Chemistry

CHAPTER 5: SIGNALS AND NOISE
Every analytical measurement is made up of two components, one component, the signal, carries information about the analyte that is of interest to the chemist. The second, called noise, is made up of extraneous information that is unwanted because it degrades the accuracy and precision of an analysis and also places a lower limit on the amount of analyte that can be detected. 

The signal to noise ratio: (S/N)
The signal to noise ratio is a representative marker it that is used in describing the quality of an analytical method or the performance of an instrument. Unfortunately, noise free data can never be realized in the laboratory because some types of noise arise from thermodynamic and quantum effects that are impossible to avoid in a measurement. In most measurements, the average strength of the noise N is constant and independent of the magnitude of the signal S. Thus, the effect of noise on the relative error of a measurement becomes greater and greater as the quantity being measured decreases in magnitude. For this reason the signal to noise ration is much more useful as a figure of merit alone for describing the quality of an analytical method or the performance of an instrument. 

-For a dc signal, S/N = mean / standard deviation = x/s where s is the standard deviation of the measured signal strength and x is the mean of the measurement -x/s is the reciprocal of the relative standard deviation (RSD)

S/N=I/RSD           (section alB-1, appendix 1)
SOURCES OF NOISE

It is important for the analyst who uses a particular instrumental method to be aware of the sources of noise and the instrument components used to minimize this noise because noise determines both the accuracy and detection limits of any measurement.  Noise enters a measurement system from environmental sources external to the measurement system (Figure 2.4), or it appears as a result of fundamental, intrinsic properties of the system. It is usually possible to identify the sources of environmental noise and to either reduce or avoid their effects on the measurement.  Such is not the case with fundamental noise because it arises from the discontinuous nature of matter and energy.  Thus, fundamental noise ultimately limits accuracy, precision. and detection limits in every measurement.


The major kinds of noise associated with solid-state electronic devices are thermal, shot, and flicker.

Fundamental Noise
Thermal Noise.  Noise that originates from the thermally induced motions in charge carriers is known as thermal noise.  It exists even in the absence of current flow and is represented by the formula
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where V., is the average voltage due to thermal noise, k is the Boltzmann constant, T is the absolute temperature.  R is the resistance of the electronic device, and Af is the bandwidth of measurement frequencies, Since thermal noise is independent of the absolute values of frequencies, it is also known as "white noise."  Methods for reducing thermal noise are suggested by Equation 2.3. Sensitive radiation detectors are often cooled to minimize this noise.  Narrowing the frequency bandwidth of the detector is another way to reduce thermal noise, provided the frequencies important to the measurement of interest are not excluded. 
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HARDWARE TECHNIQUES FOR SIGNAL-

TO-NOISE ENHANCEMENT

To avoid losing data, the signal from the input transducer (see Section 1.4) should be sampled at a rate twice that of the highest frequency component of the signal according to the Nyquist sampling theorem (see Section 2.6). Adherence to this theorem is important to obtain reliable results from either hardware or software S enhancement methods.
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Filtering
Although amplitude and the phase relationship of input and output signals can be used to discriminate between meaningful signals and noise, frequency is the property most commonly used.  As discussed in the previous section, white noise can be reduced by narrowing the range of measured frequencies, environmental noise can be eliminated by selecting the proper frequency.  Three kinds of electronic filters are used to select the band of measured frequencies: low-pass filters that allow the passage of all si2nals below a predetermined cutoff frequency, high-pass filters that transmit all frequencies above a given cutoff point, and band pass filters that combine the properties of the other two filters to pass only a narrow band of frequencies (Figure 2.5). The simplest filters are composed of passive circuit elements (resistors, R, capacitors, C. and inductance coils, L) with the transmitted frequencies determined by values of the individual circuit components. 
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Sources of noise in instrumental analysis:
Types of noise:

Chemical:
This noise arises from uncontrollable variables in the chemistry of the system such as variation in temperature, pressure, humidity, light and chemical fumes present in the room.

Instrumental : Noise that arises due to the instrumentation itself.  It could come from any of the following components- source, input transducer all signal processing elements, and the output transducer.  This noise has many types and can arise from several sources.  There are four main categories of instrumental noise: Thermal or Johnson, Shot, Flicker, and Environmental. 

Thermal noise or Johnson noise:

-arises from thermal agitation of electrons or other charged carriers in resistors, capacitors, radiation detectors, electrochemical cells and other resistive elements in the instrument.

-this agitation is random and can create charge variations that create voltage fluctuations that we view as noise

-the magnitude of thermal noise is given by: vrms = (4kTR(f)1/2
where vrms = root mean square noise voltage, (f = frequency bandwidth,  

k = l.38 x 10-27 J/K (Boltzman Constant), T = temperature in Kelvin,

R = resistance in ohms of the resistive element

-the bandwidth is inversely proportional to the rise time (t),

(response time in seconds to an abrupt change in input)

(f = 1/3tr
-rise time is taken as the time required for the output to increase from 10% to 90% of the final value 

-narrowing bandwidth can decrease thermal noise but it will also slow the rate of the machine therefor increasing time required to make a reliable measurement 

-can also be lowered by lowering temperature or electrical resistance

-dependent upon frequency bandwidth but independent of frequency

Shot Noise:

-arises when current involves the movement of electrons or charged particles across a junction 

-these junctions are typically found at pn interfaces; in photocells and vacuum tubes.

-shot noises are random and their rate of occurrence is subject to statistical fluctuations which are defined as follows:

irms. = (2I((f)1/2
where irms = root mean sq. current fluctuation associated with average direct 

current (I), e = l.60 x 10-19 C, f = bandwidth of frequencies 

-shot noise can be minimized only by reducing bandwidth 

Flicker noise:


-its magnitude is inversely proportional to frequency of signal

          
-causes of flicker noise not understood but recognized by frequency dependence

-can be significant at frequencies lower than 100 Hz

-causes long term drift in de amplifiers, meters, and galvanometers

-can be reduced significantly by using wire-wound or metallic film resistors rather than composition type

Environmental noise:


Environmental noise is due to a composite of noises from different sources in the environment surrounding the instrument.  Figure 5-3 shows some common sources of

 environmental noise.
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Signal to noise enhancement:
Many laboratory measurements require only minimal effort to maintain the signal to noise ratio at an acceptable level. Both hardware and software methods are available for improving the signal to noise ratio of an instrumental method. These devices remove or attenuate the noise without affect the analytical signal significantly.  

-for some measurements only minimal efforts are required for maintaining a good signal to noise ratio because the signals are relatively strong and the requirements for precision and accuracy are low

Examples:

weight determinations made in synthesis and color comparisons made in chemical content determinations 

-when precision is important the signal to noise ratio can become the limiting factor and must be improved, there are two ways to approach this:


Hardware:

-noise is reduced by incorporating into the instrument components such as filters, choppers, shields, modulators, and synchronous detectors

-these will remove or attenuate noise without affecting the analytical signal significantly

Types of Hardware:

Grounding and shielding:

-shielding consists of surrounding a circuit, or some of the wires in a circuit with a conducting material that is attached to earth ground

-this allows electromagnetic radiation to be absorbed by the shield thus avoiding noise generation in the instrument circuit -important when using high-impedance transducers (i.e. glass electrodes)

Difference amplifiers:

-used to attenuate noise generated in the transducer 

-ac signal induced in the transducer circuit generally appears in phase at both the inverting and non-inverting terminals; cancellation then occurs at output

Analog filtering:

-one of the most common methods to improve S/N ratio is the use of a low-pass analog filter -is effective at removing many high frequency components such as thermal or shot noise because majority of analyte signals are dc with bandwidths that extend over only a few Hz -high-pass signals used in systems where the analyte signal is ac and the filter can reduce drift and flicker noise -to attenuate noise we use narrow band electronic filters because magnitude of fundamental noise is directly proportional to the sq. rt. of the frequency bandwidth signal. significant noise reduction occurs if input signal is restricted to a narrow band and then an amplifier tuned to this band is used.  The band past by the filter must be wide enough to carry all information carried by the signal

Modulation:

-amplifier drift and flicker noise often interfere with the amplification of a low frequency or dc signal and 1/f noise is often much larger than noises that predominate at larger frequencies therefore modulators are used to convert these to a higher frequency where 1/f is less troublesome 

-the modulated signal is amplified then filtered with a high-pass filter to remove the amplifier 1/f noise

-the signal is then demodulated and filtered with a low-pass filter in order to provide an amplified dc signal to the readout device

-noise is a concern because source intensity and detector sensitivity are low which result 'in a small electrical signal from transducer

-IR transducers are heat detectors, this adds environmental noise due to the thermal radiation of their surroundings -a slotted rotating disk placed in the beam path produces a radiant signal that fluctuates between zero and some max. -signal is converted by transducer to a sq. wave ac electrical signal whose frequency depends upon size of slots and rate of rotation

-in IR, environmental noise is usually dc and can be reduced with a high-pass filter before amplification -(refer to figure 4-6 on next page) This is a chopper amplifier that uses a solid state switch to shot the input or output signal to the ground appearance of signal at certain stages 0) input a 6-mV dc signal a) switch converts to approx. sq. wave signal of amplitude 6mV b) amplification to ac signal amplitude 6V c) shorted to ground periodically which results in d) reduced amplitude to 3V e) RC filter serves to smooth signal and produce 1.5V dc output

Lock-in amplifiers: 

-permit recovery of signals even when S/N is unity or less 

-generally requires a reference signal at same frequency and phase (must have fixed phase relationship) as signal to be amplified

Software:

-based on digital computer algorithms that permit extraction of signal from noisy environment 

-requires some hardware to condition output and convert it to digital form

-computer and readout system are also needed 

-common software are generally applicable to non-periodic or irregular wave forms, such as absorption spec. or signals having no synchronizing or reference wave

Ensemble averaging: 

-successive sets of data (arrays) are collected and summed point by point (often called coaddition) 

-then data for each point is averaged (figure 4-8) 

-signal to noise ratio for signal average:

-points must be measured at a frequency at least 2x that of the highest frequency component of the wave form, much greater frequencies will include more noise but no additional information -wave form reproducibility is important, generally accomplished through synchronizing pulse derived from the wave form -can result in dramatic improvements.

Boxcar averaging 

-digital procedure for smoothing irregularities, that arise from noise, in a wave form

-assumed analog signal varies slowly with time and that the average of a small number of adjacent points is better than any one individual point 

-usually done by a computer as data is being collected (real time) -limitations include loss of detail, application to only complex signals that change rapidly as a function of time -for square wave or repetitive pulsed outputs where only ave. amplitude is important, it is very important -moving window averaging means point I is the ave. of 1, 2 and 3, point 2 is an ave. of points 2, 3 and 4 etc. here only the first and last points are lost

Digital Filtering:

-moving-window boxcar method is a kind of linear filtering where it assumed that there is an approximate linear relationship among points being sampled -more complex polynomial relationships derive a center point for each window

-can also be carried out by Fourier transform procedure where the original signal which varies as a function of time (time domain signal) is converted to a frequency domain signal where the independent variable is frequency not time -accomplished mathematically on a computer by a Fourier transform procedure

-then frequency signal is multiplied by the frequency response of a digital filter which removes a certain frequency region of the transformed signal 

-the filtered time domain signal is retrieved by an inverse Fourier transform

Useful Websites Dealing With Instrumental Analysis

Chemical Abstracts Service:


http://www.cas.org

Chemical Center Home Page: 


http://www.chemcenter/org

Journal of Chemistry and Spectroscopy:

http://www.kerouac.pharm.uky.edu/asrg/wave/wavehp.html
The Analytical Chemistry Springboard at Umea U. http://www.anachem.umu.se/jumpstation.htm
ZirChrom Separations Home Page:




http://www.zirchrom.com/
Comprehensive Info on HPLC 




http://hplc.chem.vt.edu/

