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COHERENT AVERAGING IN THE PRESENCE OF NOISE
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ABSTRACT- Detection and estimation under poor signal-te-nolse (SNR) conditions may require
the averaging of an ensemble of time-locked signals. However, when there Is a variation in
sighal delay, It is necessary to adjust the alignment of the different signals in the ensemble
in order for averaging to produce an undistorted estimate of the signal waveform. Two
techniques for allgnment are considered; the flducial point alignment and the template
updating technigue. The two techniques are applled to simulated and true ECG signals.
It is shown that the morphalogy of the estimated averaged wavefurm using the flduclal
point alignment is affected by the SHR and that.the template updating technique is more
convenlent For such a purpose.

- INTRODUCTICGN

In the analysis of blalpgical signals especlally those which have a repetative nature,
we are often faced wlth a sibrtadon in which we require to determine a standard form
for the signal to be used for classiflcation purposes. As an example we refer to the electro-
cardlogram (ECG) where the. waveform Is perfedic and a representative beat can be deter-
mined. One of the refererred and frequently used signal processing techniques for this
purpose is coherent averaging. It is widely accepted that under the .condltions of nolse
stationarity, physicleglcal invarfability and uncorrelation between signal and noise, the
signal ls”EUtered from background noise, and the SNR can be increased by a factor of
nearly N where N is the number of averaged waveforms [1]. However, coherent averaging
requires the determination of a time reference that is phase locked with the perledic
component of the signal. It has been established that varlability in this time reference
namely time jitter, resuits in a low-pass Filtering effect on the averaged signal and If
in addition to the jitter there is a signiffcant amount of noise, a difficult allgnment problem
arises [2M{#).

A number of metheds were developed for the estimation of a time reference,
amongst these, two methods have been widely used; the alignment of a Fflduclal point
in all the ensemble (e.g. R-peaks in the ECC beats) [5] and the template matching technique
{matched Fliter) [6).
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In the present work, the template matching technique is Improved by updating
the template Iteratively. The performance of thls updating technlgue Is compared with
that of the fiduclal polnt method. The comparison 1s Ffirstly made for simulated signals
to exciude physlological vartability in real ECG signals and to make a quantitatlve analysis
of the nolse in the original and averaged signals. The two techniques are then applied to
the real EC G slgnal and comparison.ls also performed.

_IL- COHERENT AVERAGE DETERMINATION

a- TRUE AND SIMULATED ECC.

Two slgnals have heen consldered; a true ECG signal recorded using a philips ECG
monitoring system type XV1503 and an ldealized simulated model of the ECG.

The ECG signal in Fig.1.a has been recorded from a normal subject.
The subject was lying down and breathing quietly. Twenty GRS complexes have been recorded
at a handwidth - of 1-100 Hz and digitized using a 12-blt A/D converter. A sampling rate
of 200 Hz have been found to be most satisfactory. The slgnal have been low-pass filtered
to remove the artifact due to Interference from the mains.

In the idealized model of the ECG, the QRS complex is approxlmated by one period
of a symmetric cosine wave. It Is assumed that the ECG 1s composed of a number of
such beats.-

_An ensemble of 200 discrete cosine seguences each of length 128 Hme units have
been generated. Each sequence is given a random delay (phase shift) wlth uniform distri-
bution of 32 units wlde and centered at time unit §4. Gaussian noise whose whlteness
Is certified by a Kolmogorov - Ymirnov goodness - of - fit test[7] has been generated
numerically and added to each sequence such that:

SNR = A/ o
where A is the peak amplitude of the cosine wawe and ¢ Is the standard deviation of the
nolse. The resuiting signals are shown In Flg.2 for SHR =8 .

b - THE FIDUCIAL POINT METHOD

The alignment of the fiduclal point In the ensemble of beats Is achleved by an
automatic identification of the maximum point of each signal length (this corresponds
to the R - peak in case of the true ECG). These are used as synchronization points.

Once all the sequences are properly a%lgned, averaging can be computed by the

following equation: ,
;Yu

Y. = .
where Y, represents the signal averagé a;erIiLﬁde measured at sample i, { = 1,2,...,128)
and Yi,i indicates the signat amplitude measured at sample L of signal length number j
where ™ " (j=12, ..k} and k 1s the number of signal lengths to be averaged.

The averaging procedure needs an equal number of sample valutes within each signal
length ( i.e. M = 128} . The allgnment procedure results in a shlfting of all the signal
length either sides. However, . as the slgnal 1s perfodle, each signal length has been
spun on its time - base so that the reference point Is treated as occurring in the midpolnt
( time unit §4).

In case of the real ECG and due to heart rate variatlons, the number of samples
N, within the jth beat, say, may be different from any other beat. Therefore, ellmination
olJ a number of samples which ile wlthin the lInactlve reglon (namely, the 7 - P interval)
is necessary . This procedure 1s based on the fact that small variatlons In the heart -
rate only affect the segment between the T- wave andithe P- wave [ S ). . Evidently,
the spinning procedure is not adeguate for the true ECG. An alternative efflcient algorithm
can be obtained as follows -

Let { J = 1,2,...,k} represent the peak location, and let K be the number of
R peaks. Del"ille N by the equation:
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N =min{N) J=12,..k
where N‘1 Is the number of sample points fn beat J- Then averaging can be expressed as
follows:

k
1
v, =L ZXv
where Yi. represents the average ECG at sample L {l = 1,2,...,N/2).

v =1

The second half of the average ECG Em plex can be obtained as:
L™k

Y
=2 (Hj+ L - N}

where L = N/2,...o0,N.

In this manner, eliminatifon of a rumber of samples wlthin the Inactive regton Is
automatically achleved wlthout having to align the individual heartbeats.

c - TEHPLATE UPDATIMG TECHNIQUE

The template matching technlqu‘e assumes that certain recurrent pattern Is present
in the signal. Some reference pattern or template Is chusen ard rompared with jndivional
beats usually by some means of cross-correlation. The simplest. way Involves the use of
the cross-correlation. coefflelent whlch measures the degree of similarlly between two
waveforms.

Cross - correlatdon between the template and each successive beat of the ensemble
is performed in the Ame domain using the equation:

N - -
ro 5 0D

e )
where Kl are the sampled values of the template and ‘t’i the samples from an Indlvidual

beat, X and Y are the sample means of X, andY, respectively, and 3 and S_ are their
: i 1 x y

respective standard deviations.

Instants of maximum correladon within each waveform are considered as trigger tdmes

and some N successive waveforms were then averaged according Uo their respective trigger

tdme.

The choice of a suitable template is of considerable importance. The performance
of coherent averaglng can be affected by the morphology of the template and lts level
of noise[[6]. "To avold this difficulty, the Ffollowing "updatng" procedure is sugyested.
An initial template, not necessarily accurate, is chosen. The first waveform (beat) may
serve for this choice. The cross -correlation of this tempelate with the successlve beats
is performed as above. However, once the trigger instant within a beat (point of maximum
correlation) has been determined, the templaie is replaced by the average of the current
and preceding beats aligned to the trigger instant.

In this way, the templite Is lteratively updated. This procedure has the advantage
that It reduces the degqradation caused by the molding effect. This effect is discussed
by Lippens et al., 1989 (6], a nolsy template Impedes the SNR improvement during
the averaging procedure.

Different SNR's are used to compare the performance of both techniques. The
programs are written In Fortran 77 and computations were performed on an Xenix computer.

oi - RESULTS

Flg.3.a. shows the coherent averaged waveform for the simulated signal obtained using
the flduclal point technique for an ensemble of 200 signals. As can be shown, The signal-

* In the choice of Ny It has been assumed that a beat starts at the mlddle of the inactve reglon.

N
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averaging procedure has reduced the noise to some extent. However, the noise level Is
still high around the fiducial point (Hme reference). A sharp peak !5 observed at the flducial
point.  To highlight this phenomenon, the averaging procedure has hoen repeated using
a smoothed version of the same signal so as to reduce the noise. The smoothing has
been carried out uslng a Hannlng digital filter T8-) However, the resuitant average signal
still exhibits a similar sharp peak (Flg.3.b); the nolse In the averagyed slgnal seems to be
reinforced around the flducial peint, although the SNR has been Increased by the smoothlng
procedure. The magnltude of the sharp peak has been investigated and it has been found
thatit increases as the number of averaged beats tnecreases (Fig. 3.c).

Fig.3.d shows the SNR-of the averaged signal obtained by the flduciil point method
as a Function of1H|e number of averaged beats. Evldentty, the SNR Improvement does
not follow the N law; the SHR does not improve with lncreasing the number of averaged
signals beyond a certain value. This is presumably due to the noise arcund the flducial
point.

The results for the template updating technigue are Shown in Fig. 4.a. Although
the resultant signal Is, to some extent, similar to the one obtained by the flduclal point
method, the sharp peak has been disappeared and a flat peak has been obtained. Contrary
to the fiducial point results, the signal - to - noise ratlo lmproves continuously with increasing
the number of averaged waveforms as shown in Fig. 4.b.

Similar results have been obtained for different SNR's. However, for higher SHR
values {above about 30), the results of the two technlgues are almost similar.

It Is Interesting to investigate the effect of choosing a distorted initlal template.
Therefore, a notch has been made In the initial template (Figs .5.a and 5.b). Fortunately,
the resultant averaged signal does not seem to be affected by the notch (Fig.5.c), which
shows that the method Is not sensitive to improper choice of the initial template.

Figs L& and 1.c. show the averaged real ECG beat obtained by the two techniques.
It can be noted that the magnitude of the R - peak Is greater in case of the flduclal
point method, which confirms that the template updating technique gives better SHR
improvement.

IV - DISCUSSION

The present results show that the proposed template updating technlque is a powerful
“and efficient technique for obtalning a representatlve standard pattern for an ensemble
of signals, even in low SNR condltdons. The coherent - average pattern obtained from
the flducial point technique reduces the noisc in the whole signal length but fail to do
this in the neighbouirhoodof the flduclal point, especially when the chosen flducial point
is a maximum or minimum. The allgnment of polnts of maxima (or minlma) in successive
waveformg* results in a sharp peak (or. trough) as the noise is always added positively.
This results in a signiflcant alteratlion of the morphology of the déslred representative pattern,
especlally under poor $MR condltions. The patte n obtalned In this way IS evidently not
rellable for comparative or dlagnosis purpeses  in such applicatlons as ECG analysis, for
instance.the appllcation of the averaging techiques to simulated signals has enabled us
to evaluate the SNR of the averaged patteen for dlfferent SNR values. as the original
signal shape is known in Its ideal form. This is not possible with real signals like, for
Instance, the ECG, which is subject to hlgh variability -and noise from different sources
{respiration, muscles, recording electrodes, ...etc). Moreover, the shape of the QRS complex
itself does not help to discover the artificial sharp - peak resulting from the averaging
process; the QRS by lts nature is peaked at the R - point.

Although, the cholce of a "good" inltal template to start the updating process
may be useful, it Is not necessary as the updating will Itself improve the template recurrently
Making a good inltfal estlmate is difflcult If the SMR is low and especially when the signal

———r
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= and noise have similar spectral densities. The template updating technique aligns each
' waveform (e.g. QRS complex) to a reference template by maximizing the temporal
calcidence of several polnts on both waves. This gives a high degree of accuracy for
alignment and automatically Iimproves the template morphology to be highly correlated
with the successive waveforms in the ensemble,

r
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(a) notched template  {b) notched template with noise

{c} the average pattern obtained by updating technique using template (b}
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