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�e fourth edition of this handbook has been 
revised to welcome Measurement Computing to the 
Digilent community and bring foundational exper-
tise in data acquisition systems to a new audience. 

�e handbook is intended to address more practical 
applications than theoretical measurement issues, 
with a guiding principle of helping you �nd the 
solution to your immediate issue. It covers each 
major topic with su�cient detail to help readers 
understand the basic principles of sensor operation 
and the need for careful system interconnections. 
�e handbook also discusses key issues concerning 
the data acquisition system’s multiplexing and signal 
conditioning circuits, and analog-to-digital 
converters. �ese three functions establish the over-
all accuracy, resolution, speed, and sensitivity of 
data acquisition systems and determine how well 
the systems perform. 

Data acquisition systems measure, store, display, 
and analyze information collected from a variety of 
devices. Most measurements require a transducer or 
a sensor, a device that converts a measurable physi-
cal quantity into an electrical signal. Examples 
include temperature, strain, acceleration, pressure, 
vibration, and sound. Yet others are humidity, �ow, 
level, velocity, charge, pH, and chemical composi-
tion.

Sensors come in numerous shapes, sizes, and speci-
�cations. �ey connect between the measured phys-
ical device and the signal conditioner’s input. Most 
sensors are purchased o�-the-shelf, but in some 
cases, they are custom made speci�cally for a partic-
ular measurement requirement. Regardless of input, 
however, the output signal is usually a voltage, 
current, charge, or resistance and all can be condi-
tioned and handled equally well. Manufacturers 
frequently provide speci�cations, application notes, 
and principles of operation for their speci�c sensor 
to help users apply the device in the most e�cient 
way. 

Signal conditioners accept sensor output signals and 
convert them into a form that the data acquisition 
system can manipulate. Signal conditioners typical-
ly amplify, �lter, isolate, and linearize these signals. 
�ey also convert current to voltage and voltage to 
frequency, provide other functions such as simulta-
neous sample and hold (SS&H), and supply a bias 
voltage or signal excitation for certain transducers. 
�ey may come with single-ended inputs or di�er-
ential inputs for improving signal-to-noise ratios. 
�e output of the signal conditioner, in turn, 
connects to the input of an analog-to-digital 
converter (ADC) embedded within the data acqui-
sition system. Finally, the ADC converts the condi-
tioned analog signal to a digital signal that can be 
transferred out of the data acquisition system to a 
computer for processing, graphing, and storing.

Preface to the Fourth Edition
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VIII

Introduction to Data Acquisition and
Signal Conditioning
Chapter 1 discusses signals, sensors, and 
signal-conditioning techniques and how they relate 
to data acquisition system fundamentals. It also 
covers personal computers and how laptop or note-
book computers work with data acquisition 
systems. 

Analog-to-Digital Conversion
Chapter 2 discusses four basic ADC types, includ-
ing their accuracy and resolution. Also covered are 
topics such as ADC output averaging, discrete sam-
pling, input and source impedance, and di�erential 
voltage measurements. Yet others include simulta-
neous sample and hold methods, selectable input 
ranges, aliasing, digital �ltering, and Fourier Trans-
forms. 

Multiplexing and Sampling Theory 
Chapter 3 covers the fundamental principles of 
multiplexing and their bene�ts and economies. 

Electrical Measurements
Chapter 4 and Chapters 6 through 9 discuss basic 
electrical measurements, the characteristics of vari-
ous sensors, how to use sensors to measure the most 
common types of electrical and physical quantities, 
and the signals that they represent. Topics include 
voltage, current, resistance, charge, temperature, 
strain, position, velocity, acceleration, and sound. 
�e sensors that produce them include thermocou-
ples, RTDs, thermistors, strain gages, accelerome-
ters, and linear and rotational displacement sensors.

Fundamental Signal Conditioning
Chapters 5 and 11 discuss the most widely used 
techniques for analog, digital, and pulse-train signal 
conditioning. �ey comprise operational, di�eren-
tial, and high-gain ampli�ers for �ltering, attenua-
tion, isolation, linearization, and circuit protection 
for analog signals. �ey also cover topics on digital 
I/O interfacing, frequency measurements, and 
pattern generation for digital signals. 

Noise Reduction and Isolation
Chapter 10 is dedicated to simplifying the some-
what di�cult topic of electrical noise interference, 
using the best shielding and grounding techniques, 
and identifying the major sources of crosstalk. It 
also discusses how to select the proper ampli�ers 
and sensors, as well as how to use certain isolation 
and wiring techniques to minimize or eliminate 
signi�cant noise in data-acquisition systems. 

DAQ on the Web
Find application notes, product descriptions, prod-
uct data sheets, user manuals, and other informa-
tion about data acquisition (DAQ) devices and data 
loggers on Digilent’s web site, www.digilent.com.
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SIGNALS AND SENSORS
Modern industrial, manufacturing, and 
transportation systems rely on a mix of hardware 
and software to operate. These systems constantly 
experience dynamic physical changes. To 
understand and manage them, we measure 
variables, which are the quantifiable characteristics 
of these systems. Variables like voltage, weight, or 
speed are vital for system function and are 
measured by instruments to determine their 
location, magnitude, and rate.

Most variables require a transducer or sensor to 
convert physical phenomena into measurable 
electrical signals. These signals can then be 
interpreted by humans via displays or sound, or by 
electronic instruments like multimeters. While 
real-time observation has always been possible, the 
increasing need for data recording and later analysis 
has led to the development of sophisticated data 
acquisition systems.

Variables are typically classified by their 
characteristics (e.g., thermal, force, chemical 
composition) or by their measurement signal type 
(e.g., motion, electrical, time-modulated). When 
considering measurement signals and systems, four 
key factors come into play: the types of transducers 
available for converting variables into signals, 
transmission characteristics, ensuring proper data 
acquisition system input matching, and the ability 
to convert between different types of measurement 
signals.

DATA ACQUISITION SYSTEMS
Data acquisition (DAQ) systems have undergone a 
significant transformation. Once limited to 
electromechanical recorders with a few channels, 
they're now sophisticated all-electronic systems 
capable of simultaneously measuring hundreds of 
variables.

Historically, DAQ relied on physical media like 
paper charts, rolls, or magnetic tape for recording. 
However, the advent of computers, especially 
personal computers, revolutionized data collection, 
dramatically increasing both the volume and speed 
of acquisition. While many classic data collection 
methods persist, modern DAQ systems leverage 
advanced computing power for enhanced efficiency 
and analysis.

PC–BASED DATA ACQUISITION 
EQUIPMENT
Data acquisition (DAQ) evolved from costly 
mainframe-based systems to accessible PC-based 
solutions, thanks to minicomputers and widespread 
personal computers. Early plug-in cards brought 
DAQ to smaller projects. Using USB, Ethernet, and 
Wifi has become a common way to collect data onto 
PCs and single-board computers, e.g. Raspberry Pi.

Modern PC-based DAQ systems deliver highly 
accurate and reliable data, but only if users follow 
manufacturer guidelines. Key practices include: 
selecting the right sensors, using proper wiring and 
shielded cables, accurately capturing signals within 
their magnitude, range, and frequency, and 
meticulously managing grounding and shielding to 

Chapter 1
Introduction to Data Acquisition
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prevent ground loops. Additionally, choosing the 
correct impedance and utilizing differential inputs 
over single-ended ones (when possible) are crucial. 
Environmental factors like temperature extremes, 
shock, and vibration also need consideration. 
Understanding these best practices, rooted in how 
DAQ instrumentation works, is vital for optimal 
performance.
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ADC TYPES
Analog-to-Digital Converters (ADCs) transform an 
analog voltage to a binary number (a series of 1’s 
and 0’s), and then eventually to a digital number 
(base 10) for reading on a meter, monitor, or chart. 
�e number of binary digits (bits) that represents 
the digital number determines the ADC resolution. 
However, the digital number is only an approxima-
tion of the true value of the analog voltage at a 
particular instant because the voltage can only be 
represented (digitally) in discrete steps. How closely 
the digital number approximates the analog value 
also depends on the ADC resolution. 

A mathematical relationship conveniently shows 
how the number of bits an ADC handles determines 
its speci�c theoretical resolution: An n-bit ADC has 
a resolution of one part in 2n. For example, a 12-bit 
ADC has a resolution of one part in 4,096, where 212 
= 4,096. �us, a 12-bit ADC with a maximum input 
of 10 Vdc can resolve the measurement into 10 
Vdc/4096 = 0.00244 Vdc = 2.44 mV. Similarly, for 
the same 0 to 10 Vdc range, a 16-bit ADC resolution 
is 10/216 = 10/65,536 = 0.153 mV. �e resolution is 
usually speci�ed with respect to the full-range read-
ing of the ADC, not with respect to the measured 
value at any particular instant. 

Successive-Approximation ADCs
A successive-approximation converter, Figure 2.01, 
is composed of a digital-to-analog converter (DAC), 
a single comparator, and some control logic and

registers. When the analog voltage to be measured is 
present at the input to the comparator, the system 
control logic initially sets all bits to zero. �en the 
DAC’s most signi�cant bit (MSB) is set to 1, which 
forces the DAC output to 1/2 of full scale (in the 
case of a 10 V full-scale system, the DAC outputs 5.0 
V). �e comparator then compares the analog 
output of the DAC to the input signal, and if the 
DAC output is lower than the input signal, (the 
signal is greater than 1/2 full scale), the MSB 
remains set at 1. If the DAC output is higher than 
the input signal, the MSB resets to zero. Next, the 
second MSB with a weight of 1/4 of full scale turns 
on (sets to 1) and forces the output of the DAC to

Chapter 2
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Successive-Approximation ADC

Fig. 2.01. Interestingly, this ADC uses a digital-to-analog 
converter and a comparator. �e logic sets the DAC to zero 
and starts counting up, setting each following bit until it 
reaches the value of the measured input  voltage. �e conver-
sion is then �nished and the �nal number is stored in the 
register.
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either 3/4 full scale (if the MSB remained at 1) or 1/4 
full scale (if the MSB reset to zero). �e comparator 
once more compares the DAC output to the input 
signal and the second bit either remains on (sets to 
1) if the DAC output is lower than the input signal, 
or resets to zero if the DAC output is higher than the 
input signal. �e third MSB is then compared the 
same way and the process continues in order of 
descending bit weight until the LSB is compared. At 
the end of the process, the output register contains 
the digital code representing the analog input 
signal. 

Successive approximation ADCs are relatively slow 
because the comparisons run serially, and the ADC 
must pause at each step to set the DAC and wait for 
its output to settle. However, conversion rates easily 
can reach over 1 MHz. Also, 12 and 16-bit succes-
sive-approximation ADCs are relatively inexpen-
sive, which accounts for their wide use in many 
PC-based data acquisition systems.

Voltage-to-Frequency ADCs
Voltage-to-frequency ADCs convert the analog 
input voltage to a pulse train with the frequency 
proportional to the amplitude of the input. (See 
Figure 2.02.) �e pulses are counted over a �xed

period to determine the frequency, and the pulse 
counter output, in turn, represents the digital voltage. 

Voltage-to-frequency converters inherently have a high 
noise rejection characteristic, because the input signal is 
e�ectively integrated over the counting interval. Volt-
age-to-frequency conversion is commonly used to 
convert slow and noisy signals. Voltage-to-frequency 
ADCs are also widely used for remote sensing in noisy 
environments. �e input voltage is converted to a 
frequency at the remote location and the digital pulse 
train is transmitted over a pair of wires to the counter. 
�is eliminates noise that can be introduced in the 
transmission lines of an analog signal over a relatively 
long distance. 

Integrating ADCs: Dual Slope
A number of ADCs use integrating techniques, which 
measure the time needed to charge or discharge a 
capacitor in order to determine the input voltage. A 
widely used technique, called dual-slope integration, is 
illustrated in Figure 2.03. It charges a capacitor 

Voltage-to-Frequency ADC

Fig. 2.02. Voltage-to-frequency converters reject noise well and 
frequently are used for measuring slow signals or those in 
noisy environments.

Fig. 2.03. Dual-slope integrating ADCs provide high-resolu-
tion measurements with excellent noise rejection. �ey 
integrate upward from an unknown voltage and then 
integrate downward with a known source voltage. �ey are 
more accurate than single slope ADCs because component 
errors are washed out during the de-integration period.

Dual-Slope ADC Integration and
Discharge Times
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over a �xed period with a current proportional to 
the input voltage. �en, the time required to 
discharge the same capacitor under a constant 
current determines the value of the input voltage. 
�e technique is relatively accurate and stable 
because it depends on the ratio of rise time to fall 
time, not on the absolute value of the capacitor or 
other components whose values change over 
temperature and time. 

Integrating the ADC input over an interval reduces 
the e�ect of noise pickup at the ac line frequency 
when the integration time is matched to a multiple 
of the ac period. For this reason, it is o�en used in 
precision digital multimeters and panel meters. 
Although 20-bit accuracy is common, it has a 
relatively slow conversion rate, such as 60 Hz 
maximum, and slower for ADCs that integrate over 
multiples of the line frequency. 

Sigma-Delta ADCs 
A sigma-delta ADC is another type of integrating 
ADC. It contains an integrator, a DAC, a 
comparator, and a summing junction. (See Figure 
2.04.) Like the dual-slope ADC, it’s o�en used in 
digital multimeters, panel meters, and data 
acquisition boards. Sigma-delta converters are 
relatively inexpensive primarily because they have a 
single-bit DAC, but they can obtain high-resolution 
measurements using oversampling techniques. 
Although the ADC works best with low-bandwidth 
signals (a few kHz), it typically has better noise 
rejection than many others, and users can set the 
integration time (albeit below 100 samples/sec).

Sigma-delta ADCs also require few external 
components. �ey can accept low-level signals 
without much input-signal conditioning circuitry 
for many applications, and they don’t require 
trimming or calibration components because of the

DAC’s architecture. �e ADCs also contain a digital 
�lter, which lets them work at a high oversampling 
rate without a separate anti-aliasing �lter at the 
input. Sigmadelta ADCs come in 16 to 24-bit 
resolution, and they are economical for most data 
acquisition and instrument applications.

�e principle of operation can be understood from 
the diagram. �e input voltage Vin sums 
algebraically with the output voltage of the DAC, 
and the integrator adds the summing point output 
Vs to a value it stored previously. When the 
integrator output is equal to or greater than zero, the 
comparator output switches to logic one, and when 
the integrator output is less than zero, the 
comparator switches to logic zero. �e DAC 
modulates the feedback loop, which continually 
adjusts the output of the comparator to equal the 
analog input and maintain the integrator output at 
zero. �e DAC keeps the integrator’s output near the 
reference voltage level. �rough a series of 
iterations, the output signal becomes a one-bit data 
stream (at a high sample rate) that feeds a digital 
�lter. �e digital �lter averages the series of logic 
ones and zeros, determines the bandwidth

Sigma-Delta ADC

Fig. 2.04. Integrating converters such as the sigma-delta ADC 
have both high resolution and exceptional noise rejection. 
�ey work particularly well for low bandwidth measurements 
and reject high-frequency noise as well as 50/60 Hz interfer-
ence.
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and settling time, and outputs multiple-bit data. �e 
digital low-pass �lter then feeds the decimation 
�lter, which in turn, decreases the sample rate of the 
multi-bit data stream by a factor of two for each 
stage within the �lter. For example, a seven-stage 
�lter can provide a sample-rate reduction of 128. 

Improved Accuracy
�e digital �lter shown in Figure 2.05 inherently 
improves the ADC’s accuracy for ac signals in two 
ways. First, when the input signal varies (sine wave 
input) and the system samples the signal at several 
times the Nyquist value, the integrator becomes a 
low-pass �lter for the input signal, and a high-pass 
�lter for the quantization noise. �e digital �lter’s 
averaging function then lowers the noise �oor even 
further, and combined with the decimation �lter, 
the data stream frequency at the output is reduced. 
For example, the modulator loop frequency could 
be in the MHz region, but the output data would be 
in the kHz region. Second, the digital �lter can be 
notched at 60 Hz to eliminate power line frequency 
interference.

�e output data rate from the decimation �lter is 
lower than the initial sample rate but still meets the 
Nyquist requirement by saving certain samples and 
eliminating others. As long as the output data rate is 
at least two times the bandwidth of the signal, the 
decimation factor or ratio M can be any integer 
value. For example, if the input is sampled at fs, the 
output data rate can be fs/M without losing 
information. �is technique provides more stable 
readings. (Refer to the table in Figure 2.06 for ADC 
comparisons.)

ACCURACY AND RESOLUTION
Accuracy is one of the most critical factors to 
consider when specifying an ADC for test and 
measurement applications. Unfortunately, it’s o�en 
confused with resolution, and although related, they 
are distinctly di�erent. Both topics are discussed in 
this section in some detail, as well as their 
relationship to calibration, linearity, missing codes, 
and noise.

Accuracy vs. Resolution 
Every ADC measurement contains a variety of 
unavoidable, independent errors that in�uence its 
accuracy. When σi represents each independent 
error, the total error can be shown as:

Sigma-Delta ADC With Digital Filter and
Decimator Stage

Fig. 2.05. Sigma-delta ADCs are well suited to high resolution 
acquisition because they use oversampling and o�en combine 
an analog modulator, a digital �lter, and a decimator stage. 
�e low-pass digital �lter converts the analog modulator 
output to a digital signal for processing by the decimator.

Fig. 2.06. Table of ADC attributes
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Fig. 2.07. �e straight line in each graph represents the analog input voltage and the perfect output voltage reading from an ADC with 
in�nite resolution. �e step function in Graph A shows the ideal response for a 3-bit ADC. Graphs B, C, D, and E show the e�ect on ADC 
output from the various identi�ed errors.

�is equation includes a variety of errors such as 
sensor anomalies, noise, ampli�er gain and o�set, 
ADC quantization (resolution error), and other 
factors. 

Quantization Error
In a theoretically perfect ADC, any particular 
analog voltage measured should be represented by a 
unique digital code, accurate to an in�nite number 
of digits. (See Figure 2.07A.) But in a real ADC, 
small but �nite gaps exist between one digital 
number and a consecutive digital number, and the 
amount depends on the smallest quantum value 
that the ADC can resolve. In the case of the 12-bit 
converter covering a 10 Vdc range, for example, that 
quantum value is 2.44 mV, the LSB. In other words,

the input analog voltage range is partitioned into a 
discrete number of values that the converter can 
measure, which is also the ADC’s resolution. �e 
quantization error in this case is speci�ed to be no 
more than half of the least signi�cant bit (LSB). For 
the 12-bit ADC, the error is ±1.22 mV (0.0122%). 
Such ADC errors are typically speci�ed in three 
ways: the error in LSBs, the voltage error for a 
speci�ed range, and the % of reading error. Most 
ADCs are not as accurate as their speci�ed 
resolution, however, because other errors contribute 
to the overall error such as gain, linearity, missing 
codes, and o�set. (See Figures 2.07B, C, D, and E, 
respectively). Nonetheless, the accuracy of a good 
ADC should approach its speci�ed resolution. 
When an ADC manufacturer provides calibration
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procedures, o�set and gain errors usually can be 
reduced to negligible levels, however, linearity and 
missing-code errors are more di�cult or impossible 
to reduce.

ADC Accuracy vs. System Accuracy

Calibration
ADCs may be calibrated with hardware, so�ware, or 
a combination of the two. Calibration in this case 
means adjusting the gain and o�set of an ADC 
channel to obtain the speci�ed input-to-output 
transfer function. In a hardware con�guration, for 
example, the instrumentation ampli�er driving the 
ADC has its o�set and gain adjusted with trim pots, 
and changing the ADC’s reference voltage changes 
its gain. In hardware/so�ware calibrations, the 
so�ware instructs DACs to null o�sets and set 
full-scale voltages. Lastly, in a so�ware calibration, 
correction factors are stored in nonvolatile memory 
in the data acquisition system or in the computer 
and are used to calculate the correct digital value 
based on the readings from the ADC.

ADCs are factory calibrated before being shipped, 
but time and operating temperature can change the 
settings. ADCs need to be recalibrated usually a�er 
six months to a year, and possibly more o�en for 
ADCs with resolutions of 16 bits or more. 
Calibration procedures vary, but all usually require 
a stable reference source and an indicating meter of 
(at least three times) greater accuracy than the 
device being calibrated. O�set is typically set to zero 
with zero input, and the gain is set to full scale with 
the precise, full-scale voltage applied to the input.

In many measurements, the input voltage represents 
only the physical quantity under test. Consequently, 
system accuracy might be improved if the complete 
measurement system is calibrated rather than its 
individual parts. For example, consider a load cell 
with output speci�ed under a given load and

excitation voltage. Calibrating individual parts 
means that the ADC, load cell, and excitation 
source accuracy tolerances are all added together. 
With this approach, the error sources of each part 
are added together and generate a total error that is 
greater than the error that can be achieved simply 
by calibrating the system with a known precision 
load and obtaining a direct relationship between the 
input load and ADC output.

Linearity
When the input voltage and the ADC output 
readings deviate from the diagonal line 
(representing in�nite resolution) more than the 
ideal step function shown in Figure 2.07A, the ADC 
error is nearly impossible to eliminate by 
calibration. �e diagonal line represents an ideal, 
in�nite-resolution relationship between input and 
output. �is type of ADC error is called a 
nonlinearity error. Nonlinearities in a calibrated 
ADC produce the largest errors near the middle of 
the input range. As a rule of thumb, nonlinearity in 
a good ADC should be one LSB or less.

Missing Codes
A quality ADC should generate an accurate output 
for any input voltage within its resolution, that is, it 
should not skip any successive digital codes. But 
some ADCs cannot produce an accurate digital 
output for a speci�c analog input. Figure 2.07D, for 
example, shows that a particular 3-bit ADC does 
not provide an output representing the number four 
for any input voltage. �is type of error a�ects both 
the accuracy and the resolution of the ADC.

Noise
�e cost of an ADC is usually proportional to its 
accuracy, number of bits, and stability. But even the 
most expensive ADC can compromise accuracy 
when excessive electrical noise interferes with the 
measured signal, whether that signal is in millivolts 
or much larger.
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For example, many ADCs that reside on cards and 
plug into a PC expansion bus can encounter 
excessive electrical noise that seriously a�ects their 
accuracy, repeatability, and stability. But an ADC 
does not have to be connected directly to the bus 
within the computer. An ADC mounted in an 
external enclosure o�en solves the problem. It can 
communicate with the computer over an IEEE 488 
bus, Ethernet, USB, WiFi, serial port, or parallel 
port.

When there is no choice but to locate an ADC inside 
the computer, however, check its noise level. 
Connecting the ADC’s input terminal to the signal 
common terminal should produce an output of zero 
volts. If it still reads a value when shorted, the noise 
is being generated on the circuit card and will 
interfere with the desired input signal. More critical 
diagnostics are necessary when using an external 
power supply because noise also can arise from both 
the power supply and the input leads.

Noise Reduction and Measurement Accuracy
One technique for reducing noise and ensuring 
measurement accuracy is to eliminate ground 
loops, that is, current �owing in the ground 
connection between di�erent devices. Ground 
loops o�en occur when two or more devices in a 
system, such as a measurement instrument and a 
transducer, are connected to ground terminals at 
di�erent physical locations. Slight di�erences in the 
actual potential of each ground point generate a 
current �ow from one device to the other. �is 
current, which o�en �ows through the low potential 
lead of a pair of measurement wires generates a 
voltage drop that appears as noise and measurement 
inaccuracy at the signal conditioner or ADC input. 
When at least one device can be isolated, such as the 
transducer, then the o�ending ground path is open, 
no current �ows, and the noise or inaccuracy is 
eliminated. Optical isolators, special transformers, 

and di�erential input operational ampli�ers at the 
signal conditioner or ADC input can provide this 
isolation. 

ADC Noise Histograms
ADC manufacturers frequently verify their device’s 
accuracy (e�ect of non-linearities) by running a 
code density test. �ey apply a highly accurate sine 
wave signal (precision amplitude and frequency) to 
the device and using a histogram for analysis, 
generate a distribution of digital codes at the output 
of the converter. A perfect ADC would produce 
only one vertical bar in the histogram for the 
speci�ed input frequency and amplitude because it 
measured only one value for every sample. But 
because of the ADC’s inherent non-linearities, it 
produces a distribution of bars on either side 
representing digital words sorted into di�erent code 
bins. Each bin is labeled for a single digital output 
code and it contains the count of its occurrence, or 
the number of times that code showed up in the 
output. (See Figure 2.08.)

When n represents the ADC’s bit resolution, 2n bins 
are required. �e width of each code bin should be 
FSR/2n where FSR is the fullscale range of the ADC. 
�e probability density function may be 
determined from this data. A large number of 
samples must be taken, depending on the ADC’s bit 
size, for the histogram test to be meaningful. �e 
more bits the ADC contains, the higher the number 
of samples required, which could be as much as 
500,000 samples.

ENOB: Effective Number of Bits
Although an ADC’s accuracy is crucial to a data 
acquisition system’s accuracy, it’s not the �nal word. 
A widely used and practical way of determining 
overall measurement accuracy is accomplished with 
what’s called an E�ective Number of Bits (ENOB) 
test. �e ENOB may very well demonstrate that the 
actual system measurement accuracy is something
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Fig. 2.08. �e histogram illustrates how 12-bit ADC samples in a set were distributed among the various codes for a 2.5 V measurement in 
a FSR (full-scale range) of 10 V. Most codes intended for the 1024 bin representing 2.5 V actually ended up there, but others fell under a 
gaussian distribution due to white noise content.

less than the ADC bit accuracy speci�cations. For 
example, an ADC may be speci�ed as a 16-bit 
device, but the results of a speci�c type of standard 
test may show that its performance is actually closer 
to an ideal 13-bit system. However, 13 bits may be 
more than adequate for the application.

�e ENOB test takes into account all the circuitry 
from input terminals to the data output, which 
includes the e�ects of the ADC, multiplexer, and 
other analog and digital circuits on the 
measurement accuracy. It also includes the 
signal-to-noise ratio, SNR, or the e�ect of any noise 
signals induced into the system from any source. 

The ENOB Test
�e ENOB test evaluates the data acquisition system 
as it performs in a real-world application when used 
with the manufacturers recommended cables, 
connectors, and connections. It considers the front 
end of the data acquisition system: the ADC,

multiplexer, programmable gain ampli�er, and 
sample-and-hold ampli�ers. All of these circuits 
a�ect the digitized output. Any non-linearities, 
noise, distortion, and other anomalies that sneak into 
the front end can reduce the system’s accuracy, and 
it’s not enough to test only one channel in a 
multi-channel system. Some errors creep up from 
the e�ect of one channel on another through cross 
talk.

To measure the ENOB, set up a precision sinewave 
signal generator and connect it’s output to the input 
of one analog input channel. �e generator itself 
should produce little noise and distortion. Set the 
signal generator output amplitude to just under the 
maximum speci�ed input range of the board. Set the 
generator to the maximum frequency that the system 
is speci�ed to measure. Next, ground the input 
terminals of the adjacent channel. Run the system at 
its maximum rated speed. Sample the test signal and 
then the grounded input. Capture 1024 samples on
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each input and run the samples through an FFT 
algorithm to compute the ENOB.

�e test measures the e�ects of slewing, harmonic 
distortion, analog circuits, ADC accuracy, noise 
pickup, channel cross talk, integral and di�erential 
non-linearity, and o�set between channels. 
Although ENOB provides a good benchmark of the 
systems capability and accuracy, it is not a 
speci�cation; it is not a replacement for SNR and 
other error speci�cations provided by the 
manufacturer. However, systems may be compared 
with ENOB tests when all are measured under the 
same set of conditions. 

ADC OUTPUT AVERAGING BENEFITS 

Improved Accuracy
A paradox that arises from averaging the output of 
an integrating-type ADC is that the measurement 
system theoretically can obtain higher accuracy for 
a signal embedded in noise than a signal free of 
noise. How this can be true comes from the way a 
signal is mathematically averaged. For example, 
with a single dc signal, averaging the output always 
provides the same result with no apparent change in 
accuracy (not considering the a�ects of calibration). 
But for a varying input signal, such as a sine wave, a 
large number of samples yield a Gaussian 
distribution which can be accurately de�ned with a 
more precisely established peak for the wave. But 
the samples must not all cluster around a speci�c 
portion of the sampled wave. To get a true 

distribution, the ADC must sample at a slower rate 
than the �uctuations and be out of synch with them. 
�is technique �nds a general average, not a local 
average. �us, in this way signal averaging increases 
the system’s measurement resolution.

More Stable Readings
Some systems actually introduce a random noise 
signal called dither into an otherwise clean ADC 
input to take advantage of the averaging function 
for increasing accuracy and signal stability. �e 
technique also enables an ADC with a smaller 
number of bits to obtain the resolution of an ADC 
with more bits without losing accuracy. Each signal 
sweep must capture a di�erent random value at each 
point in time. �en the theoretical ADC average 
from this distribution will remain at zero over a 
su�ciently large sample window. For example, if 16 
values are averaged, then it has 16 times more 
possible values than the direct non-averaged 
output. �is technique increases the e�ective ADC 
resolution by 4 bits. �e noise makes it work. 

ADC signal averaging is so important a technique 
that it is used on digital recordings. In the early days 
of digital audio recording development, systems 
lacked ADC output averaging. As a result, a musical 
note would decay into an annoying buzz because 
not all bits in the ADC were enabled. �e output 
waveforms were distorted and the ear could not 
�lter it out, but ADC signal averaging totally 
eliminated the problem.
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The Economy of Multiplexing

Sampled-Data Systems
An ideal data acquisition system uses a single ADC 
for each measurement channel. In this way, all data 
are captured in parallel and events in each channel 
can be compared in real time. But using a multiplex-
er, Figure 3.01, that switches among the inputs of 
multiple channels and drives a single ADC can 
substantially reduce the cost of a system. �is 
approach is used in so-called sampled-data systems. 
�e higher the sample rate, the closer the system 
mimics the ideal data acquisition system. But only a 
few specialized data acquisition systems require 
sample rates of extraordinary speed. Most applica-
tions can cope with the more modest sample rates 
typically o�ered by mainstream data acquisition 
systems.

Solid-State Switches vs. Relays
A multiplexer is an array of solid-state switches or 
electromechanical relays connected to several input 
channels. Although both approaches are used in a 
wide variety of applications, neither one is perfect; 
each type comes with various advantages and disad-
vantages. Electromechanical relays, for example, are 
relatively slow, about 1,000 samples/sec or less for 
the fastest reed relays, but they can handle large 
input voltages, and some can isolate voltages of 
several kV. A relay’s size and contact type determine 
its current carrying capacity. For instance, laborato-
ry instrument relays typically switch up to 3 A, 
while industrial applications use larger relays to 
switch higher currents, o�en 5 to 10 A.

Solid-state switches, on the other hand, are much 
faster than relays and can reach sampling rates of 
several MHz. However, these devices can’t handle 
inputs higher than 25 V, and they are not well suited 
for isolated applications. Moreover, solid-state 
devices are typically limited to handling currents of 
only one mA or less.

Another characteristic that varies between mechan-
ical relays and solid-state switches is called ON 
resistance. An ideal mechanical switch or relay 
contact pair has zero ON resistance. But real devices 
such as common reed-relay contacts are 0.010 Ω or 
less, a quality analog switch can be 10 to 100 Ω, and 
an analog multiplexer can be 100 to 2,500 Ω per 
channel. �e ON resistance adds directly to the 

Chapter 3
Multiplexing and Sampling Theory

Fig. 3.01. �e multiplexer (MUX) is a fast switch that sequen-
tially scans numerous input-signal channels and directs them 
in a preprogrammed manner to a single ADC for digitizing. 
�is approach saves the cost of using an ADC for each 
channel.
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signal source impedance and can a�ect the system’s 
measurement accuracy if not compensated. 

Analog switching devices have another undesirable 
characteristic called charge injection. �is means 
that a small portion of input-gate drive voltage is 
coupled to the analog input signal and manifests as 
a spike in the output signal. �is glitch produces 
measurement errors and can be seen riding on the 
input signal when the source impedance is too high. 
A compensating circuit can minimize the e�ects of 
charge injection, but the most e�ective method is to 
keep source impedance as low as possible to prevent 
it from developing in the �rst place. 

Channel-to-channel cross talk is another nonideal 
characteristic of analog switching networks, 
especially integrated circuit multiplexers. Cross talk 
develops when the voltage applied to any one 
channel a�ects the accuracy of the reading in 
another channel. Conditions are optimum for cross 
talk when signals of relatively high frequency and 
high magnitude such as 4 to 5 V signals are 
connected to one channel while 100 mV signals are 
connected to an adjacent channel. High frequency 
multiplexing also exacerbates cross talk because the 
signals couple through a small capacitance between 
switch channels. Low source impedance minimizes 
the cross talk and eliminates the charge injection. 

Speed
Multiplexing reduces the rate at which data can be 
acquired from an individual channel because of the 
time-sharing strategy between channels. For 
example, an ADC that can sample a single channel 
at 100 kHz is limited to a 12.5 kHz/channel 
sampling rate when measuring eight channels.

Unfortunately, multiplexing can introduce yet other 
problems. For instance, the multiplexer’s high 
source impedance can combine with stray

capacitance to increase settling time and generate 
cross talk between channels. Multiplexer impedance 
itself also can degrade signals. A solid-state multi-
plexer with an impedance of tens or hundreds of 
ohms is worse than a relay with a typical resistance 
of 0.010 Ω or less.

In spite of these negative issues, the advantages of 
multiplexing outweigh its disadvantages, and it has 
become a widely used technique to minimize cost 
without compromising performance. Because the 
measurement errors are known and speci�ed, they 
can be compensated at each stage of the data acqui-
sition system to ensure high accuracy at the output.

Sequence vs. So�ware-Selectable Ranges
Most data acquisition systems accommodate a vari-
ety of input ranges, although the manner in which 
they do so varies considerably. Some data acquisi-
tion systems allow the input range to be switched or 
jumper selected on the circuit board. Others provide 
so�ware-selectable gain. �is is more convenient, 
but a distinction should be made between data 
acquisition systems whose channels must all have 
the same gain and other systems that can sequential-
ly select the input range for each channel. �e more 
useful system accepts di�erent input ranges on 
di�erent channels, especially when measuring 
signals from di�erent transducers. For example, 
thermocouples and strain gages require input ranges 
in tens of mV and use special signal conditioners, 
while other sensors might output several volts.

A data acquisition system with a so�ware-selectable 
range can measure di�erent ranges on di�erent 
channels (but at a relatively slow rate) with a com-
mand to change the gain between samples. But the 
technique has two problems. First, it is relatively 
slow. �at is, issuing a so�ware command to change 
the gain of a programmable-gain ampli�er (PGA) 
can take tens or hundreds of ms, lowering the
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system’s sample rate to several Hz. Second, the 
speed of this sequence is o�en indeterminate due to 
variations in PC instruction cycle times. Cycling 
through the sequence continuously generates sam-
ples with an uneven (and unknown) spacing in 
time. �is complicates time-series analysis and 
makes FFT analysis impossible because its algo-
rithm requires evenly spaced samples.

A better implementation hosts a sequencer that sets 
the maximum acquisition rate and controls both 
channel selection and associated ampli�er gain at 
random. For example, one widely used data acquisi-
tion system running at 100 kHz and 1 MHz uses 
so�ware selectable channel gain and sequencing. 
(See Figure 3.02.) �e 100 kHz system provides a 
512-location scan sequencer that lets operators use 
so�ware to select each channel and its input ampli�-
er gain for both the built-in and expansion chan-
nels. Each scan group can be repeated immediately 
or at programmable intervals. �e sequencer 
circuitry overcomes a drastic reduction in the scan 
rate for expansion channels, a major limitation

encountered with many plug-in data acquisition 
boards.

All channels are scanned, including expansion 
channels, at 100 kHz, (10 μs per channel). (See 
Figure 3.03.) Digital inputs also can be scanned 
using the same scan sequence employed for analog 
inputs, enabling the time correlation of acquired 
digital data to acquired analog data. Such systems 
permit each scan group (containing up to 512 chan-
nel/gain combinations) to be repeated immediately 
or programmed to intervals of up to 12 hours. 
Within each scan group, consecutive channels are 
measured at a �xed 10 μs per channel rate.

FUNDAMENTAL CONCEPTS

Sampling Rates
When ADCs convert an analog voltage to a digital 
representation, they sample the value of the mea-
sured variable several times per second. Steady or 
slowly changing dc voltages might require sampling 
rates of only several Hz, but measuring various

Fig. 3.02. �is is an example of a 512-location scan sequencer operating in a 100 kHz data acquisition system. �e sequencer can program 
each channel dynamically for unipolar or bipolar operation. �e sequencer also can program the gain for each channel on the �y and change 
the order in which the channels are scanned.



Data Acquisition Handbook 15

Chapter 3: Multiplexing and Sampling Theory

Fig. 3.03. A multiplexer with sequence-selectable gain lets the 
data system operate at its maximum acquisition rate.

Fig. 3.04. Bu�ering signals ahead of the multiplexer increases 
accuracy, especially with high-impedance sources or fast 
multiplexers.

ac and sine waves is di�erent. Enough samples/sec 
must be made to ensure that the wave being mea-
sured in the continuous-time domain can be faith-
fully reproduced in both the continuous-time 
domain and the discrete-time domain.

Source Impedance
Most signal sources have impedances of less than 
1.5 kΩ, so such a maximum source impedance is 
usually not a problem. However, faster multiplexer 
rates require lower source impedances. For exam-
ple, a 1 MHz multiplexer in a 12-bit system requires 
a source impedance less than 1.0 kΩ. When the 
source impedance exceeds this value, bu�ering is 
necessary to improve accuracy. A bu�er is an ampli-
�er with a high input impedance and extremely low 
output impedance. (See Figure 3.04.) A bu�er on 
each channel located between the transducer and 
the multiplexer ensures higher accuracies by 
preventing the multiplexer’s stray capacitance from 
discharging through the impedance of the trans-
ducer.

Sample-and-Hold ADCs

Time Skew
A multiplexed ADC measurement introduces a 
time skew among channels, because each channel is 
sampled at a di�erent time. Some applications can’t 
tolerate this e�ect. But a sample and hold circuit 
placed on each input ahead of the multiplexer reme-
dies time-skew problems. In a simultaneous sample 
and hold circuit (SS&H) each channel is equipped 
with a bu�er that samples the signal at the begin-
ning of the scan sequence. �e bu�er output holds 
the sampled value while the multiplexer switches 
through all channels, and the ADC digitizes the 
frozen signals. In a good simultaneous sample and 
hold implementation, all channels are sampled 
within 100 ns of each other.

Figure 3.05 shows a common scheme for SS&H. 
Each input signal passes through an instrumenta-
tion ampli�er (IA), a low-pass �lter, and into a sam-
ple-and-hold bu�er (S/H). When the sample enable 
line goes high, each S/H samples its input signal and 
holds it while the multiplexer switches through the 
readings. �is scheme ensures that all the samples
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are taken within 50 ns of each other, even with up to 
256 simultaneous channels connected to a single 
instrument.

Nyquist Theorem
Transforming a signal from the time domain to the 
frequency domain requires the application of the 
Nyquist theorem. �e Nyquist sampling theorem 
states that if a signal only contains frequencies less 
than cuto� frequency, fc, all the information in the 
signal can be captured by sampling it at a minimum 
frequency of 2fc. �is means that capturing a signal 
with a maximum frequency component of fmax 
requires that it must be sampled at 2fmax or higher. 
However, common practice dictates that while 
working in the frequency domain, the sampling rate 
must be set more than twice and preferably between 
�ve and ten times the signal’s highest frequency 
component. Waveforms viewed in the time domain 
are usually sampled 10 times the frequency being 
measured to faithfully reproduce the original signal 
and retain accuracy of the signal’s highest frequency 
components.

Aliasing and Fourier Transforms
When input signals are sampled at less than the 
Nyquist rate, ambiguous signals that are much 
lower in frequency than the signal being sampled 
can appear in the time domain. �is phenomenon is 
called aliasing. For example, Figure 3.06 shows a 1 
kHz sine wave sampled at 800 Hz. �e reconstruct-
ed or transformed frequency of the sampled wave is 
much too low and not a true representation of the 
original. If the 1 kHz signal were sampled at 1,333 
Hz, a 333 Hz alias signal would appear. Figure 3.07, 
on the other hand, shows the signals when sampling 
the same 1 kHz wave at more than twice the input 
frequency or 5 kHz. �e sampled wave now appears 
closer to the correct frequency.

Fig. 3.05. A four-channel multiplexer with low-pass �lters and 
simultaneous sample-and-hold circuits ensures that all the 
samples are taken within a few ns of each other.

Fig. 3.06. When sampling an ac signal at less than two times 
the Nyquist frequency, the original waveform cannot be 
reproduced faithfully.

Conversely, input frequencies of half or more of the 
sampling rate will also generate aliases. To prevent 
these aliases, a low-pass, anti-aliasing �lter is used 
to remove all components of these input signals. 
�e �lter is usually an analog circuit placed between 
the signal input terminals and the ADC. Although 
the �lter eliminates the aliases, it also prevents any 
other signals from passing through that are above
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Fig. 3.07. When ac inputs are sampled more than twice the 
Nyquist frequency of the sine wave, the frequency content of 
the signal is preserved, and all the Fourier components of the 
periodic waveform are recovered.

the stop band of the �lter, whether they were wanted 
or not. In other words, when selecting a data acqui-
sition system, make certain that the per channel 
sampling frequency is more that twice the highest 
frequency intended to be measured.

Another example of aliasing is shown in Figure 3.08 
for a square wave a�er passing through a Fourier 
transform. A Fourier transform is a frequency spec-
trum display of the sampled data. It shows how 
much energy at a given frequency is in a particular 
signal. For the purpose of illustration, assume that 
the example processes only frequencies under 2 
kHz. Ideally, a Fourier transform of a 500 Hz square 
wave contains one peak at 500 Hz, the fundamental 
frequency, and another at 1,500 Hz, the third 
harmonic, which is 1/3 the height of the fundamen-
tal. Figure 3.08, however, shows how higher 
frequency peaks are aliased into the Fourier trans-
form’s low-frequency range. �e low-pass �lter with 
cuto� at 2 kHz shown in Figure 3.09 removes most 
of the aliased peaks.

When the sampling rate increases to four times the 
highest frequency wanted, the Fourier transform in 
the range of interest looks even better. Although a 
small peak remains at 1 kHz, it is most likely the 
result of an imperfect square wave rather than an 
e�ect of aliasing. (See Figure 3.10).

Fig. 3.09. �e Fourier Transform of a 500 Hz square wave is 
sampled at 4 kHz with a low-pass �lter cuto� at 2 kHz.

Fig. 3.08. �e Fourier transform of a 500 Hz square wave is 
sampled at 4 kHz with no �ltering.
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Discrete Fourier Transform
When ac signals pass through a time-invariant, 
linear system, their amplitude and phase compo-
nents can change but their frequencies remain 
intact. �is is the process that occurs when the 
continuous time domain ac signal passes through 
the ADC to the discrete time domain. Sometimes, 
more useful information can be obtained from the 
sampled data by analyzing them in the discrete time 
domain with a Fourier Series rather than recon-
structing the original signal in the time domain.

�e sampled data pass through a Fourier transform 
function to cull out the fundamental and harmonic 
frequency information. �e amplitude of the signal 
is displayed in the vertical axis, and the frequencies 
measured are plotted on the horizontal axis.

Windowing
Real-time measurements are taken over �nite time 
intervals. In contrast, Fourier transforms are 
de�ned over in�nite time intervals, so limiting the 
transform to a discrete time interval produces

sampled data that are only approximations. Conse-
quently, the resolution of the Fourier transform is 
limited to approximately 1/T where T is the �nite 
time interval over which the measurement was 
made. Fourier transform resolution can only be 
improved by sampling for a longer interval.

A �nite time interval used for a Fourier Transform 
also generates spurious oscillations in the trans-
form’s display as shown in Figure 3.11. From a 
mathematical viewpoint, the signal that’s instanta-
neously turned on at the beginning of the measure-
ment and then suddenly turned o� at the end of the 
measurement produces the spurious oscillations. 
�ese spurious oscillations are usually eliminated 
with a function called windowing, that is, multiply-
ing the sampled data by a weighting function. A 
window function that rises gradually from zero 
decreases the spurious oscillations at the expense of 
a slight loss in triggering resolution. Many possible 
window functions may be used, including Hanning, 
Hamming, Blackman, Rectangular, and Bartlett. 
(See Figures 3.12, 3.13, and 3.14.)

Fig. 3.10. �e Fourier Transform of a 500 Hz square wave is 
sampled at 8 kHz with a low-pass �lter cuto� at 2 kHz.

Fig. 3.11. A Fourier Transform is shown with and without a 
window function.
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Fast Fourier Transforms
�e Fast Fourier Transform (FFT) is so common 
today that FFT has become an imprecise synonym 
for Fourier transforms in general. �e FFT is a digi-
tal algorithm for computing Fourier transforms of 
data discretely sampled at a constant interval. �e 
FFT’s simplest implementation requires 2n samples. 
Other implementations accept other special num-
bers of samples. If the data set to be transformed has 
a di�erent number of samples than required by the 
FFT algorithm, it is o�en padded with zeros to meet 
the required number. Sometimes the results are 
inaccurate, but most o�en they are tolerable.

Standard Fourier Transforms
A Standard Fourier Transform (SFT) can be used in 
applications where the number of samples cannot 
be arranged to fall on one of the special numbers 
required by an FFT, or where it cannot tolerate the 
inaccuracies introduced by padding with zeros. �e 
SFT is also suitable where the data are not sampled 
at evenly spaced intervals or where sample points 
are missing. Finally, the SFT can be used to provide 
more closely spaced points in the frequency domain 
than can be obtained with an FFT. In an FFT, 

adjacent points are separated by 1/T, the inverse of 
the time interval over which the measurement was 
made. 

Many standard numerical integration techniques 
exist for computing SFTs from sampled data. Any 
other technique selected for the problem at hand 
probably will be much slower than an FFT of a simi-
lar number of points. �is is becoming less of an 
issue, however, as the speed of modern computers 
increases.

Digital vs. Analog Filtering
Digital �ltering requires three steps. First, the digital 
signal is subjected to a Fourier transform. �en the 
signal amplitude in the frequency domain is multi-
plied by the desired frequency response. Finally the 
transform signal is inverse Fourier transformed 
back into the time domain. Figure 3.15 shows the 
e�ect of digital �ltering on a noisy signal. �e solid 
line represents the un�ltered signal while the two 
dashed lines show the a�ect of di�erent digital 
�lters. Digital �lters have the advantage of being 
easily tailored to any frequency response without 
introducing phase error. However, one disadvantage 
is that a digital �lter cannot be used for anti-aliasing.

Fig. 3.12. �e frequency information 
obtained from a measurement can be 
incorrect when the waveform contains 
abrupt beginning or ending points.

Fig. 3.13. In this case, the frequency 
information is preserved when multiplied 
by a windowing function. It minimizes the 
e�ect of irregularities at the beginning and
end of the sample segment.

Fig. 3.14. �e three most common types of 
window functions include Hamming, 
Hanning, and Blackman.
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In contrast to digital �lters, analog �lters can be 
used for anti-aliasing. But changing the frequency 
response curves is more di�cult because all analog 
�lters introduce some phase error.

Se�ling Time
Source impedance and stray capacitance in�uence 
the multiplexer input settling time. �eir e�ect can 
be predicted with a simple equation:

EQN. 3.01 Time Constant

For example, determine the maximum tolerable 
source impedance for a 100 kHz multiplexer. �e 
time between measurements on adjacent channels 
in the scan sequence is 10 μs. During time T = RC, 
the voltage error decays by a factor of 2.718, or one 
time constant, T. But a time interval 10 times inter-
val 10 times longer (10 T) is required to reduce 

Fig. 3.15. �e solid line is the noisy, un�ltered signal, and the 
two dashed lines show the same signal at the output of the 5 
and 50 Hz low-pass digital �lters.

the error to 0.005%. Consequently, a �xed time of 10 
μs between scans (Tscan) and an error of 0.005% 
requires that T = 1 μs. But in a typical multiplexed 
data acquisition system, this is insu�cient settling 
time, so the data would continue to be in error. �e 
relationship can be explained as follows. Most 100 
kHz converter’s sample and hold circuits are set to 
acquire the signal at about 80% of the sample 
window (10 μs) to allow 8 μs of settling time. 
Subtracting this from the scan time results in a 
sampling time of:

EQN. 3.02 Settling Time

In a typical 16-bit data acquisition system, the 
internal settling time (Tint) may be 6 μs. �e 
external settling time may then be computed as 
follows:

EQN. 3.03 External Settling Time

For a 16-bit data acquisition system with 100 pF 
input capacitance, (Cin) and a multiplexer 
resistance (Rmux) of 100 Ω, the maximum external 
resistance is: 

EQN. 3.04 External Resistance

�e simpli�ed examples above do not include 
e�ects due to multiplexer charge injection or 
inductive reactance in the measurement wiring. In 
actual practice, the practical upper limit on source 
resistance is between 1.5 k and 2 kΩ.
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SAFETY CONCERNS
In the United States, electrical potentials more than 
48 V are considered dangerous to human life. 
Although people have survived electrical shocks 
exceeding thousands of volts and lightning strikes 
carrying millions of joules of energy, everyone 
should treat electricity with caution and respect. 
Voltage is not the only concern, however. Currents 
in the mA range can stop a normal heart under 
certain conditions. For example, NIOSH (National 
Institute for Occupational Safety and Health) 
estimates that as little as 20 mA at 110 Vac, the 
common utility voltage, can paralyze respiratory 
muscles. 

All equipment and sources of voltage and current, 
such as the item under test, should not be powered 
when making connections between sensors, actua-
tors or other components and the data acquisition 
system. �is is especially critical when using current 
transformers and measuring high voltages and ac 
current.

MAKING VALID MEASUREMENTS
Accurate measurements depend on accurate equip-
ment and robust connections. Poor connections 
and noise picked up through unshielded leads and 
improperly grounded circuits will certainly yield 
inaccurate data. Packaged sensors are typically 
designed to ensure accurate output signals with 
proper component placement, shielding, �ltering, 
and bypassing power and ground I/O connections. 
Unprotected sensors, however, such as thermocouples 
and strain gages o�en are exposed to numerous 
types of noise signals that can couple into the

sensors and leads and contaminate the desired 
signal. �ose who install such sensors must follow 
industry-accepted practices to ensure that the 
sensors’ output signals are reliable, unbiased, and 
free of noise and interference.

DC VOLTAGE
Instrumentation Level DC Voltage
Data acquisition systems usually contain integrated- 
circuit signal conditioners and multiplexers at their 
input terminals. �ese ICs typically can’t handle 
more than about ±10 Vdc input, although some may 
tolerate as much as ±25 Vdc. One way around the 
limitation is to place a voltage divider on the 
system’s input terminals that reduces the voltage to 
meet the IC’s speci�cations. Some systems are man-
ually switched to the proper range, while others 
select the range automatically. 

In addition, a�er properly connecting the sensors, 
the item under test, and the data acquisition system, 
apply power �rst to the data acquisition system. 
Next energize the sensors and �nally, the item under 
test. Some data acquisition systems can be damaged 
when voltages are applied to their inputs while 
unpowered.

High DC Voltage
Voltages greater than about 24 Vdc are considered 
high voltage in data acquisition system terms. 
Built-in or external voltage dividers and special 
signal conditioners are needed for dividing tens or 
hundreds of volts down to just 10 V or less to protect 
the instrument’s input circuitry. One critical consid-
eration for the safety of both the equipment

Chapter 4
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and operators is to use high-voltage insulation in 
wires, terminals, connectors, leads, sensors, and 
other components to prevent leakage and arcing to 
low-potential terminals and nearby objects. 

Low DC Voltage
Compared to high voltages, successfully measuring 
low-level dc signals depends upon appropriate 
wiring techniques between the signal source and the 
data acquisition device. Input ampli�er stages in 
signal conditioning equipment cannot distinguish 
between the measured signal and a noise voltage 
coupled into lead wires. When measuring signals 
less than one volt, shielded or unshielded twisted 
pairs provide the best protection against noise 
voltage pickup. Best wiring practices call for shields 
to be grounded at one end only, preferably at the 
signal source. 

AC VOLTAGE
Low AC Voltage
General-purpose data acquisition systems o�en 
measure low-level ac voltages on the secondary of 
loaded current transformers, step-down potential 
transformers, clamp-on current probes, 
current-sensing resistors, or sensors lacking 
galvanic isolation. All these low-level ac voltages 
must have a low common-mode voltage component 
with respect to earth ground or �oat with minimal 
ac leakage. Also, connect the voltage source to earth 
ground when necessary.

Outlet Level AC Voltage
In the U.S. and Canada, utility wiring supports a 
nominal 110 Vac, 60 Hz, single-phase voltage, 
supplied with three wires; hot, neutral, and ground. 
Europe typically uses 220 Vac, 50 Hz, and Japan 
supplies 100 Vac; 50 Hz in Eastern Japan and 60 Hz 
in Western Japan. In many factories, 220/230 to 
460/480 Vac, single and three-phase voltage, Wye 
and Delta con�gurations are also distributed to 
electrical and electronic control equipment. All

these voltages are lethal and leads should be 
connected or disconnected from the data 
acquisition system and the equipment under test 
with the power disconnected. 

When connecting these voltage sources to data 
acquisition systems, problems o�en crop up in 
ground loops, which produce noise. Voltage drops 
appear between the neutral wire and ground for 
many reasons, some of which cannot be eliminated 
easily or even found. Accepted practices for 
shielding, grounding, and isolation should be 
followed rigorously. Refer to Chapter 10 for more 
detailed information concerning ground loops and 
interference. 

High Voltage
Similar to dc voltage levels, data acquisition system 
inputs typically can’t handle more than ±10 Vac 
peak. Higher ac voltages are attenuated and scaled 
with a signal conditioning stage before they are 
processed. Voltages up to 2,000 V, peak-to-peak, can 
be measured with a fully di�erential attenuator, 
calibrated to match the bu�ered di�erential inputs 
of a data acquisition system. Attenuators are 
typically voltage divider networks connected from 
the high side input terminal to a common ground. 

For systems with a true di�erential input, however, 
neither the input’s low nor high side can be 
connected directly to ground. Two matched resistor 
dividers attenuate the incoming signal, one on the 
high side and the other on the low side. Only the 
low side of the attenuator is grounded. For example, 
an accessory device is required to provide a 200:1 
attenuation without a�ecting the ampli�er’s high 
input impedance. In a typical system, the two 
matched bu�er ampli�ers, A and B (Figure 4.01), on 
the front end of the data acquisition system draw 
almost identical input bias current. Matched voltage 
dividers placed on the high and low-side inputs
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High-Voltage Adapter

Fig. 4.01. A typical data acquisition system usually requires an 
attenuator at its input to accept voltages that exceed 10 V.

Differential Input A�enuation

Fig. 4.02. A di�erential ampli�er requires a resistor at both 
inputs when running single-ended, but only one resistor in a 
voltage-divider attenuator.

provide symmetrical current limiting from either 
input and let the quasi-di�erential input of the data 
acquisition system measure a lower voltage 
referenced to analog common. Because the outputs 
from ampli�ers A and B are identical, they can be 
considered a common-mode voltage that the 
di�erential ampli�er C rejects. 

�is scheme attenuates the high and low signals, 
and lets both ends �oat hundreds of volts above 
ground. For example, the high input can be 110 Vac 
while the low end has a 50 Vdc o�set. A�er 
attenuation, the peak voltage of the high side signal 
is 0.77 V and the low side signal is 0.25 V, which are 
well within the readable range of the data 
acquisition system’s di�erential inputs. 

When a single-ended measurement is attempted by 
attenuating only the high signal and pulling the low 
signal to ground, two problems can develop. First, 
when the data acquisition system ground and the 
signal ground are di�erent, tying them together 
forms a ground loop, which can result in excessive 
current and destroy the instrument or equipment. 
�e second error component comes from the bias 
currents Ib �owing through the input pins of the 
two operational ampli�ers, A and B shown in Figure

4.02. �e bias current produces a voltage drop 
through the divider on the high side input, but the 
low side input has no matching drop. �e di�erence 
appears at the input to di�erential ampli�er C and 
produces an o�set at its output. 

Effective, Peak, Average, and RMS Voltage
Dc voltages and currents are relatively easy to 
measure and calculate with Ohm’s law. For example, 
dc power is mathematically equivalent to the 
product of dc voltage and current and generates a 
unique amount of heat energy or performs a unique 
amount of work. By comparison, power calculations 
for ac voltage and current includes an additional 
factor, the cosine of the phase angle between them, 
called the power factor. When the voltage and 
current waves are in phase, the cosine of the angle is 
unity, so the product of voltage and current is a valid 
power value measured in watts. When they are out 
of phase, however, the power factor is less than 
unity, so the power generated is less than the simple 
product of voltage and current. In an extreme case, 
90˚ for example, the cosine of the phase angle is 
zero, so the wattage is also zero. However, the power 
is then totally reactive, does not generate heat 
(theoretically), and is simply labeled VA 
(volt-amperes).
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Effective Voltage

Fig. 4.03. �e numerical value for the peak voltage of ac must 
be 1.414 times that of dc to produce the same heating e�ect.

EQN 4.01. DC Power
 P = E x I
 Where:
 E and I are in phase
 P = power, W
 E = dc voltage, V
 I = dc current, A
 
EQN 4.02. AC Power
 P = E x I x Cos φ
 Where:
 P = power, W
 E = ac voltage, V
 I = ac current, A
 φ = phase angle between voltage and current 

Effective Voltage
�e ac voltage wave shape follows a sine function 
(ideally), and because it continually rises and falls 
over each cycle, the area under the curve for ac is 
less than for dc over the same (peak) amplitude and 
time period. �us, 100 Vac peak generates less heat 
than 100 Vdc in the same load. (See Figure 4.03.) To 
compensate for this, peak ac voltages must be 
higher than dc to generate an equivalent amount of 
heat. �e value of ac voltage that produces an 

equivalent amount of work as the dc value is called 
the e�ective voltage and equals the dc value 
multiplied by 1.414. In other words, 141.4 peak Vac 
produces the same amount of heat in a given load, 
as does 100 Vdc. 

RMS Voltage
In order to make ac and dc voltmeter scales read the 
same value for the same amount of work done, the 
ac voltmeter scales are calibrated in rms (root mean 
square) voltage values. When observing 100 Vac 
rms on the meter face, the voltage is actually 141.4 
Vac peak, and the amount of work it does equals 
that of 100 Vdc (in the same load). Moreover, for ac, 
the maximum (peak) positive excursion and the 
maximum negative excursions are the same; 
therefore the peak-to-peak value in this example is 
twice 141.4 or 282.8 Vp-p.

�e rms voltage value of a sine wave is equal to the 
e�ective value and is de�ned as the square root of 
the average of the squares of the instantaneous 
voltages measured over a given number of cycles. 

EQN 4.03. Volts rms

When the shape of the ac signal is not a nearperfect 
sine wave, ordinary vane-type voltmeters will not 
indicate a true rms ac value. Special meters and 
some data acquisition systems, however, are 
designed to compensate for the shape discrepancies 
and are called true rms meters. �ey measure and 
indicate the true rms value of the ac signal, 
regardless of the distortion. �e average value of the 
ac voltage is zero, because the positive half cycle 
magnitude equals the negative half cycle of the wave 
shape.

CURRENT
A Fundamental Problem
Voltage drops are relatively easy to measure with
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most instruments because the di�erence in voltage 
appears between any two points in a circuit. �e 
circuit does not need to be disturbed or changed 
(provided the measuring instrument’s impedance is 
high compared with the impedance of the measured 
circuit) to make the measurement. By comparison, 
simple direct-connection current measurements are 
more troublesome, because the current appears 
within a loop and the loop must be opened to insert 
the ammeter. Moreover, the ammeter contains a 
characteristic resistance or impedance that most 
o�en changes the circuit parameters and must be 
compensated to obtain accurate measurements. 

Some current measuring instruments, however, can 
couple inductively and have little or no a�ect on the 
circuit parameters. Such probes are designed for 
both ac and dc circuits. 

Insertion Loss
Inserting an instrument or device in series with the 
circuit causes the total series impedance to change. 
In many applications, the added component or 
sensor requires some power to operate or drops 
some voltage resulting in what is called insertion 
loss. �erefore, some signal power may be 
consumed in making the measurement, which must 
be compensated to provide a more accurate 
measurement.

Common-Mode Limitations
Most di�erential ampli�ers used for signal 
conditioners in data acquisition systems can sustain 
only a limited common mode voltage, typically 
about ±10 Vdc. However, more expensive ampli�ers 
or signal conditioners are available for special 
applications that sustain common mode voltages 
exceeding the 10 Vdc limit.

One application, for example involves measuring 
the voltage drop across a calibrated shunt resistor in 
an alternator charging circuit. When the ampli�er 
input is connected to the shunt resistor to measure 
mV scaled to charging current, the common mode 

voltage seen by the ampli�er input is the maximum 
battery voltage, nominally 13.8 Vdc, but may be as 
high as 18.5 Vdc during high-current charging. 
�erefore, the common mode voltage rating for the 
data acquisition system input must be greater than 
18.5 Vdc.

Shunts
Data acquisition instruments usually measure 
high-level dc currents (in the ampere range) as a 50 
or 100 mV voltage drop across a calibrated shunt 
resistor. Figure 4.05 shows a special application for 
di�erential measurements where the three shunts 
have one end placed in the common side of a 
three-motor circuit. �is arrangement provides a 
common ground that can be connected to an 
inexpensive monitoring unit with a non-isolated, 
low-voltage input. Unfortunately, not all circuits 
that need more than one shunt will have one end of 
each shunt conveniently connected to a common

Typical Data Acquisition Input

Fig. 4.04. �e battery charging current in an automobile 
electrical system is typically measured with a handheld 
diagnostic voltmeter across a shunt resistor, which is totally 
isolated from the battery voltage. However, when a data 
acquisition input ampli�er is connected to the shunt, the input 
also must sustain the common mode voltage represented by 
the battery.
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Ground Referenced Differential
Measurement

Fig. 4.05. High dc currents are o�en measured with shunts 
using di�erential inputs sharing a common ground.

Shunt Resistor Current Measurement

Fig. 4.06. Sensors with 4 to 20 mA outputs are typically placed 
in series with a resistor to develop a voltage. �e resistor is then 
connected to the input of a di�erential ampli�er to measure 
the voltage drop.

point. In these instances, more expensive, isolated 
analog input ampli�ers are recommended. 

Data acquisition systems also measure low-level dc 
currents with shunts. Many sensors output a 
standard 4 to 20 mA current, which is linearly 
related to the quantity being measured. �e signal 
current passes through the shunt resistor, as shown 
in Figure 4.06, and the voltage drop across the shunt 
provides the input for the ADC. 

Ohms law de�nes the nature of this simple circuit 
where the product of resistance (R) and current (I) 
yields the voltage: V = IR. Consequently, when the 
data acquisition system requires a 10 V input for a 
20 mA fullscale reading, a 500 Ω resistor does the 
job: 

EQN. 4.04. Shunt Resistor

 
�e current loop provides higher noise immunity 
and accuracy than does a voltage source when 
measuring with long leads of relatively high

resistance. In this case, the lead resistance is part of 
the 500 Ω, so in a simple series circuit, the shunt 
resistor is o�en adjustable in order to calibrate the 
loop to exactly 20 mA full scale. 

�e accuracy and stability of the measured voltage 
across the shunt are only as accurate and stable as 
the shunt resistor itself. Resistor accuracies are 
commonly 5, 1, 0.5, 0.1 and 0.01% and come with a 
temperature coe�cient that speci�es their stability 
over a speci�c temperature range. In addition, a 
0.1% resistor usually has a lower temperature 
coe�cient and better long-term stability than a 
resistor with lower accuracy because of its 
construction, which is usually wire wound or metal 
�lm vs. carbon �lm or carbon composition. 

Current Transformers
High ac currents can be measured with shunts 
under special circumstances, but most o�en such 
direct connections to ac lines are extremely 
dangerous to humans. One way to get around the 
hazard is to use current transformers (CT) that 
isolate ac line voltages and reduce input current by a 
speci�ed ratio. (See Figure 4.07.) A 500:5 CT, for 
example, has a 100:1 ratio and generates a 
secondary current of 5 A with 500 A in the primary. 
When a low value load resistor such as 0.01 Ω
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Current Transformers

Fig. 4.07. Current transformers are a convenient means to 
measure high ac currents. �e voltage dropped across the 
resistor is proportional to the current through the transformer.

Hall-Effect Sensor Flux Meter

Fig. 4.08. When either the voltage or current port is regulated 
and calibrated, the Hall-e�ect device can be used as a magnet-
ic �ux sensor. �e unregulated port provides an output signal 
proportional to the magnitude of unknown �ux density. 
However, a Hall-e�ect proximity sensor or switch is a more 
widely used component based on this principle.

connects to the output of the current transformer, 
the full load secondary current produces 50 mVrms, 
which can be easily read with the data acquisition 
system’s analog input. Although this output voltage 
seems low, higher resistance values will drive the CT 
out of its calibrated range and reduce the accuracy 
of the measurement. Moreover, a CT rated at 2 VA 
can handle only a maximum usable load resistance 
(including lead wires) of 0.08 Ω. 

For safety, always make certain that the current loop 
is closed before applying power. An open-circuit CT 
can generate many thousands of volts at its 
terminals with lethal current levels. For example, 
consider a 5,000:5 A current transformer with a 
turns ration of 1,000 to 1, and 10 Vac output signal 
developed across a calibrated low impedance load. 
�e open-circuit secondary voltage is then 1,000 X 
10 = 10,000 Vac, a very dangerous level to be 
connecting or disconnecting to a data acquisition 
system shunt resistor.

Hall-Effect Sensors
In 1879, Dr. Edwin Hall discovered the fundamental 
operating principle of the sensor named a�er him. 

�e basic Hall-e�ect sensor operates under the 
in�uence of three parameters; current, voltage, and 
a magnetic �eld. Hall passed a constant current 
through a gold foil conductor while exposing the 
surface of the conductor to a magnetic �eld. A 
voltage drop developed across the opposite sides of 
the conductor with a magnitude dependent on the 
property of the sensor material (Hall coe�cient) 
and proportional to the intensity of the magnetic 
�eld. (See Figure 4.08.) 

A modern Hall device replaces the original 
conductor with a thin sheet of semiconductor 
material. �e output voltage appears between two 
opposite edges of the sheet when the �at surface is 
exposed to a magnetic �eld, and a calibrated current 
is injected across the other two opposite edges. 

�e Hall-e�ect sensor is ideal for measuring 
magnetic �elds or ac and dc power. For power 
applications, it becomes a multiplying device. It 
automatically multiplies the voltage and current to 
yield power and includes the phase angle factor as 
an integral property. An electromagnetic coil
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generates the Beta �eld with its core perpendicular 
to the surface of the thin Hall element inside a 
shielded package. �e coil connects in series with 
the load to sense load current, and the load voltage 
connects across the semiconductor element as 
shown in Figure 4.09. �e resulting current vector 
drives a readout device calibrated in watts or 
becomes a control signal to a power controller in a 
closed-loop circuit. Because the Hall-element 
material is temperature sensitive, a packaged 
Hall-e�ect wattmeter contains temperature 
compensating circuits. �e de�ning equation for 
the output is the product of the vectors: 

EQN: 4.05. Hall-E�ect Sensor Power 
 P = E x I x Cos (φ) 
 Where:
 P = power in the load, W
 E = load voltage, V
 I = load current, A
 φ = phase angle between load voltage and
         load current

A Hall-e�ect sensor intended to measure a 
magnetic �eld is constructed such that the �at 
surface of the sensor element is exposed to the 
magnetic �eld. A calibrated voltage or current is 
applied to the edges of the semiconductor as 
described above, and the unit is calibrated to 
accurately measure a speci�c range of Beta 
(magnetic �ux) values. �e same principle is widely 
used in a Hall-e�ect switch, where the magnetic 
�eld bias may be applied with a permanent magnet 
and a slotted vane alternately interrupts the �ux 
path. �e output of the sensor switches between a 
low voltage and a high voltage as the �ux path is 
interrupted. Such a device had been used as a switch 
for many years in numerous automobile 
distributors to replace the ignition points. 

RESISTANCE
Basic Measurements
Ordinary ohmmeters measure resistance indirectly 
by injecting a small current into the resistor under 
test and measuring the resulting voltage drop across 
its terminals. Precision reference resistors called

Hall-Effect Sensor Wa�meter

Fig. 4.09. A Hall-E�ect sensor is an ideal wattmeter for measuring ac power. It inherently includes the phase angle between the voltage and 
current vectors as a multiplying factor to convert VA to W.
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�is produces a current of 2/2,000 = 1 mA. A 1,000 
Ω reference resistor keeps the current relatively low 
and satisfactorily measures unknown values down 
to the 100 Ω range. �e unknown resistor value is 
calculated from:

EQN. 4.06. Voltage Divider Resistor
 Ru = (Rk)(Vm)/(Vs – Vm)
 Where:
 Vm = measured input voltage, V
 Vs = source voltage channel, V
 Rk = known resistance, Ω
 Ru = unknown resistance, Ω

For example:
 Where:
 Vs = 2 V 
 Vm = 1.10 V 
 Rk = 1,000 Ω 
 Ru = unknown resistor, Ω
 �en:
 Ru = (1 k)(1.10 V)/(2.0 – 1.10)
 Ru = (1,100)/(0.90) = 1,222.2 Ω

Constant Current/Voltage Drop
Current source/voltage drop methods to measure 
unknown resistances use both two and four-wire 
circuits. Two-wire circuits should be avoided for 
measuring very low to moderately low resistances 
because the lead wires and connections can become 
part of the total resistance (which is added to the 
unknown value). 

Small Deviations
Resistance measurement errors come from a 
number of sources. �e most common errors in low 
resistance circuits for simple constant 
current/voltage drop methods using two wires 
come from the lead wire resistance and connections 
added to the unknown resistance. Keeping the lead 
wires short and using four-wire circuits such as

multipliers scale analog meters to read in the 
middle portion of its face, while digital ohmmeters 
scale either manually or automatically to properly 
position the decimal point. Digital multimeters 
(DMMs) similarly apply a dc voltage across an 
unknown resistor and a precision shunt resistor. �e 
test current generates a voltage drop across the 
shunt resistor, which is read by the ADC to output a 
digital value of the unknown resistor. Data 
acquisition systems, however, do not typically read 
ohms directly; they measure voltages and voltage 
ratios across known and unknown resistance 
dividers and compute equivalent resistor values. 

Voltage Divider Method
Resistance voltage divider circuits can use either 
single-ended or di�erential-input ampli�ers. (Refer 
to Figure 4.10.) �e known reference resistor should 
have a value that is close to the unknown value, and 
the source voltage should be low enough to ensure 
that the current is within acceptable limits such as 
1.0 mA or less. For example, when measuring an 
unknown resistor near 1,000 Ω, select a 1,000 Ω 
reference resistor and a supply of 2.0 Vdc.

Resistive Voltage Divider

Fig. 4.10. Resistive voltage dividers work with single-ended or 
di�erential ampli�ers and a reference resistor whose value is 
near the unknown resistor’s value.
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Wheatstone Bridge

Fig. 4.11. An unknown resistor placed in one arm of a Wheat-
stone bridge typically unbalances the circuit symmetry and 
produces an o�set voltage across nodes A and B. But adjusting 
a precision, variable resistor in the opposite arm brings the 
circuit back into balance when it equals the unknown resistor 
value, which may be read on a calibrated dial.

Anderson Loop

Fig. 4.12. �e Anderson loop uses a unique subtractor circuit, 
which eliminates errors arising from lead wire resistance. It 
measures only the sensing element’s resistance change.

Kelvin connections can minimize these errors. 
Errors in high resistance measurements can come 
from the shunt resistance of insulation, such as in 
wiring and connector bodies. When using a current 
source and measuring the voltage drop, use high 
input impedance measuring devices, whether they 
are voltmeters or signal conditioner inputs. For 
extremely high resistor measurements, use a voltage 
source and measure the current using short lead 
wires and robust connections. 

WHEATSTONE BRIDGE
Basic Principle
Wheatstone bridges o�en measure precise 
resistances and extremely small resistance changes. 
A typical bridge circuit is arranged in a symmetrical 
pattern of equal-value series-parallel resistors 
across a power source as shown in Figure 4.11.

When all resistors are identical, the voltage drops 
across them are equal, and the voltage between 
nodes A and B is zero. When one or more resistors 
are not equal, which is usually the resistor under 
test, the bridge unbalances and a null meter placed 
between the nodes measures the amount of 
unbalance. An adjustable resistor or a 
potentiometer can be placed in one arm of the 
bridge to manually rebalance the circuit. When the 
potentiometer drives the meter back to zero, its 
value then equals that of the unknown resistor. �e 
potentiometer comes with a precision, calibrated 
readout device that indicates its resistance, which is 
also the value of the unknown resistor. 

Anderson Loop Alternative
�e basic Anderson loop is o�en compared to a 
passive bridge circuit, but it provides higher
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accuracy measurements with less excitation voltage. 
Furthermore, it contains an ampli�er, which puts it 
in the class of an active device.

�e basic Anderson loop is a series circuit 
composed of one sensing element in series with one 
reference element powered by a constant-current 
source. A dual-di�erential operational ampli�er 
with high temperature stability and high CMRR, 
called a subtractor, delivers the output response 
from the sensing element. (Refer to Figure 4.12.) 
�e advantage of this topology lies in its ability to 
ignore changes in lead wire resistance and to 
amplify only the output changes of the sensing 
element. 

�e output response Vout of a basic straingage 
circuit is de�ned by: 

EQN. 4.07. Anderson Loop Output
 Vout = A1V1 – A2V2
 Vout = Ir (ΔRg)
 Where:
 A1 = ampli�cation factor of stage 1 
 A2 = ampli�cation factor of stage 2 
 V1 = voltage across sensing strain gage, V
 V2 = voltage across reference strain gage, V
 Ir = constant current, A
 ΔRg = strain gage resistance change, Ω

�e circuit is not limited to only one sensor; it can 
be expanded to contain numerous sensors in series 
such as a strain rosette. It may be connected to 
signal conditioners with only six wires plus a 
common as illustrated in Figure 4.13. Additional 
advantages include an output voltage that is linear 
for each gage response, it requires only 1/4 the 
power needed by the conventional bridge circuit, 
and the loop output voltage is twice that of a 
conventional strain gage. �e fact that the output 
signal of the Anderson loop is twice that of a strain

gage Wheatstone bridge circuit accounts for a 6 dB 
increase in signal-to-noise ratio.

�e output responses of a multiple strain gage 
arrangement can be expressed as: 

EQN 4.08. Multiple Strain Gage Output
 V1out – Vref = IΔR1
 V2out – Vref = IΔR2 
 V3out – Vref = IΔR3 
 V4out – Vref = IΔR4 
 Where: 
 Rref = Rn, nominal gage resistance 
 Vnout = output voltage, V
 I = constant current, A
 ΔRn = the change in resistance of the
       nth strain gage, Ω 
 Vref = reference voltage, V

Anderson Loop for Multiple Strain Gages

Fig. 4.13. �e Anderson loop may be connected to multiple 
sensors in series such as in this strain rosette.
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�e signi�cance of the output signal voltage, IΔRn, 
is that it is principally a function of the change in 
resistance or impedance of the sensing element, not 
it’s absolute terminal resistance. 

SINGLE-ENDED AND DIFFERENTIAL 
MEASUREMENTS 
Basic Principles 
Data acquisition systems provide for both 
single-ended and di�erential-input connections. 
�e basic di�erence between the two is the choice of 
the common connection for analog voltage inputs. 
Single-ended multichannel measurements require 
that all voltages be referenced to the same, 
well-chosen common node to prevent certain types 
of measurement errors. Sometimes, however, an 
ideal common point cannot be secured and a 
di�erential input is needed. 

Di�erential connections cancel or ignore 
common-mode voltages and can measure the 
di�erence between the two connected points. �e 
rejected common mode voltages can be steady dc 
levels or noise spikes. When given a choice, the 
di�erential input is preferred. 

When to Make Single-Ended Measurements 
When single-ended and di�erential input 
measurements are o�ered in the same data 
acquisition system, the di�erential inputs usually 
consume two of the single-ended inputs. �at is, 16 
single-ended input ampli�er channels equal 8 
di�erential-input ampli�er channels. When noise 
susceptibility and ground loops are not a concern, 
single-ended input measurements may be 
satisfactory. 

When to Make Differential Measurements 
Di�erential measurements call for a di�erential 
ampli�er to measure the di�erence voltage between 
the two input signal leads. Di�erential ampli�ers are

preferred because they provide greater noise 
rejection than single-ended ampli�ers. 
Furthermore, some sensors, particularly strain 
gages, require measuring the voltage di�erence 
between the two signal leads. Figure 4.14 depicts a 
di�erential ampli�er con�gured for a 
thermocouple. Although the ampli�er measures the 
voltage di�erence between the two inputs, a path to 
ground is required on at least one input of the 
ampli�ers. �e 10 kΩ resistor between the low side 
and ground provides a path for ampli�er bias 
current. If the resistor is absent or too high in value, 
the bias current drives the input to one of the power 
supply rail values, saturating the ampli�er, which 
exceeds its usual ±10 V common-mode range.

�e common-mode voltage generated by the bias 
current, ib, is: 

EQN. 4.09. Common Mode Voltage 
 Vcm = 2ibRb 
 Where: 
 ib = bias current, A 
 Rb = bias resistor, Ω

�e minimum value for Rb may be as low as a short 
circuit (on one side only), which reduces to a 
single-ended input con�guration. Otherwise, under 
worse-case conditions, the voltage error in percent

Differential Thermocouple Measurement

Fig. 4.14. �e resistor is necessary for at least one input to 
provide the path to ground for ampli�er bias currents.
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Common-mode rejection ratio, CMRR, is a critical 
ampli�er speci�cation and a measure of quality for 
instruments making di�erential measurements. A 
large CMRR is necessary to accurately measure a 
small di�erential signal on a large common mode 
voltage. �e CMRR speci�es the maximum e�ect of 
the common mode voltage on a di�erential 
measurement. Figure 4.16 shows the output signal 
free of the common mode input noise a�er passing 
through the di�erential ampli�er. �e two noise 
spikes entering the ampli�er are equal in phase and 
amplitude, so the di�erence ampli�er cancels them.

of the applied voltage due to source resistance and 
Rb is: 

EQN. 4.10. Voltage Error 

 Where:
 ΔE = error, % 
 Rs = source resistance, Ω 
 Rb = bias resistor, Ω

�is applies to Rb for a balanced circuit where bias 
resistors are on both inputs. Values for Rb typically 
range from 10 kΩ to 10 MΩ. If both equations 
cannot be satis�ed simultaneously, the source 
resistance is too high to operate within 
speci�cations. 

Some ampli�er inputs come with built-in bias 
resistors for di�erential measurements, while users 
supply the bias resistors for extremely 
high-impedance inputs. However, an incorrect 
user-supplied bias resistor might dramatically lower 
the input impedance in non-isolated systems and 
load the circuits being measured. Other data 
acquisition systems provide a suitable range of 
resistors that can be switched to analog common 
(preventing users from selecting an incorrect 
resistor). Alternatively, users can disconnect all 
resistors when a dc path already exists at the sensor 
for bias current to �ow from the ampli�er inputs to 
analog common. 

Consider the strain gage in Figure 4.15. When the 
excitation voltage is referenced to the same 
common as the di�erential ampli�er, bias resistors 
are not required because the strain gage itself 
provides a current path to ground for the 
instrumentation ampli�er. However, when the 
instrumentation ampli�er is �oating or referenced 
to a di�erent common, at least one bias resistor is 
required. A balanced termination with a 100 kΩ 
resistor can also be used.

Differential Strain Gage Measurement

Fig. 4.15. When the strain gage reference voltage and ampli�er 
share the same common terminal, switched bias resistors are 
not necessary.

Differential Mode Noise Rejection

Fig. 4.16. �e di�erential ampli�er rejects voltages that are 
common to both lines.
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An ampli�er’s CMRR is typically speci�ed in 
decibels, dB, a ratio of two voltages that may di�er 
by a large magnitude, and determined by: 

EQN. 4.11. Common Mode Rejection Ratio 
 dB = 20 log(V1/V2) 
 Where: 
 V1 = larger voltage, V 
 V2 = smaller voltage, V 

For example, a ratio of 10 equals 20 dB, a ratio of 
100 equals 40 dB and each additional factor of 10 
adds another 20 dB to the sum. Furthermore, an 
ampli�er with a speci�cation of 100 dB corresponds 
to a ratio of 100,000, so an instrument with a CMRR 
of 100 dB measuring a signal on a common-mode 
voltage of 1 volt can have an error of 0.01 mV. If the 
common-mode voltage is larger, or if greater 
accuracy is needed, an ampli�er with a CMRR of at 
least 120 dB would be needed, a ratio of one million 
to one. 

Calculate the CMRR for a di�erential ampli�er 
given in a data sheet: 
 Where Adi� = di�erential gain = 10
 Acm = common mode gain = 0.001553 

EQN. 4.12. Common Mode Rejection Ratio 
 CMRR = Adi�/Acm 
 CMRR = 10/0.001553 
 CMRR = 6,439 

Find CMRR in dB: 

EQN. 4.13. CMRR Example 
 CMRRdB = 20 log 6439 = 20(3.820) = 76.4 dB 

High Common-Mode Voltage Measurements 
O�en, a small voltage riding on a much larger 
voltage must be measured. For example, when a 
thermocouple sits on one terminal of a battery, the 
signal conditioner input must be able to measure

the millivolt output of the thermocouple while 
suppressing the battery voltage. When the 
common-mode voltage is less than 15 V, an 
instrument ampli�er with di�erential inputs can 
read the thermocouple voltage while ignoring the 
battery voltage. When the common-mode voltage is 
higher than 15 V, however, an isolation ampli�er is 
usually required. (Also refer to Figure 4.04.) 

Although isolation does not protect ampli�ers 
against excessive normal-mode input voltage 
(voltage across a pair of inputs), it does protect 
against excessive common-mode voltage. Isolation 
eliminates a potentially large and damaging current 
that would �ow from the signal source due to the 
common-mode voltage. 

Several isolation methods inherently include high 
common-mode voltage rejection. Each channel can 
have an isolation ampli�er, or a group of channels 
(not isolated from each other) can be multiplexed 
and digitized by an ADC before the digital data are 
isolated. Isolation barriers can be optical, magnetic, 
or capacitive. �e most common types are 
optocouplers composed of infrared (IR) 
light-emitting diodes (LEDs) detected by 
photodiodes on the opposite side of a high-voltage, 
quartz barrier. Optocouplers can transmit 
numerical data in serial pulse trains or sine waves 
and pulse trains whose frequency or pulse width 
can be modulated with analog signals. Varying LED 
current, as shown in Fig. 4.17, can also transmit 
analog information. Magnetic barriers using 
transformers and capacitive barriers are generally 
internal and used in monolithic or hybrid isolation 
ampli�ers. 

In frequency-coupled isolation, a high-frequency 
carrier signal is inductively or capacitively coupled 
across the isolation barrier. �e signal is modulated 
on the input side and demodulated on the output 
side to reproduce the original input signal.
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Isolated ADCs and their accompanying signal 
conditioning circuits �oat. �e ADC converts the 
input signal to a digital signal, and the interface for 
transferring the digital code is digitally isolated. 
(See Chapter 6.) 

KELVIN CONNECTIONS
Basic Principle
Wheatstone bridge circuits are accurate, simple, 
sensitive, and convenient ohmmeters to operate 
when the bridge, the unknown resistance, and the 
readout are all located near one another. But when 
the excitation and regulation circuit are located 
several meters away from the bridge circuit, the lead 
resistance, RL, may cause an error in the excitation 
voltage. 

One way around the problem is to use a Kelvin 
connection, a method that connects the excitation 
and regulator circuits to the bridge with four wires. 
Two wires carry the excitation current, and the 
other two, the sense lines, measure the excitation 
voltage at the bridge and carry no current. Because 
the signal conditioning circuit has high input 
impedance, little current �ows in the input leads, so

their resistance does not introduce signi�cant 
errors. (See Figure 4.18.) 

Examples of Kelvin-Type Measurements
An example of the Kelvin circuit illustrates an 
ohmmeter composed of a current source and a 
voltmeter. (See Figure 4.19.) �e voltmeter 
measures the voltage dropped by the load resistor so 
the value of the resistor is simply V/I. �e accuracy 
of the calculated resistance in this con�guration is 
directly proportional to the accuracy of the 
ammeter and voltmeter. �e resistance is calculated 
with Ohms law: 

EQN: 4.14. Kelvin Connection Resistance 
 Ru = V/I 
 Where: 
 Ru = unknown resistance, Ω 
 V = voltmeter reading, V 
 I = ammeter reading, A 
 Rw = lead resistance 
 Vs = voltage source

Optical Couplers

Fig. 4.17. When making high common-mode voltage 
measurements, optical couplers provide a convenient and safe 
means for connecting the voltage to data acquisition systems.

Kelvin Connection

Fig. 4.18. �e Kelvin connection eliminates lead resistance 
from altering the excitation voltage by using a second pair of 
wires. �e measuring device has relatively high input imped-
ance so it does not draw current and develop a voltage drop 
across its leads that would add an error.
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Voltmeter calibrated in ohms
Rm = Multiplier resistors
Rw = Lead resistance
Ru = Unknown resistor
Vs = Voltage source
Is = Current source

Although the load or unknown resistor may be 
located a considerable distance from the ammeter 
and voltmeter, the long voltmeter leads in the Kelvin 
equivalent circuit do not drop signi�cant voltage 
because they draw negligible current. Moreover, 
specially designed Kelvin clips are available that 
connect to the load with minimal voltage drop at 
the jaw hinges and contact surfaces.

Basic Ohmmeter Circuit

Kelvin Connection for Remote Voltmeter

Kelvin Connection: Ohmmeter Circuit

Common Ohmmeter Circuits

Fig. 4.19. �e basic ohmmeter circuit contains a current source 
and multiplier resistors so the voltmeter scale may be calibrat-
ed in Ω. �e Kelvin connection uses more than one set of leads 
to eliminate the lead resistance as a variable in the equation 
for both local and remote measurements.
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AMPLIFICATION
Data Acquisition Front Ends
Data acquisition systems di�er from single or 
dual-channel instruments in several ways. �ey can 
measure and store data collected from hundreds of 
channels simultaneously. However, the majority of 
systems contain from eight to 32 channels, typically 
in multiples of eight. By comparison, a simple volt-
meter that can select a measurement among several 
di�erent ranges can be considered a data acquisition 
system, but the need to manually change voltage 
ranges and a lack of data storage hobbles its useful-
ness. 

Figure 5.01 illustrates a simple data acquisition 
system consisting of a switching network (multi-
plexer) and an analog-to-digital converter (ADC), 
both of which were discussed in Chapters 2 and 3. 
�e main subject of this chapter, the instrumenta-
tion ampli�er (IA), is placed between the multiplex-
er and ADC. �e individual circuit blocks each have 
unique capabilities and limitations, which together 
de�ne the system performance.

�e ADC is the last in a series of stages between the 
analog domain and the digitized signal path. In any 
sampled-data system, such as a multiplexed data 
acquisition system, a sample-and-hold stage 
preceding the ADC is necessary. �e ADC cannot 
digitize a timevarying voltage to the full resolution 
of the ADC unless the voltage changes relatively 
slowly with respect to sample rate. Some ADCs have 
internal sample-and-hold circuits or use architectures 

that emulate the function of the sample-and-hold 
stage. �e discussion that follows assumes that the 
ADC block includes a suitable sample-and-hold 
circuit (either internal or external to the chip) to 
stabilize the input signal during the conversion 
period.

�e primary parameters concerning ADCs in data 
acquisition systems are resolution and speed. Data 
acquisition ADCs typically run from 20 kHz to 1 
MHz with resolutions of 16 to 24 bits, and have one 
of two types of inputs, unipolar or bipolar. �e 
unipolar-type typically ranges from 0 V to a positive 
or negative voltage such as 5 V. �e bipolar-type 
typically ranges from a negative voltage to a positive 
voltage of the same magnitude. Many data acquisi-
tion systems can read bipolar or unipolar voltages to

Chapter 5
Fundamental Signal Conditioning

Fig. 5.01. A simple data acquisition system is composed of a 
multiplexed input stage, followed by an instrumentation 
ampli�er that feeds one accurate and relatively expensive 
ADC. �is arrangement saves the cost of multiple ADCs.
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the full resolution of the ADC, which requires a 
level-shi�ing stage to let bipolar signals use 
unipolar ADC inputs and vice versa. For example, a 
typical 16-bit, 100 kHz ADC has an input range of 
-5 V to +5 V and a full-scale count of 65,536. Zero 
volts corresponds to a nominal 32,768 count. If the 
number 65,536 divides the 10 V range, the quotient 
is an LSB (least signi�cant bit) magnitude of 153 μv.

Multiplexing through high source impedances does 
not work well. �e reason that low source 
impedance is necessary in a multiplexed system is 
easily explained with a simple RC circuit shown in 
Figure 5.02. Multiplexers have a small parasitic 
capacitance from all signal inputs and outputs to 
analog common. �ese small capacitance values 
a�ect measurement accuracy when combined with 
source resistance and fast sampling rates. A simple 
RC equivalent circuit consists of a dc voltage source 
with a series resistance, a switch, and a capacitor. 
When the switch closes at T = 0, the voltage source 
charges the capacitor through the resistance. When 
charging 100 pF through 10 kΩ, the RC time 
constant is 1 μs. In a 10 μs time interval (of which 2 

μs is available for settling time), the capacitor only 
charges to 86% of the value of the signal, which 
introduces a major error. But a 1 kΩ resistor lets the 
capacitor easily charge to an accurate value in 20 
time constants. 

Figure 5.03A shows how system input impedance 
and the transducer’s source impedance combine to 
form a voltage divider, which reduces the voltage 
read by the ADC. �e input impedance of most 
input channels is 1 MΩ or more, so it’s usually not a 
problem when the source impedance is low. 
However, some transducers (piezoelectric, for 
example) have high source impedance and should 
be used with a special charge ampli�er. In addition, 
multiplexing can greatly reduce a data acquisition 
system’s e�ective input impedance. (See also 
Chapter 3, Multiplexing, Input and Source 
Impedance.) �e charge injection e�ects are shown 
in Figure 5.03B.

Fig. 5.03A. �e sensor’s source impedance Rs should be 
relatively small to increase the voltage divider drop across Ri, 
the ampli�er’s input. �is can substantially improve the 
signal-to-noise ratio for mV range sensor signals.

Fig. 5.02. �e source resistance should be as low as possible to 
minimize the time constant of the MUX’s parasitic capaci-
tance C and series resistance R. An excessively long time 
constant can adversely a�ect the circuit’s measurement 
accuracy.

Operational Amplifiers
Many sensors develop extremely low-level output 
signals. �e signals are usually too small for apply-
ing directly to low-gain, multiplexed data
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Fig. 5.03B. Analog-switching devices can produce spikes in the 
MUX output during level transitions in the drive signal. �is 
is called charge-injection e�ect and can be minimized with 
low source impedance.

acquisition system inputs, so some ampli�cation is 
necessary. Two common examples of low-level 
sensors are thermocouples and strain-gage bridges 
that typically deliver full-scale outputs of less than 
50 mV. 

Most data acquisition systems use a number of 
di�erent types of circuits to amplify the signal 
before processing. Modern analog circuits intended 
for these data acquisition systems comprise basic 
integrated operational ampli�ers, which are

con�gured easily to amplify or bu�er signals. 
Integrated operational ampli�ers contain many 
circuit components, but are typically portrayed on 
schematic diagrams as a simple logical functional 
block. A few external resistors and capacitors 
determine how they function in the system. �eir 
extreme versatility makes them the universal analog 
building block for signal conditioning. 

Most operational ampli�er stages are called 
inverting or non-inverting. (See Figure 5.04.) A 
simple equation relating to each con�guration 
provides the idealized circuit gains as a function of 
the input and feedback resistors and capacitors. 
Also, special cases of each con�guration make up 
the rest of the fundamental building blocks, namely 
the unity-gain follower and the di�erence ampli�er. 

Inverting Amplifier Stages
�e inverter stage is the most basic operational 
ampli�er con�guration. It simply accepts an input 
signal referenced to common, ampli�es it, and 
inverts the polarity at the output terminals. �e 
open-loop gain of a typical operational ampli�er is 
in the hundreds of thousands. But the idealized

Fig. 5.04. �e two basic types of operational ampli�ers are called inverting and non-inverting. �e stage gain equals the ratio between the 
feedback and input resistor values.
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ampli�er used to derive the transfer function 
assumes a gain of in�nity to simplify its derivation 
without introducing signi�cant errors in calculating 
the stage gain. With such a high stage gain, the input 
voltage sees only the voltage divider composed of Rf 
and Ri. �e negative sign in the transfer function 
indicates that the output signal is the inverse 
polarity of the input. Without deriving the transfer 
function, the output is calculated from:

EQN 5.01. Inverting Ampli�er
 Vo = –Vin(Rf/Ri)
 Where:
 Vo = output signal, V 
 Vin = input signal, V 
 Rf = feedback resistor, Ω 
 Ri = input resistor, Ω 

For example, for a 500 mV input signal and a 
desired output of -5 V:
 
 Vo = Vin(Rf/Ri) 
 Vo/Vin = Rf/Ri 
 5/0.50 = Rf/Ri = 10 

�erefore, the ratio between input and feedback 
resistors should be 10, so Rf must be 100 kΩ when 
selecting a 10 kΩ resistor for Ri. (See Figure 5.05.) 

�e maximum input signal that the ampli�er can 
handle without damage is usually about 2 V less 
than the supply voltage. For example, when the 
supply is ±15 Vdc, the input signal should not 
exceed ±13 Vdc. �is is the single most critical 
characteristic of the operational ampli�er that limits 
its voltage handling ability. (See Chapter 4, 
Electrical Measurements.)

Non-Inverting Amplifier Stages
�e non-inverting ampli�er is similar to the 
previous circuit but the phase of the output signal 
matches the input. Also, the gain equation simply 
depends on the voltage divider composed of Rf and 
Ri. (See Figure 5.06.)

�e simpli�ed transfer function is: 

EQN 5.02. Non-Inverting Ampli�er
 Vo = Vin(Rf + Ri)/Ri

For the same 500 mV input signal, Rf = 100 kΩ, and 
Ri = 10 kΩ:

 Vo/Vin = (Rf + Ri)/Ri
 Vo = Vi(Rf + Ri)/Ri 
 Vo = 0.50(100 k + 10 k)/10 k 
 Vo = 0.50(110 k/10 k) = 0.50(11) 
 Vo = 5.5 V 

�e input voltage limitations discussed for inverting 
ampli�ers applies equally well to the non-inverting 
ampli�er con�guration. 

Differential Amplifiers 
Di�erential-input ampli�ers o�er some advantages 
over inverting and non-inverting ampli�ers. It 
appears as a combination of the inverting and 
non-inverting ampli�ers as shown in Figure 5.07.

Fig. 5.05. �e output polarity of the inverting ampli�er is 
opposite to that of the input voltage. �e closedloop ampli�ca-
tion or gain of this stage is Acl = 10, which is the ratio of Rf/Ri 
or 100 kΩ/10 kΩ.
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Fig. 5.06. �e input and output polarities of the non-inverting 
ampli�er are the same. �e gain of the stage is Acl = 11 or (Rf 
+ Ri)/Ri.

Fig. 5.07. �e output voltage of the basic di�erential ampli�er 
is the di�erence between the two inputs, or Acl = g(V1-V2), 
where g is the gain factor. Because all resistors in this example 
are of equal value, the gain is unity. However, a gain of 10 may 
be obtained by making the feedback resistor 10 times larger 
than the input resistors, under the conditions that both 
feedback resistors are equal and the input resistors are equal.

�e input signal is impressed between the opera-
tional ampli�er’s positive and negative input termi-
nals and can be isolated from common or a ground 
pin. �e optional ground pin is the key to the ampli-
�er’s �exibility. �e output signal of the di�erential 
input ampli�er responds only to the di�erential 
voltage that exists between the two input terminals. 
�e transfer function for this ampli�er is: 

EQN 5.03. Di�erential Ampli�er 
 Vo = (Rf/Ri)(V1 – V2) 
For an input signal of 50 mV, Where: 
 
 V1 = 1.050 V and V2 = 1.000 V 
 Vo = (Rf/Ri)(V1 – V2) 
 Vo = (100 k/100 k)(0.05 V) 
 Vo = 0.05 V 
For a gain of 10 where Rf = 100 k and Ri = 10 k: 

 Vo = (Rf/Ri)(V1 – V2) 
 Vo = (100 k/10 k)(0.05 V) 
 Vo = 0.50 V 

�e major bene�t of the di�erential ampli�er is its 
ability to reject any voltages that are common to 
both inputs while amplifying the di�erence voltage. 
�e voltages that are common to both inputs are 
appropriately called common-mode voltages (Vcm 
or CMV). �e common-mode voltage rejection 
quality can be demonstrated by connecting the two 
inputs together and to a voltage source referenced to 
ground. Although a voltage is present at both 
inputs, the di�erential ampli�er responds only to 
the di�erence, which in this case is zero. �e ideal 
operational ampli�er, then, yields zero output volts 
under this arrangement. (See the following section 
on Instrumentation Ampli�ers, High Com-
mon-Mode Ampli�ers.)

Programmable-Gain Amplifiers
Programmable gain ampli�ers are typically non-in-
verting operational ampli�ers with a digitally 
controlled analog switch connected to several resis-
tors in its feedback loop. An external computer
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Fig. 5.08. �e non-inverting ampli�er is con�gured for 
programmable gain and controlled by the binary input signals 
from a computer to the addressable inputs of the analog 
switch.

or another logic or binary signal controls the 
addressable inputs of the analog switch so it selects 
a certain resistor for particular gain. (See Figure 
5.08.) �e data acquisition system’s signal 
conditioners sense the input signal amplitude and 
automatically send the proper binary code to the 
programmable gain ampli�er (PGA) to increase the 
gain for a low signal, or decrease the gain for a large 
signal. �e input signal then can be measured and 
displayed without distortion.

INSTRUMENTATION AMPLIFIERS
A Fundamental Problem
Because signal levels from some transducers may be 
just a few microvolts, special problems concerning 
ground loops and spurious interference frequently 
arise when amplifying them. Other transducers 
provide output signals from di�erential signal 
sources to minimize grounding problems and 
reduce the e�ect of common-mode interfering 
signals. Ampli�ers used in these applications must 
have extremely low input current, dri�, and o�set 
voltage; stable and accurate voltage gain; and high 
input impedance and common-mode rejection. 

Although common integrated operational 
ampli�ers with several stages and extremely tight 
resistor ratios are o�en used, specially designed 
instrumentation ampli�ers are preferred for these 
applications. �e high-performance operational 
ampli�ers still use basic circuits but ensure that they 
provide extremely high common-mode rejection 
and don’t need high precision matched resistors to 
set the gain. Many instrumentation ampli�ers are 
designed for special applications and provide 
unique features to increase their accuracy and 
stability for those applications. 

For example, the functional block following the 
switching network in a data acquisition system, 
Figure 5.09, is an instrumentation ampli�er with 
several critical functions. It rejects common-mode 
voltages, ampli�es signal voltages, minimizes the 
e�ect of the multiplexer on resistance, and drives 
the ADC input. 

High Common-Mode Amplifiers
�e common mode voltage is de�ned as the voltage 
applied from analog common to both inputs when 
the inputs are identical. (See Figure 5.10.) However, 
when the two input voltages are di�erent, 4.10 and 
4.20 V for example, the common mode voltage,
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Fig. 5.09. An instrumentation ampli�er is typically a di�eren-
tial input operational ampli�er with a high common-mode 
rejection ratio.

Fig. 5.10. �e common mode voltage rejection is measured 
with the two inputs shorted together and a voltage applied to 
the node. �e potentiometer is then adjusted for minimum 
(VoCM) output from the ampli�er, signifying that the best 
balance was reached between the two inputs.

Vcm, is 4.10 V and the di�erential voltage between 
the two is 0.10 V. Ideally, the instrumentation 
ampli�er ignores the common mode voltage and 
ampli�es only the di�erence between the two 
inputs. �e degree to which the ampli�er rejects 
common mode voltages is given by a parameter 
called common mode rejection ratio CMRR. (See 

Chapter 4, When to Make Di�erential 
Measurements.) �e ability of an instrumentation 
ampli�er (IA) to reject high common mode voltages 
is sometimes confused with its ability to reject high 
voltages. (See Chapter 4, Electrical Measurements). 

�e signal voltages measured are frequently much 
smaller than the maximum allowed input of the 
system’s ADC. For example, a 0 to 100 mV signal is 
much smaller than the 0 to 5 V range of a typical 
ADC. A gain of 50 is needed to obtain the 
maximum practical resolution for this 
measurement. Instrumentation ampli�ers are 
capable of gains from 1 to more than 10,000, but in 
multiplexed systems, the gains are usually restricted 
to a range of 1 to 1,000. 

Measurement errors come from the non-ideal ON 
resistance of analog switches added to the 
impedance of any signal source. But the extremely 
high input impedance of the IA minimizes this 
e�ect. �e input stage of an IA consists of two 
voltage followers, which have the highest input 
impedance of any common ampli�er con�guration. 
�e high impedance and extremely low bias current 
drawn from the input signal generate a minimal 
voltage drop across the analog switch sections and 
produce a more accurate signal for the IA input. 

�e instrumentation ampli�er has low output 
impedance, which is ideal for driving the ADC 
input. �e typical ADC does not have high or 
constant input impedance, so the preceding stage 
must provide a signal with the lowest impedance 
practical. 

Some instrumentation ampli�ers have limitations 
concerning o�set voltage, gain error, limited 
bandwidth, and settling time. �e o�set voltage and 
gain error can be calibrated out as part of the 
measurement, but the bandwidth and settling time
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Fig. 5.11. �e instrumentation ampli�er exhibits extremely high impedance to the inputs V1 and V2. Resistor Rm adjusts the gain, and the 
single-ended output is a function of the di�erence between V1 and V2.

are parameters that limit the frequencies of 
ampli�ed signals and the frequency at which the 
input switching system can switch channels 
between signals. A series of steady dc voltages 
applied to an instrumentation ampli�er in rapid 
succession generates a di�cult composite signal to 
amplify. �e settling time of the ampli�er is the time 
necessary for the output to reach �nal amplitude to 
within some small error (o�en 0.01%) a�er the 
signal is applied to the input. In a system that scans 
inputs at 100 kHz, the total time spent reading each 
channel is 10 μs. If analog-to-digital conversion 
requires 8 μs, settling time of the input signal to the 
required accuracy must be less than 2 μs.

Although calibrating a system can minimize o�set 
voltage and gain error, it is not always necessary to 
do so. For example, an ampli�er with an o�set 
voltage of 0.5 mV and a gain of 2 measuring a 2 V 
signal develops an error of only 1 mV in 4 V on the 
output, or 0.025%. By comparison, an o�set of 0.5 
mV and a gain of 50 measuring a 100 mV signal 
develop an error of 25 mV in 5 V or 0.5%. Gain 
error is similar. A stage gain error of 0.25% has a 
greater overall e�ect as gain increases producing 
larger errors at higher gains and minimal errors at 
unity gain. System so�ware can generally handle 
known calibration constants with mx+b routines, 
but some measurements are not critical enough
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Fig. 5.12A. Butterworth �lter and response characteristics

Fig. 5.12B. Chebyshev �lter and response characteristics

to justify the e�ort. 

Integrated Instrumentation Amplifiers 
Integrated instrumentation ampli�ers are 
high-quality op amps that contain internal 
precision feedback networks. �ey are ideal for 
measuring low-level signals in noisy environments 
without error, and amplifying small signals in the 
midst of high common-mode voltages. Integrated 
instrumentation ampli�ers are well suited for direct 
connection to a wide variety of sensors such as 
strain gages, thermocouples, RTDs, current shunts, 
and load cells. �ey are commonly con�gured with 
three op amps – two di�erential inputs and one 
di�erential output ampli�er. (See Figure 5.11.) 
Some have built-in gain settings of 1 to 100 and 
others are programmable. 

Programmable-Gain Instrumentation 
Amplifiers 
A special class of instrumentation ampli�ers, called 
programmable-gain instrumentation ampli�ers 
(PGIA), switch between �xed gain levels at high 
speeds for di�erent input signals delivered by the 
input switching system. �e same digital control 
circuitry that selects the input channel also can 
select a gain range. �e principle of operation is the 
same as that described above for Programmable 
Gain Ampli�ers. 

FILTERING
�e three most common types of �lters are called 
Butterworth, Chebyshev, and Bessel. (See Figures 
5.12A, B, and C.) Each type has unique 
characteristics that make it more suitable for one 
application than another. All may be used for 
high-pass, low-pass, band-pass, and band-reject 
applications, but they have di�erent response 
pro�les. �ey may be used in passive or active �lter 
networks.
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Fig. 5.12C. Bessel �lter and response characteristics

Fig.5.13A. An instrumentation ampli�er, a lowpass �lter, and 
a unity gain bu�er ampli�er placed between the sensor output 
and MUX input transforms the sensor’s high output imped-
ance to a low impedance. �is is required by the MUX to 
maintain accuracy.

and the magnitude of the high frequency relative to 
the corner frequency. An ampli�er stage doesn’t 
need high bandwidth when the measured signal is 
at a much lower frequency. In fact, the design is 
intended to eliminate excessive bandwidth in all 
circuits, which reduces noise. One major bene�t of 
individual signal conditioning stages for low-level 
sensors (as opposed to multiplexed stages) is to 
include low-pass �ltering on a per-channel basis in 
the signal path. In a multiplexed circuit (an 
ampli�er which is being shared by multiple 
low-level dc signals), the main signal path generally 
cannot operate as a low-pass �lter due to the fast 
settling time necessary in multiplexed systems. (See 
Figure 5.13A.) 

�e best place for low-pass �lters is in the individual 
signal path before bu�ering and multiplexing. (See 
Figure 5.13B.) For small signals, amplifying with an 
instrumentation ampli�er prior to �ltering lets an 
active low-pass �lter operate at optimum 
signal-to-noise ratios. Figure 5.13C illustrates a 
typical ampli�er-�lter-multiplexer con�guration.

�e Butterworth �lter has a fairly �at response in 
the pass-band for which it is intended and a steep 
attenuation rate. It works quite well for a step 
function, but shows a non-linear phase response. 
Chebyshev �lters have a steeper attenuation than 
Butterworth, but develop some ripple in the pass 
band and ring with a step response. �e phase 
response is much more non-linear than the 
Butterworth. Finally, Bessel �lters have the best step 
response and phase linearity. But to be most useful, 
Bessel �lters need to have a high order (number of 
sections) to compensate for their slower rate of 
attenuation beyond the cut-o� frequency. 

Low-Pass Filters 
Low pass �lters attenuate higher frequencies in 
varying degrees depending on the number of stages
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Fig.5.13B. Low-pass �lters inserted in each channel as needed 
simultaneously reduce the bandwidth and noise while passing 
the targeted, lower frequency signals.

Fig. 5.13C. A typical production type data acquisition system 
contains an instrumentation ampli�er and a low-pass �lter in 
each channel preceding the MUX. �e ampli�er boosts 
low-level signals su�ciently well to let the active �lter work at 
an optimum signal-to-noise ratio.

Fig. 5.14. �e high-pass �lter is designed to have a lower 
corner frequency near zero and the cuto� frequency at some 
higher value. �e number of capacitor/resistor pairs 
determines the number of poles and the degree of cuto� sharp-
ness.

High-Pass Filters 
High-pass �lters operate in reverse to low-pass 
�lters. �ey attenuate the lower frequencies and are 
needed when low-frequency interference can mask 
high-frequency signals carrying the desired 
information or data. Low frequency electrical 
interference sometimes couples into the system 
from 50 or 60 Hz power lines. Similarly, when 
analyzing a machine for vibration, the desired 
signals can be corrupted by low frequency 
mechanical interference from the vibrating

laminations of a power transformer mounted to its 
frame. Moreover, a combination of high-pass and 
low-pass �lters may be used to create a notch �lter 
to attenuate a narrow band of frequencies, such as 
50 to 60 Hz and their �rst harmonic. A 3-pole 
high-pass �lter is shown in Figure 5.14.

Passive vs. Active Filters 
Passive �lters comprise discrete capacitors, 
inductors, and resistors. As the frequencies 
propagate through these networks, two problems 
arise: the desired signal is attenuated by a relatively 
small amount, and when connected to a load, the 
original �ltering characteristics change. However, 
active �lters circumvent these problems. (See Figure 
5.15.) �ey comprise operational ampli�ers built 
with both discrete and integrated resistors, 
capacitors, and inductors. �ey can provide the 
proper pass-band (or stop-band) capability without 
loading the circuit, attenuating the desired signals, 
or changing the original �ltering characteristics. 
�e advantages of such a �lter is; it is easier to 
design, and it has �ner tuning, fewer parts count, 
and improved �lter characteristics.
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Switched-Capacitance Filters
Although active �lters built around operational 
ampli�ers are superior to passive �lters, they still 
contain both integrated and discrete resistors. 
Integrated-circuit resistors occupy a large space on 
the substrate and their values can’t be made easily to 
high tolerances, either in relative or absolute values. 
But capacitors with virtually identical values can be 
formed on integrated circuits more easily, and when 
used in a switching mode, they can replace the 
resistors in �lters.

�e switched-capacitor �lter is a relatively recent 
improvement over the traditional active �lter. James 
Clerk Maxwell compared a switched capacitor to a 
resistor in a treatise in 1892, but only recently has 
the idea taken hold in a zero-o�set electronic switch 
and a high input impedance ampli�er. �e

Fig. 5.15. Passive �lters tend to change in frequency-cuto� 
characteristics with a change in load. To prevent this, an active 
device such as a transistor or op amp isolates the last pole from 
the load to maintain stable �lter characteristics.



Data Acquisition Handbook 49

Chapter 5: Fundamental Signal Conditioning

Fig. 5.16. Because resistors have wider tolerances and require 
more substrate area than capacitors, a technique that uses 
multiple precision capacitors to replace resistors in �lters is 
called a switched capacitor circuit.

Fig. 5.17. When the input signal exceeds about 10 V, the 
divider drops the excess voltage to prevent input ampli�er 
damage or saturation.

switched-capacitor concept is now used in 
extremely complex and accurate analog �lter 
circuits. 

�e theory of operation is depicted in Figure 5.16. It 
shows that with S2 closed and S1 open, a charge 
from V2 accumulates on C. �en, when S2 opens, S1 
closes, and the capacitor transfers the charge to V1. 
�is process repeats at a particular frequency, and 
the charge becomes a current by de�nition, that is, 
current equals the transfer of charge per unit time.

�e derivation of the equation is beyond the scope 
of this handbook, but it can be shown that the 
equivalent resistor may be determined by:

EQN 5.04 Switched-Capacitance Filters
 (V2 – V1)/i = 1/(fC) = R
 Where:
 V2 = voltage source 2, V
 V1 = voltage source 1, V
 i = equivalent current, A
 f = clock frequency, Hz
 C = capacitor, F
 R = equivalent resistor, Ω

�e above equation states that the switched 
capacitor is identical to a resistor within the 
constraints of the clock frequency and �xed

capacitors. Moreover, the equivalent resistor’s 
e�ective value is inversely proportional to the 
frequency or the size of the capacitor. 

ATTENUATION 
Voltage Dividers
Most data acquisition system inputs can measure 
voltages only within a range of 5 to 10 V. Voltages 
higher than this must be attenuated. 
Straightforward resistive dividers can easily 
attenuate any range of voltages (see Figure 5.17), but 
two drawbacks complicate this simple solution. 
First, voltage dividers present substantially lower 
impedances to the source than direct analog inputs. 
Second, their output impedance is much too high 
for multiplexer inputs. For example, consider a 10:1 
divider reading 50 V. If a 900 kΩ and a 100 kΩ 
resistor are chosen to provide a 1 MΩ load to the 
source, the impedance seen by the analog 
multiplexer input is about 90 kΩ, still too high for 
the multiplexed reading to be accurate. When the 
values are both downsized by a factor of 100 so the 
output impedance is less than 1 kΩ, the input
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Fig. 5.18. An op amp or a transistor serves as an impedance 
matching bu�er to prevent the load from a�ecting the divider’s 
output voltage.

impedance seen by the measured source is 10 kΩ, or 
2 kΩ/V, which most instruments cannot tolerate in 
a voltage measurement. Hence, simple attenuation 
is not practical with multiplexed inputs. 

Buffered Voltage Dividers
�e low impedance loading e�ect of simple voltage 
dividers can be overcome using unity-gain bu�er 
ampli�ers on divider outputs. A dedicated 
unity-gain bu�er has high-input impedance in the M
Ω range and does not load down the source, as does 
the network in the previous example. Moreover, the 
bu�ers’ output impedance is extremely low, which is 
necessary for the multiplexed analog input. (See 

Figure 5.18.) 

Balanced Differential Dividers 
Not all voltage divider networks connect to a 
ground or a common reference point at one end. 
Sometimes, a balanced di�erential divider is a 
better solution for driving the data acquisition 
system’s input terminals. (See Figure 5.19.) In this 
case, the CMRR of the di�erential ampli�er 
e�ectively reduces the common-mode noise that 
can develop between di�erent grounds in the 
system. 

High-Voltage Dividers 
Some data acquisition systems employ special input 
modules containing high-voltage dividers that can 
easily measure up to 1,200 V. �ey are properly 
insulated to handle the high voltage and have 
resistor networks to select a number of di�erent 
divider ratios. �ey also contain internal trim 
potentiometers to calibrate the setup to extremely 
close tolerances. 

Compensated Voltage Dividers and Probes 
Voltage divider ratios applied to dc voltages are 
consistently accurate over relatively long distances 
between the divider network and data acquisition 
system input when the measurement technique 
eliminates the dc resistance of the wiring and cables. 
�ese techniques include a second set of input 
measuring leads separate from those that apply 
power to the divider such as the Kelvin connection 
discussed in Chapter 4. 

Voltage dividers used on ac voltages, however, must 
always compensate for the e�ective capacitance 
between the conductors and ground or common, 
even when the frequency is as low as 60 Hz. It’s not 
uncommon to �nd that when the ac voltages are 
calibrated to within 0.01% at the divider network, 
the voltages reaching the data acquisition system 
input terminals may be out of tolerance by as much
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Fig. 5.19. A typical high-voltage input card for a data acquisition system contains a balanced di�erential input and jumpers for selecting an 
input voltage range of 10 V, 50 V, or 100 V. �e input circuit also compensates for long lead wire capacitance that tends to form an ac 
voltage divider, which would reduce accuracy.

as 5%. �is is because the lead capacitance enters 
into the divider equation. One way around the 
problem is to shunt the data acquisition input 
terminals (or the divider network) with a 
compensating capacitor. For example, oscilloscope 
probes contain a variable capacitor precisely for this 
purpose. �e probe capacitor is adjusted to match 
the oscilloscope’s input impedance and as a result, it 
faithfully passes the leading edge of the 
oscilloscope’s built-in 1,000 Hz square-wave 
generator without undershoot or overshoot. 

ISOLATION
When Isolation Is Required 
Frequently, data acquisition system inputs must 
measure low-level signals where relatively high 
voltages are common, such as in motor controllers, 
transformers, and motor windings. In these cases, 
isolation ampli�ers can measure low-level signals 
among high common-mode voltages, break ground

loops, and eliminate source ground connections 
without subjecting operators and equipment to the 
high voltage. �ey also provide a safe interface in a 
hospital between a patient and a monitor or 
between the source and other electronic 
instruments and equipment. Yet other applications 
include precision bridge isolation ampli�ers, 
photodiode ampli�ers, multiple-port thermocouple 
and summing ampli�ers, and isolated 4 to 20 mA 
current-control loops. 

Isolation Amplifiers 
Isolation ampli�ers are divided into input and 
output sections, galvanically isolated from each 
other. Several techniques provide the isolation; the 
most widely used include capacitive, inductive, and 
optical means. �e isolation voltage rating is usually 
1,200 to 1,500 Vac, at 60 Hz with a typical input 
signal range of ±10 V. �ey normally have a high 
isolation mode rejection (IMR) ratio of around
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Fig. 5.20. A di�erential isolation ampli�er’s front end can �oat as high as the value of the common mode voltage (CMV) rating without 
damage or diminished accuracy. �e isolation barrier in some signal conditioners can withstand from 1,500 to 2,200 Vdc.

Fig. 5.21. Galvanic isolation can use any one of several 
techniques to isolate the input from the output circuitry. �e 
goal is to allow the device to withstand a large common mode 
voltage (CMV) between the input and output signal and 
power grounds.

140 dB. Because the primary job of relatively 
low-cost ampli�ers is to provide isolation, many 
come with unity gain. But more expensive units are 
available with adjustable or programmable gains. 
(See Figure 5.20.) 

One bene�t of an isolation ampli�er is that it 
eliminates ground loops. �e input section’s 
signal-return, or common connection is isolated 
from the output signal ground connection. Also, 
two di�erent power supplies are used, Vcc1 and 
Vcc2, one for each section, which further helps 
isolate the ampli�ers. (See Figure 5.21.) 

Analog Isolation Modules 
Analog isolation ampli�ers use all three types of 
isolation between input and output sections: 
capacitive, optical, and magnetic. One type of 
capacitively coupled ampli�er modulates the input 
signal and couples it across a capacitive barrier with
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Fig. 5.22. �e isolation barrier in this ampli�er protects both 
the signal path and the power supply from CMV breakdown. 
�e signal couples through a capacitor and the power through 
an isolation transformer.

Fig. 5.23. �is is a simpli�ed diagram of a unity gain current ampli�er using optical couplers between input and output stages to achieve 
isolation. �e output current passing through the feedback resistor (Rf) generates the output voltage.

a value determined by the duty cycle. (See Figure 
5.22.) �e output section demodulates the signal, 
restores it to the original analog input equivalent, 
and �lters the ripple component, which resulted 
from the demodulation process. A�er the input and 
output sections of the integrated circuit are 
fabricated, a laser trims both stages to precisely 
match their performance characteristics. �en they 
are mounted on either end of the package separated 
by the isolation capacitors. Although the schematic 
diagram of the isolation ampli�er looks quite 
simple, it can contain up to 250 or more integrated 
transistors. 

Another isolation ampli�er optically couples the 
input section to the output section through an LED 
transmitter and receiver pair as shown in Figure 
5.23. An ADC converts the input signal to a 
time-averaged bit stream and transmits it to the 
output section via the LED. �e output section 
converts the digital signal back to an analog voltage 
and �lters it to remove the ripple voltage.
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Fig. 5.24A. Magnetic couplers transfer signals through a magnetic �eld across a thin �lm dielectric. In this case, a magneto-resistance bridge 
circuit sensitive to the �eld exhibits a large change in resistance when exposed to the magnetic �eld from a small coil sitting above it.

Magnetically coupled isolation ampli�ers come in 
two types. One contains hybrid toroid transformers 
in both the signal and power paths, and the other 
contains one coil that transmits the signal across a 
barrier to a giant magnetoresistor (GMR) bridge 
circuit. (See Figure 5.24A.) In the transformer type, 
Figure 5.24B, the recti�ed output of a pulse 
generator (T1) supplies power to the input and 
output stages (T3). Another winding of the 
transformer (T2) operates a modulator and 
demodulator that carry the signal across the barrier. 
It provides from 1,000 to 3,500 Vdc isolation among 
the ampli�er’s three grounds, as well as an isolated 
output signal equal to the input signal with total 
galvanic isolation between input and output 
terminals. 

�e second type, the giant magnetoresistor 
ampli�er uses the same basic technology as does 
high-speed hard disc drives. �e coil generates a 
magnetic �eld with strength proportional to its 
input drive current signal, and the dielectric GMR 
ampli�es and conditions it. Ground potential 
variations at the input do not generate current so

they are not detected by the magnetoresistor 
structure. As a result, the output signal equals the 
input signal with complete galvanic isolation. �ese 
units are relatively inexpensive, and can withstand 
from 1,000 to 3,500 Vdc. Full-power signal 
frequency response is less than 2 kHz, but small 
signal response is as much as 30 kHz. 

Digital Method of Isolation 
Digital isolation packages are similar in many 
respects to analog ampli�ers. �ey transmit digital 
data across the isolation barrier at rates up to 80 
Mbaud, and some can be programmed to transmit 
data in either direction, that is, through input to 
output or output to input terminals. Data, in the 
form of complementary pulses, couple across the 
barrier through high-voltage capacitors or air-core 
inductors. Faraday shields usually surround the 
inductors or capacitors to prevent false triggering 
from external �elds. �e receiver restores the pulses 
to the original standard logic levels. As with analog 
ampli�ers, the power supplies for each section are 
also galvanically isolated. (See Figure 5.25.)
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Fig. 5.25. Yet another isolation method speci�cally intended 
for digital circuits employs a high-speed CMOS encoder and 
decoder at the input and output, coupled with a monolithic 
air-core transformer.

Fig. 5.24B. �e transformer-coupled isolation ampli�er uses separate power supplies for the input and output stages, which are isolated by 
virtue of the individual transformer windings. �is provides the input and output stages with decoupled ground or common returns. In 
addition, the modulator/demodulator transfers the measured signal across the barrier via other transformer windings for complete 
galvanic isolation between input and output.

Inherently Isolated Sensors 
In addition to directly measuring voltage, current, 
and resistance, which require some degree of 
isolation, certain sensors that measure other 
quantities are inherently isolated by virtue of their 
construction or principle of operation. �e most 
widely used sensors measure position, velocity, 
pressure, temperature, acceleration, and proximity. 
�ey also use a number of di�erent devices to 
measure these quantities, including potentiometers, 
LVDTs (linear variable di�erential transformers), 
optical devices, Hall-e�ect devices, magnetic 
devices, and semiconductors. 

Hall-e�ect devices, for example, measure magnetic 
�elds, and are electrically insulated from the 
magnetic source that they are designed to measure. 
�e insulation may be air or another material such 
as plastic or ceramic, and the arrangement 
essentially isolates them from ground loops and 
high voltages. Figures 5.26A and B illustrate two 
applications where Hall-e�ect devices measure

speed. �e �rst senses the alternating magnetic �eld 
directly from the revolving wheel. In the second 
application, a permanent magnet sitting behind the
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Fig. 5.26A. �is Hall-E�ect sensor is switched with a series of 
alternating magnets in a target wheel. Each pass between N 
and S magnets changes the sensor’s state.

Fig. 5.26B. �is Hall-E�ect sensor con�guration uses a bias 
magnet and a tone wheel that modulates the magnetic �eld 
intensity to produce an output signal.

Hall-e�ect device supplies the magnetic �eld. �e 
gear teeth passing by the unit disturb the �eld, and 
the Hall device senses the resulting �uctuations. In 
addition, Figure 4.08. shows a third example, where 
the Hall-e�ect device is used in a wattmeter circuit. 

Current transformers and potential transformers 
for measuring ac voltage and current are also 
inherently isolated between primary and secondary 
windings. (See Figure 5.27.) Transformer insulation 
between primary and secondary can be made to

withstand thousands of volts and have extremely 
low leakage values. �e turns ratio also is easy to 
select for stepping down a high voltage to a lower 
standard voltage of 5 to 10 Vac. 

Other sensors include magnetic pickups composed 
of wire coils wound around a permanent magnetic 
core. A ferrous metal passing over one end of the 
coil disturbs the magnetic �ux and generates a 
voltage at the coil terminals. �e sensor does not 
require a separate power supply, and the output 
voltage is typically small enough to require only 
ordinary signal conditioners. (See Figure 5.28.)
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Fig. 5.27. Because it does not need a ground connection, a 
current transformer is isolated from both the input and output 
of the signal conditioner.

Fig. 5.28. Variable reluctance sensors comprise a coil of wire 
wound around a magnetic core. As a ferrous metal passes near 
one pole it disturbs the magnetic �eld and induces a small 
voltage in the coil. In this example, the voltage is ampli�ed, 
shaped, and converted to a digital signal for indicating vehicle 
wheel speed.

Piezoelectric materials and strain gages are typically 
used for measuring acceleration, and are inherently 
isolated from the objects on which they are 
mounted by virtue of their protective housings. 
High-voltage insulation and magnetic shielding 
may be added to the mounting base if needed in
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Fig. 5.29. Although some thermocouples must be both 
thermally and electrically connected to the specimen under 
test, many may be purchased with insulated junctions, which 
isolates them from making high-voltage and ground-loop 
connections to the signal conditioner.

Fig. 5.30. �e slope of the Seebeck coe�cient plotted against 
temperature clearly illustrates that the thermocouple is a 
non-linear device.

some rare applications. (See Chapter 7, Strain 
Measurements.) 

LVDTs contain a modulator and demodulator, 
either internally or externally, require some small dc 
power, and provide a small ac or dc signal to the 
data acquisition system. O�en they are scaled to 
output 0 to 5 V. LVDTs can measure both position 
and acceleration. (See Chapter 9, Displacement and 
Position Sensing.) 

Optical devices such as encoders are widely used in 
linear and rotary position sensors. �e possible 
con�gurations are many, but basically, their 
principle of operation is based on the interruption

of a light beam between an optical transmitter and 
receiver. A revolving opaque disc with multiple 
apertures placed between the transmitter and 
receiver alternately lets light through to generate 
pulses. Usually, LEDs generate the light and a photo 
diode on the opposite side detects the resulting 
pulses, which are then counted. �e pulses can 
indicate position or velocity. (See Chapter 9, 
Displacement and Position Sensing.) 

LINEARIZATION
Why Linearization Is Needed 
�e transfer function for many electronic devices, 
which relates the input to output, contains a 
nonlinear factor. In most cases this factor is small 
enough to be ignored. However, in some 
applications it must be compensated either in 
hardware or so�ware. �ermocouples, for example, 
have a nonlinear relationship from input
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Fig. 5.31. Because thermocouple outputs are non-linear, a table is an accurate method for converting a voltage reading to temperature for 
a speci�c type of thermocouple.

temperature to output voltage, severe enough to 
require compensation. Figure 5.29 shows the output 
voltage for several types of thermocouples plotted 
against temperature. �ermocouple output voltages 
are based on the Seebeck e�ect (discussed further in 
Chapter 6). When the slope of the Seebeck 
coe�cient is plotted vs. temperature, the output 
response is clearly nonlinear as shown in Figure 
5.30. A linear device, by comparison, would plot a 
straight horizontal line. Only the K type 
thermocouple most readily approaches a straight 
line in the range from about 0 to 1,000˚C. 

�e curve shows that one constant scale factor is not 
su�cient over the entire temperature range for a 
particular thermocouple type to maintain adequate 
accuracy. Higher accuracy comes from reading the 
thermocouple voltage with a voltmeter and 
applying it to the thermocouple table from the 
National Institute of Standards and Technology as 
shown in Figure 5.31. 

A computer-based data acquisition system, in 
contrast, automates the temperature conversion 
process using the thermocouple voltage reading and

an algorithm to solve a polynomial equation. �e 
equation describing this relationship is: 

EQN 5.05. Temperature Polynomial 
 T = ao + a1x + a2x2 + a3x3 + ...anxn 
 Where: 
 T = temperature, ˚C 
 x = thermocouple voltage, V 
 a = polynomial coe�cients unique to each 
        type of thermocouple 
 n = maximum order of the polynomial

�e accuracy increases proportionally to the order 
of n. For example, when n = 9, a ±1˚C accuracy may 
be realized. But because high order polynomials 
take time to process, lower orders may be used over 
limited temperature ranges to increase the 
processing speed. 

So�ware Linearization 
�e polynomials are put to work in the data 
acquisition system’s computer to calculate the real 
temperature for the thermocouple voltage. 
Typically, the computer program handles a nested 
polynomial to speed the process rather than 
compute the exponents directly. Nested
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Fig. 5.33. Although a computer usually �nds the solution to 
the NIST polynomial, breaking the curve into sections 
representing lower order polynomials can accelerate the 
process.

polynomials are the only practical way of dealing 
with complicated equations. Without such 
techniques it is di�cult to handle large state tables 
that have more than a few hundred entries. (See 
Figure 5.32.) Also, high order polynomials can be 
computed faster when the thermocouple 
characteristic curve can be divided into several 
sectors and each sector approximated by a third 
order polynomial as shown in Figure 5.33. 

Hardware Linearization 
Hardware also may be designed to accommodate 
the nonlinearity of a thermocouple, but the 
circuitry becomes complex and expensive in order 
to reduce its susceptibility to errors from outside 
in�uences such as electrical noise and temperature 
variations within the circuits. �e compensating 
circuitry is nonlinear, and contains breakpoints 
programmed with diodes, resistors, and reference 
voltages, all subject to errors that are avoided in 
so�ware compensation methods. However, several 
modules are commercially available with excellent,

stable, built-in linearizing circuits. �e 
thermocouple voltage is extremely small and most 
signal conditioners concentrate less on 
compensation and more on amplifying the signal 
while rejecting common-mode noise. Alternative 
digital hardware methods use a look-up table to 
convert the thermocouple voltage to a 
corresponding temperature.

Fig. 5.32. �e NIST polynomial table is a more accurate means of calculating a linearizing function for a particular thermocouple than a 
single coe�cient, even though it uses a polynomial equation.
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Fig. 5.34. �e isolated voltage-input modules let data acquisition systems isolate several channels of analog input, up to 500 V 
channel-to-channel and channel-to-system.

CIRCUIT PROTECTION
Hazards to Instrumentation Circuits 
Many data acquisition systems contain solidstate 
multiplexing circuits to rapidly scan multiple input 
channels. �eir inputs are typically limited to less 
than 30 V and may be damaged when exposed to 
higher voltages. Other solid-state devices in a 
measurement system including input ampli�ers and 
bias sources also are limited to low voltages. 
However, these inputs can be protected with a 
programmable attenuator and isolation ampli�ers 
that isolate the high voltage input stage from the

solid-state circuitry. (See Figure 5.34.)

Another consideration o�en overlooked is 
connecting active inputs to an unpowered data 
acquisition system. Common safety practice calls 
for all signals connected to the input of the 
unpowered data acquisition system to be 
disconnected or their power removed. Frequently, 
de-energized data acquisition system signal 
conditioners have substantially lower input 
impedances than when energized, and even low 
voltage input signals higher than 0.5 Vdc can
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damage the signal conditioners’ input circuits. 

Overload Protection 
Several methods are used to protect signal 
conditioner inputs from damage when exposed to 
transients of 10 to 100 V. O�en, a 1,000 Ω, 
current-limiting resistor is in series with the input 
when no voltage is applied to the instrument 
ampli�ers’ input. For transient input voltages to 
3,000 V and above, a series resistor and a transient 
voltage suppressor are installed across the input 
terminals. (See Figure 5.35.) 

ESD Protection 
Electrostatic discharge damage is a special problem 
that can be avoided by handling individual circuit 
boards carefully and providing proper shielding. 
ESD comes from the static charge accumulated on 
many di�erent kinds of materials, which �nds a 
return to ground or a mass that attracts the excess 
electrons. �e charge can create potential 
di�erences that can eventually arc over large 
distances. An arc containing only several 
microjoules of energy can destroy or damage a 
semiconductor device. Grounding alone is not 
su�cient to control ESD build up, it only ensures all 
conductors are at the same potential. Controlling 
humidity to about 40% and slightly ionizing the air 
are the most e�ective methods of controlling static 
charge. 

A discharge can travel one foot in one nanosecond 
and could rise to 5 A. A number of devices simulate 
conditions for static discharge protection, including 
a gun that generates pulses at a �xed voltage and 
rate. Component testing usually begins with 
relatively low voltages and gradually progresses to 
higher values.

Fig. 5.35. Certain CMOS multiplexers may be protected 
against overvoltage destruction with diode and resistor 
networks that shut down any parasitic transistors in the 
device, limit the current input to a safe level, and shunt input 
signals to ground when the power supplies are turned o� 
(Circuit A). JFET transistors also protect multiplexer inputs 
when they are connected as diodes. �e JFET clamps at about 
0.6 V, protecting the sensitive op amp input from destruction 
(Circuit B).
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THERMOCOUPLE BASICS
The Gradient Nature of Thermocouples
�ermocouples (TCs) are probably the most widely 
used and least understood of all temperature mea-
suring devices. When connected in pairs, TCs are 
simple and e�cient sensors that output an extreme-
ly small dc voltage proportional to the temperature 
di�erence between the two junctions in a closed 
thermoelectric circuit. (See Figure 6.01.) One junc-
tion is normally held at a constant reference tem-
perature while the opposite junction is immersed in 
the environment to be measured. �e principle of 
operation depends on the unique value of thermal 
emf measured between the open ends of the leads 
and the junction of two dissimilar metals held at a 
speci�c temperature. �e principle is called the 
Seebeck E�ect, named a�er the discoverer. �e 
amount of voltage present at the open ends of the 

sensor and the range of temperatures the device can 
measure depend on the Seebeck coe�cient, which 
in turn depends upon the chemical composition of 
the materials comprising the thermocouple wire. 
�e Seebeck voltage is calculated from: 

Equation 6.01. Seebeck Voltage 
 ΔeAB = αΔT 
 Where: 
 eAB = Seebeck voltage 
 T = temperature at the thermocouple junction 
 α = Seebeck coe�cient
 Δ = a small change in 
  voltage corresponding to a small change in 
  temperature 

�ermocouple junctions alone do not generate volt-
ages. �e voltage or potential di�erence that devel-
ops at the output (open) end is a function of both

Chapter 6
Temperature Measurement

Fig. 6.01. A basic thermocouple measurement system requires two sensors, one for the environment under measurement and the other, a 
reference junction, normally held to 0˚C (32˚F). Type-T is one of the dozen or more common thermocouples frequently used in general-pur-
pose temperature measuring applications. It is made of copper and constantan metals and typically operates from –270 to +400˚C or –454 
to +752˚F.
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Fig. 6.02. NIST’s (National Institute of Standards and Technology) thermocouple emf tables publish the emf output of a thermocouple based 
on a corresponding reference thermocouple junction held at 0˚C.

the temperature of the junction T1 and the 
temperature of the open end T1’. T1’ must be held at 
a constant temperature, such as 0˚C, to ensure that 
the open end voltage changes in proportion to the 
temperature changes in T1. In principle, a TC can be 
made from any two dissimilar metals such as nickel 
and iron. In practice, however, only a few TC types 
have become standard because their temperature 
coe�cients are highly repeatable, they are rugged, 
and they output relatively large voltages. �e most 
common thermocouple types are called J, K, T, and 
E, followed by N28, N14, S, R, and B. (See the table 
in Figure 6.02.) In theory, the junction temperature 
can be inferred from the Seebeck voltage by 
consulting standard tables. In practice, however, 
this voltage cannot be used directly because the 
thermocouple wire connection to the copper 
terminal at the measurement device itself 
constitutes a thermocouple junction (unless the TC 
lead is also copper) and outputs another emf that

must be compensated.

Cold-Junction Compensation
A cold-reference-junction thermocouple immersed 
in an actual ice-water bath and connected in series 
with the measuring thermocouple is the classical 
method used to compensate the emf at the 
instrument terminals. (See Figure 6.03.) In this 
example, both copper leads connect to the 
instrument’s input terminals. An alternative 
method uses a single thermocouple with the 
copper/constantan connection immersed in the 
reference ice water bath, also represented in Figure 
6.03. �e constantan/copper thermocouple 
junction J2 in the ice bath contributes a small emf 
that subtracts from the emf from thermocouple J1, 
so the voltage measured at the instrument or data 
acquisition system input terminals corresponds 
accurately to the NIST tables. Likewise, the copper 
wires connected to the copper terminals on the
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Fig. 6.03. Whether J2 is a purchased thermocouple or not, the 
junction formed by the constantan and copper lead wires at J2 
must be placed in the ice bath for temperature compensation.

Fig. 6.04. One lead of a type-T thermocouple is copper, so it 
does not require temperature compensation when connecting 
to copper terminals. A Type J constantan/iron thermocouple, 
on the other hand, needs a closer look. J2 remains constant in 
the ice bath, and J1 measures the environment. Although J3 
and J4 are e�ectively thermocouple junctions, they are at the 
same temperature on the isothermal block, so they generate 
equal and opposite voltages and cancel. Without an isother-
mal block, copper wire leads would be added between the 
input terminal and the copper/ iron leads, and the copper/iron 
junctions (J3 and J4) would be held in an ice bath as well.

instrument’s isothermal block do not need 
compensation because they are all copper at the 
same temperature. �e voltage reading comes 
entirely from the constantan/ copper thermocouple 
wire. 

�e above example is a special case, however, 
because one lead of the type-T thermocouple is 
copper. A constantan/iron thermocouple, on the 
other hand, needs further consideration. (See 
Figure 6.04.) Here, J2 in the ice bath is held constant, 
and J1 measures the environment. Although J3 and 
J4 are e�ectively thermocouple junctions, they are at 
the same temperature on the isothermal block, so 
they output equal and opposite voltages and thus 
cancel. �e net voltage is then the thermocouple J1 
output representing T1, calibrated to the NIST 
standard table. If the I/O block were not isothermal, 
copper wire leads would be added between the 
input terminal and the copper/ iron leads, and the 
copper/iron junctions (J3 and J4) would be held in 
an ice bath as well, as illustrated in Figure 6.05.

So�ware Compensation
Ice baths and multiple reference junctions in large 
test �xtures are nuisances to set up and maintain, 
and fortunately they all can be eliminated. �e ice 
bath can be ignored when the temperature of the 
lead wires and the reference junction points 
(isothermal terminal block at the instrument) are 
the same. �e emf correction needed at the 
terminals can be referenced and compensated to the 
NIST standards through computer so�ware.

When the ice baths are eliminated, cold junction 
compensation (CJC) is still necessary, however,
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Fig. 6.05. �e chromel and alumel wire connections at the 
copper leads constitute additional thermocouple junctions 
that must be held at the same, constant temperature. �ey 
generate equal and opposite potentials which prevent them 
from contributing to the voltage output from the chromel/alu-
mel thermocouple.

Fig. 6.06. A thermistor sensor placed near the lead wire 
connections is an alternative method of replacing the ice bath. 
�e measured temperature is the di�erence between the 
thermocouple temperature and the reference thermistor 
temperature.

in order to obtain accurate thermocouple 
measurements. �e so�ware has to read the 
isothermal block temperature. One technique 
widely used is a thermistor, mounted close to the 
isothermal terminal block that connects to the 
external thermocouple leads. No temperature 
gradients are allowed in the region containing the 
thermistor and terminals. (See Figure 6.06.) �e 
type of thermocouple employed is preprogrammed 
for its respective channel, and the dynamic input 
data for the so�ware includes the isothermal block 
temperature and the measured environmental 
temperature. �e so�ware uses the isothermal block 
temperature and type of thermocouple to look up 
the value of the measured temperature 
corresponding to its voltage in a table, or it 
calculates the temperature more quickly with a 
polynomial equation. �e method allows numerous 
channels of thermocouples of various types to be 
connected simultaneously while the computer 
handles all the conversions automatically.

Hardware Compensation
Although a polynomial approach is faster than a 
look-up table, a hardware method is even faster, 
because the correct voltage is immediately available 
to be scanned. One method is to insert a battery in 
the circuit to null the o�set voltage from the 
reference junction so the net e�ect equals a 0˚C 
junction. A more practical approach based on this 
principle is an “electronic ice point reference,” 
which generates a compensating voltage as a 
function of the temperature sensing circuit powered 
by a battery or similar voltage source. (See Figure 
6.07A.) �e voltage then corresponds to an 
equivalent reference junction at 0˚C. 

Type Mixing
�ermocouple test systems o�en measure tens to 
hundreds of points simultaneously. In order to 
conveniently handle such large numbers of channels 
without the complication of separate, unique 
compensation TCs for each, thermocouple-scanning
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Fig. 6.07B. A typical input scanning module can accommodate up to 56 thermocouples of any type, and up to 896 channels can be connected 
to one analog-to-digital mainframe.

Fig. 6.07A. A number of electronic circuits or modules can 
replace the ice-bath. �e temperature-sensitive resistor 
changes the calibrated value of voltage e in proportion to the 
amount of temperature compensation required.

modules come with multiple input channels and 
can accept any of the various types of 
thermocouples on any channel, simultaneously. 
�ey contain special copper-based input terminal 
blocks with numerous cold junction compensation 
sensors to ensure accurate readings, regardless of 
the sensor type used. Moreover, the module 
contains a built-in automatic zeroing channel as 
well as the cold-junction compensation channel. 
Although measurement speed is relatively slower 
than most other types of scanning modules, the 
readings are accurate, low noise, stable, and 
captured in only ms. For example, one TC channel 
can be measured in 3 ms, 14 TC channels in 16 ms, 
and up to 56 channels in 61 ms. Typical 
measurement accuracies are better than 0.7˚C, with 
channel-to-channel variation typically less than 
0.5˚C. (See Figure 6.07B.) 

Linearization
A�er setting up the equivalent ice point reference 
emf in either hardware or so�ware, the measured
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Fig. 6.08B. An active �lter easily eliminates the most common 
sources of electrical noise that competes with the thermocouple 
signal such as the interference from 50/60 Hz supply lines.

Fig. 6.08A. Passive �lters come in a variety of con�gurations to 
suit the application. �ey are built in single or multiple 
sections to provide increasingly steeper slopes for faster roll-o�.

thermocouple output must be converted to a 
temperature reading. �ermocouple output is 
proportional to the temperature of the TC junction, 
but is not perfectly linear over a very wide range. 
(See Linearization, Chapter 5.) 

�e standard method for obtaining high conversion 
accuracy for any temperature uses the value of the 
measured thermocouple voltage plugged into a 
characteristic equation for that particular type 
thermocouple. �e equation is a polynomial with an 
order of six to ten. �e NIST table in Figure 5.32 
lists the polynomial coe�cients for some common 
thermocouples. �e computer automatically 
handles the calculation, but high-order polynomials 
take signi�cant time to process. In order to 
accelerate the calculation, the thermocouple 
characteristic curve is divided into several 
segments. Each segment is then approximated by a 
lower order polynomial. 

Analog circuits are employed occasionally to 
linearize the curves, but when the polynomial 
method is not used, the thermocouple output 
frequently connects to the input of an ADC where 
the correct voltage to temperature match is obtained 
from a table stored in the computer’s memory. For 
example, one data acquisition system TC card 
includes a so�ware driver that contains a 
temperature conversion library. It changes raw 
binary TC channels and CJC information into 
temperature readings. Some so�ware packages for 
data acquisition systems supply CJC information 
and automatically linearize the thermocouples 
connected to the system. 

THERMOCOUPLE MEASUREMENT PITFALLS 
Noisy Environments
Because thermocouples generate a relatively small 
voltage, noise is always an issue. �e most common 
source of noise is the utility power lines (50 or 60 Hz.)

Because thermocouple bandwidth is lower than 50 
Hz, a simple �lter in each channel can reduce the 
interfering ac line noise. Common �lters include 
resistors and capacitors and active �lters built 
around op amps. Although a passive RC �lter is 
inexpensive and works well for analog circuits, it’s 
not recommended for a multiplexed front end 
because the multiplexer’s load can change the �lter’s 
characteristics. On the other hand, an active �lter 
composed of an op amp and a few passive 
components works well, but it’s more expensive and 
complex. Moreover, each channel must be 
calibrated to compensate for gain and o�set errors. 
(See Figure 6.08.)
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Fig. 6.09. A short circuit or an insulation failure between the 
leads of a thermocouple can form an unwanted, inadvertent 
thermocouple junction called a virtual junction.

Additional Concerns
�ermocouple Assembly
�ermocouples are twisted pairs of dissimilar wires 
that are soldered or welded together at the junction. 
When not assembled properly, they can produce a 
variety of errors. For example, wires should not be 
twisted together to form a junction; they should be 
soldered or welded. However, solder is su�cient 
only at relatively low temperatures, usually less than 
200˚C. And although soldering also introduces a 
third metal, such as a lead/tin alloy, it will not likely 
introduce errors if both sides of the junction are at 
the same temperature. Welding the junction is 
preferred, but it must be done without changing the 
wires’ characteristics. Commercially manufactured 
thermocouple junctions are typically joined with 
capacitive discharge welders that ensure uniformity 
and prevent contamination. 

�ermocouples can become un-calibrated and 
indicate the wrong temperature when the physical 
makeup of the wire is altered. �en it cannot meet 
the NIST standards. �e change can come from a 
variety of sources, including exposure to

temperature extremes, cold working the metal, 
stress placed on the cable when installed, vibration, 
or temperature gradients. 

�e output of the thermocouple also can change 
when its insulation resistance decreases as the 
temperature increases. �e change is exponential 
and can produce a leakage resistance so low that it 
bypasses an open-thermocouple wire detector 
circuit. In high-temperature applications using thin 
thermocouple wire, the insulation can degrade to 
the point of forming a virtual junction as illustrated 
in Figure 6.09. �e data acquisition system will then 
measure the output voltage of the virtual junction at 
T1 instead of the true junction at T2. 

In addition, high temperatures can release 
impurities and chemicals within the thermocouple 
wire insulation that di�use into the thermocouple 
metal and change its characteristics. �en, the 
temperature vs. voltage relationship deviates from 
the published values. Choose protective insulation 
intended for high-temperature operation to 
minimize these problems. 

�ermocouple Isolation 
�ermocouple isolation reduces noise and errors 
typically introduced by ground loops. �is is 
especially troublesome where numerous 
thermocouples with long leads fasten directly 
between an engine block (or another large metal 
object) and the thermocouple-measurement 
instrument. �ey may reference di�erent grounds, 
and without isolation, the ground loop can 
introduce relatively large errors in the readings. 

Auto-Zero Correction
Subtracting the output of a shorted channel from 
the measurement channel’s readings can minimize 
the e�ects of time and temperature dri� on the 
system’s analog circuitry. Although extremely small, 
this dri� can become a signi�cant part of the 
low-level voltage supplied by a thermocouple.
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Fig. 6.10. Auto-Zero Correction compensates for analog 
circuitry dri� over time and temperature. Although small, the 
o�set could approach the magnitude of the thermocouple 
signal.

Fig. 6.11. �e thermocouple provides a short-circuit path for 
dc around the capacitor, preventing it from charging through 
the resistors. When the thermocouple opens, due to rough 
handling or vibration, the capacitor charges and drives the 
input ampli�er to the power supply rails, signaling a failure.

One e�ective method of subtracting the o�set due 
to dri� is done in two steps. First, the internal 
channel sequencer switches to a reference node and 
stores the o�set error voltage on a capacitor. Next, as 
the thermocouple channel switches onto the analog 
path, the stored error voltage is applied to the o�set 
correction input of a di�erential ampli�er and 
automatically nulls out the o�set. (See Figure 6.10.)

changes resistance, the capacitor charges and drives 
the input to one of the voltage rails, which indicates 
a defective thermocouple. (See Figure 6.11.)

Open �ermocouple Detection
Detecting open thermocouples easily and quickly is 
especially critical in systems with numerous 
channels. �ermocouples tend to break or increase 
resistance when exposed to vibration, poor 
handling, and long service time. A simple 
open-thermocouple detection circuit comprises a 
small capacitor placed across the thermocouple 
leads and driven with a low-level current. �e low 
impedance of the intact thermocouple presents a 
virtual short circuit to the capacitor so it cannot 
charge. When a thermocouple opens or signi�cantly 

Galvanic Action 
Some thermocouple insulating materials contain 
dyes that form an electrolyte in the presence of 
water. �e electrolyte generates a galvanic voltage 
between the leads, which in turn, produces output 
signals hundreds of times greater than the net 
open-circuit voltage. �us, good installation 
practice calls for shielding the thermocouple wires 
from high humidity and all liquids to avoid such 
problems. 

�ermal Shunting 
An ideal thermocouple does not a�ect the 
temperature of the device being measured, but a real 
thermocouple has mass that when added to the 
device under test can alter the temperature 
measurement. �ermocouple mass can be 
minimized with small diameter wires, but smaller 
wire is more susceptible to contamination,
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annealing, strain, and shunt impedance. One 
solution to help ease this problem is to use the small 
thermocouple wire at the junction but add special, 
heavier thermocouple extension wire to cover long 
distances. �e material used in these extension 
wires has net open-circuit voltage coe�cients 
similar to speci�c thermocouple types. Its series 
resistance is relatively low over long distances, and it 
can be pulled through conduit easier than premium 
grade thermocouple wire. In addition to its practical 
size advantage, extension wire is less expensive than 
standard thermocouple wire, especially platinum. 

Despite these advantages, extension wire generally 
operates over a much narrower temperature range 
and is more likely to receive mechanical stress. For 
these reasons, the temperature gradient across the 
extension wire should be kept to a minimum to 
ensure accurate temperature measurements. 

Improving Wire Calibration Accuracy
�ermocouple wire is manufactured to NIST 
speci�cations. O�en, these speci�cations can be 
met more accurately when the wire is calibrated on 
site against a known temperature standard. 

RTD MEASUREMENTS 
Basics of Resistance Temperature Detectors 
RTDs are composed of metals with a high positive 
temperature coe�cient of resistance. Most RTDs 
are simply wire-wound or thin �lm resistors made 
of material with a known resistance vs. temperature 
relationship. Platinum is one of the most widely 
used materials for RTDs. �ey come in a wide range 
of accuracies, and the most accurate are also used as 
NIST temperature standards. 

Platinum RTD resistances range from about 10 Ω 
for a birdcage con�guration to 10 kΩ for a �lm type, 
but the most common is 100 Ω at 0˚C. Commercial 
platinum wire has a standard temperature 
coe�cient, α, of 0.00385 Ω/Ω/˚C, and chemically

pure platinum has a coe�cient of 0.00392 Ω/Ω/˚C. 

�e following equation shows the relationship 
between the sensor’s relative change in resistance 
with a change in temperature at a speci�c α and 
nominal sensor resistance. 

Equation 6.02. RTD Temperature Coe�cient 
 ΔR = αRoΔT 
 Where: 
 α = temperature coe�cient, Ω/Ω/˚C 
 Ro = nominal sensor resistance at 0˚C, Ω 
 ΔT = change in temperature from 0˚C, C 

A nominal 100 Ω platinum wire at 0˚C will change 
resistance, either plus or minus, over a slope of 
0.385 Ω/˚C. For example, a 10˚C rise in temperature 
will change the output of the sensor from 100 Ω to 
103.85 Ω, and a 10˚C fall in temperature will change 
the RTD resistance to 96.15 Ω. 

Because RTD sensor resistances and temperature 
coe�cients are relatively small, lead wires with a 
resistance as low as ten ohms and relatively high 
temperature coe�cients can change the data 
acquisition system’s calibration. �e lead wire’s 
resistance change over temperature can add to or 
subtract from the RTD sensor’s output and produce 
appreciable errors in temperature measurement. 

�e resistance of the RTD (or any resistor) is 
determined by passing a measured current through 
it from a known voltage source. �e resistance is 
then calculated using Ohms Law. To eliminate the 
measurement error contributed by lead wires, a 
second set of voltage sensing leads should be 
connected to the sensor’s terminals and the opposite 
ends connected to corresponding sense terminals at 
the signal conditioner. �is is called a four-wire 
RTD measurement. �e sensor voltage is measured 
directly and eliminates the voltage drop in the 
current carrying leads.
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Fig. 6.12. �e simplest arrangement for an RTD measurement 
is a simple series circuit containing only two wires connected to 
an ohmmeter.

Fig. 6.14. �e three-wire RTD method with a current supply is 
similar to the four-wire method. It simply eliminates one 
additional wire. Measure Va �rst, then measure Vb.

Fig. 6.13. �e four-wire RTD method with a current supply 
eliminates the lead wire resistance as a source of error.

Figure 6.12 shows a basic two-wire resistance 
measurement method. �e RTD resistance is 
measured directly from the Ohmmeter. But this 
connection is rarely used since the lead wire 
resistance and temperature coe�cient must be 
known. O�en, both properties are not known, nor 
are they convenient to measure when setting up a 
test. Figure 6.13 shows a basic four-wire 
measurement method using a current source. �e 
RTD resistance is V/A. �is connection is more 
accurate than the two-wire method, but it requires a 
high stability current source and four lead wires. 
Because the high-impedance voltmeter does not 
draw appreciable current, the voltage across the 
RTD equals Vm.

Equation 6.03. 4-Wire RTD With Current Source

 Where:
 Rrtd = RTD resistance, Ω
 Vm = Voltmeter reading, V
 Irtd = RTD current, A
 
Figure 6.14 shows a three-wire measurement 
technique using a current source. �e symbols

Measurement Approaches 
2, 3, and 4-Wire Con�gurations
Five types of circuits are used for RTD 
measurements using two, three, and four lead wires: 
Two-wire with current source, four wire with 
current source, three-wire with current source, 
four-wire with voltage source, and three-wire with 
voltage source.



Data Acquisition Handbook 73

Chapter 6: Temperature Measurement

Fig. 6.15. �e four-wire RTD circuit with a voltage source is 
more complex than the four-wire with current source, but the 
voltage is allowed to vary somewhat provided the sense 
resistor is stable.

Fig. 6.16. �is is a variation of the four-wire circuit with a 
voltage source and a stable sense resistor.

Va and Vb represent two voltages measured by the 
high-impedance voltmeter in sequence through 
switches (or a MUX), S1 and S2. �e RTD resistance 
is derived from Kirchho� ’s voltage law and by 
solving two simultaneous equations. (Illustrating 
the solution is beyond the scope of this book.) �e 
bene�t of this connection over that shown in Figure 
6.13 is one less lead wire. However, this connection 
assumes that the two current-carrying wires have 
the same resistance.

Equation 6.04. 3-Wire RTD With Current Source

Figure 6.15 shows a four-wire measurement system 
using a voltage source. �e RTD resistance also is 
derived from Kirchho� ’s voltage law and four 
simultaneous equations based on the four voltages, 
Va through Vd. �e voltage source in this circuit can 
vary somewhat as long as the sense resistor remains 
stable.

Figure 6.16 shows a three-wire measurement 
technique using a voltage source. �e RTD resistance 
is derived from Kirchho� ’s voltage law and three 
simultaneous equations. �e voltage source can vary 
as long as the sense resistor remains stable, and the 
circuit is accurate as long as the resistances of the two 
current-carrying wires are the same.

Equation 6.05. 4-Wire RTD With Voltage Source

Equation 6.06. 3-Wire RTD With Voltage Source

�e RTD output is more linear than the 
thermocouple, but its range is smaller. �e 
Callendar-Van Dusen equation is o�en used to 
calculate the RTD resistance:

Equation 6.07. RTD Curve Fitting

 Where:
 RT = resistance at T, Ω
 Ro = resistance at T = 0˚C, Ω
 α = temperature coe�cient at T = 0˚C
 δ = 1.49 (for platinum)
 β = 0, when T>0
 β = 0.11 when T<0
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Fig. 6.17. Platinum is the material of choice for RTDs and 
thermocouples because it is stable and resists corrosion. Here, 
the RTD is shown to be more linear under temperatures of 
800˚C than the thermocouple.

Fig. 6.18. �e constant-current source is sequentially switched 
among the various RTD sensors to keep them cooler over the 
measurement interval and prevent resistive-heating errors.

An alternative method involves measuring RTD 
resistances at four temperatures and solving a 20th 
order polynomial equation with these values. It 
provides more precise data than does the α, δ, and β 
coe�cients in the Callendar-Van Dusen equation. 
�e plot of the polynomial equation in Figure 6.17 
shows the RTD to be more linear than the 
thermocouple when used below 800˚C, the 
maximum temperature for RTDs.

A typical value for self-heating error is 1˚C/ mW in 
free air. An RTD immersed in a thermally 
conductive medium distributes this heat to the 
medium and the resulting error is smaller. �e same 
RTD rises 0.1˚C/mW in air �owing at one m/s. 
Using the minimum excitation current that 
provides the desired resolution, and using the 
largest physically practical RTD will help reduce 
self-heating errors. 

Scanning Inputs 
Because lower currents generate less heat, currents 
between 100 and 500 μA are typically used. �is 
lowers the power dissipation to 10 to 25 μW, which 
most applications can tolerate. Further reducing the 
current lowers accuracy because they become more 
susceptible to noise and are more di�cult to 
measure. But switching the current on only when 
the measurement is made can reduce the RTD’s heat 
to below 10 μW. In a multichannel system, for 
example, the excitation current can be multiplexed, 
much like the analog inputs. In a 16-channel system, 
the current will only excite each RTD 1/16th

Self-Heating
Another source of error in RTD measurements is 
resistive heating. �e current, I, passing through the 
RTD sensor, R, dissipates power, P = I2R. For 
example, 1 mA through a 100 Ω RTD generates 100 
μW. �is may seem insigni�cant, but it can raise the 
temperature of some RTDs a signi�cant fraction of 
a degree. A typical RTD can change 1˚C/mW by 
sel�eating. When selecting smaller RTDs for faster 
response times, consider that they also can have 
larger self-heating errors.
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and noise immunity. But the disadvantage is the 
high cost of buying or building an extremely stable 
constant current source. By contrast, the ratiometric 
method uses a constant voltage source to provide a 
current, Is, through the RTD and a resistor, Rd. Four 
voltage readings are taken for each RTD channel, 
Va, Vb, Vc, and Vd. (See Figure 6.19.) �e current, 
voltage, and resistance of the RTD is: 

Equation 6.08. 4-Wire RTD Ratiometric Measurement 

For a three-wire connection (Figure 6.20), the 
voltage, Va – Vc, includes the voltage drop across 
only one lead. Because the two extension wires to 
the transducer are made of the same metal, assume 
that the drop in the �rst wire is equal to the drop in 
the second wire. �erefore, the voltage across the 
RTD and its resistance is:
 
Equation 6.09. 3-Wire RTD Ratiometric Measurement 

Practical Precautions 
RTDs require the same precautions that apply to 
thermocouples, including using shields and 
twisted-pair wire, proper sheathing, avoiding stress 
and steep gradients, and using large diameter 
extension wire. In addition, the RTD is more fragile 
than the thermocouple and needs to be protected 
during use. Also, thermal shunting is a bigger 
concern for RTDs than for thermocouples because 
the mass of the RTD is generally much larger. (See 
Figure 6.21.)

Fig. 6.19. Four voltage readings are taken for each RTD 
channel. �e precision resistor measures Is, the RTD current; 
Vb and Vc measure the RTD voltage; and the RTD resistance 
equals (Vb – Vc)/Is.

of the time, reducing the power delivered to each 
RTD from 100% to only 6%. 

Two practical methods for scanning an RTD 
include constant current and ratiometric. An 
example of a constant current circuit is shown in 
Figure 6.18. It’s an RTD scanning module, which 
switches a single 500 μA constant current source 
among 16 channels. A series of front-end 
multiplexers direct the current to each channel 
sequentially while the measurement is being taken. 
Both three and four wire connections are supported 
to accommodate both types of RTDs. By applying 
current to one RTD at a time, errors due to resistive 
heating become negligible. Advantages of the 
constant current method include simple circuits
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Fig. 6.20. �e three-wire ratiometric circuit assumes that both 
sense-wire resistances in the four-wire circuit are the same. 
�e equation for calculating RTD resistance simply accounts 
for it with a factor of two.

Fig. 6.21. Although smaller RTDs respond faster to tempera-
ture changes, they are more susceptible to inaccuracy from 
self-heating.

THERMISTOR MEASUREMENTS 
Basics of Thermistors 
�ermistors are similar to RTDs in that they also 
change resistance between their terminals with a 
change in temperature. However, they can be made 
with either a positive or negative temperature 
coe�cient. In addition, they have a much higher 
ratio of resistance change per ˚C (several %) than 
RTDs, which makes them more sensitive. 

�ermistors are generally composed of 
semiconductor materials or oxides of common 
elements such as cobalt, copper, iron, manganese, 
magnesium, nickel, and others. �ey typically come 
with 3 to 6 in. leads, encapsulated, and color-coded. 
�ey are available in a range of accuracies from 
±15˚C to ±1˚C, with a nominal resistance ranging 
from 2,000 to 10,000 Ω at 25˚C. A value of 2252 Ω is 
common and can be used with most instruments. A 
plot of the temperature vs. resistance characteristic 
curves is usually provided with the device to 
determine the temperature from a known 
resistance. However, the devices are highly 
non-linear and the following equation may be used 
to calculate the temperature: 

Equation 6.10. �ermistor Temperature 

 Where: 
 T = temperature, ˚K 
 A, B, and C = �tting constants 
 R = resistance, Ω 

�e constants A, B, and C are calculated from three 
simultaneous equations with known data sets: 
Insert R1 and T1; R2 and T2; R3 and T3, then solve 
for A, B, and C. Interpolation yields a solution 
accurate to ±0.01˚C or better. 

Linearization
Some thermistor manufacturers supply devices that 
provide a near-linear output. �ey use multiple 
thermistors (positive and negative coe�cients) or a 
combination of thermistors and metal �lm resistors 
in a single package. When connected in certain 
networks, they produce a linearly varying voltage or 
resistance proportional to temperature. A widely 
used equation for the voltage divider shown in 
Figure 6.22 is:
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Fig. 6.23. Compensating resistors in the network linearize the 
resistance change vs. temperature in the same manner as they 
do for the voltage mode.

Fig. 6.22. �e compensating resistors in series with the therm-
istors improve linearity near the center of the thermistor’s 
S-shaped characteristic curve. �is is where the sensitivity is 
the greatest, and its operating temperatures can be extended to 
cover a wider range.

Equation 6.11. �ermistor Voltage Divider

 Where:
 Eout is the voltage drop across R

For the resistance mode, see Figure 6.23.

Equation 6.13. �ermistor Resistance Mode
 Rt = MT + b
 Where:
 T = temperature in ˚C or ˚F
 b = value of the total network resistance Rt
  in Ω when T = 0
 M = slope, Ω per degree T in ˚C or ˚F,
  Ω/˚C or Ω/˚F

If R is a thermistor, and the output voltage is plotted 
against the temperature, the curve resembles an 
S-shape with a fairly straight center portion. 
However, adding other resistors or thermistors to R 
linearizes the center portion of the curve over a 
wider temperature range. �e linear section follows 
the equation of a straight line, Y = mX +b:

For the voltage mode: 

Equation 6.12. �ermistor Voltage Mode
 Eout = ±MT + b 
 Where: 
 T = temperature in ˚C or ˚F 
 b = value of Eout when T = 0 
 M = slope, volts per degree T in ˚C or ˚F, 
  V/˚C or V/˚F

Although a lot of research has gone into developing 
linear thermistors, most modern data acquisition 
system controllers and so�ware handle the 
linearization, which makes hardware linearization 
methods virtually obsolete. 

Stability
�ermistors are inherently and reasonably stable 
devices, not normally subject to large changes in 
nominal resistance with aging, nor with exposure to 
strong radiation �elds. However, prolonged 
operation over 90˚C can change the tolerance of 
thermistors, particularly those with values less than 
2,000 Ω. �ey are smaller and more fragile than 
thermocouples and RTDs, so they cannot tolerate 
much mishandling.
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Fig. 6.24. An accurate temperature sensor can be fashioned from a thermistor in one leg of a bridge circuit. Lead length is not signi�cant; so 
several sensors may be switched in and out of a single monitor without losing accuracy. Two thermistors make a di�erential thermometer 
that can be used for measuring temperature changes along a piping system or between various elevations in a building to balance the heating 
and air conditioning unit.

Time Constant 
�e time required for a thermistor to reach 63% of 
its �nal resistance value a�er being thrust into a new 
temperature environment is called its time constant. 
�e time constant for an unprotected thermistor 
placed in a liquid bath may range from 1 to 2.5 sec. 
�e same device exposed to an air environment 
might require 10 sec, while an insulated unit could 
require up to 25 sec. Seven time constants is a 
universally accepted value to consider when the 
device has reached its plateau or about 99% of its 
�nal value. �erefore, a device in the liquid bath 
might take as long as 7 sec to stabilize, while the 
same device in air could take 125 seconds or more 
than two minutes. 

Dissipation Factor 
�e power required to raise the temperature of a 
thermistor 1˚C above the ambient is called the 
dissipation factor. It is typically in the mW range for 
most devices. �e maximum operating temperature 
for a thermistor is about 150˚C. 

Tolerance Curves 
Manufacturers have not standardized on thermistor 
characteristic curves to the extent they have for 
thermocouples and RTDs. �ermistors are well 
suited to measuring temperature set points, and 

each thermistor brand comes with its unique curve 
which is o�en used to design ON/OFF control 
circuits. 

Measurement Approaches 
Temperature Measurement 
Wheatstone bridge: �ermistors provide accurate 
temperature measurements when used in one leg of 
a Wheatstone bridge, even at considerable distances 
between the thermistor and the bridge circuit. (See 
Figure 6.24A.) �e lead length is not a critical factor 
because the thermistor resistance is many times that 
of the lead wires. Numerous thermistors can be 
widely distributed throughout the lab or facility and 
switched into the data acquisition system without 
signi�cant voltage drops across the switch contacts. 
(See Figure 6.24B.) 

Di�erential thermometers: Two thermistors can be 
used in a Wheatstone bridge to accurately measure 
the di�erence in temperature between them. 
�ermistors can be attached to any heat conducting 
medium in a system at various points to measure 
the temperature gradient along its length. Two or 
more thermistors may be placed in a room to 
measure temperatures at several di�erent elevations 
using the same basic switching arrangement.
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Fig. 7.01. �e full-bridge circuit provides the largest output with minimum errors. All four arms of the bridge are active; two are in tension 
while the two on the opposite side are in compression.

STRAIN BASICS
Strain gages are sensing devices used in a variety of 
physical test and measurement applications. �ey 
change resistance at their output terminals when 
stretched or compressed. Because of this character-
istic, the gages are typically bonded to the surface of 
a solid material and measure its minute dimensional 
changes when put in compression or tension. Strain 
gages and strain gage principles are o�en used in 
devices for measuring acceleration, pressure, 
tension, and force. Strain is a dimensionless unit, 
de�ned as a change in length per unit length. For 
example, if a 1 m long bar stretches to 1.000002 m, 
the strain is de�ned as 2 microstrains. Strain gages 
have a characteristic gage factor, de�ned as the

fractional change in resistance divided by the strain. 
For example, 2 microstrain applied to a gage with 
gage factor of 2 produces a fractional resistance 
change of (2x2)10-6 = 4x10-6, or 4 μΩ. Common gage 
resistance values typically range from 120 to 350 Ω, 
but some devices can be as low as 30 Ω or as high as 
3 kΩ. 

STRAIN MEASUREMENT CONFIGURATIONS 
Wheatstone Bridge 
To make an accurate strain measurement, extremely 
small resistance changes must be measured. A 
Wheatstone bridge circuit is widely used to convert 
the gage’s microstrain into a voltage change that can 
be fed to the input of the ADC. (See Figure 7.01.) 

Chapter 7
Strain Measurements
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Fig. 7.02. In a half-bridge circuit, only two arms are active. Two strain gages are on the specimen while the two �xed resistors that complete 
the bridge are not.

When all four resistors in the bridge are absolutely 
equal, the bridge is perfectly balanced and Vout = 0. 
But when any one or more of the resistors change 
value by only a fractional amount, the bridge 
produces a signi�cant, measurable voltage. When 
used with an instrument, a strain gage replaces one 
or more of the resistors in the bridge, and as the 
strain gage undergoes dimensional changes 
(because it is bonded to a test specimen), it 
unbalances the bridge and produces an output 
voltage proportional to the strain. 

Full-Bridge Circuits 
Although half-bridge and quarter bridge circuits are 
o�en used, the full bridge circuit is the optimal 
con�guration for strain gages. It provides the 
highest sensitivity and the fewest error components, 
and because the full bridge produces the highest 
output, noise is a less signi�cant factor in the 
measurement. For these reasons, the full bridge is 
recommended when possible. 

A full bridge contains four strain gages mounted on

a test member. (See Figure 7.01.) Two gages are 
mounted on the surface under tension and the other 
two are mounted on the opposite surface under 
compression. As the member de�ects, the two gages 
in tension increase in resistance while the other two 
decrease, unbalancing the bridge and producing an 
output proportional to the displacement. �e bridge 
output voltage is given by: 

EQN: 7.01. Full-Bridge Output Voltage 
 Vo = (Vex)(X) 
 Where: 
 Vo = bridge output voltage, V 
 Vex = excitation voltage applied to the bridge, V 
 X = relative change in resistance, ΔR/R 

�e bridge nulls out potential error factors such as 
temperature changes because all four strain gages 
have the same temperature coe�cient and are 
located in close proximity on the specimen. �e 
resistance of the lead wire does not a�ect the 
accuracy of the measurement as long as the input 
ampli�er has high input impedance. For example,
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Fig. 7.03. A quarter-bridge circuit uses only one active arm and is the least sensitive of the three types. It is also the most prone to noise and 
errors.

an ampli�er with a 100 MΩ input impedance 
produces negligible current �ow through the 
measurement leads, minimizing voltage drops due 
to lead resistance. 

Half-Bridge Circuits 
When physical conditions do not allow mounting a 
full-bridge gage, a half bridge might �t. Typically, 
two strain gages are mounted on a test member, and 
two discrete resistors complete the bridge. �e 
output voltage is: 

EQN. 7.02. Half-Bridge Output Voltage 
 Vo = Vex (X/2) 
 Where: 
 Vo = bridge output voltage, V 
 Vex = excitation voltage applied to the bridge, V 
 X = relative change in resistance, ΔR/R 

For a large ΔR, half bridge and quarter-bridge 
circuits can introduce an additional nonlinearity 
error. (See Figure 7.02). Also, the readings are not 

accurate when the temperature coe�cients among 
bridge completion resistors and strain gages are 
di�erent and the resistances do not change 
proportionally with temperature. Furthermore, 
bridge completion resistors are not usually located 
near the strain gages, so temperature di�erences 
contribute additional errors. In systems with long 
lead wires, the bridge completion resistors should 
be attached close to the gages, but this may not 
always be practical due to test �xture limitations or 
other physical conditions. 

Quarter-Bridge Circuits 
A quarter-bridge circuit uses one strain gage and 
three bridge completion resistors. �e output 
voltage is: 

EQN. 7.03. Quarter-Bridge Output Voltage 
 Vo = Vex (X/4) 
 Where: 
 Vo = bridge output voltage, V 
 Vex = excitation voltage applied to the bridge, V 
 X = relative change in resistance, ΔR/R
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Fig. 7.04. �e Kelvin bridge circuit uses one pair of wires to 
provide the excitation voltage directly at the bridge, and 
another to sense the excitation voltage. A third pair of wires 
measures the bridge output voltage. �is arrangement 
removes the voltage-drop error in the excitation wires from the 
measured strain signal.

�is arrangement has the smallest output, so noise 
is a potential problem. Furthermore, all the error 
sources and limitations in the half-bridge apply to 
the quarter-bridge circuit. (See Figure 7.03.) 

Excitation Source 
Accurate measurements depend on a stable, 
regulated, and low-noise excitation source. A 
regulated source is necessary because the output 
voltage of a strain gage is also proportional to the 
excitation voltage. �erefore, �uctuations in the 
excitation voltage produce inaccurate output 
voltages. 

An ideal data acquisition system provides an 
excitation source for each channel, independently 
adjustable from 0.5 to 10.5 V with a current limit of 
100 mA. An excitation voltage, V, used with a strain 
gage of resistance, R, requires a current of I = V/R. 
�e resistance of a Wheatstone bridge measured 
between any two symmetrical terminals equals the 
value of one of the resistance arms. For example, 
four 350 Ω arms make a 350 Ω bridge. �e load 
current equals the excitation voltage divided by the 
bridge resistance; in this case, 10 V/350 = 0.029 A = 
29 mA. 

Heating 
Resistive heating in strain gages also should be 
considered because the gages respond to 
temperature as well as stress. In most standard 
circuits, the heat that each gage dissipates is less 
than 100 mW, so it’s usually not a problem. �is is 
especially true when the strain gage is bonded to a 
material that conducts heat quickly, such as metal. 
However, because materials such as wood, plastic, 
or glass do not conduct heat away as rapidly, use the 
lowest excitation voltage possible without 
introducing noise problems. Also, heat can become 
a problem when the strain gages are uncommonly 
small, or numerous gages occupy a limited space.

A commercial unit uses a Kelvin connection to 
measure and regulate the voltage at the bridge. It 
supplies the voltage to the strain gage with one pair 
of leads and measures it with another pair as shown 
in Figure 7.05. �e six wires are used in pairs for 
Sense, Excite, and Measure. �e Sense lead is a 
feedback loop to ensure that the Excite voltage is 
constantly held within speci�cations.

Consider a Kelvin connection for applying the 
excitation voltage. Because the excitation leads 
carry a small current, they drop a correspondingly 
small voltage; V = I/RL, which reduces the voltage 
reaching the bridge terminals. As illustrated in 
Figure 7.04, Kelvin connections eliminate this drop 
with a pair of leads added at the excitation terminals 
to measure and regulate the bridge voltage. For 
example, when ie = 50 mA, RL = 5 Ω, and the 
combined voltage drop in the two leads is 500 mV, 
no voltage drops in the sense wires.
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Fig. 7.05. A commercial strain gage module provides adjustable excitation, gain, and o�set for each channel. �is lets it make use of the 
instrument’s entire dynamic range.

Strain Gage Signal Conditioning 
Most strain gage-based transducers and load cells 
are assigned units of measure for weight, force, 
tension, pressure, torque, and de�ection with a 
full-scale value measured in mV/V of excitation. 
For example, a load cell with a 10 V excitation 
supply and a 2 mV/V gain factor generates an 
output of 20 mV at full load, whether the load cell 
was designed to handle 10, 100, or 1,000 lbs. �e 
di�erence is in the resolution of the system. �at is, 
the small 10 lb load cell produces 0.5 lbs/mV, and 
the large 1,000 lb load cell produces 50 lbs/mV.

Conductors carrying such low level signals are 
susceptible to noise interference and should be 
shielded. Low-pass �lters, di�erential voltage 
measurements, and signal averaging are also e�ective 
techniques for suppressing noise interference. 
Furthermore, instrumentation ampli�ers usually 
condition the extremely low strain gage signals 
before feeding them to ADCs. For example, a 10 V 
full-scale input provides 156 μV of resolution for a 
16-bit ADC. �e ampli�er gain should be adjusted to 
provide the full-scale output of the strain gage or 
load cell over the entire range of the ADC.



Data Acquisition Handbook 84

Chapter 7: Strain Measurements

Fig. 7.06. Normally, the strain gage signal in a Wheatstone 
bridge is superimposed on a common-mode voltage equal to 
half the excitation voltage. Consequently, a high CMRR is 
necessary to reject the common-mode voltage and amplify the 
strain gage signal.

Force and pressure transducers typically generate an 
o�set output signal when no external force is 
applied. Instrumentation ampli�ers usually contain 
a control to adjust this o�set to zero and let the load 
cell cover the full range of the ADC. Most 
instruments also provide adjustable excitation and 
gain. 

Common Mode Rejection Ratio 
A high common-mode rejection ratio (CMRR) is 
essential for strain gage ampli�ers. (See Chapter 5.) 
CMRR is a measure of how well the ampli�er rejects 
common-mode voltages. A strain-gage signal in a 
Wheatstone bridge is superimposed on a 
common-mode voltage equal to half the excitation 
voltage. For example, consider a 10 V excitation 
supply (Vmax = 5 V) for a strain gage with 2 mV/V 
(Vs = 20 mV) at full scale and an ampli�er with a 
CMRR of 90 dB. (See Figure 7.06.) �e ampli�er can 
introduce 0.158 mV of error, corresponding to 
about 0.80% full scale, which may not be acceptable: 

EQN: 7.04. Common-Mode Rejection Ratio 
 dB = 20 log10(Vs/Ve) 
 Vmax/Ve = log10-1 (dB/20) 
    = log10-1 (90/20) 
    = 31,622 
 Ve = Vmax/log10-1 (dB/20) 
  = 5.00/31,622 
  = 0.158 mV 
 % error = (Ve /Vs)100 
   = (0.158/20)100 
   = 0.79% 
 Where: 
 Ve = error voltage, 0.158 mV 
 Vs = signal voltage, 20 mV 
 Vmax = maximum voltage, 5V 
 CMRR = 90 dB 

By comparison, a CMRR of 115 dB introduces only 
9 μV of error, which corresponds to only 0.04% of 
full scale.

Strain gage signal-conditioning modules usually 
provide a regulated excitation source with optional 
Kelvin excitation. Onboard bridge-completion 
resistors may be connected for quarter and 
half-bridge strain gages. Instrumentation ampli�ers 
provide input and scaling gain adjustments, and an 
o�set adjustment nulls large quiescent loads. �is 
lets input signals use the full range of the data 
acquisition system and the measurements cover the 
full resolution of the ADC. 

Some strain gage signal conditioners provide �xed 
gain, o�set, and excitation settings, but �xed 
settings do not take advantage of the maximum 
dynamic range of the ADC. �ey decreases the 
actual available resolution of the measurement. For 
example, many generic strain gage signal 
conditioner modules can be set to a �xed 3 mV/V 
rating. At 10 V, the excitation, o�set, and gain 
trimming are all �xed and no adjustments can be 
made.
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Fig. 7.07. A bridge may be calibrated with a shunt resistor, 
which is switched with a so�ware command into either one of 
the two lower legs.

An excitation adjustment lets users set the 
excitation voltage to the maximum allowed by the 
manufacturer, which maximizes the bridge’s output. 
Also, the o�set adjustment lets users zero the output 
o�set produced by either a small bridge imbalance 
or a quiescent deformation of the mechanical 
member. And the gain adjustment lets users set a 
gain that provides a full-scale output under 
maximum load, which optimizes the dynamic range 
of the ADC. 

CALIBRATION APPROACHES 
�e signal-conditioning module also typically 
provides a shunt calibration feature. (See Figure 
7.07.) It lets users switch their own shunt resistors 
into either one of the two lower legs of the bridge 
under so�ware control. For example, a shunt 
resistor can be calculated to simulate a full load. 
Applying a shunt resistor is a convenient way to 
simulate an imbalance without having to apply a 
physical load. For any balanced bridge, a speci�c 
resistor can be connected in parallel with one of the 
four bridge elements to obtain a predictable 
imbalance and output voltage.

For example, a 350 Ω, 2 mV/V strain gage delivers 
full output when one leg drops by 0.8% to 347.2 Ω. 
A 43.75 kΩ resistor shunted across one or the other 
lower bridge elements swings the output to full 
positive or full negative. 

An equation for calculating the shunt calibration 
resistor value is: 

EQN. 7.05. Shunt Calibration Resistor for Transducers 
 Rs = Rba[Vex/4(Vo)] 
 Rs = 350[10/4(0.020)] = 43.75 k 
 Where: 
 Rs = shunt resistor, Ω 
 Rba = bridge arm resistor, Ω 
 Rs >> Rba 
 Vex = excitation voltage, V 
 Vo = bridge output voltage, V 

Many products include calibration so�ware with a 
Windows-based program that provides several 
calibration methods, online instruction, and a 
diagnostic screen for testing the calibrated system. 

APPLICATIONS 
Transducers and Load Cells 
Strain gages are commercially available in 
prefabricated modules such as load cells that 
measure force, tension, compression, and torque. 
Load cells typically use a full-bridge con�guration 
and contain four leads for bridge excitation and 
measurement. �e manufacturers provide 
calibration and accuracy information. 

Strain Diaphragm Pressure Gages 
A strained-diaphragm pressure gage consists of two 
or four strain gages mounted on a thin diaphragm. 
�e gages are wired in a Wheatstone bridge circuit, 
including bridge completion resistors when needed, 
so the pressure gage is electrically equivalent to a 
load cell. �e output voltage is speci�ed in mV/V of 
excitation for a full-scale pressure di�erential across 
the diaphragm.
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When one side of the diaphragm (called the 
reference pressure side) is open to the ambient 
atmosphere, the gage compares the inlet pressure to 
the ambient pressure, which is about 14.7 psi at sea 
level. When the gage measures ambient pressure, 
the reference chamber must be sealed with either a 
vacuum reference (near zero psi) or the sea-level 
reference. 

Temperature variations can a�ect the accuracy of 
these gages. A pressure gage with a sealed nonzero 
reference pressure exhibits temperature variations 
consistent with the ideal gas law. For example, a 5˚C 
change in ambient temperature near normal room 
temp (25˚C) produces an error of 1.7% in the 
pressure measurement. Temperature variations can 
also a�ect the performance of the strain gages 
themselves. Transducers must contain temperature

compensation circuits to maintain accurate 
pressure measurements in environments with 
widely varying temperatures. 

All strained-diaphragm pressure gages require a 
regulated excitation source. Some gages contain 
internal regulators, so users can connect an 
unregulated voltage from a power supply. Some 
strained-diaphragm pressure gages also employ 
internal signal conditioning, which ampli�es the 
mV signal output of the Wheatstone bridge to a 
full-scale voltage from 5 to 10 V. Gages of this type 
have low-impedance outputs. In contrast, other 
pressure gages have no internal signal conditioning 
so their output impedance equals the Wheatstone 
bridge resistance (several kΩ for semiconductor 
types), and their full-scale output is in mV.
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SENSORS FOR VIBRATION AND 
SOUND MEASUREMENTS 
Strain-Gage Accelerometers 
Strain-gage accelerometers contain a small, 
calibrated mass attached to the free end of a 
cantilever beam. (Also see chapter 7.) One strain 
gage sits on the top of the cantilever beam, and 
another sits opposite it on the underside. Both 
strain gages measure the bend of the cantilever, one 
in compression and the other in tension when the 
device accelerates in a direction perpendicular to 
the plane of the gages. First, the product of the mass 
and acceleration converts to force (F = ma) then 
force converts to an electrical signal. �e gages are 
calibrated to generate an output signal proportional 
to the amount of acceleration, typically measured in 
gravity units or gs. �e accelerometers’ natural 

frequency is usually in the order of several kHz, and 
in an undamped system, the cantilever-mass 
combination forms a harmonic resonator with Q 
near 100,000. 

A system with an extremely high Q excited near its 
resonant frequency produces large oscillations, 
which can mask the true acceleration signal, 
produce inaccurate measurements, and damage the 
sensor. Consequently, oil or a similar material is 
frequently added to control the damping. Figures 
8.01 and 8.02 show the frequency response of 
harmonic resonators with Q = 1 and 100,000. For Q 
= 100,000, the accelerometer is accurate within 10% 
to 1/3 of its resonant frequency. In contrast, for Q = 
1, the accelerometer is accurate within 10% to half 
of its resonant frequency.
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Fig. 8.01. An undamped accelerometer can have a high Q at its 
resonant frequency, which produces large oscillations and 
completely overrides the acceleration signal. Also, if large 
enough, resonant oscillations can destroy the accelerometer.

Fig. 8.02. �e low frequency portion of the signal shown in 
Figure 8.01 is magni�ed to show its response.
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Fig. 8.03. A high-gain op amp isolates the sensor’s output 
voltage from the e�ect of signal cable capacitance and lets the 
ampli�er reside several meters away from the sensor.

Fig. 8.04. Some piezoelectric accelerometers come with built-in 
ampli�ers. �ey have a low output impedance and require an 
external power supply.

Most strain gages in accelerometers are wired in 
Wheatstone bridge circuits. Signal conditioners for 
a common strain-gage bridge also apply to this type 
of transducer since it resembles a strain-gage circuit 
in a load cell. 

Piezoelectric Transducers 
Piezoelectric materials also are used in 
accelerometers and microphones. �ey generate 
electrical charges on opposite faces of the crystal 
under dynamic mechanical forces including 
compression, tension, and twisting. A variety of 
transducers, such as microphones use piezoelectric 
elements to convert sound energy picked up by a 
diaphragm into electrical signals. Conversely, sonic 
transducers use piezoelectric elements to convert 
electrical signals into sound energy. Quartz is one of 
the most common materials applied in piezoelectric 
transducers and are readily available. Another 
common material is a piezoceramic material, 
composed of lead, zirconate, and titinate (PZT). 

From an electrical viewpoint, a piezoelectric device 
resembles a capacitor containing a time varying

charge, Q(t). �e charge is proportional to the force 
on the crystal and is usually measured with either a 
voltage or charge ampli�er. 

Voltage Ampli�er 
In Figure 8.03, the voltage ampli�er’s gain is 1. 
Adding feedback resistors or increasing the number 
of ampli�er stages changes the gain. �e ampli�er 
converts the high-impedance voltage input to a 
low-impedance voltage output. �e voltage is Q/C, 
where Q is the charge in coulombs, and the C is the 
capacitance in Farads, which includes both the 
sensor and the lead capacitance. When calibrating a 
charge ampli�er, the cable capacitance is part of the 
charge equation, so replacing the cable without 
recalibration can change the instrument’s output 
accuracy. 

Charge Ampli�er 
�e charge ampli�er shown in Figure 8.03 is 
extremely versatile because its output voltage is V = 
Q/C where Q is the charge, and C is the feedback 
capacitance. When the operational ampli�er has an 
extremely large open-loop gain, the output voltage 
is independent of the cable capacitance. �is lets the 
ampli�er work well even when it’s located several 
meters away from the sensor. However, because 
electrical noise increases in proportion to cable
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Fig. 8.05. A piezoelectric accelerometer with a built-in MOSFET ampli�er stage drives a programmable gain ampli�er on a dynamic signal 
input card. �e 2 or 4 mA current source powers the MOSFET.

length, noise susceptibility determines the 
maximum permissible cable length more than does 
device sensitivity. �e charge ampli�er doubles as a 
high-pass �lter with lower corner frequency f = 1/(2
πRC), but this represents a trade-o� between 
sensitivity and frequency response. Decreasing C 
increases sensitivity, but it also increases the lower 
corner frequency. 

PZT-type sensors can’t make static measurements 
because of their leakage resistance and high output 
impedance, which ranges from 1010 to 1012 Ω. Such 
leakage resistance combined with a capacitance of 
several hundred pF, yields a time constant of a few 
seconds. 

Low-Impedance Transducers 
Most modern piezoelectric transducers contain 
integrated signal conditioning ampli�ers. (See 
Figure 8.04.) Also known as integrated-circuit 
piezoelectric transducers, these units have a low 
impedance output and require an external power 
supply. �e manufacturer usually speci�es their 
sensitivity and frequency range. Users need only

connect a supply to the power terminals and the 
output to a voltmeter circuit. �e voltage is then 
scaled to the measured engineering units. 

�e most common application for piezoelectric- 
type accelerometers is in measuring a wide range of 
accelerations and mechanical vibrations. �ey 
monitor automobile deceleration (and deploy the 
air bag at the correct millisecond) in safety systems, 
li�-o� acceleration and motion during 
space-shuttle missions, and mechanical vibration in 
numerous machines. Piezoelectric sensors, 
however, cannot measure constant acceleration as 
do strain-gage sensors. 

Low-impedance piezoelectric transducers also 
measure pressure or force. �e accelerometer circuit 
requires only two wires to handle both power and 
signals. Due to the sensor’s low impedance, the 
system is not normally sensitive to externally 
introduced or triboelectriccable noise or cable length. 
Piezoelectric sensors have resonant frequencies as 
high as 120 kHz giving them a usable frequency 
range of less than 1 Hz to more than 40 kHz.
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Fig. 8.06. A constant current source provides a source-gate bias for the �eld-e�ect transistor in the accelerometer. Depending on the speci�c 
FET circuit, a constant-current source may be con�gured for either a �oating load or a grounded load.

Figure 8.05 shows a simpli�ed connection scheme 
between an accelerometer and signal conditioning 
card. �e voltage developed across R is applied to 
the gate of the MOSFET, which receives power from 
a constant-current source of 2 to 4 mA. �e 
MOSFET circuits bias o� at approximately 12 V in 
the quiescent state. When the system is excited, 
voltage develops across the crystal, which is applied 
to the gate of the MOSFET. �e voltage produces 
linear variations in the MOSFET’s impedance, 
which, in turn, produces a proportional change in 
the bias voltage. �is voltage change couples to the 
input ampli�er through capacitor C. �e value of R 
and the internal capacitance of the piezoelectric 
crystal control the low-frequency corner. Units 
weighing only a few hundred grams generate 
high-level outputs to 10 mV/g with response to 
frequencies from 0.3 Hz to 2 kHz. Smaller units 
with less sensitivity respond to frequencies from 1 
Hz to 35 kHz.

�e constant-current source provides a 
source-to-gate bias for the FET. As the gate current 
responds to changes in applied pressure on the 
crystal, the drain-to-source voltage (Vds), and the 
voltage out of the preampli�er change 
proportionally. An ac coupling circuit or a 
high-pass �lter is always necessary because of the 
high dc o�set at Vds that develops from the bias 
current. �e cuto� frequency of the high-pass �lter 
depends on the application and the particular 
accelerometer. (See Figure 8.06.) 

To eliminate the need for an outboard preampli�er, 
some accelerometers contain the current source and 
the ac coupling circuitry. �is feature also lets 
accelerometers connect to the data acquisition 
system through simple BNC connectors. Most 
accelerometers, however, require an ampli�er and 
�lter on the output before the analog to digital 
conversion stage. Also, the programmable-gain 
ampli�er lets the operator adjust the gain for 
optimum response.
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Along with programmable ampli�ers, 
programmable low-pass �lters reject unwanted high 
frequency signals. �e signals typically come from 
noise or high-frequency vibrations that do not 
relate to the application. When developing the 
front-end circuitry for this type of measurement, 
noise rejection and bandwidth are primary 
concerns. As the bandwidth increases, the noise can 
increase as well. Low-pass �lters also should be used 
in most accelerometer conditioning circuits to 
reduce noise and aliasing e�ects. �e cuto� 
frequency of the low-pass �lter should be close to 
the system’s maximum useful operating frequency.
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LINEAR DISPLACEMENT
Motion control systems typically require a sensor in 
a feedback loop to ensure that the moving member 
or component reaches its commanded position. 
Position sensors are typically used on machine-tool 
controls, elevators, liquid-level assemblies, forkli� 
trucks, automobile throttle controls, and numerous 
other applications. Position sensors measure either 
absolute or incremental displacement, and are made 
with a variety of di�erent materials. Also, when the 
sensor’s power fails, some retain the measured 
position data, and other types lose the information. 

One common device is a resistive position sensor or 
potentiometer. It may be a single-turn or a 
multi-turn rotary sensor with an element made of 
carbon or any one of a number of more durable, 
high-temperature, conductive-plastic �lm materi-
als. Some types of potentiometers connect to the 
moving member through a rigid or �exible coupling 
while others are actuated with a string wrapped 
around its output sha�. Yet other position sensors 
include LVDT’s (linear variable di�erential 
transformers), sonically operated devices, and 
digital encoders. 

String-Potentiometer Transducers 
String-type potentiometers are basically rotational 
devices that typically measure linear motion as 
shown in Figure 9.01. Because a cable connects 
between the moving member and the 
potentiometer, the cable must be preloaded with a 
spring, have a low coe�cient of expansion under
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Fig. 9.01. String potentiometers occupy relatively little overall 
space in a machine installation or device under test. In some 
applications where a sensor cannot be mounted on the device 
being measured, the potentiometer may be conveniently 
located some distance from the test bed without sacri�cing 
accuracy or repeatability.
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Fig. 9.02. LVDT sensors provide distance and direction information with extremely high accuracy. But a drawback for some installations is 
their relatively long length. �e minimum length of the sensor is its body, and the core can extend only as far as the length of the body.

wide ranges of temperature (-65 to +125˚C), and 
have little tendency to stretch. Because of these 
constraints, its accuracy is somewhat less than that 
of a more rigid, sha�-coupled sensor. 

Most modern potentiometers are extremely linear 
and are made with special alloys or precious metal 
wipers and conductive plastic resistive elements to 
withstand as many as 100 million revolutions. �ey 
are usually part of a voltage divider and provide an 
output voltage proportional to displacement, but 
they may also drive analog-to-digital converters to 
feed microprocessor-based instruments directly. 
However, when digital outputs are needed, a more 
common practice uses digital encoders that 
inherently supply higher accuracy.

LVDT: Linear Variable Differential 
Transformers 
LVDTs are electronic devices comprised of a special 
transformer with a movable metal actuator in its 
hollow-core. �e transformer contains two 
di�erentially wound secondary windings on either 
side of a primary winding. As the actuator in the 
core moves in and out, it couples a signal from 
primary to secondary in proportion to the 
displacement. Being di�erentially wound, LVDTs 
also can provide directional signals with the 
appropriate signal conditioning circuits. With the 
actuator at the center position, the output signal is 
null or zero. As the actuator moves out in one 
direction, the signal is positive, and when it moves 
in the opposite direction from null, the signal is 
negative. (See Figure 9.02.)
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Fig. 9.03. Magnetostrictive position sensors have a high signal-to-noise ratio, shock and vibration resistance, and accuracy. �ey are rugged 
devices that deliver from 30 to 400 mV signals at their output terminals and require little or no additional signal conditioning. A possible 
disadvantage for some applications, however, is its wave-guide, which must be at least as long as the measured stroke.

LVDTs require electronic circuits to provide an ac 
signal to excite the primary and a demodulator to 
convert the output to a dc signal with directional 
polarity. Some LVDTs contain the electronics 
onboard and only require power to obtain an 
output, while others require separate signal 
conditioners or modules. �e LVDTs themselves are 
rugged devices and have a MTBF of as much as 3 
million hours. �e main limitation is the 
displacement range of the core to ensure high 
linearity. 

Magnetostrictive Position Sensor 
Another relatively new type of position sensor is 
based on the theory of operation of the interaction 
of two magnetic �elds on magnetostrictive 
materials. �e major components of the sensor 
include an external permanent magnet, integral

sensing and output signal conditioning circuits, a 
sensor tube, and a wave-guide element. �e 
permanent magnet fastens to the movable object, 
and the housing remains attached to a stationary 
reference point. (See Figure 9.03.) 

�e output signal conditioning circuit generates a 
current pulse and magnetic �eld which travel down 
the waveguide. When the transmitted �eld reaches 
the permanent magnet �eld, the combination 
induces a strain pulse in the magnetostrictive tube. 
�e strain pulse, in turn, travels down the 
waveguide to the head of the sensor where it is 
detected. �e time measured between the 
application of the interrogation pulse and the arrival 
of the strain pulse determines the precise, absolute 
distance between the movable magnet and the pulse 
generator. Resolution is about 0.002 mm, durability
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Fig. 9.05. A rack and pinion sensor assembly should have a 
�exible mount to compensate the combined runout error. In a 
machine application, the sensor should be protected from 
metal chips and other foreign objects to ensure measurement 
accuracy.

Fig. 9.04. Two-channel encoders provide step and direction 
vectors with an output signal that can be a sinewave, square-
wave, or a series of equally spaced pulses generated at regular 
intervals on the waveform.

is high, and the stroke ranges from 5 to 20,000 mm. 
Higher resolutions require additional interpolating 
circuits. �e output signal, which is proportional to 
displacement, can be either analog or digital, and it 
can represent both position and velocity. 

Linear Encoders 
Linear encoders have evolved over the years to 
provide extremely accurate position information. 
�eir principle of operation depends upon sensing 
position from precision graduations (position 
codes) etched on a linear scale. �ey come in both 
contacting and non-contacting types, and their 
length is primarily limited to their 
temperature-sensitive coe�cient of expansion to 
preserve accuracy. Most modern scales are glass, 
and optical sensors detect the graduations. (See 
Figure 9.04.) �e bene�t of a non-contacting type is 
typically longer life because it uses optical 
components instead of brushes or a contacting

wiper. All optical encoders contain a light source, 
light detector, code wheel or scale, and signal 
processor. 

ROTATIONAL POSITION 
Rotational position may be measured with 
potentiometers, coupled to a rack and pinion 
assembly or gear trains to obtain a suitable ratio of 
potentiometer revolutions to measured component 
rotation or movement (see �gure 9.05). 
Potentiometers commonly come in single turn to as 
many as 25 turns and �t numerous applications. 
But, most rotational measurements, whether they 
are velocity, rpm, or position, are best handled with 
digital encoders. Like linear encoders, several types 
have been used over the years including both 
contacting (see Figure 9.06) and non-contacting. 
�ey contain a disc (code wheel) or a plate made 
with alternating opaque and transparent segments 
that move between a light source such as an LED, 
and a photo-detector. (See Figure 9.07.)
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Fig. 9.06. �e disc pattern on the contacting encoder is a 
digital word, which represents the absolute position of the 
encoder sha�.

Fig. 9.07. �e shutter is one of the most critical components of the encoder assembly. �e sensor’s resolution and accuracy hinge on the quality 
of the vendor’s manufacturing and assembly processes.

Absolute Encoders 
Absolute encoders typically contain several 
detectors and slots on a revolving wheel to provide a 
unique output binary code for each sha� position 
within its range of resolution. �erefore, the sha� 
position can be determined absolutely. Moreover, 
the correct position is always retained before and 
a�er a power failure. �e tracks on the encoder 
wheel may be arranged to provide a 0.5 bit 
maximum error. Absolute encoders come in single 
and multi-turn versions. 

Incremental Encoders 
Incremental encoders usually provide two channels 
of square wave output signals. Each pulse represents 
an increment of rotation of relative position. �ese 
encoders o�en contain a third slot called the 
reference slot used to calibrate the encoder. Dual 
channel encoders are more accurate than single 
channel types. �ey register direction, and when a 
code wheel stops on the edge of a slot, incident 
vibrations cannot generate an error count, as it does 
for single-channel sensors.
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Fig. 9.08. �e two light sensors in a dual channel linear 
position encoder are connected in a push-pull con�guration 
and track one another, so equal changes in the input produce 
equal changes in the output.

Signal conditioning circuits generate the output 
signal waveform and complementary signals, sense 
their direction, and �lter the output. �e amplitude 
of the input voltage controls two stable output states 
of a shaper circuit. �e shaper output feeds several 
gates, which in turn generate the pulses that mark 
the encoder’s zero-signal crossings. �e circuits also 
sense whether channel A leads or lags channel B to 
provide direction information. 

Errors 
Encoder manufacturers endeavor to minimize 
device errors, but users must be concerned with 
total system errors. Encoder errors consist of 

instrument and quantization errors, as well as 
manufacturing and assembly errors. For example, 
the light sources must be closely matched and the 
code wheel must have low disc eccentricity. 

Encoder error is relatively easy to quantify, whereas 
total error depends upon each application and is a 
little more di�cult to pin down. Several sources 
contribute to total error, including manufacturing 
and assembly tolerances, LED characteristics, scale 
and disc alignment, and power supply stability. 
Others include electrical interference, temperature 
variations, mechanical coupling, and mechanical 
vibration. 

In some cases, encoder misalignment errors can be 
calculated. For example, a linear sensor o�en 
incorporates a glass scale to sense linear 
displacement. When the scale is bent or bowed, the 
curvature introduces an error that is proportional to 
the displacement d, as shown in Figure 9.09. When 
d is small relative to S, the concave surface of the 
scale is shortened by Δ, and the convex surface is 
elongated by Δ, where Δ = 4td/S. 

For example, when: 
 S = 8 in. 
 t = 0.20 in. 
 d = 0.0010 in, 
 then: 
 Δ = (4 x 0.20 x 0.0010)/8 = 0.0001 in. 

Lines etched on the convex side produce an error of 
+0.0001 in., and lines on the opposite side produce 
an error of -0.0001 in./foot.

Power supply stability and freedom from electrical 
interference are critical requirements for encoders. 
Both anomalies can produce intermittent and 
random operation, which are frequently di�cult to 
diagnose. 

Temperature has minimal in�uence on today’s 
encoder electronics, although the maximum

Quadrature Encoders 
�e two channels, A and B, of a dual output 
incremental encoder are usually displaced by 90 
degrees from each other. �erefore, the spacing 
between pulses is one-half the line width. When the 
disc contains 1024 lines and 1024 spaces, the sensor 
generates 4 x 1024 = 4096 pulses per revolution; 
hence the output signals are delivered in 
quadrature. (See Figure 9.08.) �e angular 
movement in this arrangement resolves to 5.27 
minutes of arc.
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Fig. 9.09. �e top view of an exaggerated bow in linear scale 
illustrates the errors that could undermine measurement 
accuracy. �e error in this case is proportional to the displace-
ment “d.”

operating temperature at rated power for LEDs is 
150˚F compared to 200˚F for incandescent lamps. 
But LEDs have more than double the expected life 
of lamps, and they work with superior signal 
conditioning circuits, so they are used almost 
exclusively. Temperature �uctuations a�ect linear 
glass scales more signi�cantly. For example, a 
±150˚F temperature change can produce an error of 
±0.0008 in./�. 

�e mechanical coupling to the moving member 
should suit the application, considering axial and 
radial loads, acceleration, velocity, vibration, 
accuracy, and resolution. �e proper coupling 
reduces errors and increases the encoder’s life.
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CONTROLLING NOISE 
Controlling noise in measurement systems is vital 
because it can become a serious problem even in the 
best instruments and data acquisition hardware. 
Most laboratories and industrial environments 
contain abundant electrical-noise sources, 
including ac power lines, heavy machinery, radio 
and TV stations, and a variety of electronic 
equipment. Radio stations generate high-frequency 
noise, while computers and other electronic 
equipment generate noise in all frequency ranges. 
Building a completely noise-free environment just 
for running tests and measurements is seldom a 
practical solution. Fortunately, simple devices and 
techniques such as using proper grounding 
methods, shielded and twisted wires, signal 
averaging methods, �lters, and di�erential input 
voltage ampli�ers can control the noise in most 
measurements. Some techniques prevent noise 
from entering the system, while others remove 
extraneous noise from the signal. 

THE GROUNDING CONFLICT 
A non-technical dictionary de�nes the term ground 
as a place in contact with the earth, a common 
return in an electrical circuit, and an arbitrary point 
of zero voltage potential. Grounding, or connecting 
some part of an electrical circuit to ground ensures 
safety for personnel and it usually improves circuit 
operation. Unfortunately, a safe environment and a 
robust ground system o�en do not happen 
simultaneously. It takes planning based on 
systematically understanding how electricity

behaves in various types of circuits. For example, 
high redundancy is one key feature that makes most 
of the electrical distribution systems around the 
world safe and operate properly. 

Grounding for Safety 
Isolated secondaries of step-down power 
distribution transformers are generally grounded 
near the transformer and within the �rst switching 
panel in the wired path to the eventual load. (See 
Figure 10.01.) �e ground is a point within the 
panel connected to a nearby earth ground rod. 
Typically, a large or signi�cant structure (building 
frame) or metallic system (plumbing) is also 
connected to the same point. �is minimizes

Chapter 10
Noise Reduction and Isolation

Fig. 10.01. Utility power transformers are typically grounded 
to earth ground near the transformer, and again at the input 
to the electrical junction box or �rst switching panel. �e 
switching panel, in turn, may be connected to a rod driven into 
the earth to ensure that it too is at true ground potential.
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Fig. 10.02. Signi�cant current fed to multiple circuits should 
have individual return paths to a common ground or negative 
terminal. �is reduces the risk of voltage drops developing over 
long ground runs or lead wires that could become input (error) 
signals to other circuits.

voltage di�erences that may develop between a 
water pipe and an appliance with a three-wire 
grounded cord, for example. An electrical fault such 
as a nongrounded conductor contacting a metal 
object is designed to open a fuse or trip a breaker 
rather than leave an electrically energized appliance 
at a higher potential than a nearby water pipe or a 
sink faucet. If the ground connection in the panel 
disconnects for any reason, the redundant ground 
near the transformer will provide the path for fault 
currents to open fuses or trip breakers. Preventing 
electrical shocks and electrical �res is the highest 
priority for ground circuits, but the redundancies 
built into many electrical grounding systems 
occasionally limit certain kinds of connections for 
input to data acquisition systems. 

Grounding for Robust Instrumentation 
Several internal, common busses in a data control 
instrument are arranged to regulate current �ows 
and terminate all paths at one common point. �is 
approach ensures that the current �owing in any 
path will not force a voltage drop in a return path for 
another circuit and appear as an (erroneous) input 
signal. (See Figure 10.02.) Usually, this one common 
point connects through low impedances to the 
safety ground connection on the instrument’s ac 
power cord. �is connection prevents the internal 
system from �oating at an ac potential between 
earth ground and the input ac supply potential. 

GROUND LOOPS 
Measuring instruments that contain an earth 
ground as described above usually generate a 
ground loop. A ground loop can become a serious 
problem even when the ground voltage on the 
measured point equals the ground voltage entering 
the instrument through the line cord. A voltage that 
develops between the two grounds can be either an 
ac or a dc voltage of any value and frequency, and as

the voltage and frequency increase, the e�ects of the 
ground loop become more troublesome. 

Dangerous and Destructive Ground Loops 
A transient current can generate a substantial 
voltage on grounded conductors. During an 
electrical fault when an energized conductor 
contacts a safety ground, for example, a fraction of 
the supply voltage can end up on the safety ground 
before the fuse or circuit breaker supplying the fault 
opens and removes the voltage. �is happens in a 
few milliseconds and is usually not a safety hazard. 
But the problem can be much more serious if 
lightning strikes a safety ground structure and 
thousands of amperes �ow through the ground 
system. Potential di�erences across even a fraction 
of an ohm can easily exceed 1,000 Vac and damage 
equipment and endanger lives.
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Fig. 10.03. �e 150 mV dropped across RL in the bottom 
ground return line arises from the 30 mA of current �owing in 
5.2 Ω of lead wire resistance. �e voltage adds to the sensor’s 
2.50-V signal to yield 2.65 V at the input to the 
signal-conditioning ampli�er and produces a 6.6% error.

Symptoms of Ground Loops 
Sometimes, a measurement error is mistakenly 
attributed to a ground loop problem, especially 
where a ground is not strictly involved. �e 
phenomenon relates to two types of situations; 
shared current �ow in a circuit path, which 
produces unintended voltages, and inadvertent 
circuits that interfere with the proper operation of 
intended circuits. 

How Ground Loops are Created 
A ground loop problem can be illustrated by the 
following example. An integrated sensor with 
internal signal conditioning contains three wires; a 
positive power supply lead, a signal output lead, and 
a negative lead that serves as both the power return 
and signal common. (See Figure 10.03.) �e sensor’s 
internal circuitry draws about 30 mA and the 
output signal ranges from 0 to 5 Vdc. 

�e sensor is stimulated and a digital voltmeter 
reads the correct output of 2.50 Vdc on the test 
bench. But when the three leads are extended by 500 
feet with 20 AWG wire (10.4 Ω/1,000 � at 20˚C), the 
common lead wire carrying the 30 mA of power 
supply current drops about 150 mV. �is lead 
resistance voltage drop adds to the sensors output 
voltage and delivers 2.65 Vdc to the digital 
voltmeter. �e error amounts to about 6.6% and 
what’s worse, it varies widely with the temperature 
of the wire. �e speci�c application determines 
whether the error can be tolerated or not. 

When the current drawn by the sensor circuit is not 
a steady state value, that is, it consists of an ambient 
level combined with a dynamic component, the 
error introduced will be time varying. It might be a 
relatively high frequency, which acts as noise in the 
measured output, or it may be in perfect synch with 
the physical phenomenon being sensed. It then 
a�ects the magnitude of the time-varying output 
signal. Both types of errors o�en appear in data 
acquisition systems.

substantially if forced to share extremely long wires 
carrying merely mA. A detailed wiring diagram and 
a circuit schematic can provide insight and 
understanding to help prevent this type of problem 
before hundreds of feet of wire are installed. 

Frequently, multiple wires running between two 
locations cannot be shared. When a common wire is 
shared, the current in one channel a�ects the 
voltage reading in another channel. In the previous 
numerical example, a fourth wire connected to the 
lower end of a di�erential measurement channel 
provides an output voltage that can be measured

How to Eliminate Ground Loops 
A reliable trouble-shooting method analyzes 
current �ow and predicts its results. �e wires from 
the intended point of measurement must carry only 
current associated with the bias requirements of the 
analog input channel. (See Figure 10.04.) �ese 
currents are typically measured in microamperes. 
At lower voltage levels, they can be altered



Data Acquisition Handbook

Chapter 10: Noise Reduction and Isolation

102

Fig. 10.04. A separate wire run from the sensor ground (or 
common terminal) bypasses the power supply ground wire 
voltage drop. �e true output signal of the sensor (Vout) 
reaches the ampli�er input terminals because the input draws 
negligible current.

accurately with a high degree of con�dence. �is 
approach is most e�ective when the system 
supports three wires, and they share a common 
power supply. Di�erential input connections used 
with the analog common, which is referenced to the 
power supply return terminal, eliminates the e�ect 
of the ground loops inherent in this multiple-sensor 
arrangement. 

CROSSTALK IN DATA ACQUISITION 
SYSTEMS 
Another type of ground-loop error is crosstalk 
between channels. �is may be de�ned as an 
interaction between readings on two or more 
channels, which may be static or dynamic. When 
multiple channels are used and ground loops exist, 
the simpli�ed errors described previously most 
likely will be compounded by contributions from 
other channels. �e crosstalk may or may not be 
obvious.

Static Crosstalk 
Consider a group of static channels with steady 
voltages, that when measured individually, yield 
accurate readings. However, when each channel is 
connected to an input of the data acquisition system 
and the readings change, the change indicates that 
crosstalk is generated by a steady-state ground loop. 
Likewise, when the reading of a channel changes by 
connecting another channel, crosstalk exists and the 
problem is a ground loop. 

Dynamic Crosstalk 
Dynamic crosstalk is the name given to the situation 
where a known dynamic signal on a particular 
channel appears in a physically unrelated channel. 
�e steady-state currents drawn by the transducers 
discussed in the previous example are idealized for 
simplicity. �ese currents commonly vary with the 
measured physical variables along with the errors. 

Sequentially reading signals of widely varying 
magnitudes produce sequential crosstalk in 
multiplexed data acquisition systems. Capacitive or 
inductive coupling between channels generates 
crosstalk in systems with improperly or carelessly 
dressed wires. Generally, however, these are not 
attributed to ground loops and are less common. 

SHIELDED WIRING 
Benefits 
Metallic shields placed around equipment and test 
leads e�ectively prevent noise from either entering 
or leaving the system. For example, loose or 
exposed wires become antennas for radio frequency 
signal pickup, and can form loops that radiate noise. 
To emphasize the need for controlling noise, Figure 
10.05 shows a single-ended voltage measurement 
on a shorted channel. Approximately 6 feet of wire, 
not twisted or shielded, was attached to the data 
acquisition system. Figure 10.06 shows the noise in
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Fig. 10.05. Radiated noise spikes are easily picked up on 
non-twisted, non-parallel, unshielded lead wires connected to 
the single-ended ampli�er input terminals, even when the 
inputs are shorted together.

Fig. 10.06. Shielded wires reduce electrical noise pick up at the 
input of single-ended ampli�er input terminals, but other 
techniques o�en are more e�ective.

a single-ended, shorted channel using shielded 
cable with obvious improvement. 

�e best instrumentation wiring schemes consist of 
carefully grouped lines, twisted in pairs, 
occasionally covered with a second shield, and 
routed through a dedicated conduit or raceway. A 
shielded, twisted pair is quite commonly used in a 
channel to connect a signal from a source to an 
input terminal. Shields minimize capacitive 
coupling and twisted wires minimize inductive 
coupling. 

Proximity to other wires, especially power wires 
carrying high voltages and high currents can couple 
noise into low-level signal conductors. Capacitive 
coupling can exist between any two pieces of metal 
in close proximity, including two conductors in 
totally separate circuits. Likewise, air-core 
transformer coupling can crop up between two 
closed wiring loops in totally separate circuits.

Proper Installation and Use of Shields
Typically, a shield terminates at one end only, unless 
it extends to the shield in another span of the same 
channel wiring. �e shield can terminate at either 
the transducer end or the input channel end, but not 
both. When the sensor or transducer is in a shielded 
metallic enclosure, which is also connected to earth 
ground, the shield may be connected at the sensor 
end and remain open at the input channel 
terminals. When the sensor is well insulated, the 
shield may �oat and connect to the analog common 
of the data acquisition system input terminals. 
Occasionally, multiple-conductor cables composed 
of a bundle of wires and an overall shield are 
acceptable for a group of high-level, dc or low 
frequency signals, but would not be recommended 
for the general data acquisition case. Compromising 
a well planned wiring system with low quality wire, 
shared conductors or shields, and parallel, 
untwisted wires will produce less than optimum 
results.
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ISOLATION AND FLOATING DATA 
ACQUISITION SYSTEMS 
Isolation 
Isolation is de�ned as the separation of one signal 
from another to prevent unintentional interaction 
between them. All multiplexed data acquisition 
systems contain a certain degree of chan-
nel-to-channel isolation; relay-based systems have 
galvanic isolation while solid-state systems do not. 
Galvanic isolation is the absence of any dc path. 
Most isolation methods eliminate all dc paths below 
100 MΩ. �ree major bene�ts of galvanic isolation 
are circuit protection, noise reduction, and high 
common-mode voltage rejection, especially those 
developed by ground loops. 

Computer-based data acquisition equipment makes 
possible an array of multiple channel measurements 
previously beyond the economic reach of many 
applications. �is has been accomplished by user 
acceptance of two major compromises, 
multiplexing and non-isolated inputs. Multiplexing 
is successful when the sampling rate is adequately 
high and the source impedances are su�ciently low. 
Lack of isolation places an entirely di�erent kind of 
limitation on the type of input signals that can be 
connected. 

Circuit Protection 
Isolation separates the signal source from the 
measurement circuitry that could be damaged by 
the signal. Voltages higher than about 10 V can 
distort data or damage components used in the 
system. High-voltage input signals or signals 
containing high-voltage spikes should therefore be 
isolated. �e protection also works in the opposite 
direction to safeguard a sensitive signal conditioner 
from a device failing elsewhere in the system. 

Computer-based data acquisition equipment is 
most o�en connected to a host computer, which is 
connected to earth ground. �e analog inputs of

plug-in cards and most economical external 
systems are not electrically isolated from earth 
ground or each other. Many applications are 
compatible with this situation, but some 
applications face a problem with high 
common-mode voltage. 

Rejection of High Common-Mode Voltage
Common-mode input voltage is de�ned as the 
voltage applied between the common terminal and 
the two input terminals with the condition that the 
two input voltages be identical. In other words, the 
two input terminals may be connected together and 
the common-mode voltage applied between the 
shorted inputs and the common terminal as shown 
in Figure 10.07. In a practical test and measurement 
situation, the common-mode voltage may exceed 
the instrument ampli�er’s input rating, which is 
typically less than 10 V. For safe and accurate 
measurements, common-mode voltages higher 
than 10 V must be isolated from the 
instrumentation ampli�er while allowing the 
measured signal to pass. Common types of isolation 
ampli�ers use magnetic, optical, or capacitive 
means to couple the signal. 

Magnetic Isolation 
Special instrument ampli�ers use transformers that 
magnetically couple analog-type ac signals from the 
input section to the output section while e�ectively 
sustaining high common-mode voltages. 
Transformer coupling also lets them provide 
isolated power to the input stage without using a 
separate dc/dc converter. A particular instrument 
ampli�er contains an input op amp with a CMRR of 
about 130 dB at a gain of 100, and 2000 V peak 
common mode voltage isolation. Similar 
instrumentation ampli�ers are available for 
powering isolated bridges, cold junction 
compensation, linearization, and other special 
signal-conditioning requirements. (See Figure 
10.08.)
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Fig. 10.07. Common-mode voltage is measured between the 
two input terminals and the common terminal. Because the 
two inputs must have identical voltages, they may be tied 
together and connected to one voltage source.

Fig. 10.08. �is instrumentation ampli�er with transformer coupling is typically used in an industrial process control loop and provides 
galvanic isolation in both input and output circuits. It can measure a ±5 Vdc signal riding on a common-mode voltage as high as 2000 V.

Optical Isolation 
Optical isolation is now the most commonly used 
method to couple digital signals. �e measured 
input voltage signal is converted to a current, which 
activates a light-emitting diode within an optical 
coupler. A light-sensitive transistor located adjacent 
to the diode, but on the opposite side of a voltage 
barrier, converts the light signal back to a current 
that the instrumentation ampli�er can handle. �e 
voltage barrier typically provides as much as several 
thousand volts of isolation between input and 
output. 

Optical devices also are commonly used to isolate 
the output of an ADC, which is usually a serial 
string of data pulses passing through a single optical 
coupler. (See Figure 10.09.) �e serial string is o�en 
converted from several parallel signals (ranging 
from 8 to 24 output ports, for example) to minimize 
the number of optical devices required in a system. 
Parallel to serial conversion circuits are less 
expensive than the 8 to 24 optical devices (one for 
each bit of output from the parallel ADC). In these
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Fig. 10.09. Optical devices are the most widely used 
component for coupling signals across high-potential barriers 
and for low-level signals that are prone to the electrical noise 
typically coupled through di�erent ground potentials.

Fig. 10.10. Low-cost isolation ampli�ers couple dc signals by 
modulating the signal, coupling its ac equivalent through a 
substrate capacitor connecting the stages, and then 
demodulating the signal to restore it to its original dc value.

instances, the power supply for the ADC and 
associated input circuitry are also isolated, usually 
with a transformer. 

Capacitive Isolation 
A capacitor is a passive device that couples ac 
voltage from one stage to another while blocking 
the dc component. By this de�nition, it’s a simple 
but inexpensive isolator. �e measured signal to be 
isolated is modulated and coupled through the 
capacitor to the receiving side. On the receiving 
side, the ac signal is demodulated to restore the 
original signal. �is technique is o�en applied to 
low-cost isolation ampli�ers where the coupling 
capacitor is composed of a common layer between 
two isolated IC substrate sections. Signal isolation 
using these specialized ICs is rated as high as 1,500 
V. �e main bene�ts of this approach are simplicity, 
low cost, and bandwidths as high as 50 kHz. Figure 
10.10 illustrates a dc/dc converter o�en used as the 
modulator/demodulator in an isolation ampli�er.

Figure 10.11 illustrates a typical multiple-channel, 
programmable isolation ampli�er in a data 
acquisition system that uses all three types of 
isolation: transformers, optical devices, and 
capacitors. A transformer-based dc/dc converter 
supplies power to the isolated side. A capacitively 
coupled device isolates the analog signal while two 
optical couplers transmit the digital control signals 
to the �oating circuitry. 

Fundamental Application Mistakes 
Dangers in measurement can easily surface when a 
non-isolated analog input to a data acquisition 
system is erroneously connected to a device 
operating at high common-mode voltage with 
respect to earth ground. �e mistake, which o�en 
precedes this problem, is determining the voltage 
range of the desired signal with a handheld digital 
or analog multimeter, and neglecting the 
relationship of the signal with respect to earth
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Fig. 10.11 All three techniques of isolation are used in a 
multi-channel, programmable ampli�er. Optical devices 
couple digital signals, capacitors couple analog signals, and the 
dc/dc converter supplies power to the isolated side.

Fig. 10.12. Common-mode voltage is de�ned as the voltage 
between a signal and the localized common, which is usually 
earth ground. Common-mode voltages can be quite high, 
depending on the signal source. For example, a current sensing 
shunt in a dc motor drive might be expected to be at 
line-voltage potential, although the actual signal level is less 
than 50 mV across the shunt terminals. Measurement 
techniques for small signals at high common mode potentials 
call for isolation.

ground. If connected with the dotted lines, as shown 
in Figure 10.12, the motor drive can be damaged as 
soon as power is applied. �is is because the control 
circuitry in many ac and dc motor drives is 
necessarily referenced to high voltage with respect 
to earth ground. When motor current is sensed with 
a shunt or low-value resistor, the control common 
bus is generally at high common-mode potential 
with respect to earth ground. 

Some drives use non-contacting current sensors, 
transformers, and optical couplers to achieve 
galvanic isolation of the control circuitry. However, 
unless the drive is speci�cally known to have an 
isolated analog interface, assume it does not. 

Isolation Transformers 
Not all ac line-powered devices contain the internal 
isolation transformers that step the voltage down to 
lower operating levels needed for electronic circuits 
and simultaneously protect users from external

ground faults. �e power supply common bus in 
transformerless devices o�en connects to one side 
of the ac line cord. If the system is not protected 
from reversing the line cord connector in the 
socket, the device common line (and hence the 
enclosure) can be raised to a voltage level which is 
higher than the common terminal of other devices 
in the vicinity or other instruments connected to 
the data acquisition system. �e ground fault 
resulting from this arrangement e�ectively shorts 
out the supply line and can be a hazard to operators 
and destroy the equipment. 

An isolation transformer lets a user safely connect a 
data acquisition system input channel, grounded 
through the host computer, to a low voltage signal
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in an ac-powered device. �e preferred isolation 
transformer for such use has a grounded 
electrostatic shield between the primary and 
secondary windings to minimize capacitive 
coupling and potentials with respect to earth 
ground. �is approach works only when the ac 
neutral in the electrical system is grounded to earth. 
Isolation transformers cannot interrupt the path for 
the safety ground carried by the ground prong of a 
standard 3-wire cord. 

A laptop computer running on an internal battery 
and not connected to other peripherals that are tied 
to earth ground (such as printers) can be a �oating 
host safely connected to a data acquisition system. 
But a better overall approach is to isolate the input 
signal source. 

An isolation transformer usually doesn’t supply all 
the isolation intended for a data acquisition system, 
because the digital common in most computers 
provides a low impedance path to earth ground as 
part of its ESD (electrostatic discharge) protection 
scheme. But some data acquisition devices that 
communicate with the host computer through 
serial data links such as RS232 and RS485 use 
communication isolators speci�cally designed for 
that protocol. By comparison, most Ethernet 
interfaces are transformer isolated and have ESD 
protection networks on both sides of the isolation 
barrier referenced to chassis, plus earth ground 
through the host computer. 

Analog Isolators 
�e ideal solution for measuring high com-
mon-mode signals is the analog isolator. �e isola-
tor safely measures low-level analog input signals 
containing as much as 1,500 V common-mode, 
through magnetic, optical, or capacitive devices. 
�e ampli�ers provide both channel-to-system 
isolation and channel-to-channel isolation. By 
contrast, most solid-state multiplexers have no 
channel-to-channel isolation beyond the standard 
±10 V signal range.

�e most common analog isolators are plug-in 
modules. �ese 3-port devices require a dc power 
supply and provide operating voltages for signal 
conditioning and modulation circuitry on the input 
side. �ey also provide voltage for demodulation 
and signal reconstruction circuits on the output 
side. Most devices also provide inherent low-pass 
�ltering and scaling to 0 to 5 V output levels. �e 
wide array of available options in these modules can 
simplify many complex measurement requirements 
and still provide data to the overall data acquisition 
system of choice, as all data acquisition 
manufacturers have products that accept these 
modules. 

�e isolation modules are relatively expensive and 
are not likely to be used in low-cost data acquisition 
systems. Low-cost systems typically don’t contain 
analog isolators, but many applications require 
isolators in at least a few channels. System-wise, the 
best place to address a high common-mode signal 
channel is at the source for safety and signal 
integrity. 

Wireless Techniques 
Not all data acquisition systems can connect to 
sensors on the test specimen with wires. �ey 
require a form of radio communication called 
telemetry. Radio transmitters and sensors are 
located on the device under test and receivers are 
located at the data acquisition system. For example, 
the rotating member of a large motor or generator 
can be monitored remotely and safely. �e system 
can monitor temperature, vibration, de�ection, and 
speed in rpm without the type of slip rings used in 
the past. 

A relatively new protocol called Bluetooth is 
increasingly being used for remote measurement 
and control. It is a short-range wireless system that 
lets devices recognize, connect, and transfer data 
among them. �e devices are equipped with special 
Bluetooth chips and transmit over a short range, 
typically 10 m. �ey can transfer data at a rate of 720



Data Acquisition Handbook

Chapter 10: Noise Reduction and Isolation

109

Fig. 10.13. Signal-averaging using so�ware techniques 
virtually reduce the e�ective electrical noise pick up before the 
data acquisition system processes the measured signal.

Fig. 10.14. Passive single pole �lters are moderately e�ective in 
passing a band of frequencies that contain the measured 
signal, while attenuating other frequencies containing noise.

kb/sec over a frequency band of 2.40 to 2.48 GHz. 
Another system is the 802.11 Ethernet-based 
wireless system. It o�en provides physical and 
electrical isolation on the factory �oor and for high 
voltage utility lines and demolition test sites. It 
operates in the same frequency range as Bluetooth 
and can handle higher data transfer rates of 1 to 11 
Mb/sec. 

NOISE REDUCTION 
Signal Averaging 
Some noise reduction techniques prevent the noise 
from entering the system initially, and others 
remove extraneous noise from the signal. Another 
technique averages several signal samples through 
so�ware. Depending on the nature of the noise and 
the speci�c averaging method, noise can be reduced 
by the square root of the number of averaged 
samples (RMS). But this may require abundant 
samples to obtain an acceptable measurement. 
Figure 10.13 shows the voltage across the shorted 
channel when only 16 samples of data are averaged. 

Although averaging is an e�ective technique, it has 
several drawbacks. �e noise present in a 
measurement sequence decreases as the square root 
of the number of measurements. �erefore, in the 
above example, reducing the RMS noise to a single 
count by averaging alone would require 3,500 
samples. As such, averaging suits only low-speed 
applications, and it eliminates only random noise. It 
does not necessarily eliminate many other types of 
annoying system noise, such as periodic noise from 
switching power supplies. 

Analog Filtering 
A �lter is an analog circuit element that selectively 
attenuates a particular band of frequencies in an 
incoming signal. Filter circuits can be passive or 
active. Depending on whether the �lter is low or 
high-pass, it determines the frequencies that are 

attenuated above or below the cuto� frequency. For 
example, as a signal frequency increases beyond the 
cuto� point of a single-pole, low-pass �lter, its 
attenuation increases slowly. Multiple-pole �lter 
attenuation also increases slowly. Multiple-pole 
�lters provide greater attenuation beyond the cuto� 
frequency, but they may introduce phase shi�s that 
could a�ect some applications. �e frequency 
where the signal is 3 dB down is given by the 
equation shown in Figure 10.14.
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Fig. 10.15. �e three-pole �lter attenuates the frequencies a�er 
the cuto� point more e�ectively than does the single-pole �lter.

Fig. 10.16. An active, three-pole low-pass �lter, con�gured as a 
Butterworth, Bessel, or Chebyshev �lter, reduces the noise 
signal more e�ectively without signi�cant attenuation than 
does a passive circuit.

Passive vs. Active Filters 
A passive �lter is a circuit or device consisting 
entirely of non-amplifying components, typically 
inductors and capacitors, which pass one frequency 
band while rejecting others. An active �lter, on the 
other hand, is a circuit or device composed of 
amplifying components such as operational 
ampli�ers, and suitable tuning elements, typically 
resistors and capacitors, which pass one frequency 
band while rejecting others. Figure 10.15 compares 
the amplitude of a single-pole, lowpass �lter with a 
three-pole �lter. Both types are set for a 1 kHz cuto� 
frequency. �e three-pole �lter has a much greater 
attenuation for frequencies exceeding the cuto�. 
�e improvement in signal quality provided by 
low-pass �ltering is demonstrated in Figure 10.16 in 
which a signal containing wideband noise passes 
through a three-pole �lter with a 1 kHz cuto� 
frequency. �e deviation from the average signal is 
plotted in volts. �e maximum deviation is 6 
counts, and the RMS noise is 2.1 counts. 

�e three-pole �lter shown in the example has an 
active input with changeable con�gurations. �e 
active, three-pole �lter can be a Butterworth, Bessel, 
or Chebyshev with corner frequencies up to 50 Hz. 
Filter properties depend on the values of the 
resistors and capacitors, which the user can change. 
Filters also use switched-capacitors. �is type 
requires a clock signal to set the cuto� frequency. 
�e primary advantage of this �lter is the ease of 
programming the cuto� frequency. 

Differential Voltage Measurement 
Di�erential input ampli�ers are most o�en used in 
data acquisition systems because they provide a 
high gain for the algebraic di�erence between their 
two input signals or voltages, but a low gain for the 
voltages common to both inputs. Making 
di�erential voltage measurements is another means 
of reducing noise in analog signal inputs. �is
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Fig. 10.17. �e biggest improvement in reducing unwanted 
noise signals from the measured variable comes from 
di�erential-input ampli�ers. It works so well because most of 
the noise on the high side duplicates the noise on the low side 
of the input and the algebraic sum of the two equal parts.

technique is e�ective because o�en, most noise on 
the high-side input lead closely approximates the 
noise on the low lead. �is is called common-mode 
noise. Measuring the voltage di�erence between the 
two leads eliminates this common-mode noise. 

�e improvement gained with di�erential voltage 
measurements is illustrated in Figure 10.17. It 
shows the same signal as Figure 10.05, but using a 
di�erential input rather than a single-ended input.
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DIGITAL I/O INTERFACING 
Digital Signals 
Digital signals are the most common mode of 
communications used between computers and 
peripherals, instruments, and other electronic 
equipment because they are, of course, fundamental 
to the computers’ operation. Sooner or later, all 
signals destined to be computer inputs must be 
converted to a digital form for processing. 

Digital signals moving through the system may be a 
single, serial stream of pulses entering or exiting one 
port, or numerous parallel lines where each line 
represents one bit in a multi-bit word of an 
alphanumeric character. �e computers’ digital 
output lines o�en control relays that switch signals 
or power delivered to other equipment. Similarly, 
digital input lines can represent the two states of a 
sensor or a switch, while a string of pulses can 
indicate the instantaneous position or velocity of 
another device. �ese inputs can come from relay 
contacts or solid-state devices. 

High Current and Voltage Digital I/O 
Relay contacts are intended to switch voltages and 
currents that are higher than the computers’ 
internal output devices can handle, but the 
frequency response of their coils and moving 
contacts is limited to relatively slowly changing I/O 
signals or states. Also, when an inductive load 
circuit opens, its collapsing magnetic �eld generates 
a high voltage across the switch contacts that must 
be suppressed. A diode across the load provides a

path for the current spike while the inductor’s 
magnetic �eld is collapsing. Without the diode, 
arcing at the relay’s contacts can decrease its life. 
(See Figure 11.01.)

TTL and CMOS devices usually connect directly to 
high-speed, low-level signals, such as those used in 
velocity and position sensors. But in applications 
where the computer energizes a relay coil, TTL or 
CMOS devices may not be able to provide the 
needed current and voltage. So a bu�er stage is 
inserted between the TTL signal and the relay coil, 
typically to supply 30 V at 100 mA.

Chapter 11
Digital and Pulse-Train Conditioning

Fig. 11.01. �e �y-back diode clips high voltage spikes 
ordinarily developed across the inductive load when the 
control relay contacts open. Without diodes, the high voltage 
arcs across the opening contacts, substantially reducing their 
useful life.
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Fig. 11.02. A plug-in card containing a special digital ampli�er 
is o�en provided to interface a TTL signal to a control relay. 
�e ampli�er can boost the standard 5 V TTL signal to 24 Vdc 
at 200 mA.

Fig. 11.03. One optional interface card comes with an 
adjustable attenuator to handle an input range from 5 to 48 V 
in four steps. �e table speci�es the voltage levels that can be 
selected with four di�erent resistors.

Fig. 11.04. Typical voltage levels and resistor values.

Figure 11.03 shows a high-voltage digital input with 
an attenuator circuit. �is allows the TTL circuitry 
to read voltages up to 48 V. �e high-voltage signal 
connects to a resistive voltage divider, which is a 
signal attenuator. Selecting an appropriate 
resistance value R provides a means for selecting the 
high-voltage level. �e table in Figure 11.04 shows 
the resistor values for frequently used levels.

DIGITAL INPUTS
�e methods used for interfacing digital inputs to a 
computer range from simple to complex. �is 
section brie�y discusses so�ware-triggered, 
single-byte readings; hardware-paced, digital input 
readings; and externally triggered, digital input 
readings. 

Asynchronous Digital-Input Readings 
A so�ware-triggered, asynchronous reading is 
required when the computer periodically samples a 
digital byte or a group of bits. And sometimes the 
speed and timing of the digital input readings are 
particularly critical. But the time between readings 
is likely to vary when using the so�ware-triggered, 
single-byte method, particularly in applications

An example of this type of system is an optional 
card for a digital I/O instrument. It contains an 
ampli�er/attenuator stage, consisting of a PNP 
transistor, a �y-back diode, and a resistor. (See 
Figure 11.02.) To energize a standard 24 V relay, an 
external 24 V supply is connected to the circuit. As 
the internal TTL output goes high, the transistor is 
biased and the output goes low, (about 0.7 V). When 
the TTL output is low, the transistor stops 
conducting and the output goes to 24 V. Since the 
relay coil is an inductive load, the �y-back diode 
should be attached to prevent damage during 
switching.
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running under a multitasking operating system 
such as in a PC. �e reason is that the time between 
readings depends on the speed of the computer and 
other tasks that must be performed concurrently. 
Variations in time between readings can be partially 
compensated with so�ware timers, but a timing 
resolution of less than 10 ms is not guaranteed on a 
PC. 

Synchronous Digital-Input Readings 
Some systems o�er hardware-paced digital input 
readings. In such systems, the user sets the 
frequency that the digital input port can read. For 
example, one system can read its 16-bit port at 100 
kHz, while another operates to 1 MHz. �e greatest 
advantage of hardware-based digital input readings 
is that they can be implemented far more quickly 
than can so�ware-triggered readings. Finally, 
devices such as these can locate the digital input 
port readings among the analog readings, providing 
a close correlation between analog and digital input 
data. 

Externally Triggered Digital-Input Readings 
Some external devices provide a digital bit, byte, or 
word at a rate independent of the data acquisition 
system. �ey take readings only when new data are 
available rather than at a predetermined interval. 
Because of this, such external devices typically 
transfer data through a handshaking technique. As 
new digital information becomes available, the 
external device issues a digital transition on a 
separate line, such as an External Data Ready or 
Strobe input. To interface with a device like this, the 
data acquisition system must provide an input latch, 
which the external signal controls. Furthermore, a 
logic signal supplied to the controlling computer 
alerts it to the fact that new data are ready to be 
received from the latch. 

One example of a device that operates in this 
fashion has an inhibit line among its six handshake/ 
control lines for notifying external devices that the 

input latch is being read. �is procedure lets the 
external device hold new digital information until 
the current read event is performed successfully. 

DIGITAL ISOLATION 
Digital signals o�en are isolated for several reasons: 
To protect each side of the system from an 
inadvertent over-voltage condition on the opposite 
side, to facilitate communication between devices 
with di�erent grounds, and to prevent injury when 
circuits are attached to people in medical 
applications. One common approach for isolation is 
through an optical coupler. Optical coupling 
consists of an LED or diode laser to transmit the 
digital signal and a photodiode or phototransistor 
to receive it. (See Figure 11.05.) Small optical 
couplers isolate voltages up to 500 V. For example, 
this technique e�ectively controls and monitors 
digital devices connected between dissimilar 
grounds. 

PULSE TRAIN SIGNAL CONDITIONING 
In many frequency-measurement applications, 
pulses are counted and compared against a �xed 
time base. A pulse can be considered a digital signal 
because only the number of rising or falling edges is 
measured. In many instances, however, the 
pulse-train signal comes from an analog source, 
such as a magnetic pickup. 

For example, one widely used input frequency card 
in a data acquisition system provides four channels 
of frequency input through two separate front-end 
circuits, one for true digital input circuits and one 
for analog inputs. �e card conditions digital inputs 
of di�erent levels, and the analog input circuit 
converts a time-varying signal into a clean digital 
pulse train. 

Figure 11.06 shows the schematic of the analog 
input, signal-conditioning path. �e front-end RC 
network provides ac coupling allowing all signals 
above about 25 Hz to pass.
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Fig. 11.05. An optical isolator decouples the digital signal source ground from the data acquisition system ground, and protects the 
acquisition system inputs from unintentional high voltages.

Fig. 11.06. An interface circuit contains an RC network that 
signi�cantly attenuates ac signals below 25 Hz before 
converting the higher frequencies to a digital pulse stream.

�e selectable attenuator reduces the overall 
magnitude of the waveform to desensitize the 
circuit from unwanted low-level noise. When using 
a pulse train from a relay closure, the unit provides 
programmable settings that let the user select the 
amount of debounce time required. �e digital 
circuitry monitors the conditioned pulse-train for a 
sustained high or low level. Without debouncing, 
the extra edges in the signal produce an excessively 
high and erratic frequency reading. (See Figure 
11.07.) 

Many transducers generate frequency-modulated 
output signals rather than amplitude-modulated. 
For instance, sensors that measure rotational 
motion and �uid �ow typically fall into this class. 
Photomultiplier tubes and charged-particle 
detectors also are o�en used for measurements that 
require pulse counting. In principle, such signals 
could be sampled with an ADC, but this approach 
generates much more data than necessary and 
makes the analysis cumbersome. Direct frequency 
measurements are far more e�cient.

FREQUENCY-TO-VOLTAGE CONVERSION 
Data acquisition systems measure frequency in 
several ways; they integrate a continuous wave ac 
signal or pulse trains to produce a dc voltage with a 
magnitude proportional to the frequency, convert 
the ac voltage to a binary digital signal with an 
ADC, or count digital pulses.
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Fig. 11.07. A relay contact debounce circuit �lters extraneous 
signals that the measurement ampli�er could mistake for 
rising and falling edges of a legitimate string of signal pulses.

Fig. 11.08. In one type of frequency-to-voltage converter, an 
integrator circuit converts a string of constant-width pulses of 
varying repetition rate into a smoothly changing analog 
voltage. �e analog signal is proportional to the input 
frequency.

Fig. 11.09. �e pulse-train integrator handles only frequencies 
above a certain cuto�, due to the integrator’s time constant. 
Frequencies below cuto� produce output ripple if allowed to 
pass.

Pulse-Train Integration 
One conversion technique commonly used in a 
single-channel, modular signal conditioner 
integrates the input pulses and produces an output 
voltage proportional to the frequency. First, a series 
capacitor couples the ac signal, which removes 
extremely low frequency ac and dc components. A 
comparator generates a constant pulse width each 
time the input signal passes through zero. �e pulse 
then passes through an integrating circuit such as a 
low-pass �lter and generates a slowly changing 
signal level at its output, proportional to the input 
frequency. (See Figure 11.08.) 

�e response time of the frequency-to-voltage 
converter is low – the inverse of the cuto� frequency 
of the low-pass �lter. �is cuto� frequency should 
be much lower than the input frequencies being 
measured, but high enough to provide the required 
response time. As the measured frequency 
approaches the cuto� frequency however, 
signi�cant ripple in the output becomes a problem 
as shown in Figure 11.09. 

An external capacitor selects the time constant for 
an IC dedicated to frequency to voltage conversion

�e circuit can measure signals in vastly di�erent 
�xed frequency ranges, but the capacitor must be 
changed to change a frequency range. Unfortunate-
ly, such frequency-to-voltage converters work 
relatively poorly for frequencies below 100 Hz 
because a low-pass �lter with a cuto� frequency 
under 10 Hz requires an excessively large capacitor. 

Digital-Pulse Counting 
Another type of conversion technique measures the 
frequency of a string of digital pulses or an 
ac-coupled analog signal voltage. It outputs a dc 
voltage level proportional to the input frequency, 
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Fig. 11.10. In the other type of frequency-to-voltage converter, the input card contains an input coupling capacitor to �lter low frequencies, 
an attenuator, a low pass �lter, and a microprocessor to calculate the frequency. �e signal is then connected to a DAC before feeding into 
the data acquisition system.

similar to the integrator described above. However, 
the dc level here comes from a DAC output. 
Front-end circuitry converts the incoming analog 
or digital signal into a clean pulse train, devoid of 
relay contact bounce, high-frequency noise, and 
other unwanted artifacts before it reaches the DAC. 
(See Figure 11.10.) 

For example, the analog input channel of a typical 
frequency-input data acquisition card contains a 
low-pass �lter with a selectable cuto� frequency of 
100 kHz, 300 Hz, or 30 Hz. It measures frequencies 
from 1 Hz to 100 kHz for signals ranging from 50 
mV to 80 Vp-p. �e digital input circuit measures 
±15 Vdc signals from 0.001 Hz to 950 kHz, 
dc-coupled to a TTL Schmidt trigger circuit. �e 
cards typically come with pull-up resistors for use 
with relays or switches. 

A microcontroller accurately measures a total 
period consisting of several cycles extending over 
one user-selectable minimal period, which 
determines the frequency resolution. �e micro-

controller computes the frequency from the 
measured period and converts it to a command for 
a DAC, which, in turn, provides the dc level to the 
data acquisition system. �e dc output of the DAC 
drives the input of an ordinary dc signal 
conditioner, and the so�ware converts the dc level 
to an equivalent frequency reading. �is method 
allows extremely low frequencies to be measured 
over an exceptionally wide range, and the output 
update can be relatively fast. Moreover, the 
frequency range can be programmed, letting the 
expected frequencies use the entire ADC range. 

�e output range of the DAC is +5 to -5 V. �e 
minimum frequency selected by the user becomes 
the -5 V output while the maximum frequency 
becomes +5 V. Virtually any frequency bandwidth 
may be selected such as 500 Hz Fmin to 10 kHz 
Fmax, or 59.5 Hz Fmin to 60.5 Hz Fmax. With an 
ADC of 12-bit resolution, the lower bandwidths will 
have higher resolution than higher bandwidths, 
simply because the range from -5 to +5 Vdc is 
partitioned into 4096 parts regardless of bandwidth.
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�e one Hz bandwidth is divided into 4096 parts, 
which yields a resolution of 1/4096 Hz or about 
0.00244 Hz. For the 100 kHz bandwidth, the 
resolution becomes 24.41 Hz. 

�e resolution is 12 bits over all ranges, but the 
update time depends on the range selected. From 1 
Hz to the user-de�ned maximum upper range 
boundary, the voltage conversion update is 2 to 4 ms 
or the period of the input frequency, whichever is 
greater. For a range of 0 to 10 kHz, the update rate is 
2 to 4 ms, and for a range of 0 to 60 Hz, the output 
updates every cycle or 16.6 ms. As the conversion 
range becomes narrower, from 49 to 51 Hz, for 
example, the time to resolve the 2 Hz di�erential to 
12-bit resolution increases. In this case, the 
conversion time is approximately 59 ms. 

In addition to the low-pass �lter, a prede�ned 
hysteresis level is built in to help prevent false 
counting caused by high-frequency noise. A 
debounce time can be programmed from 0.6 ms to 
10 ms for handling electromechanical devices such 
as switch or relay contacts that bounce or chatter 
while switching. 

Frequency Measurement by 
Gated-Pulse Counting 
Gated-pulse counting can measure frequencies 
much more accurately than frequency-to-voltage 
conversion methods. Gated-pulse counting methods 
count the pulses that appear over a speci�ed period 
of time. Dividing the number of pulses by the 
counting interval determines the frequency, and the 
error can be as low as the inverse of the counting 
interval. For example, if the counting interval is two 
seconds, the error can be as low as 0.5 Hz. 

Many data acquisition systems include 
TTL-compatible counter/timer ICs that can perform 
gated-pulse, digital-level input, however, they are 
unsuitable for unconditioned analog signals. 

Fortunately, many frequency-output devices feature 
a TTL output option. Some products use a 
counter/timer IC, which contains �ve counter/ 
timers. Many counter/timer ICs generally use an 
oscillator built into the data acquisition system, or 
an external oscillator. Such ICs usually have several 
channels available to assist counting applications. 
Each channel contains an input, a gate, and an 
output. �e simplest counting method only uses the 
input, and the PC is programmed to periodically 
read and reset the counter. �e weakness in this 
approach is the uncertainty in the timing interval. 
Variations crop up in the execution speeds of the 
functions that begin and end counting. In addition, 
the function call that delays execution of the 
program for 50 ms runs under an inaccurate 
so�ware timer. �ese two e�ects can render a 
short-counting interval, frequency measurement 
useless. However, the technique is usually su�cient 
for counting intervals greater than one second. 

Gating can attain greater accuracy because the gate 
controls the counting interval. Consequently, 
frequency measurements are independent of any 
so�ware timing issues. �e gate can be con�gured 
so that pulses are counted only when a high-level 
signal enters it. Similarly, the gate can start counting 
when it detects one pulse and stop counting when it 
detects another. 

A disadvantage of gated-pulse counting is that it 
requires an extra counter to provide the gate. 
However, in multiple channel applications, a single 
counter can provide the gate for many channels. For 
example, in a �ve-channel system, four channels 
count while one channel provides a gate. 

Timing Applications 
A counter/timer also can be used in a data 
acquisition system for timing applications. A clock 
signal connected to the input of a channel and using 
the input signal as a gate works well. �e method 
requires that the gate be con�gured for counting
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when the gate input is high. A similar technique can 
measure the length of time elapsed between two 
pulses by con�guring the gate to begin counting at 
the �rst pulse and end counting at the second. 
Because a 16-bit counter over�ows at 65,535 counts, 
the maximum pulse width measurable with a 1 
MHz clock is 65,535 ms; a longer pulse over�ows 
the counter. However, a clock slower than 1 MHz 
can be used for longer pulses.


