOAD

TH1 = OXFD; //9600
SCON = 0x50;
TR1 = 1;

for (x=0;x<5;xX++)
XBYTE[0x000+x] = msgl[x];

for (x=0;x<5;x++)
SBUF = XBYTE[0x000+x] ;
while (TI==0) ;
TI=0;

Example 15

Write a C program (a) to enable access to the IKB SRAM of the DS89C4x0, (b) put
the ASCII letters ‘A,” ‘B,” and ‘C’ in SRAM, and (¢) read the same data from SRAM
and send each one to ports PO, P1, and P2.

Solution:

#include <reg51.h>
#include <absacc.h> //notice the header file for XBYTE
sfr PMRREG = 0xC4;
void main (void)
{
unsigned char x;
PMRREG = 0x81;

XBYTE[0]="A"; //write ASCII ‘A’ to External RAM location 0
XBYTE[1]='B’; //write ASCII ‘B’ to External RAM location 1
XBYTE [2]="'C’'; //write ASCII ‘C’ to External RAM location 2
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Example 15 (Continued)

for (x=0;x<3;X++)

{

PO=XBYTE [x] ; //read ext RAM data and send it to PO
P1=XBYTE [x]; //read ext RAM data and send it to P1
P2=XBYTE [x] ; //read ext RAM data and send it to P2

}

Note: This is the C version of an earlier example.

Example 16

Write a C program to (a) enable access to the IKB SRAM of the DS89C4x0, (b)
move a block of data from the code space of the DS89C420 chip into IKB SRAM,
then (c) read the same data from SRAM and send it to the serial port of the 8051
one byte at a time.

Solution:

#include <reg51.h>

#include <absacc.h> //needed for external data space
sfr PMRREG = 0xC4; //PMR reg address in DS89C4x0

void main (void)

{

code unsigned char msg[]l= “HELLO”; //data in code space
unsigned char x;

PMRREG = PMRREG | O0x1; //enable 1KB SRAM bit in PMR reg
TMOD = 0x20; //serial port set up

TH1 = OxFD; //9600 baud rate

SCON = 0x50;

TR1 = g

for (x=0; x<5;x++) //transfer data from code area to 1KB SRAM

{

XBYTE [0x0+x] = msgl[x];

}

for (x=0; x<5;x++) //send data from 1KB SRAM to serial port

{

SBUF = XBYTE[0x0+X] ;
while (TI==0) ;
TI=0;

}

while (1) ; //and stay here forever

}

Note: This is the C version of Example 11.
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SUMMARY

This chapter described memory interfacing with 8031/51-based sys-

tems. RAM and ROM memories were interfaced with 8031 systems, and pro-
grams were written to access code and data stored on these external memories.
The 64KB of external data space of the 8051 was discussed, and programs
were written in both Assembly and C to access them. Finally, the 1IKB SRAM
memory of the DS89C4x0 chip was explored and we showed how to access it
in both Assembly and C.

PROBLEMS

1: 8031/51 INTERFACING WITH EXTERNAL ROM

l.

2.

8.
9.
10.
1.
12.

13.
14.

15.

16.
17

18.

In a certain 8031 system, the starting address is 0000H and it has only 16K
bytes of program memory. What is the ending address of this system?
When the 8031 CPU is powered up, at what address does it expect to see
the first opcode?

In an 8031/51 microcontroller, RD and WR are pins ___and ___, respec-
tively. They belong to port . Which bits of this port?
The 8051 supports a maximum of K bytes of program memory space.

True or false. For any member of the 8051 family, if EA = Gnd the micro-

controller fetches program code from external ROM.

True or false. For any member of the 8051 family, if EA = V__ the micro-

controller fetches program code from internal (on-chip) ROM.

For which of the following must we have external memory for program code?

(a) 8751 (b)89C51 (c) 8031 (d) 8052

For which of the following is external memory for program code optional?

(a) 8751  (b) 89C51  (c) 8031  (d) 8052

In the 8051, which port provides the AO—A7 address bits?

In the 8051, which port provides the A8—A15 address bits?

In the 8051, which port provides the DO-D7 data bits?

Explain the difference between ALE = 0 and ALE = 1.

RD is pin of P3, and WR is pin of P3. What about PSEN?

Which of the following signals must be used in fetching program code from

external ROM?

(@) RD (b) WR  (c) PSEN

For the 8031-based system with external program ROM, when the micro-

controller is powered up, it expects to find the first instruction at address
of program ROM. Is this internal or external ROM?

In an 8051 with 16K bytes of on-chip program ROM, explain what hap-

pens if EA=V_.

. True or false. For the 8051 the program code must be read-only memory.

In other words, the memory code space of the 8051 is read-only memory.
Indicate when PSEN is used. Is it used in accessing on-chip code ROM or
external (off-chip) code ROM?
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2: 8051 DATA MEMORY SPACE

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

30.
31.
32
33.

34.

Indicate when RD and WR are used. Are they used in accessing external
data memory?

The 8051 supports a maximum of K bytes of data memory space.
Which of the following signals must be used in fetching data from external
data ROM?

(a) RD (b) WR (c) PSEN (d) both (a) and (b)

. For each of the following, indicate if it is active low or active high.

(a) PSEN (b)) RD (c) WR

True or false. For the 8051, the data memory space can belong to ROM or
RAM.

Explain the difference between the MOVX and MOVC instructions.

Write a program to transfer 20 bytes of data from external data ROM to
internal RAM. The external data ROM address is 2000H, and internal
RAM starts at 60H.

Write a program in Assembly to transfer 30 bytes of data from internal
data RAM to external RAM. The external data RAM address is 6000H,
and internal RAM starts at 40H.

Write a program in Assembly to transfer 50 bytes of data from external
data ROM to external data RAM. The external data ROM address is
3000H, and the external data RAM starts at 8000H.

Write a program in Assembly to transfer 50 bytes of data from external
data ROM to 1KB SRAM of DS89C4x0. The external data ROM address
1s 3000H, and the SRAM data starts at 0000H.

Write a program in Assembly to transfer 50 bytes of data from 1KB
SRAM of DS89C4x0 to P1 one byte at a time every second. The SRAM
data starts at 0200H.

Give the address of the PMR and its contents upon reset.

Which 8051 version has KB SRAM?

. For the DS89C4x0, the 1IKB SRAM is (available, blocked)

upon reset.

What memory space is available for expansion if DMEO = 0 and
DMEI1 = 0?

What memory space is available for expansion if DMEO
DMEI1 = 0?

1 and

3: ACCESSING EXTERNAL DATA MEMORY IN 8051 C

35.

36.

37.

Write a program in C to transfer 20 bytes of data from external data ROM
to internal RAM. The external data ROM address is 2000H, and internal
RAM starts at 60H.

Write a program in C to transfer 30 bytes of data from internal data RAM
to external RAM. The external data RAM address is 6000H, and internal
RAM starts at 40H.

Write a program in C to transfer 50 bytes of data from external data ROM
to external data RAM. The external data ROM address is 3000H, and the
external data RAM starts at 8000H.

8051 INTERFACING TO EXTERNAL MEMORY



38. Write a program in C to transfer 50 bytes of data from external data ROM

to IKB SRAM of DS89C4x0. The external data ROM address is 3000H,
and the SRAM data starts at 0000H.

39. Write a program in C to transfer 100 bytes of data from 1KB SRAM of

DS89C4x0 to P1 one byte at a time every second. The SRAM data starts
at 0200H.

ANSWERS TO REVIEW QUESTIONS

[\

1
1
2
3.
4.
5
6
7

nhE D=

: 8031/51 INTERFACING WITH EXTERNAL ROM

From external ROM (i.e., off-chip)
From internal ROM (i.e., on-chip)
PO

PO

PO

P2

True

: 8051 DATA MEMORY SPACE

128K

External

True

True

Only PSEN is used to access external ROM containing program code, but when accessing
external data memory we must use RD and WR signals. In other words, RD and WR are
only for external data memory and are never used for external program ROM.

False

True

8051 INTERFACING TO EXTERNAL MEMORY
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RELAY, OPTOISOLATOR,

AND STEPPER MOTOR

>>
>>
>>
>>
>>
>>
>>
>>

OBJECTIVES

Upon completion of this chapter, you will be able to:

Describe the basic operation of a relay.

Interface the 8051 with a relay.

Describe the basic operation of an optoisolator.

Interface the 8051 with an optoisolator.

Describe the basic operation of a stepper motor.

Interface the 8051 with a stepper motor.

Code 8051 programs to control and operate a stepper motor.

Define stepper motor operation in terms of step angle, steps per revolution,
tooth pitch, rotation speed, and RPM.

From Chapter 15 of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice

Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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This chapter discusses stepper motor control and shows 8051 interfac-
ing with relays, optoisolators, and stepper motors. In Section 1, the basics of
relays and optoisolators are described. Then we show their interfacing with the
8051. In Section 2, stepper motor interfacing with the 8051 is shown. We use
both Assembly and C in our programming examples.

1: RELAYS AND OPTOISOLATORS

This section begins with an overview of the basic operations of electro-
mechanical relays, solid-state relays, reed switches, and optoisolators. Then
we describe how to interface them to the 8051. We use both Assembly and C
language programs to demonstrate their control.

Electromechanical relays

A relay is an electrically controllable switch widely used in industrial
controls, automobiles, and appliances. It allows the isolation of two sepa-
rate sections of a system with two different voltage sources. For example, a
+5V system can be isolated from a 120V system by placing a relay between
them. One such relay is called an electromechanical (or electromagnetic) relay
(EMR) as shown in Figure 1. The EMRs have three components: the coil,
spring, and contacts. In Figure 1, a digital +5V on the left side can control
a 12V motor on the right side without any physical contact between them.
When current flows through the coil, a magnetic field is created around the
coil (the coil is energized), which causes the armature to be attracted to the
coil. The armature’s contact acts like a switch and closes or opens the circuit.
When the coil is not energized, a spring pulls the armature to its normal state
of open or closed. In the block diagram for electromechanical relays, we do
not show the spring, but it does exist internally. There are all types of relays
for all kinds of applications. In choosing a relay, the following characteristics
need to be considered:

1. The contacts can be normally open (NO) or normally closed (NC). In the
NC type, the contacts are closed when the coil is not energized. In the NO,
the contacts are open when the coil is unenergized.

2. There can be one or more contacts. For example, we can have SPST (single
pole, single throw), SPDT (single pole, double throw), and DPDT (double
pole, double throw) relays.

3. The voltage and current needed to energize the coil. The voltage can vary
from a few volts to 50 volts, while the current can be from a few mA to
20 mA. The relay has a minimum voltage, below which the coil will not
be energized. This minimum voltage is called the “pull-in” voltage. In the
data sheet for relays we might not see current, but rather coil resistance.
The V/R will give you the pull-in current. For example, if the coil voltage
1S 5 V and the coil resistance is 500 ohms, we need a minimum of 10 mA
(5V/500 ohms = 10 mA) pull-in current.

RELAY, OPTOISOLATOR, AND STEPPER MOTOR
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Figure 1. Relay Diagrams: (a) SPST; (b) SPDT; (¢) DPDT

4. The maximum DC/AC voltage and current that can be handled by the contacts.
This is in the range of a few volts to hundreds of volts, while the current can be
from a few amps to 40A or more, depending on the relay. Notice the difference
between this voltage/current specification and the voltage/current needed for
energizing the coil. The fact that one can use such a small amount of voltage/
current on one side to handle a large amount of voltage/current on the other side
1s what makes relays so widely used in industrial controls. Examine Table 1 for

some relay characteristics.

Table 1. Selected DIP Relay Characteristics

Part No.  Contact Form Coil Volts Coil Ohms Contact Volts-Current
106462CP SPST-NO 5VvDC 500 100VDC-0.5A
138430CP SPST-NO 5VvDC 500 100VDC-0.5A
106471CP SPST-NO 12VDC 1000 100VDC-0.5A
138448CP SPST-NO 12VDC 1000 100VDC-0.5A
129875CP DPDT S5VvDC 62.5 30VDC-1A

Source: www.Jameco.com

RELAY, OPTOISOLATOR, AND STEPPER MOTOR
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Driving a relay

Digital systems and microcontroller pins lack sufficient current to
drive the relay. While the relay’s coil needs around 10 mA to be energized,
the microcontroller’s pin can provide a maximum of 1-2 mA current. For this
reason, we place a driver, such as the ULN2803, or a power transistor between
the microcontroller and the relay as shown in Figure 2.

The following program turns the lamp on and off shown in Figure 2 by
energizing and de-energizing the relay every second.

MAIN:

ORG OH

SETB P1.0
MOV  R5, #55
ACALL DELAY
CLR P1.0
MOV  R5, #55
ACALL DELAY
SJMP MAIN

DELAY :

H1:
H2:
H3:

MOV
MOV
DJINZ
DJINZ
DJINZ
RET
END

R4,#100
R3,#253
R3, H3
R4, H2
R5, H1

Solid-state relay

Another widely used relay is the solid-state relay (SSR). In this relay,
there is no coil, spring, or mechanical contact switch. The entire relay is made
out of semiconductor materials. Because no mechanical parts are involved
in solid-state relays, their switching response time is much faster than that of

5V +5V +12V
+5V
106462
DS89C4x0 10 | ULN2803
47k 43_
_ . 1 {>c 18 6 8

9

Figure 2. DS89C4x0 Connection to Relay
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Table 2. Selected Solid-State Relay Characteristics

Part No.  Contact Style Control Volts Contact Volts Contact Current
143058CP SPST 4-32VDC 240VAC 3A
139053CP SPST 3-32VDC 240VAC 25A
162341CP SPST 3-32VDC 240VAC 10A
172591CP  SPST 3-32VDC 60VDC 2A
175222CP  SPST 3-32VDC 60VDC 4A
176647CP  SPST 3-32VDC 120VDC SA

Source: www.Jameco.com

electromechanical relays. Another problem with the electromechanical relay is
its life expectancy. The life cycle for the electromechanical relay can vary from a
few hundred thousands to a few million operations. Wear and tear on the con-
tact points can cause the relay to malfunction after a while. Solid-state relays
have no such limitations. Extremely low input current and small packaging
make solid-state relays ideal for microprocessor and logic control switching.
They are widely used in controlling pumps, solenoids, alarms, and other power
applications. Some solid-state relays have a phase control option, which is ideal
for motor-speed control and light-dimming applications. Figure 3 shows con-
trol of a fan using a solid-state relay.

Reed switch

Another popular switch is the reed switch (see Figure 4). When the reed
switch is placed in a magnetic field, the contact is closed. When the magnetic field
1s removed, the contact is forced open by its spring. The reed switch is ideal for
moist and marine environments where it can be submerged in fuel or water. They
are also widely used in dirty and dusty atmospheres since they are tightly sealed.

Optoisolator

In some applications, we use an optoisolator (also called optocoupler) to
isolate two parts of a system. An example is driving a motor. Motors can produce
what is called back EMF, a high-voltage spike produced by a sudden change of

120VAC
)
8051 T 162341
L 1
% { Zero gz £ ‘E
v voltage ]

AV circuit Fan

P1.0 4 2

Figure 3. 8051 Connection to a Solid-State Relay
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Figure 4. Reed Switch and Magnet Combination

current as indicated in the V = Ldi/dt formula. In situations such as printed
circuit board design, we can reduce the effect of this unwanted voltage spike
(called ground bounce) by using decoupling capacitors. In systems that have
inductors (coil winding), such as motors, decoupling capacitor or a diode will
not do the job. In such cases we use optoisolators. An optoisolator has an
LED (light-emitting diode) transmitter and a photosensor receiver, separated
from each other by a gap. When current flows through the diode, it transmits a
signal light across the gap and the receiver produces the same signal with the
same phase but a different current and amplitude. See Figure 5. Optoisolators

IL74 ILD74 1ILQ74
optoisolator optoisolator optoisolator

v B B
IC T T B

Y R
-t

S
(5]

[« |
—
=

UIIJB

| =~
|en

[

Figure 5. Optoisolator Package Examples
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Figure 6. Controlling a Lamp via Optoisolator

are also widely used in communication equipment such as modems. This allows a
computer to be connected to a telephone line without risk of damage from power
surges. The gap between the transmitter and receiver of optoisolators prevents
the electrical current surge from reaching the system.

Interfacing an optoisolator

The optoisolator comes in a small IC package with four or more pins.
There are also packages that contain more than one optoisolator. When placing
an optoisolator between two circuits, we must use two separate voltage sources,
one for each side, as shown in Figure 6. Unlike relays, no drivers need to be
placed between the microcontroller/digital output and the optoisolators.

REVIEW QUESTIONS

1. Give one application where would you use a relay.

2. Why do we place a driver between the microcontroller and the relay?
3. What is an NC relay?

4. Why are relays that use coils called electromechanical relays?

5. What is the advantage of a solid-state relay over EMR?

6. What is the advantage of an optoisolator over an EM relay?

2: STEPPER MOTOR INTERFACING

This section begins with an overview of the basic operation of step-
per motors. Then we describe how to interface a stepper motor to the 8051.
Finally, we use Assembly language programs to demonstrate control of the
angle and direction of stepper motor rotation.

RELAY, OPTOISOLATOR, AND STEPPER MOTOR
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Stepper motors A
A stepper motor is a widely d
used device that translates electri- <\>
cal pulses into mechanical movement. ¢/ ?)
In applications such as disk drives,
dot matrix printers, and robotics, the
stepper motor is used for position con- AL N A
trol. Stepper motors commonly have C / ? O Z/ / D
a permanent magnet rotor (also called b 5 b
the shaft) surrounded by a stator (see
Figure 7). There are also steppers called Ci J
variable reluctance stepper motors that <\>
do not have a PM rotor. The most com- X
mon stepper motors have four stator B
windings that are paired with a center-
tapped common as shown in Figure 8.
This type of stepper motor is commonly A
referred to as a four-phase or unipolar
stepper motor. The center tap allows a (\
change of current direction in each of C\D
two coils when a winding is grounded, N P Average
thereby resulting in a polarity change north
of the stator. Notice that while a con- AN AN
ventional motor shaft runs freely, the C / n Z/ / D
stepper motor shaft moves in a fixed VAW VAW
repeatable increment, which allows one
to move it to a precise position. This Average ds
repeatable fixed movement is possible south b
as a result of basic magnetic theory \>
where poles of the same polarity repel
and opposite poles attract. The direc- B

tion of the rotation is dictated by the
stator poles. The stator poles are deter-
mined by the current sent through the
wire coils. As the direction of the current is
changed, the polarity is also changed causing
the reverse motion of the rotor. The stepper
motor discussed here has a total of six leads:
four leads representing the four stator wind-
ings and two commons for the center-tapped
leads. As the sequence of power is applied
to each stator winding, the rotor will rotate.
There are several widely used sequences
where each has a different degree of precision.
Table 3 shows a two-phase, four-step stepping
sequence.

Figure 7. Rotor Alignment

Figure 8. Stator Windings Configuration
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Table 3. Normal Four-Step Sequence

Clockwise Step # Winding A

Winding B Winding C Winding D Counter

) ) 0 0 ) clockwise
2 1 1 0 0
3 0 1 1 0
4 0 0 1 1

Table 4. Stepper Motor Step Angles

It must be noted that although we can start with any of the sequences
in Table 3, once we start we must continue in the proper order. For example,
if we start with step 3 (0110), we must continue in the sequence of steps 4, 1,

2, and so on.

Step Angle  Steps per Revolution
0.72 500
1.8 200
2.0 180
2.5 144
5.0 72
7.5 48
15 24

Step angle

How much movement is associated
with a single step? This depends on the inter-
nal construction of the motor, in particular
the number of teeth on the stator and the
rotor. The step angle is the minimum degree of
rotation associated with a single step. Various
motors have different step angles. Table 4
shows some step angles for various motors.
In Table 4, notice the term steps per revolu-
tion. This is the total number of steps needed
to rotate one complete rotation or 360 degrees
(e.g., 180 steps x 2 degrees = 360).

It must be noted that perhaps contrary to one’s initial impression, a
stepper motor does not need more terminal leads for the stator to achieve
smaller steps. All the stepper motors discussed in this section have four leads
for the stator winding and two COM wires for the center tap. Although some
manufacturers set aside only one lead for the common signal instead of two,
they always have four leads for the stators. Next, we discuss some associated
terminology in order to understand the stepper motor further.

Steps per second and rpm relation

The relation between rpm (revolutions per minute), steps per revolu-
tion, and steps per second is as follows.

Steps per second =

rpm x steps per revolution

60

RELAY, OPTOISOLATOR, AND STEPPER MOTOR
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The four-step sequence and number of teeth on rotor

The switching sequence shown earlier in Table 3 is called the four-
step switching sequence since after four steps the same two windings will be
“ON.” How much movement is associated with these four steps? After com-
pleting every four steps, the rotor moves only one tooth pitch. Therefore, in
a stepper motor with 200 steps per revolution, the rotor has 50 teeth since 4
x50 = 200 steps are needed to complete one revolution (see Example 1). This
leads to the conclusion that the minimum step angle is always a function of the

Example 1

Describe the 8051 connection to the stepper motor of Figure 9 and code a program

to rotate it continuously.

Solution:

The following steps show the 8051 connection to the stepper motor and its pro-

gramming.

1. Use an ohmmeter to measure the resistance of the leads. This should identify
which COM leads are connected to which winding leads.

2. The common wire(s) are connected to the positive side of the motor’s power
supply. In many motors, +5 V is sufficient.

3. The four leads of the stator winding are controlled by four bits of the 8051 port
(P1.0-P1.3). However, since the 8051 lacks sufficient current to drive the step-
per motor windings, we must use a driver such as the ULN2003 to energize the
stator. Instead of the ULN2003, we could have used transistors as drivers, as
shown in Figure 9. However, notice that if transistors are used as drivers, we
must also use diodes to take care of inductive current generated when the coil
1s turned off. One reason that using the ULN2003 is preferable to the use of
transistors as drivers is that the ULN2003 has an internal diode to take care of
back EMF.

MOV A, #66H ;load step sequence

BACK: MOV P1,A ;issue sequence to motor

RR A ;rotate right clockwise
ACALL DELAY ;wait
SJMP BACK ;keep going
DELAY
MOV R2,#100
H1: MOV R3, #255
H2: DJINZ R3,H2
DJIJNZ R2,H1
RET

Change the value of DELAY to set the speed of rotation.

We can use the single-bit instructions SETB and CLR instead of RR A to create
the sequences.
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Figure 9. 8051 Connection to Stepper Motor

number of teeth on the rotor. In other words, the smaller the step angle, the
more teeth the rotor passes. See Example 2.

From Example 2, one might wonder what happens if we want to move 45
degrees, since the steps are 2 degrees each. To allow for finer resolutions, all step-
per motors allow what is called an eight-step switching sequence. The eight-step
sequence is also called half-stepping, since in the eight-step sequence each step is
half of the normal step angle. For example, a motor with a two-degree step angle
can be used as a one-degree step angle if the sequence of Table 5 is applied.

Motor speed

The motor speed, measured in steps per second (steps/s), is a function
of the switching rate. Notice in Example 1 that by changing the length of the
time delay loop, we can achieve various rotation speeds.

Example 2

Give the number of times the four-step sequence in Table 3 must be applied to a
stepper motor to make an 80-degree move if the motor has a two-degree step angle.

Solution:

A motor with a two-degree step angle has the following characteristics:

Step angle: 2 degrees  Steps per revolution: 180
Number of rotor teeth: 45 Movement per four-step sequence: 8 degrees

To move the rotor 80 degrees, we need to send 10 consecutive four-step sequences,

since 10 x 4 steps x 2 degrees = 80 degrees.

RELAY, OPTOISOLATOR, AND STEPPER MOTOR
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Table 5. Half-Step eight-Step Sequence

Clockwise Step# Winding A Winding B  Winding C  Winding D Counter

clockwise

ool IEN N o)W U, T N SN UV J I N2 e
=l Jeo )l el el Rl i Bl B
(el Heo )l Baull B Ll Rl E==) )
(el el Bl Bl Kool Bevll Renl New)
Bl Re=ll Rl Neo )l Bl Ral B

Holding torque

The following is a definition of holding torque: “With the motor shaft
at standstill or zero rpm condition, the amount of torque, from an external
source, required to break away the shaft from its holding position. This is
measured with rated voltage and current applied to the motor.” The unit of
torque is ounce-inch (or kg-cm).

Wave drive four-step sequence

In addition to the eight-step and the four-step sequences discussed
earlier, there is another sequence called the wave drive four-step sequence. It
is shown in Table 6. Notice that the eight-step sequence of Table 5 is simply
the combination of the wave drive four-step and normal four-step sequences
shown in Tables 6 and 3, respectively. Experimenting with the wave drive four-
step is left to the reader.

Unipolar versus bipolar stepper motor interface

There are three common types of stepper motor interfacing: universal,
unipolar, and bipolar. They can be identified by the number of connections
to the motor. A universal stepper motor has eight, while the unipolar has six
and the bipolar has four. The universal stepper motor can be configured for all
three modes, while the unipolar can be either unipolar or bipolar. Obviously

Table 6. Wave Drive Four-Step Sequence

Clockwise Step # Winding A Winding B Winding C Winding D Counter
0 0 0 clockwise

(e} Neoll Nl B

1
2 1 0 0
3 0 1 0
4 0 0 1
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Table 7. Selected Stepper Motor Characteristics

Part No. Step Angle Drive System Volts Phase Resistance Current

151861CP 7.5 unipolar 5V  9ohms 550 mA
171601CP 3.6 unipolar 7V 20 ohms 350 mA
164056CP 7.5 bipolar 5V 6mA 800 mA

Source: www.Jameco.com

_2
i

B R

(a) (b) (©)

Figure 10. Common Stepper Motor Types: (a) Universal; (b) Unipolar; (c) Bipolar

the bipolar cannot be configured for universal nor unipolar mode. Table 7
shows selected stepper motor characteristics. Figure 10 shows the basic inter-
nal connections of all three type of configurations.

Unipolar stepper motors can be controlled using the basic interfacing
shown in Figure 11, whereas the bipolar stepper requires H-Bridge circuitry.
Bipolar stepper motors require a higher operational current than the unipolar;
the advantage of this is a higher holding torque.

Using transistors as drivers

Figure 11 shows an interface to a unipolar stepper motor using transis-
tors. Diodes are used to reduce the back EMF spike created when the coils are
energized and de-energized, similar to the electromechanical relays discussed
earlier. TIP transistors can be used to supply higher current to the motor.
Table 8 shows the common industrial Darlington transistors. These transistors
can accommodate higher voltages and currents.

Controlling stepper motor via optoisolator

In the first section of this chapter, we examined the optoisolator and its
use. Optoisolators are widely used to isolate the stepper motor’s EMF voltage
and keep it from damaging the digital/microcontroller system. This is shown in
Figure 12. See also Example 3.
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Figure 11. Using Transistors for Stepper Motor Driver
Table 8. Darlington Transistor Listing
NPN PNP Vceo (volts) Ic (amps) hfe (common)
TIP110 TIP115 60 2 1000
TIP111 TIP116 80 2 1000
TIP112 TIP117 100 2 1000
TIP120 TIP125 60 5 1000
TIP121 TIP126 80 5 1000
TIP122 TIP127 100 S 1000
TIP140 TIP145 60 10 1000
TIP141 TIP146 80 10 1000
TIP142 TIP147 100 10 1000
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Figure 12. Controlling Stepper Motor via Optoisolator

Example 3

A switch is connected to pin P2.7. Write a program to monitor the status of sw and
perform the following:

(a) If sw = 0, the stepper motor moves clockwise.

(b) If sw = 1, the stepper motor moves counterclockwise.

Solution:
ORG 0H ;starting address
MAIN: SETB P2.7 ;make an input

MOV A, #66H
MOV P1, A

;starting phase value
;send value to port

TURN :
JNB P2.7, CW ;check switch result
RR A ;rotate right
ACALL DELAY ;jcall delay
MOV P1,A ;write value to port
SJIMP TURN ;repeat

CW: RL A ;rotate left
ACALL DELAY ;call delay
MOV P1,A ;write value to port
SJMP TURN ;jrepeat

DELAY :
MOV R2, #100

H1: MOV R3, #255

H2: DJNZ R3, H2
DJNZ R2,H1
RET
END
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Stepper motor control with 8051 C

The 8051 C version of the stepper motor control is given below (see
Example 4).

#include <reg51.h>

void main()

{

while (1)
{
Pl = 0x66;
MSDelay (100) ;
P1 = 0xCC;
MSDelay (100) ;
P1 = 0x99;
MSDelay (100) ;
P1 = 0x33;

MSDelay (100) ;

Example 4

A switch is connected to pin P2.7. Write a C program to monitor the status of sw
and perform the following:

(a) If sw = 0, the stepper motor moves clockwise.

(b) If sw = 1, the stepper motor moves counterclockwise.

Solution:

#include <reg.h>
sbit SW=P2"7;

void main ()

SW = 1;
while (1)
{ if (SW == 0)
{
Pl = 0X66;
MSDelay (100) ;
P1 = 0xCC;
MSDelay (100) ;
P1 = 0x99;
MSDelay (100) ;
P1 = 0x33;
MSDelay (100) ;
elge

Pl = 0x66;
MSDelay (100) ;
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Example 4 (Continued)

}

void MSDelay (unsigned int value)

{

Pl = 0x33;
MSDelay (100) ;
P1 = 0x99;
MSDelay (100) ;
P1 = 0xCC;
MSDelay (100) ;

unsigned int x, vy;
for(x=0;x<1275;x++)
for (y=0;y<value;y++) ;

REVIEW QUESTIONS

1. Give the four-step sequence of a stepper motor if we start with 0110.
2. A stepper motor with a step angle of 5 degrees has steps per revolution.
3. Why do we put a driver between the microcontroller and the stepper motor?

SUMMARY

This chapter continued showing how to interface the 8051 with real-
world devices. Devices covered in this chapter were the relay, optoisolator,
and stepper motor.

First, the basic operation of relays and optoisolators was defined, along
with key terms used in describing and controlling their operations. Then the
8051 was interfaced with a stepper motor. The stepper motor was then con-
trolled via an optoisolator using 8051 Assembly and C programming languages.

PROBLEMS

1: RELAYS AND OPTOISOLATORS

1. True or false. The minimum voltage needed to energize a relay is the same
for all relays.

2. True or false. The minimum current needed to energize a relay depends on

the coil resistance.

Give the advantages of a solid-state relay over an EM relay.

4. True or false. In relays, the energizing voltage is the same as the contact
voltage.

5. Find the current needed to energize a relay if the coil resistance is 1200 ohms
and the coil voltage is 5 V.

(O8]
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6. Give two applications for an optoisolator.

7 Give the advantages of an optoisolator over an EM relay.

8. Of the EM relay and solid-state relay, which has the problem of back EMF?

9. True or false. The greater the coil resistance, the worse the back EMF voltage.

10. True or false. We should use the same voltage sources for both the coil
voltage and contact voltage.

2: STEPPER MOTOR INTERFACING

11. If a motor takes 90 steps to make one complete revolution, what is the step
angle for this motor?

12. Calculate the number of steps per revolution for a step angle of 7.5 degrees.

13. Finish the normal four-step sequence clockwise if the first step is 0011
(binary).

14. Finish the normal four-step sequence clockwise if the first step is 1100
(binary).

15. Finish the normal four-step sequence counterclockwise if the first step is
1001 (binary).

16. Finish the normal four-step sequence counterclockwise if the first step is
0110 (binary).

17. What is the purpose of the ULN2003 placed between the 8051 and the
stepper motor? Can we use that for 3A motors?

18. Which of the following cannot be a sequence in the normal four-step
sequence for a stepper motor?
(a) CCH (b) DDH  (c) 99H (d) 33H

19. What is the effect of a time delay between issuing each step?

20. In Question 19, how can we make a stepper motor go faster?

ANSWERS TO REVIEW QUESTIONS

1: RELAYS AND OPTOISOLATORS

1. With a relay, we can use a 5 V digital system to control 12 V=120 V devices such as horns
and appliances.

2. Since microcontroller/digital outputs lack sufficient current to energize the relay, we need
a driver.

3. When the coil is not energized, the contact is closed.

4. When current flows through the coil, a magnetic field is created around the coil, which
causes the armature to be attracted to the coil.
5. Ttis faster and needs less current to get energized.

It is smaller and can be connected to the microcontroller directly without a driver.

2: STEPPER MOTOR INTERFACING

0110, 0011, 1001, 1100 for clockwise; and 0110, 1100, 1001, 0011 for counterclockwise
72
3. Because the microcontroller pins do not provide sufficient current to drive the stepper motor.

o =
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DS12887 RTC
INTERFACING AND
PROGRAMMING

OBJECTIVES

Upon completion of this chapter, you will be able to:

>>  Explain how the real-time clock (RTC) chip works.

>>  Explain the function of the DS12887 RTC pins.

>>  Explain the function of the DS12887 RTC registers.

>>  Understand the interfacing of the DS12887 RTC to the 8051.

>>  Code programs in Assembly and C to access the RTC registers.
>>  Code programs to display time and date in Assembly and C.

>>  Understand the interrupt and alarm features of the DS12887.

>>  Explore and program the alarm and interrupt features of the RTC.

From Chapter 16 of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice
Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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This chapter shows the interfacing and programming of the DS12C887
real-time clock (RTC) chip. In Section 1, we describe DS12887 RTC pin functions
and show its interfacing with the 8051. We also show how to program the DS12887
in Assembly language. The C programming of DS12887 is shown in Section 2.
The alarm and SQW features of the DS12287 are discussed in Section 3.

1: DS12887 RTC INTERFACING

The real-time clock (RTC) is a widely used device that provides accu-
rate time and date for many applications. Many systems such as the x86 IBM
PC come with such a chip on the motherboard. The RTC chip in the x86 PC
provides time components of hour, minute, and second, in addition to the
date/calendar components of year, month, and day. The RTC chip uses an
internal battery, which keeps the time and date even when the power is off.
Although some 8051 family members, such as the DS5000T, come with the
RTC already embedded into the chip, we have to interface the vast majority
of them to an external RTC chip. One of the most widely used RTC chips is
the DS12887 from Dallas Semiconductor/Maxim Corp. This chip is found in
the vast majority of x86 PCs. The original IBM PC/AT used the MC14618B
RTC from Motorola. The DS12887 is the replacement for that chip. It uses an
internal lithium battery to keep operating for over 10 years in the absence of
external power. According to the DS12887 data sheet from Maxim, it keeps
track of “seconds, minutes, hours, days, day of week, date, month, and year
with leap-year compensation valid up to year 2100.” The above information is
provided in both binary (hex) and BCD formats. The DS12887 supports both
12-hour and 24-hour clock modes with AM and PM

in the 12-hour mode. It also supports the Daylight
Savings Time option. The DS12887 uses CMOS tech-
nology to keep the power consumption low and it has N/
the designation DS12C887, where C is for CMOS. 1 MOT Vee 24
The DS12887 has a total of 128 bytes of nonvola- 02 NC SQW 23
tile RAM. It uses 14 bytes of RAM for clock/calen- 3 NC NC 22
dar and control registers, and the other 114 bytes of
4 ADO 21
RAM are for general-purpose data storage. In the Ne
x86 IBM PC, these 114 bytes of NV-RAM are used 1> ADI Ne20
for the CMOS configuration, where the system setups O 6 AD2 IRQ 19
are kept before the operating system takes over. Next, 17 AD3 RESET 18
we describe the pins of the DS12887. See Figure 1. s apa DS 17
9 ADS NC 16
vcc —_
O 10 AD6 R/W 15
Pin 24 provides external supply voltage to
the chip. The external voltage source is +5 V. When o i A_S 14
V. falls below the 3V level, the external source is 4 12 GND CS 13
switched off and the internal lithium battery provides

Ui oo

power to the RTC. This nonvolatile capability of the
Figure 1. DS12887 RTC Chip
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RTC prevents any loss of data. According to the DS12887 data sheet, “the RTC
function continues to operate, and all of the RAM, time, calendar, and alarm mem-
ory locations remain non-volatile regardless of the level of the V_ input.” However,
in order to access the registers via a program, the V. must be supplied externally.
In other words, when external V _ is applied, the device is fully accessible and data
can be written and read. When V__ falls below 4.25'V, the read and write to the chip
are prevented, but the timekeeping and RAM contents are unaffected, since they
are nonvolatile. It must also be noted that “when V _ is applied to the DS12887 and
reaches a level of greater than 4.25V, the device becomes accessible after 200ms.”

8051
DS12887
P0.0 ADO RST
MOT
P07 AD7 CsS
AS DS RW
ALE —
RD
WR

Er_c

Figure 2. DS12887 Connection to 8051

GND
Pin 12 is the ground.

ADO-AD7

The multiplexed address/data pins
provide both addresses and data to the chip.
Addresses are latched into the DS12887 on the
falling edge of the AS (ALE) signal. A simple
way of connecting the DS12887 to the 8051 is
shown in Figure 2. Notice that ADO-AD7 of
the DS12887 are connected directly to PO of
the 8051 and there is no need for any 74xx373
latches, since the DS12887 provides the latch
internally. To access the DS12887 in Figure
2, we use the MOVX instruction since it is

mapped as external memory. We will discuss this shortly.

AS (ALE)

AS (address strobe) is an input pin. On the falling edge, it will cause the
addresses to be latched into the DS12887. The AS pin is used for demultiplexing
the address and data and is connected to the ALE pin of the 8051 chip.

MOT

This is an input pin that allows the choice between the Motorola and
Intel microcontroller bus timings. The MOT pin is connected to GND for the
Intel timing. That means when we connect DS12887 to the 8051, MOT = GND.

DS

Data strobe or read is an input. When MOT = GND for Intel timing, the
DS pin is called the RD (read) signal and is connected to the RD pin of the 8051.

R/W

Read/Write is an input pin. When MOT = GND for the Intel timing, the
R/W pin is called the WR (write) signal and is connected to the WR pin of the 8051.

DS12887 RTC INTERFACING AND PROGRAMMING
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CS

Chip select is an input pin and an active-low signal. During the read (RD)
and write (WR) cycle time of Intel timing, the CS must be low in order to access the
chip. It must be noted that the CS works only when the external V  is connected. In
other words, “when V__falls below 4.25V, the chip-select input is internally forced to
an inactive level regardless of the value of CS at the input pin.” This is called the write-
protected state. When the DS12887 is in write-protected state, all inputs are ignored.

IRQ

Interrupt request is an output pin and an active-low signal. To use IRQ,
the interrupt-enable bits in register B must be set high. The interrupt feature of
the DS12287 is discussed in Section 3.

sQw

Square wave is an output pin. We can program the DS12887 to provide
up to 15 different square waves. The frequency of the square wave is set by
programming register A and is discussed in Section 3.

RESET

Pin 18 is the reset pin. It is an input and is active low (normally high).
In most applications the reset pin is connected to the V__ pin. In applications
where this pin is used, it has no effect on the clock, calendar, or RAM if it is
forced low. The low on this pin will cause the reset of the IRQ and clearing of
the SQW pin, as we will see in Section 3.

Address map of the DS12887

The DS12887 has a total of 128 bytes of RAM space with addresses
00-7FH. The first 10 locations, 00-09, are set aside for RTC values of time, cal-
endar, and alarm data. The next four bytes are used for the control and status
registers. They are registers A, B, C, and D and are located at addresses 1013
(OA—OD in hex). Notice that their hex addresses match their names. The next
114 bytes from addresses 0OEH to 7FH are available for data storage. The entire
128 bytes of RAM are accessible directly for read or write except the following:

1. Registers C and D are read-only.
2. D7 bit of register A is read-only.
3. The high-order bit of the seconds byte is read-only.

Figure 3 shows the address map of the DS12887.

Time, calendar, and alarm address locations and modes

The byte addresses 0-9 are set aside for the time, calendar, and alarm
data. Table 1 shows their address locations and modes. Notice the data is
available in both binary (hex) and BCD formats.
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0 00 0 Seconds
1 Seconds Alarm
2 Minutes
13 oD 3 Minutes Alarm §
1 O 4 Hours %
5 Hours Alarm A
6 Day of the Week %
7 Day of the Month 5
8 Month >
9 Year §
10 Register A 2
11 Register B
12 Register C
127 7F 13 Register D

Figure 3. DS12887 Address Map
Turning on the oscillator for the first time

The DS12887 is shipped with the internal oscillator turned off in order
to save the lithium battery. We need to turn on the oscillator before we use the
timekeeping features of the DS12887. To do that, bits D6-D4 of register A
must be set to value 010. See Figure 4 for details of register A.

The following code shows how to access the DS12887’s register A and
is written for the connection in Figure 2. In Figure 2, the DS12887 is using the
external memory space of the 8051 and is mapped to address space of 00—7FH
since CS = 0. For the programs in this chapter, we use instruction “MOVX A, @
RO” since the address is only 8-bit. In the case of a 16-bit address, we must use

Table 1. DS12887 Address Location for Time, Calendar, and Alarm

Address Decimal Data Mode Range

Location  Function Range Binary (hex) BCD

0 Seconds 0-59 00-3B 00-59

1 Seconds Alarm 0-59 00-3B 00-59

2 Minutes 0-59 00-3B 00-59

3 Minutes Alarm 0-59 00-3B 00-59

4 Hours, 12-Hour Mode 1-12 01-0C AM 01-12 AM
Hours, 12-Hour Mode 1-12 81-8C PM 81-92 PM
Hours, 24-Hour Mode 0-23 0-17 0-23

5 Hours Alarm, 12-Hour 1-12 01-0C AM 01-12 AM
Hours Alarm, 12-Hour 1-12 81-8C PM 81-92 PM
Hours Alarm, 24-Hour 0-23 0-17 0-23

6 Day of the Week, Sun = 1 1-7 01-07 01-07

7 Day of the Month 1-31 01-1F 01-31

8 Month 1-12 01-0C 01-12

9 Year 0-99 00-63 00-99
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UIP DV2 DVI DVO0 RS3 RS2 RS1 RSO

UIP  Update in progress. This is a read-only bit.

DV2 DVl DV0
0 1 0 will turn the oscillator on

RS3 RS2 RS1 RSO
Provides 14 different frequencies at the SQW pin. See Section 3 and the
DS12887 data sheet.

Figure 4. Register A Bits for Turning on the DS12887’s Oscillator

“MOVX A,@DPTR”. Examine the following code to see how to access the

DS12887 of Figure 2.
ACALL DELAY 200ms ;RTC NEEDS 200ms AFTER POWER-UP
MOV RO, #10 ;RO=0AH,Reg A address
MOV A, #20H ;010 in D6-D4 to turn on osc.
MOVX @RO,A ;send it to Reg A of DS12887

Setting the time

When we initialize the time or date, we need to set D7 of register B to
1. This will prevent any update at the middle of the initialization. After set-
ting the time and date, we need to make D7 = 0 to make sure that the clock
and time are updated. The update occurs once per second. The following code
initializes the clock at 16:58:55 using the BCD mode and 24-hour clock mode
with daylight savings time. See also Figure 5 for details of register B.

| SET | PIE [ AIE [ UIE [SQWE| DM | 24/12 [ DSE |

SET SET = 0: Clock is counting once per second and time and dates are updated.
SET = 1: Update is inhibited (during the initialization we must make SET = 1)

PIE  Periodic interrupt enable. See Section 3.

AIE  Alarm interrupt enable. The AIE = 1 will allow the IRQ to be asserted, when
all three bytes of time (yy:mm:dd) are the same as the alarm bytes. See
Section 3.

UIE  See the DS12887 data sheet

SQWE Square wave enable: See Section 3

DM  Data mode. DM = 0: BCD data format and DM = 1: Binary (hex) data format

24/12 1 for 24-hour mode and 0 for 12-hour mode

DSE Daylight saving enable. If 1, enables the daylight saving the first Sunday in
April and the last Sunday of October).

Figure 5. Some Major Bits of Register B
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jom-—- - WAIT 200msec FOR RTC TO BE READY AFTER POWER-UP
ACALL DELAY 200ms
jom - TURNING ON THE RTC

MOV RO, #10 ;RO0=0AH,Reg A address
MOV A, #20H ;010 in D6-D4 to turn on osc.
MOVX @RO,A ;send it to Reg A of DS12887
fmmmmmm = = Setting the Time mode
MOV RO, #11 ;Reg B address
MOV  A,#83H ;BCD,24hrs,Daylight saving,D7=1 No update
MOVX @RO,A ;send it to Reg B
jm--------- Setting the Time
MOV RO, #0 ;point to seconds address
MOV A, #55H ;seconds= 55H (BCD numbers need H)
MOVX @RO,A ;set seconds
MOV RO, #02 ;point to minutes address
MOV A, #58H ;minutes= 58
MOVX @RO,A ;set minutes
MOV RO, #04 ;point to hours address
MOV A, #16H ;hours=16
MOVX @RO,A ;set hours
MOV RO, #11 ;Reg B address
MOV A, #03 ;D7=0 of reg B to allow update
MOVX @RO,A ;send it to reg B

Setting the date

The following program shows how to set the date to October 19, 2004.
Notice that when we initialize time or date, we need to set D7 of register B to 1.

jom - TURNING ON THE RTC

MOV RO, #10 ;RO=0AH,Reg A address
MOV A, #20H ;010 in D6-D4 to turn on osc
MOVX @RO,A ;send it to Reg A of DS12887
R T Setting the Time mode
MOV RO, #11 ;Reg B address
MOV A, #83H ;BCD,24 hrs, daylight saving
MOVX @RO,A ;send it to Reg B
o - Setting the DATE
MOV RO, #07 ;load pointer for DAY OF MONTH
MOV A, #19H ; DAY=19H (BCD numbers need H)
MOVX @RO,A ;set DAY OF MONTH
ACALL DELAY ;
MOV RO, #08 ;point to MONTH
MOV A, #10H ; 10=0CTOBER.
MOVX @RO,A ;set MONTH
ACALL DELAY ;
MOV RO, #09 ;point to YEAR address
MOV A, #04 ;YEAR=04 FOR 2004
MOVX @RO,A ;set YEAR to 2004
ACALL DELAY
MOV RO, #11 ;Reg B address
MOV A, #03 ;D7=0 of reg B to allow update
MOVX @RO,A ;send it to reg B

DS12887 RTC INTERFACING AND PROGRAMMING
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RTCs setting, reading, displaying time and date

The following is a complete Assembly code for setting, reading, and
displaying the time and date. The times and dates are sent to the screen via the
serial port after they are converted from BCD to ASCII.

;----RTCTIME.ASM: SETTING TIME,READING AND DISPLAYING IT
ORG O
ACALL DELAY 200ms ;RTC needs 200ms upon power-up
; SERIAL PORT SET-UP
MOV TMOD, #20H
MOV SCON, #50H
MOV TH1,#-3 ;9600
SETB TR1
e TURNING ON THE RTC
MOV RO, #10 ;RO=0AH,Reg A address
MOV A, #20H ;010 in D6-D4 to turn on osc.
MOVX @RO,A ;send it to Reg A of DS12887
e T T Setting the Time mode
MOV RO, #11 ;Reg B address
MOV A, #83H ;BCD, 24 hrs, daylight saving
MOVX @RO,A ;send it to Reg B
o Setting the DATE
MOV RO, #07 ;load pointer for DAY OF MONTH
MOV A, #24H ; DAY=24H (BCD numbers need H)

MOVX @RO,A
ACALL DELAY
MOV RO, #08
MOV A, #10H
MOVX @RO,A
ACALL DELAY
MOV RO, #09
MOV A, #04
MOVX @RO,A
ACALL DELAY
MOV RO, #11
MOV A, #03
MOVX @RO,A

;set DAY OF MONTH
;point to MONTH

; 10=0OCTOBER.

;set MONTH

;point to YEAR address
;YEAR=04 FOR 2004

;set YEAR to 2004

;Reg B address
;D7=0 of reg B to allow update
;send it to reg B

READ Time (HH:MM:SS), CONVERT IT AND DISPLAY IT

MOV A, #20H

;ASCII for SPACE

ACALL SERIAL
MOV RO, #4
MOVX A,@RO
ACALL DISPLAY
MOV A, #20H
ACALL SERIAL
MOV RO, #2
MOVX A,@RO
ACALL DISPLAY
MOV A, #20H
ACALL SERIAL

;point to HR loc
;read hours

;send out SPACE

;point to minute loc
;read minute

;send out SPACE
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MOV RO, #0
MOVX A,@RO
ACALL DISPLAY
MOV A, #0AH
ACALL SERIAL
MOV A, #0DH
ACALL SERIAL
SJMP OV1
e SMALL DELAY

DELAY
MOV  R7,#250
D1: DJNz R7,D1
RET
jom - CONVERT BCD
DISPLAY:
MOV  B,A
SWAP A
ANL A, #0FH
ORL A, #30H
ACALL SERIAL
MOV A,B
ANL A, #0FH
ORL A, #30H
ACALL SERIAL
RET
SERIAL:
MOV  SBUF,A
S1l: JNB TI,S1
CLR TI
RET
END

The following shows how to read and display the date. You can replace

;point to seconds loc
;read seconds

;send out CR
;send LF

;read and display forever

TO ASCII AND SEND IT TO SCREEN

the time display portion of the above program with the program below.

jomm—---- READ DATE(YYYY:MM:MM), CONVERT IT AND DSIPLAY IT

ov2: MOV A, #20H
ACALL SERIAL
MOV A, #’'2’
ACALL SERIAL
MOV  A,#'0’
ACALL SERIAL
MOV RO, #09
MOVX A,@RO
ACALL DISPLAY
MOV A, #':’
ACALL SERIAL
MOV RO, #08
MOVX A,@RO

;ASCITI SPACE

;SEND OUT 2 (for 20)

;SEND OUT 0 (for 20)

;point to year loc
;read year

;SEND OUT for yyyy:mm

;point to month loc
;read month
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ACALL DISPLAY
ACALL DELAY

MOV A H#7: ;SEND OUT : for mm:dd
ACALL SERIAL

MOV RO, #07 ;point to DAY loc
MOVX A, @RO ;read day

ACALL DISPLAY

ACALL DELAY

MOV A, #’ ;send out SPACE
ACALL SERIAL

ACALL DELAY

MOV A,#’ ;send out SPACE
ACALL SERIAL

ACALL DELAY

MOV A, #0AH ;send out LF
ACALL SERIAL
MOV A, #0DH ;send CR

ACALL SERIAL
ACALL DELAY
LJIMP OV2 ;display date forever

REVIEW QUESTIONS

1.

True or false. All of the RAM contents of the DS12887 are nonvolatile.

2. How many bytes of RAM in the DS12887 are set aside for the clock and

date?

How many bytes of RAM in the DS12887 are set aside for general-purpose
applications?

True or false. The NV-RAM contents of the DS12887 can last up to 10
years without an external power source.

Which pin of the DS12887 is the same as the ALE pin in the 80517

True or false. When the DS12887 is shipped, its oscillator is turned on.

: DS12887 RTC PROGRAMMING IN C

In this section, we program the DS12887 in 8051 C language. Before

you embark on this section, make sure that the basic concepts of the DS12887
chip covered in the first section are understood.

Turning on the oscillator, setting the time and date in C

In the previous section, we discussed the details of the DS12887. Here,

we provide the C version of the programs given in the previous section. To
access the DS12887 in Figure 2, we use the 8051 C command XBYTE[addr],
where addr points to the external address location. Notice that XBYTE is
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part of the absacc.h library file. The following C program shows how to turn on
the oscillator, and set the time and date for the configuration in Figure 2.

//RTC Time&Date initialization in C
#include <reg51.h>

#include <absacc.h>

void main (void)

{

Delay (200) //RTC needs 200 ms upon power-up
XBYTE[10]=0x20; //turn on osc.

XBYTE[11]=0x83; //BCD, 24 hrs, daylight savings
XBYTE [0] =0x55; //SECOND=55h for BCD

XBYTE[2] =0x58; //MINUTE=58h for BCD

XBYTE[4] =0x16; //HOUR=16H for BCD
XBYTE[7]1=0x19; //day=19h

XBYTE [8] =0x10; //month=10h for October

XBYTE [9] =0x04 ; //year=04

XBYTE[11]=0x03; //allow update

Reading and displaying the time and date in C

The following C program shows how to read the time, convert it to

ASCII, and send it to the PC screen via the serial port.

//Displaying Time and Date in C
#include <reg51.h>

#include <absacc.h>

void bcdconv (unsigned x) ;

void serial (unsigned Xx) ;

void main (void)

{

unsigned char hr,min, sec;

TMOD=0x20;
TH1=0xFD; //9600 baud rate
SCON=0x50;
TR1=1;
while (1) //display time forever
{
hr=XBYTE [4] ; //get hour
bedconv (hr) ; //convert and display
serial(‘:"); //send out : to separate
min=XBYTE [2] ; //get minute
becdconv (min) ; //convert and display
serial(‘:"); //send out : to separate
sec=XBYTE [0] ; //get second
bcdconv (sec) ; //convert and display
serial (0x0D) ; //send out CR
serial (0xO0A) ; //send out Line feed

}
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// convert BCD to ASCII and send it to serial
void becdconv (unsigned mybyte) //see Chapter 7
{
unsigned char x,y,z;
x=mybyte&0x0F;
x=x|0x30;
y=mybyte&0xFO0;
y=y>>4;
y=y|0x30;
serial (y) ;
serial (x);
}
//send out one char serially
void serial (unsigned x)
{
SBUF=x;
while (TI==0) ;
TI=0;

}

The following shows how to read and display the date in 8051 C. You
can replace the time display portion of the above program with the code below.

jo-——-—-- READ DATE (YYYY:MM:MM), CONVERT AND DISPLAY

while (1) //display date forever
{
serial('2’); //send out 2 for 20xx
serial ('0’); //send out 0 for 20xx
yr=XBYTE [9] ; //get vyear
bedconv (yr) ; //convert and display
serial(‘:’); //send out to separate
month=XBYTE[8]; //get month
becdconv (month) ; //convert and display
serial(‘:’); //send out to separate
day=XBYTE[7] ; //get day
becdconv (sec) ; //convert and display
serial (0x0D) ; //send out CR
serial (0x0A) ; //send out line feed
}

REVIEW QUESTIONS

1. True or false. The time and date are not updated during the initialization

of RTC.

2. What address range is used for the time and date?

3. Give the address of the first RAM location belonging to general-purpose

applications.

4. Give the C statement to set the month to October.
5. Give the C statement to set the year to 2009.
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3: ALARM, SQW, AND IRQ FEATURES
OF THE DS12887 CHIP

In this section, we program the SQW, alarm, and interrupt features of
the DS12887 chip using Assembly language. These powerful features of the
DS12887 can be very useful in many real-world applications.

Programming the SQW feature

The SQW pin provides us a square wave output of various frequencies.
The frequency is chosen by bits RSO-RS3 of register A, as shown in Figure 6. In
addition to choosing the proper frequency, we must also enable the SQW bit in
register B of the DS12887 (see Figures 7 and 8). This is shown below.

MOV RO, #10 ;RO = OAH,reg A address
MOV A, #2EH ;turn on osc., 1110=RS4-RS0 4Hz SQW
MOVX @RO,A ;send it to Reg A of DS12887
MOV RO, #11 ;RO = OBH, Reg B address
MOVX A, @RO ;get reg B of DS12887 to ACC
ACALL DELAY ;need delay for fast 8051
SETB ACC.3 ;let 4Hz come out
MOVX @RO,A ;send it back to reg B
UIP DV2 DV1 DVO RS3 RS2 RS1 RSO

UIP  Update in progress. This is a read-only bit.

DV2 DVl DV0

0 1 0 will turn the oscillator on

RS3 RS2 RS1 RSO SQW Output Frequency

0 0 0 0 None

0 0 0 1 256 Hz

0 0 1 0 128 Hz

0 0 1 1 8.192 kHz

0 1 0 0 4.096 kHz

0 1 0 1 2.048 kHz

0 1 1 0 1.024 kHz

0 1 1 1 512 Hz

1 0 0 0 256 Hz (repeat)

1 0 0 1 128 Hz (repeat)

1 0 1 0 64 Hz

1 0 1 1 32 Hz

1 1 0 0 16 Hz

1 1 0 1 8 Hz

1 1 1 0 4 Hz

1 1 1 1 2 Hz

Figure 6. Register A Bits for Frequencies Generated at the SQW Output Pin
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SET | PIE | AIE [ UIE [SQWE| DM | 24/12 [ DSE |

SET SET = 0: Clock is counting once per second, and time and dates are updated.
SET = 1: Update is inhibited (during the initialization we must make SET = 1).

PIE  Periodic interrupt enable. If PIE = 1, upon generation of the periodic-interrupt,
the IRQ pin of the DS12887 is asserted low. Therefore, IRQ becomes a hardware
version of the PI bit in register C if we do not want to poll the PI bit. The rate of
the periodic-interrupt is dictated by RSO-RS3 of register A. Remember that PIE
allows the generation of a hardware interrupt version of bit PI in register C and
has no effect on the periodic-interrupt generation. In other words, the PIE will
simply direct the PI bit of register C into the IRQ output pin.

AIE  Alarm interrupt enable. If AIE = 1, the IRQ pin will be asserted low when
all three bytes of the real time (hh:mm:ss) are the same as the alarm bytes of
hh:mm:ss. Also, if AIE = 1, the cases of once-per-second, once-per-minute, and
once-per-hour will assert low the IRQ pin. Remember that AIE allows the gen-
eration of the hardware interrupt version of the Al bit in register C and has no
effect on Al generation. In other words, the AIE will simply direct the Al bit of
register C into the IRQ output pin.

UIE  See the DS12887 data sheet.

SQWE Square wave enable: If SQWE = 1, the square wave frequency generated by
the RSO-RS3 options of register A will show up on the SQW output pin of the
DS12877 chip.

DM  Data mode. DM = 0: BCD data format and DM = 1:binary (hex) data format

24/12 1 for 24-hour mode and 0 for 12-hour mode

DSE Daylight saving enable

Figure 7. PIE, AIE, and SQWE Bits of Register B

+5V
8051 DS12887 |

ALE ———{ S Vee

— —

WR > R/W RESET

RD —»»| DS

P0(0..7) [ <—p> AD(0..7) SQW B
}— Buzzer
MOT
CS

GND

P1.7

Figure 8. Using SQW to Sound a Buzzer
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IRQ output pin and interrupt sources

Interrupt request (IRQ) is an output pin for the DS12887 RTC chip. Itisan
active-low signal. There are three possible sources that can activate the IRQ pin.
They are (a) alarm interrupt, (b) periodic pulse interrupt, and (¢) update interrupt.
We can choose which source to activate the IRQ pin using the interrupt-enable
bit in register B of the DS12887. In this section, we discuss the alarm and periodic
interrupts and refer readers to the DS12887 data sheet for the update interrupt.

The alarm and IRQ output pin

The alarm interrupt can be programmed to occur at rates of (a) once
per day, (b) once per hour, (¢) once per minute, and (d) once per second. Next,
we look at each of these.

Once-per-day alarm

Table 1 shows that address locations 1, 3, and 5 belong to the alarm sec-
onds, alarm minutes, and alarm hours, respectively. To program the alarm for
once per day, we write the desired time for the alarm into the hour, minute, and
second RAM locations 1, 3, and 5. As the clock keeps the time, when all three
bytes of hour, minute, and second for the real-time clock match the values in
the alarm hour, minute, and second, the AF (alarm flag) bit in register C of the
DS12887 will go high. We can poll the AF bit in register C, which is a waste of
microcontroller resources, or allow the IRQ pin to be activated upon matching
the alarm time with the real time. It must be noted that in order to use the IRQ
pin of the DS12887 for an alarm, the interrupt-enable bit for alarm in register B
(AIE) must be set high. How to enable the AIE bit in register B is shown shortly.

Once-per-hour alarm

To program the alarm for once per hour, we write value 11xxxxx into
the alarm hour location of 5 only. Value 11xxxxx means any hex value of FCH
to FFH. Very often we use value FFH.

Once-per-minute alarm

To program the alarm for once per minute, we write value FFH into
both the alarm hour and alarm minute locations of 5 and 3.

Once-per-second alarm

To program the alarm for once per second, we write value FFH into all
three locations of alarm hour, alarm minute, and alarm second.

Using IRQ of DS12877 to activate the 8051 interrupt

We can connect the IRQ of the DS12887 to the external interrupt pin
of the 8051 (INTO). This allows us to perform a task once per day, once per
minute, and so on. The following program will (a) sound the buzzer connected
to SQW pin, and (b) will send the message “YES” to the serial port once per
minute at exactly 8 seconds past the minute. The buzzer will stay on for 7 sec-
onds before it is turned off. See Figure 9.
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jomm---- SEND HELLO TO SCREEN 8 SEC PAST THE MINUTE
jo------ USING ALRAM IRQ

ORG O
LJMP MAIN ; SOME INITIALIZATION
ORG 03
LJMP ISR _EXO ;GO TO INTERRUPT SRVICE ROUTINE
ORG 100H
MAIN:
MOV IE,#81H ; INTO (EX0) IS ENABLED
SETB TCON.1 ;MAKE IT EDGE-TRIG

MOV  TMOD, #20H ; SERIAL PORT SET UP
MOV  SCON, #50H

MOV TH1,#-3 ;9600
SETB TR1
HE TURNING ON THE RTC
MOV RO, #10 ;RO=0AH, Reg A address
MOV A, #2DH ;010 in D6-D4 turn on osc.,SQW=8Hz
MOVX @RO,A ;send it to Reg A of DS12887
jommmmm e m—— = Setting the Time mode
MOV RO, #11 ;Reg B address
MOV A, #83H ;BCD, 24hrs, daylight saving
ACALL DELAY
MOVX @RO,A ;send it to Reg B

ACALL DELAY
fmmmmm - - Setting the Time

PLACE THE CODE HERE
e Setting the Alarm Time

MOV RO, #1 ;pointer for alarm seconds address
MOV A, #08 ;8 SEC PAST THE MINUTE

MOVX @RO,A ;set seconds=8

MOV RO, #3 ;point to minutes address

MOV A, #0FFH ;ONCE PER MINUTE

MOVX @RO, A ;

MOV RO, #5 ;

MOV A, #0FFH ;FF FOR THE HOUR

MOVX @RO,A ;

ACALL DELAY

MOV RO, #11 ;Reg B address

MOV A,#23H ;D7=0 to update,AIE=1 to allow IRQ
MOVX @RO,A ;activate INTO of 8051

jom - READING TIME
PLACE READING TIME CODE HERE

jom--- - SERIAL TRANSFER

SERIAL:
CLR IE.7 ;DISABLE EXTERNAL INTERRUPT
MOV SBUF, A

S1: JNB TI,S1
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CLR TI

SETB IE.7 ;RE-ENABLE THE INTERRRUPT
RET
;---ISR SENDS “YES” TO SCREEN AND SOUND THE BUZZER
ORG 500H ;the ISR for the IRQ of DS12887
ISR _EXO0:
MOV RO, #12 ;Reg C address

ACALL DELAY
MOVX A, @RO ;READING REG C WILL DISABLE THE IRQ

MOV RO, #11 ;Reg B address

ACALL DELAY

MOVX A, @RO

ACALL DELAY

SETB ACC.3 ;LET SQW COME OUT OF RTC

SETB P1.7 ;ENABLE THE AND GATE TO SOUND BUZZER
ACALL DELAY

MOVX @RO,A

MOV A, #'Y’

ACALL SERIAL

MOV A,#'E’

ACALL SERIAL

MOV A, #'S’

ACALL SERIAL

ACALL DELAY 1 ;7 SEC DELAY TO HEAR THE BUZZER

MOV RO, #11 ;Reg B address
ACALL DELAY
MOVX A, @RO
CLR ACC.3 ;BLOCK SQW FROM COMING OUT OF RTC
ACALL DELAY ; SHORT DELAY TO LET RTC REST
MOVX @RO,A ;BEFORE ACCESSING IT AGAIN
CLR P1.7 ; TURN OFF THE AND GATE
RETI ;RETURN FROM INTERRUPT
+5V

8051 DS12887 |

ALE ———> AS Vee

WR | RW RESET

RD ——— DS

P0(0..7) <—» AD(0..7) SQW :>_ B
uzzer
MOT

INTO |&—— IRQ s

P1.7

Figure 9. Using DS12887 IRQ to Activate an 8051 Interrupt
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Regarding the last program, several points must be noted.

1. In the beginning of the program we enabled the external hardware inter-
rupt and made it edge-triggered to match the IRQ of the DS12887.

In register B, the AIE bit was set high to allow an alarm interrupt.

3. Inthe serial subroutine, we disabled the external interrupt INTO to prevent
conflict with the TI flag.

4. 1In the ISR, we enabled the SQWE to allow a square wave to come out of
the RTC chip in order to provide pulses to the buzzer. We disabled it at
the end of ISR after 7 seconds duration in the DELAY_1 subroutine.

5. Inthe ISR, we also read the C register to prevent the occurrence of multiple
interrupts from the same source. See Figure 10.

The periodic interrupt and IRQ output pin

The second source of interrupt is the periodic interrupt flag (PF). The
periodic interrupt flag is part of register C. It will go high at a rate set by
the RS3-RS0 bits of register A. This rate can be from once every 500 ms to
once every 122 ps as shown in Figure 11. The PF becomes 1 when an edge is
detected for the period. Just like alarm interrupt, the periodic interrupt can
also be directed to the IRQ pin. To use IRQ, the interrupt-enable bits of PIE in
register B must be set to 1. In other words, we can poll the PF bit of register C,
which is a waste of the microcontroller’s resources, or it can be directed to the
hardware IRQ pin. If we set PIE = 1, the IRQ pin is asserted low when PF goes

[IRQF [ PF [ AF | UF [ o [ o [ o | o |

IRQF =1:if PF=PIE=10orAF=AIE=10or UF=UIE=1
(PIE, AIE, and UIE are the bits of Register B.)

PF Periodic interrupt flag. Periodic interrupts can be generated at a rate of once every
500 ms to once every 122 ps. The rate is set by bits RS3-RS0 of register A. The
PF becomes 1 when an edge is detected for the period. We can poll this or with
the help of bit PIE of register B, the IRQ pin of DS12887 can be asserted low for the
hardware interrupt version of this bit. This will be done if the PIF bit of Reg B is
set to 1. That is, PF and PIE of register B together (if both are 1) will allow IRQ to
be asserted low. Reading PF will clear it, and that is how we deassert the IRQ pin.

AF Alarm interrupt flag. The AF becomes 1 when the current real time matches
the alarm time. AF and AIE of register B together (if both are 1) will allow the
IRQ to be asserted low when all the three bytes of the real time (yy:mm:dd) are the
same as the bytes in the alarm time. The AF also becomes 1 for cases of once per
second, once per minute, and once per hour alarm. Reading AF will clear it and
that is how we deassert the IRQ pin.

UF See the DS12887 data sheet.

Figure 10. Register C Bits for Interrupt Flag Sources
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[ ulP | DV2 | DVl [ DvO | RS3 | RS2 | RSI [ RSO
UIP  Update in progress. This is a read-only bit.
DV2 DVl DV0
0 1 0 will turn the oscillator on
RS3 RS2 RS1 RSO Periodic SQW Output
Interrupt Rate Frequency
0 0 0 0 None None
0 0 0 1 3.9062 ms 256 Hz
0 0 1 0 7.812 ms 128 Hz
0 0 1 1 122.070 ps 8.192 kHz
0 1 0 0 244.141 ps 4.096 kHz
0 1 0 1 488.281 us 2.048 kHz
0 1 1 0 976.5625 us 1.024 kHz
0 1 1 1 1.953125 ms 512 Hz
1 0 0 0 3.90625 ms 256 Hz
1 0 0 1 7.8125 ms 128 Hz
1 0 1 0 15.625 ms 64 Hz
1 0 1 1 31.25 ms 32 Hz
1 1 0 0 62.5 ms 16 Hz
1 1 0 1 125 ms 8 Hz
1 1 1 0 250 ms 4 Hz
1 1 1 1 500 ms 2 Hz

Figure 11. Register A Bits for Periodic Interrupt Rate

high. While the alarm interrupt gave us the options from once per day to once
per second, the periodic interrupt gives us the option of subsecond interrupts.
For example, we can write a program to send a message to the screen twice per
second (2 Hz). The following code fragments show how to send the message
“HELLO” to the screen twice per second using the periodic interrupt with the

help of hardware IRQ (see Figure 9).

P -- sending HELLO to screen twice per second

ORG 0
LIJMP MAIN
ORG 03
LJMP ISR _EXO
ORG 100H
MAIN: MOV IE, #81H
SETB TCON.1
; SERIAL PORT SET-UP
MOV ~ TMOD, #20H
MOV  SCON, #50H
MOV  TH1,#-3
SETB TR1

; INTO (EX0) IS ENABLED

;MAKE IT EDGE-TRIG

;9600

DS12887 RTC INTERFACING AND PROGRAMMING

455



; TURNING ON THE RTC

MOV RO, #10 ;RO0=0AH,Reg A address
MOV A, #2FH ;osc=on, Periodic of twice Per sec
MOVX @RO,A ;send it to Reg A of DS12887

jm-------———-- Setting the Time mode

MOV RO, #11 ;Reg B address

MOV A, #83H ;BCD, 24hrs, daylight saving
ACALL DELAY

MOVX @RO,A ;send it to Reg B

ACALL DELAY
P —— Setting the Time

MOV RO, #0 ;load pointer for seconds address
MOV A, #55H ;seconds=55H (BCD numbers need H)
MOVX @RO,A ;set seconds to 31

MOV RO, #02 ;point to minutes address

MOV A, #56H ;minutes=56 (BCD numbers need H)
MOVX @RO,A ;set minutes

MOV RO, #04 ;point to hours address

MOV A, #16H ;hours=16

MOVX @RO,A ;set hours to 16

ACALL DELAY

MOV RO, #11 ;Reg B address

MOV A, #43H ;D7=0 to update,periodic INTR is ON

MOVX @RO,A
jm-——---- READING TIME

Oovli: MOV A, #20H ;ASCII for SPACE
ACALL SERIAL
MOV RO, #4 ;point to HR loc
MOVX A, @RO ;read hours
ACALL DISPLAY
MOV A, #20H ; SEND OUT SPACE
ACALL SERIAL
MOV RO, #2 ;point to minute loc
MOVX A, @RO ;read minute
ACALL DISPLAY
MOV A, #20H ;send out SPACE
ACALL SERIAL
MOV RO, #0 ;point to sec loc
MOVX A,@RO ;read sec
ACALL DISPLAY
MOV A, #0AH ;send out CR
ACALL SERIAL
MOV A, #0DH ;send LF
ACALL SERIAL
SJMP OV1 ;Read and display Time forever

R SMALL DELAY
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MOV R7,#250
D1 DJNzZ R7,D1
RET
jmm e CONVERT BCD TO ASCII AND SEND IT TO SCREEN
DISPLAY:
MOV B,A
SWAP A
ANL A, #0FH
ORL A, #30H
ACALL SERIAL
MOV A,B
ANL A, #0FH
ORL A, #30H
ACALL SERIAL
RET
SERIAL:
CLR IE.7 ;DISABLE INTO INTERRUPT
MOV SBUF, A
S1: JNB TI,S1
CLR TT
SETB IE.7 ;RE-ENABLE INTO INTERRUPT
RET
HE ISR TO SEND “HELLO” TO SCREEN TWICE PER SEC
ORG 500H
ISR _EXO:
MOV RO, #12 ;Reg C address

ACALL DELAY
MOVX A, @RO ;READING REG C WILL DISABLE

MOV

; THE PERIODIC INTR
A, #'H

ACALL SERIAL

MOV

A, #'E’

ACALL SERIAL

MOV

A, #'L’

ACALL SERIAL

MOV

A, #'L’

ACALL SERIAL

MOV

A,#'07

ACALL SERIAL

RETI
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REVIEW QUESTIONS

1. Which bit of register B belongs to the SQW pin?

2. True or false. The IRQ out pin of DS12887 is active low.

3. Which bit of register B belongs to alarm interrupt?

4. Give the address locations for hh:mm:ss of the alarm.

5. If the source of activation for IRQ is alarm, then explain how the IRQ pin
is activated.

6. What is the difference between the AF and AIE bits?

7. What is the difference between the PF and PIE bits?

SUMMARY

This chapter began by describing the function of each pin of the

DS12887 RTC chip. The timing of ADO-AD?7 of the DS12887 matches the
timing of PO of the 8051, eliminating the need for an external latch such as the
74L.S373. The DS12887 can be used to provide a real-time clock and dates for
many applications. Various features of the RTC were explained, and numer-
ous programming examples were given.

PROBLEMS

1: DS12887 RTC INTERFACING

1. The DS12887 DIP package is a(n) ____-pin package.

2. Which pins are assigned to V__ and GND?

3. In the DS12887, how many pins are designated as address/data pins?

4. True or false. The DS12887 needs an external crystal oscillator.

5. True or false. The DS12887’s crystal oscillator is turned on when it is
shipped.

6. In DS12887, what is the maximum year that it can provide?

7. Describe the functions of pins DS, AS, and MOT.

8. RESET is an (input, output) pin.

9. The RESET pin is normally (low, high) and needs a (low,
high) signal to be activated.

10. What are the contents of the DS12887 time and date registers if power to
the V__ pin is cut off?

11. DS pin stands for and is an (input, output) pin.

12. For the DS12887 chip, pin RESET is connected to (V.. GND).

13. DS is an (input, output) pin and it is connected to pin of the
8051.

14. AS is an (input, output) pin and it is connected to pin of
the 8051.

15. ALE of 8051 is connected to pin of the DS12887.

16.IRQ is an (input, output) pin.

17. SQW is an (input, output) pin.
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18.
19.
20.

21.

22.
23.
24.
25.

26.

27.
28.
29.
30.
31.

32.
33.
34.
35.

R/W is an (input, output) pin.

DS12887 has a total of bytes of NV-RAM.

What are the contents of the DS12887 time and date registers if power to
the V_, pin is lost?

What are the contents of the general-purpose RAM locations if power to
the V__ is lost?

When does the DS12887 switch to its internal battery?

What are the addresses assigned to the real-time clock registers?

What are the addresses assigned to registers A—C?

Which register is used to set the AM/PM mode? Give the bit location of
that register.

Which register is used to set the daylight savings mode? Give the bit
location of that register.

At what memory location does the DS12887 store the year 2007?

What is the address of the last location of RAM for the DS12887?

Write a program to display the time in AM/PM mode.

Write a program to get the year data in BCD and send it to ports P1 and P2.
Write a program to get the hour and minute data in binary (hex) and send
it to ports P1 and P2.

Write a program to set the time to 9:15:05 PM.

Write a program to set the time to 22:47:19.

Write a program to set the date to May 14, 2009.

On what day in October, is daylight savings time changed?

2: DS12887 RTC PROGRAMMING IN C

36.
37.

38.

39.
40.
4].
42.

Write a C program to display the time in AM/PM mode.

Write a C program to get the year data in BCD and send it to ports P1
and P2.

Write a C program to get the hour and minute data in binary (hex) and
send it to ports P1 and P2.

Write a C program to set the time to 9:15:05 PM.

Write a C program to set the time to 22:47:19.

Write a C program to set the date to May 14, 2009.

In Question 41, where did you get the 20H?

3: ALARM, SQW, AND IRQ FEATURES OF THE DS12887 CHIP

43.
44,
45.

46.

47.
48.
49.
50.

IRQ is an (input, output) pin and active (low, high).
SQW is an (input, output) pin.
Give the bit location of register B belonging to the alarm interrupt. Show

how to enable it.

Give the bit location of register B belonging to the periodic interrupt.
Show how to enable it.

Give the bit location of register C belonging to the alarm interrupt.

Give the bit location of register C belonging to the periodic interrupt.
What is the lowest frequency that we can create on the SQW pin?

What is the highest frequency that we can create on the SQW pin?
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51. Give two sources of interrupt that can activate the IRQ pin.

52. What is the lowest period that we can use for the periodic interrupt?
53. What is the highest period that we can use for the periodic interrupt?
54. Why do we want to direct the PF (periodic interrupt) flag to IRQ?
55. Why do we want to direct the AF (alarm flag) to IRQ?

56. What is the difference between the PF and PIE bits?

57. What is the difference between the AF and AIE bits?

58. How do we allow the square wave to come out of the SQW pin?

59. Which register is used to set the frequency of the SQW pin?

60. Which register is used to set the periodic-interrupt duration?

61. Which register is used to set the once-per-second alarm interrupt?
62. Explain how the IRQ pin is activated due to the alarm interrupt.

63. Explain how the IRQ pin is activated due to the periodic interrupt.
64. Write a program to generate a 512 Hz square wave on the SQW pin.
65. Write a program to generate a 64 Hz square wave on the SQW pin.

ANSWERS TO REVIEW QUESTIONS

1: DS12887 RTC INTERFACING
1. True
2. 9
3. 114
4. True
5. AS
6. False
2: DS12887 RTC PROGRAMMING IN C
1. True
2. 09
3. OEH (14 in decimal)
4. XBYTE[8]=0x0A;
5. XBYTE[09]=0x09; where the 20 part of 2009 is assumed.
3: ALARM, SWQ, AND IRQ FEATURES OF THE DS12887 CHIP
D3 of DO-D7
True
D5

Byte addresses of 1, 3, and 5

If the AIE bit of register B is set to 1, then the IRQ pin is activated. This happens due to
the AF bit in register C going high when the alarm time and real time values match.

The AF bit in register C becomes high when the alarm time and real time values match,
while the AIE bit of register B simply allows the AF to be directed to the IRQ pin.

7. The PF bit in register C becomes high when the edge is detected for the periodic interrupt,
while the PIE bit of register B simply allows the PF to be directed to the IRQ pin.

NS

a
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DC MOTOR CONTROL

AND PWM

>>
>>
>>
>>

OBJECTIVES

Upon completion of this chapter, you will be able to:

Describe the basic operation of a DC motor.

Interface the 8051 with a DC motor.

Code 8051 programs to control and operate a DC motor.

Describe how PWM (pulse width modulation) is used to control motor
speed.

From Chapter 17 of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice

Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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This chapter discusses DC motor control and shows 8051 interfacing with
DC motor. The characteristics of DC motors are discussed in Section 1, along
with interfacing to the 8051. We will also discuss the topic of PWM (pulse width
modulation). We use both Assembly and C in our programming examples.

1: DC MOTOR INTERFACING AND PWM

This section begins with an overview of the basic operation of DC
motors. Then we describe how to interface a DC motor to the 8051. Finally,
we use Assembly and C language programs to demonstrate the concept of
pulse width modulation (PWM) and show how to control the speed and direc-
tion of a DC motor.

DC motors

A direct current (DC) motor is another widely used device that trans-
lates electrical pulses into mechanical movement. In the DC motor we have only +
and — leads. Connecting them to a DC voltage source moves the motor in one
direction. By reversing the polarity, the DC motor will move in the opposite
direction. One can easily experiment with the DC motor. For example, small
fans used in many motherboards to cool the CPU are run by DC motors. By
connecting their leads to the + and — voltage source, the DC motor moves.
While a stepper motor moves in steps of 1 to 15 degrees, the DC motor moves
continuously. In a stepper motor, if we know the starting position we can easily
count the number of steps the motor has moved and calculate the final position
of the motor. This is not possible in a DC motor. The maximum speed of a DC
motor is indicated in rpm and is given in the data sheet. The DC motor has two
rpms: no-load and loaded. The manufacturer’s data sheet gives the no-load
rpm. The no-load rpm can be from a few thousand to tens of thousands. The
rpm is reduced when moving a load and it decreases as the load is increased.
For example, a drill turning a screw has a much lower rpm speed than when it
is in the no-load situation. DC motors also have voltage and current ratings.
The nominal voltage is the voltage for that motor under normal conditions,
and can be from 1 to 150 V, depending on the motor. As we increase the volt-
age, the rpm goes up. The current rating is the current consumption when the
nominal voltage is applied with no load and can be from 25 mA to a few amps.
As the load increases, the rpm is decreased, unless the current or voltage pro-
vided to the motor is increased, which in turn increases the torque. With a fixed
voltage, as the load increases, the current (power) consumption of a DC motor
is increased. If we overload the motor it will stall, and that can damage the
motor due to the heat generated by high current consumption.

Unidirection control

Figure 1 shows the DC motor rotation for clockwise (CW) and
counterclockwise (CCW) rotations. See Table 1 for selected DC motors.
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Clockwise Counter
rotation clockwise
rotation

Figure 1. DC Motor Rotation (Permanent Magnet Field)

Bidirectional control

With the help of relays or some specially designed chips, we can change
the direction of the DC motor rotation. Figures 2 through 5 show the basic
concepts of H-Bridge control of DC motors.

Figure 2 shows the connection of an H-Bridge using simple switches.
All the switches are open, which does not allow the motor to turn.

Figure 3 shows the switch configuration for turning the motor in one
direction. When switches 1 and 4 are closed, current is allowed to pass through
the motor.

Figure 4 shows the switch configuration for turning the motor in the
opposite direction from the configuration of Figure 3. When switches 2 and 3
are closed, current is allowed to pass through the motor.

Figure 5 shows an invalid configuration. Current flows directly to
ground, creating a short circuit. The same effect occurs when switches 1 and 3
are closed or switches 2 and 4 are closed.

Table 2 shows some of the logic configurations for the H-Bridge design.

Table 1. Selected DC Motor Characteristics

Part No. Nominal Volts Volt Range  Current RPM Torque

154915CP 3V 1.5-3V 0.070 A 5200 4.0 g-cm
154923CP 3V 1.5-3V 0.240 A 16000 8.3 g-cm
177498CP 45V 3-14V 0.150 A 10300 33.3 g-cm
181411CP S5V 3-14V 0470 A 10000 18.8 g-cm

Source: www.Jameco.com
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Table 2. Some H-Bridge Logic Configurations for Figure 2

Motor Operation SW1 SW2 SW3 SW4
Off Open Open Open Open
Clockwise Closed Open Open Closed
Counterclockwise Open Closed Closed Open
Invalid Closed Closed Closed Closed

+V

Switch / / Switch
1 2

Switch / / Switch
3 4

‘ Motor not
running

Figure 2. H-Bridge Motor Configuration

+V
Current

fl
Switch o / Switch
1 Y 2

Switch / Switch
3 Y «

¥

Clockwise
— direction

Figure 3. H-Bridge Motor Clockwise Configuration
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+V

&
Current
flow
Switch Switch
S 4 y o
Switch / Switch
3 Y 4
¢ Counter
clockwise
o direction
Figure 4. H-Bridge Motor Counterclockwise Configuration
+V
J\_

Switch Switch
1 2
Switch Switch
3 4
o

Invalid state
(short circuit)

Figure 5. H-Bridge in an Invalid Configuration

H-Bridge control can be created using relays, transistors, or a single IC
solution such as the L.293. When using relays and transistors, you must ensure

that invalid configurations do not occur.

Although we do not show the relay control of an H-Bridge, Example 1

shows a simple program to operate a basic H-Bridge.

DC MOTOR CONTROL AND PWM
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Example 1
A switch is connected to pin P2.7. Using a simulator, write a program to monitor
the status of sw and perform the following:
(a) If sw = 0, the DC motor moves clockwise.
(b) If sw = 1, the DC motor moves counterclockwise.
Solution:
ORG OH
MAIN:
CLR P1.0 ;switch 1
CLR P1.1 ;switch 2
CLR P1l.2 ;switch 3
CLR P1.3 ;switch 4
SETB P2.7
MONITOR:
JNB P2.7, CLOCKWISE
SETB P1.0 ;switch 1
CLR P1.1 ;switch 2
CLR P1.2 ;switch 3
SETB P1.3 ;switch 4
SJMP MONITOR
CLOCKWISE:
CLR P1.0 ;switch 1
SETB P1.1 ;switch 2
SETB P1.2 ;switch 3
CLR P1.3 ;switch 4
SJMP MONITOR
END
Note: View the results on your simulator. This example is for
simulation only and should not be used on a connected system.

Figure 6 shows the connection of the L293 to an 8051. Be aware that
the L293 will generate heat during operation. For sustained operation of the
motor, use a heat sink. Example 2 shows control of the L293.

Pulse width modulation (PWM)

The speed of the motor depends on three factors: (a) load, (b) voltage,
and (c) current. For a given fixed load, we can maintain a steady speed by using
a method called pulse width modulation (PWM). By changing (modulating) the
width of the pulse applied to the DC motor, we can increase or decrease the
amount of power provided to the motor, thereby increasing or decreasing the
motor speed. Notice that although the voltage has a fixed amplitude, it has a
variable duty cycle. That means the wider the pulse, the higher the speed. PWM
1s so widely used in DC motor control that some microcontrollers come with
the PWM circuitry embedded in the chip. In such microcontrollers, all we have
to do is load the proper registers with the values of the high and low portions of
the desired pulse, and the rest is taken care by the microcontroller. This allows
the microcontroller to do other things. For microcontrollers without PWM

466 DC MOTOR CONTROL AND PWM



Use one power supply for the
motor and L.293 and another
+5 for the microcontroller and the
optoisolator. +5
8051 hé k
v ILQ74 V1 Vo2 +5
c¢ optoisolator
o L.293
P1.0 N IiE_r\_l Enable D1 D2
P1.1 3 T — 2 Inputl Outputl 3
4:§\K:E 7 D3 D4
- - \_l_ Input2 Output2 6
: 2t utpul
P1.2 53 ~ Iim_r —
GND 2 0]
| 53\ l{z GND D1, D2, D3, and D4
— are 1N4004
The optoisolator 4,5,12,13
provides additional = =
protection of the 8051.

Figure 6. Bidirectional Motor Control Using an L293 Chip

circuitry, we must create the various duty cycle pulses using software, which
prevents the microcontroller from doing other things. The ability to control
the speed of the DC motor using PWM is one reason that DC motors are pref-
erable over AC motors. AC motor speed is dictated by the AC frequency of the
voltage applied to the motor and the frequency is generally fixed. As a result,
we cannot control the speed of the AC motor when the load is increased. As

Example 2

Figure 6 shows the connection of an L.293. Add a switch to pin P2.7. Write a pro-

gram

(a) If sw = 0, the DC motor moves clockwise.

(b) If sw = 1, the DC motor moves counterclockwise.
Solution:
ORG OH
MAIN:
CLR P1.0
CLR P1.1
CLR P1.2
SETB P2.7
MONITOR:
SETB P1.0 ;enable the chip
JNB P2.7, CLOCKWISE
CLR P1.1 ;turn the motor counterclockwise
SETB P1.2
SJMP MONITOR
CLOCKWISE:
SETB P1.1
CLR P1.2 ;turn motor clockwise

to monitor the status of sw and perform the following:

SJMP MONITOR

END
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Figure 7. Pulse Width Modulation Comparison

was shown earlier, we can also change the DC motor’s direction and torque.
See Figure 7 for PWM comparisons.

DC motor control with optoisolator

As we discussed in the first section of this chapter, the optoisolator is
indispensable in many motor control applications. Figures 8 and 9 show the
connections to a simple DC motor using a bipolar and a MOSFET transistor.
Notice that the 8051 is protected from EMI created by motor brushes by using
an optoisolator and a separate power supply.

Figures 8 and 9 show optoisolators for control of single directional
motor control, and the same principle should be used for most motor appli-
cations. Separating the power supplies of the motor and logic will reduce the
possibility of damage to the control circuitry.

1N4004 ZS 0.1 uF

+5V

ILD74
8051 330 optoisolator ®

0k v~ Tipi20
™

i b K;

P1.0 - L v
} K:
4 5

b3
S 100k

Figure 8. DC Motor Connection Using a Darlington Transistor
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Figure 9. DC Motor Connection Using a MOSFET Transistor

Figure 8 shows the connection of a bipolar transistor to a motor.
Protection of the control circuit is provided by the optoisolator. The motor
and 8051 use separate power supplies. The separation of power supplies also
allows the use of high-voltage motors. Notice that we use a decoupling capaci-
tor across the motor; this helps reduce the EMI created by the motor. The
motor is switched on by clearing bit P1.0.

Figure 9 shows the connection of a MOSFET transistor. The optoisola-
tor protects the 8051 from EMI. The zener diode is required for the transistor to
reduce gate voltage below the rated maximum value. See Example 3.

DC motor control and PWM using C

Examples 4 through 6 show the 8051 C version of the earlier programs
controlling the DC motor.

Example 3

Refer to the figure in this example. Write a program to monitor the status of the switch
and perform the following:

(a) If P2.7 = 1, the DC motor moves with 25% duty cycle pulse.
(b) If P2.7 = 0, the DC motor moves with 50% duty cycle pulse.

Solution:
ORG OH
MAIN:
CLR P1.0 ;turn off motor
SETB P2.7
MONITOR:
JNB P2.7, FIFTYPERCENT
SETB P1.0 ;high portion of pulse
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Example 3 (Continued)

MOV R5, #25
ACALL DELAY
CLR P1.0 ;low portion of pulse
MOV R5, #75
ACALL DELAY
SJMP MONITOR
FIFTYPERCENT :
SETB P1.0 ;high portion of pulse
MOV R5, #50
ACALL DELAY
CLR P1.0 ;low portion of pulse
MOV R5, #50
ACALL DELAY
SJMP MONITOR
DELAY:
H1: MOV R2, #100
H2: MOV R3, #255
H3: DJNZ R3, H3
DJINZ R2, H2
DJIJNZ R5, H1

RET
END
+12V
+5V l .
47k 1N4004 0.1 uF
+5V
ILD74 T
— 330 optoisolator -
P2.7 o
1 8 I/ TIP120
8051 iz “r |<
. 2 l__4+uv s
$ 100k
3 6
4 5
Example 4

Refer to Figure 6 for connection of the motor. A switch is connected to pin P2.7.
Write a C program to monitor the status of sw and perform the following:

(a) If sw = 0, the DC motor moves clockwise.
(b) If sw = 1, the DC motor moves counterclockwise.

Solution:

#include <reg51.h>
sbit SW = P2"7;
sbit ENABLE = P170;
sbit MTR 1 P171;
sbit MTR 2 = P172;
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Example 4 (Continued)

void main ()

SW = 1;
ENABLE = O;
MTR 1 = 0;
MTR 2 = O0;
while (1)
ENABLE = 1;
if(SW == 1)
MTR 0 = 1;
MTR 1 = O0;
else
MTR 0 = O0;
MTR 1 = 1;
Example 5

Refer to the figure in this example. Write a C program to monitor the status of sw
and perform the following:

(a) If sw = 0, the DC motor moves with 50% duty cycle pulse.
(b) If sw = 1, the DC motor moves with 25% duty cycle pulse.

Solution:

#include <reg51.h>
sbit SW = P2%7;
sbit MTR = P170;

void MSDelay (unsigned int wvalue) ;
void main ()

SW = 1;
MTR = O0;
while (1)
{
if(SW == 1)
MTR = 1;
MSDelay (25) ;
MTR = O0;
MSDelay (75) ;
else
MTR = 1;
MSDelay (50) ;
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Example 5 (Continued)

MTR = O0;
MSDelay (50) ;

}

void MSDelay (unsigned int value)

{

unsigned int x, vy;
for (x=0; x<1275; X++)
for (y=0; y<value; y++);

+12V

47k 1N4004 0.1 uF

|
~1 % |

optoisolator

P27 i 5 10k V. e

8051 2?4, K
P10 12V
5

N}

~

Example 6

Refer to Figure § for connection to the motor. Two switches are connected to
pins P2.0 and P2.1. Write a C program to monitor the status of both switches and
perform the following:

SW2(P2.7) SWI1(P2.6)

0 0 DC motor moves slowly (25% duty cycle).

0 1 DC motor moves moderately (50% duty cycle).
1 0 DC motor moves fast (75% duty cycle).

1 1 DC motor moves very fast (100% duty cycle).

Solution:

#include <reg51.h>
sbit MTR = P170;
void MSDelay (unsigned int wvalue) ;

void main ()

unsigned char z;
P2 = OxFF;

z = P2;

zZ = z & 0x03;
MTR = O;

while (1)
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Example 6 (Continued)

{

switch(z)

{

ca?e(o):
MTR = 1;
MSDelay (25) ;
MTR = O;
MSDelay (75) ;
break;

case (1) :

MTR = 1;
MSDelay (50) ;
MTR = O0;
MSDelay (50) ;
break;

ca?e(2):
MTR = 1;
MSDelay (75) ;
MTR = O0;
MSDelay (25) ;
break;

default:
MTR = 1;

REVIEW QUESTIONS

1. True or false. The permanent magnet field DC motor has only two leads
for + and — voltages.

2. True or false. Just like a stepper motor, one can control the exact angle of
a DC motor’s move.

3. Why do we put a driver between the microcontroller and the DC motor?

4. How do we change a DC motor’s rotation direction?

5. What is stall in a DC motor?

6. True or false. PWM allows the control of a DC motor with the same
phase, but different amplitude pulses.

7. The RPM rating given for the DC motor is for (no-load, loaded).

SUMMARY

This chapter showed how to interface the 8051 with DC motors. A
typical DC motor will take electronic pulses and convert them to mechanical
motion. This chapter showed how to interface the 8051 with a DC motor. Then,
simple Assembly and C programs were written to show the concept of PWM.
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Control systems that require motors must be evaluated for the type
of motor needed. For example, you would not want to use a stepper in a
high-velocity application nor a DC motor for a low-speed, high-torque situ-
ation. The stepper motor is ideal in an open-loop positional system and a DC
motor is better for a high-speed conveyer belt application. DC motors can be
modified to operate in a closed-loop system by adding a shaft encoder, then
using a microcontroller to monitor the exact position and velocity of the motor.

RECOMMENDED WEB LINKS

Some 8051 chips come with an on-chip PWM. Since there is no established
standard for the PWM on the 8051, you must examine the data sheet for each
chip to see the registers and addresses assigned to the PWM function.

See the following website for additional information on PWM and
motor control:

+ www.MicroDigitalEd.com

PROBLEMS

: DC MOTOR INTERFACING AND PWM

1

1. Which motor is best for moving a wheel exactly 90 degrees?

2. True or false. Current dissipation of a DC motor is proportional to the load.

3. True or false. The rpm of a DC motor is the same for no-load and loaded.

4. The rpm given in data sheets is for (no-load, loaded).

5. What is the advantage of DC motors over AC motors?

6. What is the advantage of stepper motors over DC motors?

7. True or false. Higher load on a DC motor slows it down if the current and

voltage supplied to the motor are fixed.

What is PWM, and how is it used in DC motor control?

. A DC motor is moving a load. How do we keep the rpm constant?

10. What is the advantage of placing an optoisolator between the motor and
the microcontroller?

o

ANSWERS TO REVIEW QUESTIONS

I: DC MOTOR INTERFACING AND PWM

1. True
2. False
3. Since microcontroller/digital outputs lack sufficient current to drive the DC motor, we

need a driver.

By reversing the polarity of voltages connected to the leads.

The DC motor is stalled if the load is beyond what it can handle.
False

No-load

NSk
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SPI AND I12C
PROTOCOLS

OBJECTIVES

Upon completion of this chapter, you will be able to:

>>  Understand the serial peripheral interface (SPI) protocol.
>>  Explain how the SPI read and write operations work.
>>  Examine the SPI pins SDO, SDI, CE, and SCLK.

>>  Understand the inter-integrated circuit (I2C) protocol.
>>  Explain how the I2C read and write operations work.
>>  Examine the I2C pins SCK and SCL.

From Chapter 18 of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice
Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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This chapter discusses the SPI and I2C buses. In Section 1, we examine
the different pins of SPI protocol and then focus on the concept of clock
polarity. We distinguish between single-byte read/write and multibyte burst
read/ write. In Section 2, we describe the I2C bus and focus on 12C terminology
and protocols.

1: SPI BUS PROTOCOL

The SPI (serial peripheral interface) is a bus interface connection
incorporated into many devices such as ADC, DAC, and EEPROM. In this
section, we examine the pins of the SPI bus and show how the read and write
operations in the SPI work.

The SPI bus was originally developed by Motorola Corp. (now
Freescale), but in recent years has become a widely used standard adapted by
many semiconductor chip companies. SPI devices use only two pins for data
transfer, called SDI (Din) and SDO (Dout), instead of the eight or more pins
used in traditional buses. This reduction of data pins reduces the package size
and power consumption drastically, making them ideal for many applications
in which space is a major concern. The SPI bus has the SCLK (shift clock)
pin to synchronize the data transfer between two chips. The last pin of the
SPI bus is CE (chip enable), which is used to initiate and terminate the data
transfer. The four pins SDI, SDO, SCLK, and CE make the SPI a four-wire
interface. See Figure 1. In many chips, the SDI, SDO, SCLK, and CE signals
are alternatively named as MOSI, MISO, SCK, and SS as shown in Figure 2
(compare with Figure 1). There is also a widely used standard called a three-
wire interface bus. In a three-wire interface bus, we have SCLK and CE, and
only a single pin for data transfer. The SPI four-wire bus can become a three-
wire interface when the SDI and SDO data pins are tied together. However,
there are some major differences between the SPI and three-wire devices in the

SDO SDO bo PO
SDI >< SDI
SCLK »SCLK
CE—{CE D7 D7
nC nC
STROBE T
R/W

Figure 1. SPI Bus versus Traditional Parallel Bus Connection to Microcontroller
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data transfer protocol. For that reason, a device must support the three-wire
protocol internally in order to be used as a three-wire device. Many devices
such as the DS1306 RTC (real-time clock) support both SPI and three-wire
protocols.

How SPI works

SPI consists of two shift registers, one in the master and the other in the
slave side. Also, there is a clock generator in the master side that generates the
clock for the shift registers.

As you can see in Figure 2, the serial-out pin of the master shift register
1s connected to the serial-in pin of the slave shift register by MOSI (Master Out
Slave In), and the serial-in pin of the master shift register is connected to the
serial-out pin of the slave shift register by MISO (Master In Slave Out). The
master clock generator provides clock to the shift registers in both the master
and slave. The clock input of the shift registers can be falling or rising edge-
triggered. This will be discussed shortly.

In SPI, the shift registers are 8 bits long. It means that after eight clock
pulses, the contents of the two shift registers are interchanged. When the
master wants to send a byte of data, it places the byte in its shift register and
generates eight clock pulses. After eight clock pulses, the byte is transmitted
to the other shift register. When the master wants to receive a byte of data, the
slave side should place the byte in its shift register, and after eight clock pulses

- ——— — —— . [———————— — — — — = 7
| | | I
| | | I
| Data bus | | Data bus |
| | | I
| | | I
| | | I
I | MmosI | |
| —P> SPI shift register —|—|—> SPI shift register |
| A | [ A |
| | | I
| | wmiso | |
| i | l
| | | I
| | | I
| Clock SCK | | |
| generator | | |
| | | I
| —— I
| Master | S8 | Slave |
L I l |

Figure 2. SPI Architecture
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the data will be received by the master shift register. It must be noted that SPI
is full duplex, meaning that it sends and receives data at the same time.

SPI read and write

In connecting a device with an SPI bus to a microcontroller, we use the
microcontroller as the master while the SPI device acts as a slave. This means
that the microcontroller generates the SCLK, which is fed to the SCLK pin
of the SPI device. The SPI protocol uses SCLK to synchronize the transfer
of information one bit at a time, where the most significant bit (MSB) goes in
first. During the transfer, the CE must stay HIGH. The information (address
and data) is transferred between the microcontroller and the SPI device in
groups of 8 bits, where the address byte is followed immediately by the data
byte. To distinguish between the read and write operations, the D7 bit of the
address byte is always 1 for write, while for the read, the D7 bit is low, as we
will see next.

Clock polarity and phase in SPI device

Asina UART (universal synchronous-asynchronous receiver-transmitter)
communication where the transmitter and receiver must agree on a clock
frequency, in SPI communication, the master and slave(s) must agree on
the clock polarity and phase with respect to the data. Freescale names
these two options as CPOL (clock polarity) and CPHA (clock phase),
respectively, and most companies like Atmel have adopted that conven-
tion. At CPOL= 0 the base value of the clock is zero, while at CPOL = 1
the base value of the clock is one. CPHA = 0 means sample on the leading (first)
clock edge, while CPHA = 1 means sample on the trailing (second) clock. Notice
that if the base value of the clock is zero, the leading (first) clock edge is the rising
edge but if the base value of the clock is one, the leading (first) clock edge is falling
edge. See Table 1 and Figure 3.

Steps for writing data to an SPI device

In accessing SPI devices, we have two modes of operation: single-byte
and multibyte. We will explain each one separately.

Table 1. SPI Clock Polarity and Phase

CPOL CPHA Data Read and Change Time SPI Mode
0 0 Read on rising edge, changed on a falling edge 0
0 1 Read on falling edge, changed on a rising edge 1
1 0 Read on falling edge, changed on a rising edge 2
1 1 Read on rising edge, changed on a falling edge 3
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Figure 3. SPI Clock Polarity and Phase
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Figure 4. SPI Single-Byte Write Timing (Notice A7 = 1)

Single-byte write

The following steps are used to send (write) data in single-byte mode
for SPI devices, as shown in Figure 4:

1. Make CE = 0 to begin writing.

2. The 8-bit address is shifted in, one bit at a time, with each edge of
SCLK. Notice that A7 = 1 for the write operation, and the A7 bit goes
in first.

3. After all 8 bits of the address are sent in, the SPI device expects to receive
the data belonging to that address location immediately.

4. The 8-bit data is shifted in one bit at a time, with each edge of the SCLK.
5. Make CE =1 to indicate the end of the write cycle.

Multibyte burst write

Burst mode writing is an effective means of loading consecutive
locations. In burst mode, we provide the address of the first location, followed
by the data for that location. From then on, while CE = 0, consecutive bytes
are written to consecutive memory locations. In this mode, the SPI device
internally increments the address location as long as CE is LOW. The following
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Figure 5. SPI Burst (Multibyte) Mode Writing

steps are used to send (write) multiple bytes of data in burst mode for SPI
devices as shown in Figure 5:

1. Make CE = 0 to begin writing.

2. The 8-bit address of the first location is provided and shifted in, one bit ata
time, with each edge of SCLK. Notice that A7 = 1 for the write operation,
and the A7 bit goes in first.

3. The 8-bit data for the first location is provided and shifted in, one bit at
a time, with each edge of the SCLK. From then on, we simply provide
consecutive bytes of data to be placed in consecutive memory locations. In
the process, CE must stay low to indicate that this is a burst mode multibyte
write operation.

4. Make CE =1 to end writing.

Steps for reading data from an SPI device

In reading SPI devices, we also have two modes of operation: single-
byte and multibyte. We will explain each one separately.

Single-byte read

The following steps are used to get (read) data in single-byte mode from
SPI devices, as shown in Figure 6:
1. Make CE = 0 to begin reading.

2. The 8-bit address is shifted in one bit at a time, with each edge of SCLK.
Notice that A7 = 0 for the read operation, and the A7 bit goes in first.

3. After all 8 bits of the address are sent in, the SPI device sends out data
belonging to that location.

e\ e

s ——A7=0| A6 | A5 | a4 ] a3 | a2 | ar | a0}
SDO 1 D7 | b6 | Ds | pa|p3|p2]pr|pop—aA

Figure 6. SPI Single-Byte Read Timing (Notice A7 = 0)
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Figure 7. SPI Burst (Multibyte) Mode Reading

4. The 8-bit data is shifted out one bit at a time, with each edge of the SCLK.
5. Make CE =1 to indicate the end of the read cycle.

Multibyte burst read

Burst mode reading is an effective means of bringing out the contents of
consecutive locations. In burst mode, we provide the address of the first location
only. From then on, while CE = 0, consecutive bytes are brought out from con-
secutive memory locations. In this mode, the SPI device internally increments the
address location as long as CE is LOW. The following steps are used to get (read)
multiple bytes of data in burst mode for SPI devices, as shown in Figure 7:

1. Make CE = 0 to begin reading.

2. The 8-bit address of the first location is provided and shifted in, one bit at
a time, with each edge of SCLK. Notice that A7 = 0 for the read operation,
and the A7 bit goes in first.

3. The 8-bit data for the first location is shifted out, one bit at a time, with each
edge of the SCLK. From then on, we simply keep getting consecutive bytes
of data belonging to consecutive memory locations. In the process, CE must
stay LOW to indicate that this is a burst mode multibyte read operation.

4. Make CE =1 to end reading.

REVIEW QUESTIONS

1. True or false. The SPI protocol writes and reads information in 8-bit chunks.
2. True or false. In SPI, the address is immediately followed by the data.

3. True or false. In an SPI write cycle, bit A7 of the address is LOW.

4. True or false. In an SPI write, the LSB goes in first.

5. State the difference between the single-byte and burst modes in terms of

the CE signal.

2: 12C BUS PROTOCOL

The IIC (inter-integrated circuit) is a bus interface connection incorpo-
rated into many devices such as sensors, RTC, and EEPROM. The IIC is also
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referred to as I2C (I*C) or I square C in many technical literatures. In this section,
we examine the pins of the I2C bus and focus on 12C terminology and protocols.

12C bus

The 12C bus was originally developed by Philips, but in recent years
has become a widely used standard adapted by many semiconductor chip
companies. 12C is ideal for attaching low-speed peripherals to a motherboard
or embedded system or anywhere that a reliable communication over a short
distance is required. As we will see in this chapter, I12C provides a connection-
oriented communication with acknowledge. 12C devices use only two pins for
data transfer, instead of the eight or more pins used in traditional buses. They
are called SCL (Serial Clock), which synchronize the data transfer between
two chips, and SDA (Serial Data). This reduction of communication pins
reduces the package size and power consumption drastically, making them
ideal for many applications in which space is a major concern. These two pins,
SDA and SCK, make the [2C a two-wire interface. In many application notes,
12C is referred to as Two-Wire Serial Interface (TWI). In this chapter, we use
12C and TWI interchangeably.

12C line electrical characteristics

12C devices use only two bidirectional open-drain pins for data com-
munication. To implement 12C, only a 4.7 kQ pull-up resistor for each of bus
lines is needed (see Figure 8). This implements a wired-AND, which is needed
to implement 12C protocols. This means that if one or more devices pull the
line to low (zero) level, the line state is zero and the level of line will be 1 only
if none of devices pull the line to low level.

12C nodes

Up to 120 different devices can share an I2C bus. Each of these devices
1s called a node. In 12C terminology, each node can operate as either master or
slave. Master is a device that generates the clock for the system; it also initiates
and terminates a transmission. Slave is the node that receives the clock and is
addressed by the master. In I12C, both master and slave can receive or trans-
mit data, so there are four modes of operation. They are master transmitter,

VCC

S S A

- P SCL

Device 1
Device 2
Device 3

Figure 8. 12C Bus
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Example 1

Give an example to show how a device (node) can have more than one mode of
operation.

Solution:

If you connect a microcontroller to an EEPROM with 12C, the microcontroller
does a master transmit operation to write to EEPROM. The microcontroller also
does master receive operations to read from EEPROM. Notice that a node can do
the operations of master and slave at different times.

master receiver, slave transmitter, and slave receiver. Notice that each node
can have more than one mode of operation at different times, but it has only

one mode of operation at a given time. See Example 1.

Bit format

SDA

/ X \ 12C is a synchronous serial protocol;

each data bit transferred on the SDA line is

SCL / \ _/_\ synchronized by a high-to-low pulse of clock

Data  Data  Data on the SCL line. According to I12C protocols,
stable  change  stable the data line cannot change when the clock line

is high; it can change only when the clock line is

Figure 9. I2C Bit Format low. See Figure 9. The STOP and START con-

ditions are the only exceptions to this rule.

START and STOP conditions

As we mentioned earlier, I2C is a connection-oriented communication
protocol. This means that each transmission is initiated by a START condi-
tion and is terminated by a STOP condition. Remember that the START and
STOP conditions are generated by the master.

STOP and START conditions must be distinguished from bits of
address or data. That is why they do not obey the bit format rule that we men-
tioned before.

START and STOP conditions are generated by keeping the level of
the SCL line high and then changing the level of the SDA line. The START
condition is generated by a high-to-low change in the SDA line when

SCL is high. The STOP condition is

generated by a low-to-high change
in the SDA line when SCL is low.

SPA _\_/_{S_\_/ - See Figure 10.

The bus is considered busy

Sk \_/_%_\_/ between each pair of START and STOP
START STOP conditions, and no other master tries to

take control of the bus when it is busy.

Figure 10. START and STOP Conditions If a master, which has the control of the
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TN N
TN N

START REPEATED START STOP

Figure 11. REPEATED START Condition

bus, wishes to initiate a new transfer and does not want to release the bus
before starting the new transfer, it issues a new START condition between a
pair of START and STOP conditions. It is called the REPEATED START
condition. See Figure 11.

Example 2 shows why the REPEATED START condition is necessary.

Packet format in 12C

In 12C, each address or data to be transmitted must be framed in a
packet. Each packet is 9 bits long. The first 8 bits are put on the SDA line by
the transmitter, and the 9th bit is an acknowledge by the receiver or it may be
NACK (not acknowledge). The clock is generated by the master, regardless of
whether it is the transmitter or receiver. To get an acknowledge, the transmit-
ter releases the SDA line during the 9th clock so that the receiver can pull the
SDA line low to indicate an ACK. If the receiver doesn’t pull the SDA line
low, it is considered as NACK. See Figure 12.

In 12C, each packet may contain either address or data. Also notice
that START condition + address packet + one or more data packet + STOP
condition together form a complete data transfer. Next, we will study address

Example 2

Give an example to show when a master must use the REPEATED START condi-
tion. What will happen if the master does not use it?

Solution:

If you connect two microcontrollers (micro A and micro B) and an EEPROM with
12C, and micro A wants to display the addition of the contents of addresses 0x34 and
0x35 of EEPROM, it has to use the REPEATED START condition. Let’s see what
may happen if micro A does not use the REPEATED START condition. micro A
transmits a START condition, reads the content of address 0x34 of EEPROM into
R1, and transmits a STOP condition to release the bus. Before micro A reads the
contents of address 0x35 into R2, micro B seizes the bus and changes the contents of
addresses 0x34 and 0x35 of EEPROM. Then micro A reads the content of address
0x35 into R2, adds it to R1, and displays the result on the LCD. The result on the
LCD is neither the sum of the old values of addresses 0x34 and 0x35 nor the sum of
the new values of addresses 0x34 and 0x35 of EEPROM!
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master

Figure 12. Packet Format in 12C

and data packet formats and how to combine them to make a complete trans-
mission.

Address packet format

Like any other packets, all address packets transmitted on the 12C bus
are 9 bits long. An address packet consists of seven address bits, one READ/
WRITE control bit, and an acknowledge bit (see Figure 13).

Address bits are used to address a specific slave device on the bus.
The 7-bit address lets the master address a maximum of 128 slaves on the bus,
although the address 0000 000 is reserved for general call and all addresses of
the format 1111 xxx are reserved. That means 119 (128 — 1 — 8) devices can
share an 12C bus. In the I2C bus, the MSB of the address is transmitted first.

The 8th bit in the packet is the READ/WRITE control bit. If this bit
is set, the master will read the next frame (Data) from the slave; otherwise,
the master will write the next frame (Data) on the bus to the slave. When a
slave detects its address on the bus, it knows that it is being addressed and it
should acknowledge in the 9th SCL (ACK) cycle by changing SDA to zero.
If the addressed slave is not ready or for any reason does not want to service
the master, it should leave the SDA line high in the 9th clock cycle. This is
considered to be NACK. In case of NACK, the master can transmit a STOP
condition to terminate the transmission, or a REPEATED START condition
to initiate a new transmission.

Example 3 shows how a master says that it wants to write to a slave.

An address packet consisting of a slave address and a READ is called
SLA+R, while an address packet consisting of a slave address and a WRITE
is called SLA+W.

START
: Adr MSB AdrLSB  R/W ACK

SDA ,—\:—\:SS:X X X 7
SCL—E—
VA WA PV WA WA

Figure 13. Address Packet Format in 12C
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Example 3

Solution:
The following actions are performed by the master:

start bit condition to start the transmission.

master will write the next byte (data) into the slave.

Show how a master says that it wants to write to a slave with address 1001101.

(1) The master puts a high-to-low pulse on SDA, while SCL is high to generate a

(2) The master transmits 10011010 into the bus. The first 7 bits (1001101) indicate
the slave address, and the 8th bit (0) indicates a Write operation stating that the

SDA —
\ T \0 0 T 1 \L0 1 00

START A6 AS A4 A3 A2 Al A0

1 2 3 4 5 6 7 8 9

As we mentioned before, address 0000 000 is reserved for general call.

This means that when a master transmits address 0000 000, all slaves respond
by changing the SDA line to zero and wait to receive the data byte. This is
useful when a master wants to transmit the same data byte to all slaves in the
system. Notice that the general call address cannot be used to read data from

slaves because no more than one slave is able to write to the bus at a given time.

Data packet format

Like other packets, data packets are 9 bits long too. The first 8 bits are a
byte of data to be transmitted, and the 9th bit is ACK. If the receiver has received
the last byte of data and there is no more data to be received, or the receiver
cannot receive or process more data, it will signal a NACK by leaving the SDA

line high. In data packets, like address packets, MSB is transmitted first.

Combining address and data packets into a transmission

In 12C, normally, a transmission is started by a START condition,
followed by an address packet (SLA + R/W), one or more data packets, and
finished by a STOP condition. Figure 14 shows a typical data transmission.

Try to understand each element in the figure (see Example 4).

START  Adr Adr ACK / ACK /
MSB :: LSB R/W NAaCK : DO NACK
AR 1\ 2

Figure 14. Typical Data Transmission
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Example 4

Show how a master writes the value 11110000 to a slave with address 1001101.

Solution:

The following actions are performed by the master:

1. The master puts a high-to-low pulse on SDA, while SCL is high to generate a
START condition to start the transmission.

2. The master transmits 10011010 into the bus. The first 7 bits (1001101) indicate
the slave address, and the 8th bit (0) indicates the Write operation stating that
the master will write the next byte (data) into the slave.

3. The slave pulls the SDA line low to signal an ACK to say that it is ready to
receive the data byte.

4. After receiving the ACK, the master will transmit the data byte (1111000) on the
SDA line (MSB first).

5. When the slave device receives the data it leaves the SDA line high to signal
NACK. This informs the master that the slave received the last data byte and
does not need any more data.

6. After receiving the NACK, the master will know that no more data should be
transmitted. The master changes the SDA line when the SCL line is high to
transmit a STOP condition and then releases the bus.

—

SDA N 1 0 0 1 1 0 1 0 0

1 2 3 4 5 6 7 8 9

START A6 A5 A4 A3 A2 Al A0 R/W ACK

oo /11 1 TN\No0 0 o o/ 1\ V"~
(cntnu.) 10 11 12 13 14 15 16 17 18 19

D7 D6 D5 D4 D3 D2 D1 DO NACK STOP

Clock stretching

One of the features of the I12C protocol is clock stretching. It is a kind
of flow control. If an addressed slave device is not ready to process more data,
it will stretch the clock by holding the clock line (SCL) low after receiving (or
sending) a bit of data. Thus the master will not be able to raise the clock line
(because devices are wire-ANDed) and will wait until the slave releases the
SCL line to show it is ready to transfer the next bit. See Figure 15.

Arbitration

12C protocol supports a multimaster bus system. This doesn’t mean
that more than one master can use the bus at the same time. Rather, each
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Slave stretches the line Master waits for SCL line to
by pulling SCL low /  become high

SCL from \_/_\
master = 0 N = N/ Neeeeee
SCL from ———mo o el
slave \ /
SCL line —/_\—/_\ /_\_/_\ ......

Clock line is
streched

Figure 15. Clock Stretching

master waits for the current transmission to finish and then starts to use the
bus. But it is possible that two or more masters initiate a transmission at about
the same time. In this case the arbitration happens.

Each transmitter has to check the level of the bus and compare it with
the level it expects; if it doesn’t match, that transmitter has lost the arbitration
and will switch to slave mode. In the case of arbitration, the winning master
will continue its job. Notice that neither the bus is corrupted nor the data is
lost. See Example 5.

Multibyte burst write

Burst mode writing is an effective means of loading consecutive
locations. It is supported in 12C, SPI, and many other serial protocols. In
burst mode, we provide the address of the first location, followed by the data

Example 5

Two masters, A and B, start at about the same time. What happens if master
A wants to write to slave 0010 000 and master B wants to write to slave 0001 111?

Solution:

Master A will lose the arbitration in the third clock because the SDA line is differ-
ent from the output of master A at the third clock. Master A switches to slave mode
and leaves the bus after losing the arbitration.

Master A loses Master A leaves the bus after
arbitration here losing arbitration

Z
—_
SDA line N\, / /
SDA from ¢ r‘ T T T T T T
Master A

SDA fi
Masle:'o];n \ /
sct \_/_\_/_\_/_\_/_\_/_\_
1 2 3 4 5 N
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[s| 1111000 [o]A] 00001111 [A] 00000001 [A] 00000010 |A]| 00000011 AP

Figure 16. Multibyte Burst Write

for that location. From then on, consecutive bytes are written to consecutive
memory locations. In this mode, the I2C device internally increments
the address location as long as the STOP condition is not detected. The
following steps are used to send (write) multiple bytes of data in burst mode
for 12C devices.

1. Generate a START condition.

2. Transmit the slave address followed by zero (for write).
3. Transmit the address of the first location.
4.

Transmit the data for the first location and from then on, simply
provide consecutive bytes of data to be placed in consecutive memory
locations.

5. Generate a STOP condition.

Figure 16 shows how to write 0x01, 0x02, and 0x03 to three consecutive
locations starting from location 00001111 of slave 1111000.

Multibyte burst read

Burst mode reading is an effective way of bringing out the contents
of consecutive locations. In burst mode, we provide the address of the first
location only. From then on, contents are brought out from consecutive
memory locations. In this mode, the I2C device internally increments the
address location as long as the STOP condition is not detected. The following
steps are used to get (read) multiple bytes of data using burst mode for
12C devices.

Generate a START condition.

Transmit the slave address followed by zero (for address write).
Transmit the address of the first location.

Generate a START (REPEATED START) condition.
Transmit the slave address followed by one (for read).

AN o

Read the data from the first location and from then on, bring contents out
from consecutive memory locations.

7. Generate a STOP condition.

Figure 17 shows how to read three consecutive locations starting from
location 00001111 of slave number 1111000.
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First

g Slve 2 locaion g Slave Zg¥ Data ¥  Data ¥  Data X o
& address = S:) address % & address 2 % byte #1 2 byte #2 (Jg) byte #3 S:) %
|S | 1111000 |0 |A| 00001111 |A|S| 1111000 |1 |A| XXXXXXXX |A| XXXXXXXX |A| XXXXXXXX |A|P|

Figure 17. Multibyte Burst Read

REVIEW QUESTIONS

1. True or false. I2C protocol is ideal for short distances.

2. How many bits are there in a frame? Which bit is for acknowledge?

3. True or false. START and STOP conditions are generated when the SDA
1s high.

4. What is the name of the flow control method in the I2C protocol?

What is the recommended value for the pull-up resistors in the I2C protocol?

6. True or false. After the arbitration of two masters, both of them must start
transmission from the beginning.

bl

SUMMARY

This chapter began by describing the SPI bus connection and protocol
and then we discussed the I12C bus connection and protocol.

RECOMMENDED WEB LINKS

Some 8051 chips come with an on-chip SPI and I2C. Since there is no
established standard for the SPI and I2C on the 8051, you must examine the
data sheet for each chip to see the registers and addresses assigned to the SPI
and 12C functions. See the following website for additional information on
SPI and 12C.

* www.MicroDigitalEd.com

PROBLEMS

: SPI BUS PROTOCOL

1

1. True or false. The SPI bus needs an external clock.

2. True or false. The SPI CE is active low.

3. True or false. The SPI bus has a single Din pin.

4. True or false. The SPI bus has multiple Dout pins.

5. True or false. When the SPI device is used as a slave, the SCLK is an input pin.

6. True or false. In SPI devices, data is transferred in 8-bit chunks.

7. True or false. In SPI devices, each bit of information (data, address) is
transferred with a single clock pulse.
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6
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9.

1

. True or false. In SPI devices, the 8-bit data is followed by an 8-bit address.

. In terms of data pins, what is the difference between the SPI and three-wire
connections?

0. How does the SPI protocol distinguish between the read and write cycles?

: 12C BUS PROTOCOL

. True or false. The I12C bus needs an external clock.

. True or false. The SDA pin is internally pulled up.

. True or false. The 12C bus needs two wires to transfer data.

True or false. The SDA line is output for the master device.

. True or false. When a device is used as a slave, the SCL is an input pin.

. True or false. In I12C, the data frame is 8 bits long.

. True or false. In 12C devices, each bit of information (data, address, ACK/
NACK) is transferred with a single clock pulse.

True or false. In I12C devices, the 8-bit data is followed by an ACK/NACK.
In terms of data pins, what is the difference between the SPI and 12C
connections?

0. How does the I12C protocol distinguish between the read and write cycles?

ANSWERS TO REVIEW QUESTIONS

1

[\

wok

AN S o e

: SPI BUS PROTOCOL

True

True

False

False

In single-byte mode, after each byte, the CE pin must go HIGH before the next cycle. In
burst mode, the CE pin stays LOW for the duration of the burst (multibyte) transfer.

: 12C BUS PROTOCOL

True

9 bits. The 9th bit
True

Clock stretching
4.7 kQ

False
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8051 INSTRUCTIONS,
TIMING, AND
REGISTERS

OVERVIEW

In the first section of this appendix, we describe the instructions of the
8051 and give their formats with some examples. In many cases, more detailed
programming examples will be given to clarify the instructions. These instruc-
tions will operate on any 8031, 8032, 8051, or 8052 microcontroller. This section
concludes with a list of machine cycles (clock counts) for each 8051 instruction.

In the second section, a list of all the 8051 registers is provided for ease of
reference for the 8051 programmer.

From Appendix A of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice
Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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1: THE 8051 INSTRUCTION SET

ACALL target address
Function: Absolute call
Flags: None

ACALL stands for “absolute call.” It calls subroutines with a target
address within 2K bytes from the current program counter. See LCALL for
more discussion on this.

ADD A, source byte

Function: ADD
Flags: OV, AC, CY

This adds the source byte to the accumulator (A), and places the result in A.
Since register A is one byte in size, the source operands must also be one byte.

The ADD instruction is used for both signed and unsigned numbers.
Each one is discussed separately.

Unsigned addition

In the addition of unsigned numbers, the status of CY, AC, and OV
may change. The most important of these flags is CY. It becomes 1 when
there is a carry from D7 out in 8-bit (D0-D7) operations. Some examples are

as follows.

MOV A, #45H ;A=45H

ADD A, #4FH ;A=94H (45H+4FH=94H)
;CY=0,AC=1

MOV A, #0FEH ;A=FEH

MOV R3,#75H ;R3=75H

ADD A,R3 ;A=FE+75=73H
;CY=1,AC=1

MOV A, #25H ;A=25H

ADD A, #42H ;A=67H (25H+42H=67H)
;CY=0,AC=0

Addressing modes
The following addressing modes are supported for the ADD instruction:

1. Immediate: ADD A, #data ADD A, #25H
2. Register: ADD A,Rn ADD A,R3
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3. Direct: ADD A . direct
ADD A,30H ;add to A data in RAM loc. 30H

4. Register-indirect: ADD A,@Ri where i=0 or i=1 only

ADD A,@RO ;add to A data pointed to by RO
ADD A,@R1 ;add to A data pointed to by R1

In the following example, the contents of RAM locations 50H to SFH
are added together, and the sum is saved in RAM locations 70H and 71H.

CLR A ;A=0
MOV RO, #50H ;source pointer
MOV R2,#16 ;counter
MOV R3,#0 ;clear R3
A 1: ADD A,@RO ;ADD to A from source
JNC B 1 ;IF CY=0 go to next byte
INC R3 ;otherwise keep carries
B 1: INC RO ;next location
DJNZ R2,A 1 ;repeat for all bytes
MOV 70H,A ;save low byte of sum
MOV 71H,R3 ;save high byte of sum

Notice in all the above examples that we ignored the status of the OV
flag. Although ADD instructions do affect OV, it is in the context of signed
numbers that the OV flag has any significance. This is discussed next.

Signed addition and negative numbers

In the addition of signed numbers, special attention should be given to
the overflow flag (OV) since this indicates if there is an error in the result of the
addition. There are two rules for setting OV in signed number operation. The
overflow flag is set to 1:

1. If there is a carry from D6 to D7 and no carry from D7 out.

2. If there is a carry from D7 out and no carry from D6 to D7.
Notice that if there is a carry both from D7 out and from D6 to D7, OV = 0.

MOV A, #+8 ;A=0000 1000
MOV R1,#+4 ;R1=0000 0100
ADD A,R1 ;A=0000 1100 OV=0,CY=0

Notice that D7 = 0 since the result is positive and OV = 0 since there
1s neither a carry from D6 to D7 nor any carry beyond D7. Since OV = 0, the
result is correct [(+8) + (+4) = (+12)].

MOV A, #+66 ;A=0100 0010
MOV R4,#+69 ;R4=0100 0101

8051 INSTRUCTIONS, TIMING, AND REGISTERS
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ADD A,R4 ;A=1000 0111 = -121
; (INCORRECT) CY=0, D7=1, OV=1

In the above example, the correct result is +135 [(+66) + (+69) =
(+135)], but the result was —121. OV =1 is an indication of this error. Notice
that D7 = 1 since the result is negative; OV = 1 since there is a carry from D6
to D7 and CY = 0.

MOV A, #-12 ;A=1111 0100

MOV R3,#+18 ;R3=0001 0010

ADD A,R3 ;A=0000 0110 (+6) correct
;D7=0,0V=0, and CY=1

Notice above that the result is correct (OV = 0), since there is a carry
from D6 to D7 and a carry from D7 out.

MOV  A,#-30 ;A=1110 0010

MOV RO, #+14 ;R0=0000 1110

ADD A,RO ;A=1111 0000 (-16, CORRECT)
;D7=1,0V=0, CY=0

OV = 0 since there is no carry from D7 out nor any carry from D6 to D7.

MOV A, #-126 ;A=1000 0010

MOV R7,#-127 ;R7=1000 0001

ADD A,R7 ;A=0000 0011 (+3, WRONG)
;D7=0, OV=1

CY = 1 since there is a carry from D7 out but no carry from D6 to D7.

From the above discussion, we conclude that while CY is important in
any addition, OV is extremely important in signed number addition since it is
used to indicate whether or not the result is valid. As we will see in instruction
“DA A”, the AC flag is used in the addition of BCD numbers. OV is used in
DIV and MUL instructions as well. See the description of these two instruc-
tions for further details.

ADDC A, source byte

Function: Add with carry
Flags: OV, AC, CY

This will add the source byte to A, in addition to the CY flag (A = A +
byte + CY). If CY = 1 prior to this instruction, CY is also added to A. If CY =0
prior to the instruction, source is added to destination plus 0. This is used in
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multibyte additions. In the addition of 25F2H to 3189H, for example, we use

the ADDC instruction as shown below.

CLR C ;CY=0

MOV A, #89H ;A=89H

ADDC A, #0F2H ;A=89H+F2H+0=17BH, A=7B, CY=1
MOV R3,A ;SAVE A

MOV A, #31H

ADDC A, #25H ;A=31H+25H+1=57H

Therefore the result is:
25F2H
+3189H
577BH

The addressing modes for ADDC are the same as for “ADD A,byte”.

AJMP target address

Function: Absolute jump
Flag: None

AJMP stands for “absolute jump.” It transfers program execution to
the target address unconditionally. The target address for this instruction

must be within 2K bytes of program memory. See
LJMP for more discussion on this.

ANL dest-byte, source-byte

Function: Logical AND for byte variables
Flags: None affected

A B| AANDB
0 0 0
0 1 0
1 0 0
1 1 1

This performs a logical AND on the operands, bit by bit, storing the
result in the destination. Notice that both the source and destination values are

byte-size only.

MOV A, #39H ;A=39H

ANL A, #09H ;A=39H ANDed with 09

39 0011 1001
09 0000 1001
09 0000 1001

MOV A, #32H ;A=32H 32 0011 0010
MOV R4, #50H ;R4=50H 50 0101 0000
ANL A, R4 ; (A=10H) 10 0001 0000
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For the ANL instruction, there are a total of six addressing modes. In
four of them, the accumulator must be the destination. They are as follows:

1. Immediate: ANL A, #data
ANL A, #25H

2. Register: ANL A, Rn
ANL A,R3

3. Direct: ANL A, direct
ANL A,30H ;AND A with data in RAM location 30H

4. Register-indirect:

ANL A,@R0O ;AND A with data pointed to by RO

In the next two addressing modes, the destination is a direct address
(a RAM location or one of the SFR registers), while the source is either A or
immediate data.
5. ANL direct, #data
Assume that RAM location 32H has the value 67H. Find its content after
execution of the following code.

ANL 32H, #44H

44H 0100 0100

67H 0110 0111

44H 0100 0101 Therefore, it has 44H.

Or look at these examples:

ANL P1,#11111110B ;mask P1.0(DO of Port 1)
ANL P1,#01111111B ;mask P1.7(D7 of Port 1)
ANL P1,#11110111B ;mask P1.3(D3 of Port 1)
ANL P1,#11111100B ;mask P1.0 and P1.1

The above instructions clear (mask) certain bits of the output port of P1.

6. ANL direct, A
Find the contents of register B after the following:

MOV B, #44H ;B=44H
MOV A, #67H ;A=67H
ANL OFOH,A ;A AND B(B is located at RAM FOH)

;after the operation B=44H

Note: We cannot use this to mask bits of input ports! For example,
“ANL A, P1” isincorrect!

ANL C, source-bit

Function: Logical AND for bit variable
Flag: CY
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In this instruction, the carry flag bit is ANDed with a source bit and the
result is placed in carry. Therefore, if source bit = 0, CY is cleared; otherwise,
the CY flag remains unchanged.

Write code to clear the accumulator if bits P2.1 and P2.2 are both high;
otherwise, make A = FFH.

MOV A, #0FFH ; A=FFH

MOV C,P2.1 ;copy bit P2.1 to carry flag
ANL C,P2.2 ;and then

JNC B 1 ;jump if one of them is low
CLR A

Another variation of this instruction involves the ANDing of the CY
flag bit with the complement of the source bit. Its format is “ANL C, /bit”.
See the following example.

Clear A if P2.1 is high and P2.2 is low; otherwise, make A = FFH.
MOV A, #0FFH

MOV C,P2.1 ;get a copy of P2.1 bit

ANL C,/P2.2 ;AND P2.1 with complement of P2.2
JNC B 1

CLR A

B 1:

CJNE dest-byte, source-byte, target

Function: Compare and jump if not equal

Flag: CY

The magnitudes of the source byte and destination byte are compared.
If they are not equal, it jumps to the target address.

Keep monitoring P1 indefinitely for the value of 99H. Get out only
when P1 has the value 99H.

MOV P1l,0FFH ;make Pl an input port
BACK: MOV A,P1 ;read P1
CJINE A, #99,BACK ;keep monitoring

Notice that CJNE jumps only for the not-equal value. To find out if it
is greater or less after the comparison, we must check the CY flag. Notice also
that the CJNE instruction affects the CY flag only, and after the jump to the
target address the carry flag indicates which value is greater, as shown here.

In the following example, P1 is

read and compared with value 65. Then: [Dest < Source CY =1
1. If PI is equal to 65, the accumulator |Dest > Source CY=0
keeps the result.
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2. If PI has a value less than 65, R2 has the result.
3. If P1 has a value greater than 65, it is kept by R3.

At the end of the program, A will contain the equal value, or R2 the
smaller value, or R3 the greater value.

MOV A,P1 ;READ P1
CJINE A, #65,NEXT ;IS IT 657
SJMP EXIT ;YES, A KEEPS IT, EXIT
NEXT: JNC OVER ;NO
MOV R2,A ; SAVE THE SMALLER IN R2
SIMP EXIT ;AND EXIT
OVER: MOV R3,A ;SAVE THE LARGER IN R3

EXIT:

This instruction supports four addressing modes. In two of them, A is
the destination.

1. Immediate: CJINE A, #data, target

CJINE A, #96,NEXT ;JUMP IF A IS NOT 96
2. Direct: CJINE A, direct, target

CJNE A, 40H,NEXT ;JUMP IF A NOT =

;WITH THE VALUE HELD BY RAM LOC. 40H

Notice the absence of the “#” sign in the above instruction. This indicates
RAM location 40H. Notice in this mode that we can test the value at an input
port. This is a widely used application of this instruction. See the following:

MOV P1,#OFF ;P1 is an input port
MOV A,#100 ;A = 100
HERE: CJIJNE A, P1l,HERE ;WAIT HERE TIL P1 = 100

In the third addressing mode, any register, RO—R7, can be the
destination.

3. Register: CJINE Rn, #data, target
CJINE R5,#70,NEXT ;jump if R5 is not 70

In the fourth addressing mode, any RAM location can be the destina-
tion. The RAM location is held by register RO or R1.
4. Register-indirect: CINE @Ri, #data, target

CINE @R1, #80,NEXT ;jump if RAM
;location whose address is held by R1
;is not equal to 80

Notice that the target address can be no more than 128 bytes backward
or 127 bytes forward, since it is a 2-byte instruction. For more on this, see SIMP.
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CLR A

Function: Clear accumulator
Flag: None are affected

This instruction clears register A. All bits of the accumulator are set to 0.

CLR A
MOV RO,A ;clear RO
MOV R2,A ;clear R2
MOV P1,A ;clear port 1
CLR Dbit
Function: Clear bit

This instruction clears a single bit. The bit can be the carry flag, or
any bit-addressable location in the 8051. Here are some examples of its
format:

CLR C ;CY=0

CLR P2.4 ;CLEAR P2.5 (P2.5=0)

CLR P1.7 ;CLEAR P1.7 (P1.7=0)

CLR ACC.7 ; CLEAR D7 OF ACCUMULATOR (ACC.7=0)
CPL A

Function: Complement accumulator

Flags: None are affected

This complements the contents of register A, the accumulator. The
result is the 1’s complement of the accumulator. That is, Os become 1s and Is
become Os.

MOV A, #55H ;A=01010101
AGAIN: CPL A ;complement reg. A
MOV P1,A ;toggle bits of P1
SJMP AGAIN ;continuously
CPL bit
Function: Complement bit

This instruction complements a single bit. The bit can be any bit-
addressable location in the 8051.

SETB P1.0 ;set P1.0 high
AGAIN: CPL P1.0 ;complement reg. bit
SIJMP AGAIN ;continuously
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DA A

Function: Decimal-adjust accumulator after addition
Flags: CY

This instruction is used after addition of BCD numbers to convert the
result back to BCD. The data is adjusted in the following two possible cases.

1. It adds 6 to the lower 4 bits of A if it is greater than 9 or if AC = 1.
2. It also adds 6 to the upper 4 bits of A if it is greater than 9 or if CY = 1.

MOV  A,#47H  ;A=0100 0111
ADD  A,#38H  ;A=47H+38H=7FH, invalid BCD
DA A ;A=1000 0101=85H, valid BCD

47H
+ 38H

7FH (invalid BCD)
+ 6H (after DA A1)

85H (valid BCD)

In the above example, since the lower nibble was greater than 9, DA
added 6 to A. If the lower nibble is less than 9 but AC = 1, it also adds 6 to the
lower nibble. See the following example.

MOV A, #29H ;A=0010 1001
ADD A, #18H ;A=0100 0001 INCORRECT
DA A ;A=0100 0111 = 47H VALID BCD
29H

+_18H
41H (incorrect result in BCD)

+_6H

47H correct result in BCD

The same thing can happen for the upper nibble. See the following example.

MOV A, #52H ;A=0101 0010
ADD A, #91H ;A=1110 0011 INVALID BCD

DA A ;A=0100 0011 AND CY=1

52H
+ 91H

E3H (invalid BCD)
+ 6 (after DA A, adding to upper nibble)
143H valid BCD
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Similarly, if the upper nibble is less than 9 and CY = 1, it must be cor-
rected. See the following example.

MOV A, #94H ;A=1001 0100
ADD A, #91H ;A=0010 0101 INCORRECT
DA A ;A=1000 0101, VALID BCD

;FOR 85,CY¥=1

It is possible that 6 is added to both the high and low nibbles. See the
following example.

MOV A, #54H ;A=0101 0100
ADD A, #87H ;A=1101 1011 INVALID BCD
DA A ;A=0100 0001, CY=1 (BCD 141)
DEC byte
Function: Decrement
Flags: None

This instruction subtracts 1 from the byte operand. Note that CY (carry/
borrow) is unchanged even if a value 00 is decremented and becomes FF.
This instruction supports four addressing modes.

1. Accumulator: DEC A
DEC A
2. Register: DEC Rn
DEC R1 or DEC R3
3. Direct: DEC direct
DEC 40H ;dec byte in RAM location 40H
4. Register-indirect: DEC @Ri ; wherei= 0 or | only
DEC @RO ;decr. byte pointed to by RO

DIV AB
Function: Divide
Flags: CY and OV

This instruction divides a byte accumulator by the byte in register B.
It is assumed that both registers A and B contain an unsigned byte. After the
division, the quotient will be in register A and the remainder in register B. If
you divide by zero (i.e., set register B = 0 before the execution of “DIV AR”),
the values in register A and B are undefined and the OV flag is set to high to
indicate an invalid result. Notice that CY is always 0 in this instruction.

MOV A, #35
MOV B, #10
DIV AB ;A=3 and B=5
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MOV A, #97H

MOV B, #12H
DIV AB ;A=8 and B=7

Notice in this instruction that the carry and OV flags are both cleared,
unless we divide A by 0, in which case the result is invalid and OV =1 to indi-
cate the invalid condition.

DJNZ byte, target
Function: Decrement and jump if not zero
Flags: None

In this instruction a byte is decremented, and if the result is not zero it
will jJump to the target address.

Count from 1 to 20 and send the count to P1.

CLR A ;A=0

MOV R2,#20 ;R2=20 counter
BACK: INC A

MOV P1,A

DJNZ R2,BACK ;repeat if R2 not = zero

The following two formats are supported by this instruction.
1. Register: DJINZ Rn,target (where n=0 to 7)
DJINZ R3,HERE
2. Direct: DIJNZ direct,target

Notice that the target address can be no more than 128 bytes backward
or 127 bytes forward, since it is a 2-byte instruction. For more on this, see SIMP.

INC byte
Function: Increment
Flags: None

This instruction adds 1 to the register or memory location specified by
the operand. Note that CY is not affected even if value FF is incremented to
00. This instruction supports four addressing modes.

1. Accumulator: INC A

INC A
2. Register: INC Rn

INC R1 or INC R5
3. Direct: INC direct

INC 30H ;incr. byte in RAM loc. 30H
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4. Register-indirect: INC @Ri1  (i=0or 1)
INC @RO ;incr. byte pointed to by RO

INC DPTR
Function: Increment data pointer
Flags: None

This instruction increments the 16-bit register DPTR (data pointer) by 1.
Notice that DPTR is the only 16-bit register that can be incremented.
Also notice that there is no decrement version of this instruction.

MOV DPTR, #16FFH ;DPTR=16FFH
INC DPTR ;now DPTR=1700H
JB bit, target also: JNB bit, target
Function:  Jump if bit set Jump if bit not set
Flags: None

These instructions are used to monitor a given bit and jump to a target
address if a given bit is high or low. In the case of JB, if the bit is high it will
jump, while for JNB if the bit is low it will jump. The given bit can be any of
the bit-addressable bits of RAM, ports, or registers of the 8051.

Monitor bit P1.5 continuously. When it becomes low, send 55H to P2.

SETB P1.5 ;make P1.5 an input bit
HERE: JB P1.5,HERE ;stay here as long as P1l.5=1
MOV P2, #55H ;8ince P1.5=0 send 55H to P2

See if register A has an even number. If so, make it odd.
JB ACC.0,NEXT ;jump if it is odd
INC A ;it is even, make it odd

NEXT:

Monitor bit P1.4 continuously. When it becomes high, send 55H to P2.

SETB P1.4 ;make P1.4 an input bit
HERE: JNB P1.4,HERE ;stay here as long as P1.4=0
MOV P2, #55H ;since Pl1.4=1 send 55H to P2

See if register A has an even number. If not, make it even.

JNB ACC.0,NEXT ;jump if DO is 0 (even)
INC A ;D0=1, make it even
NEXT :
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JBC bit, target

Function: Jump if bit is set and clear bit
Flags: None

If the desired bit is high, it will jump to the target address; at the same
time, the bit is cleared to zero.

The following instruction will jump to label NEXT if D7 of register A
1s high; at the same time D7 is cleared to zero.

JBC ACC.7,NEXT
MOV P1,A

NEXT :
Notice that the target address can be no more than 128 bytes backward
or 127 bytes forward since it is a 2-byte instruction. For more on this, see

SIMP.

JC  target

Function: Jump if CY = 1.
Flags: None

This instruction examines the CY flag; if it is high, it will jump to the
target address.

JMP @A+DPTR

Function: Jump indirect
Flags: None

The JMP instruction is an unconditional jump to a target address.
The target address is provided by the total sum of register A and the DPTR
register. Since this is not a widely used instruction, we will bypass further
discussion of it.

JNB bit, target

See JB and JNB.

JNC target

Function: Jump if no carry (CY = 0)
Flags: None

This instruction examines the CY flag, and if it is zero it will jump to
the target address.
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Find the total sum of the bytes F6H, 98H, and 8AH. Save the carries
in register R3.

CLR A ;A=0
MOV R3,A ;R3=0
ADD A, #0F6H
JNC OVER1
INC R3
OVER1: ADD A, #98H
JNC OVER2
INC R3
OVER2: ADD A, #8AH
JNC OVER3
INC R3

OVER3:

Notice that this is a 2-byte instruction and the target address cannot be
farther than —128 to +127 bytes from the program counter. See J condition for
more on this.

JNZ target
Function: Jump if accumulator is not zero
Flags: None

This instruction jumps if register A has a value other than zero.

Search RAM locations 40H—4FH to find how many of them have the
value 0.

MOV R5,16 ;set counter
MOV  R3,#0 ;R3 holds number of O0s
MOV R1, #40H ;address

BACK: MOV A,@R1 ;bring data to reg A
JNZ OVER
INC R3

OVER: INC R1 ;point to next location
DJINZ R5,BACK ;repeat for all locations

The above program will bring the data into the accumulator and
if it is zero, it increments counter R3. Notice that this is a 2-byte instruc-
tion; therefore, the target address cannot be more than —128 to +127 bytes
away from the program counter. See J condition for further discussion
on this.
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JZ.  target

Function: Jump if A = zero
Flags: None

This instruction examines the contents of the accumulator and jumps if
it has value 0.

A string of bytes of data is stored in RAM locations starting at address
S0H. The end of the string is indicated by the value 0. Send the values to Pl
one by one with a delay between each.

MOV RO, #50H ;address
BACK: MOV A, @RO ;bring the value into reg A
JZ EXIT ;end of string, exit
MOV P1,A ;send it to P1
ACALL DELAY
INC RO ;point to next
SJMP BACK

EXIT:
Notice that this is a 2-byte instruction; therefore, the target address
cannot be more than -128 to +127 bytes away from the program counter. See

J condition for further discussion on this.

J condition target

Function: Conditional jump

In this type of jump, control is transferred to a target address if certain
conditions are met. The target address cannot be more than -128 to +127 bytes
away from the current program counter.

IC Jump carry jump if CY =1

INC Jump no carry Jump if CY =0

A4 Jump zero jump if register A = 0

INZ Jump no zero jump if register A is not 0
JNB bit Jump no bit jump if bit = 0

JB bit Jump bit jump if bit = 1

JBC bit Jump bit clear bit  jump if bit = 1 and clear bit
DJNZ Rn,... Decrement and jump if not zero

CINE A, #val,... Compare A with value and jump if not equal

Notice that all “J condition” instructions are short jumps, meaning that
the target address cannot be more than -128 bytes backward or +127 bytes
forward of the PC of the instruction following the jump (see SIMP). What
happens if a programmer needs to use a “J condition” to go to a target address
beyond the -128 to +127 range? The solution is to use the “J condition” along
with the unconditional LIMP instruction, as shown below.
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ORG 100H
ADD A,RO
JNC NEXT

LJMP OVER ; target more than 128 bytes away
NEXT : .
ORG 300H
OVER: ADD A,R2
LCALL 16-bit address also: ACALL 11-bit address
Function: Transfers control to a subroutine
Flags: None

There are two types of CALLs: ACALL and LCALL. In ACALL, the
target address is within 2K bytes of the current program counter. To reach the
target address in the 64K bytes maximum ROM space of the 8051, we must
use LCALL. If calling a subroutine, the PC register (which has the address
of the instruction after the ACALL) is pushed onto the stack, and the stack
pointer (SP) is incremented by 2. Then the program counter is loaded with
the new address and control is transferred to the subroutine. At the end of the
procedure, when RET is executed, PC is popped off the stack, which returns
control to the instruction after the CALL.

Notice that LCALL is a 3-byte instruction, in which one byte is the
opcode, and the other two bytes are the 16-bit address of the target subroutine.
ACALL is a 2-byte instruction, in which 5 bits are used for the opcode and the
remaining 11 bits are used for the target subroutine address. An 11-bit address
limits the range to 2K bytes.

LJMP 16-bit address also: SJMP 8-bit address

Function: Transfers control unconditionally to a new address.

In the 8051, there are two unconditional jumps: LIMP (long jump) and
SIMP (short jump). Each is described next.

1. LIJMP (longjump): This is a 3-byte instruction. The first byte is the opcode
and the next two bytes are the target address. As a result, LIMP is used to
jump to any address location within the 64K-byte code space of the 8051.
Notice that the difference between LIMP and LCALL is that the CALL
instruction will return and continue execution with the instruction follow-
ing the CALL, whereas JMP will not return.

2. SIMP (short jump): This is a 2-byte instruction. The first byte is the
opcode and the second byte is the signed number displacement, which is
added to the program counter of the instruction following the SJIMP to
get the target address. Therefore, in this jump the target address must be
within -128 to +127 bytes of the program counter of the instruction after
the SJMP since a single byte of address can take values of +127 to -128.
This address is often referred to as a relative address since the target
address is -128 to +127 bytes relative to the program counter. In this
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appendix, we have used the term target address instead of relative address
only for the sake of simplicity.

Line 2 of the code below shows 803E as the object code for “SIJMP
OVER”, which is a forward jump instruction. The 80H, located at address 100H,
1s the opcode for the SJIMP, and 3EH, located at address 101H, is the relative
address. The address is relative to the next address location, which is 102H.
Adding 102H + F8H = 140H gives the target address of the “OVER” label.

LOC OBJ LINE

0100 1 ORG 100H
0100 803E 2 SIJMP OVER
0140 3 ORG 140H
0140 7A0A 4 OVER: MOV R2,#10
0142 7B64 5 AGAIN: MOV R3,#100
0144 00 6 BACK: NOP

0145 00 7 NOP

0146 DBFC 8 DJNZ R3,BACK
0148 80F8 9 SIMP AGAIN

Line 9 of the code above shows 80F8 for “SJMP AGAIN”, which
1s a backward jump instruction. The 80H, located at address 148H, is the
opcode for the SJMP, and F8H, located at address 149H, is the relative
address. The address is relative to the next address location, which is 14AH.
Therefore, adding 14AH + F8H = 142H gives the target address of the
“AGAIN” label.

If the target address is beyond the -128 to +127 byte range, the
assembler gives an error. All the conditional jumps are short jumps, as
discussed next.

MOV dest-byte, source-byte

Function: Move byte variable
Flags: None

This copies a byte from the source location to the destination. There
are 15 possible combinations for this instruction. They are as follows:

(a) Register A as the destination. This can have the following formats.

1. MOV A, #data
MOV A, #25H ; (A=25H)
2. MOV A, Rn
MOV A,R3
3. MOV A, direct
MOV A,30H ;A= data in 30H
4. MOV A, @Ri (i=0 or 1)
MOV A,@R0O ;A = data pointed to by RO
MOV A,@R1 ;A data pointed to by R1
Notice that “MOV A, A” is invalid.
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(b) Register A is the source. The destination can take the following forms.
5. MOV Rn, A
6. MOV direct, A
7. MOV @Ri, A

(c) Rn is the destination.
8. MOV Rn, #immediate
9. MOV Rn, A
10. MOV Rn, direct

(d) The destination is a direct address.
11. MOV direct, #data
12. MOV direct, @Ri
13. MOV direct, A
14. MOV direct, Rn
15. MOV direct, direct

(d) Destination is an indirect address held by RO or R1.
16. MOV @R1, #data
17. MOV @Ri, A
18. MOV @R1, direct

MOYV dest-bit, source-bit

Function: Move bit data
This MOV instruction copies the source bit to the destination bit. In
this instruction, one of the operands must be the CY flag. Look at the follow-

ing examples.

MOV P1.2,C ;copy carry bit to port bit P1.2
MOV C,P2.5 ;copy port bit P2.5 to carry bit

MOV DPTR, #16-bit value

Function: Load data pointer
Flags: None

This instruction loads the 16-bit DPTR (data pointer) register with a
16-bit immediate value.

MOV DPTR, #456FH ;DPTR=456FH
MOV DPTR, #MYDATA ;load 16-bit address
;assigned to MYDATA
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MOVC A, @A+DPTR

Function: Move code byte
Flags: None

This instruction moves a byte of data located in program (code) ROM
into register A. This allows us to put strings of data, such as look-up table
elements, in the code space and read them into the CPU. The address of the
desired byte in the code space (on-chip ROM) is formed by adding the original
value of the accumulator to the 16-bit DPTR register.

Assume that an ASCII character string is stored in the on-chip ROM
program memory starting at address 200H. Write a program to bring each
character into the CPU and send it to P1 (port 1).

ORG 100H
MOV DPTR, #200H ;load data pointer
Bl: CLR A ;A=0
MOVC A, @A+DPTR ;move data at A+DPTR into A
JZ EXIT ;exit if last (null) char
MOV P1,A ;send character to P1
INC DPTR ;next character
SJMP B1 ;continue
EXIT:
ORG 200H
DATA: DB "The earth is but one country and"
DB "mankind its citizens","Baha'u'llah",O0
END

In the program above first A = 0 and then it is added to DPTR to form
the address of the desired byte. After the MOVC instruction, register A has the
character. Notice that the DPTR is incremented to point to the next character
in the DATA table.

Look-up table SQUR has the squares of values between 0 and 9, and
register R3 has the values of 0 to 9. Write a program to fetch the squares from
the look-up table.

MOV DPTR, #SQUR ;load pointer for table
MOV A,R3
MOVC A, @A+DPTR

ORG 100H
SQUR: DB 0,1,4,9,16,25,36,49,64,81
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Notice that the MOVC instruction transfers data from the internal
ROM space of the 8051 into register A. This internal ROM space belongs to
program (code) on-chip ROM of the 8051. To access off-chip memory, that is,
memories connected externally, we use the MOV X instruction. See MOVX for
further discussion.

MOVC A, @A+PC

Function: Move code byte
Flags: None

This instruction moves a byte of data located in the program (code)
area to A. The address of the desired byte of data is formed by adding the pro-
gram counter register to the original value of the accumulator. Contrast this
instruction with “MOVC A, @A+DPTR”. Here the PC is used instead of DPTR
to generate the data address.

Look-up table SQUR has the squares of values between 0
and 9, and register R3 has the values of 0 to 9. Write a program to
fetch the squares from the table. Use the “MOVC A, @A+PC” instruction
(this 1s a rewrite of an example of the previous instruction “MOVC A,
@A+DPTR”).

MOV A,R3
INC A
MOVC A, @A+PC
RET
SQUR: DB 0,1,4,9,16,25,36,49,64,81

The following should be noted concerning the above code.

(a) The program counter, which is pointing to instruction RET, is added to
register A to form the address of the desired data. In other words, the PC
is incremented to the address of the next instruction before it is added to
the original value of the accumulator.

(b) The role of “INC A” should be emphasized. We need instruction “INC A”
to bypass the single byte of opcode belonging to the RET instruction.

(c) This method is preferable over “MOVC A, @A+DPTR” if we do not want to
divide the program code space into two separate areas of code and data.
As a result, we do not waste valuable on-chip code space located between
the last byte of program (code) and the beginning of the data space where
the look-up table is located.
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MOVX dest-byte, source-byte

Function: Move external
Flags: None

This instruction transfers data between external memory and register A.
The 8051 has 64K bytes of data space in addition to the 64K bytes of code
space. This data space must be connected externally. This instruction allows us
to access externally connected memory. The address of external memory being
accessed can be 16-bit or 8-bit as explained below.

(a) The 16-bit external memory address is held by the DPTR register.

MOVX A,@DPTR

This moves into the accumulator a byte from external memory whose
address is pointed to by DPTR. In other words, this brings data into the CPU
(register A) from the off-chip memory of the 8051.

MOVX @DPTR, A

This moves the contents of the accumulator to the external memory
location, whose address is held by DPTR. In other words, this takes data from
inside the CPU (register A) to memory outside the 8051.
(b) The 8-bit address of external memory is held by RO or R1.

MOVX A, @R1 ;where 1 = 0 or 1

This moves to the accumulator a byte from external memory, whose
8-bit address is pointed to by RO (or R1 in MOVX A,@R1).

MOVX @Ri,A

This moves a byte from register A to an external memory location,
whose 8-bit address is held by RO (or R1 in MOVX @R1,A)

The 16-bit address version of this instruction is widely used to access
external memory while the 8-bit version is used to access external I/O ports.

MUL AB
Function: Multiply A xB
Flags: oV, CY

This multiplies an unsigned byte in A by an unsigned byte in register B.
The result is placed in A and B where A has the lower byte and B has the
higher byte.
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MOV
MOV
MUL

MOV
MOV
MUL

A, #5

B, #7
AB ;A=35=23H, B=00
A, #10
B, #15
AB ;A=150=96H, B=00

This instruction always clears the CY flag; however, OV is changed
according to the product. If the product is greater than FFH, OV = 1; other-
wise, it is cleared (OV = 0).

MOV A, #25H
MOV B, #78H
MUL AB ;A=58H, B=11H, CY=0, and OV=1
; (25H x 78H = 1158H)
MOV A,#100
MOV B, #200
MUL AB ;A=20H, B=4EH, OV=1, and CY=0
; (100 x 200 = 20,000 = 4E20H)
NOP
Function: No operation
Flags: None

This performs no operation and execution continues with the next
instruction. It is sometimes used for timing delays to waste clock cycles. This
instruction only updates the program counter to point to the next instruction

following NOP.

ORL dest-byte, source-byte

Function: Logical OR for byte variable A B!l AORB
Flags: None
0 0 0
This performs a logical OR on the byte 0 1 1
operands, bit by bit, and stores the result in the 1 0 1
destination. 1 1 1
MOV A, #39H ;A=39H
ORL A, #09H ;A=39H OR 09 (A=39H)
39H 0011 1001
09H 0000 1001
39 0011 1001
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MOV A, #32H ;A=32H
MOV R4,#50H ;R4=50H
ORL A, R4 ; (A=72H)

32H 0011 0010
50H 0101 0000
72H 0111 0010

For the ORL instruction, there are a total of six addressing modes. In
four of them, the accumulator must be the destination. They are as follows:

1. Immediate: ORL A, #data
ORL A, #25H

2. Register: ORL A, Rx
ORL A,R3

3. Direct: ORL A, direct

ORL A, 30H ;0R A with data located in RAM 30H

4. Register-indirect: ORL A, @Rn
ORL A,@R0 ;OR A with data pointed to by RO

In the next two addressing modes, the destination is a direct address
(a RAM location or one of the SFR registers), while the source is either A or
immediate data as shown below:

5. ORL direct, #data
Assuming that RAM location 32H has the value 67H, find the contents
of A after the following:

ORL 32H,#44H ;OR 44H with contents of RAM loc. 32H
MOV A,32H ;move content of RAM loc. 32H to A

44H 0100 0100
67H 0110 0111
67H 0110 0111 Therefore, A will have 67H.

6. ORL direct, A
Find the contents of B after the following:

MOV B, #44H ;B=44H
MOV A, #67H ;A=67H
ORL OFOH,A ;OR A and B (B is at RAM FOH)

;After the operation B=67H.

Note: This cannot be used to modify data at input pins.
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ORL C, source-bit

Function: Logical OR for bit variables
Flags: CY

In this instruction, the carry flag bit is ORed with a source bit and the
result is placed in the carry flag. Therefore, if the source bit is 1, CY is set; oth-
erwise, the CY flag remains unchanged.

Set the carry flag if either P1.5 or ACC.2 is high.

MOV C,P1.5 ;jget P1.5 status
ORL C,ACC.2

Write a program to clear A if P1.2 or P2.2 is high. Otherwise, make
A = FFH.

MOV A, #FFH

MOV C,P1.2

ORL C,P2.2

JNC OVER

CLR A
OVER:

Another variation of this instruction involves ORing CY with the com-
plement of the source bit. Its format is “ORL C, /bit”. See the following
example.

Clear A if P2.1 is high or P2.2 is low. Otherwise, make A = FFH.

MOV A, #0FFH

MOV C,P2.1 ;get a copy of P2.1 bit
ORL C,/P2.2 ;OR P2.1 with complement of P2.2
JNC OVER
CLR A
OVER:
POP direct
Function: Pop from the stack
Flags: None

This copies the byte pointed to by stack pointer to the location whose
direct address is indicated, and decrements SP by 1. Notice that this instruc-
tion supports only direct addressing mode. Therefore, instructions such as
“POP A” or “POP R3” are illegal. Instead, we must write “POP 0EOH” where
EOH is the RAM address belonging to register A and “POP 03" where 03 is
the RAM address of R3 of bank 0.
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PUSH direct

Function: Push onto the stack
Flags: None

This copies the indicated byte onto the stack and increments SP
by 1. Notice that this instruction supports only direct addressing mode.
Therefore, instructions such as “PUSH A” or “PUSH R3” are illegal.
Instead, we must write “PUSH OEOH” where EOH is the RAM address
belonging to register A and “PUSH 03" where 03 is the RAM address of
R3 of bank 0.

RET

Function: Return from subroutine
Flags: None

This instruction is used to return from a subroutine previously entered
by instructions LCALL or ACALL. The top two bytes of the stack are popped
into the program counter and program execution continues at this new address.
After popping the top two bytes of the stack into the program counter, the
stack pointer is decremented by 2.

RETI

Function: Return from interrupt
Flags: None

This is used at the end of an interrupt service routine (interrupt han-
dler). The top two bytes of the stack are popped into the program counter and
program execution continues at this new address. After popping the top two
bytes of the stack into the program counter, the stack pointer is decremented
by 2.

Notice that while the RET instruction is used at the end of a subroutine
associated with the ACALL and LCALL instructions, IRET must be used for
the interrupt service subroutines.

RL A
Function: Rotate left the accumulator
Flags: None

This rotates the bits of A left.
The bits rotated out of A are rotated

. ; MSB «<—— LSB J
back into A at the opposite end.
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MOV A, #69H

;A=01101001

RL A ;Now A=11010010
RL A ;Now A=10100101
RLC A
Function: Rotate A left through carry
Flags: CYy
This rotates the bits of
the accumulator left. The bits
rotated out of register A are
rotated into CY, and the CY bit
1s rotated into the opposite end CY —<— MSB—= LSB =
of the accumulator.
CLR C ;CY=0
MOV A, #99H ;A=10011001
RLC A ;Now A=00110010 and CY=1
RLC A ;Now A=01100101 and CY=0
RR A
Function: Rotate A right
Flags: None

This rotates the bits of register L
A right. The bits rotated out of A are
rotated back into A at the opposite end.

MOV A, #66H

MSB————>LSB

;A=01100110

RR A ;Now A=00110011
RR A ;Now A=10011001
RRC A
Function: Rotate A right through carry
Flags: CY

This rotates the bits of
the accumulator right. The bits
rotated out of register A are
rotated into CY and the CY bit
1s rotated into the opposite end of
the accumulator.

Y

MSB——>LSB > CY J
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SETB C ;CY=1

MOV A, #99H ;A=10011001

RRC A ;Now A=11001100 and CY=1
SETB C ;CY=1

RRC A ;Now A=11100110 and CY=0

SETB bit
Function: Set bit

This sets high the indicated bit. The bit can be the carry or any directly
addressable bit of a port, register, or RAM location.

SETB P1.3 ;P1.3=1

SETB P2.6 ;P2.6=1

SETB ACC.6 ;ACC.6=1

SETB 05 ;set high D5 of RAM loc. 20H
SETB C ;Set Carry Flag CY=1

SJMP
See LJMP and SIMP.

SUBB A, source byte

Function: Subtract with borrow
Flags: OV, AC, CY

This subtracts the source byte and the carry flag from the accumulator
and puts the result in the accumulator. The steps for subtraction performed by
the internal hardware of the CPU are as follows:

1. Take the 2’s complement of the source byte.
2. Add this to register A.
3. Invert the carry.

This instruction sets the carry flag according to the following:

Y
dest > source 0 the result is positive
dest = source 0 the result is 0
dest < source 1 the result is negative in 2’s complement

Notice that there is no SUB instruction in the 8051. Therefore, we
perform the SUB instruction by making CY = 0 and then using SUBB: A =
(A - byte — CY).
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MOV A, #45H
CLR C
SUBB A, #23H ;45H-23H-0=22H

Addressing modes

The following four addressing modes are supported for the SUBB.

1. Immediate: SUBB A, #data
SUBB A, #25H ;A=A-25H-CY
2. Register SUBB A, Rn
SUBB A,R3 ;A=A-R3-CY
3. Direct: SUBB A, direct
SUBB A, 30H ;A - data at (30H) - CY

4. Register-indirect: SUBB A, @Rn

SUBB A, @RO ;A - data at (RO) - CY
SWAPA
Function: Swap nibbles within the accumulator
Flags: None

The SWAP instruction interchanges the lower nibble (D0-D3) with the
upper nibble (D4-D7) inside register A.

MOV A, #59H ;A=59H (0101 1001 in binary)
SWAP A ;A=95H (1001 0101 in binary)
XCH A, byte
Function: Exchange A with a byte variable
Flags: None

This instruction swaps the contents of register A and the source byte.
The source byte can be any register or RAM location.

MOV A, #65H ;A=65H
MOV R2,#97H ;R2=97H
XCH A,R2 ;now A=97H and R2=65H
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For the “XCH A, byte” instruction, there are a total of three address-
ing modes. They are as follows:

1. Register: XCH A, Rn
XCH A,R3
2. Direct: XCH A, direct

XCH A,40H ;exchange A with data in RAM loc.40H
3. Register-indirect: XCH A, @Rn

XCH A,@R0 ;XCH A with data pointed to by RO
XCH A,@R1 ;XCH A with data pointed to by R1

XCHD A, @Ri
Function: Exchange digits
Flags: None

The XCHD instruction exchanges only the lower nibble of A with the
lower nibble of the RAM location pointed to by Ri while leaving the upper
nibbles in both places intact.

Assuming RAM location 40H has the value 97H, find its contents after
the following instructions.

;40H= (97H)

MOV A, #12H ;A=12H (0001 0010 binary)

MOV R1, #40H ;R1=40H, load pointer

XCHD A, @R1 ;exchange the lower nibble of

;A and RAM location 40H

After execution of the XCHD instruction, we have A = 17H and RAM
location 40H has 92H.

XRL dest-byte, source-byte

Function: Logical exclusive-OR for byte variables
Flags: None A Bl A XOR B
This performs a logical exclusive-OR on |0 0 0
the operands, bit by bit, storing the result in the |0 1 1
destination. 1 0 1
1 1 0
MOV A, #39H ;A=39H
XRL A, #09H ;A=39H ORed with 09

39H 0011 1001
09H 0000 1001
30 0011 0000

8051 INSTRUCTIONS, TIMING, AND REGISTERS



MOV A, #32H ;A=32H
MOV R4,#50H ;R4=50H
XRL A,R4 ; (A=62H)

32H 0011 0010
50H 0101 0000
62H 0110 0010

For the XRL instruction, there are a total of six addressing modes. In
four of them, the accumulator must be the destination. They are as follows:

1. Immediate: XRL A, #data

XRL A, #25H

2. Register: XRL A, Rn
XRL A,R3
3. Direct: XRL A, direct

XRL A,30H ;XRL A with data in RAM location 30H
4. Register-indirect: XRL A,@Rn
XRL A,@R0 ;XRL A with data pointed to by RO

In the next two addressing modes, the destination is a direct address
(a RAM location or one of the SFR registers), while the source is either A or
immediate data as shown below:

5. XRL direct, #data
Assume that RAM location 32H has the value 67H.
Find the contents of A after execution of the following code.

XRL 32H, #44H
MOV A,32H ;move content of RAM loc. 32H to A

44H 0100 0100
67H 0110 0111
23H 0010 0011 Therefore A will have 23H.

6. XRL direct, A
Find the contents of B after the following:

MOV B, #44H ;B=44H
MOV A, #67H ;A=67H
XRL OFO0OH, A ;OR register A and B

; (register B is located at RAM location FOH)
;after the operation B=23H

Note: We cannot use this instruction to exclusive-OR the data at the input port.
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Table 1. 8051 Instruction Set Summary

Machine Machine
Mnemonic Byte Cycle Mnemonic Byte Cycle
Arithmetic Operations Data Transfer
ADD A,Rn 1 1 MOV A.,Rn 1 1
ADD A direct 2 1 MOV A, direct 2 1
ADD A ,@Ri 1 1 MOV A, @Ri 1 1
ADD A #data 2 1 MOV A #data 2 1
ADDC A,Rn 1 1 MOV Rn,A 1 1
ADDC A, direct 2 1 MOV Rn,direct 2 2
ADDC A, @Ri 1 1 MOV Rn,#data 2 1
ADDC A #data 2 1 MOV direct,A 2 1
SUBB A.,Rn 1 1 MOV direct,Rn 2 2
SUBB A, direct 2 1 MOV  direct,direct 3 2
SUBB A.,@Ri 1 1 MOV direct,@Ri 2 2
SUBB A, #data 2 1 MOV direct,#data 3 2
INC A 1 1 MOV  @Ri,A 1 1
INC Rn 1 1 MOV  @Ri.direct 2 2
INC  direct 2 1 MOV @Ri,#data 2 1
INC @RI 1 1 MOV DPTR #datale| 3 2
DEC A 1 1 MOVX A,@Ri 1 2
DEC Rn 1 1 MOVX A, @DPTR 1 2
DEC direct 2 1 MOVX @Ri,A 1 2
DEC @Ri 1 1 MOV @DPTR,A 1 2
INC DPTR 1 2 PUSH direct 2 2
MUL AB 1 4 POP  direct 2 2
DIV AB 1 4 XCH A,Rn 1 1
DA A 1 1 XCH A.direct 2 1
Logical Operations iggD ::%Ei } }
ANL ARn 1 1
ANL A direct P 1 Boolean Variable Manipulation
ANL A @Ri 1 1 CLR C 1 1
ANL A #data 2 1 CLR bit 2 1
ANL direct, A 2 1 SETB C 1 1
ANL  direct,#data 3 2 SETB bit 2 1
ORL A.Rn 1 1 CPL C 1 1
ORL A, direct 2 1 CPL  bit 2 1
ORL A, @Ri 1 1 ANL C,bit 2 2
ORL A #data 2 1 ANL C,/bit 2 2
ORL  direct,A 2 1 ORL C,bit 2 2
ORL direct,#data 3 2 ORL C,/bit 2 2
XRL ARn 1 1 MOV C,bit 2 1
XRL A, direct 2 1 MOV bit,C 2 2
XRL A, @Ri 1 1 JC rel 2 2
XRL A, #data 2 1 JNC  rel 2 2
XRL  direct,A 2 1 JB bit,rel 3 2
XRL  direct,#data 3 2 JNB  bit,rel 3 2
CLR A 1 1 JBC __ bit,rel 3 2
CPL A 1 1
RL A 1 1
RLC A 1 1 (continued)
RR A 1 1
RRC A 1 1
SWAP A 1 1
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Machine Machine

Mnemonic Byte Cycle Mnemonic Byte Cycle
Program Branching Program Branching (continued)
ACALL addrll 2 2 JNZ  rel 2 2
LCALL addrl6 3 2 CINE A direct,rel 3 2
RET 1 2 CINE A, #data,rel 3 2
RETI 1 2 CJNE Rn, #data,rel 3 2
AJMP addrll 2 2 CINE @Ri,#data,rel 3 2
LJMP addrl6 3 2 DIJNZ Rn,rel 2 2
SIMP  rel 2 2 DIJNZ direct,rel 3 2
JMP @A+DPTR 1 2 NOP 1 1
JZ rel 2 2
(continued)
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2: 8051 REGISTERS

Table 2. Special Function Register (SFR) Addresses

Symbol Name Address
ACC* Accumulator 0EOH
B* B register 0FOH
PSW* Program status word 0DOH
SP Stack pointer 81H
DPTR Data pointer 2 bytes

DPL Low byte 82H

DPH High byte 83H
PO* Port 0 80H
P1* Port 1 90H
P2* Port 2 0AOH
P3* Port 3 0BOH
Ip* Interrupt priority control 0B8H
IE* Interrupt enable control 0A8H
T™MOD Timer/counter mode control 89H
TCON* Timer/counter control 88H
T2CON* Timer/counter 2 control 0C8H
T2MOD Timer/counter mode control 0C9H
THO Timer/counter 0 high byte 8CH
TLO Timer/counter 0 low byte 8AH
THI1 Timer/counter 1 high byte 8DH
TL1 Timer/counter 1 low byte 8BH
TH2 Timer/counter 2 high byte 0CDH
TL2 Timer/counter 2 low byte 0CCH
RCAP2H  T/C 2 capture register high byte 0CBH
RCAP2L T/C 2 capture register low byte 0CAH
SCON* Serial control 98H
SBUF Serial data buffer 99H
PCON Power control 87TH

* Bit-addressable
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Byte
address Bit address

FF

FO F7 F6 F5 F4 F3 F2 F1 FO
EO E7 E6 E5 E4 E3 E2 E1 EO
DO D7 D6 D5 D4 D3 D2 D1 DO
B8 -- —-—- —-—- BC BB BA B9 BS8
BO B7 B6 B5 B4 B3 B2 Bl BO
A8 AF -- -- AC AB AA A9 AS8
AQ A7 A6 A5 A4 A3 A2 Al AO
99 Not bit-addressable

98 | 9F 9E 9D 9C 9B 9A 99 98
90 |97 96 95 94 93 92 91 90
8D Not bit-addressable

8C Not bit-addressable

8B Not bit-addressable

8A Not bit-addressable

89 Not bit-addressable

88 | 8F 8E 8D 8C 8B 8A 89 88
87 Not bit-addressable

83 Not bit-addressable

82 Not bit-addressable

81 Not bit-addressable

80 |87 86 85 84 83 82 81 80

Special Function Registers

ACC

PSW

IP

P3

IE

P2

SBUF
SCON

Pl

TH1
THO
TL1
TLO
TMOD
TCON
PCON

DPH
DPL
SP

PO

Figure 1. SFR RAM Address (Byte and Bit)
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Byte

address
TF
General-
purpose
RAM
30

2F |7F 7E 7D 7C 7B 7A 79 78
2E |77 76 75 74 73 72 71 70
2D |6F 6E 6D 6C 6B 6A 69 68
2C |67 66 65 64 63 62 61 60
2B |5F S5E 5D 5C 5B 5A 59 58
2A |57 56 55 54 53 52 51 50
29 |4F 4FE 4D 4C 4B 4A 49 48
28 |47 46 45 44 43 42 41 40
27 3F 3E 3D 3C 3B 3A 39 38
26 |37 36 35 34 33 32 31 30
25 |2F 2E 2D 2C 2B 2A 29 28
24 127 26 25 24 23 22 21 20
23 1F 1E 1D 1c 1B 1A 19 18
22 17 16 15 14 13 12 11 10
21 OF OE OD OC 0B 0OA 09 08
20 07 06 05 04 03 02 01 0O

Bit-addressable locations

ig Bank 3
1(7) Bank 2
8§ Bank 1
88 Default register bank for RO—R7

Figure 2. 128 Bytes of Internal RAM
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D7 DO
EA | - | ET2 | ES | ETI | EXI | ET0O | EXO0 |

EA IE.7  Disables all interrupts. If EA = 0, no interrupt is acknowledged.
If EA =1, each interrupt source is individually enabled or
disabled by setting or clearing its enable bit.

-- IE.6 Not implemented, reserved for future use.*

ET2 IE.5 Enables or disables timer 2 overflow or capture interrupt (8952).

ES IE.4 Enables or disables the serial port interrupt.

ET1 IE.3 Enables or disables timer 1 overflow interrupt.

EX1 [IE.2 Enables or disables external interrupt 1.

ET0 IE.1 Enables or disables timer 0 overflow interrupt.

EX0 [IE.0 Enables or disables external interrupt 0.

Figure 3. IE (Interrupt Enable) Register
*User software should not write 1s to reserved bits. These bits may be used in future
flash microcontrollers to invoke new features.

D7 DO
| - | - | P2 | PpS | PT1 | PXI [ PTO | PXO |

Priority bit = 1 assigns high priority. Priority bit = 0 assigns low priority.

- IP.7  Reserved

- IP.6  Reserved

PT2 IP.5 Timer 2 interrupt priority bit (8052 only)
PS IP.4  Serial port interrupt priority bit

PT1 IP.3  Timer 1 interrupt priority bit

PX1 IP.2  External interrupt 1 priority bit

PTO0 IP.1  Timer O interrupt priority bit

PX0 IP.0  External interrupt O priority bit

Figure 4. Interrupt Priority Register (Bit-addressable)
Note: User software should never write 1s to unimplemented bits, since they may be
used in future products.
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[sMoD| - | - | - | GF1 | GFo [ PD | IDL
Figure 5. PCON Register (Not Bit-addressable)

Finding the TH, value for various baud rates:

SMOD = 0 (default on reset)
Crystal frequency

TH; =256~ 337 Baud rate
SMOD =1
B Crystal frequency
TH,; =256~ 997 Baud rate
CYy AC FO RS1 RSO ov -- P
CY PSW.7 Carry flag
AC PSW.6 Aucxiliary carry flag
FO PSW.5 Available to the user for general purposes
RS1 PSW.4 Register bank selector bit 1
RSO PSW.3 Register bank selector bit 0
OV  PSW.2 Overflow flag
-- PSW.1 User-definable bit
P PSW.0 Parity flag. Set/cleared by hardware each instruction cycle
to indicate an odd/even number of 1 bits in the accumulator
RS1 RSO Register Bank Address
0 0 0 00H-07H
0 1 1 08H-OFH
1 0 2 10H-17H
1 1 3 18H-1FH

Figure 6. Bits of the PSW Register (Bit-addressable)
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SMO | SMI | SM2 | REN | TB8 | RB8 | TI

| RI |

SMO0
SM1
SM2
REN
TBS
RBS
TI

RI

SCON.7 Serial port mode specifier.

SCON.6 Serial port mode specifier.

SCON.5 Used for multiprocessor communication. (Make it 0.)

SCON 4 Set/cleared by software to enable/disable reception.

SCON.3 Not widely used.

SCON.2 Not widely used.

SCON.1 Transmit interrupt flag. Set by hardware at the beginning
of the stop bit in mode 1. Must be cleared by software.

SCON.0 Receive interrupt flag. Set by hardware halfway through

the stop bit time in mode 1. Must be cleared by software.

Figure 7. SCON Serial Port Control Register (Bit-addressable)
Note: Make SM2, TBS, and RB§ = 0.

Finding the TH, value for various baud rates:
SMOD = 0 (default on reset)

3 Crystal frequency
TH, =256~ 334 Baud rate

SMOD =1

B Crystal frequency
TH, =256~ 197X Baud rate

(MSB)

(LSB)

GATE | o1 | Ml MO | GATE [ C/T | Ml

| Mo

Timer 1 Timer O

CIT

M1
Mo
M1
0

0

GATE Gating control when set. Timer/counter is enabled only when the INTx pin

is high and the TRx control pin is set. When cleared, the timer is enabled

whenever the TRx control bit is set.

Timer or counter selected cleared for timer operation (input from internal
system clock). Set for counter operation (input from Tx input pin).

Mode bit 1

Mode bit 0

MO Mode Operating Mode

0 0 13-bit timer mode
8-bit timer/counter THx with TLx as 5-bit prescaler

1 1 16-bit timer mode
16-bit timer/counters THx and TLx are cascaded; there is
no prescaler.

0 2 8-bit auto-reload
8-bit auto-reload timer/counter; THx holds a value that is
to be reloaded into TLx each time it overflows.

1 3 Split timer mode

Figure 8. TMOD Register (Not Bit-addressable)

8051 INSTRUCTIONS, TIMING, AND REGISTERS

531



D7

DO

TF1 | TRI

TFO | TRO | IE1 | ITI IE0 | ITO |

TF1 TCON.7

TR1 TCON.6

TF0 TCON.5

TR0 TCON.4

IE1  TCON.3

ITT TCON.2

IE0 TCON.1

ITO TCON.O

Timer 1 overflow flag. Set by hardware when timer/
counter 1 overflows. Cleared by hardware as the
processor vectors to the interrupt service routine.

Timer 1 run control bit. Set/cleared by software to turn
timer/counter 1 on/off.

Timer 0 overflow flag. Set by hardware when timer/
counter 0 overflows. Cleared by hardware as the
processor vectors to the service routine.

Timer 0 run control bit. Set/cleared by software to turn
timer/counter 0 on/off.

External interrupt 1 edge flag. Set by CPU when the
external interrupt edge (H-to-L transition) is detected.
Cleared by CPU when the interrupt is processed.
Note: This flag does not latch low-level

triggered interrupts.

Interrupt 1 type control bit. Set/cleared by software to
specify falling edge/low-level triggered external interrupt.

External interrupt 0 edge flag. Set by CPU when external
interrupt (H-to-L transition) edge is detected. Cleared by
CPU when interrupt is processed.

Note: This flag does not latch low-level triggered
interrupts.

Interrupt O type control bit. Set/cleared by software to
specify falling edge/low-level triggered external interrupt.

Figure 9. TCON (Timer/Counter) Register (Bit-addressable)
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BASICS OF WIRE
WRAPPING*

OVERVIEW

This appendix shows the basics of wire wrapping.

*Thanks to Shannon Looper and Greg Boyle for their assistance on this appendix.

From Appendix B of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice
Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.

533



534

Note: For this tutorial appendix, you will need the following:
Wire-wrapping tool (Radio Shack part number 276-1570)
30-gauge (30-AWG) wire for wire wrapping

The following describes the basics of wire wrapping.

. There are several different types of wire-wrap tools available. The best

one is available from Radio Shack for less than $10. The part number
for Radio Shack is 276-1570. This tool combines the wrap and unwrap
functions in the same end of the tool and includes a separate stripper. We
found this to be much easier to use than the tools that combined all these
features on one two-ended shaft. There are also wire-wrap guns, which are,
of course, more expensive.

. Wire-wrapping wire is available prestripped in various lengths or in

bulk on a spool. The prestripped wire is usually more expensive and you
are restricted to the different wire lengths you can afford to buy. Bulk
wire can be cut to any length you wish, which allows each wire to be
custom fit.

. Several different types of wire-wrap boards are available. These are usu-

ally called perfboards or wire-wrap boards. These types of boards are sold
at many electronics stores (such as Radio Shack). The best type of board
has plating around the holes on the bottom of the board. These boards are
better because the sockets and pins can be soldered to the board, which
makes the circuit more mechanically stable.

. Choose a board that is large enough to accommodate all the parts in your

design with room to spare so that the wiring does not become too clut-
tered. If you wish to expand your project in the future, you should be sure
to include enough room on the original board for the complete circuit.
Also, if possible, the layout of the IC on the board needs to be done such
that signals go from left to right just like the schematics.

. To make the wiring easier and to keep pressure off the pins, install one

standoff on each corner of the board. You may also wish to put stand-
offs on the top of the board to add stability when the board is on its
back.

. For power hook-up, use some type of standard binding post. Solder a few

single wire-wrap pins to each power post to make circuit connections (to
at least one pin for each IC in the circuit).

. To further reduce problems with power, each IC must have its own

connection to the main power of the board. If your perfboard does not
have built-in power buses, run a separate power and ground wire from
each IC to the main power. In other words, do not daisy chain (chip-to-chip
connection is called daisy chain) power connections, as each connection
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10.

11.

12.

13.

14.

15.

down the line will have more wire and more resistance to get power
through. However, daisy chaining is acceptable for other connections such
as data, address, and control buses.

. You must use wire-wrap sockets. These sockets have long square pins

whose edges will cut into the wire as it is wrapped around the pin.

. Wire wrapping will not work on round legs. If you need to wrap to

components, such as capacitors, that have round legs, you must also
solder these connections. The best way to connect single components
1s to install individual wire-wrap pins into the board and then solder
the components to the pins. An alternate method is to use an empty IC
socket to hold small components such as resistors and wrap them to the
socket.

The wire should be stripped about 1 inch. This will allow 7 to 10 turns for
each connection. The first turn or turn-and-a-half should be insulated.
This prevents stripped wire from coming in contact with other pins. This
can be accomplished by inserting the wire as far as it will go into the tool
before making the connection.

Try to keep wire lengths to a minimum. This prevents the circuit from
looking like a bird nest. Be neat and use color coding as much as pos-
sible. Use only red wires for V__ and black wires for ground connections.
Also use different colors for data, address, and control signal connections.
These suggestions will make troubleshooting much easier.

It is standard practice to connect all power lines first and check them for
continuity. This will eliminate trouble later on.

It’s also a good idea to mark the pin orientation on the bottom of the
board. Plastic templates are available with pin numbers preprinted on
them specifically for this purpose or you can make your own from paper.
Forgetting to reverse pin order when looking at the bottom of the board is
a very common mistake when wire wrapping circuits.

To prevent damage to your circuit, place a diode (such as IN5338) in
reverse bias across the power supply. If the power gets hooked up back-
wards, the diode will be forward biased and will act as a short, keeping the
reversed voltage from your circuit.

In digital circuits, there can be a problem with current demand on the
power supply. To filter the noise on the power supply, a 100 pF electrolytic
capacitor and a 0.1 UF monolithic capacitor are connected from V_ to
ground, in parallel with each other, at the entry point of the power supply
to the board. These two together will filter both the high- and the low-
frequency noises. Instead of using two capacitors in parallel, you can use a
single 20-100 pF tantalum capacitor. Remember that the long lead is the
positive one.

BASICS OF WIRE WRAPPING
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IC#1 IC#2 IC #3 IC #4

Figure 1. Daisy Chain Connection (Not Recommended for Power Lines)

16. To filter the transient current, use a 0.1 JF monolithic capacitor for each
IC. Place the 0.1 pF monolithic capacitor between V__ and ground of each
IC. Make sure the leads are as short as possible.

BASICS OF WIRE WRAPPING
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IC TECHNOLOGY AND
SYSTEM DESIGN ISSUES

OVERVIEW

This appendix provides an overview of IC technology and 8051 interfac-
ing. In addition, we look at the microcontroller-based system as a whole and
examine some general issues in system design.

First, in Section 1, we provide an overview of IC technology. Then, in
Section 2, the internal details of 8051 I/O ports and interfacing are discussed.
Section 3 examines system design issues.

From Appendix C of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice
Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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1: OVERVIEW OF IC TECHNOLOGY

In this section, we examine IC technology, and discuss some major
developments in advanced logic families. Since this is an overview, it is assumed
that the reader is familiar with logic families on the level presented in basic
digital electronics books.

Transistors

The transistor was invented in 1947 by three scientists at Bell Laboratory.
In the 1950s, transistors replaced vacuum tubes in many electronics systems,
including computers. It was not until 1959 that the first integrated circuit was
successfully fabricated and tested by Jack Kilby of Texas Instruments. Prior to
the invention of the IC, the use of transistors, along with other discrete compo-
nents such as capacitors and resistors, was common in computer design. Early
transistors were made of germanium, which was later abandoned in favor of
silicon. This was due to the fact that the slightest rise in temperature resulted in
massive current flows in germanium-based transistors. In semiconductor terms,
it is because the band gap of germanium is much smaller than that of silicon,
resulting in a massive flow of electrons from the valence band to the conduction
band when the temperature rises even slightly. By the late 1960s and early 1970s,
the use of the silicon-based IC was widespread in mainframes and minicomput-
ers. Transistors and ICs at first were based on P-type materials. Later on, due to
the fact that the speed of electrons is much higher (about two and a half times)
than the speed of holes, N-type devices replaced P-type devices. By the mid-
1970s, NPN and NMOS transistors had replaced the slower PNP and PMOS
transistors in every sector of the electronics industry, including the design of
microprocessors and computers. Since the early 1980s, CMOS (complementary
MOS) has become the dominant technology of IC design. Next, we provide an
overview of differences between MOS and bipolar transistors. See Figure 1.

MOS versus bipolar transistors

There are two types of transistors: bipolar and MOS (metal-oxide semi-
conductor). Both have three leads. In bipolar transistors, the three leads are

Oxide

D
C|N B D [N] IJ
G —] P| G |

-~

Figure 1. Bipolar versus MOS Transistors

IC TECHNOLOGY AND SYSTEM DESIGN ISSUES



referred to as the emitter, base, and collector, while in MOS transistors they are
named source, gate, and drain. In bipolar transistors, the carrier flows from the
emitter to the collector, and the base is used as a flow controller. In MOS tran-
sistors, the carrier flows from the source to the drain, and the gate is used as a
flow controller. In NPN-type bipolar transistors, the electron carrier leaving
the emitter must overcome two voltage barriers before it reaches the collector
(see Figure 1). One is the N-P junction of the emitter-base and the other is the
P-N junction of the base-collector. The voltage barrier of the base-collector is
the most difficult one for the electrons to overcome (since it is reverse-biased)
and it causes the most power dissipation. This led to the design of the unipo-
lar-type transistor called MOS. In N-channel MOS transistors, the electrons
leave the source and reach the drain without going through any voltage bar-
rier. The absence of any voltage barrier in the path of the carrier is one reason
why MOS dissipates much less power than bipolar transistors. The low power
dissipation of MOS allows millions of transistors to fit on a single IC chip. In
today’s technology, putting 10 million transistors into an IC is common, and
it is all because of MOS technology. Without the MOS transistor, the advent
of desktop personal computers would not have been possible, at least not so
soon. The bipolar transistors in both the mainframes and minicomputers of
the 1960s and 1970s were bulky and required expensive cooling systems and
large rooms. MOS transistors do have one major drawback: They are slower
than bipolar transistors. This is due partly to the gate capacitance of the MOS
transistor. For a MOS to be turned on, the input capacitor of the gate takes
time to charge up to the turn-on (threshold) voltage, leading to a longer propa-
gation delay.

Overview of logic families

Logic families are judged according to (1) speed, (2) power dissipa-
tion, (3) noise immunity, (4) input/output interface compatibility, and (5)
cost. Desirable qualities are high speed, low power dissipation, and high noise
immunity (since it prevents the occurrence of false logic signals during switch-
ing transition). In interfacing logic families, the more inputs that can be driven
by a single output, the better. This means that high-driving-capability outputs
are desired. This, plus the fact that the input and output voltage levels of MOS
and bipolar transistors are not compatible mean that one must be concerned
with the ability of one logic family to drive the other one. In terms of the cost
of a given logic family, it is high during the early years of its introduction but
declines as its production and use rise.

The case of inverters

As an example of logic gates, we look at a simple inverter. In a
one-transistor inverter, the transistor plays the role of a switch, and R 1is
the pull-up resistor. See Figure 2. However, for this inverter to work most
effectively in digital circuits, the R value must be high when the transistor
is “on” to limit the current flow from V__ to ground in order to have low

IC TECHNOLOGY AND SYSTEM DESIGN ISSUES
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VCC VCC VCC
Rc Rc Rc
Out Low High
In High Low
Rc must be a Rc must be a
very high value. very low value.

Figure 2. One-Transistor Inverter with Pull-up Resistor

Low J Ql

input

Figure 3. TTL Inverter with Totem-Pole Output

power dissipation (P = VI, where V = 5 V). In other words, the lower the I,
the lower the power dissipation. On the other hand, when the transistor is
“off,” R must be a small value to limit the voltage drop across R, thereby
making sure that V. is close to V.. This is a contradictory demand on R.
This is one reason that logic gate designers use active components (tran-
sistors) instead of passive components (resistors) to implement the pull-up
resistor R.

The case of a TTL inverter with totem-pole output is shown in Figure 3.
Here, Q3 plays the role of a pull-up resistor.

CMOS inverter

In the case of CMOS-based logic gates, PMOS and NMOS are used
to construct a CMOS (complementary MOS) inverter, as shown in Figure 4.
In CMOS inverters, when the PMOS transistor is off, it provides a very high
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Figure 4. CMOS Inverter

impedance path, making leakage current almost zero (about 10 nA); when the
PMOS is on, it provides a low resistance on the path of V,, to load. Since the
speed of the hole is slower than that of the electron, the PMOS transistor is
wider to compensate for this disparity; therefore, PMOS transistors take more
space than NMOS transistors in the CMOS gates. At the end of this section,
we will see an open-collector gate in which the pull-up resistor is provided
externally, thereby allowing system designers to choose the value of the pull-
up resistor.

Input/output characteristics of some logic families

In 1968, the first logic family made of bipolar transistors was marketed.
It was commonly referred to as the standard TTL (transistor-transistor
logic) family. The first MOS-based logic family, the CD4000/74C series, was
marketed in 1970. The addition of the Schottky diode to the base-collector of
bipolar transistors in the early 1970s gave rise to the S family. The Schottky
diode shortens the propagation delay of the TTL family by preventing the
collector from going into what is called deep saturation. Table 1 lists major
characteristics of some logic families. In Table 1, note that as the CMOS
circuit’s operating frequency rises, the power dissipation also increases. This is
not the case for bipolar-based TTL.

History of logic families

Early logic families and microprocessors required both positive and
negative power voltages. In the mid-1970s, 5V V__ became standard. In the late
1970s, advances in IC technology allowed combining the speed and drive of the
S family with the lower power of LS to form a new logic family called FAST

IC TECHNOLOGY AND SYSTEM DESIGN ISSUES
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Table 1. Characteristics of Some Logic Families

Characteristic STD TTL LSTTL ALSTTL HCMOS
V.. 5V 5V 5V 5V

Vi 20V 20V 20V 315V
\' 0.8V 0.8V 0.8V 1.1V

Vou 24V 27V 27V 3.7V

Voo 04V 0.5V 04V 04V

I, -1.6 mA -0.36 mA  -0.2 mA -1 pA

| 40 pA 20 pA 20 pA 1 A

I, 16 mA 8 mA 4 mA 4 mA

Loy -400 pA -400 pA -400 pA 4 mA
Propagation delay 10 ns 9.5ns 4 ns 9 ns
Static power dissipation (f = 0) 10 mW 2 mW I mW 0.0025 nW
Dynamic power dissipation

at f =100 kHz 10 mW 2mW I mW 0.17 mW

(Fairchild Advanced Schottky TTL). In 1985, AC/ACT (Advanced CMOS
Technology), a much higher speed version of HCMOS, was introduced. With
the introduction of FCT (Fast CMOS Technology) in 1986, the speed gap
between CMOS and TTL was at last closed. Since FCT is the CMOS version
of FAST, it has the low power consumption of CMOS but the speed is com-

parable with TTL. Table 2 provides an overview of logic families up to FCT.

Table 2. Logic Family Overview

Year Static Supply High/Low Family
Product Introduced Speed (ns) Current (mA) Drive (mA)
Std TTL 1968 40 30 -2/32
CD4K/74C 1970 70 0.3 -0.48/6.4
LS/S 1971 18 54 -15/24
HC/HCT 1977 25 0.08 -6/-6
FAST 1978 6.5 90 -15/64
AS 1980 6.2 90 -15/64
ALS 1980 10 27 -15/64
AC/ACT 1985 10 0.08 -24/24
FCT 1986 6.5 1.5 -15/64

Source: Reprinted by permission of Electronic Design Magazine, c. 1991.
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Recent advances in logic families

As the speed of high-performance microprocessors reached 25
MHz, it shortened the CPU’s cycle time, leaving less time for the path delay.
Designers normally allocate no more than 25% of a CPU’s cycle time budget
to path delay. Following this rule means that there must be a correspond-
ing decline in the propagation delay of logic families used in the address
and data path as the system frequency is increased. In recent years, many
semiconductor manufacturers have responded to this need by providing logic
families that have high speed, low noise, and high drive I/O. Table 3 provides
the characteristics of high-performance logic families introduced in recent
years. ACQ/ACTQ are the second-generation advanced CMOS (ACMOS)
with much lower noise. While ACQ has the CMOS input level, ACTQ is
equipped with TTL-level input. The FCTx and FCTx-T are second-genera-
tion FCT with much higher speed. The “x” in the FCTx and FCTx-T refers
to various speed grades, such as A, B, and C, where A means low speed and
C means high speed. For designers who are well versed in using the FAST
logic family, FASTr is an ideal choice since it is faster than FAST, has higher
driving capability (I, I,), and produces much lower noise than FAST. At
the time of this writing, next to ECL and gallium arsenide logic gates, FASTr
was the fastest logic family in the market (with the 5 V V), but the power
consumption was high relative to other logic families, as shown in Table 3.
The combining of high-speed bipolar TTL and the low power consumption
of CMOS has given birth to what is called BICMOS. Although BICMOS
seems to be the future trend in IC design, at this time it is expensive due to
extra steps required in BICMOS IC fabrication, but in some cases there is
no other choice. (e.g., Intel’s Pentium microprocessor, a BICMOS product,
had to use high-speed bipolar transistors to speed up some of the internal
functions.) Table 3 provides advanced logic characteristics. The “x” is for dif-
ferent speeds designated as A, B, and C. A is the slowest one, while C is the
fastest one. This data is for the 74244 buffer.

Table 3. Advanced Logic General Characteristics

Number  Tech Static

Family Year Suppliers Base I/O Level  Speed (ns) Current I,,/1,,

ACQ 1989 2 CMOS CMOS/CMOS 6.0 80 pA  -24/24 mA
ACTQ 1989 2 CMOS  TTL/CMOS 7.5 80 uA  -24/24 mA
FCTx 1987 3 CMOS  TTL/CMOS 41-48 1.5mA -15/64 mA
FCTxT 1990 2 CMOS  TTL/TTL 41-48 1.5mA -15/64 mA
FASTr 1990 1 Bipolar  TTL/TTL 3.9 50 mA -15/64 mA
BCT 1987 2 BICMOS TTL/TTL 5.5 10 mA -15/64 mA

Source: Reprinted by permission of Electronic Design Magazine, ¢. 1991.
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Since the late 1970s, the use of a

+5 V power supply has become standard
in all microprocessors and microcon-
trollers. To reduce power consumption,

-

VCC
External
pull-up
resistor

3.3 V V_, is being embraced by many
designers. The lowering of V__ to 3.3 V [ Input
has two major advantages: (1) it low-
ers the power consumption, prolonging
the life of the battery in systems using a
battery, and (2) it allows a further reduc- i

tion of line size (design rule) to submi-
cron dimensions. This reduction results

Output

in putting more transistors in a given die

size. As fabrication processes improve, Figure 5. Open Collector

the decline in the line size is reaching submicron level and tran-
sistor densities are approaching 1 billion transistors. g

Open-collector and open-drain gates

To allow multiple outputs to be connected together, we
use open-collector logic gates. In such cases, an external resis- —|
tor will serve as load. This is shown in Figures 5 and 6.

(AL,

External
pull-up
resistor

2: 8051 I/0 PORT STRUCTURE AND INTERFACING  Figure 6. Open Drain

In interfacing the 8051 microcontroller with other IC chips or devices,
fan-out is the most important issue. To understand the 8051 fan-out, we must
first understand the port structure of the 8051. This section provides a detailed
discussion of the 8051 port structure and its fan-out. It is very critical that we
understand the I/O port structure of the 8051 lest we damage it while trying to
interface it with an external device.

IC fan-out

When connecting IC chips together, we need to find out how many
input pins can be driven by a single output pin. This is a very important issue
and involves the discussion of what is called IC fan-out. The IC fan-out must
be addressed for both logic “0” and logic “1” outputs. Fan-out for logic low
and logic high are defined as follows:

Iy, . Loy
fan-out (of low) = T fan-out (of high) = T
1L IH

Of the above two values, the lower number is used to ensure the proper
noise margin. Figure 7 shows the sinking and sourcing of current when ICs are
connected together.
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High 4)% 4)% 4)% Low v
Po——— o——
ToL Ion
1
“Off” 2 2 2 “On” LOH
Iy, (LK Iy, (LK Iy, (LK IIH(;\ IIH(;\ IIH(;\
“On” = “off” =
Iop=21Iy Lon=2Iiy
IOL VOL = RON (transistor) X IOL

Figure 7. Current Sinking and Sourcing in TTL

Notice that in Figure 7, as the number of input pins connected to a
single output increases, I, rises, which causes V, to rise. If this continues, the
rise of V,, makes the noise margin smaller, and this results in the occurrence
of false logic due to the slightest noise. See Example 1.

74L.S244 and 74L.S245 buffers/drivers

In cases where the receiver current requirements exceed the driver’s
capability, we must use buffers/drivers such as the 741.S245 and 741.S244.

Example 1

Find how many unit loads (UL) can be driven by the output of the LS logic family.

Solution:

The unit load 1s defined as I, = 1.6 mA and I,;; = 40 pA. Table 1 shows I, = 400
pA and I,, = 8 mA for the LS family. Therefore, we have

I, 8 mA
fan-out (low) = T - 1.6mA =°
IL :
_ Loy _ 400 pA =10
fan-out (high) = T,  40uA

This means that the fan-out is 5. In other words, the LS output must not be con-
nected to more than 5 inputs with unit load characteristics.

IC TECHNOLOGY AND SYSTEM DESIGN ISSUES
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Vee 1G
1A-1 - 1Y-1
1A-2 ,\L 1Y-2
1A-3 ,\L 1Y-3
1A-4 ,\W— 1Y-4
|
2A-1 ,\ 2Y-1
2A-2 ,\L 2Y-2
2A-3 ,\L 2Y-3
2A-4 :’\I'_ 2Y-4
M
GND 1G
I

Figure 8(a). 741L.S244 Octal Buffer
Source: Reprinted by permission of Texas
Instruments, Copyright Texas Instruments, 1988

o o)

1 vcc'\ GND |
— | Y B2 |—
—] a3 B3 [—
—] A4 B4 |—
—] as B5 [—
—] A6 B6 [—
—] A7 B7 |—
—] a8 B8 [—
DIR G

Direction Enable

control

Function Table

__ | Direction control
Enable G DIR Operation
L L B Data to A Bus
L H A Data to B Bus
H X Isolation

Figure 8(b). 741.S245 Bidirectional Buffer
Source: Reprinted by permission of Texas Instruments,
Copyright Texas Instruments, 1988

Figure 8 shows the internal gates for the 741.S244 and 74L.S245. The 741.S245
1s used for bidirectional data buses, and the 741.S244 is used for unidirectional

address buses.

Tri-state buffer

Notice that the 74LS244 is simply eight tri-state buffers in a single chip.

As shown in Figure 9, a tri-state buffer
has a single input, a single output, and
the enable control input. By activating
the enable, data at the input is trans-
ferred to the output. The enable can be
an active low or an active high. Notice
that the enable input for the 74L.S244 is
an active low whereas the enable input
pin for Figure 9 is active high.

741.S245 and 74L.S244
fan-out
It must be noted that the output

of the 74L.S245 and 74LS244 can sink
and source a much larger amount of

In Out
Tri-state
control

(active high)

L L
H
H H
H Low

High-impedance
(open-circuit)

Figure 9. Tri-State Buffer
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Table 4. Electrical Specifications for Buffers/Drivers

Iy (MmA) I, (mA)
7415244 3 12
74L.S245 3 12

current than that of other LS gates. See Table 4. That is the reason we use
these buffers for driver when a signal is travelling a long distance through a
cable or it has to drive many inputs.

Next, we discuss the structure of 8051 ports. We first discuss the struc-
ture of P1-P3 since their structure is slightly different from the structure of PO.

P1-P3 structure and operation

Since all the ports of 8051 are bidirectional, they all have the following
three components in their structure:

1. D latch
2. Output driver
3. Input buffer

Figure 10 shows the structure of P1 and its three components. The
other ports, P2 and P3, are basically the same except with extra circuitry to
allow their dual functions. Notice in Figure 10 that the L1 load is an internal
load for P1, P2, and P3. As we will see at the end of this section, that is not the
case for PO.

Also notice that in Figure 10, the 8051 ports have both the latch and
buffer. Now the question is, in reading the port, “Are we reading the status
of the input pin or the status of the latch?” That is an extremely important
question and its answer depends on which instruction we are using. Therefore,
when reading the ports there are two possibilities: (1) reading the input pin

Read latch
j‘l TB2 Load (L1)

~N

Internal

P1-X
CPU bus D Q ,
P1-X

Write to latch ———— Clk Q I @Ml

pin

!

Read pin J TBl

Figure 10. 8051 Port 1 Structure
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or (2) reading the latch. The above distinction is very important and must be
understood lest you damage the 8051 port. Each is described next.

Reading the input pin

To make any bits of any port of 8051 an input port, we first must write
a 1 (logic high) to that bit. Look at the following sequence of events to see why.

1. As can be seen from Figure 11, a 1 written to the port bit is written to the
latch and the D latch has “high” on its Q. Therefore, Q = 1 and Q = 0.

2. Since 6 = 0 and is connected to the transistor M1 gate, the M1 transistor
is off.

3. When the M1 transistor is off, it blocks any path to the ground for any signal
connected to the input pin and the input signal is directed to the tri-state TB1.

4. When reading the input port in instructions such as “MOV 2, P1”, we are
really reading the data present at the pin. In other words, it is bringing into
the CPU the status of the external pin. This instruction activates the read
pin of TBI (tri-state buffer 1) and lets data at the pins flow into the CPU’s
internal bus. Figures 11 and 12 show high and low signals at the input,
respectively.

Read latch
]’I TB2 Load (L1)

~N

Internal High
CPU bus D Q ‘
Pl 'X 3 0 b

Write to latch ———Clk ~ Q I r%Ml

P1-X
pin

Off

1

Read pin T

Figure 11. Reading “High” at the Input Pin

Read latch
1| TB2 Load (L1)

~N

Internal Low P1-X

CPU bus D Q ‘T
Pl'X ‘0»
Write to latch ———Clk Q I EI7M1

pin

Off

1

Read pin J TBI

Figure 12. Reading “Low” at the Input Pin
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Writing “0” to the port

The above discussion showed why we must write a “high” to a port’s
bits in order to make it an input port. What happens if we write a “0” to a
port that was configured as an input port? From Figure 13, we see that if we
write a 0 (low) to port bits, then Q =0 and Q = 1. As a result of Q = 1, the M1
transistor is “on.” If M1 1s “on,” it provides the path to ground for both LI
and the input pin. Therefore, any attempt to read the input pin will always get
the “low” ground signal regardless of the status of the input pin. This can also
damage the port, as explained next.

Avoid damaging the port

We must be very careful when connecting a switch to an input port of
the 8051. This is due to the fact that the wrong kind of connection can dam-
age the port. Look at Figure 13. If a switch with V__ and ground is connected
directly to the pin and the M1 transistor is “on,” it will sink current from both
internal load L1 and external V.. This can be too much current for M1, which
will blow the transistor and, as a result, can damage the port bit. There are
several ways to avoid this problem. They are shown in Figures 14-16.

VCC
Read latch
B2 Load (L1)
: s
cc
Internal 5 5 %
CPU bus ‘0
Pl'X 3 1 ) J Pl 'X
Write to latch ———Clk Q : le pin
On will damage M1
1

Read pin T

Figure 13. Never Connect Direct V__ to the 8051 Port Pin

VCC V
Read latch ﬁ/‘ B cc
Load (L1 10K
<] (LD
Internal 5 A
CPU bus
P1-X P.I-X
Write to lach ———Clk  Q | 57 pin

1

Read pin J TBI

Figure 14. Input Switch with Pull-Up Resistor
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Read latch
:LI TB2 Load (L1)

~N
Internal 5 9
CPU bus
PLX PIX
Write to latch ———Clk  Q I M1 | pin
e

Read pin T

Figure 15. Input Switch with No V_

Ml | pin

<l

Write to latch ————— Clk

1

Read pin T

Vee
Read latch TB?
4 Load (L1) Vee
- &
741.S244
Internal 5 9
CPU bus

Figure 16. Buffering Input Switch with Direct V,

1. One way is to have a 10K-ohm resistor on the V__ path to limit current flow

through the M1 transistor. See Figure 14.

2. The second method is to use a switch with a ground only, and no V

cc’

as shown in Figure 15. In this method, we read a low when the switch is

pressed and a high when it is released.

3. Another way is to connect any input switch to a 74L.S244 tri-state buffer

before it is fed to the 8051 pin. This

is shown in Figure 16. Table 5. Instructions for Reading the Status of
. Input Port
The above points are extremely fput - or
important and must be emphasized Mnemonics Examples
since many people damage their ports
MOV A, PX MOV A,P1

and wonder how it happened. We must
also use the right instruction when we JNB PX.Y, ...

JNB P1.2,TARGET

want to read the status of an input pin. JB PX.Y, ...

JB P1.3,TARGET

Table 5 shows the list of instructionsin Moy ¢, px.v

MOV C,P1l.4

which reading the port reads the status

) . CJINE A,PX, ...
of the input pin.

CJINE A,P1l,TARGET
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Reading latch

Since, in reading the port, some instructions read the port and others
read the latch, we next consider the case of reading the port where it reads the
internal port latch. “ANL  P1,A” is an example of an instruction that reads
the latch instead of the input pin. Look at the sequence of actions taking place
when an instruction such as “ANL P1,A” is executed.

1. The read latch activates the tri-state buffer of TB2 (see Figure 17) and
brings the data from the Q latch into the CPU.

2. This data is ANDed with the contents of register A.
3. The result is rewritten to the latch.

After rewriting the result to the latch, there are two possibilities: (1)

If Q =0, then Q = I and M1 is “on,” and the output pin has “0,” the same as
the status of the Q latch. (2) If Q = 1, then Q = 0 and the M1 is “off,” and the
output pin has “1,” the same as the status of the Q latch.

From the above discussion, we conclude that the instruction that reads
the latch normally reads a value, performs an operation (possibly changing
the value), and rewrites the value to the latch. This is often called “read—
modify—write.” Table 6 provides a list of read—modify—write instructions.
Notice from Table 6 that all the read—modify—write instructions use the port as
the destination operand.

PO structure

A major difference between PO and other ports is that PO has no internal
pull-up resistors. (The reason is to allow it to multiplex address and data.)
Since PO has no internal pull-up resistors, it is simply an open-drain, as shown
in Figure 18. (Open-drain in MOS is the same as open-collector in TTL). Now
by writing a “1” to the bit latch, the M1 transistor is “off” and that causes
the pin to float. That is the reason why when PO is used for simple data I/O

Read latch TB?
:LI Load (L1)

~N

Internal

P1-X
CPU bus D Q :
P1-X

Write to latch ———Clk ~ Q I |§|7M1

pin

!

Read pin DN

(off)

Figure 17. Reading the Latch
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we must connect it to external pull-up
resistors. As can be seen from Figures 18
and 19, for a PO bit to drive an input,
there must be a pull-up resistor to source
current.

Notice that when PO is used
for address/data multiplexing and it is
connected to the 74LS373 to latch the
address, there is no need for external
pull-up resistors.

8051 fan-out

Now that we are familiar with the
port structure of the 8051, we need to
examine the fan-out for the 8051 micro-
controller. While the early 8051 micro-
controllers were based on NMOS IC

Table 6. Read—Modify—Write Instructions

Mnemonics Example

ANL ANL P1,A

ORL ORL P1,A

XRL XRL P1,A

JBC JBC P1.1,TARGET
CPL CPL P1.2

INC INC P1

DEC DEC P1

DJNZ DJINZ P1,TARGET
MOV PX.Y,C MOV P1.2,C

CLR PX.Y CLR P1.3

SETB PX.Y SETB P1.4

technology, today’s 8051 microcontrollers are all based on CMOS technology.
However, note that while the core of the 8051 microcontroller is CMOS,

Read latch
I ! TB2

N
Internal
—— PO-X
CPU bus b Q in
P0-X P
Write to laich ———{Clk Q I M1
1
Read pin J TBI
Figure 18. PO Structure (Open drain)
VCC
External
Read latch ﬁ/] TB? I
10K pull-up
N resistor
Internal
CPU bus D Q PO-X
P0O-X pin

Write to latch ——— Clk ~ Q

1

Read pin J TBI

Figure 19. PO With External Pull-Up Resistor
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Table 7. 8051 Fan-out for P1, P2, and P3 the circuitry driving its pins is all TTL-

compatible. That is, the 8051 is a CMOS-

Pin Fan-out based product with TTL-compatible pins.
IOL 1.6 mA
IOH 60 pA P1, P2, and P3 fan-out
1L 50 pA The three ports of P1, P2, and P3
ITH 650 pA have the same I/O structure, and therefore
Note: P1, P2, and P3 can drive up to 4 LS TTL the same fan-out. Table 7 provides the I/O
inputs when connected to other IC chips. characteristics of P1, P2, and P3.
8051 TALS2A4 Port 0 fan-out
N po Printer
Pl K data PO requires external pull-up resistors
1> D7 port in order to drive an input since it is an open-
?V? drain I/O. The value of this resistor decides the
P2.0 N STROBE fan-out. However, since I, = 3.2 mA for V;
l@ = 0.45 V, we must make sure that the pull-up
P2.1 <—ACK resistor connected to each pin of the PO is no
E less than 1422 ohms, since (5 V-0.45V) /3.2
P22 y BUSY mA = 1422 ohms. In applications in which PO
is not connected to an external pull-up resis-
7415244 . .
tor, or is used in bus mode connected to a
Figure 20. 8051 Connection to 74L.S373 or other chip, it can drive up to 8 LS
Printer Signals TTL inputs.

74L.S244 driving an output pin

In many cases when an 8051 port is driving multiple inputs, or driving
a single input via a long wire or cable (e.g., printer cable), we need to use the
74L.S244 as a driver. When driving an off-board circuit, placing the 741.S244
buffer between your 8051 and the circuit is essential since the 8051 lacks suf-
ficient current. See Figure 20.

3: SYSTEM DESIGN ISSUES

In addition to fan-out, the other issues related to system design are
power dissipation, ground bounce, V . bounce, crosstalk, and transmission
lines. In this section, we provide an overview of these topics.

Power dissipation considerations

Power dissipation of a system is a major concern of system designers,
especially for laptop and handheld systems in which batteries provide the power.
Power dissipation is a function of frequency and voltage as shown below:
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0=CV
0 _cv
T T

and I= %

~5|=

since F=

[=CVF
now P=VI=CV?F

In the above equations, the effects of frequency and V__ voltage should
be noted. While the power dissipation goes up linearly with frequency, the
impact of the power supply voltage is much more pronounced (squared). See
Example 2.

Dynamic and static currents

Two major types of currents flow through an IC: dynamic and static.
A dynamic current is I = CVF. It is a function of the frequency under which
the component is working. This means that as the frequency goes up, the
dynamic current and power dissipation go up. The static current, also called
DC, is the current consumption of the component when it is inactive (not
selected). The dynamic current dissipation is much higher than the static
current consumption. To reduce power consumption, many microcontrollers,
including the 8051, have power-saving modes. In the 8051, the power saving
modes are called idle mode and power down mode. Each one is described next.

Idle mode

In idle mode, which is also called sleep mode, the core CPU is put to
sleep while all on-chip peripherals, such as the serial port, timers, and inter-
rupts, remain active and continue to function. In this mode, the oscillator con-
tinues to provide clock to the serial port, interrupt, and timers, but no clock
is provided to the CPU. Notice that during this mode all the contents of the
registers and on-chip RAM remain unchanged.

Power down mode

In the power down mode, the on-chip oscillator is frozen, which cuts off
frequency to the CPU and peripheral functions, such as serial ports, interrupts,

Example 2

Compare the power consumption of two 8051 systems. One uses 5 V and the other
uses 3 VforV .

Solution:

Since P = \271, by substituting I = V/R we have P = VZ/R. Assuming that R = 1, we
have P =5"=25W and P = 32 =9 W. This results in using 16 W less power, which
means power saving of 64%. (16/25 x 100) for systems using 3 V for power source.
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and timers. Notice that while this mode brings power consumption down to an
absolute minimum, the contents of RAM and the SFR registers are saved and
remain unchanged.

Ground bounce

One of the major issues that designers of high-frequency systems
must grapple with is ground bounce. Before we define ground bounce, we
will discuss lead inductance of IC pins. There is a certain amount of capaci-
tance, resistance, and inductance associated with each pin of the IC. The
size of these elements varies depending on many factors such as length,
area, and so on.

The inductance of the pins is commonly referred to as self-induc-
tance since there is also what is called mutual inductance, as we will show
below. Of the three components of capacitor, resistor, and inductor, the
property of self-inductance is the one that causes the most problems in
high-frequency system design since it can result in ground bounce. Ground
bounce occurs when a massive amount of current flows through the ground
pin caused by many outputs changing from high to low all at the same time.
See Figure 21. The voltage is related to the inductance of the ground lead
as follows:

di
V=L I

As we increase the system frequency, the rate of dynamic current, di/dt,
is also increased, resulting in an increase in the inductance voltage L (di/dt) of
the ground pin. Since the low state (ground) has a small noise margin, any extra
voltage due to the inductance can cause a false signal. To reduce the effect of
ground bounce, the following steps must be taken where possible.

DO
Vout

Dl

D2

Time

D3

Tee lecn

Ground

f rrr

Ground bounce occurs when data Transient current going from 0 to 1
switches from all 1s to all Os

Figure 21. Ground Bounce versus Transient Current
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1. The V_, and ground pins of the chip must be located in the middle rather
than at opposite ends of the IC chip (the 14-pin TTL logic IC uses pins 14
and 7 for ground and V). This is exactly what we see in high-performance
logic gates such as Texas Instruments’ advanced logic ACI11000 and
ACT11000 families. For example, the ACT11013 is a 14-pin DIP chip in
which pin numbers 4 and 11 are used for the ground and V_, instead of 7
and 14 as in the traditional TTL family. We can also use the SOIC pack-
ages instead of DIP.

2. Another solution is to use as many pins for ground and V__ as possible to
reduce the lead length. This is exactly why all high-performance micropro-
cessors and logic families use many pins for V_, and ground instead of the
traditional single pin for V__ and single pin for GND. For example, in the
case of Intel’s Pentium processor there are over 50 pins for ground, and
another 50 pins for V__.

The above discussion of ground bounce is also applicable to V_ when a
large number of outputs changes from the low to the high state; this is referred
to as V. bounce. However, the effect of V__ bounce is not as severe as ground
bounce since the high (“1”) state has a wider noise margin than the low (“0”)
state.

Filtering the transient currents using decoupling capacitors

In the TTL family, the change of the output from low to high can cause
what is called transient current. In a totem-pole output in which the output
1s low, Q4 is on and saturated, whereas Q3 is off. By changing the output
from the low to the high state, Q3 turns on and Q4 turns off. This means that
there is a time when both transistors are on and drawing current from V.. The
amount of current depends on the R values of the two transistors, which in
turn depend on the internal parameters of the transistors. However, the net
effect of this is a large amount of current in the form of a spike for the output
current, as shown in Figure 21. To filter the transient current, a 0.01 pF or 0.1 pF
ceramic disk capacitor can be placed between the V_, and ground for each
TTL IC. However, the lead for this capacitor should be as small as possible
since a long lead results in a large self-inductance, and that results in a spike
on the V__ line [V = L (di/dt)]. This spike is called V . bounce. The ceramic
capacitor for each IC is referred to as a decoupling capacitor. There is also a
bulk decoupling capacitor, as described next.

Bulk decoupling capacitor

If many IC chips change state at the same time, the combined currents
drawn from the board’s V_, power supply can be massive and may cause a
fluctuation of V_, on the board where all the ICs are mounted. To eliminate
this, a relatively large decoupling tantalum capacitor is placed between the V_
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Figure 22. Crosstalk (EMI)

_,—/\/\/\_

Ringing
Buffer

> ]

Series termination

Parallel termination

Figure 23. Reducing Transmission
Line Ringing

and ground lines. The size and location of this tanta-
lum capacitor varies depending on the number of ICs
on the board and the amount of current drawn by each
IC, but it is common to have a single 22 pF to 47 pyF
capacitor for each of the 16 devices, placed between the
V.. and ground lines.

Crosstalk

Crosstalk is due to mutual inductance. See
Figure 22. Previously, we discussed self-inductance,
which is inherent in a piece of conductor. Mutual
inductance 1s caused by two electric lines running
parallel to each other. The mutual inductance is a
function of 1, the length of two conductors running in
parallel, d, the distance between them, and the medium
material placed between them. The effect of crosstalk
can be reduced by increasing the distance between the
parallel or adjacent lines (in printed circuit boards,
they will be traces). In many cases, such as printer
and disk drive cables, there is a dedicated ground for
each signal. Placing ground lines (traces) between sig-
nal lines reduces the effect of crosstalk. This method
is used even in some ACT logic families where there
are a V_ and GND pin next to each other. Crosstalk
is also called EMI (electromagnetic interference). This
is in contrast to EST (electrostatic interference), which
is caused by capacitive coupling between two adjacent
conductors.

Transmission line ringing

The square wave used in digital circuits is in

reality made of a single fundamental pulse and many harmonics of various
amplitudes. When this signal travels on the line, not all the harmonics respond
in the same way to the capacitance, inductance, and resistance of the line.
This causes what is called ringing, which depends on the thickness and the
length of the line driver, among other factors. To reduce the effect of ringing,
the line drivers are terminated by putting a resistor at the end of the line. See
Figure 23. There are three major methods of line driver termination: parallel,

serial, and Thevenin.

In serial termination, resistors of 30-50 ohms are used to terminate
the line. The parallel and Thevenin methods are used in cases where there
is a need to match the impedance of the line with the load impedance.

IC TECHNOLOGY AND SYSTEM DESIGN ISSUES

557



In high-frequency systems, wire traces on Table 8. Line Length Beyond Which
the printed circuit board (PCB) behave Traces Behave Like Transmission Lines
like transmission lines, causing ringing.

The severity of this ringing depends on Logic Family Line Length (in.)
the speed and the logic family used. Table LS 25
8 provides the length of the traces, beyond g Ag 11
which .th.e trgces must be looked at as F. ACT 3
transmission lines.

AS, ECL 6

FCT, FCTA 5

Source: Reprinted by permission of Integrated Device
Technology, copyright. IDT 1991
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FLOWCHARTS AND
PSEUDOCODE

OVERVIEW

This appendix provides an introduction to writing flowcharts and pseudocode.

From Appendix D of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice
Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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1: FLOWCHARTS

If you have taken any previous programming
courses, you are probably familiar with flowcharting.

Flowcharts use graphic symbols to represent different
types of program operations. These symbols are con-
nected together into a flowchart to show the flow of

Process

execution of a program. Figure 1 shows some of the
more commonly used symbols. Flowchart templates
are available to help you draw the symbols quickly
and neatly.

2: PSEUDOCODE

Flowcharting has been standard practice in

industry for decades. However, some find limitations in
using flowcharts, such as the fact that you can’t write Subroutine
much in the little boxes, and it is hard to get the “big

picture” of what the program does without getting
bogged down in the details. An alternative to using
flowcharts is pseudocode, which involves writing brief

descriptions of the flow of the code. Figures 2 through

6 show flowcharts and pseudocode for commonly used gg:;zt
control structures.

Structured programming uses three basic
types of program control structures: sequence, con-
trol, and iteration. Sequence is simply executing Connector
instructions one after another. Figure 2 shows how O
sequence can be represented in pseudocode and
flowcharts.

Figure 1. Commonly Used
Flowchart Symbols

Statement 1

Statement 1
Statement 2

Statement 2

Figure 2. SEQUENCE Pseudocode versus Flowchart
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Figures 3 and 4 show two control programming structures: [IF-THEN-
ELSE and IF-THEN in both pseudocode and flowcharts.
Note in Figures 2 through 6 that “statement” can indicate one state-

ment or a group of statements.

Figures 5 and 6 show two iteration control structures: REPEAT
UNTIL and WHILE DO. Both structures execute a statement or group of
statements repeatedly. The difference between them is that the REPEAT
UNTIL structure always executes the statement(s) at least once and checks
the condition after each iteration, whereas the WHILE DO may not execute
the statement(s) at all since the condition is checked at the beginning of each

iteration.

Statement 1

ELSE

Condition
?
IF (condition) THEN
y \

Statement 2
Statement 1

Statement 2

o

Figure 3. IF-THEN-ELSE-Pseudocode versus Flowchart

IF (condition) THEN
Statement

Condition
?
Yes

Statement

o

Figure 4. IF-THEN Pseudocode versus Flowchart

FLOWCHARTS AND PSEUDOCODE
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= Statement

REPEAT
Statement
UNTIL (condition)

Condition

Figure 5. REPEAT UNTIL Pseudocode versus Flowchart

Condition

WHILE (condition) DO
Statement
Yes

Statement

<

r

Figure 6. WHILE DO Pseudocode versus Flowchart

Program 1 finds the sum of a series of bytes. Compare the flowchart
versus the pseudocode for Program 1 (shown in Figure 7). In this example,
more program details are given than one usually finds. For example, this shows
steps for initializing and decrementing counters. Another programmer may not
include these steps in the flowchart or pseudocode. It is important to remember
that the purpose of flowcharts or pseudocode is to show the flow of the program
and what the program does, not the specific Assembly language instructions
that accomplish the program’s objectives. Notice also that the pseudocode gives
the same information in a much more compact form than does the flowchart. It
is important to note that sometimes pseudocode is written in layers, so that the
outer level or layer shows the flow of the program and subsequent levels show
more details of how the program accomplishes its assigned tasks.

FLOWCHARTS AND PSEUDOCODE



Count = 5 Start
Address = 40H
Repeat
Add next byte Count =5
Increment address Address = 40H
Decrement counter
Until Count = 0

i

i

> Add one byte

Store Sum

Y

Increment address
pointer

Decrement counter

No

Store sum

\]

( Stop )

Figure 7. Pseudocode versus Flowchart for Program 1

CLR A ;A = 0

MOV RO, #40H ;address

MOV R2,#5 ;counter
BACK: ADD A,@RO

INC RO

DJNZ R2,BACK

MOV B,A

Program 1 for Figure 7
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3051 PRIMER FOR X86
PROGRAMMERS

X86 8051

8-bit registers: AL, AH, BL, BH, A, B, RO, R1, R2, R3,
CL, CH, DL, DH R4, R5, R6, R7

16-bit (data pointer): BX, SI, DI DPTR

Program counter: IP (16-bit) PC (16-bit)

Input:

MOV DX,port addr
IN AL, DX

MOV A,Pn ;(n =0 - 3)

Output:

MOV DX,port addr
ouT DX, AL

MOV Pn,A ;(n =0 - 3)

Loop:

DEC CL
JNZ TARGET

DJIJNZ R3,TARGET
(Using RO-R7)

From Appendix E of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice
Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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Stack pointer: SP (16-bit)

As we PUSH data onto the
stack, it decrements the SP.

As we POP data from the stack,
it increments the SP.

Data movement:
From the code segment:
MOV AL, CS: [SI]
From the data segment:
MOV AL, [SI]

From RAM:
MOV AL, [SI]
MOV A, @RO
To RAM:

MOV [SI],AL

SP (8-bit)

As we PUSH data onto the
stack, it increments the SP.

As we POP data from the
stack, it decrements the SP.

MOVC A, @A+PC

MOVX A,@DPTR

(Use SI, DI, or BX only.)
(Use RO or R1 only.)

MOV @RO,A

8051 PRIMER FOR X86 PROGRAMMERS



ASCII CODES

Ctrl | Dec | Hex | Ch | Code Dec | Hex | Ch Dec Hex | Ch Dec | Hex | Ch
@ a a8 NUL 32 28 64 48 @ 26 68 *
“A i a1 & [SOH 33 21 H 65 49 A 7 61 a
“B 2 a2 a8 [STR 34 22 " 66 42 B 98 62 b
“C 3 a3 v (ETR 35 23 # 67 43 c 29 63 c
“D 4 a4 ¢+ (EOT 36 24 $ 68 44 D 188 64 d
“E 5 as % |ENQ 37 25 b 69 45 E 181 65 e
“F 6 a6 4+ [ACK 38 26 & 78 46 F 182 66 f
“G ? a7 = |BEL 39 27 ! ra ! 47 G 183 67 q
“H 8 ag B |BS 48 28 C 72 48 H 184 68 h
~1 b a9 o |[HT 41 29 ] 73 49 I 185 69 i
~J 18 an B |LF 42 2R * 74 4n J 186 6hA J
“K 11 @B g [UT 43 2B + 75 4B K 187 6B k
“L 12 ac ¢ |FF 44 2C - 76 4C L 188 6C 1
“M 13 an F |CR 45 2D - Ye's 4D M 189 6D m
“N 14 BE R |50 46 2E - 78 4E N 118 6E n
~0 15 @F #w (81 47 2F s 79 4F 0 111 6F o
“P 16 i8 » |DLE 48 3a 8 88 58 P 112 78 P
“Q 17 11 4 |DC1 49 31 1 81 51 Q 113 Fal q
“R 18 12 t |DC2 58 32 2 82 52 R 114 72 *
“~8 19 13 " |DC3 51 33 3 83 53 s 115 73 s
“T 28 14 1 |(DC4 52 34 4 84 54 T 116 74 t
“U 21 15 & |NAK 53 35 5 85 55 u 117 75 u
~U 22 16 - [S¥YN 54 36 6 86 56 U 118 76 u
W 23 17 t |ETB 55 37 ? 87 57 u 119 7 w
“® 24 18 t [CAN 56 38 8 88 58 " 128 78 x
~y 25 19 1 |EM 57 39 9 89 59 ¥ 121 79 u
~E 26 in + [SUB L8 3n : 28 Sh Z 122 A z
“L 27 1B « |ESC 59 3B H M 5B [ 123 78 {
N 28 iC v |[F8 68 3C < 22 5C AN 124 ?C H
~1 29 1D + [GS 61 3D = 23 5D 1 125 7D >
o 38 1E 4 (RS 62 3E > 24 S5E ~ 126 7E o
~_ 31 iF ¥ (US 63 3F ? 5 S5F _ 127 ?F o

From Appendix F of The 8051 Microcontroller: A Systems Approach, First Edition. Muhammad Ali Mazidi, Janice
Gillispie Mazidi, Rolin D. McKinlay. Copyright © 2013 by Pearson Education, Inc. All rights reserved.
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Ch

+

|

|

]

Hex

EA

E1

E2

E3

E4

ES

E6

E?

E8

E?

ER

EB

EC

ED

EE

EF

Fa

Fi

F2

F3

F4

F5

Fb

F?

F8

F?

FA

FB

FC

FD

FE

FF

Dec

224
225
226

227
228
229

238
231
232
233

234
235
236

237
238
239

248
241
242
243

244
245
246

247
248
249

258
251
252
253

254
255

Ch

it

4+

Hex

ca
Cc1

c2

Cc3

Cc4
c5

Cé

c?
C8

c?

Ch

CB
CC
CcD
CE
CF
pa
D1

D2

D3

D4
D5

D6

D?
D8

D2

DA

DB
DC
DD
DE
DF

Dec
192

193

194
195
196

197
198
1929

288
281
282
283

284
285
286

287
288
287

218
211
212
213

214
215
216

217
218
219

228
221
222
223

Ch

Rl

2

h=]

di

ol

L4

»

OO —

il

Hex

Aa
Al
A2
A3

A4
AS
A6

A?
A8
A?
Af

AB
AC
AD
AE
AF
B8

Bi

B2

B3

B4

BS

Bb

B?

B8

B?

BA

BB

BC

BD

BE

BF

Dec

168
161
162
163

164
165
166

167
168
169

178
11
172
173

174
175
176

177
178
179

188
181
182
183

184
185
186

187
188
189

178
171

Ch

Hex

88
81

82

83

84
85

86

87
88

892

8A

8B
8C
8D
8E
8F
78
71

22

23

74
25

76

7?7
78

29

A

9B
2C
by
2E
?F

Dec
128

129

138
131
132
133

134
135
136

137
138
139

148
141
142
143

144
145
146

147
148
149

158
151
152
153

154
155
156

157
158
159

ASCII CODES
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Page references followed by "f" indicate illustrated
figures or photographs; followed by "t" indicates a
table.

A

Access time, 402

Accumulator, 16-19, 30-32, 42, 52-54, 70, 81, 93,
96-97, 107-109, 114, 119, 122, 125,
137-140, 142-143, 148, 154, 158, 161, 270,
284, 401, 494, 498-499, 501-504, 507-508,
512-514, 516, 518-521, 523, 526, 530

accuracy, 66, 168, 359, 369, 386-387

ADC (analog-to-digital converter), 130, 155, 355

ADCO0804, 356-362, 381, 390-391

Adder, 127

Addition, 2, 4, 6, 11, 23, 29, 31-32, 38-39, 56, 58, 62,
103-104, 113, 117, 121-126, 136, 140, 156,
187, 194, 206, 241, 261-263, 293, 315, 356,
401, 406, 430, 438, 449, 484, 494-497, 502,
514, 537, 541, 553

Address, 2, 7, 16, 24-28, 30, 35, 38, 42, 46-47, 52,
54-62, 71-73, 78-79, 89, 94-100, 102,
104-107, 109-115, 117-119, 140, 142,
154-155, 174, 176, 186-187, 194, 196, 200,
203-204, 206-207, 214, 216-217, 219, 234,
281, 283-284, 301-302, 304, 306, 315-316,
319, 327-330, 338, 340-341, 348, 350,
362-365, 367-371, 396-402, 404-405,
407-408, 410-411, 414-417, 433, 439-444,
446, 448-449, 451-453, 456-459, 478-481,
483-491, 494, 497-500, 504-514, 516-518,
523, 526-528, 530, 535, 543, 546, 551-552,
563

Address bus, 2, 397-398

Address decoder, 405

AGC, 341

Algorithm, 185

Amplification, 387

Amplitude, 424, 466, 473

Analog, 3, 130, 155, 185, 355-363, 366-370, 373-374,
376, 381, 385, 387, 390-393

Analog signal, 359, 369

Analog-to-digital converter, 130, 155, 355-356, 366

Analog-to-digital converter (ADC), 356

AND gate, 225, 405, 453

Angle, 383-385, 419, 425, 427-429, 431, 435-436, 473

applications, 1, 3-4, 8, 56, 79, 103, 122, 132, 143,
145-146, 151, 153, 156, 164, 186, 194, 200,
204, 234, 241, 267, 271-272, 317, 334, 358,
372, 399, 401, 404, 406, 420, 423, 426, 436,
438, 440, 446, 448-449, 458, 468, 476, 482,
553

Architecture, 12, 39, 41-44, 48, 50, 113, 189, 208, 222,

477

ASCII, 22, 24, 28-29, 45-46, 49, 100, 121-122,
130-131, 149-152, 155-156, 159-160, 162,
163-165, 180-182, 184-186, 188-189,
194-195, 197, 213, 238-239, 252, 262-263,
266, 270, 278, 294, 335, 347-348, 350, 353,
361, 365, 370-372, 388, 409, 412-413,
444-445, 447-448, 456-457, 512, 567-568

Assembler, 5, 18, 20-24, 27-29, 45, 48-49, 56, 132,
157, 162, 210, 214-215, 235-236, 510

Assembler directive, 22

Assembly language, 15-50, 51-52, 61, 66, 70, 75, 91,
97, 121-122, 156, 164, 168-169, 186-187,
283, 346, 406, 412, 425, 438, 449, 562

Asynchronous, 259, 261-263, 266, 293-294, 296

Audio, 261

B
Back emf, 423, 428, 431, 436
Base, 478, 539, 541, 543

time, 478, 539, 543
batteries, 553
Battery, 5, 12, 438, 441, 459, 544

Baud rate, 210, 225, 234, 259, 263, 269-281, 284-296,
316-318, 324-326, 410, 414, 447, 530-531
BCD (binary coded decimal), 31, 121
addition, 31, 121
Bias, 535
diode, 535
forward, 535
reverse, 535
BiCMOS, 543
Binary, 18-20, 28, 31, 45, 49-50, 62, 81, 87-88, 94,
102, 121, 124-125, 130-131, 133-134, 136,
150, 155-156, 159, 161, 163, 165-166, 171,
181, 185-186, 195, 197, 224, 228, 238-239,
252, 257, 262-263, 266, 278, 296, 321, 340,
356-357, 366-367, 369, 375, 381-383, 436,
438, 440-442, 450, 459, 521-522

arithmetic, 19, 31, 121, 124-125, 130-131, 133-134,

136, 150, 155-156, 159, 161, 163
data, 19-20, 28, 45, 49, 87, 94, 121, 124-125,
130-131, 150, 155-156, 159, 161, 163,
165-166, 171, 181, 185-186, 195, 197,
238-239, 252, 262-263, 266, 278, 296,
340, 356-357, 366-367, 369, 375, 381,
383, 438, 440-442, 450, 459, 521-522
digit, 124-125, 130-131, 155, 185, 239, 252
division, 121, 130-131
information, 438
multiplication, 121, 131
number, 18, 28, 31, 62, 124-125, 130, 133-134,
136, 159, 161, 165-166, 195, 228, 238,
262-263, 356-357, 367, 381, 436
point, 88, 159
sequence, 87, 159, 195, 266, 296, 321, 436
subtraction, 31, 121, 131
system, 19, 121, 124, 263, 436, 438
Binary coded decimal, 31, 121, 124, 156
BIOS, 4, 269, 279, 295
Bipolar, 375, 430-431, 468-469, 538-539, 541, 543
Bit, 4-6, 11-13, 16, 18-19, 26, 28, 30-35, 45, 47, 50,
53-56, 75-76, 79, 81-85, 87, 89-90, 91-94,
96, 98, 104-113, 117-120, 121-122, 124,
126, 129-136, 139, 143-147, 149, 155-156,
159, 161, 163-164, 166-168, 170, 172-179,
187, 191-193, 195-196, 203-204, 208, 210,
216-218, 222-223, 225-227, 229-237, 239,
241, 243-248, 250-254, 257-258, 260,
262-263, 266, 269-281, 284-297, 303-306,
311-324, 326-329, 331, 334-335, 338, 345,
348, 350, 356-357, 361-362, 365, 367-368,
371-374, 376-381, 385, 387-388, 391-393,
396, 398, 406, 410, 413-414, 428, 440-442,
449-451, 454-455, 458-460, 469, 478-481,
483-487, 490-491, 494, 497-499, 501,
505-506, 508-509, 511-512, 514-515, 517,
519-520, 522, 524, 526-532, 548-549,
551-552, 565-566
Bit manipulation, 76, 82, 121, 156, 163, 176
Bit time, 271, 531
Borrow, 127-128, 503, 520
Branch, 136
Buffer, 96, 280-281, 284, 286-291, 325, 352, 526, 543,
546-548, 550-551, 553, 557
Burst, 476, 479-481, 488-491
Bus, 2, 7, 167, 194, 196, 260, 334, 396-398, 439,
476-478, 481-488, 490-491, 546-553
address, 2, 7, 194, 196, 396-398, 439, 478, 481,
483-488, 490-491, 546, 551-552
control, 7, 334, 398, 483, 485, 487, 490, 546
external, 2, 7, 396-398, 439, 490-491, 548-549,
552-553
internal, 546-552
multiplexed, 439
Bypass capacitor, 374
Byte, 3, 9, 16, 18, 25-28, 36, 40-42, 45, 48, 54-59,
61-63, 71-72, 76-77, 79, 85, 92, 94, 96, 100,
103-106, 113, 115, 119-120, 121-126,
129-132, 134, 136-138, 140, 142-147,

152-156, 160, 168, 170-172, 174, 183-186,
188-189, 191, 193, 205, 216-217, 219-220,
222, 227, 229-233, 260-263, 265, 270,
272-275, 279, 283-284, 288, 292-293, 307,
315-316, 331, 373-379, 389, 392-393,
395-396, 401-402, 406, 408-412, 414,
416-417, 440, 460, 476-481, 486-487,
489-491, 494-497, 499-500, 503-510,
512-515, 517-518, 520-522, 524-528, 563

C
Cache memory, 4
Capacitance, 386-387, 539, 555, 557
input, 387, 539
output, 386-387, 539
transition, 539
Capacitive coupling, 557
Capacitor, 201-202, 268, 357, 374, 424, 469, 535-536,
539, 555-557
bypass, 374
ceramic, 556
coupling, 557
decoupling, 424, 469, 556
electrolytic, 535
tantalum, 535, 556-557
capacitors, 201, 268, 297, 424, 535, 538, 556
types, 538
Capacity, 53
Carrier, 200, 264-265, 539
Carry, 30-32, 45, 47, 53-55, 57, 70, 85-86, 108, 111,
122-124, 126-128, 135-136, 140, 143-147,
153, 156, 161, 183, 350, 494-496, 499, 501,
503-504, 506, 508, 511, 517, 519-520, 530
propagation, 124
CD-ROM, 3
Cell, 6
Center tap, 426-427
Channel, 363-373, 375-376, 379-381, 391-392, 539
Charge, 266, 387, 539
Checksum, 121-122, 152-154, 156, 160, 183-184,
186, 216-217, 219-220
Chip, 2-13, 24-27, 42, 44, 46, 56, 62-63, 67-68, 73, 77,
80, 94, 98, 101, 104, 113-115, 117, 119-120,
157, 164, 186-187, 190, 199-203, 205-212,
214, 218-219, 244, 250, 261, 265, 267-268,
282, 284, 288, 292-294, 345, 352, 354,
355-359, 361-374, 377, 390-392, 395-396,
398-400, 405-410, 412, 414-415, 417,
437-440, 446, 449-451, 454, 458-460,
466-467, 474, 476, 482, 490, 512-514, 534,
539, 546, 553-554, 556
Chips, 8-13, 26, 63, 66, 72-73, 77, 79, 155, 185,
202-207, 212, 214, 219, 244, 259, 261-263,
288, 352, 355-357, 363-364, 372, 381, 390,
396, 398, 438, 463, 474, 476, 482, 490, 544,
553, 556
CISC, 15-16, 41-45, 48, 50
Clear, 18, 31, 42, 52, 54-55, 83-84, 98-100, 104-105,
109, 123, 126, 134, 138-139, 141, 147, 154,
171, 226-227, 229-236, 238, 243, 245-248,
250, 264-265, 273, 280-281, 286-287, 312,
314, 316-318, 324-325, 334-337, 341,
352-353, 365-366, 454, 495, 498-499, 501,
506, 508, 517
Clock, 43-44, 63-64, 66-67, 70, 73, 149-150, 168, 181,
194, 201, 205, 208, 212, 223-225, 227-230,
237-240, 242, 244, 250-254, 258, 357,
360-362, 364, 368, 373-376, 378, 392,
437-438, 440, 442, 446, 450-451, 458-459,
476-479, 482-485, 487-488, 490-491, 493,
515, 531, 554
Clock generator, 357, 477
CMOS, 10, 438, 538, 540-543, 552
Codes, 20, 47, 114, 159, 214, 305, 333, 335, 345, 350,
400, 567-568
Coding, 93, 156, 275, 535
Coil, 420-422, 424, 428, 435-436
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Collector, 77, 203, 539, 541, 544, 551
color coding, 535
Common, 18, 61, 66, 153, 262, 267, 340, 381, 387,
421, 426-428, 430-432, 535, 538-539, 557
Communications, 261-262, 269
Compensation, 438
Compiler, 5, 20, 43, 164, 166-169, 187, 189, 195-197,
210, 216, 242, 244-249
Complement, 47, 53, 62, 65, 78-79, 81-84, 105,
127-128, 132-133, 136-137, 139-140, 147,
152-154, 156, 161-162, 183-184, 194, 216,
220, 231, 235, 308, 375, 499, 501, 517, 520
computers, 3, 44, 132, 157, 260, 264, 269, 356,
538-539
Conduction band, 538
conductors, 260-261, 557
Controller, 3-4, 12, 305-306, 310-311, 334, 399, 539
Conversion, 121-122, 132, 149-151, 155, 163,
181-182, 185, 195, 197, 236, 261, 356-366,
368-372, 374-377, 379-381, 387-392
conversions, 156, 164, 185, 194
Converter, 3, 23, 130, 155, 266-267, 355-356, 366,
381, 385, 387
Converters, 10-11, 263, 356, 381
Core, 552, 554
Counter, 16, 19, 24-28, 44, 46, 49, 52, 55-56, 58-59,
61-62, 64, 70, 94, 96, 99-101, 103, 123, 126,
142, 147, 154, 164, 167, 186, 191, 194, 196,
202, 205-206, 218, 223, 231, 233, 236-242,
250-254, 257-258, 284, 301, 309, 313-314,
326, 341, 396, 399, 401-402, 404, 410, 427,
430, 463, 465, 494-495, 504, 507-509, 513,
515, 518, 526, 531-532, 563, 565
bidirectional, 463
binary, 19, 28, 49, 62, 94, 186, 238-239, 252, 257
Coupling, 557
Crosstalk, 553, 557
Crystal, 51, 63, 65-70, 72, 80, 168, 196, 201, 205,
212, 214, 218, 223-224, 226-227, 230, 232,
237, 244, 250, 254, 258, 269-270, 277, 360,
458, 530-531
Crystal oscillator, 63, 66, 201, 205, 214, 218, 227, 244,
250, 458
current, 38, 56, 71, 152, 183, 264, 301, 356, 381-383,
385-387, 393, 420-426, 428, 430-431,
435-436, 454, 462-466, 474, 488, 494,
508-509, 535-536, 538-539, 541-545, 547,
549-550, 552-557
bias, 535
constant, 474
conventional, 426
electron, 539, 541
holding, 430-431
hole, 541
leakage, 541
load, 383, 428, 462, 466, 474, 541, 544-545, 547,
549-550, 557
rotor, 426, 428
source, 421, 423, 430-431, 454, 462-463, 494, 539,
542-543, 552, 554
surge, 152, 183, 425
switching, 422-423, 428, 539
Current sinking, 545
Cycle, 30, 43, 51, 63-68, 70, 72-73, 83, 118, 168, 196,
205, 208, 212, 218-219, 224, 227-228, 234,
236, 244, 246, 256, 269-270, 277-279, 307,
310, 312, 423, 440, 466-467, 469, 471-472,
479, 481, 485, 491, 524-525, 530, 543

D

D flip-flop, 360

D latch, 397, 547-548

DAC (digital-to-analog converter), 355, 381

R/2R ladder, 381

Data, 2-3, 6-7, 12, 15-17, 19-20, 27-29, 33, 35-36, 38,
41, 43-47, 49, 54, 58, 65, 75-79, 82, 85, 87,
89, 92-94, 96-98, 100-101, 103-104, 106,
111, 115-118, 121-122, 124-126, 129-132,
140, 142-146, 150-157, 159-161, 163-168,
170-172, 174-176, 178, 181, 183-197, 200,
202-203, 209-210, 213, 216-218, 220, 232,
235, 238-239, 252, 259-267, 269-281,
284-286, 288-290, 292-296, 301, 305-307,
310, 315-318, 323-325, 328-329, 331,
334-346, 352-354, 355-381, 383, 386-392,
395-398, 401-417, 420, 438-442, 450-451,
454, 458-459, 462, 474, 476-491, 494-495,
498, 500, 502, 505, 507-508, 510-514, 516,
521-526, 535, 543, 546, 548, 551-553, 555,

570

565-566
Data acquisition, 209, 355-356, 359, 366, 369, 387,
390

Data bus, 2, 260, 334, 396-398
Data register, 334
Data sheet, 202, 310, 338, 368, 374, 377, 420,
438-439, 442, 450-451, 454, 462, 474, 490
Data storage, 103, 405, 438, 440
Data transfer, 145, 191, 259-261, 263-264, 269,
272-273, 276-279, 294-296, 411, 476-477,
482,484, 524
Data transmission, 261, 264, 272, 486
Datasheet, 88
dB, 28-29, 46-47, 49, 93, 100-102, 111, 115, 118, 152,
154, 157, 159, 209-210, 216, 264-265,
267-268, 276, 280-281, 286-287, 294-295,
334, 338, 340-342, 348, 366-369, 384, 411,
512-513
DB-25, 264, 294-295
DB-9, 209-210, 264-265, 267-268, 294
DC motor, 461-474
Decimal numbers, 156, 186
Decoder, 42, 403, 405
Decoupling, 424, 469, 556
Demodulator, 261
Detector, 264
Difference, 2, 11, 13, 61, 98, 103, 119-120, 136, 158,
195, 244, 300, 311, 314-315, 329, 353,
415-416, 421, 458, 460, 481, 491, 509, 551,
561
Differential mode, 368, 373
Digital, 130, 155, 185, 236, 240, 261, 294, 355-360,
363-364, 366-369, 371, 373-375, 377,
381-382, 385-386, 390, 392-393, 420, 422,
425, 431, 436, 474, 535, 538-539, 557
Digital clock, 240
Digital electronics, 381, 386, 538
Digital switching, 359, 369
Diode, 382, 387, 393, 424, 428, 469, 535, 541
light-emitting, 424
pin, 382, 393, 535
Schottky, 541
diodes, 428, 431
characteristics, 431
Directional, 468
Disk, 3, 211, 426, 556-557
Dissipation, 44, 474, 539-542, 553-554
Distortion, 293
Division, 121-122, 129-131, 503
Download, 164, 199-200, 206, 214-215, 219
Drain, 77, 203, 482, 539, 544, 551-552
duty cycle, 83, 118, 227, 234, 236, 466-467, 469,
471-472

E

EEPROM, 476, 481, 483-484

Electron, 539, 541

Electronic, 473, 542-543

electrons, 538-539

Element, 98, 264, 350, 486

Emitter, 539

Encoder, 474

EPROM, 8, 13, 206, 214, 345, 396

Erase, 8-9, 206, 210-211, 214, 219

Error, 18, 20, 46, 56, 93, 130, 134, 149, 153, 156, 160,
167, 183, 213, 216, 269, 495-496, 510

Event, 221-223, 236-238, 250, 254, 257, 326-327

Exclusive-OR, 137-138, 522-523

Extended ASCII, 165, 262

F
Falling edge, 311-313, 373, 377, 439, 478, 532
Feedback, 383
Feedback resistor, 383
Field, 21, 66, 216-217, 420, 423, 436, 463, 473
Filter, 535-536, 556
power supply, 535, 556
Flag, 16, 30-31, 33, 47, 49, 54, 70, 85-86, 108, 119,
122-123, 126-128, 130, 134-136, 139-140,
142, 144-146, 149, 158, 226-234, 240, 250,
254-256, 271-275, 285, 295-296, 300-301,
304, 306, 310, 312-315, 318-319, 322,
330-331, 335-338, 341, 344, 350, 352-354,
378-379, 451, 454, 460, 495-499, 501, 503,
506, 511, 515, 517, 520, 530-532
Flash memory, 9, 208, 213
Flip-flop, 360
D, 360

Flow control, 210, 487, 490
For loop, 168, 170, 247
Four-wire, 476
Framing, 259, 261-262, 266, 270-271, 280, 288, 294,
315
frequencies, 218, 224, 249, 442, 449
square wave, 442, 449
Frequency, 44, 51, 59, 63, 65-70, 72-73, 80, 168, 196,
201, 205-206, 212, 214, 218-219, 223-226,
228, 230-232, 234-237, 239-240, 244, 246,
248, 250, 254-257, 269-270, 277-279, 308,
318, 325-326, 341, 357, 360-361, 364, 440,
449-450, 455, 459-460, 467, 478, 530-531,
541, 543, 553-555, 558
critical, 65
difference, 244, 460
motor, 467
side, 201, 214
Full-duplex, 208, 259, 261-262
Function, 42, 61, 63, 66, 79-81, 84, 88-89, 91, 95-96,
105-106, 113, 117, 120, 137-138, 147, 164,
168, 185, 195, 200-201, 204, 206, 213,
217-218, 237, 264, 283, 294, 312, 334, 341,
345-346, 353, 355, 381-383, 391, 411,
428-429, 437, 439, 441, 458, 474, 494,
496-499, 501-515, 517-522, 526-527, 546,
553-554, 557
Function table, 546

G
Gain, 43, 216, 411
Gallium, 543
Gallium arsenide, 543
Gate, 223, 225, 237, 241-242, 254, 405, 453, 469,
531, 539-541, 548
Generator, 223, 311, 341, 357, 374, 477
pulse, 311, 357
signal, 311, 357
Germanium, 538
Ground, 201, 261, 264-266, 334, 346-347, 349-351,
358-359, 368-369, 373-374, 392, 396, 424,
429, 439, 463, 534-536, 539, 548-550, 553,
555-557
grounding, 346

H

Handshaking, 264-265

Hardware, 30, 87, 127, 199-220, 225, 241, 266, 271,
299-302, 304, 306-307, 309-315, 319-320,
327-330, 345, 374, 450, 454-455, 520,
530-532

Harmonics, 557

Harvard architecture, 44

heat, 44, 462, 466

Heat dissipation, 44

Heat sink, 466

High-level language, 22, 43

Hold, 53, 93, 97-98, 103-104, 117, 233, 301, 312, 331,
339, 535

Hold time, 339

Hole, 541

|

IC, 5,9, 66, 71, 168, 206-208, 261, 263, 267, 352,
354, 355, 357, 359, 366, 370, 425, 432, 465,
534-536, 537-558

IC package, 425

If-Then-Else, 561

Impedance, 373, 541, 546, 557

Implementation, 43

Inductance, 555-557

inductors, 424

Input, 23, 66, 75-79, 81, 84-90, 102, 109-110, 130,
139, 141-142, 159, 168, 171-173, 186, 195,
201-204, 217-218, 223, 237-240, 242,
249-251, 257-258, 263, 265, 276, 280-281,
287, 290-291, 305, 307, 316-318, 323-325,
335, 338, 344-345, 347-348, 350, 353-354,
357-362, 365-374, 376, 378-379, 381-385,
387-392, 405, 423, 433, 439-440, 458-459,
477, 490-491, 498-500, 505, 516, 523, 531,
539, 541, 543-553, 560, 565

Input buffer, 547

Input resistance, 383

Instance, 20, 168

Instruction, 4, 17-21, 24-27, 29-31, 36, 38, 41-48, 50,
51-68, 70-73, 84-90, 92-94, 97-98, 100-105,
108, 113, 118-119, 121-122, 124-131,



136-143, 145, 147-148, 151, 156-159, 161,
186-187, 194, 205, 208, 217-218, 222,
225-227, 233-234, 237-238, 240-242, 244,
257-258, 272-275, 295, 301-302, 304, 306,
309-312, 314, 317, 321-322, 327, 330-331,
333-335, 341-342, 354, 401, 403, 405-406,
408, 415, 439, 441, 493-494, 496-518,
520-524, 530, 547-548, 550-551

Instruction decoder, 42

Instruction pointer, 26

instrumentation, 3

Instruments, 3, 397, 538, 546, 556

Integer, 383

Integrated circuit, 6, 381, 475, 481, 538

Integrity, 152-153, 156, 183, 186, 217, 263

Interfacing, 151, 177, 209, 260, 263, 267, 333-354,
355-393, 395-417, 420, 425, 430-431, 436,
437-460, 462, 474, 537, 539, 544

Internet, 3

Interrupt, 7-8, 10, 89, 96, 208, 217, 241, 271-272,
274-275, 279, 284-285, 299-331, 358, 369,
437, 440, 442, 449-455, 457-460, 518, 526,
529, 531-532, 554

Inverter, 139, 164, 177, 539-541

Isolation, 359, 369, 420, 546

J

Jack Kilby, 538

Jump, 21, 42, 51-73, 84-86, 105, 108-109, 121, 128,
139-141, 143, 147, 156, 158, 307, 311,
316-318, 322, 330, 497, 499-500, 504-510

Junction, 539

K
Key, 5, 150-151, 181-182, 208, 210, 333, 345-354,
435

L

Ladder, R/2R, 381

Language, 5, 15-50, 51-52, 61, 66, 70, 75, 91, 97,
121-122, 156, 164, 168-169, 176, 186-187,
216, 222, 250, 283, 322, 346, 406, 411-412,
420, 425, 438, 446, 449, 462, 562

Laser, 3

Latch, 87-88, 174, 203, 313-314, 335-336, 338,
345-346, 363-365, 369-372, 376-377,
379-380, 397, 439, 458, 532, 547-552

LCD, 111, 119, 145, 150, 155, 160, 174, 191, 238-240,
333-354, 370-371, 484

Leakage, 541

Leakage current, 541

LEDs, 171, 209, 238, 243, 250-251, 253, 276, 326,
333-334, 358

Library, 4, 6, 153, 185, 447

Light intensity, 386

Light-emitting diode, 424

Linear, 386, 393

Load, 17-20, 23, 28, 35-36, 42-43, 45, 52-53, 58-60,
62, 65, 92, 94-95, 99, 101-103, 109, 111,
114, 123-124, 126-129, 142, 154, 209-211,
213-214, 219, 226-227, 231, 234, 239, 243,
245-248, 269-270, 273, 276, 281, 307, 309,
376, 379, 383, 410, 428, 443-444, 456, 462,
466-467, 473-474, 511-512, 522, 541,
544-545, 547-551, 557

Loading, 9, 59, 210-211, 214, 216, 479, 488

Logic, 17, 43, 87-88, 104, 121-162, 163-164, 176-177,
181, 194-195, 197, 212, 263, 310, 312, 352,
423, 463-464, 468, 538-545, 548, 556-558

Logic gates, 352, 539-540, 543-544, 556

Logic operations, 43, 146, 164, 176, 195, 197

Logic probe, 212

Loop, 20-21, 23, 51-73, 84, 98-99, 101, 123, 168, 170,
226, 228-230, 233-234, 236, 239, 247, 276,
305-306, 310, 316-318, 348, 351, 384, 429,
474, 565

LSB (least significant bit), 16

M

Machine language, 16, 19-20, 23, 25

Magnetic field, 420, 423, 436

Magnitude, 132-133, 166-167, 170, 383-385

Mark, 29, 262, 294, 535

Matrix, 335-337, 345-346, 352, 354, 426

Mean, 6, 12, 24, 95, 219, 304, 327, 393, 487, 539

Memory, 1, 3-4, 8-9, 11, 13, 15-16, 18, 21, 24-29,
33-34, 38, 40-41, 43-46, 48-49, 55-56, 58,
61, 78-79, 90, 92-96, 98-99, 103-104, 106,

113-117, 119-120, 122, 124-125, 137-138,
140, 142, 157, 167-168, 176, 179, 185-187,
196, 203-205, 208, 213-214, 216, 218, 275,
300-302, 304-307, 316, 327, 330-331,
395-417, 439, 441, 459, 479-481, 489, 497,
504, 512-514
cache, 4
dynamic, 98, 117
nonvolatile, 439
read-only, 409, 415
static, 98, 117
volatile, 439
Memory address, 24, 26, 114, 216, 316, 327, 514
Microcontroller, 1-9, 11-13, 15, 17, 24, 27, 33, 39, 42,
46, 51, 62, 67, 70, 75, 79, 84, 91, 94,
113-114, 121, 144, 151, 163-164, 167-168,
185, 188-189, 191, 194, 199, 201, 204, 206,
208, 221-222, 240, 259, 263-264, 268, 279,
283, 299-302, 304-306, 309-310, 312, 327,
333, 345-346, 348, 350, 352, 354, 355-356,
360, 373, 383, 386-387, 395-400, 407, 415,
419, 422, 425, 431, 433, 435-436, 437, 439,
451, 454, 461, 466-467, 473-474, 475-476,
478, 483, 493, 533, 537, 544, 552, 559, 565,
567
Microprocessor, 2-4, 6, 11-12, 24, 30, 41-44, 52, 62,
92, 102, 104, 168, 177, 260, 345, 423, 543
Minuend, 127
Mnemonic, 20-21, 56-57, 71, 85, 88, 125, 524-525
Modem, 3, 210, 261, 263, 265-268, 294
Modulation, 261, 461-462, 466, 468
amplitude, 466
Modulator, 261
MSB (most significant bit), 16, 143, 374
Multiplication, 121-122, 129, 131
mutual inductance, 555, 557

N

Natural, 164, 356

Nibble, 125-126, 148, 151, 502-503, 521-522
NMOS, 538, 540-541, 552

Node, 482-483

Noise immunity, 539

Noise margin, 544-545, 555-556

Null, 101, 265, 267-268, 342, 512

Null modem, 265, 267-268

0]

Object code, 20, 510

Ohmmeter, 428

ohms, 357, 383, 386, 420-421, 431, 435, 553, 557

Op-amp, 383

Open-circuit, 546

Operand, 16-19, 21, 25-26, 57, 92, 94, 98, 117,
122-123, 125, 127-129, 132, 136-140,
142-143, 503-504, 551

Optocoupler, 423

Oscillator, 63, 66, 201-202, 205, 214, 218, 224,
226-227, 233, 241-242, 244, 250, 270, 279,
441-442, 446-447, 449, 455, 458, 554

Oscilloscope, 67, 69, 80, 168-169, 201, 213-214, 355,
383

analog, 355
digital, 355
Output, 75-79, 81-82, 87-89, 137-139, 145, 155, 186,
203-204, 217-218, 238, 247, 263, 265, 339,
345-346, 348, 356-360, 362-364, 367-370,
374-375, 381, 383, 385-387, 390-391, 393,
397-398, 425, 440, 449-451, 454-455,
458-459, 488, 491, 498, 539-541, 544-547,
551, 553, 556, 560, 565
Overflow, 30-31, 45, 108, 122, 130, 134-136, 156,
161, 226, 233, 238, 240, 303, 313, 495,
529-530, 532

P

Package, 5, 10, 89, 200, 218, 294, 330, 424-425, 458,
476, 482

Packets, 485-486

Page, 294

Parity, 30-31, 210, 263, 266, 294, 530

Pentium, 2-3, 12, 44, 104, 167, 263, 295, 543, 556

Period, 29, 63, 66-67, 69, 168, 205, 212, 224, 228,
231-232, 234, 254, 305, 323-324, 454, 460

Periodic, 442, 450-451, 454-457, 459-460

Phase, 423-424, 426, 431, 433, 473, 478-479

Phase control, 423

Pins, 5, 7-11, 13, 66, 76-80, 82, 85, 87, 89, 168, 174,

200-201, 203-206, 213, 217-218, 237, 241,
244, 250-251, 258, 264-268, 282, 288,
294-295, 297, 306-307, 309-314, 325-326,
330-331, 333-337, 342-345, 353, 355, 357,
359, 362-363, 366-369, 372-374, 381,
391-392, 396-397, 406-407, 409, 415, 422,
425, 436, 437-439, 458, 472, 475-476, 482,
490-491, 516, 534-535, 544-545, 548, 553,
555-556

Pipeline, 43

PMOS, 538, 540-541

Pointer, 16, 19, 26, 35-39, 41, 47-48, 59, 96-101, 114,
117, 123, 126, 142, 276, 284, 350, 402, 404,
410, 443-444, 452, 456, 495, 505, 509,
511-512, 517-518, 522, 526, 563, 565-566

Pole, 420, 540, 556

Poles, 426

Polling, 279, 299-300, 304, 315, 319, 327, 347, 359,
370

Port, 2, 4, 6-10, 58-60, 62-63, 65, 70, 75-90, 96, 102,
104, 106-107, 109-111, 130, 139, 141-142,
145, 165-167, 171-172, 174-175, 179, 189,
191, 194-195, 201, 203-204, 206-210,
213-214, 217-219, 237-238, 243, 259-297,
302-303, 305, 307, 309, 315-320, 324-325,
328, 338, 345-347, 350-351, 371, 396, 401,
407, 410-411, 413-415, 428, 433, 444, 447,
451-452, 455, 498-501, 511-512, 520, 523,
526, 529, 531, 544, 547-554, 565

Power, 3-5, 10, 15, 24-25, 41, 44, 47, 82, 96, 114,
149-150, 181, 202, 205-206, 208-210,
213-214, 267, 277, 284, 302, 320, 334, 358,
367, 369, 374-375, 382, 387, 404, 408-409,
422-423, 425-426, 428-429, 433, 438,
442-444, 446-447, 458-459, 462, 466-469,
476, 482, 526, 534-536, 539-544, 553-556

true, 24, 44, 82, 214, 409, 446, 458
utility, 214

Power control, 96, 114, 277, 284, 526

Power dissipation, 539-542, 553-554

power supplies, 267, 468-469

Power supply, 267, 334, 358, 369, 374, 382, 387,
428-429, 433, 467-468, 535, 544, 554, 556

Power transistor, 422

Precision, 355, 381, 386-387, 426

Printed circuit board, 145, 191, 424, 558

Probe, 212

Procedure, 509

Product, 3-6, 10, 12-13, 62, 131, 241-242, 515,
542-543, 553

Program, 6-10, 15-30, 35-36, 38, 44-49, 52-62, 65,
69-70, 80-84, 86, 89-90, 94, 96-103,
108-112, 114-115, 117-120, 121-126, 128,
130-131, 136, 139, 141-143, 145-148,
151-155, 157-160, 164-180, 182, 184-190,
192-193, 195-196, 199, 202-203, 205-206,
208-219, 221-222, 225-227, 230-234,
238-240, 243, 245-257, 259, 266, 269-270,
273, 275-276, 278, 280-281, 284-296,
299-302, 304-305, 307-311, 314-318,
321-329, 333-334, 336-338, 342-343,
346-350, 352, 355-356, 361-363, 371-372,
379-380, 383-384, 388-390, 396, 398-406,
409-410, 412-417, 422, 428, 433-434, 437,
439-440, 443, 445-449, 451, 454-455,
459-460, 465-467, 469-472, 494, 497, 500,
507-509, 512-513, 515, 517-518, 525-526,
560, 562-563, 565

Programmer, 18, 20-21, 23, 27, 29-30, 46, 92, 94, 96,
125, 127, 134-136, 177, 191, 194, 214, 232,
234, 274-275, 301, 304, 314, 318, 327, 493,
508, 562

Programming, 15-50, 61-62, 75-90, 102, 104, 153,
163-197, 209, 221-258, 259-297, 299-331,
333-334, 342, 352, 361-362, 365, 371-372,
385, 420, 428, 435, 437-460, 462, 493,
560-561

Programming languages, 20, 435

PROM, 8-9

Protocols, 475-491

Pull-up resistor, 77, 89, 203, 218, 482, 539-541, 544,
549, 552-553

Pulse, 83-85, 90, 109-110, 174, 201-202, 224,
227-232, 234, 236-239, 254, 306, 311-312,
314, 326, 330, 335-339, 342, 345, 353,
357-359, 362-364, 367, 369-372, 376-381,
389, 451, 461-462, 466, 468-471, 483,
486-487, 490-491, 557

Pulse width, 231, 339, 371, 461-462, 466, 468
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Pulse width modulation, 461-462, 466, 468

Q

Q, 360-361, 364, 397-399, 402-405, 547-552, 554
Quality, 264

Quartz, 201

Quotient, 129-131, 185, 371, 503

R

Ramp, 383

Ranging, 268

Read, 3, 21, 29, 33, 81, 86-88, 104, 130, 139, 141,
155, 180, 186, 222, 276, 280-281, 286-287,
316-318, 325, 334-335, 338-339, 341,
346-352, 356-357, 360-366, 368, 370-373,
377-380, 388-389, 401-404, 409-410,
412-415, 439-440, 442, 444-449, 454-456,
475-476, 478, 480-481, 483, 485-486,
489-491, 499-500, 512, 547-552

Real time, 408, 450-451, 454, 460

Receiver, 260-262, 272, 424-425, 478, 483-486, 545

Register, 4, 15-19, 24, 26-31, 33-41, 43-45, 47-50,
52-54, 56, 60, 62, 64, 71, 73, 81, 87, 92-100,
103-108, 113, 117-120, 122-125, 129, 131,
134, 136-144, 146, 148-149, 151, 156-159,
161, 186-187, 205, 218, 222-223, 225-226,
230, 232-234, 236-237, 240-241, 254, 257,
261, 269-275, 277, 279-280, 284, 288, 292,
295-296, 303-305, 307, 310-316, 319-322,
327, 329-331, 334-335, 338, 357, 361, 367,
401, 403-404, 408-410, 440-443, 449-451,
454-455, 458-460, 477-478, 494-495, 498,
500-501, 503-514, 516-523, 526, 528-532,
551

Regulator, 209

Relay, 419-436, 465

Reluctance, 426

Remainder, 129-131, 185, 370, 503

Reset, 24, 76, 78-79, 81, 88-90, 108, 142, 201-206,
208-209, 212, 214, 218, 226, 239, 270,
284-286, 288, 292, 296-297, 301-302, 304,
309-311, 313, 315, 319-322, 327-329, 399,
408-409, 416, 438, 440, 450, 453, 458,
530-531

Resistance, 383, 386-387, 420, 428, 431, 435-436,
535, 541, 555, 557

Resistor, 77, 89, 202-203, 218, 357, 382-383, 482,
539-541, 544, 549-550, 552-553, 555, 557

chip, 77, 202-203, 218, 357, 482, 539, 553
Resolution, 356-357, 359, 366-367, 381, 387, 391
ADC, 356-357, 359, 366-367, 381, 387, 391

Reverse bias, 535

Ring, 264-265, 317

Ringing, 265, 317, 557-558

RISC, 15-16, 41-45, 48, 50

Rising edge, 373, 376, 478

Rotor, 426-429

S

Sample, 20, 24, 404, 478

Sampling, 310, 312

Saturation, 541

Schottky diode, 541

Sector, 538

Security system, 3

Segment, 334, 566

Self-clocking, 357, 360, 364

Semiconductor, 4-5, 8-9, 26, 43, 205-206, 208, 210,
352, 357, 362, 366, 386, 408, 422, 438, 476,
482, 538, 543

n-type, 538
p-type, 538

Semiconductor materials, 422

Semiconductor memory, 43

Sensor, 141, 173, 355-393

Serial data, 96, 261, 263, 272-273, 276, 284, 294-296,
315, 318, 373, 482, 526

Set, 4, 28-31, 33-34, 41-43, 50, 52, 59, 62, 66, 76, 80,
83-85, 94, 100, 103-105, 108-109, 119, 122,
127-128, 130, 132, 135, 137, 142, 167, 180,
194, 201-202, 204, 208, 210, 213, 223,
229-231, 233, 238-239, 241, 250-252, 254,
257, 261, 263-265, 268-272, 274-275,
277-281, 283, 286, 288-289, 291-294, 296,
301-303, 307, 313-314, 316-318, 320-322,
325-326, 330, 341, 345, 348, 360, 362-363,
368, 371, 382-383, 387-390, 401, 405,
409-410, 414, 427-428, 440-444, 446-448,
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450-452, 454-456, 459-460, 485, 494-495,
501, 503, 505-507, 517, 520, 524, 530-532

Shift register, 261, 477-478

Siemens, 5

Sign bit, 31, 136, 156, 161

Signal, 201, 218, 261-266, 300, 309-312, 355-359,
366, 369, 381, 386-387, 390-393, 398, 401,
405, 424, 427, 439-440, 451, 458, 481,
486-487, 535, 547-549, 555, 557

periodic, 451

Significant digit, 130, 185, 252

Silicon, 5, 11, 538

Simulation, 321, 466

Sine wave, 355, 381, 383-385

Single-ended, 368-369, 373, 375-376, 392

Software, 3-4, 12, 44, 116, 177, 208, 210, 225, 241,
254, 257, 261, 271, 277, 302-303, 313, 318,
320-321, 345, 374-375, 386, 399, 467, 529,
531-532

Solid-state relay, 422-423, 425, 435-436

Source, 5, 9, 11, 17-24, 29, 44, 46, 63, 87, 92-93, 100,
117, 120, 122, 125, 127, 131, 137-138, 140,
201, 206, 223-225, 237, 244, 250, 254, 258,
267, 303, 312, 357, 360, 364, 374, 397, 401,
421, 423, 430-431, 438, 446, 451, 454, 458,
462-463, 494-499, 510-511, 514-517,
520-523, 529, 539, 542-543, 546, 552, 554,
558

Source code, 21, 29, 46

Source program, 24

Space, 3-5, 7-8, 15, 24, 26-27, 33-34, 38, 40-41,
45-46, 49, 56, 58, 61-62, 91, 93-94, 96, 98,
100-101, 103, 105, 113-117, 119, 145, 157,
163-164, 168, 174, 176, 185-191, 194,
196-197, 207, 242, 262, 268, 294, 302,
304-307, 327, 372, 395, 400-405, 407,
409-412, 414-417, 440-441, 444-446, 456,
476, 482, 509, 512-514, 541

Square wave, 69, 83, 118, 173, 214, 226-228,
230-232, 234-236, 240, 255-257, 305,
307-308, 318, 323-325, 328-329, 440, 442,
449-450, 454, 460, 557

Stability, 534

Stack, 15-16, 33-39, 41-42, 45, 47-48, 50, 51, 58-61,

71-73, 91, 94, 96-97, 103, 114, 117-118, 187,

284, 301, 314, 509, 517-518, 526, 566

Stack pointer, 35-39, 41, 47-48, 59, 96, 114, 284, 509,
517-518, 526, 566

Stage, 348, 350

Start bit, 262, 270-271, 274-275, 296, 315, 486

Static, 98, 117, 542-543, 554

Stator, 426-428

Step, 16, 22-25, 38, 127, 184, 188-189, 226, 230, 234,
273-274, 301, 321, 356, 359, 363, 367, 370,
374, 383, 391-393, 419, 426-431, 435-436

Stop bit, 210, 262-263, 266, 270-275, 278, 280-281,
285-286, 288-290, 292-294, 296-297,
315-316, 331, 350, 531

Storage, 28, 33, 35, 103, 403, 405, 438, 440

String, 101, 165, 189-190, 194, 196, 286, 354, 508,
512

Subroutine, 38, 58-66, 68, 70, 72-73, 83, 155, 168,
227-228, 236, 273, 301, 336-337, 342, 347,
354, 454, 509, 518, 560

Subtracter, 127

Subtraction, 31, 121-122, 127, 131, 142, 520

Subtrahend, 127

Sum, 41, 55, 123-124, 126, 131, 152, 160, 183-184,
484, 495, 506-507, 562-563

Supply voltage, 201, 382, 438, 554

Switch, 34, 85-86, 109, 111-112, 180, 202, 206,
209-214, 241-242, 249, 280, 287, 290-291,
309-310, 323-324, 420, 422-424, 433-434,
459, 463-467, 469-470, 473, 488, 539,
549-550

Synchronous, 259, 261, 266, 293, 483

Syntax, 23-24, 82, 106, 129, 140, 172, 244, 314-315

T

Terminated, 483, 557

Testing, 122, 153-154, 199-200, 212, 264, 358

Thermistor, 386-387

Threshold, 539

Throw, 420

Time delay, 51-52, 58-60, 62-70, 72-73, 83, 163-164,
168, 170, 194-196, 212, 222-223, 225-234,
236, 244, 255-256, 311, 336, 342, 353, 364,
429, 436

Timer, 2-3, 5, 7, 10, 12-13, 96, 208, 221-258, 269-280,

284-286, 288-293, 295-297, 300-308, 313,
315-330, 350, 413, 526, 529, 531-532

Timing diagram, 376, 378

Tip, 431

Toggle, 58, 69, 77-78, 80, 83, 88-90, 103, 111, 139,
166-167, 169-170, 172, 175, 178-179, 195,
212-213, 218-219, 227, 231, 235, 243,
245-249, 305, 318, 323-326, 501

Totem-pole output, 540, 556

Track, 60, 103, 123, 126, 181, 314, 322, 329, 438

Transducer, 356, 386-387, 390

Transient, 359, 369, 536, 555-556

Transient current, 536, 555-556

Transistor, 422, 432, 468-469, 538-541, 544-545,
548-551

Transmission line, 557

Transmitter, 261-262, 424-425, 478, 482-485, 488

Trigger, 311

Troubleshooting, 210, 213, 535

TTL (transistor-transistor logic), 541

Tuner, 3

Two-wire, 482

U
Unit load, 545
Units, 5

v
Valence, 538
Valence band, 538
Variable, 42, 44, 170, 189, 208, 271, 426, 466, 498,
510, 515, 521, 524
Vector, 299, 301-302, 304-307, 309-311, 314-315,
319, 322, 327-329
voltage, 194, 196, 201, 263, 266-267, 294, 297, 356,
358-359, 363, 367, 369, 374, 381-387,
391-392, 420-421, 423-425, 430-431,
435-436, 438, 462, 466-467, 469, 474, 535,
539-540, 553-555
applied, 358, 367, 369, 382, 430, 462, 466-467
back emf, 423, 431, 436
phase, 423-424, 431
supply, 201, 267, 358, 369, 374, 382, 387, 431,
438, 467, 535, 554
Voltage drop, 540
Voltage spike, 423-424

w

Web, 12, 71, 194, 217, 353, 474, 490

While loop, 351

Winding, 424, 426-428, 430

Wire, 208, 260-261, 263, 294, 426, 428, 476-477, 482,
487, 491, 533-536, 553, 558

Wired-AND, 482

Word, 3, 15, 22, 30, 96, 100, 114, 284, 526

Write, 6, 18-20, 33, 47, 52-54, 58, 69, 80-81, 83-84,
86-90, 97, 99-103, 108-112, 115, 118-120,
123-124, 126, 130, 133, 141-142, 145-148,
151-152, 157-160, 162, 164-176, 178-180,
182, 184-186, 188, 192-193, 195-196,
218-219, 231-232, 238-239, 243, 245-253,
261, 273-274, 276, 280-281, 285-292,
295-296, 303, 305, 308, 311, 316-318, 320,
323-326, 328-329, 334-339, 341-343, 350,
354, 357, 360, 368, 371-372, 383, 402-404,
409-414, 416-417, 433-434, 439-440, 451,
455, 459-460, 466-467, 469-472, 475-476,
478-481, 483, 485-491, 499, 512-513,
517-518, 529, 547-552, 560

Y4
Zener diode, 382, 387, 393, 469
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