
Noise

Introduction: 

One problem commonly encountered is how to measure a remote location. For example, if you wanted to
measure the temperature at the top of a smoke stack, it would be much more convenient to place the
monitoring equipment on the ground rather than at the top of the smoke stack. In order to do this, wires
are used to transfer the voltage from the sensor to the data recording instruments. 

One problem with using wires to transfer data is that wires also act as antennas. By using a long stretch of
wire, one might wind up with more noise than signal at the base of the smoke stack. 

During this week, different connections of wires from a sensor to an amplifier will be investigated in
terms of their susceptibility to noise. By the end of the week, the student should be able to identify
sources of noise in a given transmission line set up and suggest changes to reduce the noise level in the
circuit. 

Definitions: 

Consider the problem of trying to measure a voltage, Vs, remotely. 

Ideally, the output voltage is proportional to Vs. 

Common-Mode Gain: The output proportional to the sum (or average ) of Va and Vb. Common mode
gain is ideally zero so that noise along the length of the line cancels out. 

Differential Gain: The output proportional to the difference of Va and Vb. 

Common Mode Rejection Ratio: The ratio of the differential gain to the common-mode gain. The larger
this number is, the better the amplifier is. 

Ground Loops: All grounds are not equal. The potential at one point may be different than another point.
(For example, there's about a 4V difference between Cincinnati and Columbus. If you take a wire, ground
one end in Cincinnati and one end in Columbus, you'll likewise get some current flow. Over smaller
distances, noise (from radio signals, transformers, etc.) may affect the potential at one location and not
another. 

Signal-to-Noise Ratio: The ratio of the energy at Vn due to the signal (Vs) to the energy of Vn due to
other sources. 
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Basic Circuit 

The simplest circuit - and also the worse - for measuring a voltage remotely is as follows: 

In order to save wire, the sensor is grounded locally. A single wire is then used to transfer this data to the
data recorder. This voltage is then compared with its local ground. 

The problem with this circuit is several. This can be seen by adding two more voltages to this circuit to
signify noise sources. 

Since the two grounds may be at different potentials, a voltage source, Vg is added between nodes b and
d. Second, since the wire acts an antenna, the voltage induced on this wide is signified by Vw. 

Ideally, the output should be 

Vn = Vs 

Instead, output voltage is 

Vn = Vs + Vg + Vw 

Hence, this circuit is sensitive to common mode noise (Vg+Vw). 
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Case 2:  In order to eliminate this common-mode noise, a pair of wires could be used: 

If there is a finite area enclosed by the wires, however, any changing magnetic fields will induce a voltage
around this loop. Calling this induced loop voltage VA, the output voltage is now: 

Vn = Vw + Vs -Vw + VA 

While this circuit is much better than the previous one, it will still tend to be noisy - especially if the area
A is large. 

Case 3: Twisted Pair 

In order to minimize the area between the two wires, the wired could be twisted together. In this way, the
induced voltages will tend to cancel as the voltages add and subtract as the loops in the wire wind around
and around. In theory, the worst case for induced noise will only occur with an odd number of twists
(where the area is still quite small). 

In short, twisted pairs of wires are able to reject common mode noise and are fairly immune to induced
voltages. It's likewise a very commonly used method for transferring data from one site to another. 

Shielded Twisted Pair 

A second type of wire commonly used is a shielded wire. The idea here is to shield the signal in a
grounded enclosure. In theory, the electric field on one side of the conductor due to fields on the other
should be zero. One should, therefore, be able to transfer a voltage from one point to another through a
shielded cable without any noise. 

Some variations on how to connect a shielded cable are as follows: 

Case 4: Shielded Wires with a Grounded Amplifier: 

If the amplifier is grounded, the shield could be connected to ground a) at the sensor side to the ground
wire, b) at the sensor side to the sensor ground, c) at the amplifier side to the amplifier's ground wire, or
d) at the amplifier's side to the amplifier's ground. 

(note that grounding both ends is bad. This will cause currents to flow in the shield which then couple to
the lines through the capacitance between the lines.) 
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Due to the two grounds being at a slightly different potential, Vg2 is added to signify this difference. To
model the slight voltage drop induced across the amplifier's ground wire, Vg1 is added. The goal is to
pick which grounding location minimizes the effect of Vg1 and Vg2 on Vs. 

Connection A:  Ground the shield on the sensor side to amplifier ground.

The worst location to connect the ground is to the ground wire on the sensor side. If no shield were used,
the electric fields which induce a voltage on line 2 will also tend to induce the same voltage on line 1.
Using a differential amplifier likewise causes these voltages to cancel. By adding a shield tied to point A,
however, all of the induced voltages are added to line 2 and no voltages are added to line 1. This
connection likewise imbalances the two lines. 

Connection B: Ground the shield to ground on the sensor side to sensor ground.

The circuit for the conduction with ground location B is as follows: 

Here, C1, C2, and C3 signify the small capacitance between the wires. The voltage V12, is then found
using voltage division for capacitors: 
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Vo = ⎛
⎝

C1
C1+C2

⎞
⎠Vs

and is

V12 = ⎛
⎝

C1
C1+C2

⎞
⎠ (Vg1 + Vg2)

Connection C:  Ground the shield on the amplifier side to the amplifier ground wire

Connecting the ground to the ground wire of the instrumentation amplifier results in the noise sources
having no effect on the signal. 
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Connection D:  Ground the shield on the amplifier side to the amplifier ground

Grounding the shield to the ground at the amplifier's side results in the signal picked up by the amplifier's
ground wires appearing at the output with a gain of 

V12 = ⎛
⎝

C1
C1+C2

⎞
⎠Vg1

Note that Vg1 is typically very small - especially if short leads are used for the amplifier's ground wires.
Hence, case C and D will not differ that much, although connection C is theoretically the better of the
two. 

Case 5: Shielded Twisted Pair with a Grounded Sensor: 

If the sensor is designed such that it has to be grounded, the circuit for the sensor - wiring - amplifier
becomes as follows: 

The goal is to ground the shield (at A, B, C, D) such that the signal at Vn is affected by Vg1 and Vg2 as
little as possible. 
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Connection A:  Ground the shield on the sensor side to amplifier ground.

If the ground is connected to the sensor's ground wire on the sensor side, the circuit looks like the
following: 

In this case, 

V12 = 0 

The shield will prevent electric fields from affecting the signal wires and will not add any voltages to the
measured signal. 

Connection B: Ground the shield to ground on the sensor side to sensor ground.

V12 = ⎛
⎝

C1
C1+C2

⎞
⎠V12

 Connection B is only slightly inferior to connection A. Only the voltages which are induced on the
sensor's grounding wire will be added to the amplifier's input. 
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Connection C:  Ground the shield on the amplifier side to the amplifier ground wire: 

In this case, Connection C is clearly bad. As before, this uses the shield to take all the induced voltages
and apply them to one of the lines and not the other - maximizing the noise received. 

Connection D:  Ground the shield on the amplifier side to the amplifier ground : 

V12 = ⎛
⎝

C1
C1+C2

⎞
⎠ (Vg1 + Vg2)
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