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Preface

Purpose

This text is intended to be used in a classroom course for engineers and scientists. It covers the
theory, science, and art of modern instrumentation and measurements (I&M). There is more
than enough material to support two semesters’ work. Thus, the instructor has the option of
choosing those topics and the depth of coverage that suit his or her interests and curriculum.
Because of its breadth, Introduction to Instrumentation and Measurements, Third Edition, will also
be useful as a reference for the practicing engineer and scientist interested in 1&M.

Why have a classroom course in 1&M? In the United States, over the past three or four
decades, many electrical engineering departments have discontinued classroom courses
on the theory and practice of I&M. In the past decade, we have also seen the swift devel-
opment of new and exciting means of measurement using new technologies, the adoption
of new standards, and, concurrently, the lack of development of a coherent educational
base to support their understanding and use. Using an instrument in the laboratory is not
the same as understanding the physical and electronic principles underlying its design,
and its functional capabilities and limitations. Clearly, there is now more than ever a need
for classroom experience in the new 1&M that will give students the necessary technical
background to use and design sensors, signal conditioning systems, and [&M systems.
I feel that this text supports that need.

This text was written based on my 40 years of experience in teaching a classroom course
(EE 230) on electrical instrumentation to juniors and seniors in the Electrical and Computer
Engineering Department at the University of Connecticut, Storrs. Obviously, in more than
40 years, we have seen the field of 1&M evolve with the rest of electrical engineering tech-
nology. Because of the rapid pace of technical development, it generally has been difficult
to find an up-to-date text for our electrical instrumentation course. After years of frus-
tration in trying to match a text to course content, I decided to write one that would not
only encompass the traditional aspects of 1&M, but also include material on such topics as
modern integrated circuit (IC) and photonic sensors, micro-electromechanical (MEM) and
nano-electromechanical (NEM) sensors, chemical and radiation sensors, signal condition-
ing, noise, data interfaces, basic digital signal processing (DSP), etc.

Reader Background

The reader is assumed to have taken core EE curriculum courses or their equivalents. He or she
should be skilled in basic, linear circuit theory, that is, should have mastered Thevenin’s and
Norton'’s theorems, Kirchoff’s laws, superposition, dependent sources, and ideal op-amps,
and should know how to describe DC and AC steady-state circuits in terms of linear loop and
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node equations. An introductory systems course should have given him or her familiarity with
both time- and frequency-domain methods of describing linear dynamic systems char-
acterized by ordinary, linear, differential, or difference equations, including state space,
Fourier, Laplace and z-transforms, transfer functions, steady-state frequency response of
systems, as well as Bode plots. From physics or an EE course in electromagnetics, the reader
should have a basic knowledge of electric and magnetic fields, inductance, capacitance,
reluctance, transformers, etc. There should also be some familiarity with electromagnetic
waves, Maxwell’s equations, transmission lines, and polarization. From a first course in elec-
tronics, there should be basic knowledge of bipolar junction transistors (BJTs), junction field-
effect transistors (JFETs), diodes, and photodiodes and their simple linear circuit models.

Scope of the Text

A major feature of this book is its breadth of coverage. Throughout the text, a high level of
mathematical analytical detail is maintained. It is not a picture book; we have assumed that
readers have already had contact with basic electrical instruments, including oscilloscopes
and meters in their introductory EE and physics labs.

In the following paragraphs, we give an overview of the contents:

Chapter 1, Measurement Systems, is an introductory chapter, which illustrates typical
measurement system architecture and describes sensor dynamics, signal conditioning,
and data display and storage. Errors in measurements are discussed, including the mean-
ing of accuracy and precision, limiting error, etc. The recent (1990) quantum standards
adopted for the volt and the ohm are described, as well as other modern electrical and
physical standards.

In Chapter 2, Analog Signal Conditioning in Instrumentation, we describe, largely at the
systems level, means of conditioning the analog outputs of various sensors. Op-amps, dif-
ferential, instrumentation, autozero, and isolation amplifiers are covered. Applications of
op-amps in active filters, differential instrumentation amplifiers, charge amplifiers, phase-
sensitive rectifiers, etc., are shown. We also give practical consideration to errors caused
by offset voltage, bias currents, input impedance, slew rate and gain x bandwidth product,
etc. There is also a section on nonlinear signal processing with op-amps.

Noise and Coherent Interference in Measurements are treated in depth in Chapter 3. A heu-
ristic yet rigorous approach is used in which we define and use one-sided, noise voltage
and current power density spectra to describe the effect of noise in instruments and mea-
surement systems. Noise factor and figure are defined, and output signal-to-noise ratios
are used to evaluate measurement system resolution. Examples are given of calculations
of the noise-limited resolution of the quantity under measurement (QUM). Techniques are
shown for the minimization of coherent interference.

The traditional topics of DC Null Methods of Measurement and AC Null Measurements are
covered in Chapter 4 and Chapter 5, respectively. Wheatstone and Kelvin bridges and
potentiometers are described in Chapter 4, and the major AC bridges used to measure
inductance, Q, capacitance, and D are treated in Chapter 5. Material in this chapter includes
a description and analysis of the Anderson current loop method of reading sensor outputs.

A Survey of Sensor Mechanisms is presented in Chapter 6. This is a large and substantive
chapter covering a broad range of sensor mechanisms and types. Of special note is the
introduction of certain fiber-optic and electro-optic sensors, as well as selected chemical
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and ionizing radiation sensors. The Sagnac effect is introduced, and the basic fiber-optic
gyro is described. New material in Chapter 6 includes a description and analysis of sen-
sors based on the giant magnetoresistive effect (GMR) and the anisotropic magnetoresis-
tive (AMR) effect. Pyroelectric IR sensors are also introduced. Means of measuring the
rotation of linearly polarized light is presented. A substantive section on photomultiplier
tubes and channel-plate photomultipliers is also provided.

Chapter 7, Applications of Sensors to Physical Measurements, presents a detailed analysis of
mechanical gyroscopes, clinometers, and accelerometers. It covers the Doppler effect in ultra-
sonic velocimetry and laser Doppler velocimetry. It also provides an introductory section on
the global positioning system (GPS), a section on optical interferometry, and an extensive
introduction to spectrophotometry, sonoluminescence, and surface plasmon resonance used
for substance quantification. The measurement of force, pressure, and torque is also covered.

In Chapter 8, Basic Electrical Measurements, the classic means of measuring electrical
quantities are presented, as well as newer methods such as Faraday magneto-optic amme-
ters and Hall effect gaussmeters and wattmeters. Electronic means of measuring stored
charge and static electric fields are also described.

Digital Interfaces in Measurement Systems are covered in Chapter 9. It begins with a
description of the sampling theorem, aliasing and quantization. The traditional topics of
hold circuits, digital-to-analog convertors (DACs), and many types of ADCs are covered.
The chapter also deals with data buses. New material includes a section on dithering as
a means to reduce quantization noise, a section on delta—sigma ADCs, and a section on
the ubiquitous universal serial bus (USB). Virtual instruments and PCI eXtensions for
Instrumentation (PXI) systems are also described.

Chapter 10, Introduction to Digital Signal Conditioning in Instrumentation, was written to
acquaint the reader with this specialized field because digitized, measured data is pro-
cessed and stored on computers in modern instrumentation practice. The z-transform and
its use in describing filtering operations on discrete, digitized data in the frequency domain
are introduced. Examples of FIR and IIR digital filters are given, including numerical
integration and differentiation routines, viewed both in the time and frequency domain.
The discrete and fast Fourier transforms are covered, and the effect of data windows on
spectral resolution is discussed. Finally, the use of splines in interpolating discrete data
sequences and in estimating missing data points is described.

Anall-new Chapter 11, Solid-State Chemical Microsensors and Wireless Instrumentation, has been
written to address these contemporary topics. Modern tin oxide gas sensors are described,
as well as ChemFETs, ISFETs, and Schottky-diode-based chemical microsensors. Electronic
noses (E-noses) are introduced. Wireless data transmission (WDX) protocols are described
along with certain radio chips and their antennas, including a new section describing
broadband, space-saving, fractal antennas. Energy-harvesting ICs and supercapacitors are
described, as well as absorbable electronic circuits for temporary implants in living systems.

Chapter 12, Introduction to Mechanical Microsensors, is another all-new chapter covering
mechanical microsensors (MEMS and NEMS). It covers micromachined electromechani-
cal accelerometer designs, several MEM rate gyro designs, and cantilever-based MEMS.
Resonant cantilevers are shown to make effective chemisensors.

In Chapter 13, Examples of the Design of Measurement Systems, four examples of complex
measurement systems developed by my students and myself are given to illustrate design
philosophy: (1) a self-nulling microdegree polarimeter to measure glucose concentration;
(2) a system to detect and locate partial discharges on underground, high-voltage power
cables; (3) the design of a laser velocity and distance measuring system; and (4) the design
of capacitance sensors to detect hidden objects.
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Home Problems

Chapters 1 through 12 are followed by problems taken from my extensive classroom experi-
ence in teaching courses in I&M at the University of Connecticut. The problems are doable;
they are student tested. A home problem solutions manual is available from the publisher.

Glossary

This book has a comprehensive glossary covering the acronyms and abbreviations used in
the broad field of 1&M. It also describes and defines many terms used in the text.

References and Bibliography

The references cited encompass a wide time span, from the 1950s to the present. There are
many recent entries of review articles and specialized texts that should lead the reader
interested in pursuing a specialized area of 1&M further into a particular field.

Index

A complete index allows the reader to access topics featured and not featured in the
contents.

Features

Every chapter in this book has been revised to reflect modern technology. Traditional
material has been retained, however. Two new chapters have been added containing
contemporary material. They expand the scope of the text to include geophysical, chemi-
cal, micromechanical, and photonic instrumentation. Some of this unique new material
includes the following:

* The Anderson current loop technology for conditioning the outputs of remote
resistive and capacitive sensors is found in Chapter 4.

* The design of optical polarimeters and their application to polarization-responding
sensors.

* Photonic measurements with photomultipliers and channel-plate photon sensors.
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¢ The Sagnac effect and fiber-optic gyroscopes are introduced as a sensitive means
of measuring angular velocity.

e Vibrating mass and vibrating disk rate gyros are introduced. The novel Humphrey
air jet gyro is analyzed. Traditional pendulum as well as fluid-filled clinometers
are described.

¢ The global positioning system (GPS) and the various modifications to improve its
accuracy are described.

* Substance detection using photons is introduced in Chapter 7. Dispersive, nondis-
persive, and Fourier transform spectroscopy are described, as well as sonolumi-
nescence and surface plasmon resonance.

e Chapter 9 on digital interfaces has new sections on dithering, delta-sigma ADCs,
data acquisition cards, the USB, and virtual instruments and PXI systems.

e An all-new Chapter 11 describes solid-state chemisensors, including tin oxide gas
sensors, Schottky diode chemisensors, chemFETs, ISFETs, and E-noses and intro-
duces radio ICs for use in WDX. Broadband, compact, fractal antennas are also
described.

* A new Chapter 12 covers micromachined IC accelerometers and rate gyros and
describes resonant MEM cantilever chemisensors.
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