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1. Introduction 
Most of us know what a computer looks like. It usually has a keyboard, monitor, CPU 
(Central Processing Unit), printer, and a mouse. These types of computers, like the Mac or 
PC, are primarily designed to communicate (or "interface") with humans. Database 
management, financial analysis, or even word-processing are all accomplished inside the 
"big box" that contains the CPU, memory, hard drive, etc. The actual "computing", however, 
takes place within the CPU.  

If you think about it, the whole purpose of a monitor, keyboard, mouse, & even the printer is 
to "connect" the CPU to the outside world. 

But did you know that there are computers all around us, running programs & quietly doing 
calculations, not interacting with humans at all? These computers are in your car, on the 
Space Shuttle and in all modern instruments. 

We call these devices "microcontrollers". Micro because they're small and controller because 
they "control" machines, gadgets, whatever. Microcontrollers by definition then are designed 
to connect to machines, rather than people. They're cool because, you can build a machine 
or instrument, write programs to control it and then let it work for you automatically. There are 
an infinite number of applications for microcontrollers. Your imagination is the only limiting 
factor! Hundreds (if not thousands) of different variations of microcontrollers are available. 
Some are programmed once & produced for specific applications, such as controlling your 
printer. Others are "re-programmable", which means they can be used over and over for 
different applications. 

Microcontrollers are incredibly versatile - the same device may control a printer, a counter, or 
even your dosemeter. 
So lets start and lets have a look what’s it all about. 
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2. What is a Microcomputer? 
A Microcomputer is a complete computer system comprising at least three major 
components, the microprocessor (CPU), Memory and IO peripheral components; see Fig. 1. 
A microcomputer could be a general purpose computer (like a PC) or a system designed to 
fulfil a special task (for example a controller system inside an instrument, microcontroller). 

 
Fig. 1: MicroComputer 

2.1. What is a Microprocessor? 
A Microprocessor is a device containing functions equivalent to a small computer’s Central 
Processing Unit (CPU). It is such capable of performing basic computer functions, and can 
be incorporated into system designs where such functions are required. A Microprocessor by 
definition means that this is only the central processing unit, with instruction decoder, 
registers and Arithmetic Logic processing Unit. A CPU does not include any memory or I/O 
components; see Fig. 2. 

 
Fig. 2: MicroController 
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2.2 What is a Microcontroller? 
A Microcontroller is a Microcomputer in a single Chip. That means that a microcontroller chip 
includes a microprocessor (CPU) as well as some often used peripherals. A controller is 
used to control (makes sense!) some process or aspect of the environment. A typical 
microcontroller application is the monitoring of my house. As the temperature rises, the 
controller causes the windows to open. If the temperature goes above a certain threshold, 
the air conditioner is activated. 
As the process of miniaturization continued, all of the components needed for a controller 
were built right onto one chip (see Fig. 3). A one chip computer or microcontroller was born. 
A microcontroller is a highly integrated chip which includes, on one chip, all or most of the 
parts needed for a controller. The microcontroller could be called a "one-chip solution". It 
typically includes: 

•  CPU (central processing unit or the microprocessor) 
•  EPROM/PROM/ROM (Read Only Memory for the program code) 
•  RAM (Random Access Memory for the data) 
•  I/O (input/output) devices (serial, parallel, ADC, DAC etc.) 
•  Timers 
•  Interrupt controller 

By only including the features specific to the task (control), cost is relatively low. A typical 
microcontroller has bit manipulation instructions, easy and direct access to I/O (input/output), 
and quick and efficient interrupt processing. Microcontrollers are a "one-chip solution" which 
drastically reduces parts count and design costs. 

 
Fig. 3:  

By only including the features specific to the task (control), cost is relatively low. A typical 
microcontroller has bit manipulation instructions, easy and direct access to I/O (input/output), 
and quick and efficient interrupt processing. Microcontrollers are a "one-chip solution" which 
drastically reduces parts count and design costs. 
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2.3 What is an Embedded Controller? 
Simply (and naively stated) an embedded controller is a controller that is embedded in a 
greater system. You could say that an embedded controller is a controller (or computer) that 
is embedded into some device for some purpose other than to provide general purpose 
computing like a PC. 
In addition to control applications such as the above home monitoring system, 
microcontrollers are frequently found in embedded applications (embedded controllers?). 
Among the many uses you can find one or more microcontrollers 

• in appliances like microwave oven, refrigerators, television and VCRs, stereos 
• in automobiles engine control, diagnostics, climate control 
• in environmental control like greenhouse, factories and home 
• in instrumentation 
• in aerospace 
• and in thousands of other uses. 

A special application that microcontrollers are well suited for is data logging. Stick one of 
these chips out in the middle of a corn field or up in a balloon, and monitor and record 
environmental parameters (temperature, humidity, rain, etc.). Small size, low power 
consumption, and flexibility make these devices ideal for unattended data monitoring and 
recording. 
Microcontrollers come in many flavours and varieties. Depending on the power and features 
that are needed, you might choose a 4 bit, 8 bit, 16 bit, or 32 bit microcontroller. In addition, 
some specialized versions are available which include features specific for communications, 
keyboard handling, signal processing, video processing, and other tasks. 
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3. The major components of a microcomputer system: 
The major components of every computer are the CPU, Memory, I/O devices and the system 
bus. These components can be found in any computer system, anyway if it is a 
microprocessor or microcontroller based system. 

3.1. The CPU 
CPU means Central Processing Unit. The CPU is the kernel of each computer. All data 
(instructions and user data) is read from the CPU into the CPU registers, see Fig. 4. 
Instructions (the program code) are read into the instruction register, next they are decoded 
in the instruction decoder. Depending on the instruction as next following data fetches. The 
data are stored in the arithmetic registers (accumulator), from there they are processed in the 
ALU (Arithmetic & Logic Unit). The ALU performs all arithmetical and logical processes on 
the data. The result from the ALU is written back into a CPU register. From there the data 
can be written back to the memory or an I/O device. 
The most important signals from a CPU are the address bus, data bus and control signals. 
These signals are connecting the CPU to the memory and the I/O devices. 

 
Fig. 4 Simplified block diagram of a CPU 
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3.2 The Memory 
Every computer system needs a memory block, see Fig. 5. Memory can be external memory 
build by extra chips or the on chip memory of a microcontroller. In general there are two 
types of memory: 

•  Program memory 
•  Data memory 

Program memory is used to hold the application program. This must be memory which 
doesn’t loose its information when power is off. At power on the CPU begins to read the 
instructions from this memory. In most microcomputer applications the program memory is a 
READ ONLY MEMORY (ROM). There are different types of ROM available. The most used 
is the EPROM. This chip could be programmed with a special programmer and could be 
erased by applying ultra-violet light. During the normal use of this chip inside of the 
microcomputer system this memory can not be written, only read. 
Data memory is used for the dynamic data which is generated by the application program 
and for the STACK. The stack is a portion of memory where the CPU saves his own internal 
register data for calling a subroutine. Data memory must be able to read and write from the 
CPU, it is so called Random Access Memory (RAM). 
RAM chips loose the data when powered down. The amount of memory in a microcomputer 
system depends strongly on the application. 
There are small controller applications which have only 512 Bytes ROM and 128 Bytes RAM. 
Bigger microcontroller application may have up to some Megabyte of EPROM and also RAM. 
Because of the 16 bit address bus of the most popular microcontrollers the address space is 
limited to 64 Kbytes. So you will find in many applications 32 Kbytes EROM and 32 Kbytes 
RAM. 

 
Fig. 5: Block diagram of a memory 
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3.2.1. Options for storing programs. 
Another consideration in circuit design is how to store programs. Instead of using disk 
storage, most microcontroller circuits store their programs on-chip. For one-of kind projects 
or small-volume production, EPROM has long been the most popular method of program 
storage. Besides EPROM’s, other options include EEPROM, ROM, non-volatile (NV), or 
battery-backed, RAM, and Flash EPROM. The program memory may be in the 
microcontroller chip, or a separate component. To save a program in EPROM, you must set 
the EPROM’s data and address pins to the appropriate logic levels for each address and 
apply special programming voltages and control signals to store the data at the selected 
address. The programming process is sometimes called burning the EPROM. You erase the 
contents by exposing the chip’s quartz window, and the circuits beneath it, to ultraviolet 
energy. 
Some microcontrollers contain a one-time-programmable, or field-programmable, EPROM. 
This type has no window, so you can’t erase its contents, but because it’s cheaper than a 
windowed IC, it’s a good choice when a program is finished and the device is ready for 
quantity production. Several techniques are available for programming EPROM’s and other 
memory chips. With a manual programmer, you flip switches to toggle each bit and program 
the EPROM byte by byte. This is acceptable for short programs, but quickly becomes tedious 
with a program of any length. Computer control simplifies the job greatly. With an EPROM 
programmer that connects to a personal computer, you can write a program at your 
keyboard, save it to disk if you wish, and store the program in EPROM in a few easy steps. 
Data sheets for EPROM’s rarely specify the number of erase and reprogramming 
cycles a device is guaranteed for, but a typical EPROM should endure 100 
erase/program cycles, and usually many more. 
EEPROM are much like EPROM’s except that they are electrically erasable—no 

ultraviolet source is required. Limitations of EEPROM’s include slow 
speed, high cost, and a limited number of times that they can be 
reprogrammed (typically 10,000 to 100,000). 

ROM are most cost-effective when you need thousands of copies of a single 
program. ROMs must be factory-programmed and once programmed, 
can’t be changed. 

NVRAM typically includes a lithium cell, control circuits, and RAM encapsulated in 
a single IC package. When power is removed from the circuit, the lithium 
cell takes over and preserves the information in RAM, for 10 years or 
more. You can reprogram an NVRAM n infinite number of times, with the 
only limitation being battery life. 

Flash EPROM is electrically erasable, like EEPROM, but most Flash devices erase all at 
once, or in a few large blocks, rather than byte-by-byte like EEPROM. 
Some Flash EPROMs require special programming voltages. As with 
EPROMs, the number of erase/program cycles is limited. 
The 8052-BASIC uses two types of program memory. An 8-kilobyte, or 8K, 
on-chip ROM stores the BASIC-52 interpreter. For storing the BASIC-52 
programs that you write, the BASIC-52 language has programming 
commands that enable you to save programs in external EPROM, 
EEPROM, or NVRAM. 

Other memory Most systems also require a way to store data for temporary use. Usually, 
this is RAM, whose contents you can change as often as you wish. Unlike 
EPROM, ROM, EEPROM, and NVRAM, the contents of the RAM 
disappear when you remove power the chip (unless it has battery back-
up). 
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3.3 The I/O Devices 
In general a CPU with memory is ready to run. But of what need is a computer system 
without transaction to the real world? So every computer system needs some I/O devices. 
The word I/O-device is widespread. It could mean everything that is good for interfacing to 
the external world. 
Typical I/O devices are: 

• keyboard controller for inputs from the user 
• display controller for information to the user 
• parallel I/O to switch on/off some lights or relays 
• serial I/O to communicate with other computers 
• realtime clock so the computer knows the time and date 
• analog inputs to measure a physical phenomena 
• analog outputs to control a process 

Finally, input/output (I/O) requires design decisions. Most systems require interfaces to 
things like sensors, keypads, switches, relays, and displays. Most microcontrollers have 
ports for interfacing to the world outside the chip. The 8052-BASIC uses many of its ports for 
accessing external memory and performing other special functions, but some port bits are 
available for user applications, and you can easily increase the available I/O by adding 
support chips. 

Keyboards:  
A typical keyboard in embedded controller 
systems (Fig. 6) is build with 16 keys designed 
as a 4 by 4 matrix. The keyboard controller 
scans the X-lines one by one at a time and 
looks for a response at the Y-lines. If a key is 
pressed then the keyboard controller knows 
from the X/Y information which key has been 
pressed and stores this information in an 
internal register. This information is read by the 
CPU. 
A commonly used keyboard controller is the  
74C922 or 74C923. In some applications there 
is no special keyboard controller. In this case 
the scan of the keyboard matrix is done by the 
CPU itself trough a parallel I/O interface (PIO). 
 
 
 
 
 

Fig. 6: Connecting a 16 key keypad 
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Displays: 
The Hardware needed for the display depends strongly on the used display. One often used 
display is the so called 7-segment display. 
These are LED based display modules for displaying only numbers 0 to 9 
and also the hex characters A to F. For driving the LED’s inside of this 7-
segment display you need a component which delivers the needed current 
of about 10 mA per Segment. Also the decoding from the binary number (0 
to 9 for example) to the segments which must be driven must be performed.  
The component 74LS47 is a typical binary to 7-segment display decoder. 
Other Displays are the LCD Displays. Alpha-numeric modules display 
characters, numerals, symbols and some limited graphics. These LCD 
modules have their own controller. Interface is achieved via a bi-directional, 
parallel ASCII data bus. 
Necessary features such as Character Generation, Display RAM Addressing, Cursor 
Scrolling, Blanking, and Handshake are all included. User programmable fonts are 
supported. In summary, these modules are the simplest and most economic means to 
communicate meaningfully between any micro-system and the outside world. 
Alpha-numeric modules range from 8 to 80 characters per line. One, two or four character 
lines may be chosen. Character height spans 0.130" (3.31 mm) to 0.500" (12.71 mm). Most 
formats are available in a variety of packages to meet various mounting requirements. 
Parallel I/O: 
Parallel I/O is the most used I/O device in small microcomputer applications. A parallel I/O 
means that there are a number of static input or output bits. These outputs can be used to 
drive some lights, to switch some relays, to drive a display and so on. The input bits can be 
used to read information from switches etc. 
A simple parallel I/O can be done by a simple register component like a 74LS373. There are 
also some special parallel I/O components available, like the PIO 8255 or the Z80-PIO. With 
components the user can switch every bit as an input or output, so these components are 
very flexible for many applications. 
Serial I/O: 
Serial I/O is used to send data over longer distances to another computer system, display 
systems (terminal) or to a printer. 
While speaking about serial interfaces there are two words which describe the type of the 
serial interface: 

• DTE is acronym for Data Terminal Equipment like computers, printers and terminals. 
• DCE is acronym for Data Communication Equipment like modems. 

Wiring a cable for DTE to DCE communication is easy as all lines go straight from pin x to 
pin x. 
But wiring a cable for DTE to DTE (nullmodem) or DCE to DCE requires that some lines are 
crossed. A signal should be wired from pin x to the opposite signal at the other end, which 
means that for example Transmit (TxD) goes to Receive (RxD) and vice versa. 
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Real-time clock: 
A real-time clock is useful in application where the computer must known the absolute time 
and date, for example for switching on and off a peripheral device at a given day and time. 
Typical real-time clock component are the RTC62421 or RTC 72421 chip. 
Analog inputs: 
Many applications need an analog input for measuring a physical signal like a temperature or 
pressure. For measuring a physical phenomenon you first need a sensor, which converts the 
physical phenomena into an electrical signal. Most of the sensors delivers a very small signal 
so at next you need some operational amplifiers to bring the signal into the level which is 
needed for the Analog to Digital Converter (ADC) (in most cases +/- 5 or +/- 10 Volt). The 
ADC itself is a single chip. There are many ADCs on the market. All of them have different 
speed and resolution. For microprocessor applications there are many ADCs with converting 
time of about 10 to 100 µs. For simple measurements there are ADCs with 8 bit resolution, 
mostly used today are the 12 bit resolution, but there are also ADCs with 16, 18, 20 and 22 
bit resolution used in microprocessor systems. 
Analog outputs: 
Analog outputs are used to control external devices by a linear voltage. This could be a high 
voltage supply where you can adjust the high voltage with an input voltage or another 
example could be a heater where you can adjust the heating power by a external voltage. 
Digital to Analog Converters (DAC) are used to generate a current or a voltage from the 
digital information written into a register. All the DAC’s need an operational amplifier behind 
their output pins to adjust their output level to the voltage needed for the external device. 
Also here are a lot of DAC’s are on the market, with bit resolutions ranging from 8, 12 up to 
16 bit. 
Because of the big ADC and DAC component market it is very difficult to give here some 
component examples. Instead I will say that there are some component companies which 
are great on the analog IO market. If you see a component with a Label of: Analog Devices 
Burr Brown orMaxim then in most of the cases these are components for the analog I/O 
section. 

3.4 The Address/Data/Control Bus (system bus) 
The system bus (address/data/control lines) is the connection between the several 
components of a microprocessor system. The data bus width depends on the 
microprocessor (8, 16 or 32 bits), the address bus is at least 16 bit wide. The system bus is 
used for every data transfer between the Memory and the CPU for operation code fetches, 
for data transfer to and from the RAM for dynamic data fetch and also for data to and from 
the I/O devices. The transaction over the system bus can be grouped into two groups: 

• a read cycle: data from the Memory or I/O device into the CPU 
• a write cycle: data from the CPU to the Memory or I/O device 

The control lines of the system bus controls what kind of data transfer is in progress. 
The most important control lines are: 

• the CHIPSELECT signal /CS 
• the READ signal /RD 
• the WRITE signal /WR 

( / - means that this signal is low active) 
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Every bus transfer starts with the output of an address onto the address lines. The lower 
address lines are direct connected to the Memory. Some address lines (the upper lines) are 
used for address decoding. Address decoding means that there is a logic circuit which 
decides based on the address what device (EPROM, RAM I/O device) should be activated. 
The address decoder then gives a unique CHIP SELECT (CS) signal to that device. For that, 
every device in a microprocessor system needs a unique address. 
The CS signal enables the device to transmit or receive data during this bus cycle. As next 
one of the signals either /RD or /WR is activated from the CPU, the time during which the 
device transmits data to the CPU (Read cycle) or receives data from the CPU (Write cycle). 
For details please refer to Fig. 7. 

 
Fig. 7: General bus timing diagram 

Every bus cycle (Read and Write) starts with a valid address from the CPU. As next the 
address decoder generates a unique CHIP SELECT for one device. Then the /RD or /WR 
signal is activated from the CPU to tell whether it is a read or write operation. By a read 
operation the device has to drive the data to the data bus, this could take a short time (data 
access time), but the data must be stable at the rising edge of the /RD signal. With the rising 
edge of the RD signal the CPU latches the data internal. 
In a write cycle the CPU itself drive the data bus. Also in this case it is not sure that the data 
is stable at the beginning of the cycle. The data must be stable at the rising edge of the /WR 
cycle, so that the device could also latch the data with the rising edge of the /WR signal. 
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4. A typical MicroProcessor (Z80) 
I get really nervous reading the trade press. Magazines will have you believe that the only 
viable processor for even the simplest applications is a 50 MHz 486 or a screaming RISC 
machine. How many designers are using these CPUs in their embedded designs? 
Personally, I prefer 8 and 16 bit CPUs. They're cheap, they're cheap to interface to, and they 
are easy to work with. Remember that 16 and 32 bit machines will have 2 or 4 ROM and 
RAM chips per word, compared to 1 for an 8 bit processor, greatly increasing memory costs. 
In fact, an 8 bit processor exactly matches the bus width of the vast majority of memories 
and peripherals. An 8 bit bus uses memory efficiently. 
Simpler circuitry, with fewer components, can be used. I feel four processor families can 
satisfy most embedded designs. I'll leave out 4 bit choices, as these applications are often so 
specialized that a custom or semi-custom chip is often the most cost effective solution. My 
choices are the 8051 family, the Z80 family, the 80186 (and V-Series) families, and the 
68000 and its derivatives. 
In this document I will do my explanations about microprocessor on the example of the Z80 
and his derivates.  
Current Z80 Technology 
The Z80 is essentially unchanged from the original version introduced in the mid-70s. Now 
CMOS versions are common, and clock rates have skyrocketed. Zilog's newest offering runs 
at 20 MHz. This speed is no panacea- it comes at the price of expensive ROMs and RAM’s. 
Still, even at 6 to 10 MHz the Z80 has respectable performance. It would be a terrible 
Windows machine, but is more than adequate for an awful lot of embedded systems. 
The Z80 itself is attractive due to its low cost and wide availability. It's pretty easy to find 
Z80s for less than a buck. Tools are everywhere. Though its index instructions are a little 
crude, it is a far better C machine than, say, the 8051.  
The Z80 in isolation would be a dead-end line. What makes it interesting is the high 
integration derivatives CPUs spawned by the architecture. All four of the processor families I 
mentioned earlier exist in multiple proliferation versions. A processor by itself is useful; one 
integrated with a number of on-chip peripherals is compelling. 
The 64180 is a Hitachi-supplied Z80 core with numerous on-chip "extras". Zilog's version is 
the Z180, which is essentially the same part. As of this writing, Zilog sells parts running at 
speeds to 15 MHz. The 64180/Z180 microprocessor integrates many of the functions 
traditionally assigned to peripheral circuitry onto a single chip. 
The designers picked an architecture compatible with the Z80, giving Z80 users a completely 
software compatible upgrade path. Old Z80 designs can be converted to the 64180 with 
essentially no loss in software investment. New designs will benefit from the processor's low 
cost, powerful instruction set, minute power consumption, and high level of integration. 
Both Toshiba and Zilog sell the 84013 and 84015, which are Z80 cores with conventional 
Z80 peripherals integrated on-board. These processors are natural migration paths for 
current users of Z80s wishing to reduce systems costs.  
Both the 84013 and the 84015 include one SIO (Z80-specific Serial I/O), and one CTC 
(again, a Z80-specific timer part). The SIO and CTC are functionally identical to the discrete 
chip SIO/CTC used in so many older designs. In addition, the newer parts include a 
watchdog timer and clock generator. The 84015 comes in a 100 pin quad flat pack. To take 
advantage of the extra pins the vendors added in a Z80-like PIO (parallel I/O) port, with 16 
parallel lines and 4 handshaking likes. 
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5. Microcontroller Basics 
This chapter introduces you to the world of microcontrollers, including definitions, some 
history, and a summary of what’s involved in designing and building a microcontroller project. 
A microcontroller is a computer-on-a-chip, or, if you prefer, a single-chip computer. Micro 
suggests that the device is small, and controller tells you that the device might be used to 
control objects, processes, or events. Another term to describe a microcontroller is 
embedded controller, because the microcontroller and its support circuits are often built into, 
or embedded in, the devices they control. You can find microcontrollers in all kinds of things 
these days. Any device that measures, stores, controls, calculates, or displays information is 
a candidate for putting a microcontroller inside. The largest single use for microcontrollers is 
in automobiles; just about every car manufactured today includes at least one microcontroller 
for engine control, and often more to control additional systems in the car. In desktop 
computers, you can find microcontrollers inside keyboards, modems, printers, and other 
peripherals. In test equipment, microcontrollers make it easy to add features such as the 
ability to store measurements, to create and store user routines, and to display messages 
and waveforms. Consumer products that use microcontrollers include cameras, video 
recorders, compact-disk players, and ovens. And these are just a few examples. 
A microcontroller is similar to the microprocessor inside a personal computer. Examples of 
microprocessors include Intel’s 8086, Motorola’s 68000, and Zilog’s Z80. Both 
microprocessors and microcontrollers contain a central processing unit, or CPU. The CPU 
executes instructions that perform the basic logic, math, and data moving functions of a 
computer. To make a complete computer, a microprocessor requires memory for storing data 
and programs, and input/output (I/O) interfaces for connecting external devices like 
keyboards and displays. In contrast, a microcontroller is a single-chip computer because it 
contains memory and I/O interfaces in addition to the CPU. Because the amount of memory 
and interfaces that can fit on a single chip is limited, microcontrollers tend to be used in 
smaller systems that require little more than the microcontroller and a few support 
components. Examples of popular microcontrollers are Intel’s 8052 (including the 8052-
BASIC, which is the focus of this book), Motorola’s 68HC11, and Zilog’s Z8. 
A Little History 
To understand how microcontrollers fit into the always-expanding world of computers, we 
need to look back to the roots of micro computing. In its January 1975 issue, Popular 
Electronics magazine featured an article describing the Altair 8800 computer, which was the 
first microcomputer that hobbyists could build and program themselves. The basic Altair 
included no keyboard, video display, disk drives, or other elements we now think of as 
essential elements of a personal computer. Its 8080 microprocessor was programmed by 
flipping toggle switches on the front panel. 
Standard RAM was 256 bytes and a kit version cost $397 ($498 assembled). A breakthrough 
in the Altair’s usability occurred when a small company called Microsoft offered a version of 
the BASIC programming language for it. 
Of course, the computer world has changed a lot since the introduction of the Altair. 
Microsoft has become an enormous software publisher, and a typical personal computer now 
includes a keyboard, video display, disk drives, and Megabytes of RAM. What’s more, 
there’s no longer any need to build a personal computer from scratch, since mass production 
has drastically lowered the price of assembled systems. At most, building a personal 
computer now involves only installing assembled boards and other major components in an 
enclosure. 
A personal computer like Apple’s Macintosh or IBM’s PC is a general-purpose machine, 
since you can use it for many applications - word processing, spreadsheets, computer-aided 
design, and more - just by loading the appropriate software from disk into memory. 
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Interfaces to personal computers are for the most part standard ones like those to video 
displays, keyboards, and printers. 
But along with cheap, powerful, and versatile personal computers has developed a new 
interest in small, customized computers for specific uses. Each of these small computers is 
dedicated to one task, or a set of closely related tasks. Adding computer power to a device 
can enable it to do more, or do it faster, better, or more cheaply. For example, automobile 
engine controllers have helped to reduce harmful exhaust emissions. And microcontrollers 
inside computer modems have made it easy to add features and abilities beyond the basic 
computer-to-phone-line interface. 
In addition to their use in mass-produced products like these, it’s also become feasible to 
design computer power into one-of-a-kind projects, such as an environmental controller for a 
scientific study or an intelligent test fixture that ensures that a product meets its specifications 
before it’s shipped to a customer. At the core of many of these specialized computers is a 
microcontroller. The computer’s program is typically stored permanently in semiconductor 
memory such as ROM or EPROM. The interfaces between the microcontroller and the 
outside world vary with the application, and may include a small display, a keypad or 
switches, sensors, relays, motors, and so on. These small, special-purpose computers are 
sometimes called single-board computers, or SBC’s. The term can be misleading, however, 
since the computer doesn’t have to be on a single circuit board, and many types of computer 
systems, such as laptop and notebook computers, are now manufactured on a single board. 
New Tools 
To design and build a computer-controlled device, you need skills in both circuit design and 
software programming. The good news is that a couple of recent advances have simplified 
the tasks involved. 
One is the introduction of microcontrollers themselves, since they contain all of the elements 
of a computer on a single chip. Using a microcontroller can reduce the number of 
components and thus the amount of design work and wiring required for a project. The 8052-
BASIC microcontroller even includes its own programming language, called BASIC-52. The 
other development is personal computers themselves. A desktop computer can help 
tremendously by serving as a host system for writing and testing programs. As you are 
developing a project, you can use a serial link to connect the host system to a target system, 
which contains the microcontroller circuits you are testing. You can then use the personal 
computer’s keyboard, video display, disk drives, and other resources for writing and testing 
programs and transferring files between the two systems. 
The 8052-BASIC chip described in this book is perfect for many simpler applications, 
especially control and monitoring tasks. Because the chip is easy to use, it’s a good way to 
learn about microcontrollers and computers in general. Although you can’t do the most 
complex projects with it, you can do a lot, at low cost and without a lot of hassle. 
Choosing a chip 
Does it matter which microcontroller chip you use? All microcontrollers contain a CPU, and 
chances are that you can use any of several devices for a specific project. Within each 
device family, you’ll usually find a selection of family members, each with different 
combinations of options. For example, the 8052-BASIC is a member of the 8051 family of 
microcontrollers, which includes chips with program memory in ROM or EPROM, and with 
varying amounts of RAM and other features. You select the version that best suits your 
system’s requirements. 
Microcontrollers are also characterized by how many bits of data they process at once, with a 
higher number of bits generally indicating a faster or more powerful chip. Eight-bit chips are 
popular for simpler designs, but 4-bit, 16-bit, and 32-bit architectures are also available. The 
8052-BASIC is an 8-bit chip. Power consumption is another consideration, especially for 
battery-powered systems. Chips manufactured with CMOS processes usually have lower 
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power consumption than those manufactured with NMOS processes. Many CMOS devices 
have special standby or “sleep” modes that limit current consumption to as low as a few 
microamperes when the circuits are inactive. Using these modes, a data logger can reduce 
its power consumption between samples, and power up only when it’s time to take data. The 
8052-BASIC chip is available in both NMOS and CMOS versions. The original 8052-BASIC 
was an NMOS chip, offered directly from Intel. (Intel’s term for its NMOS process is HMOS.) 
Although Intel never offered a CMOS version directly, Micromint became a source by 
ordering a batch of CMOS 8052’s with the BASIC-52 programming language in ROM. The 
CMOS version, the 80C52-BASIC, has maximum power consumption of 30 mA, compared to 
175 mA for the NMOS 8052-BASIC. All microcontrollers have a defined instruction set, which 
consists of the binary words that cause the CPU to carry out specific operations. For 
example, the instruction 0010 0110B tells an 8052 to add the values in two locations. The 
binary instructions are also known as operation codes, or opcodes for short. 
The opcodes perform basic functions like adding, subtracting, logic operations, moving and 
copying data, and controlling program branching. Control circuits often require reading or 
changing single bits of input or output, rather than reading and writing a byte at a time. For 
example, a microcontroller might use the eight bits of an output port to switch power to eight 
sockets. If each socket must operate independently of the others, a way is needed to change 
each bit without affecting the others. Many microcontrollers include bit-manipulation (also 
called Boolean) opcodes that easily allow programs to set, clear, compare, copy, or perform 
other logic operations on single bits of data, rather than a byte at a time. 
 



MICROPROCESSORS AND MICROCONTROLLERS 

- 20 - 

5.1 A typical MircoController (8051) 
The 8051 is an 8 bit microcontroller originally developed by Intel in 1980. It is the world's 
most popular microcontroller core, made by many independent manufacturers (truly multi-
sourced). There were 126 million 8051s (and variants) shipped in 1993!! 
A typical 8051 contains: 

⇒ CPU with Boolean processor 
⇒ 5 or 6 interrupts:   2 are external, 2 priority levels 
⇒ 2 or 3 16-bit timer/counters 
⇒ programmable full-duplex serial port (baud rate provided by one of the timers) 
⇒ 32 I/O lines (four 8-bit ports) 
⇒ RAM 
⇒ ROM/EPROM in some models 

 
Fig. 8: Block diagram of a 8051 MCU 
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The 8051 architecture is a tad bizarre, but then so are the architectures of most 
microcontrollers due to their specialization (check out the PIC for creativity). One vexing 
problem with the 8051 is its very non-orthogonal instruction set – especially the restrictions 
on accessing the different address spaces. However, after some time programming the chip, 
you can get used to it - maybe even appreciate it.  
One strong point of the 8051 is the way it handles interrupts. Vectoring to fixed 8-byte areas 
is convenient and efficient. Most interrupt routines are very short (or at least they should be), 
and generally can fit into the 8-byte area. Of course if your interrupt routine is longer, you can 
still jump to the appropriate routine from within the 8 byte interrupt region. 
The 8051 instruction set is optimized for the one-bit operations so often desired in real-world, 
real-time control applications. The Boolean processor provides direct support for bit 
manipulation. This leads to more efficient programs that need to deal with binary input and 
output conditions inherent in digital-control problems. Bit addressing can be used for test pin 
monitoring or program control flags. 
8051 Flavours 
The 8051 has the widest range of variants of any embedded controller on the market. The 
smallest device is the Atmel 89c1051, a 20 Pin FLASH variant with 2 timers, UART, 20mA. 
The fastest parts are from Dallas, with performance close to 10 MIPS! The most powerful 
chip is the Siemens 80C517A, with 32 Bit ALU, 2 UARTS, 2K RAM, PLCC84 package, 8 x 
16 Bit PWM’s, and other features. 
Among the major manufacturers are: 

• AMD Enhanced 8051 parts (no longer producing 80x51 parts) 
• Atmel FLASH and semi-custom parts 
• Dallas Battery backed, program download, and fastest variants 
• Intel 8051 through 80C51gb / 80C51sl 
• Matra 80C154, low voltage static variants 
• OKI 80c154, mask parts 
• Philips 87C748 through 89Cc588 - more variants than anyone else 
• Siemens 80C501 through 80C517a, and SIECO cores 
• SMC COM20051 with ARCNET token bus network engine 
• SSI 80x52, 2 x HDLC variant for MODEM use 
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8051 Types of Memory 
Before we delve into the guts of the 8051, it is important to define the four types of memory 
that are available. The distinction between each type of memory is important because 
different assembly language instructions are used to access each type of memory, and each 
type of memory has unique qualities which must be considered when first designing the 
hardware and/or software. 
The four types of memory are: 
Internal RAM The microcontroller contains a small amount of on-chip RAM which is 

used primarily for internal program registers, the stack, and often user 
variables which need to be accessed quickly or on a frequent basis. In 
the 8051 and 8031 models, the total amount of Internal RAM is 128 
bytes. In the 8052 and 8032 models, the total amount of Internal RAM is 
256 bytes (an easy way to remember this is by looking at the last digit of 
the model of the chip: a "1" means 128 bytes, and a "2" means 256 
bytes). It is important to remember that the internal "R" registers, the 
stack, and the "bit registers" (more on all these later) all share these 
precious 128 or 256 bytes of Internal RAM. Thus it is often important to 
use space within Internal RAM for variable storage on a very sparing 
basis to avoid problems, particularly stack overflows. The Internal RAM is 
volatile (it's contents are lost when the power fails) and is the fastest type 
of memory available in an 8051 architecture since it is "on-chip." 

External RAM The microcontroller’s ability to accept external RAM allows you to handle 
greater quantities of data than would otherwise be possible if you were 
restricted to the 8051's Internal RAM. As the name suggests, External 
RAM is additional Random-Access-Memory which is external to the chip 
itself. External RAM, like Internal RAM, is volatile so it's contents will be 
lost when the power fails. Like EPROM memory, External RAM is limited 
to 64k (Note: you may have 64k of RAM and 64k of EPROM at the same 
time). External RAM is not as fast as Internal RAM since the 
microcontroller has to move the bytes to/from the External RAM chip(s). 
Like External EPROM memory, the use of External RAM will cause you 
to lose 16 of the 32 input/output lines normally available. Note: If you use 
both External EPROM and External RAM, you will lose the same 16 
input/output line. That is to say, you don't lose 16 bits for each type of 
External memory used, just for the fact that some type of external 
memory is used. 

Internal EPROM Several models of the 8051 microcontroller (specifically, the 8751 and 
the 8752) offer an on-chip EPROM. This means rather than using an 
external EPROM chip, you may burn your program directly into the 8751 
(or 8752). This has a number of important advantages:  

• Since your program is stored on-chip, an additional EPROM chip 
(and circuit design to support it) is unnecessary. 

• When your program is stored on-chip you do not lose the 16 
input/output lines that you lose when using an External EPROM. 

• The chip can be configured to prevent the contents of the EPROM 
from being read off the chip. 

A disadvantage of external EPROM’s is that anyone can read the 
contents and reverse engineer your code. Using Internal EPROM, you 
can burn your program onto the 8751/8752 and instruct it to deny read 
access by would-be hackers. The drawback to Internal EPROM’s is that 
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the chips themselves are somewhat more expensive and that the amount 
of EPROM space is limited to 4k (8751) or 8k (8752) which may make it 
a non-option if your program is large. 

External EPROM The microcontroller is generally pretty useless unless you can somehow 
run your "program" on it. One of the most common ways of running your 
program is to compile it and subsequently "burn" it into a separate 
EPROM chip. The 8051 can then be attached to the EPROM at the 
hardware level such that the microcontroller will run the program stored 
in the EPROM. Since your code is "burned" into the EPROM, the 
contents are not lost when the power fails. However, since it is a type of 
"ROM" (Read Only Memory) it is not possible for your program to modify 
the data stored therein. Thus, it is ideal for storing your program and 
other constants. The 8051 can access up to 64k (65536 bytes) of 
EPROM memory. Your programs, thus, are limited to 64k (there are 
actually tricks involving specialized circuit design and specialized support 
software that can break the 64k program limit, but without taking these 
fancy steps the limit is 64k). Additionally, if an External EPROM is used 
you will lose 16 of the 32 input/output lines normally available to you. 
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8051 Memory Access Procedure 
When using external memory with the 8052 then port 0 and port 1 are used as a multiplexed 
address/data bus. By this you loose 16 of the 32 I/O bits, but for this you can extend your 
external address range to 64 Kbytes external locations. (EPROM, RAM or also memory 
mapped I/O devices) 
A multiplexed address/data bus means that the lower lines of this 16 bit interface is used as 
a part of the address and later as datelines. The access to external memory is as followed, 
refer to Fig. 9. Whenever the 8051 requires access (either read or write) to External Data 
Memory (RAM), the following sequence of events takes place: 

• The full address is loaded into pins Addr0 through Addr15. 
• The ALE pin is strobed for a short period of time. 
• The lower byte of the address (Addr0 through Addr7) is replaced by the bits of the 

data to be written. 
• After a short delay, either the /WR, /RD or PSEN pin is strobed to execute the 

memory access operation. /WR and /RD deals with access to external data memory 
(RAM) whereas PSEN deals with access to external code memory (such as from an 
EPROM). 

 
Fig. 9: Access to external memory 

The logic behind this is that by doubling the function of pins port0-0 through port0-7 more 
effective use of pins is achieved. That is to say, if these pins did not serve double-functions 
the 8051 would either require an additional 8 pins (48 pins instead of 40) or would cause an 
additional 8-bit port to become unavailable when external memory was used. Since neither of 
these are desirable options, the designers of the 8051 chose to use pins port0-0 through 
port0-7both to transmit the low-byte of the address and to also transmit the data itself. 
As you can see by reviewing the four step procedure above, the ALE pin is strobed when 
pins port0-0 through port0-7 contains the low-byte of the address. When ALE is strobed, 
therefore, we need to store and hold the value of the low-byte of memory so that those 8 bits 
are still available when the actual read or write operation takes place (when RD or WR is 
strobed). This is easily accomplished using a simple Octal Latch, such as the 74HCT373 
(Fig. 10). 
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5.2 A more advanced Microcontroller board MB80C535 

 
Fig. 11: Block diagram 

As shown in Fig.11, the core of the system is the 8-bit micro-controller 80C535 (U1) from 
Siemens – Infenion. This controller is based on the well-known 8051 architecture but 
incorporates several enhancements that significantly increase the overall performance. 
For the following descriptions refer to Fig.13. 
When a reset (U2) is generated either by power-up or an external switch, the controller is 
automatically set-up when the EA input (U1 pin 51) is tied to low that three of its original six 
8bit I/O ports are used to form the address-, data-, and control bus.  
Port 0.0 to 0.7 - serves as the multiplexed address/data bus (AD0 - AD7) 
Port 2.0 to 2.7 - serves as the high-order address bus (A8 - A15) 
Port 3.0 to 3.7 - serves as control bus  P3.0 ... RxD  Receive data (RS232) 
 P3.1 ... TxD  Transmit data (RS232) 
 P3.2 ... /INT0  not used 
 P3.3 ... /INT1  external Interrupt 
 P3.4 ... T0  Counter 0 input 
 P3.5 ... T1  Counter 1 input 
 P3.6 ... /WR  Write data 
 P3.7 ... /RD  Read data 
Afterwards BASIC-535 clears the internal 80C535 memory, initializes the internal registers 
and pointers and tests, clears, and sizes the external memory. Afterwards it assigns the top 
of external RAM to the system control value - MTOP. BASIC then assigns the default crystal 
value, 12MHz, to the system control value - XTAL and uses this default value to calculate all 
time dependent functions, such as the interrupt driven internal TIMER. 
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The latch (U3) is used to de-multiplex the address/data bus. With the ALE signal the 
controller indicates that valid addresses are on the bus. Accordingly the signal is used to 
latch the lower address to maintain a valid sixteen bit wide address during the READ and 
WRITE operation (see Fig.12). 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12: Data-memory Read cycle 
The Real Time Clock (U5) and the RAM are normally supplied by the +5V supply, but can be 
buffered when a battery (≥ 3V) is connected to the BATTERY terminals.  
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Fig. 13: Circuit diagram of a 80C535 MicroController 
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5.3 Introduction to Address Decoding 
Although the memory space in a microcontroller system is said to be flat, it does not mean 
that the physical implementation of memory is homogenous. 

• Different portions of memory are used for different purposes: RAM, ROM, I/O devices. 
• Even if all memory was of one type, we still have to implement it using multiple ICs. 
• This means that for a given valid address, one and only memory-mapped component 

must be accessed, simply said a unique address. 
Address decoding is the process of generating chip selects ( /CS ) signals from the address 
bus for each device in the system. 
To do this, the address bus lines are split into two sections (Fig. 14): 

• the N most significant bits of the address bus are used to generate the /CS signals for 
the different devices. 

• the M least significant signals are passed to the devices as addresses to address the 
different memory cells or internal registers. 

 
Fig. 14: Principle of address decoding 

Let’s assume a very simple microprocessor with 10 address lines (210 = 1024Bytes = 1KByte) 
and in which we would like to implement all its memory space by using 128 x 8Byte memory 
chips. How does the solution look like (Fig. 15)? 

• We will need 8 memory chips ( 8 x 128 = 1024) 
• We will need 3 address lines to select each one of the chips (23 = 8) 
• Each memory chip will need 7 address lines to address its internal cells (27 = 128) 

 
Fig. 15: Simple address decoder 
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The previous example specified that all addressable memory space was to be implemented 
but there are situations where this requirement is not necessarily affordable. If only a portion 
of the addressable space is going to be implemented there are two basic address decoding 
strategies: 
Partial address decoding: since not all the address space is implemented, only a subset of 
the address lines are needed to point to the physical memory locations. Each physical 
memory location is identified by several possible addresses.  
Let’s assume the same microprocessor with 10 address lines (1KByte total memory space). 
However, this time we wish to implement only 512 Bytes of memory still using 128 x 8 Byte 
memory chips. Additional we would like to place the memory physically in the upper half of 
the memory map (Fig. 16). 

 Fig. 16: Address decoder logic 
Full address decoding: all the address lines are used to specify a memory location and 
each memory location is identified by a unique address. 

 
Fig. 17: Address decoder logic 
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5.3.1 Address map and decoding of the MB80C535 
According the Boolean equations on the opposite page, the address assignment of the 
MB80C535 is as follows: 
 PROGRAM-MEMORY DATA-MEMORY 

0FFFFH  /CS4 (external use) 0FE00H 
  /CS3 (external use) 0FC00H 
  /CSC (RTC) 0FA00H 
  E (LCD Module) 0F800H 
 
 
 
 
 
 
 
 
 
 

 
 

Memory space  
not used 

 
 

Memory space 
not used 

 
 
 
 

 
 
 
 
 
 
 
 

 
 
 

8000H 

  
E²PROM 

8K x 8 

9FFFH 
 
 
8000H 

7FFFH  Can not be used  
  

 
 
 
 
 

EPROM 
BASIC-535 

32K x 8 
 
 
 
 

 
 
 
 
 
 

RAM 
32K x 8 

 

77FFH 

0000H   0000H 

Fig. 18: Memory Assignment of the MB80C535 
The apparent memory conflict between EPROM and RAM sharing the same address range 
(0000H - 77FFH) is avoided by using the /PSEN signal for address decoding. 
/PSEN - the program store enable output is a control signal that enables the external 

program memory to the bus during external instruction fetch operations. It is 
activated every six oscillator periods except during external data memory 
accesses. It remains high during internal program execution. 
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For address decoding a GAL (U4) is used. Following you will find the GAL listing created 
with CUPL software: 
NAME  BASIC-535 ADDRESS-DECODER; 
COMPANY RIBU; 
DEVICE GAL16V8; 
/* INPUTS: Define inputs for the decoder */ 
 PIN1 = !WR; 
 PIN2 = !RD; 
 PIN3 = !PSEN; 
 PIN4 = A10; 
 PIN5 = A11; 
 PIN6 = A9; 
 PIN7 = A12; 
 PIN8 = A13; 
 PIN9 = A14; 
 PIN11 = A15; 
/* OUTPUTS: Define outputs for the decoder */ 
 PIN19 = !OE2; 
 PIN18 = E; 
 PIN17 = !CS2; 
 PIN16 = !CS1; 
 PIN15 = !CSR; 
 PIN14 = !CSC; 
 PIN13 = !CS4; 
 PIN12 = !CS3; 
/* LOGIC EQUATIONS */ 
 CS1 = !(!A15); 
 CS2 = !(!A15 & !A14 
  # !A15 & A14 & !A13 
  # !A15 & A14 & A13 & !A12 
  # !A15 & A14 & A13 & A12 & !A11); 
 OE2 = !(!RD); 
 CSR = !(A15 & !A14 
  # A15 & A14 & !A13 
  # A15 & A14 & A13 & !A12 
  # A15 & A14 & A13 & A12 & !A11); 
 E = !WR & A15 & A14 & A13 & A12 & A11 & !A10 & !A9 
  # !RD & A15 & A14 & A13 & A12 & A11 & !A10 & !A9; 
 CSC = !(A15 & A14 & A13 & A12 & A11 & !A10 & A9); 
 CS3 = !(A15 & A14 & A13 & A12 & A11 & A10 & !A9); 
 CS4 = !(A15 & A14 & A13 & A12 & A11 & A10 & A9); 
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6. The AVR MicroControllers 
6.1 Introduction 

This type of AVR Advanced Virtual RISC controller belongs to the cheapest but most 
versatile micro-controllers. 
The AVR’s are a family of RISC (Reduced Instruction Set Computer) microcontrollers from 
Atmel. Their internal architecture was conceived by two students: Alf-Egil Bogen and Vergard 
Wollan, at the Norwegian Institute of Technology (NTH) and further developed at Atmel 
Norway, a subsidiary founded by the two architects. 
The AVR is a Harvard architecture machine where programs and data are stored separately. 
Program instructions are stored in semi-permanent Flash memory which loads and 
manipulates data in the volatile SRAM. The AVR’s have thirty-two single-byte registers. 
The registers input/output ports and static RAM make up the data address space. The 
working registers are mapped in as the first thirty-two memory spaces followed by the I/O 
ports, which means that the actual usable RAM starts at memory location 100H. Atmel's 
AVR’s have a two-stage pipeline design. The next machine instruction is fetched as the 
current one is executing. Most instructions take just one or two clock cycles, making AVR’s 
relatively fast among the eight-bit microcontrollers. The AVR’s were designed for the efficient 
execution of compiled code. 
AVR’s have a large following due to the free and inexpensive development tools available, 
including reasonably priced development boards and free development software. They are 
marketed under various names that share the same basic core but with different peripheral 
and memory combinations. Compatibility amongst chips is fairly good. 

6.2 RISC versus CISC 
In the early days of the computer industry, compiler technology did not exist. Programming 
was done in either machine code or assembly language. To make programming easier, 
computer architects created more and more complex instructions which were direct 
representations of high level functions of high level programming languages. The attitude at 
that time was that hardware design was easier than compiler design, so the complexity went 
into the hardware. 
Another force that encouraged complex instructions was the lack of large memories. Since 
memories were small, it was advantageous for the density of information held in computer 
programs to be very high. When every byte of memory was precious, for example an entire 
system had only a few kilobytes of storage, it moved the industry to such features as highly 
encoded instructions. Instructions which could be variable sized, instructions which did 
multiple operations and instructions which did both data movement and data calculation. At 
that time, such instruction packing issues were of higher priority than the ease of decoding 
such instructions. 
Memory was not only small, but rather slow since they were implemented using magnetic 
technology at the time. That was another reason to keep the density of information very high. 
By having dense information packing, one could decrease the frequency when one had to 
access this slow resource. 
CPUs had few registers for two reasons: 

• Bits in internal CPU registers are always more expensive than bits in external 
memory. The available level of silicon integration of the day meant large register sets 
would have been burdensome to the chip area or board areas available.  

• Having a large number of registers would have required a large number of instruction 
bits (using precious RAM) to be used as register specifiers.  
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For the above reasons, CPU designers tried to make instructions that would do as much 
work as possible. This led to one instruction that would do all of the work in a single 
instruction: load up the two numbers to be added, add them, and then store the result back 
directly to memory. Another instruction would read the two numbers from memory, but store 
the result in a register. Another one would read a number from memory and another from a 
register and store it to memory again. And so on. This processor design philosophy 
eventually became known as Complex Instruction Set Computer (CISC). 
A complex instruction set computer (CISC) is a microprocessor instruction set architecture 
(ISA) in which each instruction can execute several low-level operations, such as a load from 
memory, an arithmetic operation, and a memory store, all in a single instruction. The term 
was coined in contrast to reduced instruction set computer (RISC). 
Before the first RISC processors were designed, many computer architects tried to bridge the 
"semantic gap" - to design instruction sets to support high-level programming languages by 
providing "high-level" instructions such as procedure call and return, loop instructions such 
as "decrement and branch if non-zero" and complex addressing modes to allow data 
structure and array accesses to be combined into single instructions. Additionally, the 
compact nature of a CISC ISA results in smaller program sizes and fewer calls to main 
memory, which at the time (the 1960s) resulted in a tremendous savings on the cost of a 
computer. 
While they achieved their aim of allowing high-level language constructs to be expressed in 
fewer instructions, it was observed that they did not always result in improved performance. 
For example, on one processor it was discovered that it was possible to improve 
performance by not using the procedure call instruction but using a sequence of simpler 
instructions instead. Furthermore, the more complex the instruction set, the greater the 
overhead of decoding any given instruction, both in execution time and silicon area. This is 
particularly true for processors which used microcode to decode the (macro) instructions. In 
other words, adding a large and complex instruction set to the processor even slowed down 
the execution of simple instructions. Implementing all these complex instructions also 
required a great deal of work on the part of the chip designer, and many transistors; this left 
less room on the processor to optimize performance in other ways. 
The term, like its antonym RISC, has become less meaningful with the continued evolution of 
both CISC and RISC designs and implementations. The first pipelined "CISC" CPUs, such as 
486s from Intel, AMD, Cyrix, and IBM, certainly supported every instruction that their 
predecessors did, but achieved high efficiency only on a fairly simple x86 subset (resembling 
a non load/store "RISC" instruction set). Modern x86 processors also decode more complex 
instructions into series of smaller internal "micro-operations" which can thereby be executed 
in a pipelined (parallel) fashion; thus achieves high performance on a much larger subset of 
instructions. 
Characteristics of the RISC architecture: 

• As implied by the name, there exists a reduced subset of instructions 
• Accumulator is replaced by a number of registers with equal rights 
• Memories are organized according the Harvard model 
• Standardized interface to the memories by using Load / Store instructions 

exclusively 
• Executing all instructions within one machine cycle 
• Optimized hardware and instruction set for high-level programming languages 

First only used at high-performance computers, Industry soon discovered the RISC 
architecture for single chip controllers and implemented it like in the AVR family. 
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6.3 Harvard versus “von Neumann” architecture 
The term Harvard architecture originally referred to computer architectures that used 
physically separate storage and signal pathways for their instructions and data (in contrast to 
the von Neumann architecture). The term originated from the Harvard Mark I relay-based 
computer, which stored instructions on punched tape (24-bits wide) and data in relay latches 
(23-digits wide). These early machines had very limited data storage, entirely contained 
within the data processing unit, and provided no access to the instruction storage as data 
(making loading, modifying, etc. of programs entirely an offline process). 

In a computer with a ”von Neumann” architecture, the CPU can be either reading an 
instruction or reading/writing data from/to the memory. Both cannot occur at the same time 
since the instructions and data use the same signal pathways and memory. In a computer 
with Harvard architecture, the CPU can read both an instruction and data from memory at the 
same time. A computer with Harvard architecture can be faster because it is able to fetch the 
next instruction at the same time it completes the current instruction. Speed is gained at the 
expense of more complex electrical circuitry. 

In recent years the speed of the CPU has grown many times in comparison to the access 
speed of the main memory. Care needs to be taken to reduce the number of times main 
memory is accessed in order to maintain performance. If, for instance, every instruction run 
in the CPU requires an access to memory, the computer gains nothing for increased CPU 
speed - a problem referred to as being memory bound. 

Memory can be made much faster, but only at high cost. The solution then is to provide a 
small amount of very fast memory known as a cache. As long as the information that the 
CPU needs is in the cache, the performance is much higher than when the cache has to turn 
around and get the data from the main memory. Tuning the cache is an important aspect of 
computer design. 

Modern high performance CPU chip designs incorporate aspects of both Harvard and von 
Neumann architecture. On-chip cache memory is divided into an instruction cache and a 
data cache. Harvard architecture is used as the CPU accesses the cache. In the case of a 
cache miss, however, the data is retrieved from the main memory, which is not divided into 
separate instruction and data sections. Thus a ”von Neumann” architecture is used for off 
chip memory access. 

Harvard architectures are also frequently used in specialized DSPs (Digital Signal 
Processors), commonly used in audio or video processing products. 

Additionally, most general purpose small microcontrollers used in several electronics 
applications, such as the PIC microcontrollers made by Microchip Technology Inc and AVR 
Microcontrollers made by Atmel Corporation, are based on the Harvard architecture. These 
processors are characterized by having small amounts of program and data memory, and 
take advantage of the Harvard architecture and reduced instruction set (RISC) to ensure that 
most instructions can be executed within only one machine cycle. The separate storage 
means the program and data memories can be in different bit depths. For example, the PIC 
microcontrollers have an 8-bit data word but (depending on specific range of PICs) a 12-bit, 
14-bit, or 16-bit program word. This allows a single instruction to contain a full-size data 
constant.  
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The AVR controllers have a separated data and memory using a one-stage pipeline, which 
means that during executing an instruction the next one is going to be loaded. This ensures 
that each instruction can be executed within one clock cycle (Fig. 1). 

The first instruction is extended by an additional clock as no instruction is pre-loaded into the 
pipe-line.  

 
Fig. 19: Pipe-lining of AVR controllers 
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6.4 Basics about the AVR family 
In principal all microcontrollers are all built on the same concept (Fig. 20). A sequencing unit 
consisting of  

• a program counter and a decoding unit that takes care of reading and decoding the 
instructions out of the program memory.  

• a computing unit executing the arithmetic and logic operations. 
• an input/output interface enabling data exchange through the peripherals. 
• and last but not least memory to store the program and data.  

 Fig. 20: Basic structure of a micro controller 
The computing unit normally consists of the ALU (Arithmetic Logic Unit), the accumulator and 
a number of registers. In programs generally half of the instructions consist of – for the 
functioning of the program – useless moving instructions to transfer data from the memory 
and the registers to the accumulator and back. 
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In the AVR this “bottle-neck” of having only one accumulator has been solved by 
introducing 32 so called working registers, all of them directly connected with the 
ALU and through which the arithmetic and logical operations can be performed in a 
single clock cycle. 
The ALU (Arithmetic Control Unit) 
The ALU instructions can be divided into three main categories 

• arithmetic 
• logical 
• Bit operations 

For each of the above mentioned categories very powerful instructions exist and 
additional a 2 cycle multiplying unit is implemented in hardware. 
The Instructions 
Although a RISC processor it has a set of 130 instructions, most of them executed in 
one cycle. AVR controllers basically use 2 bytes (16 bits) for most of their 
instructions, including “JUMPs” and “CALLs”. Two exceptions exist, the LDS and STS 
instruction used for direct addressing the data memory occupying 4 bytes or a double 
word). 
Instructions for jump, immediate operations and memory read / write need more than 
one system cycle. 
Execution time 
Fig. 21 shows a comparison of system cycles needed to execute two consecutive 
instructions by different controllers 

 
Fig. 21: Comparison of execution times of different processors 
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Memory architecture 
In the classical “von Neumann” concept instruction and data are stored in the same 
memory. In contrast the “Harvard” architecture as used in AVR controllers. Here the 
program and data memory are separated, which means that instructions are handled 
different compared to data.  
Especially in AVR controllers individual memory segments are physically built 
different.  

a) The program memory is built in electric erasable and programmable Flash 
technology. In all AVR controllers it is 16 bit (2 byte) wide and always on-chip. 
Extension of the program memory by external EPROM or Flash is impossible. 

b) The internal data memory is volatile and built as a static RAM (SRAM) and 
therefore does not need refresh cycle. This allows AVR controllers to run on 
very low clock speeds even down to 0 Hz. Additional there exists on different 
AVR controller the possibility to expand the data memory external, with the 
drawback of loosing valuable IO pins. 

c) For data that has to be kept, a nonvolatile memory (EEPROM) is available. 
Data can be transferred during normal program routines and no special 
programming device is necessary. 

IO ports 
The IO area consists of 64 bytes and is as well located in the SRAM area, from 
address 20H to 5FH. In AVR controllers not only the real IO ports (Port A to Port D) 
are considered as IO functions, but also the status and control registers such as 
Timer, UART, Watchdog, EEPROM read / write, SPI interface, etc. 
Interrupts and subroutines 
Subroutine and interrupt techniques are implemented same as in other controllers. 
Parts of a program, that are used multiple or for structural reasons need to be 
separated, can be addressed by an rcall instruction.  
Rcal is a kind of jump instruction, which automatically stores the next consecutive 
address of the program as return address in the stack memory. A subroutine needs 
to be terminated with a ret instruction, which will restore the address previously 
stored in the stack memory. The stack memory is located in the SRAM. 
In Fig. 22 the stack is going to be assigned or initialized at Label Start. At the Label 
Call1 the first call of the subroutine UP1 is executed. As return address 78AH is 
going placed onto the stack. Subroutine UP1 is a dummy routine doing nothing, just 
returning to the main program. To allow returning from a subroutien, the previously 
stored return address is restored from the stack and the controller continues exactly 
with the instruction following the call instruction.  
Subprograms might be nested, which means a call from inside a subroutine can be 
performed. 
Interrupts are a special way to redirect the main program into a subroutine. Interrupts 
can be understood as a “hardware triggered call” generated by an external source 
like timer overflow or character received at a UART. Most of the AVR controllers 
provide 12 interrupt vector addresses. 



MICROPROCESSORS AND MICROCONTROLLERS 

- 40 - 

Addr. OP-Code Label Instruction   Addr. Stack  

0X780 0000 UP1: nop ;No operation  0X25F   Stackpointer 

0X781 9508  ret ;Return  0X25E   before 1. Call 

0X782      0X25D   

0X783         

0X784         

0X785 E50F Start: ldi r16,0x5F ;Load immediate R16     

0X786 BF0D  out spl,r16 ;Load Stackpointer L-Addr  Addr. Stack  

0X787 E002  ldi r16,0x02   0X25F 8A  
0X788 BF0E  out sph,r16 ;Load Stackpointer H-Addr  0X25E 07  

0X789 DFF6 Call1: rcall UP1 ;Call subroutine UP1  0X25D   Stackpointer 

0X78A C001  rjmp Call2 ;Jump Call2     after 1. Call 

0X78B         

0X78C DFF3 Call2: rcall UP1 ;Call subroutine UP1     

0X78D C002  rjmp Cont ;Jump Cont  Addr. Stack  

0X78E      0X25F 8D  
0X78F 0000 Cont: nop ;No operation  0X25E 07  

0X790      0X25D   Stackpointer 

0X791         after 2.Call 

Fig. 22: Stack handling during Call instructions 
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Peripheral Functions 
A great number of peripheral functions are already implemented into the hardware 
of the AVR controllers like for example for the ATMega 8 

• 23 programmable IO lines 
• One programmable serial USART 
• Byte oriented two-wire serial interface 
• Master / slave SPI serial interface 
• Two 8-bit and one 16-bit Timer/Counter with separate prescaler 
• Three PWM channels 
• 6 channel ADC (10-bit) 
• Programmable watchdog timer with separate on-chip oscillator 
• On-chip analog comparator 
• In total 19 reset and interrupt vectors 
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6.5 Block diagram of the ATMega 8 
The ATMega8 as shown in Fig. 23 is a low-power CMOS 8-bit microcontroller based on the 
AVR RISC architecture. By executing powerful instructions in a single clock cycle it achieves 
throughputs approaching 1 MIPS / MHz, allowing the system designer to optimize power 
consumption versus processing speed. 

 
Fig. 23: Block diagram of the ATMega 8 
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CPU 
The processor core, depicted here towards the centre of the image on the left side of 
the data bus, includes elements to read the program memory, decoding and executing 
the instructions within. The CPU can also fetch and store data to and from the 
EEPROM, SRAM and the 32 registers. The registers act as extremely efficient storage 
for 8 bit values (1 byte) and the ALU (Arithmetic Logic Unit) can operate on each of the 
32 registers directly.  
The AVR processor features a real life stack and its instruction set is designed and 
optimized for use with high level languages - it is easy to program these chips using C 
or Basic. Note that certain implementations don't provide any SRAM, so the stack is 
actually hardware based (limiting the stack depth to three). 
It is interesting to note that most instructions only take a single clock cycle to execute 
and there is no internal clock division. Also, the CPU will fetch and decode the next 
instruction as it is executing the current instruction (i.e. in parallel). This entire means 
that AVR’s will reach performances of nearly 1 MIPS (Million Instructions per Second) 
per MHz, they are fast and efficient. Another advantage of reaching comparable 
performance at reduced clock rates (e.g. an AVR at 4 MHz will execute about as many 
instructions as a PIC microcontroller running at 16MHz) is reduced power consumption 
and lower electro-magnetic noise from high frequency signals. 

Memory 
The program memory is a contiguous block of flash memory. It may be programmed 
and reprogrammed numerous times easily. In fact, using the In-System Programming, 
you can design your system to allow chip firmware upgrades in-place. Program 
memory is 16 bits wide and can usually be erased/re-written at least 1000 times.  
All AVR’s have some EEPROM and most have SRAM available. Both are 8 bits wide. 
The EEPROM is programmable during execution (to retain data even without power) or 
directly during programming (which is very useful for things like production line 
calibration). Using EEPROM is slower than storing data in SRAM but, unlike the volatile 
RAM, once written the data will remain available indefinitely (even when the power 
source has been removed). The EEPROM withstand 100,000 erase/write cycles. 

I/O and Peripherals  
Peripherals are where the members of the AVR family distinguish themselves. They all 
have the same core and support a basically uniform instruction set, which means you 
can easily develop for all of them. However each has its own particular blend of 
peripherals and extras. 
All AVRs, from the tiny 8 pin DIPs to the 44 pin Megas, have at least one data port. 
Data ports allow for input or output of logic level (binary, HIGH or LOW) data. The AVR 
ports are bi-directional, allowing you to set them for input or output on a pin-by-pin 
basis.  
The ATMega8 depicted here has three 8-bit ports available. Often, the external pins 
which make up a port will serve dual (or triple!) purposes, and how the pins are used 
will depend on how you've configured the controller. For instance, you can see from the 
block diagram that all pins for port C (upper left) are also used as separate channels to 
the ADC (analog to digital converter) while certain pins of port D (lower right) are used 
for communication through the UART. 
The Analog to Digital Converter is normally multiplexed; this means that you can 
monitor multiple analog values, through different pins, one at a time. The UARTs allow 
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asynchronous serial communication, directly with other chips or with computers 
systems using an RS-232 interface.  
Internal peripherals include timers and counters (8 and 16 bit, with optional overflow 
interrupts), a watchdog timer (to automatically reset the chip after a preset delay of 
16ms to 2s), RC oscillators and more. 

Programming  
The Flash Program memory can be reprogrammed In-System through an SPI serial 
interface, by a conventional non-volatile memory programmer, or by an On-chip boot 
program running on the AVR core. The boot program can use any interface to 
download the application program in the Application Flash memory. Software in the 
Boot Flash Section will continue to run while the Application Flash Section is updated, 
providing true Read-While-Write operation. By combining an 8-bit RISC CPU with In-
System Self-Programmable Flash on a monolithic chip, the ATMega8 is a powerful 
micro-controller that provides a highly-flexible and cost-effective solution to man 
embedded control applications. 

Note: for more details please refer to the datasheet on Page 155 
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7. Starter Kit ATMega8 
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 Fig. 24: Schematic of the ATMega 8 Starter Kit 
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8. Troubleshooting in microprocessor based systems 
Trouble shooting starts always with a good visual inspection of the whole system. This 
means inspections of all the printed circuit board, all cables and the power supply. There 
often the external devices in a microprocessor system causing the trouble, not the 
microprocessor board itself. External devices means: Power supply, cables to other PCBs 
and the sensors and displays. 
The most common problems in microprocessor based systems are: 
� Power available? 
The first topic to check is the power. In many cases the power supply causes the main 
problems inside of a microprocessor system. This can be the power supply itself, mostly 
build up from a normal transformer, a rectifier and some load capacitor. 
In many cases I found the rectifier was defect. This can be checked if there is a voltage from 
the transformer is available (AC) and also a DC voltage behind the rectifier over the load 
capacitors. 
Behind the capacitors the most power 
supplies contains a voltage regulator like 
the LM7805. (a 5 Volt, 1 Ampere regulator). 
Check if there is a fuse which may be 
defect. Next check the voltage regulator 
itself. Check if there is voltage before and 
behind the regulator. The voltage before 
must be at least two volts higher as the 
desired output voltage. 
� Is the clock available? 
Most of the microprocessors contains a oscillation circuit. By connecting an oscillator to the 
external pins (XTAL1 and XTAL2) the required clock is generated.  
By measuring at the two pins of the oscillator with a oscilloscope, 
one can decide whether the oscillator is running or not. At the pins 
of the oscillator should be a signal like a sinus, with the given 
frequency. Sometimes the oscillator itself is defect; sometimes one 
of the capacitors has a short to ground. 
Many microprocessor also have an Clock_Out pin. By measuring 
at these pin with a oscilloscope, one can verify the internal clock 
generation. At the Clock_Out pin should be a TTL level clock 
signal. 
� Is the Reset signal OK? 
Every microprocessor needs a reset signal at 
power up time, while the clock is already 
running. In many applications the reset signal 
is generated by a simple Resistor/Capacitor 
circuit. 
Sometimes the capacitor has a short. 



MICROPROCESSORS AND MICROCONTROLLERS 

- 50 - 

� Address/data line shorts (cuts) 
The address/data bus is the heart of every microprocessor system. The data bus with 
depends on the microprocessor (8, 16 or 32 bits), the address bus is at least 16 bit wide. 
This results in a great amount of tracks which must be routed in parallel over the whole 
printed circuit board. These lines are often very close together so that shorts between 
address or data lines are very often. On older PCBs without surface resist, shorts can also 
be generated by dust particles. 
Check with a Ohmmeter if there is a short between the address/data lines. A second check 
could be to measure each line separate from the beginning at the microprocessor to the end 
(at the I/O devices). 
� Bus Buffer defect 
Sometimes RAM and IO is isolated from the processor by buffers. The buffers drive the bus 
lines from the processor into the rest of the PCB. These buffers must be bidirectional (for the 
data bus) and must be switch in the direction with the READ or WRITE signal. If something 
happens at the data bus sometimes the bus buffers are destroyed. Commonly used buffers 
are 74LS240, 74LS244, 74LS245, 74LS645 or derivates in ACT, HCT, ALS etc. 
Measure with a oscilloscope at the input and output of the buffers, both sides must be have 
active signals. 
� Address Latch defect 
Many processors have a multiplexed data/address bus. This means that at the beginning of 
an fetch cycle first the address is given to that bus lines. This address must be latched into a 
register, because in the later period of the same fetch cycle these lines are used as data 
lines. Commonly used latches are 74LS273, 74LS373, 74LS374, 74LS573, 74LS574 or 
derivates in ACT, HCT, ALS etc. 
The latch has a clock input, which is driven by the ALE signal (Address latch enable). Check 
this signal with an oscilloscope, it must be periodically. 
Measure with an oscilloscope both sides of the latch. At the output the lines must be stable. 
� Pin not inserted 
Components placed in a socket like RAM’s, EPROM’s, PAL’s etc. may not be properly 
seated. Sometimes a pin bends under the device. (Sometimes it happened that even the 
bended pin has some contact to the socket and then after a period of some years this 
contact is broken.) Visual inspection of all components inserted into a socket and replacing of 
these components are a good work here. 
� No chip select 
One or more signals may be needed to turn each device on. The chip select complexity can 
range from a simple undecoded address line to nightmarish spaghetti of PAL’s and logic. 
Regardless, every RAM and I/O device must receive a proper chip select to function. 
Measure at each I/O device the chip select signal. 
Check out what kind of address decoding is used (TTL chips or PAL’s). If PAL’s are used it 
could be that the PAL lost his internal function. 
� Multiple addressing 
This is a variant of the chip select problem. If more than one memory or IO device is used, 
several can sometimes be turned on at once. Each chip select signal must be unique at one 
time. 
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� Refresh 
Dynamic RAM’s require periodic accesses to keep the memory alive. This refresh signal is 
generated by external logic, or by the CPU itself. Sometimes the refresh circuitry fails. The 
entire memory array must be refreshed every few milliseconds to stay within the chips' 
specifications. 
� Bad device (EPROM) 
The semiconductor vendors do a wonderful job of delivering functioning chips. Rarely, 
though, a bad one may slip through (or, through miss handling, one may "toggle to the bad 
state"). This could be a problem with windowed EPROM’s. EPROM’s are erased by ultra-
violet light. But the normal light has also a small part of these UV light. So an EPROM which 
window is not covered with a black tape could loose the information after a period of some 
years. 
� Interrupt Controllers 
Some of the hardest problems to diagnose are erratic interrupts. If an interrupt controller fails 
or is miss programmed it may assert an incorrect vector on the bus. 
Again, pre-empt the problem by using a complete interrupt table with entries for all possible 
interrupts, not just the ones you are using. Unused vectors should point to an error handler. 
Measure with an oscilloscope if there are any pulses at the external interrupt pins generating 
unexpected interrupts.  
Note: a permanent active interrupt input may deadlock your system! 
� Watchdog timers 
Watchdog timers are another type of preventative medicine we often employ to detect 
failures. Too many, though, are designed for the convenience of the programmer or 
customer, with no thought to the poor electronics technician trying to repair things. A 
watchdog timer that resets and restarts the code invisibly is a nightmare - how can you tell if 
a system is operating marginally?  
Note: if it is an external watchdog, you can check with a scope the Reset pin! 
Test programs 
A nice way of finding bus shorts, memory failures, and the like is to execute a looping 
program, letting the technician examine each address and data line with a scope to find the 
source of the trouble. Of course, if the memories don't work, or if the address bus is shorted, 
how can we run a program? 
Using the Z80 RST 7 for bus testing On the Z80 and 8085 family the RST 7 instruction is a 
one byte CALL to location 38. 
Was Intel clairvoyant, or was it just luck that caused them to use opcode FF for this 
instruction?) As a result, if you add pull up resistors to the bus, then simply removing all 
memory chips will make the processor execute CALLs to 38 all day long. The stack pointer 
will decrement through the processor's entire address space, so the technician can look at 
address lines and check that they cycle properly. The data bus will show return addresses 
after each RST 7 executes; since the stack pointer decrements, these addresses will change 
as well. This trivial test gives the repetitive signal needed to effectively use a scope to check 
out the hardest parts of the system. 
Other CPUs usually have a similar instruction. On the 8088 family the INT 3 instruction is a 
similar one byte opcode. A one byte PUSH might even be better. 
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Since these instructions are not FF opcodes, pull up the bus and add a jumper field so the 
technician can set the proper opcode. 
� RAM Test 
A carefully engineered RAM test can be quite valuable. A Ram test program should be 
stored in the boot ROM, preferably near the reset address. The low order address lines must 
operate to run even a trivial program, and enough of the upper ones must work to select the 
boot ROM. The test itself certainly cannot make use of RAM! 
Several of the failure modes manifest themselves by the inability to store data. For example, 
data bus problems, a bad device, chip select failures, or an incorrectly inserted pin will 
usually exhibit a simple read/write error. The traditional write and read of a 55, followed by an 
AA, will find these problems quickly. 
Writing a pattern of 55H and 0AAH tests the ability of the devices to hold data, but it doesn't 
insure that the RAM’s are being addressed correctly. Examples of failures that could pass 
this simple test are: a post-buffer address short, an open address line (say, from a pin not 
being inserted properly), or chip select failures causing multiple addressing. It's important to 
run a second routine that isolates these not uncommon problems. 
An addressing test works by writing a unique data value to each location, and then reading 
the memory to see that that value is still stored. An easy-to-compute pattern is the low order 
address of the location; at 100 stores 00, at 101 store a 01, etc. This isn't really unique, since 
an 8 bit location can only store 256 different values. If we repeat the test, using the locations' 
high order address bytes as the data pattern, then (for memory sizes to 64k) after two 
passes the entire array will be tested uniquely. The first test insures that address lines A0 to 
A7 function correctly; the second checks lines A8 to A15 and also the chip select logic. 
� ROM Test 
If the ROM is not working, how can it test itself? As always, a completely dead kernel, one 
that just doesn't even boot, cannot run diagnostics. If the boot ROM does at least partially 
work, then some testing is valuable. 
Unburned ROM space is set to 0xFFH. On the Z180/Z80 processors this is the RST7 
instruction (a one byte call to location 0038). So most Z80's systems with an electronics 
failure that disables ROM will go into an infinite loop executing 0xFFH instructions, which is 
instantly visible on a scope. The characteristic double writes from the RST7's pushes tell an 
experienced scooper in a second what is going on. Teach your production folks this simple 
trick.  
While the memories can fail in a number of ways, probably the most common is a miss 
inserted pin. If you've spent time troubleshooting electronics, you'll know that it can be 
awfully hard to tell if all pins are in the sockets. Other problems cover the usual range of 
broken circuit board tracks (i.e., address, data, control lines), miss programmed devices, and 
non-functioning chip select lines. 
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� RS232 Pinning OK? 
Most problems caused by the RS232 serial line is the cable between the two devices, mostly 
the microprocessor SIO or microcontroller and the PC. There a two standard connectors for 
the RS232 serial line: a 25 pin DSUB connector and a 9 pin DSUB connector. Because of 
the PCs the today mostly used connector for the serial line is the 9 pin connector. 

PIN CONNECTION 
1 Carrier Detect,DCD 
2 Receive Data (RD) 
3 Transmit Data (TD) 
4 Data Terminal Ready 
5 Signal Ground 
6 Data Set Ready (DSR) 
7 Request to Send (RTS) 
8 Clear to Send (CTS) 
9 Ring Indicator 

The Transmit Data line from the microprocessor board must be connected to the Receive 
Data line of the PC and the other way round. Very often a problem with the serial line is 
because TD and TD from the PC are connected together. To check the right connections of 
the serial line, measure with a normal voltmeter the signal levels at pin 2 and 3. In idle mode 
there must be a voltage below -5 Volt on both lines. If this is not the cause check at each end 
(with open cable) which pin is the TD pin (below -5 Volt) and adjust the cable.  
With active data on the serial line, the level should switch between ± 8 Volt. 
� RS232 Line driver OK? 
If you can’t measure a level below -5 Volt at pin 2 and pin 3 of the microprocessor board 
(9pin DSUB connector), then the line driver may be defect. The serial data stream is 
generated by the SIO (Serial I/O unit). All the SIO components have a TTL level output. To 
drive the serial line at the RS232 level there must be a RS232 line driver. Very commonly 
used is the MAX232 line driver. This component generates from a single +5 Volt supply all 
needed voltages. (± 12 Volt). For doing this the component needs external capacitors for the 
internal charge pump. Sometimes these capacitors are defect. 
At pin 2 you should measure with a multimeter a voltage between +5 to +10 Volt. At pin 2 
you should measure voltage between -5 to -10 Volt. If not so, the charge pump is not 
working. This may be caused by the chip itself or a defect capacitor. 
Note: for details about the RS232 level converter, please refer to the datasheet (Chapter 10). 
 

 

 

 9pin DSUB type connector 
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Troubleshooting the I/O devices 
I/O devices are components like ADC, DAC, LCD Display, Keyboard controller, etc. The 
problems here are very wide because each device is very application specific. But still here 
there are some commonly known problems: 
� Clock OK? 
Also some I/O devices like a ADC needs a clock to work. In many cases the clock for the I/O 
components is generated from the processor clock. Check whether the I/O device has a 
clock. Measure the clock with a oscilloscope. 
� Operational amplifier OK? 
In front of an ADC and behind a DAC there are very often some operational amplifier for 
signal conditioning. If something happens at the front end then very often these OP’s are 
destroyed. 
When a operational amplifier is 
working, there is no voltage 
difference between the + and - 
input. 
All the commonly used amplifiers 
with one amplifier in a package, 
have the same pinning. 
Measure with a voltmeter between 
pin 2 and 3 if there is a voltage higher then 100 milliVolt, the operational amplifier chip is 
defect. 
� Analog I/O power supply? 
For the analog I/O section of a microcomputer system, mostly ± 12 Volt are needed. Check if 
there is the +/- voltage for the operational amplifiers. Measure with a voltmeter at pin 7 the 
positive supply voltage and at pin 4 the negative supply voltage. 
� Adjustments OK? 
Many analog I/O devices need an adjustment of working parameters with variable resistors 
(Trimmer). The feedback resistor of an operational amplifier could be a trimmer instead of a 
constant resistor, so that the gain of the OP and so the input voltage can be adjusted. A 
defect trimmer could result in a Gain=0, with causes that the ADC doesn’t receive the input 
voltage to measure. 
Also a LCD display has a trimmer for the contrast enhancement. The adjustment could be so 
bad, that you can’t see any character on the LCD display even it is working.  
So, check all adjustment points! 
� Sensors 
To measure physical phenomena you need at first a sensor which converts the physical 
phenomena into an electrical signal like a voltage. Very often these sensors causing 
troubles, a temperature sensor for example could be destroyed if it is overheated one times. 
� Cables OK? 
Cables between different printed circuit boards are causing many problems. Especially flat 
cables with pressed connectors can be defect after a longer period, if the pressing was not 
done absolute accurate. Check for loose cables, check for unstable contacts! 
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9. Test programs and Software Basics 
Test Push Buttons (PB) and LED’s 
'****************************************************** 30.07.2005 ************ 
'* A V R – Example for ATMega8-Testboard * 
'* Copyright 1988-2005 RIBU Elektronik Versand * 
'* This program checks the status of the push-buttons * 
* T1 to T4 and indicates it through the LED’s 1 to 4 * 
'******************************************************************************** 
$regfile = "m8def.dat" 'Select controller 
$crystal = 16000000 'Select crystal frequency 
$baud = 9600 'Select Baudrate for RS232-interface 
'Define pins of Port D and Port C 
Config Portd = Output 'PinD.4=LED4, PinD.5=LED3, ‘PinD.6=LED2, PinD.7=LED1 
Config Pind.2 = Input 'PinD2=PB 2 
Config Pind.3 = Input 'PinD3=PB 1 
Config Portc = Input 'PinC.0=PB 3, PinC1=PB 4,  
Begin:  ‘Program start 

If Pind.3 = 0 Then Set Portd.7 ‘Read Port D.3 and if PB pressed then LED1 on 
If Pind.2 = 0 Then Set Portd.6  
If Pinc.0 = 0 Then Set Portd.5  
If Pinc.1 = 0 Then Set Portd.4  
Waitms 500 ‘Wait 500 ms before 
Reset Portd.7 : Reset Portd.6 : Reset Portd.5 : Reset Portd.4 ‘Reset of Port D 

Goto Begin ‘Loop back 
End 
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Test ADC and LCD 
'************************************* 30.03.2005 *********** 
'* A V R – Example for ATMega8-Testboard * 
'* Copyright 1988-2005 RIBU Elektronik Versand * 
'* This program reads the analog value from the potentiometer * 
'* and displays it on the LC - Display * 
'********************************************************** 
$regfile = "m8def.dat" 'Select controller 
$crystal = 16000000 'Select crystal frequency 
$baud = 9600 'Select Baudrate for RS232-interface 
'Define pins of Port D and Port C 
Config Portd = Output 'PinD.4=LED4, PinD.5=LED3, ‘PinD.6=LED2, PinD.7=LED1 
Config Pind.2 = Input 'PinD2=PB 2 
Config Pind.3 = Input 'PinD3=PB 1 
Config Portc = Input 'PinC.0=PB 3, PinC1=PB 4,  
'Define pins (Port B) for LCD-Module 
Config Lcdpin = Pin , Db4 = Portb.0 , Db5 = Portb.1 , Db6 = Portb.2 , Db7 = Portb.3 , E = Portb.4 , Rs = Portb.5 
Config Lcd = 16 * 1a 'LCD-Module 1x16 
Config Portb = Output 
Deflcdchar 0 , 6 , 9 , 9 , 6 , 32 , 32 , 32 , 32 ' LCD – special characters 
'Configure AD Converter 
Config Adc = Single , Prescaler = Auto , Reference = Avcc 'Single measurement, Reference voltage = 5 Volt 
‘Declare variable 
Dim Res As Word , Ch As Byte 
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Start Adc   'Start ADC conversion, Stop ADC stops it 
Begin:   'Programmstart 
 Ch = 3  'Select AD-Input for Pot (Port C.3) 
 Res = Getadc(Ch)  'Read ADC and store it in variable Ch 
 Cls  'Erase LCD 
 Lcd "Value: "; Res  'Display value in LCD-Display 
 Waitms 500  'Wait for 500 ms before 
Goto Begin  'Loop back 
End 
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Test I2C Bus and LED display module 
'************************************* 03.04.2005 *********** 
'* A V R – Example for ATMega8-Testboard * 
'* Copyright 1988-2005 RIBU Elektronik Versand * 
'* This program counts automatically from 0 to 9999  * 
'* and displays the counter on the I2C bus LED display * 
'********************************************************** 
$regfile = "m8def.dat" 'Select controller 
$crystal = 16000000 'Select crystal frequency 
$baud = 9600 'Select Baudrate for RS232-interface 
'Define pins of Port D and Port C 
Config Portd = Output 'PinD.4=LED4, PinD.5=LED3, ‘PinD.6=LED2, PinD.7=LED1 
Config Pind.2 = Input 'PinD2=PB 2 
Config Pind.3 = Input 'PinD3=PB 1 
Config Portc = Input 'PinC.0=PB 3, PinC1=PB 4 
'Define pins used for I2C-Bus 
Config Sda = Portc.4 ‘SDA = Serial Data  
Config Scl = Portc.5 ‘SCL = Serial Clock 
‘Declare sub-routines 
Declare Sub Convert_LED 
‘Declare variable 
Dim A As Word, B As Byte, C As Byte, D As Byte, E As Byte, Res As Byte 
 



MICROPROCESSORS AND MICROCONTROLLERS 

- 59 - 

Begin: 
 For E = 0 To 9 ‘Create four decade counters from 0 to 9 
  For D = 0 To 9 ‘ 
   For C = 0 To 9 
    For B = 0 To 9 
 I2cstart 'Generate an I2C start condition 
 I2cwbyte &H70 'Write I2C - Address (SAA 1064) 
 I2cwbyte &H00 'Write Register - Address 
 I2cwbyte &H77 'Write configuration 
 A = E 
 Call NumtoSeg 'Convert number into segments 
 I2cwbyte Res 'Send 1st number (left first) 
 A = D 
 Call NumtoSeg 
 Res = Res + 128 'Turn on 2nd decimal point 
 I2cwbyte Res 'Send 2nd number 
 A = C 
 Call NumtoSeg 
 I2cwbyte Res 'Send 3rd number 
 A = B 
 Call NumtoSeg 
 I2cwbyte Res 'Send 4th number 
 I2cstop 'Generate an I2C stop condition 
 Waitms 100 'Wait for 100 ms 
    Next B 
   Next C 
  Next D 
 Next E 
Goto Begin 'Loop back 
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Sub NumtoSeg ‘Subroutine to convert number into segments 
 If A = 0 Then Res = &H3F 
 If A = 1 Then Res = &H06 
 If A = 2 Then Res = &H5B 
 If A = 3 Then Res = &H4F 
 If A = 4 Then Res = &H66 
 If A = 5 Then Res = &H6D 
 If A = 6 Then Res = &H7D 
 If A = 7 Then Res = &H07 
 If A = 8 Then Res = &H7F 
 If A = 9 Then Res = &H6F 
 If A = 10 Then Res = &H77 
 If A = 11 Then Res = &H7C 
 If A = 12 Then Res = &H39 
 If A = 13 Then Res = &H5E 
 If A = 14 Then Res = &H79 
 If A = 15 Then Res = &H71 
End Sub 
End 

Example: to display number 3 turn on segments a, b, c, d, g 
For details please refer to datasheet of SAA 1064 
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Test of Temperature Sensor MCP 9801 
'************************************* 30.06.2005 *********** 
'* A V R – Example for ATMega8-Testboard * 
'* Copyright 1988-2005 RIBU Elektronik Versand * 
'* This program reads the value from sensor MCP 9801  * 
'* and displays the Temperature on the LC - Display * 
'********************************************************** 
$regfile = "m8def.dat" 'Select controller 
$crystal = 16000000 'Select crystal frequency 
$baud = 9600 'Select Baudrate for RS232-interface 
'Define pins of Port D and Port C 
Config Portd = Output 'PinD.4=LED4, PinD.5=LED3, ‘PinD.6=LED2, PinD.7=LED1 
Config Pind.2 = Input 'PinD2=PB 2 
Config Pind.3 = Input 'PinD3=PB 1 
Config Portc = Input 'PinC.0=PB 3, PinC1=PB 4,  
'Define pins (Port B) for LCD-Module 
Config Lcdpin = Pin, Db4 = Portb.0, Db5 = Portb.1, Db6 = Portb.2, Db7 = Portb.3, E = Portb.4, Rs = Portb.5 
Config Lcd = 16 * 1a 'LCD-Module 1 line x 16 characters 
Config Portb = Output 
Deflcdchar 0 , 6 , 9 , 9 , 6 , 32 , 32 , 32 , 32 ' LCD – special characters 
‘Define Constant 
Const Adr_chip_w = 144 
Const Adr_chip_r = 145 
‘Declare variable 
Dim Temp_low As Byte, Temp_high As Byte, Adr_chip As Byte, Temp_dec As Single 
'Define pins used for I2C-Bus 
Config Sda = Portc.4 ‘SDA = Serial Data  
Config Scl = Portc.5 ‘SCL = Serial Clock 
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Cursor Off Noblink ’Cursor off 
I2cstart    'Generate an I2C start condition 
I2cwbyte Adr_chip_w 'Send address of MCP9801 and set the write-bit 
I2cwbyte 1   'Send register-address of control-byte of MCP9801 
I2cwbyte 96  'Send control-byte 0=9 Bit; 32=10 Bit; 64=11 Bit; 96=12 Bit 
I2cstop    ‘Generate an I2C stop condition 
I2cstart    'Generate an I2C start condition 
I2cwbyte Adr_chip_w 'Send address of MCP9801 and set write-bit 
I2cwbyte 0   ‘Send register-address of temperature reading of MCP9801 
I2cstop    ‘Generate an I2C stop condition 
Read: 
 I2cstart  'Generate an I2C start condition 
 I2cwbyte Adr_chip_r 'Send address of MCP9801 and set read-bit 
 I2crbyte Temp_high, Ack 'Read high-byte, Temperature in Centigrade without decimals 
 I2crbyte Temp_low, Nack 'Read low-byte 
 I2cstop  ‘Generate an I2C stop condition 
 Rotate Temp_low, Right, 4 'Rotate value 4 * right / 12bit, 5 * / 11bit, 6 * / 10bit, 7 * / 9bit 
 Temp_dec = Temp_low * 0.0625 ‘Adjust decimal places of temperature - * 0,0625 (12bit), * 0,125 (11bit) 
 Temp_dec = Temp_high + Temp_dec ‘ * 025 (10bit), * 0,5 (9bit) 
 Cls    'Clears LC - Display 
 Lcd "Temp: "; Fusing(Temp_dec, “##.#”); Chr(0); " C" 'Output temperature to LC - Display 
 Wait 1   'Wait for 1 second before 
Goto Read   ’Loop back 
End 



MICROPROCESSORS AND MICROCONTROLLERS 

- 63 - 

Test of IR – Receiver SFH5111 
'************************************* 25.07.2006 *********** 
'* A V R – Example for ATMega8-Testboard * 
'* written by Mr. Hollenthoner * 
'* This program reads and displays commands * 
'* coming from the IR Sensor SFH5111 * 
'********************************************************** 
$regfile = "m8def.dat" 'Select controller 
$crystal = 16000000 'Select crystal frequency 
$baud = 9600 'Select Baudrate for RS232-interface 
'Define pins of Port C 
Config Portc.2 = Input 'Pulses from IR sensor 
 ‘Define Reference 
Ir_Input Alias Pinc.2 
‘Declare variable 
Dim Value As Word 
'Declarations 
Declare Function Ir() As Word 'Measure time between pulses 
'Configure internal timer 
Config Timer0 = Timer, Prescale = 1024 ' 
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Enable Timer0 
Print Chr(12) 
Do 
 Value = 0 
 Print "Waiting for IR command:    "; 
 Value = Ir() 
 Value = Value And &H00FF 
 Select Case Value 
  Case &HC4 : Print "Key 1" 
  Case &HC6 : Print "Key 2" 
  Case &H84 : Print "Key 3" 
  Case &H86 : Print "Key 4" 
  Case &HA0 : Print "Key 5" 
  Case &HA6 : Print "Key 6" 
  Case &H88 : Print "Key 7" 
  Case &HA2 : Print "Key 8" 
  Case &HA4 : Print "Key 9" 
  Case &HA8 : Print "Key 10" 
  Case &H92 : Print "Key 11" 
  Case &H98 : Print "Key 12" 
  Case &H90 : Print "Key 13" 
  Case &H94 : Print "Key 14" 
  Case &H96 : Print "Key 15" 
  Case &H82 : Print "Key 16" 
 End Select 
Loop 
End 
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Function Ir() As Word 
 Local I As Byte 
 While Ir_input <> 0 : Wend 'Waiting for high to low transition 
 For I = 1 To 11 
  Tcnt0 = 0 'Reset Timer 0 
  Start Timer0 
  While Ir_input = 0 'Waiting until high again 
  Wend 
  While Ir_input <> 0 'Waiting for next high to low transition 
  Wend 
  Stop Timer0 
  If Tcnt0 > 110 Then Ir = Ir Or 1 'If > 6ms then "1" else "0" 
  Rotate Ir , Left , 1 
 Next I 
End Function Ir() 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 1 0 0 1 1 0 0 0 1 0 1 
 Syn Tog A3 A2 A1 D5 D4 D3 D2 D1 D0 Syn 

KEY 1 pressed 

Time between 2 pulses: 
0 ≈ 6ms 
1 ≈ 8ms 
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16 CHANNEL IR TRANSMITTER K8049 TRANSMISSION CODES 
 

Key Syn Tog A3 A2 A1 D5 D4 D3 D2 D1 D0 Hex 

1 1 X 0 0 1 1 0 0 0 1 0 0462 

2 1 X 0 0 1 1 0 0 0 1 1 0463 

3 1 X 0 0 1 0 0 0 0 1 0 0442 

4 1 X 0 0 1 0 0 0 0 1 1 0443 

5 1 X 0 0 1 0 1 0 0 0 0 0450 

6 1 X 0 0 1 0 1 0 0 1 1 0456 

7 1 X 0 0 1 0 0 0 1 0 0 0444 

8 1 X 0 0 1 0 1 0 0 0 1 0451 

    S H I F T     

1 1 X 0 0 1 0 1 0 0 1 0 0452 

2 1 X 0 0 1 0 1 0 1 0 0 0454 

3 1 X 0 0 1 0 0 1 0 0 1 0449 

4 1 X 0 0 1 0 0 1 1 0 0 044C 

5 1 X 0 0 1 0 0 1 0 0 0 0448 

6 1 X 0 0 1 0 0 1 0 1 0 044A 

7 1 X 0 0 1 0 0 1 0 1 1 044B 

8 1 X 0 0 1 0 0 0 0 0 1 0441 
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Test of Real Time Clock PCF8583 
'************************************* 25.07.2006 *********** 
'* A V R – Example for ATMega8-Testboard * 
'* written by Mr. Hollenthoner * 
'* This program presets the RTC (PCF8583) * 
'* reads the time and displays it * 
'********************************************************** 
$regfile = "m8def.dat"                                      ' Select controller 
$crystal = 16000000                                         'Select crystalfrequency 
$baud = 9600                                                'Select Baudrate for communication                                          ' 
‘Declare variable 
Dim Buffer As String * 8 , Buffer1 As String * 1 , Buffer2 As Byte , S As Byte , M As Byte , H As Byte 
Dim S1 As Byte , M1 As Byte , H1 As Byte 
'Define pins used for I2C-Bus 
Config Scl = Portc.5 'PORTC.5 is the SCL line 
Config Sda = Portc.4 'PORTC.4 is the SDA line 
Begin: 
Input "Time (HH:MM:SS): ", Buffer ‘Wait for preset to be input, separate inputs by colon 
Buffer1 = Mid(buffer , 7 , 1) ‘Read 10 second 
Buffer2 = Val(buffer1) ‘Convert string into number 
Shift Buffer2 , Left , 4 ‘Shift into correct position 
S = Buffer2  ‘Store it 
Buffer1 = Right(buffer , 1) ‘Read 1 second 
Buffer2 = Val(buffer1) And &H0F ‘Convert string into number and blank high nibble 
S = S + Buffer2 ‘Add the two numbers and assemble seconds in one Byte 
Buffer1 = Mid(buffer , 4 , 1) ‘Same as above for minutes 
Buffer2 = Val(buffer1) 
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Shift Buffer2 , Left , 4 
M = Buffer2 
Buffer1 = Mid(buffer , 5 , 1) 
Buffer2 = Val(buffer1) And &H0F 
M = M + Buffer2 
Buffer1 = Left(buffer , 1 ) ‘Same as above for hours 
Buffer2 = Val(buffer1) 
Shift Buffer2 , Left , 4 
H = Buffer2 
Buffer1 = Mid(buffer , 2 , 1) 
Buffer2 = Val(buffer1) And &H0F 
H = H + Buffer2 
I2cstart    'Start I2C communication 
I2cwbyte &HA0 'Set I2C Address (PCF 8583 = &hAX) 
I2cwbyte &H02 'Set Register-Address to seconds (Addr. 02) 
I2cwbyte S  'Write seconds 
I2cwbyte M  'Write minutes 
I2cwbyte H  'Write hours 
I2cstop    'Stop communication 
Waitms 10   'Wait 10ms to allow correct response 
Lop: 
 I2cstart  'Start I2C communicationen new 
 I2cwbyte &HA0 'Write I2C Address (PCF 8583 = &hAX) 
 I2cwbyte &H02 'Write Register-Address (02 = seconds) 
 I2cstart  'Start I2C communicationen new 
 I2cwbyte &HA1 'Set I2C Address (PCF 8583 = &hAX) 
 I2crbyte S , Ack 'Read seconds 
 I2crbyte M , Ack 'Read minutes 
 I2crbyte H , Nack 'Read hours 
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 I2cstop  'Stop communication 
 S1 = S   'Copy secondes into tenths of seconds 
 Shift S1 , Right , 4 'Shift 4x into correct position 
 M1 = M  'Copy minutes into tenths of minutes 
 Shift M1 , Right , 4 'Shift 4x into correct position 
 H1 = H  'Copy hours into tenths of hours 
 Shift H1 , Right , 4 'Shift 4x into correct position 
 S = S And &H0F 'Blank high nibble 
 M = M And &H0F 
 H = H And &H0F 
 Print chr(12) ‘Clear screen 
 Print "Time: " ; H1 ; H ; ":" ; M1 ; M ; ":" ; S1 ; S 'Show time 
 Waitms 900 'Wait 900ms before  
Goto Lop   'Looping 
End 
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