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TECHTIP 60201

Grounding and Shielding Considerations for Thermocouples,

Strain Gages, and Low-Level Circuits

INTRODUCTION

Signal to Noise Ratio

Electrical noise is present in all measurement systems to some
degree. Instrument engineers typically design systems that
make the measured signal much larger than the noise that
accompanies it, whatever that source of noise may be. They
specify this parameter as signal-to-noise ratio SNR and typi-
cally measure it in dB. In terms of voltage, dB = 20 log (V,/V ),
where V, is greater than V,, and V, is the noise level. For
example, 120 dB is a ratio of 1,000,000:1 and 160 dB is
100,000,000:1, very respectable numbers for SNRs.

Design rules that instrument manufacturers follow to make
noise-free and quality equipment include proper circuit design
and layout on a printed circuit board as well as grounding,
shielding, and guarding. One common method for measuring
low-level signals where noise can be a problem is to use differ-
ential input amplifiers. The topology of such circuits tends to
cancel certain types of noise. Both terminals of a two-terminal
sensor connect to the differential amplifier input, and shielding
and guarding circuits typically connect to signal ground and
special guard-shield terminals. This eliminates current flow
between the grounds, common, or returns of the sensor and the
instrument input amplifier, which can generate noise signals.

One drawback when using differential inputs is that only half
the number of sensor inputs is available compared to a single-
ended configuration. Thatis, one differential amplifier consumes
two single-ended input connections.

DISCUSSION

High SNR is particularly critical for strain gages and thermo-
couples, which inherently have relatively low signal levels
compared to most sensors. These sensors deal with millivolts
and microvolts, signals already close to the values of typical
noise levels that can be measured in test setups. By comparison,

many transducers have 1V, 5V, and 10V standard output levels.
Thus, 10V compared to 1 microvolt is 10/0.000001, that is,
10 million to one or 20 log (10/0.000001) = 20 log (10,000000)
=20(7) =140 dB. Buta 1.0 mV signal compared to a 1 microvolt
level of noise is much more serious. Here, 0.001V is compared
to 0.000001V, or 20 log (0.001/0.000001) = 20 log (1,000)
=20(3) = 60 dB. In other words, the SNR for the first example is
10 million to one, and the second is only 1 thousand to one. So,
maintaining a high signal-to-noise ratio is paramount in low-
level signal circuits to prevent the measured variable from being
contaminated or yielding inaccurate results.

PROCEDURE

Data acquisition system designers try to obtain the highest SNR
as possible within their equipment with the resources available
to them, but users also have an equal responsibility for reducing
noisy signals and maximizing instrument measurement accu-
racy. Several such factors under user control that play a signifi-
cant role in reducing noise levels, increasing SNR, and improv-
ing accuracy include transducer lead length, application of
grounding points and shields, and the temperature coefficient
of copper wire.

General Precautions

Short leads between sensors and amplifier inputs are the first
consideration in minimizing noise. Long leads act as antennas
and can pick up a variety of electric and magnetic interference.
Although strain gages and thermocouples have characteristi-
cally low impedances, it is still good practice to use short leads
and twist them together. Figure 1 illustrates a condition where
unshielded, parallel wires connect the signal source to the
amplifier input. The parallel wires pick up noise through induc-
tion from the radiating wire principally because the mutual
induction M, and M, are unequal as are the distances, d, and d,.
Figure 2 shows how to cancel or minimize the interfering noise
by twisting the wires. Moreover, thermocouples should use
thermocouple lead wire rather than ordinary copper wire since
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TC wire is designed just for this applica-
tion. In most cases, the special lead wire
may be obtained from the thermocouple
manufacturer or supplier.

The second consideration is the ground
point. Usually, aground connection ismade
at either the amplifier input or preferably
thesensor, butdefinitely notatboth. When
both devices are grounded, a small but
measurable “ground-loop” current can flow
between them and manifestin an unwanted
noise signal at the amplifier input termi-
nals. The best policy is to follow the manu-
facturers grounding recommendations for
its particular instrument and sensor.

The circuit in Figure 3 shows a potential
difference between earth ground #1 and
earth ground #2. As a result, two ground
loop paths are generated when the shield,
sensor return, and sensor shield are all
grounded to earth ground #1, and the other
end of the shield, the sensor return, the
common amplifier terminal, and amplifier
chassis are connected to earth ground #2.
One circulating current runs through the
shield conductor, and the other runs
through the signal return (or common)
wire. Figure 4 shows that the ground loop
current through the shield is eliminated
when its ground connection is removed
from earth ground #2. Likewise, the loop
currentin thesignalreturn pathiseliminated
when the ground connection is removed
from terminal 2 of the amplifier.

In addition, wires shielded with copper,
aluminum, and tin can minimize most
electrical interference, but ferrous materi-
als may be needed to shield wires where
high magneticfields may be present. Cop-
per or aluminum shields alone may not
be effective enough. Moreover, ground-
ing these shields require as much care as
other shields to minimize ground loop
currents that can appear as signals to the
amplifier input terminals.

Copper wire has a relatively high tempera-
ture coefficient of resistance. However, it
tends to be neglected when the sensor sig-
nals are so large that any changes in imped-
ance due to the wire’s temperature coeffi-
cient have negligible effect. But in high
impedance, low-level circuits, or circuits
with long lead wires, the wire resistance by
itself or with a change temperature can be
significant and affect the measurements by
as much as 10% or more. In many cases,

Figure 1: Induced Noise: Parallel Wires
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Parallel signal wires can pick up noise by induction when the mutual inductances M1 and M2
are unequal.

Figure 2: Induced Noise: Twisted Wires
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Twisted input signal wires tend to bring the values of the mutual inductances M1 and M2
closer together and cancel the inductive noise.

Figure 3: Multiple Ground-Loop Paths
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Ground loop currents are generated when a difference of potential develops between the sensor
ground and the amplifier ground connections. More than one path exists, as shown in this example.

Figure 4: Eliminating Ground-Loop Paths
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Removing the ground connection at the amplifier input eliminates one ground loop path, and
the other by removing the ground connection at the amplifier input terminal #2.
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however, wire resistance effects can be cancelled by using a four-
wire system where one pair is the “excite” wires, and the other
pair is the “sense” wires, such as used in bridge circuits. (See
Reference 1, page 85).

Thermocouples

Thermocouples should be electrically isolated from the device
under test where possible to avoid ground-loop currents, com-
mon-mode voltage problems, and induced voltage or current.
However, most thermocouple instrument amplifiers provide
ungrounded temperature reference input terminals mounted
on isothermal blocks that help minimize such noise problems.
For example, Figure 5 shows the temperature compensated
isothermal block and input connections to the IOtech DBK81™
series of thermocouple amplifiers.

When thermocouple wire leads must be shielded, use the shield
connection provided at the input to the amplifier, and do not
connect the other end of the shield (at the device under test) to
a ground. However, when the thermocouple must be grounded,
use the same ground terminal to connect to the shield and do

not use the shield connection at the amplifier end. (Remember,
the shield must not be grounded at both ends.)

Strain Gages

Strain gages (and frequently, thermocouples) are fastened me-
chanically and sometimes electrically to the device under test.
This arrangement can set up a path for ground loop currents and
common-mode voltage noise signals. Use non-inductive types
of strain gages and ground the shields only at the sensor end.
Use the differential input terminals of the data acquisition
system and make certain that neither terminal is inadvertently
grounded through an inconspicuous “sneak circuit.”

Figure 6 is an example of a situation where a differential amplifier
input is selected but the cable shield is connected to the amplifier
common. The common-mode voltage Ecm appears between signal
ground and system ground. The distributed capacitance in the
cable shield shunts the amplifier input impedance to ground and
sets up a noise current (Icm) path through the signal source.
Removing the connection from the shield to system ground at the
amplifier input and connecting the shield to the signal ground at

Figure 5: Thermocouple Input Amplifier

Channels ]
2 thru 7 1] Channel 1 (of 7)l_OTC BIAS
+
Input Diff/CM Inst. CH1
protection LPF amp H
— > - e
[—
LOTC BIAS |2 o |
i > MUX
CH7
Isothermal
interface
CJC
ci1 H|©
. Lo
|:| Thermistor
CH é——To input
H P
7y @— protection RtoV

converter

SHIELD

Output
channel
select
header

ar1)

Channel Select Lines

P1

The IOtech DBK81 series of thermocouple input amplifiers contain an isothermal,
temperature-compensated block to eliminate inadvertent thermocouple effects at
the terminals. It also contains differential input amplifiers and shield connections
to minimize noise problems.

Figure 6: Incorrect Grounds for Differential Amplifiers
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1. For more detailed circuit descriptions and applications, refer to the publica-
tion, Signal Conditioning and PC-Based Data Acquisition Handbook, published by
IOtech, Inc., and available from IOtech at www.iotech.com.
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the sensor as shown in Figure 7 reduces the effect of cable capaci-
tance and prevents common mode current, Icm, from flowing
through the signal source. In this way, the systems common mode
rejection ratio is greatly improved.

Strain gages and other bridge circuits used with strain gage
modules such as the IOtech WBK16™ are not usually grounded.
The WBK16 uses differential input amplifiers with excitation
voltage supplied by isolated and current-limited power supplies
to help minimize noise problems. However, when strain gage
wires need shielding, use quality cable, such as the CA-177 stain
gage cable, and connect the shield to the DB9 metal shell. The
shell does not return to common ground, therefore common-
mode voltage and current cannot interfere with the measured
signal. Also, use twisted pair cable with paired leads for signal
input, excitation output, and remote sense input. See Figure 8,
the block functional diagram of the WBK16, for an example
showing connections to a full-bridge strain gage.

Occasionally, some of the above precautions cannot be followed
implicitly. When in doubt, the best procedure is to use the
differential input terminals to the data acquisition system
rather than single-ended inputs, and connect the shield to the
sensor or signal source common terminal.

Other Considerations

The impedance of a signal source should be much lower than the
amplifier input impedance to ensure high system accuracy. As the
signal source impedance approaches zero, so does the amplitude of
thenoise signal to the amplifier. However, in most cases, users need
not concern themselves with these issues. Most data acquisition
system manufacturers have considered such loading problems and
offer specific signal conditioning amplifiers that match transduc-
ers and special circuits. For example, signal conditioners are avail-
able for thermocouples and strain gages that offer the proper
impedance matching and temperature compensation.

Figure 7: Correct Grounds for Differential Amplifiers
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Figure 8: Strain Gage Input Amplifier

Channel 1 (of 8) The IOtech WBK16 Strain
= I A ifier i
User strain gage DR Gain = ‘ vt Gage npu't mplifie con?.‘azns
(wxc X100 AN e full floating DB9-type input
+) SENSE t o 0 X (o} .
E o |mm Bl et | a MUX connectors to completely isolate
i and Zpol CH8— Channel  thesensor fromground currents
Ol —1 shunt cal network | [l lecti .
Wl low-pass filters A selectonand common-mode noise
A cH s =71 mux problems. The shell connects
.............. L CH3—> to a guard circuit that provides
v e the optimum protection for
Progammable Progammable L * . .
excitation offset voltage amp 1 CHI connecting shields.
regulator with reference MUX || ssy
remote sense
1-pole WaveBook analog
~ | high-pass i expansion bus
1 Hz filter i o BNC
i nalog
’Y interface
BNC

+15V -15v

+5V +12V

I

10— Isolated

; +5, +12, 15 VDC
O—  power supply

Power

switch =

DC power input and expansion

Internal DC-DC power supply

Digital
interfaces

Serial control bus

DB15

WaveBook digital
expansion bus

¢

www.iotech.com e |Otech, Inc. ® 25971 Cannon Rd e Cleveland, OH 44146 ¢ (440) 439-4091 e Fax (440) 439-4093 e sales@iotech.com



However, in signal conditioners that have more general capa-
bilities such as measuring voltage, current, and resistance, the
sensors or signal sources are not necessarily specified, and users
should consult the data acquisition system manufacturer to
ensure that they purchase the proper signal-conditioning am-
plifier. For example, not all general-purpose voltage amplifiers
are designed to work with strain gages, bridge circuits, and some
other transducers or circuits, especially those that could exceed
the common-mode voltage rating of the amplifier input. It’s
also a good idea to discuss your test setup with an application
engineer to ensure that you will be properly connecting and
grounding your data acquisition system to the signal source,
even when you feel confident you have made the right decision.

Source Impedance Calculations

Fornon-specified voltage and current measurements, the source
impedances must be known in order to select the appropriate
signal conditioner. Usually, the transducer manufacturer pro-
vides a data sheet with the device that specifies its impedance
and how it is determined. When this is not available, a number
of empirical methods may be used to determine the source
impedance. One method, shown in Figure 9, is to measure the
open circuit voltage output with a known high impedance

Figure 9: Calculating Signal Source Impedance
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In many cases (but not all), impedances observed at the terminals of

transducers and other signal sources can be determined with a simple
two-step measurement procedure.

voltmeter. Next, connect a known impedance to the same
terminals and measure the voltage and current under load.
(Make certain that the impedance selected is not so low as to
cause the current to exceed the device’s rating.) The source
(internal) impedance can be calculated form the equation:

Zi = ZE(VZ—V1)/V2

Where: Z = internal impedance, Ohms
Z_=known external impedance, Ohms
V, = measured open-circuit output voltage, V

V, = measured closed-circuit output voltage, V

Typical Environments and Tips

Electric motors, generators, and large transformers can present
unique problems. Large electromagnetic fields may be coupled
to sensor leads and induce noise. When measuring motor or
generator vibrations with accelerometers, notch filters may be
used at the amplifier input leads to eliminate 60 Hz signals that
may be induced. This is not a problem when the vibration
frequencies of interest are in the range of hundreds of Hz. In
addition to ac interference, dc motors and generators produce
interfering magnetic fields as well. Use the same shielding
recommendations as discussed above, using copper, aluminum,
and ferrous materials as appropriate for the environment.

For more detailed circuit descriptions and applications, refer to
the publication, Signal Conditioning and PC-Based Data Acquisi-
tion Handbook, published by IOtech, Inc., and available from
IOtech at www.iotech.com.
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