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Chapter

Introduction

The goal of this book is to give the reader a good understanding of the basic principles of digital and analog electronic circuits.
The book emphasizes the application and design of integrated circuits; however, circuit design is most effective when it is
carried out with a view toward the overall design process—as well as the particular system of which the circuit is to be a part.
Therefore, this first chapter presents an overview of electronic systems, a general discussion of the steps in their design, and
basic concepts related to digital systems and electronic amplifiers.

Electronic-circuit design is fun. You can earn a good living from it and impress many people to whom electronics seems
like magic. Learning the material in this book is an important step toward a rewarding career as a designer of electronic

systems.
1.1 Electronic Systems

Some electronic systems are familiar from everyday life. For example, we encounter radios, televisions, telephones, and com-
puters on a daily basis. Other electronic systems are present in daily life, but are less obvious. Electronic systems control fuel
mixture and ignition timing to maximize performance and minimize undesirable emissions from automobile engines. Electron-
ics in weather satellites provide us with a continuous detailed picture of our planet.

Still other systems are even less familiar. For example, a system of satellites known as the Global Positioning System (GPS)
has been developed by the United States to provide three-dimensional positional information for ships and aircraft anywhere on
earth to an accuracy of several tens of meters. This is possible because signals emitted by several satellites can be received by
the vehicle. By comparing the time of arrival of the signals and by using certain information contained in the received signals
concerning the orbits of the satellites, the position of the vehicle can be determined. In addition, the received signals can be
processed to set a local clock to an accuracy of about 100 ns.

Other electronic systems include the air-traffic control system, various radars, compact-disc recording equipment and players,
two-way radios for police and marine communication, satellites that relay television and other signals from geosynchronous
orbit, electronic instrumentation, manufacturing control systems, computerized monitors for patients in intensive care units,

and navigzition systems.
Electronic-System Block Diagrams

Electronic systems are composed of subsystems or functional blocks. These functional blocks can be categorized as amplifiers,
filters, signal sources, wave-shaping circuits, digital logic functions, digital memories, power supplies, and converters.
Briefly, we can say that amplifiers increase the power level of weak signals, filters separate desired signals from undesired

signals and noise, signal seurces generate waveforms such as sinusoids or square waves, wave-shaping circuits change one
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waveform into another (sinusoid to square wave, for example), digital logic functions process digital signals, memories store
information in digital form, power supplies provide necessary dc power to the other functional blocks, and converters change
signals from analog form to digital form or vice versa. Later in this chapter, we consider the external characteristics of ampli-
fiers in some detail.

The block diagram of an AM radio is shown in Figure 1.1. Notice that there are three amplifiers and two filters. The local
oscillator is an example of a signal source, and the peak detector is a special type of wave-shaping circuit. Digital circuits
appear in the user interface (keypad and display) and in the frequency synthesizer. The digital circuits control channel selection
and other functions, such as loudness. The complete system description would include detailed specifications for each block.
For example, the gain, input impedance, and bandwidth of each amplifier would be given. (We will carefully define these terms
later.) Each functional block in turn consists of a circuit composed of resistors, capacitors, inductors, transistors, integrated
circuits, and other devices.

Antenna
Radio- Radio- termediate- iate o peak | ' Audio
frequency > frequency Mixer |—>{ frequency frequency —> ifier
filter amplifier filter ymplifier gt it
T 7 - i 4 Loudspeaker
Local Frequency Digital ‘Digital
oscillator synthesizer _ contr L memory
Keypad Display

Figure 1.1 Block diagram of a simple electronic system: an AM radio.

The main goal of this book is to give you the basic skills needed to start from the external specifications of a block, such as
an amplifier, and to design a practical circuit that meets the desired specifications. The selection of appropriate block diagrams
for complex electronic systems is covered in other courses, such as control systems, computer architecture, digital signal
processing, or communication systems.

Information Processing Versus Power Electronics

Many electronic systems fall into one or more of these categories: digital signal-processing systems, communication systems,
medical electronics, instrumentation, control systems, and computer systems. A unifying aspect of these categories is that they
all involve the collection and processing of information-bearing signals. Thus, the primary concern of many electronic systems
is to extract, store, transport, or process the information in a signal.

Often, systems are also required to deliver substantial power to an output device. Certainly, this is true in an audio system,
for which power must be delivered to loudspeakers to produce the desired sound level. In a control system for automatic
positioning of a communication satellite, information extracted from various sources is used to control small rocket motors that
maintain the satellite in its proper position and orientation. A cardiac pacemaker uses information extracted from the electrical
signals produced by the heart to determine when to apply a stimulus in the form of a minute pulse of electricity to ensure proper
pumping action. Although the output power of a pacemaker is very small, it is very important to consider the efficiency of its

circuits to ensure a long life for the battery.
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Some electronic systems are concerned mainly with the power content of signals, rather than information. For example, we
might want a system to deliver ac electrical power (converted from dc supplied by batteries) to a computer, even when the ac
line power fails.

Analog Versus Digital Systems

Information-bearing signals can be either analeg or digital. An analog signal takes on a continuous range of amplitude
values. The amplitude of a typical analog signal is plotted against time in Figure 1.2(a). Notice that as time increases, the
amplitude of the signal varies over a continuous range. On the other hand, a digital signal takes on a finite number of
amplitudes. Often, digital signals are binary (i.e., there are only two possible amplitudes); however, more levels are some-
times useful. Frequently, digital signals change amplitude only at uniformly spaced points in time. An example of a digital
signal is shown in Figure 1.2(b).

Amplitude Amplitude

1 0 1 1 Logic

+A values

/ /

Time Time
7 \/‘/ T P

(a) Analog signal (b) Digital signal

Figure 1.2 Analog signals take a continuum of amplitude values. Digital signals take a few discrete amplitudes.

The signals originally presented to the input of an electronic system by a transducer are usually in analog form. (A trans-
ducer is a device that converts energy to, or from, electrical form.) Examples of analog signals are sounds converted to electri-
cal signals by a microphone, television signals, seismic vibrations, the output of a temperature transducer in a steam turbine,
and so on. Other signals, such as the output of a computer keyboard, originate in digital form.

Conversion of Signals from Analog to Digital Form

Analog signals can be converted to digital form by a two-step process. First, the analog signal is sampled (i.e., measured) at
periodic points in time. Then, a code word is assigned to represent the approximate value of each sample. Usually, the code
words consist of binary symbols. This process is illustrated in Figure 1.3. Each sample value is represented by a 3-bit code word
corresponding to the amplitude zone into which the sample falls. Thus, each sample value is converted into a code word, which
in turn can be represented by a digital waveform, as shown in the figure. A circuit for the conversion of signals in this manner
is called an analog-to-digital converter (ADC). Conversely, a digital-to-analog converter (DAC) converts digital signals
back to analog form. (Later in the book, we discuss the design of both types of converters.)

The rate at which a signal must be sampled depends on the frequency content of the signal. (Signals can be considered to
consist of sinusoidal components having various frequencies, amplitudes, and phases. Fourier analysis is a branch of math-
ematics that deals with this representation of signals. No doubt, you have had, or will have, other courses dealing with Fourier
theory. We consider the frequency content of signals later in this chapter, but not on a rigorous mathematical basis.) If a signal
contains no components with frequencies higher than f,,, the signal can be exactly reconstructed from its samples, provided that
the sampling rate is selected to be more than twice f,. For example, audio signals have a highest frequency of about 15 kHz.
Therefore, the minimum sampling rate that should be used for audio signals is 30 kHz. Practical considerations dictate a
sampling frequency somewhat higher than the theoretical minimum. For instance, audio compact-disc technology converts
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audio signals to digital form with a sampling rate of 44.1 kHz. Naturally, it is desirable to use the lowest practical sampling rate
to minimize the amount of data (in the form of code words) that must be stored or manipulated.
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Digital signal representing successive code bits

Figure 1.3 An analog signal is converted to an approximate digital equivalent
by sampling. Each sample value is represented by a 3-bit code word.

Another consideration that is important in converting analog signals to digital form is the number of amplitude zones to be
used. Exact signal amplitudes cannot be represented, because all amplitudes falling into a given zone have the same code word.
Thus, when a DAC converts the code words to form the original analog waveform, it is possible to reconstruct only an approxi-
mation to the original signal — the reconstructed voltage is in the middle of each zone. This is illustrated in Figure 1.4.
Consequently, some quantization error exists between the original signal and the reconstruction. This error can be reduced by
using a larger number of zones, which requires a longer code word for each sample. The number ¥ of amplitude zones is related
to the number & of bits in a code word by

N=2* (1.
Thus, if we are using an 8-bit (k = 8) ADC, there are N = 2 = 256 amplitude zones. In compact-disc technology, 16-bit words
are used to represent sample values. With this number of bits, it is very difficult for a listener to detect the effects of quantization
error on the reconstructed audio signal.

An electronic system that processes signals in analog form is called an analog system. Similarly, a digital system processes
digital signals. Many modern systems contain both digital and analog elements, with converters to allow signals to pass from

one side to the other.

Relative Advantages of Analog and Digital Systems

Noise is any undesired disturbance added to the desired signal. It can arise from the thermal agitation of electrons in a resistor,
from inductive or capacitive coupling of signals from other circuits, or from a number of other sources. Often these noise
signals are random in occurrence and (to some degree) outside the control of the circuit designer. One of the most significant
advantages that digital systems have, compared with analog systems, is in the way that noise affects the signals.
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Figure 1.4 Quantization error occurs when an analog signal is reconstructed from its digital form.

Figure 1.5 shows typical analog and digital signals before and after the addition of noise. Notice that the original levels (high
or low) of the digital signal can be discerned even after the noise has been added, provided that the peak amplitude of the noise
is less than half of the distance between the levels of the digital signal. This is possible because the digital signal takes only
specific amplitudes that can still be recognized after some noise is added. Thus, noise can be completely removed from digital
signals, provided that the noise amplitude is not too large.

/| N |

(a) Analog signal (b) Digital signal

A ‘\,./\ | l\/\\J |
(c) Analog signal plus noise (d) Digital signal plus noise

Figure 1.5 Afier noise is added, the original amplitudes of a digital signal can be determined. This is not true for an analog signal.

On the other hand, when noise is added to the analog signal, it is not possible to determine the original amplitude of the
signal exactly, because all amplitude values are valid. For example, a scratch on an analog phonograph record creates noise that
cannot be removed. If we transfer the signal to analog tape, even more noise is added. Thus, noise tends to accumulate in analog
signals each time they are processed.

In general, analog systems require fewer individual circuit components than do digital systems. In the early years of electronics,
individual circuit components were manufactured separately and then connected together by a manual process. Such circuits
are called discrete circuits. Most early systems were designed as analog systems (to minimize the parts count), because the
cost of a discrete circuit is nearly proportional to the number of circuit elements.
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Modern technology has made it possible to manufacture thousands of circuit components and their interconnections all at
one time by a small number of processing steps. Circuits produced in this manner are called integrated circuits (ICs). It is now
possible to manufacture a circuit with 100 000 components nearly as economically as a circuit with only 10 similar components.
Thus, the cost of a circuit does not increase proportionately with the number of components—provided that all the components
are amenable to integrated-circuit construction.

It turns out that digital circuits tend 1o be easier than analog circuits to implement with integrated-circuit techniques. Analog
circuits often require large resistances, capacitances, or inductances that cannot be readily manufactured by such techniques.
Thus, although digital systems are often more complex than analog systems, the digital approach to a design usually results in
an affordable system with much higher performance. As integrated-circuit technology has developed, the trend of the electron-
ics industry has been toward high-performance digita! systems. A comparison of a digital compact disc with the older analog
phonograph or tape player reveals this trend clearly, as well as the improved performance of the digital approach.

Furthermore, digital systems are more adaptable than analog systems to a variety of uses. For example, digital computers
can be used for a wide range of tasks. An analog communication system designed to carry a number of voice signals is not
easily adaped to a television signal or to computer data. On the other hand, when digital techniques are used, a system that can
communicate digitized signals from a variety of sources is possible.

Many of the input and output signals of electronic systems are analog. Furthermore, many functions — particularly those
that deal with low signal amplitudes or very high frequencies—require an analog approach. The availability of complex digital
circuits has actually increased the amount of analog electronics in existence because many modern systems contain both digital
and analog portions, but would not be feasible as either totally digital or totally analog systems. Thus, we can expect that future
systems will contain both analog and digital elements. In any case, at the circuit level, which is our main concern in this book,
design considerations for both types of systems are similar.

1.2 The Design Process

In this section, we give a general description of the steps that take place in the creation of complex electronic systems. Often, a
large team of engineers — hundreds of thousands — is required to complete the steps from the statement of a problem to a
working system. Usually, only part of the system consists of electronic circuits, and many other types of expertise are required.
In this book, our main interest is circuit design, but it is always important for circuit designers to consider how their work fits

into the total system-design process.
System Design

A flowchart of the design process for electronic systems is shown in Figure 1.6. The process starts with the statement of a
problem to be solved. For example, we might want a system that can provide positional information to ships and aircraft.

The first step is to develop detailed system specifications. These include generally applicable items such as size, weight,
shape, power consumption, what type of power sources are to be used, and the acceptable system cost. Other specifications
pertain to a particular class of systems. For example, in a communication system, we need to know the type of signals to be
transmitied, the overall bandwidth required for analog signals, the data rate for the digital signals, the minimum signal-to-noise
ratio acceptable at the destination for the analog signals, the maximum acceptable error probability for data transmission, the
number and location of transmitters and receivers, and so on.

Design is an iterative process. As a design progresses, we may need to return to the system specification step to refine the
specifications. Issues often come up during the design that were not anticipated at the outset. Sometimes the options must be
presented to the user of the final system for guidance in setting additional specifications. On the other hand, the design engi-
neers may be able to determine appropriate additional specifications from their knowledge of the purpose of the system.



