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In trod lie tio n 

1 Introduction 

This course deals with the design of digital systems. 
being systems having discrete rather than 
continuous inputs and outputs. 
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The central -but certainly not trivial - question in this 
course is how to design such systems. 

1.1 



Ultra Large Scale Integration 

Texas Instruments TMS320C30 

• Digital signal processor 

• 700,000 transistors 

Intel 80860 

• RIse processor 

• 1,000,000 transistors 
Intel 80486 

• else processor 

• 1.180,000 transistors 
Motorola 68040 

• else processor 

• 1.200,000 transistors 
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As a result of the progress of IC-technology we are 
able to build continually larger and more complex, 
but still economic, digital systems. Figure 1.02 
shows an example of the state of the art in 1990. We 
see four examples of a pre-eminent digital system: 
the microprocessor. The first one is a digital signal 
processor with 700,000 transistors. a RISC 
processor with 1,000,000 transistors (RISC = 
Reduced Instruction Set Computer). The second one 
is a Complex Instruction Set Computer, a so-called 
CISC-processor, with 1,180,000 transistors and 
another CISC-processor with 1,200,000 transistors. 
Figure 1.02 lets us see that the complexity of a 
digital system, expressed in the number of 
transistors on a single IC, has exceeded the 
1,000,000 transistor boundary. We have entered the 
era of Ultra Large Scale Integration (ULSI). 
Furthermore, we do not expect development to stop 
here, and time should bring a continually growing 
complexity. 

Up till now we have considered digital systems on a 
single IC. The complexity of digital systems realized 
on one or more printed circuit boards, with the help 
of more integrated circuits, will exceed multiples of 
this complexity. 
This course deals with the state of the art of the 
design of such gigantiC systems. 
The central question remains: "How do we design 

1.2 

DIGITAL SYSTEMS 

Current and new technical systems 
with increasing complexity can be 
ECONOMICALLY realized using DIGITAL 
methods. 

• New products with 
unprecedented possibilities 

• Analog techniques are being 
replaced by digital ones. 
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such a complex digital system?". However, before 
we answer this question, or point to possible 
directions, we will first take a look at the importance 
of digital systems. 
The importance of these systems can not be 
separated from the powerful technological 
development that is due to the production of 
integrated circuits. Actually, the high standard of the 
microelectronics technology is what enables us, the 
digital system builders, to economically realize 
complex digital systems. This means, as figure 1.03 
shows, that for existing or new technical problems 
we can still realize economically feasible (i.e. 
affordable), complex digital solutions. This will lead 
to new products with unlimited possibilities. This will 
also lead to systems where previous analog 
solutions are replaced by digital ones. Digital 
systems, hand in hand with microelectronics, are 
becoming increasingly important in all sorts of 
subjects and are infiltrating more fields. It is difficult 
not to fall in the temptation of filling a whole chapter 
with all sorts of criteria without thinking of an 
example. However, we shall limit ourselves to 
discussing examples in the field of audio-visual 
applications; the field of consumer electronics. 



EXAMPLES- CO NSUMER ELECTRO NICS 

CO MPACT DISC 

• Digital storage of information 
- sampling 
- modulation 

• Error detection and correction 
- error correcting codes 
- interpolation of signal samples 

• Digital to analog conversion 
sample rate conversion 

• Servo systems 

CAR Information and Navigation 
System (CARIN) 

An example in the consumer electronics area is the 
compact disc, see figure 1.04. In the compact disc 
system, audio signals, music and speech are 
digitally written on a medium, the compact disc. 
They are digitally read back with the help of light. 
Digital storage means that audio signals being 
analog by nature. have to be translated to digital 
signals. The sampling and quantizing of the signal 
does not belong to the field of this course. Some 
aspects of coding will be discussed later. Once we 
have the signal in digital form we can do with it all 
sorts of things using digital systems. We can 
process the Signal; examples being filtering and 
modulation. Because the signal is digital we can 
always reconstruct the original signal. 
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When writing or reading information to/from a 
compact disc something may go wrong, errors can 
occur. A solution is the use of error 
detection/correction codes and the interpolation of 
signal samples. This is also an example of the 
application of advanced techniques in a digital 
system. The servo system in a compact disc is also 
very important, i.e. the control system of the laser 
head and motors. There are also many digital 
techniques applied there. 
Besides the compact disc, there are other derived 
products, such as the CD-ROM, and the Car 
Information and Navigation System (CARIN). where 
digital systems play an important role. 

1.3 



EXAMPLE - CONSUMER ELECTRONICS 

DIGITAL TELEVISION 

Everything behind the MF stage 
becomes digital 

• A/D and D/A conversion 
frequency up to 17 MHz per 
8 bits sample 

• Digital colour decoder 

• Image memory and image processing 

• Teletext 

• Picture in picture 
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Another example in the field of consumer electronics 
is the digital television. figure 1.05. The expectation 
is that base band audio and video signals will be 
processed digitally. Video signals occupy a larger 
frequency range than audio signals. This is 
expressed in higher sampling frequencies in digital 
television, up to 17 MHz. I n the processing of digital 
video signals we can first consider items such as 
digital colour decoders. This will lead to a better 
quality of the decoding process with lower costs. 
Also. we can consider saving an image in memory 
and processing it later on: image processing. The 
plans for high definition TV can only be realized by 
reducing the required bandwidth through the use of 
image processing techniques. 
Other examples of the application of digital 
techniques in consumer-TV are Teletext and "picture 
in picture". 

1.4 

EXAMPLE - CONSUMER ELECTRONICS 

DIGITAL AUDIO 

• Digital signal processor 

• Digital audio via satellite 

• Teledata 
- programme identification 
- traffic informa lion 
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As a third example in the field of consumer 
electronics we mention digital audio. In figure 1.06 
we see that digital signal processors are currently in 
a state that allows them to be used in all sorts of 
audio signal applications. These digital system 
processors could be more general. or specifically 
designed for a special purpose application. We have 
arrived at a state where a digital system processor 
can replace the classical sound controls of an 
amplifier. Another application of digital audio is the 
transmitting of radio programs, digitally, via a 
satellite. It is also possible to transmit other 
information in addition to the program information. 
We are then talking of tele-data. Examples of 
applications could be program identification, as well 
as traffic information. For example. information can 
be distributed via such a system in the from of files. 
This information can then be used in a system, such 
as the previous mentioned CARIN system, to point 
out alternative routes. These are examples of 
applications where digital systems play an important 
role and that are currently technically 
implementable. 



EXAMPLES 
• BUSINESS 

- Point of sale terminals 
Banking terminals 

- Credit card verification 
- Automatic transactions 
- Access monitoring 

Stock control 
Word processing 

• INDUSTRY 
- Process control 
- Numerically controlled machines 
- Robots with sensors and vision 
- Process monitoring 
- Data acquisition systems 

• CONSUMER 
- Home computers 
- Computer aided learning 
- Intelligent toys 
- Programmable applications: 

kitchen: washing machine. 

Cars 
microwa ve oven 
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In addition to consumer electronics, there are many 
other fields where digital systems are applied. 
Figures 1.07 and 1.08 mention a number of them. 
We see first examples from the commercial field, 
such as cashier terminals. banking terminals, 
identification of credit cards, automatic banking 
transactions etc.. collectively known as point of 
sales systems. We also see applications in building 
security, stock control. word-processing etc. As 
examples of industrial applications we can think of 
things such as process control, numerically 
controlled machines. robots with sensory and vision 
capabilities, automatic assembly lines etc. In 
general: process control and data acquiSition 
systems. 
As examples of other consumer applications one 
could name home computers, game computers, 
tutoring systems, intelligent toys, programmable 
home appliances such as washing machines, 
microwave ovens etc. Also applications in 
automobiles such as the ignition and break systems. 
From the field of instrumentation we think of testing 
devices where many functions could be automated, 
for example continuous automatic calibration. By 
instrumentation we mean electronic as well as 
chemical and medical analysis instruments. 

EXAMPLES 

• INSTRUMENTATION 
- Automatic test equipment 
- Electronic instruments 
- Chemical/medical analysis 

• COMMUNICATION 
- Remote terminals 
- Programmable controllers 
- Switching equipment 
- Multiplexers 

Message handling 
- Error control 

• DATA PROCESSING 
- Programmable calcula tors 
- Office computers 
- Input/Output processors 
- Intelligent peripheral equipment 

Communication interfaces 
Performance monitoring 

• ETC. ETC, ETC, ETC, ETC, ETC. 
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One of the roots of digital techniques lies in the field 
of telecommunication. There we find yet another 
important application field of digital systems. For 
example, remote terminals, programmable 
controllers, switching devices for telephones, 
multiplexers for data transmission etc. A second 
important application area of digital techniques is 
the field of processing and storage of data and 
information, i.e. the field of data processing. Such 
applications include programmable calculators, 
office computers, I/O processors, intelligent 
terminals and large computers connected to local 
area networks. 
In this overview we did not pursue completeness; 
there are still many unmentioned fields. 

Thus far we have discussed a large number of 
application fields of digital systems, having a 
complexity of millions of transistors. This complexity 
will continually increase in the future. 

We now return to the central question of this course: 
"How do I design a digital system with such a 
complexity?". It will be clear that designing large 
systems by starting with a network of a few 
transistors, and then expanding it until the total 
system is realized, will not yield acceptable results. 

1.5 



DESIGN TRAJECTORY 

Specification 

Architecture Design 

Architecture Verification 

Logic Design 

Logic Verification 

Testability 

Electric Circuit Design 

Circuit Verification 

Layout Design 

Layout Verification 

Production & Testing 
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This is a methodology that would probably lead to 
disappointment. A better strategy is shown in figure 
1.09. 
Digital design is a structured and planned 
occupation according to a checklist. The whole 
design comprises a number of phases, beginning 
with an idea and ending with the production and 
testing of the final system. We begin by specifying 
what we want to build. Next follows the so-called 
architecture phase. In this phase we consider how 
the digital system should behave in order to satisfy 
our requirements. The activity of whether the chosen 
architecture satisfies our specifications is called 
verification. After the architecture phase we start the 
logic design phase. In this phase the building 
blocks of the architecture are translated into 
realizable logic circuits. We utilize a computer 
simulation system to check that the logic circuitry is 
indeed an implementation of the specified 
architecture. 

1.6 

We are then speaking of logical verification. An 
important aspect of the design is testability. How do 
we ensure that an Ie with 1,000,000 transistors 
functions correctly after production? During the 
logical design we have to take measures that will 
guarantee this testability. That is to say making 
testing simpler. At the end of the logical design 
phase we have a number of schemes with logical 
building bricks. These schemes must be translated 
into schemes with transistors, resistors, diodes, and 
similar components. This translation process we call 
the electronic circuit design, being the next phase 
in our design trajectory. In this phase we start a new 
specification. After the transistor schemes have been 
designed we start the layout phase in which we 
make the Ie layout. That is, we show where the 
transistors should be placed on the Ie, how they are 
connected etc. After the layout verification follows 
the production and the testing. Figure 1.09 suggests 
that all these activities in the design process, are 
carried out by one person. In reality this is generally 
not true. The specification is made by the customer, 
mostly in cooperation with the system designer. The 
architecture and logic design are generally made by 
the digital system designer. The electrical circuit 
design and the detailed layout is the domain of the 
Ie designer. The digital system designer will remain 
globally involved in this phase. The testing of the 
finished product is carried out by the test engineer. 
In this course we will be occupied with the design of 
digital systems. That is to say: we are considering 
methods for systems specifications. We will direct 
out attention towards architecture. Another important 
topic in this course is the methodology and 
techniques used in logic design. 
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Digital Systems 
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2 Digital Systems 

2.1 What is a digital system? 

As previously mentioned this course covers the 
design and realization of digital systems. 

This should be seen in the context of the design 
trajectory mentioned in the previous chapter. 

2.1 



DIGITAL SYSTEMS 

• WHAT IS a digital system? 

• HOW do I design and 
realize a digital system? 
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The topic of design presents two questions (see 
fjgure 2.01): 

- What is a digital system? 

- How do I design and realize a digital system? 

Before we discuss the design and realization of a 
digital system, we must first know what a digital 
system is. What makes something a digital system? 
Fortunately we have notion as to what that is. If I 
ask you what a digital system is, you will frequently 
come with answers such as: a computer, (parts of) 
an automaton, such as a coffee machine, traffic light 
controllers, systems in consumer electronics, etc. 
And also clocks, such as those hanging all over the 
university, are examples of digital systems. We shall 
limit ourselves. in this course, to digital systems that 
are built using electronic building bricks. 

2.2 

SYSTEM 

• Black Box 

• Inputs u, v, w 
have a value 
- voltage, current. angle, 

• Outputs x, y. z 
are given a value by the system 

• The system shows a behaviour: 
the output values vary in time 

'. A relation exists: 
(li, v, w)R(x,y,z) 

which describes the behaviour 
of the system. with u ... z 

being functions of time 
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The question: "What is a digital system?", comprises 
two sub-questions. First: 'What is a system?", and 
"What are the special characteristics of a digital 
system?". Formally speaking we can think of a 
system as an object, or a black box, with inputs and 
outputs (see figure 2.02). We shall limit ourselves, in 
this course. to systems with a finite number of inputs 
and outputs. The inputs (here called u, v, and w) 
have a value. This could be a voltage, a current, an 
angle etc. The outputs (called here x, y, and z) are 
assigned a value by the system. This could also be 
a voltage, a current etc. A system displays its 
behaviour. That is to say the output values change 
in time due to the change of one or more of its 
inputs. The outputs of the systems we consider are 
not arbitrary. They are systematic, rule governed, 
and the outputs change their values in time 
according to a deterministic behaviour. We could 
say that the temporal behaviour (behaviour with 
respect to time) is described by the system as a 
relation between the input and output values. 





BLACK BOX MODEL 
DIGITAL SYSTEM 

I R o 
Input - Relation Output 

.R: Specifies the behaviour 
the system 

of 

• R: Changes in inputs values 

---------Changes m output values 

• R: Is a specification 
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To summarize (see figure 2.05) a digital system is 
one with several inputs and outputs where all inputs 
and outputs have their own domain. Furthermore. 
these value domains have a finite number of 
elements. In addition, there is a relation, R, between 
inputs and outputs. i.e. between input domains I and 
output ranges O. This relation, R. defines and 
specifies the behaviour of the system. Thus R 
defines how the system changes its output values. 
when the input values change. We also call R a 
specification of the system. This relational view of 
the system behaviour and system specification is 
called the black box model. or sometimes the 
system model. 

If we look at a digital system from a different 
perspective. we can, rightfully, say that it samples its 
inputs before generating the corresponding outputs 
(see figure 2.06). 

2.4 

ALGORITHMIC MODEL 

input 

data 
object 

transforma tion 

• transformation rules describe 
conversion of data object from 
input domain to output domain 

• a number of more simple 
transforma lions .. 
prescription. "algorithm" 

• system behaviour specified by 
algorithmic description, 

" programme" 
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The system processes the input values to produce 
new output values, Le. transforms input values (from 
the set of possible input values) to output values 
(from the set of possible output values). Thus, the 
digital system performs a transformation of data 
objects from the input domain to data objects of the 
output domain. The rules defining this transformation 
accurately describe the conversion of objects from 
the input domain to objects from the output domain. 
These transformation rules specify the behaviour of 
the system. In general the transformations, executed 
by digital systems. are very complex. We shall have 
to decompose such transformations into simpler 
ones. These simple transformations may be (partly) 
carried out in parallel or in series, so that the same 
overall result is obtained. 
We receive a recipe or prescription for the 
production of the output data from the input data. 
We shall call such a prescription an algorithm. In 
this view towards the system, the behaviour is 
defined by a formal algorithmic description, a 
program. Now we shall consider the algorithmic 
model. We can regard such an algorithmic 
description as a specification of the system and also 
as a realizable description. 





POSSIBLE CONSTRUCTION: ARCHITECTURE 

Number Number _Available 

o 

(Counter) 
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Figure 2.09 shows a sketch of a possible 
architecture. Here we make use of the three 
previously mentioned elements: control, operators 
and memory. The control is denoted by a dashed 
circle, the operators by a solid circle and the 
memory by two horizontal lines. Examples are the 
memory of the sum and counter. We observe that 
the behavioral description introduces two 
transformations, which leads to equivalent operators 
or data paths in our model, namely the summation 
operator and the count operator. The new running 
sum is computed by the summation operator. The 
count operator increments the counter by one when 
activated. The total system in managed by a 
controller. When the controller receives an external 
command, indicating that a new number is available, 
it will signal the sum and count operators to start 
work. Later in this course we shall go deeper into 
the use of these models. 

2.6 

We have seen a short global answer of the question 
of "What is a digital system?". A digital system's 
input and output elements belong to finite sets of 
possible values. Furthermore, in this course we shall 
limit ourselves to digital systems that can be realized 
with electronic components and that are time 
invariant. The behaviour of such a system can be 
described by the relation between input and output 
values. In this case we are considering a black box 
model. Moreover, this behaviour could be described 
by a set of transformation rules or algorithms. In this 
case we are considering an algorithmic model. In 
the latter case, the realization in a data-path/control 
model is possible, where each part could be 
described by a black box model. 



HOW 

Do I Design And Realize 

a Digital System ? 

2.2 The design of a digital system 

After having discussed the question "What is a 
digital system?" we have arrived at the central topic 
of this course: -How do I design a digital system?". 
The ultimate purpose of a design process is the 
realization of a digital system built of easily available, 
trustworthy, standard components such as 
transistors, resistors, 

-2.10-

logic gates, flip-flops, counters, registers, and also 
more complex standard building blocks such as 
microprocessors, I/O ports, etc. The system that we 
build from these standard components should 
behave in a predefined way and exhibit this 
predefined behaviour. In practice this is not as 
simple as described here. 

2.7 



COMPLICATIONS 

• Objective of design is unclear 

No unique behavioural 
description / specification 

• Missing: 

Overall picture of the 
total system 

Relation between the different 
parts of the system 
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Two frequently occurring complications are (see 
figure 2.11): the absence of a (good) behavioral 
description. That is, what the system must do is not 
(clearly) specified. This results in a situation where 
the realized system does not always do what the 
client had in mind. The swing example on page 2.9 
illustrates this problem. Secondly, when dealing with 
very complex systems one tends easily to lose the 
overview of the total system. One has frequently no 
insight in the relation between different system sub­
components. This results in situation where sub­
optimal solutions are frequently obtained, sometimes 
causing sUb-components not to work optimally 
together. When the underlying relation is not clear 
anymore, one often attempts to solve a problem in 
one part which actually occurs in other parts. 

2.8 

REMEDY 

• Specify WHAT to make 
The wanted behaviour must be 
precisely described 

• Make a STRUCTURED design and make 
use of a HIERARCHICAL system setup 

A system should be constructed using 
a limited number (a maximum of 7) 
subsystems 
which again should be constructed 
using a limited number of subsystems 
which again should be constructed ..... 

I 

using a handful of building blocks 

-2.12-

The remedy of these design complications is twofold 
(see figure 2.12). First we have to decide WHAT we 
shall make. That is. the desired system behaviour 
must be carefully described. Secondly. we must 
manage the complexity by designing in a structured 
way. Therefore we must use a hierarchical system 
structure. This means that we shall try to build a 
system from a limited number of subsystems (a 
maximum of 7). We shall try to construct each of 
these subsystems from a limited number of smaller 
subsystems. We continue this process until the 
subsystems can be realized by means of a handful 
of building blocks. 



How it was designed What the drawing looked like 

How it was ordered How it was mounted 

How it was modified What the client really wanted 

2.9 





THIS COURSE 

• Behavioural description of digital systems 
• Functional behaviour of combinational 

circuits 
• Boolean algebra and switching algebra 

• Combinational systems and standard 
building blocks 

• Behavioural description of sequential 
systems 

• ASM-charts and state diagrams 

• Memory-combinational model 
- Moore model Mealy model 

• Realization of flip-flops and memories 

• Realization of state machines 
- counters. registers, pattern generators 

• Elements of system design 
- processes and data flows 
- control unit and data path 
- selection and adressing 
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We can observe two things about the above 
discussion: 

1. The definition of what is an optimal realization 
depends on many factors. such as the price, 
the number of components. the size of the 
system, the reliability, the speed, or the 
desired degree of security. 

2. The definition of what are the standard 
building blocks, and consequently where the 
design cycle stops, depends on the state of 
the art. It changes towards more and more 
complex building blocks. and even to software 
automatically generating circuits (silicon 
compilation). 

2We have now seen what digital systems are and 
we have discussed a method for designing them, 
namely the structured hierarchical design 
methodology. With some more knowledge about 
the basic building blocks. we could view this 
course as basically finished. 

As one could expect this is not our endpoint. 
however. We shall consider. apart from the 
necessary basic knowledge and basic building 
blocks. the use of a design methodology. 

It the remainder of this course we shall first discuss 
(see figure 2.15) the description of digital system 
behaviour. Subsequently we shall study the 
functional behaviour of combinational systems, 
Boolean algebra, switching algebra. and standard 
building blocks related to combinational functions. 
Furthermore, we shall discuss the behavioral 
description of sequential systems, being systems 
with memory. Here so-called ASM charts and state 
diagrams playa role. A sequential system could be 
realized using memory and combinational 
functions. We shall discuss the realization of this 
memory using flip-flops. We shall also discuss state 
machines, counters. registers, pattern generators 
etc. And last but not least we are going to consider 
elements of system design such as processing and 
data flow, control and data path, selection and 
addressing. 

2.11 





























































































































































































































































































7 

Realization 

of 

Finite state Machines 
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7 Realization of finite state machines 

In previous chapters we discussed methods for 
describing the behaviour of finite state machines, 
that is, methods for their specification. At the same 
time we have considered the general structure, Le. 
the architecture of finite state machines. 

In this chapter we are approaching the second 
question in our design process: uHow do I realize a 
finite state machine?". An important subitem is the 
realization of the memory function. What remains 
are two combinational functions, and we know how 
they can be realized. 

7.1 
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