
1

C H A P T E R  1
Sensor Fundamentals

1.1 Basic Sensor Technology
Dr. Tom Kenny, Department of Mechanical Engineering, 
Stanford University

A sensor is a device that converts a physical phenomenon into an electrical signal. As 
such, sensors represent part of the interface between the physical world and the world 
of electrical devices, such as computers. The other part of this interface is represented 
by actuators, which convert electrical signals into physical phenomena. 

Why do we care so much about this interface? In recent years, enormous capability 
for information processing has been developed within the electronics industry. The 
most significant example of this capability is the personal computer. In addition, the 
availability of inexpensive microprocessors is having a tremendous impact on the 
design of embedded computing products ranging from automobiles to microwave 
ovens to toys. In recent years, versions of these products that use microprocessors for 
control of functionality are becoming widely available. In automobiles, such capabil-
ity is necessary to achieve compliance with pollution restrictions. In other cases, such 
capability simply offers an inexpensive performance advantage. 

All of these microprocessors need electrical input voltages in order to receive instruc-
tions and information. So, along with the availability of inexpensive microprocessors 
has grown an opportunity for the use of sensors in a wide variety of products. In 
addition, since the output of the sensor is an electrical signal, sensors tend to be char-
acterized in the same way as electronic devices. The data sheets for many sensors are 
formatted just like electronic product data sheets. 

However, there are many formats in existence, and there is nothing close to an in-
ternational standard for sensor specifications. The system designer will encounter a 
variety of interpretations of sensor performance parameters, and it can be confusing. 
It is important to realize that this confusion is not due to an inability to explain the 
meaning of the terms—rather it is a result of the fact that different parts of the sensor 
community have grown comfortable using these terms differently.
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Sensor Data Sheets
It is important to understand the function of the data sheet in order to deal with this 
variability. The data sheet is primarily a marketing document. It is typically designed 
to highlight the positive attributes of a particular sensor and emphasize some of the 
potential uses of the sensor, and might neglect to comment on some of the negative 
characteristics of the sensor. In many cases, the sensor has been designed to meet a 
particular performance specification for a specific customer, and the data sheet will 
concentrate on the performance parameters of greatest interest to this customer. In 
this case, the vendor and customer might have grown accustomed to unusual defini-
tions for certain sensor performance parameters. Potential new users of such a sensor 
must recognize this situation and interpret things reasonably. Odd definitions may be 
encountered here and there, and most sensor data sheets are missing some pieces of 
information that are of interest to particular applications. 

Sensor Performance Characteristics Definitions
The following are some of the more important sensor characteristics:

Transfer Function  
The transfer function shows the functional relationship between physical input 
signal and electrical output signal. Usually, this relationship is represented as 
a graph showing the relationship between the input and output signal, and the 
details of this relationship may constitute a complete description of the sen-
sor characteristics. For expensive sensors that are individually calibrated, this 
might take the form of the certified calibration curve. 

Sensitivity  
The sensitivity is defined in terms of the relationship between input physical 
signal and output electrical signal. It is generally the ratio between a small 
change in electrical signal to a small change in physical signal. As such, it 
may be expressed as the derivative of the transfer function with respect to 
physical signal. Typical units are volts/kelvin, millivolts/kilopascal, etc.. A 
thermometer would have “high sensitivity” if a small temperature change 
resulted in a large voltage change. 

Span or Dynamic Range  
The range of input physical signals that may be converted to electrical sig-
nals by the sensor is the dynamic range or span. Signals outside of this range 
are expected to cause unacceptably large inaccuracy. This span or dynamic 
range is usually specified by the sensor supplier as the range over which other 
performance characteristics described in the data sheets are expected to apply. 
Typical units are kelvin, pascal, newtons, etc.
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Accuracy or Uncertainty 
Uncertainty is generally defined as the largest expected error between actual 
and ideal output signals. Typical units are kelvin. Sometimes this is quoted as 
a fraction of the full-scale output or a fraction of the reading. For example, a 
thermometer might be guaranteed accurate to within 5% of FSO (Full Scale 
Output). “Accuracy” is generally considered by metrologists to be a qualitative 
term, while “uncertainty” is quantitative. For example one sensor might have 
better accuracy than another if its uncertainty is 1% compared to the other 
with an uncertainty of 3%.

Hysteresis  
Some sensors do not return to the same output value when the input stimulus 
is cycled up or down. The width of the expected error in terms of the measured 
quantity is defined as the hysteresis. Typical units are kelvin or percent of FSO. 

Nonlinearity (often called Linearity)  
The maximum deviation from a linear transfer function over the specified 
dynamic range. There are several measures of this error. The most common 
compares the actual transfer function with the “best straight line,” which lies 
midway between the two parallel lines that encompass the entire transfer func-
tion over the specified dynamic range of the device. This choice of comparison 
method is popular because it makes most sensors look the best. Other refer-
ence lines may be used, so the user should be careful to compare using the 
same reference.

Noise  
All sensors produce some output noise in addition to the output signal. In 
some cases, the noise of the sensor is less than the noise of the next element 
in the electronics, or less than the fluctuations in the physical signal, in which 
case it is not important. Many other cases exist in which the noise of the 
sensor limits the performance of the system based on the sensor. Noise is gen-
erally distributed across the frequency spectrum. Many common noise sources 
produce a white noise distribution, which is to say that the spectral noise 
density is the same at all frequencies. Johnson noise in a resistor is a good ex-
ample of such a noise distribution. For white noise, the spectral noise density 
is characterized in units of volts/Root (Hz). A distribution of this nature adds 
noise to a measurement with amplitude proportional to the square root of the 
measurement bandwidth. Since there is an inverse relationship between the 
bandwidth and measurement time, it can be said that the noise decreases with 
the square root of the measurement time. 
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Resolution  
The resolution of a sensor is defined as the minimum detectable signal fluctua-
tion. Since fluctuations are temporal phenomena, there is some relationship 
between the timescale for the fluctuation and the minimum detectable ampli-
tude. Therefore, the definition of resolution must include some information 
about the nature of the measurement being carried out. Many sensors are 
limited by noise with a white spectral distribution. In these cases, the resolu-
tion may be specified in units of physical signal/root (Hz). Then, the actual 
resolution for a particular measurement may be obtained by multiplying this 
quantity by the square root of the measurement bandwidth. Sensor data sheets 
generally quote resolution in units of signal/root (Hz) or they give a mini-
mum detectable signal for a specific measurement. If the shape of the noise 
distribution is also specified, it is possible to generalize these results to any 
measurement. 

Bandwidth  
All sensors have finite response times to an instantaneous change in physical 
signal. In addition, many sensors have decay times, which would represent the 
time after a step change in physical signal for the sensor output to decay to its 
original value. The reciprocal of these times correspond to the upper and lower 
cutoff frequencies, respectively. The bandwidth of a sensor is the frequency 
range between these two frequencies. 

Sensor Performance Characteristics of an Example Device
To add substance to these definitions, we will identify the numerical values of these 
parameters for an off-the-shelf accelerometer, Analog Devices’s ADXL150.

Transfer Function  
The functional relationship between voltage and acceleration is stated as 

V Acc V Acc
mV

g
( ) = + ×







1 5 167.

 This expression may be used to predict the behavior of the sensor, and con-
tains information about the sensitivity and the offset at the output of the 
sensor. 

Sensitivity  
The sensitivity of the sensor is given by the derivative of the voltage with 
respect to acceleration at the initial operating point. For this device, the sensi-
tivity is 167 mV/g. 
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Dynamic Range  
The stated dynamic range for the ADXL322 is ±2g. For signals outside this 
range, the signal will continue to rise or fall, but the sensitivity is not guaran-
teed to match 167 mV/g by the manufacturer. The sensor can withstand up to 
3500g. 

Hysteresis  
There is no fundamental source of hysteresis in this device. There is no men-
tion of hysteresis in the data sheets.

Temperature Coefficient  
The sensitivity changes with temperature in this sensor, and this change is 
guaranteed to be less than 0.025%/C. The offset voltage for no acceleration 
(nominally 1.5 V) also changes by as much as 2 mg/C. Expressed in voltage, 
this offset change is no larger than 0.3 mV/C. 

Linearity  
In this case, the linearity is the difference between the actual transfer function 
and the best straight line over the specified operating range. For this device, 
this is stated as less than 0.2% of the full-scale output. The data sheets show 
the expected deviation from linearity. 

Noise  
Noise is expressed as a noise density and is no more than 300 microg/root Hz. 
To express this in voltage, we multiply by the sensitivity (167 mV/g) to get 0.5 
microV/Rt Hz. Then, in a 10 Hz low-pass-filtered application, we’d have noise 
of about 1.5 microV RMS, and an acceleration error of about 1 milli g.

Resolution 
Resolution is 300 microG/RtHz as stated in the data sheet.

Bandwidth  
The bandwidth of this sensor depends on choices of external capacitors and 
resistors. 

Introduction to Sensor Electronics
The electronics that go along with the physical sensor element are often very impor-
tant to the overall device. The sensor electronics can limit the performance, cost, and 
range of applicability. If carried out properly, the design of the sensor electronics can 
allow the optimal extraction of information from a noisy signal.
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Most sensors do not directly produce voltages but rather act like passive devices, such 
as resistors, whose values change in response to external stimuli. In order to produce 
voltages suitable for input to microprocessors and their analog-to-digital converters, 
the resistor must be “biased” and the output signal needs to be “amplified.”

Types of Sensors
Resistive sensor circuits 

Vin

Rs

R1

Vout

Figure 1.1.1: Voltage divider. 
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Resistive devices obey Ohm’s law, which states that the voltage across a resistor 
is equal to the product of the current flowing through it and the resistance value of 
the resistor. It is also required that all of the current entering a node in the circuit 
leave that same node. Taken together, these two rules are called Kirchhoff’s Rules 
for Circuit Analysis, and these may be used to determine the currents and voltages 
throughout a circuit.

For the example shown in Figure 1.1.1, this analysis is straightforward. First, we 
recognize that the voltage across the sense resistor is equal to the resistance value 
times the current.  Second, we note that the voltage drop across both resistors (Vin-0) 
is equal to the sum of the resistances times the current.  Taken together, we can solve 
these two equations for the voltage at the output. This general procedure applies to 
simple and complicated circuits; for each such circuit, there is an equation for the 
voltage between each pair of nodes, and another equation that sets the current into a 
node equal to the current leaving the node.  Taken all together, it is always possibly 
to solve this set of linear equations for all the voltages and currents. So, one way to 
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measure resistance is to force a current to flow and measure the voltage drop. Current 
sources can be built in number of ways. One of the easiest current sources to build 
consists of a voltage source and a stable resistor whose resistance is much larger than 
the one to be measured. The reference resistor is called a load resistor. Analyzing the 
connected load and sense resistors as shown in Figure 1.1.1, we can see that the cur-
rent flowing through the circuit is nearly constant, since most of the resistance in the 
circuit is constant. Therefore, the voltage across the sense resistor is nearly propor-
tional to the resistance of the sense resistor. 

As stated, the load resistor must be much larger than the sense resistor for this circuit 
to offer good linearity. As a result, the output voltage will be much smaller than the 
input voltage. Therefore, some amplification will be needed. 

A Wheatstone bridge circuit is a very common improvement on the simple voltage 
divider. It consists simply of the same voltage divider in Figure 1.1.1, combined with 
a second divider composed of fixed resistors only. The point of this additional di-
vider is to make a reference voltage that is the same as the output of the sense voltage 
divider at some nominal value of the sense 
resistance. There are many complicated ad-
ditional features that can be added to bridge 
circuits to more accurately compensate for 
particular effects, but for this discussion, 
we’ll concentrate on the simplest designs—
the ones with a single sense resistor, and 
three other bridge resistors that have resis-
tance values that match the sense resistor at 
some nominal operating point.

The output of the sense divider and the 
reference divider are the same when the 
sense resistance is at its starting value, 
and changes in the sense resistance lead to 
small differences between these two volt-
ages. A differential amplifier (such as an instrumentation amplifier) is used to produce 
the difference between these two voltages and amplify the result. The primary ad-
vantages are that there is very little offset voltage at the output of this differential 
amplifier, and that temperature or other effects that are common to all the resistors are 
automatically compensated out of the resulting signal.  Eliminating the offset means 
that the small differential signal at the output can be amplified without also amplify-
ing an offset voltage, which makes the design of the rest of the circuit easier.

Vin

Vg

R1 R2

R3

R4

A

B

C

D

G

Figure 1.1.2: Wheatstone bridge circuit.
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Capacitance measuring circuits 

Many sensors respond to physical signals by producing a change in capacitance. How 
is capacitance measured? Essentially, all capacitors have an impedance given by 

impedance
i C i fC

= =1 1

2ω π

where f is the oscillation frequency in Hz, w is in rad/sec, and C is the capacitance 
in farads. The i in this equation is the square root of –1, and signifies the phase shift 
between the current through a capacitor and the voltage across the capacitor. 

Now, ideal capacitors cannot pass current at DC, since there is a physical separation 
between the conductive elements. However, oscillating voltages induce charge oscil-
lations on the plates of the capacitor, which act as if there is physical charge flowing 
through the circuit. Since the oscillation reverses direction before substantial charges 
accumulate, there are no problems. The effective resistance of the capacitor is a mean-
ingful characteristic, as long as we are talking about oscillating voltages. 

With this in mind, the capacitor looks very much like a resistor. Therefore, we may 
measure capacitance by building voltage divider circuits as in Figure 1.1.1, and we 
may use either a resistor or a capacitor as the load resistance. It is generally easiest 
to use a resistor, since inexpensive resistors are available which have much smaller 
temperature coefficients than any reference capacitor. Following this analogy, we 
may build capacitance bridges as well. The only substantial difference is that these 
circuits must be biased with oscillating voltages. Since the “resistance” of the capaci-
tor depends on the frequency of the AC bias, it is important to select this frequency 
carefully. By doing so, all of the advantages of bridges for resistance measurement are 
also available for capacitance measurement. 

However, providing an AC bias can be problematic. Moreover, converting the AC 
signal to a DC signal for a microprocessor interface can be a substantial issue. On 
the other hand, the availability of a modulated signal creates an opportunity for use 
of some advanced sampling and processing techniques. Generally speaking, voltage 
oscillations must be used to bias the sensor. They can also be used to trigger voltage 
sampling circuits in a way that automatically subtracts the voltages from opposite 
clock phases. Such a technique is very valuable, because signals that oscillate at the 
correct frequency are added up, while any noise signals at all other frequencies are 
subtracted away. One reason these circuits have become popular in recent years is that 
they can be easily designed and fabricated using ordinary digital VLSI fabrication 
tools. Clocks and switches are easily made from transistors in CMOS circuits. There-
fore, such designs can be included at very small additional cost—remember that the 
oscillator circuit has to be there to bias the sensor anyway. 



Sensor Fundamentals

9

Capacitance measuring circuits are increasingly implemented as integrated clock/
sample circuits of various kinds. Such circuits are capable of good capacitance mea-
surement, but not of very high performance measurement, since the clocked switches 
inject noise charges into the circuit. These injected charges result in voltage offsets 
and errors that are very difficult to eliminate entirely. Therefore, very accurate capaci-
tance measurement still requires expensive precision circuitry. 

Since most sensor capacitances are relatively small (100 pF is typical), and the mea-
surement frequencies are in the 1–100 kHz range, these capacitors have impedances 
that are large (> 1 megohm is common).  With these high impedances, it is easy for 
parasitic signals to enter the circuit before the amplifiers and create problems for 
extracting the measured signal.  For capacitive measuring circuits, it is therefore 
important to minimize the physical separation between the capacitor and the first 
amplifier.  For microsensors made from silicon, this problem can be solved by inte-
grating the measuring circuit and the capacitance element on the same chip, as is done 
for the ADXL311 mentioned above.

Inductance measurement circuits 

Inductances are also essentially resistive elements. The “resistance” of an inductor is 
given by XL = 2πfL, and this resistance may be compared with the resistance of any 
other passive element in a divider circuit or in a bridge circuit as shown in Figure 
1.1.1. Inductive sensors generally require expensive techniques for the fabrication 
of the sensor mechanical structure, so inexpensive circuits are not generally of much 
use. In large part, this is because inductors are generally three-dimensional devices, 
consisting of a wire coiled around a form. As a result, inductive measuring circuits are 
most often of the traditional variety, relying on resistance divider approaches. 

Sensor Limitations
Limitations in resistance measurement 

■ Lead resistance – The wires leading from the resistive sensor element have a 
resistance of their own. These resistances may be large enough to add errors 
to the measurement, and they may have temperature dependencies that are 
large enough to matter. One useful solution to the problem is the use of the 
so-called 4-wire resistance approach (Figure 1.1.3). In this case, current (from 
a current source as in Figure 1.1.1) is passed through the leads and through the 
sensor element. A second pair of wires is independently attached to the sensor 
leads, and a voltage reading is made across these two wires alone. 
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 It is assumed that the voltage-measuring instrument does not draw significant 
current (see next point), so it simply measures the voltage drop across the sen-
sor element alone. Such a 4-wire configuration is especially important when 
the sensor resistance is small, and the lead resistance is most likely to be a 
significant problem. 

■ Output impedance – The measuring network has a characteristic resistance 
which, simply put, places a lower limit on the value of a resistance which may 
be connected across the output terminals without changing the output volt-
age. For example, if the thermistor resistance is 10 kΩ and the load resistor 
resistance is 1 MΩ, the output impedance of this circuit is approximately 10 
kΩ. If a 1 kΩ resistor is connected across the output leads, the output voltage 
would be reduced by about 90%. This is because the load applied to the circuit 
(1 kΩ) is much smaller than the output impedance of the circuit (10 kΩ), and 
the output is “loaded down.” So, we must be concerned with the effective 
resistance of any measuring instrument that we might attach to the output of 
such a circuit. This is a well-known problem, so measuring instruments are 
often designed to offer maximum input impedance, so as to minimize loading 
effects. In our discussions we must be careful to arrange for instrument input 
impedance to be much greater than sensor output impedance. 

Limitations to measurement of capacitance 

■ Stray capacitance – Any wire in a real-world environment has a finite capaci-
tance with respect to ground. If we have a sensor with an output that looks like 
a capacitor, we must be careful with the wires that run from the sensor to the 
rest of the circuit. These stray capacitances appear as additional capacitances 
in the measuring circuit, and can cause errors. One source of error is the 
changes in capacitance that result from these wires moving about with respect 

RL1

RT

RL2

E RL3

RL4

Figure 1.1.3: Lead compensation.
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to ground, causing capacitance fluctuations which might be confused with 
the signal. Since these effects can be due to acoustic pressure-induced vibra-
tions in the positions of objects, they are often referred to as microphonics. An 
important way to minimize stray capacitances is to minimize the separation 
between the sensor element and the rest of the circuit. Another way to mini-
mize the effects of stray capacitances is mentioned later—the virtual ground 
amplifier. 

Filters
Electronic filters are important for separating signals from noise in a measurement. 
The following sections contain descriptions of several simple filters used in sensor-
based systems.

■ Low pass – A low-pass filter (Figure 1.1.4) uses a resistor and a capacitor in 
a voltage divider configuration. In this case, the “resistance” of the capaci-
tor decreases at high frequency, so the output voltage decreases as the input 
frequency increases. So, this circuit effectively filters out the high frequencies 
and “passes” the low frequencies. 

 The mathematical analysis is as follows: 

 Using the complex notation for the impedance, let 

Z R Z
i C1 2

1= =,
ω

 Using the voltage divider equation in Figure 1.1.1 

V
Z

Z Z
Vout in=

+
2

1 2

Figure 1.1.4: Low-pass filter.
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 Substituting for Z1 and Z2 

V i C

R
i C

V
i RC

Vout in in=
+

=
+

1

1
1

1
ω

ω
ω

 The magnitude of Vout is 

V
RC

Vout in=
( ) +

1

1
2ω

 and the phase of Vout is 

φ ω= −( )−tan 1 RC

■ High-pass – The high-pass filter is exactly analogous to the low-pass filter, 
except that the roles of the resistor and capacitor are reversed. The analysis of 
a high-pass filter is as follows:  

Vin

R

C

Vout

Figure 1.1.5: High-pass filter.

  Similar to a low-pass filter, 

V
R

R
i C

Vout in=
+ 1

ω

 The magnitude is 

V
R

R
C

Vout in=

+ 




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ω
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 and the phase is 

φ
ω

= −





−tan 1 1

RC

■ Bandpass – By combining low-pass and high-pass filters together, we can 
create a bandpass filter that allows signals between two preset oscillation fre-
quencies. Its diagram and the derivations are as follows: 

Vin
C1

R2

C2

R1

–

+

Vout

 
 

Figure 1.1.6: Band-pass filter.

 Let the high-pass filter have the oscillation frequency ω1 and the low-pass 
filter have the frequency ω2 such that 

ω ω ω ω1
1 1

2
2 2

1 2

1 1
CO COR C R C

= = <, ,

 Then the relation between Vout and Vin is 

V
i R C

i R C

i R C
Vout in=

+




 +







1

1 12 2 2

1 1 1

1 1 1ω
ω

ω

 The operational amplifier in the middle of the circuit was added in this circuit 
to isolate the high-pass from the low-pass filter so that they do not effectively 
load each other. The op-amp simply works as a buffer in this case. In the fol-
lowing section, the role of the op-amps will be discussed more in detail. 

Operational amplifiers
Operational amplifiers (op-amps) are electronic devices that are of enormous generic 
use for signal processing. The use of op-amps can be complicated, but there are a 
few simple rules and a few simple circuit building blocks which designers need to be 
familiar with to understand many common sensors and the circuits used with them. 
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An op-amp is essentially a simple 2-input, 1-output device. The output voltage is 
equal to the difference between the non-inverting input and the inverting input mul-
tiplied by some extremely large value (105). Use of op-amps as simple amplifiers is 
uncommon. 

Vin
–

+

Vout

 
Figure 1.1.7: Non-inverting unity gain amplifier. 

Feedback is a particularly valuable concept in op-amp applications. For instance, 
consider the circuit shown in Figure 1.1.6, called the follower configuration. Notice 
that the inverting input is tied directly to the output. In this case, if the output is less 
than the input, the difference between the inputs is a positive quantity, and the output 
voltage will be increased. This adjustment process continues, until the output is at the 
same voltage as the non-inverting input. Then, everything stays fixed, and the output 
will follow the voltage of the non-inverting input. This circuit appears to be useless 
until you consider that the input impedance of the op-amp can be as high as 109 ohms, 
while the output can be many orders of magnitude smaller. Therefore, this follower 
circuit is a good way to isolate circuit stages with high output impedance from stages 
with low input impedance. 

This op-amp circuit can be analyzed very easily, using the op-amp golden rules: 

1. No current flows into the inputs of the op-amp. 

2. When configured for negative feedback, the output will be at whatever value 
makes the input voltages equal. 

Even though these golden rules only apply to ideal operational amplifiers, op-amps 
can in most cases be treated as ideal. Let’s use these rules to analyze more circuits:

Vin

R2

R1

–

+

Vout

 
Figure 1.1.8: Inverting amplifier. 

Figure 1.1.8 shows an example of an inverting amplifier. We can derive the equation 
by taking the following steps. 
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1. Point B is ground. Therefore, point A is also ground. (Rule 2) 

2. Since the current flowing from Vin to Vout is constant (Rule 1), Vout/R2 = –Vin/R1 

3. Therefore, voltage gain = Vout/Vin = –R2/R1 

Vin

R2

R1

–

+

Vout

 
Figure 1.1.9: Non-inverting amplifier. 

Figure 1.1.9 illustrates another useful configuration of an op-amp. This is a non-in-
verting amplifier, which is a slightly different expression than the inverting amplifier. 
Taking it step-by-step, 

1. Va = Vin (Rule 2) 

2. Since Va comes from a voltage divider, Va = (R1/(R1 + R2)) Vout 

3. Therefore, Vin = (R1/(R1 + R2)) Vout 

4. Vout/Vin = (R1 + R2)/R1 = 1 + R2/R1 

The following section provides more details on sensor systems and signal conditioning.

1.2 Sensor Systems
Analog Devices Technical Staff 
Walt Kester, Editor

This section deals with sensors and associated signal conditioning circuits. The topic is 
broad, but the focus here is to concentrate on the sensors with just enough coverage of sig-
nal conditioning to introduce it and to at least imply its importance in the overall system.

Strictly speaking, a sensor is a device that receives a signal or stimulus and responds 
with an electrical signal, while a transducer is a converter of one type of energy into 
another. In  practice, however, the terms are often used interchangeably.

Sensors and their associated circuits are used to measure various physical proper-
ties such as temperature, force, pressure, flow, position, light intensity, etc. These 
properties act as the stimulus to the sensor, and the sensor output is conditioned and 
processed to provide the corresponding measurement of the physical property. We 
will not cover all possible types of sensors here, only the most popular ones, and spe-
cifically, those that lend themselves to process control and data acquisition systems.
Excerpted from Practical Design Techniques for Sensor Signal Conditioning, Analog Devices, Inc., www.analog.com.
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Sensors do not operate by themselves. They are generally part of a larger system 
consisting of signal conditioners and various analog or digital signal processing cir-
cuits. The system could be a measurement system, data acquisition system, or process 
control system, for example.

Sensors may be classified in a number of ways. From a signal conditioning viewpoint 
it is useful to classify sensors as either active or passive. An active sensor requires 
an external source of excitation. Resistor-based sensors such as thermistors, RTDs 
(Resistance Temperature Detectors), and strain gages are examples of active sensors, 
because a current must be passed through them and the corresponding voltage mea-
sured in order to determine the resistance value. An alternative would be to place the 
devices in a bridge circuit; however, in either case, an external current or voltage is 
required.

On the other hand, passive (or self-generating) sensors generate their own electrical 
output signal without requiring external voltages or currents. Examples of passive 
sensors are thermocouples and photodiodes which generate thermoelectric voltages 
and photocurrents, respectively, which are independent of external circuits. It should 
be noted that these definitions (active vs. passive) refer to the need (or lack thereof) 
of external active circuitry to produce the electrical output signal from the sensor. It 
would seem equally logical to consider a thermocouple to be active in the sense that 
it produces an output voltage with no external circuitry. However, the convention in 
the industry is to classify the sensor with respect to the external circuit requirement as 
defined above.

SENSORS:

Convert a Signal or Stimulus (Representing a Physical Property) into an Electrical Output

TRANSDUCERS:

Convert One Type of Energy into Another

The Terms are often Interchanged

Active Sensors Require an External Source of Excitation: RTDs, Strain-Gages

Passive (Self-Generating) Sensors do not: Thermocouples, Photodiodes, Piezoelectrics

Figure 1.2.1: Sensor overview.
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 PROPERTY SENSOR ACTIVE/PASSIVE  OUTPUT

 Temperature     Thermocouple     Passive          Voltage

  Silicon                  Active            Voltage/Current

  RTD                      Active            Resistance

  Thermistor          Active            Resistance

 Force/Pressure Strain Gage         Active            Resistance

  Piezoelectric       Passive          Voltage

 Acceleration      Accelerometer    Active            Capacitance

 Position         LVDT                    Active            AC Voltage

 Light Intensity    Photodiode          Passive          Current

Figure 1.2.2: Typical sensors and their outputs

A logical way to classify sensors—and the method used throughout the remainder of 
this book—is with respect to the physical property the sensor is designed to measure. 
Thus, we have temperature sensors, force sensors, pressure sensors, motion sensors, 
etc. However, sensors which measure different properties may have the same type of 
electrical output. For instance, a resistance temperature detector (RTD) is a variable 
resistance, as is a resistive strain gage. Both RTDs and strain gages are often placed 
in bridge circuits, and the conditioning circuits are therefore quite similar. In fact, 
bridges and their conditioning circuits deserve a detailed discussion.

The full-scale outputs of most sensors (passive or active) are relatively small voltages, 
currents, or resistance changes, and therefore their outputs must be properly condi-
tioned before further analog or digital processing can occur. Because of this, an entire 
class of circuits have evolved, generally referred to as signal conditioning circuits. 
Amplification, level translation, galvanic isolation, impedance transformation, lin-
earization, and filtering are fundamental signal conditioning functions that may be 
required.

Whatever form the conditioning takes, however, the circuitry and performance will 
be governed by the electrical character of the sensor and its output. Accurate char-
acterization of the sensor in terms of parameters appropriate to the application, e.g., 
sensitivity, voltage and current levels, linearity, impedances, gain, offset, drift, time 
constants, maximum electrical ratings, and stray impedances and other important con-
siderations can spell the difference between substandard and successful application 
of the device, especially in cases where high resolution and precision, or low-level 
measurements are involved.
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Higher levels of integration now allow ICs to play a significant role in both analog 
and digital signal conditioning. ADCs (analog-to-digital converters) specifically 
designed for measurement applications often contain on-chip programmable-gain 
amplifiers (PGAs) and other useful circuits, such as current sources for driving RTDs, 
thereby minimizing the external conditioning circuit requirements.

Most sensor outputs are nonlinear with respect to the stimulus, and their outputs must 
be linearized in order to yield correct measurements. Analog techniques may be used 
to perform this function. However, the recent introduction of high performance ADCs 
now allows linearization to be done much more efficiently and accurately in software 
and eliminates the need for tedious manual calibration using multiple and sometimes 
interactive trimpots.

The application of sensors in a typical process control system is shown in Figure 
1.2.3. Assume the physical property to be controlled is the temperature. The output of 
the temperature sensor is conditioned and then digitized by an ADC. The microcon-
troller or host computer determines if the temperature is above or below the desired 
value, and outputs a digital word to the digital-to-analog converter (DAC). The DAC 
output is conditioned and drives the actuator, in this case a heater. Notice that the in-
terface between the control center and the remote process is via the industry-standard 
4–20mA loop.

Figure 1.2.3: Typical industrial process control loop.
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Digital techniques have become increasingly popular in processing sensor outputs in 
data acquisition, process control, and measurement. Generally, 8-bit microcontrollers 
(8051-based, for example) have sufficient speed and processing capability for most 
applications. By including the A/D conversion and the microcontroller programma-
bility on the sensor itself, a “smart sensor” can be implemented with self-contained 
calibration and linearization features, among others. A smart sensor can then interface 
directly to an industrial network as shown in Figure 1.2.4.

The basic building blocks of a “smart sensor” are shown in Figure 1.2.5, constructed 
with multiple ICs. The Analog Devices MicroConverter™-series of products includes 
on-chip high performance multiplexers, analog-to-digital converters (ADCs) and 
digital-to-analog converters (DACs), coupled with Flash memory and an industry-
standard 8052 microcontroller core, as well as support circuitry and several standard 
serial port configurations. These are the first integrated circuits which are truly smart 
sensor data acquisition systems (high-performance data conversion circuits, micro-
controller, Flash memory) on a single chip (see Figure 1.2.6).

Figure 1.2.4: Standardization at the digital interface using smart sensors.
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Figure 1.2.5: Basic elements in a smart sensor.

Figure 1.2.6: The even smarter sensor.
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