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Overview

Unfortunately, measuring analog signals with a data acquisition board is not always as simple as wiring the
signal source leads to the data acquisition board. Knowledge of the nature of the signal source, a suitable
configuration of the data acquisition board, and an appropriate cabling scheme may be required to produce
accurate and noise-free measurements. Figure 1 shows a block diagram of a typical data acquisition system.
The integrity of the acquired data depends upon the entire analog signal path.
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Figure 1. Block Diagram of a Typical Data Acquisition System

In order to cover a wide variety of applications, most data acquisition boards provide some flexibility in their
analog input stage configuration. The price of this flexibility is, however, some confusion as to the proper
applications of the various input configurations and their relative merits. The purpose of this note is to help
clarify the types of input configurations available on data acquisition boards, to explain how the user should
choose and use the configuration best for the application, and to discuss interference noise pick up
mechanisms and how to minimize interference noise by proper cabling and shielding.

An understanding of the types of signal sources and measurement systems is a prerequisite to application of
good measurement techniques, so we will begin by discussing the same.
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Types of Signal Sources and Measurement Systems

By far the most common electrical equivalent produced by signal conditioning circuitry associated with
transducers is in the form of voltage. Transformation to other electrical phenomena such as current and
frequency may be encountered in cases where the signal is to be carried over long cabling in harsh
environments. Since in virtually all cases the transformed signal is ultimately converted back into a voltage
signal before measurement, it is important to understand the voltage signal source.

Remember that a voltage signal is measured as the potential difference across two points. This is depicted in
Figure 2.
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Figure 2. Voltage Signal Source and Measurement System Model

A voltage source can be grouped into one of two categories—grounded or ungrounded (floating). Similarly, a
measurement system can be grouped into one of two categories—grounded or ground-referenced, and
ungrounded (floating).

Grounded or Ground-Referenced Signal Source

A grounded source is one in which the voltage signal is referenced to the building system ground. The most
common example of a grounded source is any common plug-in instrument that does not explicitly float its
output signal. Figure 3 shows a grounded signal source.
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Figure 3. Grounded Signal Source



The grounds of two grounded signal sources will generally not be at the same potential. The difference in
ground potential between two instruments connected to the same building power system is typically on the
order of 10 mV to 200 mV; however, the difference can be higher if power distribution circuits are not properly
connected.

Ungrounded or Nonreferenced (Floating) Signal Source

A floating source is a source in which the voltage signal is not referred to an absolute reference, such as earth
or building ground. Some common examples of floating signal sources are batteries, battery powered signal
sources, thermocouples, transformers, isolation amplifiers, and any instrument that explicitly floats its output
signal. A nonreferenced or floating signal source is depicted in Figure 4.
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Figure 4. Floating or Nonreferenced Signal Source

Notice that neither terminal of the source is referred to the electrical outlet ground. Thus, each terminal is
independent of earth.

Differential or Nonreferenced M easurement System

A differential, or nonreferenced, measurement system has neither of its inputs tied to a fixed reference such as
earth or building ground. Hand-held, battery-powered instruments and data acquisition boards with
instrumentation amplifiers are examples of differential or nonreferenced measurement systems. Figure 5
depicts an implementation of an eight-channel differential measurement system that is used in the MIO-16
Series of boards from National Instruments. Analog multiplexers are used in the signal path to increase the
number of measurement channels while still using a single instrumentation amplifier. For this board, the pin
labeled AIGND, the analog input ground, is the measurement system ground.
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Figure 5. Eight-Channel Differential Measurement System

An ideal differential measurement system responds only to the potential difference between its two terminals—
the (+) and (-) inputs. Any voltage measured with respect to the instrumentation amplifier ground that is
present at both amplifier inputs is referred to as a common-mode voltage. Common-mode voltage is
completely rejected (not measured) by an ideal differential measurement system. This capability is useful in
rejection of noise, as unwanted noise is often introduced in the circuit making up the cabling system as
common-mode voltage. Practical devices, however, have several limitations, described by parameters such as
common-mode voltage range and common-mode rejection ratio (CMRR), which limit this ability to reject the
common-mode voltage.



Common-mode voltage Vem is defined as follows:
Van = (VT +V7) /2

where V' = Voltage at the non-inverting terminal of the measurement system with respect to the
measurement system ground

V- = Voltage at the inverting terminal of the measurement system with respect to the measurement
system ground

and CMRR in dB is defined as follows:
CMRR (dB) = 20 log (Differential Gain/Common-Mode Gain).

A simple circuit that illustrates the CMRR is shown in Figure 6. In this circuit, CMRR in dB is measured as
20log Vem/Vout Where VY = V- =V .
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Figure 6. CMRR Measurement Circuit

The common-mode voltage range limits the allowable voltage swing on each input with respect to the
measurement system ground. Violating this constraint results not only in measurement error but also in
possible damage to components on the board. As the term implies, the CMRR measures the ability of a
differential measurement system to reject the common-mode voltage signal. The CMRR is a function of
frequency and typically reduces with frequency. The CMRR can be optimized by using a balanced circuit.
This issue is discussed in more detail later in this application note. Most data acquisition boards will specify
the CMRR up to 60 Hz, the power line frequency.



Grounded or Ground-Referenced Measurement System

A grounded or ground-referenced measurement system is similar to a grounded source in that the measurement
is made with respect to ground. Figure 7 depicts a two-channel grounded measurement system. This is also
referred to as a single-ended measurement system.
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Figure 7. Eight-Channel Ground-Referenced Single-Ended (GRSE) Measurement System

A variant of the single-ended measurement technique, known as nonreferenced single-ended (NRSE) or
pseudodifferential measurement, is often found in data acquisition boards. A NRSE measurement system is
depicted in Figure 8.
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Figure 8. An Eight-Channel NRSE Measurement System

In an NRSE measurement system, all measurements are still made with respect to a single-node Analog Input
Sense (AISENSE), but the potential at this node can vary with respect to the measurement system ground
(AIGND). Figure 8 illustrates that a single-channel NRSE measurement system is the same as a single-
channel differential measurement system.

Now that we have identified the different signal source type and measurement systems, we can discuss the
proper measurement system for each type of signal source.

Measuring Grounded Signal Sources

A grounded signal source is best measured with a differential or nonreferenced measurement system. Figure 9
shows the pitfall of using a ground-referenced measurement system to measure a grounded signal source. In
this case, the measured voltage, Vi, is the sum of the signal voltage, Vs, and the potential difference, AV,
that exists between the signal source ground and the measurement system ground. This potential difference is
generally not a DC level; thus, the result is a noisy measurement system often showing power-line frequency
(60 Hz) components in the readings. Ground-loop introduced noise may have both AC and DC components,
thus introducing offset errors as well as noise in the measurements. The potential difference between the two
grounds causes a current to flow in the interconnection. This current is called ground-loop current.
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Figure 9. A Grounded Signal Source Measured with a Ground-Referenced System Introduces Ground Loop

A ground-referenced system can still be used if the signal voltage levels are high and the interconnection
wiring between the source and the measurement device has a low impedance. In this case, the signal voltage
measurement is degraded by ground loop, but the degradation may be tolerable. The polarity of a grounded
signal source must be carefully observed before connecting it to a ground-referenced measurement system
because the signal source can be shorted to ground, thus possibly damaging the signal source. Wiring
considerations are discussed in more detail later in this application note.

A nonreferenced measurement is provided by both the differential (DIFF) and the NRSE input configurations
on atypical data acquisition board such as an M10O-16. With either of these configurations, any potential
difference between references of the source and the measuring device appears as common-mode voltage to the
measurement system and is subtracted from the measured signal. This is illustrated in Figure 10.
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Figure 10. A Differential Measurement System Used to Measure a Grounded Signal Source

Measuring Floating (Nonreferenced) Sources

Floating signal sources can be measured with both differential and single-ended measurement systems. In the
case of the differential measurement system, however, care should be taken to ensure that the common-mode
voltage level of the signal with respect to the measurement system ground remains in the common-mode input
range of the measurement device.

A variety of phenomena—for example, the instrumentation amplifier input bias currents—can move the voltage
level of the floating source out of the valid range of the input stage of a data acquisition board. To anchor this
voltage level to some reference, resistors are used as illustrated in Figure 11. These resistors, called bias
resistors, provide a DC path from the instrumentation amplifier inputs to the instrumentation amplifier ground.
These resistors should be of a large enough value to allow the source to float with respect to the measurement
reference (AIGND in the previously described measurement system) and not load the signal source, but small
enough to keep the voltage in the range of the input stage of the board. Typically, values between 10 kQ and
100 kQ work well with low-impedance sources such as thermocouples and signal conditioning module outputs.
These hias resistors are connected between each lead and the measurement system ground.

Warning: Failure to use these resistors will result in erratic or saturated (positive full-scale or
negative full-scale) readings.

If the input signal is DC-coupled, only one resistor connected from the (-) input to the measurement system
ground is required to satisfy the bias current path requirement, but this leads to an unbalanced system if the
source impedance of the signal source is relatively high. Balanced systems are desirable from a noise
immunity point of view. Consequently, two resistors of equal value-one for signal high (+) input and the other
for signal low (-) input to ground—should be used if the source impedance of the signal source is high. A single
bias resistor is sufficient for low-impedance DC-coupled sources such as thermocouples. Balanced circuits are
discussed further later in this application note.



If the input signal is AC-coupled, two bias resistors are required to satisfy the bias current path requirement of
the instrumentation amplifier.

R1

Resistors (10R < R <100 K) provide a return path to
ground for instrumentation amplifier input bias currents.
Only R2 is required for DC-coupled signal sources. For
AC-coupled sources, R1 = R2.

Figure 11. Foating Source and Differential Input Configuration

If the single-ended input mode is to be used, a GRSE input system (Figure 12a) can be used for a floating
signal source. No ground loop is created in this case. The NRSE input system (Figure 12b) can also be used
and is preferable from a noise pickup point of view. Floating sources do require bias resistor(s) between the
AISENSE input and the measurement system ground (AIGND) in the NRSE input configuration.
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a. GRSE Input Configuration b. NRSE Input Configuration

Figure 12. Floating Signal Source and Single-Ended Configurations

A graphic summary of the previous discussion is presented in Table 1.
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scale or negative full-scale) readings.

Table 1. Analog Input Connections
Signal Source Type
Floating Signal Source Grounded Signal Source
(Not Connected to Building Ground)
Examples Examples
Input Configuration e Thermocouples ¢ Plug-in instruments with
« Signal conditioning with isolated outputs nonisolated inputs
« Battery devices
ACH(+) 2 ACH(+) 3
Vi ACH () _ @1 ACH ()
RE R
Differential nL7 AISENSE AIGND l
(DIFF) ad L
Two resistors (10 R<R<100 KQ) provide
return paths to ground for bias currents
NOT RECOMMENDED
ACH
Single-Ended — ACH + .
Ground Referenced Vi AIGND V1
(GRSE) > >
+ W
Ground-loop losses,dyare added to
measured signal
Single-Ended — ACH N @ ACH 2
Nonreferenced V1 Vi AISENSH
(NRSE) sz: . AISENSE _ _
R ®
,7]77 L_AIGND NL7 AIGND l
R =
Warning: Bias resistors must be provided when measuring floating signal sources in DIFF and

NRSE configurations. Failure to do so will result in erratic or saturated (positive full-
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In general, a differential measurement system is preferable because it rejects not only ground loop-induced
errors, but also the noise picked up in the environment to a certain degree. The single-ended configurations,
on the other hand, provide twice as many measurement channels but are justified only if the magnitude of the
induced errors is smaller than the required accuracy of the data. Single-ended input connections can be used
when al input signals meet the following criteria.

* Input signas are high level (greater than 1 V as a rule of thumb).
» Signal cabling is short and travels through a noise-free environment or is properly shielded.
* All input signals can share a common reference signal at the source.

Differential connections should be used when any of the above criteria are violated.

Minimizing Noise Coupling in the Interconnects

Even when a measurement setup avoids ground loops or analog input stage saturation by following the above
guidelines, the measured signal will almost inevitably include some amount of noise or unwanted signal
“picked up” from the environment. This is especially true for low-level analog signals that are amplified using
the onboard amplifier that is available in many data acquisition boards. To make matters worse, PC data
acquisition boards generally have some digital input/output signals on the 1/O connector. Consequently, any
activity on these digital signals provided by or to the data acquisition board that travels across some length in
close proximity to the low-level analog signals in the interconnecting cable itself can be a source of noise in
the amplified signal. In order to minimize noise coupling from this and other extraneous sources, a proper
cabling and shielding scheme may be necessary.

Before proceeding with a discussion of proper cabling and shielding, an understanding of the nature of the
interference noise-coupling problem is required. There is no single solution to the noise-coupling problem.
Moreover, an inappropriate solution might make the problem worse.

An interference or noise-coupling problem is shown in Figure 13.
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- Computer monitor - Electromagnetic (Radiative) - Transducer-to-signal conditioning cabling

- Switching logic signals - Signal conditioning

- High-voltage or high- - Signal conditioning to measurement system caljling
current AC or switching
circuits

Figure 13. Noise-Coupling Problem Block Diagram
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As shown in Figure 13, there are four principal noise “pick up” or coupling mechanisms—conductive,
capacitive, inductive, and radiative. Conductive coupling results from sharing currents from different circuits
in a common impedance. Capacitive coupling results from time-varying electric fields in the vicinity of the
signal path. Inductive or magnetically coupled noise results from time-varying magnetic fields in the area
enclosed by the signal circuit. If the electromagnetic field source is far from the signal circuit, the electric
and magnetic field coupling are considered combined electromagnetic or radiative coupling.

Conductively Coupled Noise

Conductively coupled noise exists because wiring conductors have finite impedance. The effect of these
wiring impedances must be taken into account in designing a wiring scheme. Conductive coupling can be
eliminated or minimized by breaking ground loops (if any) and providing separated ground returns for both low-
level and high-level, high-power signals. A series ground-connection scheme resulting in conductive coupling
isillustrated in Figure 14a. If the resistance of the common return lead from A to B is 0.1 Q, the measured
voltage from the temperature sensor would vary by 0.1 Q by 1 A = 100 mV, depending on whether the switch
is closed or open. This translates to 10 degrees of error in the measurement of temperature. The circuit of
Figure 14b provides separate ground returns; thus, the measured temperature sensor output does not vary as the
current in the heavy load circuit is turned on and off.
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Figure 14. Conductively Coupled Noise
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Capacitive and Inductive Coupling

The analytical tool required for describing the interaction of electric and magnetic fields of the noise and
signal circuits is the mathematically nontrivial Maxwell's equation. For an intuitive and qualitative
understanding of these coupling channels, however, lumped circuit equivalents can be used. Figures 15 and 16
show the lumped circuit equivalent of electric and magnetic field coupling.
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Figure 15. Capacitive Coupling between the Noise Source and Signal Circuit, Modeled by the Capacitor Cef
in the Equivalent Circuit
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Magnetic flux coupling

a. Physical Representation
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Figure 16. Inductive Coupling between the Noise Source and Signal Circuit, Modeled by the Mutual
Inductance M in the Equivalent Circuit

Introduction of lumped circuit equivalent models in the noise equivalent circuit handles a violation of the two
underlying assumptions of electrical circuit analysis; that is, all electric fields are confined to the interior of
capacitors, and all magnetic fields are confined to the interior of inductors.
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