
Abstract— In case of a periodic disturbing signal as 
"noise", special solutions for noise reduction can be applied. 
In literature, an Adaptive Noise Canceller modification was 
proposed for this case by Strobach et al. [5] and applied by 
several other researchers. It uses an artificial reference signal, 
based on event triggered averaging of segments of the 
recorded wanted (but disturbed) signal in order to obtain a 
template for the repetitive distortion sequence which is used to 
construct the artificial reference signal. The simple 
subtraction and the adaptively modified template subtraction 
are also used, with better performance, to remove the 
repetitive noise component. Methods are basically introduced 
in simulations, and then demonstrated in real biosignal 
processing, considering the case of removing the disturbing 
maternal ECG from abdominal signals of pregnant women in 
order to get the fetal ECG for diagnosis purposes. 

I. INTRODUCTION

HE Adaptive Noise Canceller (ANC) is a classical 
linear method [1]-[2] to clean a disturbed signal (Fig. 

1); the ANC can be applied when the noise source v(n) is 
(i) not correlated with the signal of interest s(n), and (ii) 
separately accessible by a second recording channel v1(n). 
A typical application example is the hands-free speaking 
usage of a mobile phone in the car with one microphone in 
front of the driver focused to him and another general 
microphone to record the ‘noise’ present in the car. The 
main idea is that a noise component v0(n) contained in a 
signal d(n) can be removed by subtraction when an isolated 
version of the noise itself is available in addition to the 
compound signal recording. Fig. 1 illustrates the scheme 
with a linearly processed version of the noise channel 
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(adaptive filter with transfer function TC = TNS / TNN), 
which cancels the noise component in the signal. Signal 
propagation of s(n) to the recording site is formally 
described by transfer function TSS.

Mathematically, the basic problem is to find the 
coefficients of the adaptive filter, ŵ , of order M, such that 
the mean square error ES at the output is minimized 
according to 
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with E indicating estimation and assuming that the signal of 
interest, s(n), and the reference signal, v1(n), are not 
correlated, but v0(n) and v1(n) are correlated. 

A special case is the disturbance of a signal s(n) by a 
periodic ‘noise’ source like a sinusoidal signal (e.g. 
crosstalk from power line), which was originally discussed 
in [3]. In this case, the (time invariant) a priori information 
about the disturbing component v1(n) can be used in order 
to avoid the necessity for a reference signal recording. It 
can be substituted by an internal signal source with the 
periodic signal profile, amplitude and frequency being 
adapted such to fulfill (1). In biosignal processing, such a 
repetitive signal is the electrocardiogram (ECG) which 
shows up in several other electrophysiological recordings 
as “noise”. E.g. the maternal ECG component (mECG) 
appears in the abdominal fetal ECG (fECG) recording and 

Comparative Study of Event-Synchronous 
Interference Cancelling Methods 

Mihaela Ungureanu, Member, IEEE, Gerhard Staude, and Werner Wolf, Senior Member, IEEE

T

Fig. 1.  Classical structure of the Adaptive Noise Canceller (ANC). For
denoising, a copy y(n) of the noise component v0(n) is estimated from the 
reference signal v1(n) by an adaptive filter algorithm and subtracted 
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must be removed to allow fECG monitoring. Cerutti et al.
[4] suggested a mECG triggered averaging of the fECG 
signal to obtain a mECG template which is then subtracted 
from the fECG to denoise it – in principle an ANC 
approach. More recently, the Event-Synchronous Adaptive 
Interference Canceller (ESAIC) [5] again addressed this 
specific application of ANC by reporting about the problem 
to cancel ECG cross talk components in the 
magnetoencephalogram (MEG). 

This study will now elucidate some characteristic 
features of these methods, in particular their inherent 
performance limits, which are important for the decision to 
apply the method. For demonstration, the ECG removal in 
simulated data and the mECG removal in the fECG are 
considered. 

II. EVENT SYNCHRONOUS ADAPTIVE INTERFERENCE 
CANCELLER - EASIC 

ESAIC was proposed by Strobach et al [5] to consider 
the problem that (i) the periodic disturbance was not really 
periodic but only repetitive (i.e. the period shows some 
trailing noise segment whose length varies from repetition 
to repetition), and (ii) the transfer function TNS can contain 
some nonlinear characteristic, which is incompatible with 
the basic linear ANC principle. The concept of ESIC is 
depicted in Fig. 2; it shows that the reference signal is now 
derived from the measurement channel d(n) itself by event 
triggered averaging in the block Reference. Thus, any 
nonlinear distortion of the repetitive disturbance signal 
during the propagation from the noise source to the 
recording sensor of the measurement channel is considered. 
Since the repetition of the disturbing noise sequence is not 
strictly periodic, the timing must be determined from the 
reference input by event detection (event trigger). 

The ESAIC is a two pass algorithm. First, a template of 
the disturbance segments is obtained by coherent averaging 
[6] of the individual segments of d(n). For this purpose, an 
event trigger strobe signals the onset detection of every 
repetition of the disturbance sequence, and, accordingly, 
the signal d(n) is structured into segments; all these 

segments aligned to their beginning were averaged. Finally, 
the template sequence is cut to the shortest interval length 
ever found between trigger events during this process; i.e. 
to the shortest segment considered by the averaging 
procedure. Secondly, the noise compensation pass follows 
starting again at the beginning of the recording. Each time 
an event trigger strobe appears, the mixer will send the 
average ECG segment to its output; the gap between the 
end of the actual template and the beginning of the next 
template (due to different event intervals) is filled with 
some indifferent noise-like signal with length NAN. NAN can 
vary from repetition to repetition. This artificial reference 
signal )()( 2 nvnx  is passed together with the corrupted 
signal of interest )()( ndny  to the adaptive filter based 
on a lattice structure [5]. For recurrent computation of the 
coefficients of the Mth order adaptive filter, the Schur RLS 
algorithm was used [7]. The cleaned output signal e(n) is 
computed based on this adaptive algorithm. The output 
mean square error  normalized to the signal energy of s0 is 
for the Strobach et al method [5]: 
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with * indicating convolution and wn representing the 
impulse response of the adaptive lattice filter. 

III. EVENT SYNCHRONOUS INTERFERENCE NOISE 
CANCELLER – ESC 

Let us consider the block diagram of the averaging 
depicted in Fig. 3 with assuming the transfer function 

1TC  for the first instance (i.e. }001{nw ) thus 
)()( 2 nvny ; this is the general form of an Event 

Synchronous Interference Canceller (ESIC) which simply 
subtracts the artificial reference from the input signal for 
denoising. Variations of amplitude and jitter will cause a 
significantly larger error, which depends on the signal-to-
noise ratio. However, the method can be improved by 
cascading a block ‘Compensation’ (Fig. 4) which performs 

Fig. 2.  Block diagram of processing steps of the event-synchronous 
canceller (according to [5]). 

Fig. 3.  Averaging scheme to obtain the artificial reference signal. For
the general ESIC approach, referred also as “simple subtraction 
method”, a template segment of the repetitive disturbing component is 
constructed from the signal channel by event triggered averaging, and, 
in case of Tc = 1, it is directly subtracted from the signal channel. 
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a gain adaptation and jitter compensation for the individual 
waves. The gain adaptation was already realized [8], [9], 
[10] and proved to reduce the error further; the jitter 
compensation, however, requires a more sophisticated 
approach, which must be designed by future investigations. 

The reference input is an artificial reference signal and 
the primary input is the contaminated signal. The removing 
of the noise signal is performed now by direct subtraction 
of the reference input from the primary input when a 
segment of the periodic noise is detected. That subtraction 
includes the linear and non-linear distortions of the noise 
signal associated with the signal path and the recording 
techniques. The artificial reference signal is the template 

0n . In order to preserve the amplitude variations in the real 
periodic noise signals the adaptive amplitude gain, a*, is 
used in block ‘Compensation’. The amplitude gain is that 
value which minimizes an error function over 21 ;aa .

If the error function is defined as: 

n
ii iTnnaiTndaFunc

2
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then we can find 

i
aaa

i aFunca min
21 ,

* . (4) 

The interval of minimization is chosen 1.1,9.0  to avoid 
local instability when signal artefact occurred in the 
repetitive noise signal. 

IV. DEMONSTRATIONS OF EVENT SYNCHRONOUS 
INTERFERENCE CANCELLING METHODS

In order to analyze the performance of the event 
synchronous interference cancelling methods, the resulting 
output error (normalized to the signal energy of s0(n)) due 
to the reference signal estimation by averaging is defined 
by: 
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Table I depicts the error  for the three different methods 
(ESAIC, ESC, ESIC) for two data series of about 100 ECG 
segments which includes amplitude among segments of the 
repetitive signal. Evidently, the ESAIC produces the largest 
error , whereas the ESC shows the smallest .

The basic “averaged template subtractions” (ESIC)-
method was sometimes applied to different physiological 
signals, e.g. abdominal signals [4], MEG signals [5], 
EMGdi signals [8], [11] and EEG signals [12]. This study 
originally shows the benefits of using an adaptive gain, like 
in the ESC method [8], when the periodic disturbing 
“noise” exhibits amplitude variations among periods. The 
“noise” cancellation of ECG by ESC, ESIC and ESAIC in 
real biosignals is now demonstrated. 

The application of the methods on real signals concerns 
the removal of the maternal ECG (mECG) from an 
abdominal recording on a pregnant woman in order to 
extract the fetal ECG (fECG). Like in the previous 
application example, the removing cannot be addressed by 
ordinary filtering due to the spectral overlapping of both 
signals. Most of the power density of the R wave of an 
adult covers the range 10-30 Hz, whereas that of the fetal R 
wave is between 15 Hz and 40 Hz [13]. The original 
abdominal recording is shown in Fig. 5.a, having a 
sampling frequency of 250 Hz; note that the fECG 
components are of smaller amplitude but higher beat rate. 

The “cleaned” signal after mECG removal by ESC is 
depicted in Fig. 5.b. A similar result is obtained by 
applying the ESIC method (Fig. 5.c), as the mECG shows 
no strong variation from beat to beat. In Fig. 5.d. the 
cleaned fECG by ESAIC method is shown. Note that there 
is still some remaining mECG in the fECG for this method, 
even when the mECG is not varying a lot, as for example in 
the case when uterine contractions appear. Again, success 
of the ESC application is obvious, as the fECG is extracted 
such that fetal heart rate can be simply determined for 
diagnosis purposes. 

V. CONCLUSION

The paper demonstrates the performance of different 
event synchronous interference cancelling methods, on 
simulated and real biosignals, revealing the benefit of using 
the simple template subtraction method (ESIC method) and 
of the adaptive gain in template subtraction (ESC method).  

Fig. 4.  The ESC scheme which introduces an individual compensation
for amplitude variations and jitter 

TABLE I
COMPARISON BETWEEN THE DIFFERENT NOISE CANCELLING METHODS

Output error - ESAIC Output error - ESC Output error  – ESIC 

0.0493 0.0341 0.0401 
0.0667 0.0396 0.0402 

3383



ACKNOWLEDGMENT

The authors are grateful to Prof. Sabine van Huffel and 
Lieven de Lathauwer from Catholic University of Leuven 
for the abdominal recordings. 

REFERENCES

[1] Widrow, J.R. Glover, J.M. McCool, J. Kaunitz, C.S. Williams, R.H. 
Hearn, J.R. Zeidler, E. Dong, and R.C. Goodlin, “Adaptive noise 
cancelling: Principles and applications,” in Proc. IEEE, vol. 63, Dec. 
1975, no. 12, 1692-1716, Dec. 1975. 

[2] S. Haykin, Adaptive Filter Theory. New Jersey: Prentice Hall, 1996, 
pp. 50-56 

[3] J. R. Glover, “Adaptive noise canceling applied to sinusoidal 
interferences,” IEEE Trans. Acoust., Speech, Signal Processing, vol. 
ASSP-25, no. 6, pp. 484-491, Dec. 1977. 

[4] S. Cerutti, G. Baselli, S. Civardi, E. Ferrazzi, A.M. Marconi, M. 
Pagani, and G. Pardi, “Variability analysis of fetal heart rate signals 
as obtained from abdominal recordings,” J.Perinat.Med., vol. 14, no. 
6, pp. 445-452, 1986. 

[5] P. Strobach, K. Abraham-Fuchs, and W. Härer, “Event-synchronous 
cancellation of the heart interference in biomedical signals,” IEEE 
Trans. Biomed. Eng., vol. 41, no. 4, pp. 343-350, Apr. 1994. 

[6] O. Rompelman, and H.H. Ros, “Coherent averaging techniques: A 
tutorial review. Part 1: Noise reduction and the equivalent filter,” 
J.Biomed.Eng., vol. 8, no. 1, pp. 24 – 29, Jan. 1986. 

[7] P. Strobach, Linear Prediction Theory: A Mathematical Basis for 
Adaptive Systems. Springer-Verlag, 1990, ch. 10. 

[8] Y. Deng, “Automatic Detection of Diaphragmatic Muscle Fatigue – 
A Contribution to Permanent Patient Monitoring,” Ph.D. 
Dissertation, Dept. Elect. Eng., University A.F. Munich, Neubiberg, 
Germany, 1999.  

[9] T. Hashimoto, C. Elder, and J. Vitek, “A template subtraction 
method for stimulus artifact removal in high-frequency deep brain 
stimulation,” J. Neurosci. Methods, vol. 113, Issue 2, pp. 181-186, 
30 Jan. 2002. 

[10] T. Wichmann, “A digital averaging method for removal of stimulus 
artifacts in neurophysiologic experiments,” J. Neurosci. Methods,
vol. 98, Issue 1, pp. 57-62, 15 May 2000. 

[11] M. Ungureanu, B. Kroworsch, and W. Wolf, “Diaphragmatic EMG 
monitoring: some aspects on specific signal processing 
requirements,” in Recent Res. Devel. Biomed. Eng., vol. 1, 2002, pp. 
49-66. 

[12] M. Nakamura, and H. Shibasaki, “Elimination of EKG artifacts from 
EEG records: a new method of non-cephalic referential recording,” 
Electroenceph. Clin. Neurophys., vol. 66, Issue 1, pp. 89-92, Jan. 
1987. 

[13] J.H. van Bemmel, and H. van der Weide, “Detection procedure to 
represent the foetal heart rate and electrocardiogram,” IEEE Trans. 
Biomed. Eng., vol. 13, no. 4, pp. 175-182, Oct. 1966.

a) 

b) 

c) 

d) 
Fig. 5.  Removal of the mECG from an abdominal fECG recording. a) 
original abdominal signal with the QRS complexes of the mECG marked by 
*; b) fECG extracted by ESC method; c) fECG extracted by ESIC method; 
d) fECG extracted by ESAIC. Again, appropriate mECG removal can be 
seen, with best performance of the ESC method. 
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