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Abstract

In chromatography and electrophoresis S/N is irsgéaby time or frequency domain filtering, multipigections or sample
stacking (in case of CZE). Bottom line is noiseud@n without peak distortion. IsotachophoresiBP(l using conductivity
detection is also relevant because of its entiéfgrent information content and the importanceCiE stacking. Several time-
and frequency domain filters (Fourier & Walsh trfans) were compared. Results were:

«  Time domain filters can be equally applied to eitinegral or differential signal,

»  Fourier and Walsh transforms are likewise suitabteereas Walsh better preserves sharp boundaries;

» Disturbance by detector transfer function can @ypartly un-done with de-convolution; conditioms eritical.

Keywords:Isotachophoresis; signal processing; noise filtgriFourier transform; Walsh transform; de-conviolutlow-pass filter

1. Introduction

Detection systems of most analytical separatioripegent have a built-in time constant to reduce laseaoise.

This applies equally well to Gas and Liquid Chroogatphy, Capillary Electrophoresis and Isotachogsisr(ITP).

This feature is usually incorporated in the equiptfer reason that the user is enabled to cleathease line as
much as possible, preferably without affecting itifermation needed. It has to be variable, becdwead peaks
(wide zone boundaries in ITP) enable a higher degfenoise reduction than narrow peaks (sharp booadaries
in ITP).

The range of time constants to choose from, andemprently the degree of noise reduction obtaingutdntice, are
limited. Figure 1 illustrates an experimental basein a P/ACE 5500 UV detector at 214 nm with tiomnstants
between 0.1 and 2.0 s. One can also observe thatr@mains is always low-frequency noise. Totahgainoise

reduction in this typical, but representative exmp only a factor 5 at most.
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baseline noise vs instrument time constant
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Fig. 1. Experimental baseline noise in P/ACE 55@@th UV detection at 214 nm. Horizontal axis imotes, amplitude is relative

The previous may be assumed to be common knowlddgehere are still manufacturing companies whaugty

present a time constant of zero seconds, whicimherently untrue. Optimizing time constant is alaaime

consuming, because one needs to do several ruddfexrent values to check whether the peaks/zomesnat
affected by the filter. Post-processing of un-fite data is always preferred, both for reasonsnwé gain, and for
flexibility. If one assumes a time constant of $.@s always a nice compromise, then one never knelether
hopefully sharp zone boundaries or nicely stacleakp are unaffected. [1, 2, 3, 4]

2. Materialsand M ethods

CZE baseline experiments were carried out in P/ASB0 CE with UV detection at 214 nm, using a baclkgd
electrolyte of Tris-Borate at pH 8.3, at 10 kV if&um capillary of 300/360 mm. ITP experimentsenmegirried out
by dr. Marak of Comenius University Bratislava lreir home-made equipment with conductivity detectidhey
are traces from the separation of model mixturesnionic mode with 0.01 M Chloride as leading at=gt5 with
B-alanine as counter-ion). In addition to Microskftcel and Elsevier's CLEOPATRA programs, the timed
frequency domain filtering was carried out in agreon written in PowerBasic (PowerBASIC Inc, VeniE&rida,
USA), using algorithms as mentioned in the texo@pam available from the author).

3. ITPvs. CZE & Chromatography

Signal interpretation in ITP is different from CZBd Chromatography, see Fig.2. In ITP, identifmatielates to
signal amplitude (step height), and amount relatezone length (e.g. by using peak distance in tthee

differential). The challenge in improving detectimit in ITP is comparable to improving resolution CZE

(reduce peak overlap, in case of ITP in the difiget signal). Likewise, the challenge of improvirgsolution in
ITP is comparable with increasing S/N in CZE orachatography.
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Fig. 2. Concepts of resolution, selectivity andedébn limit in ITP detection signals (left) aretieely different from those in CZE and
Chromatography (right). Horizontal axis in minutemplitude as relative step height (left) or refat@bsorbance (right).

Another point specific for ITP is the fact that smrinformation is obtained from the stepwise sigraher
information is preferably obtained from its timéfdiential: zone lengths, as measured from theatitbn points of
the stepwise signal. Because differentiate & iratgare simple and fast operations, noise filteciaug be done on
either of these two as shown below.

filter
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0.5
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Figure 3. Filtering original signal or its firstmleative (followed by integration) yield exactlyrsa result. Axes as in Figure 2 left.

Results as shown in Figure 3 top right are idehtidae might argue that the differential signaltiiis example
looks awful and useless, but that is because fifer@itial has been calculated over two adjacenttposo that all
noise will amplify. Would we have differentiatedi a polynomial fit, then the differential wouldueabeen much
better, but only because filtering and differemiigtwould have been combined in one operation| ativalid
alternative often used in the pre-computer age.

Another choice to be made is between time dométersi and frequency domain (spectra). The lattecafrse
require transform, filtering and back transform.
4, Time domain filtering

4.1. Principle of operation
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These are essentially moving average filters, wkad data point is replaced by a number of adjguants, each
of them multiplied by a normalized filter functioBy definition, time domain filters are low-passgin frequencies
are reduced) and this may lead to decrease oftrmmnadary sharpness (or broadening of differentalks).

4.2. Comparison of filters

Three time domain filters are compared: Savitzkya@§2], Exponential and Gaussian [1], see Figure 4

normalized moving average filters noise % vs filter width differential peak width [s] vs filter width

—SIG(25) 25

Z,\\ —Exp@) '2 \ \ 4

Gauss(4)

Figure 4. Three different time domain moving averéifers Savitzky-Golay, Exponential and Gausgiaormalized function on the left) and
their effect on noise level (middle) and differahfieak width (right).

Noise levels decrease with increasing filter widtht differential peak width increases, meanind #pparent zone
boundary sharpness deteriorates. What is mostrgjrikom the above is that S/G filters leave thalkpevidth
largely unaffected. Their only draw-back would settrat S/G filter widths exceeding 25 are not avdéda This
problem can be well solved by either lowering tlzempling frequency of signal digitization, or by lehing
adjacent points (with inherent noise reduction dsea bonus). Just as in chromatography, 20 daitstgptor the
narrowest peak are enough; ITP requires also noe rttan 20 points for the steepest zone boundaaio
analyses may require 10-20 Hz because zone boesdae inherently sharper [5], but for anion aredyis ITP, 5-
10 Hz is usually enough.

4.3. Noise filtering and detection limit

Whereas in CZE and LC/GC detection limit followsrfr plate number and S/N, in ITP it follows from mmum
detectable zone length and thus zone boundary rsssp Tiny zones can of course be masked by batle amd
lack of detector resolution (zone-boundary sharpndésperimental isotachopherograms of a one-sezond were
used, to which different levels of artificial whiteise were added (Figure 5). At higher noise eteé zone can
hardly be distinguished, or quantified. Filterirge tworst signal (16% noise) is just possible witB5apoint S/G
filter, as long as zone boundary profile is nottiar affected. The filtered signal can now everjbantified.

This result also illustrates how a definition otefgion limit in ITP differs from CZE or Chromataghy. In ITP
with conductivity detection the most logical defion of (qualitative) limit of detection 4. would be: a zone length
so short, that the two peaks in the differentighal can just be distinguished. Logically and a®pasequence, the
(quantitative) limit of determinationd-has to be defined such that the differential peakationed are sufficiently
separated (e.g. with resolution 1), in order tobdméo quantify the zone length from the distantpeak tops.
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Figure 5. Experimental Isotachopherograms of assoend zone with different levels of white noiseexl (left) and removed with a 25 point
S/G filter (right). Horizontal axis in minutes, vieal as relative step height.

In the limiting case of hypothetically sharp zormibdaries (Figure 6 left), or in case the samplirquency is too
low, time domain filtering should be used with ¢ant The example here illustrates distortion by &xgntial and
even S/G filters (overshoot), a typical case eéfioverkill.

210 210
190 190 / 190
170 170 170

—SIG 25
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150 150 150
130 130 130
: b M :
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Fig. 6. Infinitely sharp noisy ITP boundary (lefiffered by 8-point Exponential (middle) or 25 pbiBavitzky-Golay filter (right). Axes as in
Figure 5.

5. Frequency domain filtering
5.1. Principle of operation [3]

Different transforms are compared: Fourier (FFTQ avalsh (FWT). FFT consist of series of coefficenf sine
functions with increasing frequency, FWT transforane likewise coefficients of periodic functionsittare either O
or 1 (also known as binary FFT) [4]. After transfgra normalized low-pass filter in frequency domigimpplied.
This filter function is 1 at low frequencies and&bhigh frequencies and can have different shapeth FFT and
FWT functions have additive properties: transforfrsom of signals equals sum of transform of sign@tss is
illustrated in Figure 7, a simulation of ITP detentsignal with addition of noise.
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Fig. 7. Additive properties of Fourier Tansformt the example of noise-less step signal and wihiisen A axes of A, B, C as in Figure 5, for D,
E, F the frequency axes are in mHz, spectral aoggiis dimensionless.

Noise is added to signal A and B is obtained. A Brate transformed into spectra D and E respegtisibtracting
B - A gives C, the noise level which was added.tfaglting E — D gives F, the spectrum of the noBleviously C
and F can be converted from one another by the di§drithm. In the example given, FFT spectra (DaE very
similar but subtracting those reveals that noisevisnly spread out over all frequencies (F), wheneaak info
concentrates below 600 mHz. Low pass filtering @ énHz and inverse FFT would therefore be the nukthfo
choice for enhancing S/N in the example given.

In case zone transitions are instantaneous (iefingharp), information content of the noisy sigmathe frequency
domain covers a wider frequency range than jusd@4®Hz. Optimum Fourier filtering as a consequeisckess

straightforward. This is illustrated in Figure &osving (A) an infinitely sharp and noisy zone triéing. Fourier

filtering with 600 mHz cut-off leads to overshodtedllation in time domain (Figure 8 B). The frequgrof this

oscillation, not surprisingly, corresponds to 60Bizrand the slope at the inflection point is decedag-ast Walsh
transform on the other hand, hardly affects thips) nor does it introduce oscillations (Figure)8\@alsh transfer
filtering is thus preferred over FFT filtering fetep functions, at least in case of white noise.
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Figure 8. Infinitely sharp noise zone boundary éfter 600 mHz low-pass filtering in Fourier dom#B) and Walsh domain (C). Axes as in
Figure 5.

6. De-convolution
6.1. Principle of operation

Detector signals can be distorted by the detetdetfi(cell geometry, zone boundary profile, langise etc). Some
of these can be modelled as a matrix multiplicatiothe frequency domain (but not noise, this idithee). The
time equivalent of this frequency matrix is calldek transfer function or disturb function. For exden in the
limiting case of no distortion, the transfer fulctiis a Dirac pulse, which has the value 1 foran@ the value 0 at
t>0. The frequency spectrum consists of the valfgr all frequencies.

In case the transfer function is known (or can benmated), the disturb spectrum is calculated. Taematrix
division of raw detector spectrum and disturb speot(and back transform) may improve signal “shags, albeit
at the expense of S/N.

6.2. Simulation example [6]

The Cleopatra program [6] used to be commercialbilable for educational purposes from Elsevier §#endam,

The Netherlands) in the 1980’s. It was used tcsiitlate the principle with a simulation example. sage a detected
isotachopherogram lacks resolution, in part duadtector transfer function (Figure 9 left), and thespected
transfer function for example is a Gaussian (Figuright), we now apply FFT to both.
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detector signal disturb function

0 20 40 60 80 100 120 0 20 40 60 80 100 120

Fig. 9. An isotachopherogram of conductivity deteetleft) for which a Gaussian disturb functiorgfit) is assumed. Axes have dimensionless
data points.

Resulting spectra are shown in figure 10. Theaadlyic the non-disturbed spectrum can be obtainedmiagrix
division.

FFT of detector signal FFT of disturb function

0 20 40 60 80 100 120 0 20 40 60 80 100 120

Fig. 10 Fourier spectrum of detector signal (leftyl of assumed disturb function (right). Axes hadweensionless data points

Of course, when figure 10 left is divided by thghti higher frequencies (noise!) are amplified,shese spectrum
values higher than 70 are close to zero. Resulfiagtrum is called a de-correlated spectrum, degbict figure 11,
left. Low-pass filtering is therefore necessaryoprio back-transform. Filter settings are veryicait but some
resolution gain can be obtained, as seen in fidureright. Zone boundaries are sharper (infleciimmnts are
steeper), but the danger of oscillation is stilviolis. Obviously the oscillation frequency in thiase can be
estimated as approximately 70 on the frequencyabdigure, 11 left.
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Fourier low pass filter | de-convoluted signal
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Figure 11. Unfiltered de-convolution spectrum anuteptial filter function (left) and measured vs imped signal (right). Axes have
dimensionless data points

In choosing optimum FFT filter, one hypotheticathgeds a-priori information about the maximum fretye
present in the original signal, excluding noised afi course estimates of the transfer function. Agipossible
other signal distortions are curved zone boundadetector overshoots, step height drift, eventadde reactions
when using contact conductivity etc.

7. Conclusions

Many options for post-run noise filtering are amble; all can potentially improve signal to noisgio in
isotachophoresis. Care should however be takerSthats not increased at the expense of resolufiba. Savitzky-
Golay filter is better than other time domain fiteln the frequency domain Walsh is better thanrieo Transform
for very sharp zones.

Improving signal quality using de-convolution tecjues with presumed detector disturb functions h@wes
tricky, as it always increases noise level. Fregyatomain filtering is crucial and filter settinglways critical.
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