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Preface

Electronic instrument design is now a widely practiced craft. Its increase
in popularity in recent years with both professional and amateur engi-
neers can be attributed to the wide variety of integrated circuits which
reduce the cost and complexity of implementing a design approach.

With the proliferation of electronic devices there has been a corre-
sponding expansion of electronic literature and a subdivision into areas
of specialization which treat only certain aspects of instrument design. As
a consequence, students and non-specialists may spend more effort in
finding electronic design information than in designing it, or may not
even become aware of standard techniques. I have attempted to simplity
the design process by gathering and describing standard devices and tech-
niques in a'single, reasonably compact book. The designer can then go to
a single source for ideas and approaches to an electronic design problem.

The objective of this book is to provide guidance in the design of com-
plete electronic instruments, from input to output or sensor to readout.
Therefore, interfacing and interrelation of circuits is emphasized. All the
parts of a digital thermometer, for example, which include a thermosen-
sor, an analog amplifier, an A/D converter, and digital displays, are
described.

ix



x Preface

Sections of the text cover temperature, electrooptical, and displacement
transducers or sensors, analog and digital devices, analog and digital sig-
nal processing, digital displays, analog-to-digital conversion, data trans-
mission, and data recording. Many or most instruments in use today uti-
lize several of these circuits or devices.

While microprocessor systems are not covered in full detail, many
microprocessor-based instruments employ the circuits described here as
peripheral devices. The discussions of multiplexing and data transmission
are especially appropriate. The chapter on microprocessors expands on
the background by describing the interfacing of microprocessors to exter-
nal devices.

Coverage of a wide variety of topics in compact form requires brevity
and careful selection. Preference is given here to more basic and useful
circuits. Sufficient explanation is included to allow the reader to under-
stand circuit operation, but extensive mathematical treatment and
detailed descriptions of specialized topics are avoided. Should an interest
in understanding the details of specific circuits be kindled, 1 expect that
most readers will prefer, as I do, to consult specialized texts or to analyze
the circuit themselves.

Students of electronics engineering design will find this book a useful
reference text. In one sense, design is not taught by books but through
practice and laboratory experience. It must be done by the student. A text
can only complement the process by providing guidelines and the basic
circuits which are the building blocks of electronic instruments. This text
is intended to de so while not relieving the student of exercise by leaving
no detail unsaid. Students in a senior-level electronic design course, for
which this book was developed, design, analyze, construct, and test instru-
ments on an individual basis as a part of the course requirements. Such
projects, even in the academic environment, provide experience akin to
that encountered industrially, which is widely recognized as a valuable
facet of an engineer’s education. Several examples of how the various
circuits are combined to form complete instruments are given in the text.
Design problems are also included to provide further design exercise for
students.

I am indebted to many students who have used earlier drafts of this
book and whose suggestions and encouragement have resulted in the
present version. I also wish to thank the typists who worked on the various
drafts, particularly Kay Ward and my daughter, Tina. Finally, I thank my
wife, Katrina, for proofreading when she would rather be planting tulips.

DArOLD WOBSCHALL
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Semiconductor Devices and

Basic Circuits






Chapter One

An Approach to
Electronic-Instrument Design

The design of an electronic instrument consists largely of the creative
arrangement of proved circuits and devices to achieve a chosen perfor-
mance goal. Of course, technical requirements must be met in the choice
and interconnection of subunits. A textbook cannot teach creativity, but it
can describe the devices and circuits which are the ingredients of the
design process. It also can provide examples. Actually experience is the
best teacher. This chapter has been written as an aid to the inexperienced
designer, who may lack confidence or general guidelines to instrument
design.

1-1 The Parts of an Electronic Instrument

The purpose of an electronic instrument is typically the measurement and
display of a physical parameter. Generally an instrument can be divided
into the sections indicated by the block diagram of Fig. 1-1. An input
transducer is a device with a measurable electrical parameter which is a
function of, and often linearly proportional to, the physical parameter
being measured. For example, the resistance ‘change. (electrical parame-
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4  Semiconductor Devices anc Basic Circuits

ter) of a thermistor (transducer) is proportional to the temperature (physi-
cal parameter) at least over a limited range. Usually some type of read-in
circuit is present, which converts the change in the electrical parameter of
the transducer into an electrical signal which can be easily measured.
Signal voltage or frequency, in particular, can be measured accurately. A
transducer read-in or converter circuit may be quite simple. For the

Physical

arameter n Amplifier/
e Transducer Read ': / signal Readout
converter processor

Fig. 1-1 General block diagram of an electronic instrument.

thermistor a dc voltage source and a resistor are all that is needed to
convert the resistance change into a proportional voltage change (signal).

Amplification and perhaps further processing of the signal are often
required before it is suitable for readout. Signal processing can be elabo-
Tate, involving separation into frequency components, timing of various
segments, or conversion from ac into dc. Signal readout may consist of a
panel meter, a digital display, or perhaps conversion into a form suitable
for transfer to a digital computer. In addition to these parts, an instru-
ment generally requires a power supply, which may be so standard that it
needs no separate discussion, and control circuits, which may be an
integral part of the blocks already discussed.

1-2 Circuit Design and Refinement

Instrument design consists in many cases simply of choosing an appropri-
ate circuit for each block from a catalog of available circuits with due
consideration to the matching or interfacing of these blocks. It is assumed,
of course, that the function, performance characteristics, or specifications
are known. A wide variety of transducers and circuits are available. More
often than not the problem facing the designer is how to choose compati-
ble circuits from the wide variety available rather than finding a circuit
which performs a particular function. Compatibility between sections
must be stressed since without it the required interfacing circuits can
increase the complexity of the instrument and may require more effort
than a careful selection of basic circuit blocks.’

Circuits to perform a particular function can be obtained from a
number of sources, e.g., a text like this, Jjournals or magazines concerned
with electronic instrumentation, electronic manufacturer’s application
notes, and local consultants or friends interested in this subject. An
experienced designer also builds up a repertoire of circuits or bag of tricks
on which to draw, together with a feeling for which circuits, singly or in
combination, are easy to implement. '



An Approach to Electronic-Instrument Design 5

Sometimes a complete and detailed circuit is found to perform the task
required, in which case no design is required; all that remains is construc-
tion and test of the instrument. More often than not the circuit found wil
be incomplete, have too many or too few functions, or otherwise not have
quxte the nght specifications. The designer’s task is then to edit, modify, or
fill in missing parts of the circuit. Circuits found in textbooks or applica-
tion notes generally have one or more components whose values are
unspecified, but a formula or procedure is given so that appropriate
values to fit a specific application can be chosen. For example, the gain 4
of a feedback amplifier might be determined by the ratio of two resistors
(4 = Ry/Rg), and the designer is free to set, within limits, the gain by the
resistor selection.

Considerable design freedom is usually available, and the student who
has been narrowly schooled in the analytical methods of circuit analysis is
bothered by this extra freedom at first. A gain of 10 in the example above
can be obtained with the combination R, = 100 kQ and R, = 10k, or R,

= 20 kQ and R, = 2 k), or an infinite number of other choices. Many

‘analytically inclined students would like to see only one solution. They
must learn to live with these extra degrees of freedom and even appreci-
ate them.

Once a tentative circuit has been chosen, it should be analyzed, refined,
and tested. This is an iterative process, as the flowchart of Fig. 1-2

! i

. Select/
Start Obtain Find/ alter Analyze
O——o e .. choose Lo
specification L component circuit
circuit
values
T
L e e — —
No
Deliver
1o user Test Construct

Flg. 1-2 Instrument-design flowchart.

suggests. In the analysis step, the voltage, current, gain, frequency
response, or other appropriate parameters are examined quantitatively?
‘This may only consist of a check on the compatibility of voltages between
stages or may involve a more thorough mathematical analysis of the
system response. A computer-aided design procedure may be used, espe-
cially in complicated high-frequency circuits. If errors or deviations from
the given specifications are uncovered, the circuit component values are
appropriately modified or if necessary a better circuit is found. These
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steps are repeated until no errors are apparent. In other words, the circuit
should look good on paper before one proceeds to the next stages, the
constructing and testing of the instrument. If problems are uncovered in
the testing stage, as is usually the case, the component values may have to
be modified, or in the worst case the circuit will have to be scrapped and
a new one selected (back to the drawing board).

If the instrument does not meet the specifications provided, the possi-
bility of changing the specifications to fit the actual performance should be
considered. Often the specifications provided initially are unnecessarily
stringent or unrealistic in some respects, but until th¢ design is complete,
the problem is not recognized. Quite possibly a particular requirement
was set rather arbitrarily or with a very generous margin of safety which
upon closer examination might be modified. Drawing up a complete and
realistic set of specifications, in other words, is often part of the design
problem and the iterative loop rather than an unalterable input.

1-3 Integrated-Circuit Advantages

Instrument design has been enormously simplified by the wide availability
of integrated circuits (ICs). Circuits which might take hours to design
using discrete transistors take only minutes with ICs. Further, the instru-
ment with ICs will probably work much better, cost much less, and be
much easier to construct. A beginner today can in some cases design and
construct an amplifier in an hour which will outperform an amplifier
requiring days to make by an electrical engineer one or two decades ago.
With many IC configurations, the choice of components is simple, even
cookbooklike. Novices are not likely to run into many problems with these
configurations, and the more experienced designers also appreciate them
because they take so little time. Of course, not all circuits involving ICs are
easy to design or even understand; there is still an adequate challenge to
the experienced engineer. The point is that the easy end of the circuit
spectrum is easy indeed and should not be feared by the inexperienced.

An important advantage of most ICs is that they approach ideal behav-
igr_closer than the typical discrete circuit. They are more linear and
insensitive to power-supply fluctuations, for example. Actually these
desirable characteristics are achieved through external negative-feedback
stabilization and internal regulation and stabilization circuits on the IC
chip itself, which can be duplicated with discrete transistors. However an
IC may have the equivalent of 10, 50, or even more transistors at less than
the cost of a single transistor (Lot to mention the cost of wiring the
equivalent circuit), and therefore the implementation of the equivalent
circuit with discrete transistors is usually impractical.

It would be a mistake to leave the impression that all electronic func-



