Chapter 5 – Signals and Noise

I.
The Signal-to-Noise Ratio

All analytical signals are composed of two components:

•
the analytical signal (instrument response).

•
random fluctuations or noise.

Noise -
random fluctuations of replicate measurements made on a continuous basis. The standard deviation ( or s) in an instrument signal in the absence of an analytical signal.

Signal-to-Noise Ratio (S/N):
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•
The greater the noise present, the poorer the signal-to-noise ratio.

•
A better (more useful) figure of merit when comparing instrumental methods than absolute noise (bias) since S/N reflects the relative effect of noise on the signal.

II.
Sources of Noise

-
There are two different types of noise that will affect an analysis: chemical and instrumental noise.

A.
Chemical Noise -
arises from many uncontrollable variables that affect the chemistry of the system under investigation.

Sources:

•
Temperature

•
Pressure

•
Humidity

•
Chemical Interactions

-
Depends on the method (i.e. sample preparation, storage of samples, etc.)

B.
Instrumental Noise  -
each instrument component (source, input transducer, output transducer, etc.) contributes to the overall noise in an analytical signal derived from an instrument.

-
There are several different types of instrumental noise that all contribute to the overall (net) noise level in the instrumental signal.

-
Net noise is complex and difficult to characterize, yet there are several recognizable types of noise whose individual sources are understood.

•
Thermal Noise

•
Shot Noise

•
Flicker Noise

•
Environmental Noise

1.
Thermal Noise -
caused by the thermal agitation of electrons or other charge carriers in the electronic components (i.e. resistors, capacitors, radiation transducers, etc.) in an instrument.

•
Also commonly referred to as Johnson Noise

•
Exists even when there is no current in a resistive circuit and only disappears at absolute zero (0K or –273°C)

•
Magnitude of thermal noise is given by:
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Where:
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 = root-mean-square noise voltage

k = Boltzmann constant (1.38 x 10-23 J/K)

T = Temperature (K)

R = Resistance of a resistive element ()

f = frequency bandwidth (Hz)

Note: The magnitude of thermal noise depends on the frequency bandwidth and not on the frequency of the signal.

•
F depends on the rise time of the instrument
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tr = rise time

Rise time – (response time) the time (in seconds) for the output of an instrument  response to change from 10 – 90% following an abrupt change in input.

•
Thermal noise is also referred to as white noise since it is independent of frequency.

•
Three ways to reduce thermal noise:

1)
Narrow the bandwidth

2)
Reduce number of resistive elements

3)
Reduce temperature of electronic components

2.
Shot Noise -
occurs wherever electrons cross a junction.

• 
At pn interfaces in which electron pass from an anode to a cathode through an evacuated space.

•
Magnitude of shot noise is given by:
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Where:
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 = root-mean-square current fluctuations

I = average direct current (A)

e = charge of an electron e- (1.60 x 10-9 C)

f = frequency bandwidth (Hz)

•
Frequency independent

•
White noise

3.
Flicker Noise -
magnitude is inversely proportional to the frequency of the signal observed (1/f noise).

•
Frequency dependent.

•
Significant at frequencies < 100 Hz.

•
Manifested in the long term shift of dc amplifiers, meters, etc.

•
Affect reduced with special resistors.

4.
Environmental Noise -
arises from the instrument’s surroundings.

•
Most environmental noise results from conductors (circuitry) in the instrument which act like antennas to “pick up” signals from power lines, radio transmitters, etc.

•
Caused by induction – an electric current flowing in a wire will induce a current in a nearby wire.
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II.
Signal-to-Noise (S/N) Enhancement

•
Some methods only require minimal S/N (i.e. mass spectroscopy)
•
When a method requires high sensitivity and accuracy, S/N can become the limiting factor in precision.
•
Two types of methods are utilized to enhance the S/N.

A.
Hardware Methods

B.
Software Methods
A. 
Hardware devices used to enhance S/N (reduce noise).

1.
Grounding, shielding, and minimizing the length of electronic circuits in an instrument to reduce the effects of environmental electromagnetic noise.

2.
Difference and instrumentation amplifiers are used to reduce noise present in the transducer.  Selectively amplify the signal while reducing the noise in a transduced signal.

3.
Analog filters for selecting specific frequencies.

Types of analog filters:

a.
Low pass filters

b.
High pass filters

c.
Narrow band (band pass) filters


a. Low pass filters

•
Removes high frequency noise, such as shot and thermal noise, and allow low frequency signals to pass.
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•
Useful with instruments that record low frequency analyte signals.
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b.
High pass filters

•
Remove low frequency noise, such as flicker (1/f) noise and signal drift, and allow high frequency signals to pass.

•
Useful with instruments that record high frequency analyte signals.

c.
Narrow band filters

•
Remove all frequencies except for the frequency of interest.

•
Often combine low pass and high pass filters.
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4.
Modulation -
The conversion of low frequency or dc signals from transducers to high frequency.

•
The signal is modulated by passing the signal through a chopper to convert it from low frequency to high frequency. (1/f noise is less troublesome at high frequency)

•
The signal is then amplified and passed through a high pass filter to remove 1/f noise.

•
The signal is then demodulated and passed through a low pass filter to produce an amplified dc signal.
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B.
Software Methods used to enhance S/N.

•
These methods have become more common over the last 20 years with the advent of affordable high-speed microprocessors and microcomputers

•
These methods have replaced or supplemented the hardware methods described in the previous section.

•
Three software methods most commonly used:

1.
Ensemble averaging

2.
Boxcar averaging

3.
Digital filtering

a.
Fourier transform

b.
Least-squares polynomial smoothing

1.
Ensemble Averaging

•
Successive sets of data are collected and the data is summed point by point. Each point is then averaged by dividing each sum by the total number of scans performed.
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Where:

Sx = average signal (point).

Si = individual measurement of the signal

n = number of measurements

So:
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Example 1:
The pH of an aqueous sample was measured repeatively to give the following measurements:



7.034, 7.047, 7.012, 7.041, 7.026, 7.038

A)
Calculate the S/N for the set of measurements.

B)
How many measurements are required to obtain a S/N of 200?

Example 2:
The S/N for a measurement obtained from four replicates is 225. How many measurements are required to obtain a S/N of 500?

2.
Boxcar Averaging

•
Smoothes high frequency irregularities in a lower frequency waveform. 

•
Performed by a computer real time as the signal is acquired.

•
Used for complex signals that change rapidly with time.
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Boxcar Averaging
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3.
Digital Filtering

•
Uses more complex algorithms than boxcar averaging such as Fourier transform, least squares polynomial smoothing, and correlation.
•
Fourier transform is used to convert time domain data to frequency domain data, and vice versa.

•
Least-squares polynomial smoothing is used to reduce high frequency noise in a low frequency wave form. Similar to boxcar averaging but polynomial fitting is preformed repetitively over sections of the wave.
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Fourier Transform
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Figure 5-15 Effect of smoothing on a noisy absorption
spectrum of tartrazine: (A) Raw spectrum, (B) quadratic 5-
point smooth of the data in A, (C) fourth-degree 13-point
smooth of the same data, (D) tenth-degree 77-point
smooth of the data.



Least-squares Polynomial Smoothing


Unweighted moving window average
Least-squares polynomial smoothing



A) Raw Data



B) Quadratic 5-point smoothing



C) Fourth-degree 13-point smoothing



D) Tenth-degree 77-point smoothing
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