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A Pole Radius Varying Notch Filter with Transient
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Ramesh Rajagopalan, Adam Dahlstrom

Abstract—Noise removal techniques play a vital role in the
performance of electrocardiographic (ECG) signal processing
systems. ECG signals can be corrupted by various kinds of noise such
as baseline wander noise, electromyographic interference, and
powerline interference. One of the significant challenges in ECG
signal processing is the degradation caused by additive 50 or 60 Hz
powerline interference. This work investigates the removal of power
line interference and suppression of transient response for filtering
noise corrupted ECG signals. We demonstrate the effectiveness of
infinite impulse response (IIR) notch filter with time varying pole
radius for improving the transient behavior. The temporary change in
the pole radius of the filter diminishes the transient behavior.
Simulation results show that the proposed IIR filter with time varying
pole radius outperforms traditional IIR notch filters in terms of mean
square error and transient suppression.
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1. INTRODUCTION

LECTROCARDIOGRAM (ECG) signals show the
electrical activity of the heart for analyzing the health of a
patient. Computer aided analysis of ECG signals is a rapidly
growing research area. The noise present in ECG signals poses
a significant challenge in accurate analysis and interpretation
of data. ECG signals are usually corrupted by various noises
such as baseline wander noise, powerline interference, and
motion artifacts. To reduce the effect of noise, filters are
widely used for processing ECG signals. Recently several
researchers have addressed effective noise removal in ECG
signals [1]-[6]. The most common form of noise in ECG
signals is caused by power line interference. Power line
interference is easily recognizable since the interfering voltage
in the ECG signal may have a spike in the frequency range 50-
60 Hz. For real time ECG signals, the power line frequency
varies over a narrow range of frequencies centered around
S0Hz. For the reduction of the powerline interference,
typically a fixed or adaptive notch filter is used [7]-[9].
Recently, researchers have also investigated the ability of
nonlinear filters for ECG signal processing [2], [10]. Recent
work has also investigated the use of FIR and IIR filters for
noise removal in ECG signals [11].
Their work concluded that IIR filters outperform FIR filters
with regards to the number of filter coefficients and
complexity. Although the approaches proposed in [7]-[11] are
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interesting; they do not examine the problem of the reduction
of transient duration in IIR notch filters. Recent research has
shown that notch filters with time varying pole radius can
improve the transient response of the filter output [12], [13].
However, there has been very limited work in exploring the
application of pole varying notch filter for ECG transient
suppression. In this work, we demonstrate the effectiveness of
higher order notch filters with time varying pole radius for
efficient suppression of transient response in ECG signals. Our
work examines the effect of both the filter order and the time
varying pole characteristic for removal of powerline
interference. We perform extensive simulations based on data
from the MIT-BIH arrhythmia data base [14]. Our results
show that the proposed notch filter with time varying pole
radius significantly outperforms traditional notch filtering
techniques. The rest of the paper is organized as follows.
Section II presents the principles and techniques of IIR notch
filters. In Section III, we describe the IIR notch filter with time
varying pole radius. Section IV presents our simulation results
and performance comparison of different notch filters.
Concluding remarks are presented in Section V.

II.IIR FILTER DESIGN

A recursive filter has feedback from output to input. Hence,
the output is a function of previous output samples and the
present and past input samples. This can be described by the
following equation. Consider a digital filter with input x[m]
and output y[m]. The relationship between the input and
output signal for a digital filter of order N is defined as

N N
ml= Y (qeim—k)+ > (Bpdm~k)) 1
k=1 k=0

where a; and b; are the filter coefficients. When a recursive
filter is excited by an impulse function, the output lasts
forever. Such filters are called infinite duration impulse
response (IIR) filters. The transfer function of anlIR filter can
be expressed using Z transform as

N
Szt 2
H(z)=—0——

1+ ZakZ’k
k=1

For a second order filter, the transfer function is given as
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Fig. 1 shows the structure of a second order IIR filter. The
structure shown in the figure can be cascaded to obtain higher
order filters as shown in Fig. 2.
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Fig. 2 Realization of a cascade IIR structure from second order filters

We used a pole-zero placement method for designing the
IIR notch filter. The radius of the pole is given by

Af 4

r=1-—
s

where fs is the sampling frequency and Af is the ideal
bandwidth of the rejected band. The pole location ®, is
determined using

6y = 200 ®)
s

Based on the pole location and radius, the transfer function
of a second order IIR notch filter is given as

1- 2COS(00 )271 + 272 (6)
1-2rcos(6 )z_1 +r2z72

H(z)=

A higher value of pole radius results in narrower bandwidth
with greater filter selectivity. As the pole radius increases, the
transient response of the filter is also increased. Fig. 3 shows
the variation in transient response for different pole radius for
a first order notch filter. This concept is described in detail in
[12].
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Fig. 3 Transient response of a first order notch filter

To reduce the duration of the transient behavior, the pole
radius can be changed with time. In the next section, we
describe the principles of IIR filer with time varying pole
radius

III. TIR FILTER WITH TIME VARYING POLE RADIUS

The transient response of an IIR filter can be improved by
varying the pole radius with time. The relation between the
input and output of such a filter can be described as
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The function r(m) defines the time varying radius of the
poles. The transient behavior of the filter diminishes with a
decrease in the pole radius. Hence, to improve the response of
the notch filter, the pole radius should be reduced when the
filter displays transient behavior at the output. The pole radius
can be varied with time using the following equation proposed
in[12]

r(m)=rx{1 -1 . ®)
(m) {+(ﬁ )eXp(af ]}

g s

where o is the damping rate of the pole radius and the
coefficients f and » are defined as
ﬂ:@ and ;- = lim r(n) ©
r n—o

The exponential function enables the pole radius to grow

from an initial value r(0) to the desired value 7. The
parameter a is provided as a design specification and § can be

determined based on computer simulations as described in
[12].

The performance of the notch filter can be determined using
mean square error which is defined as

N
MSE=— 3 (4110’ (10)

n=1

where N is the number of samples, x[n] is the input to the
filter, and y[n] is the output of the filter.

IV. SIMULATIONS

The main objective of our simulations is to compare the
performance of traditional IIR notch filter with the proposed
time varying pole radius based notch filter. Our simulations
were performed in Matlab using the MIT ECG data base [14].

The sample frequency f, and filter pole radius 7 were set to

1.5 KHz and 0.98 respectively. For the time varying pole
radius in (8), the parameters were set as follows: = 0.9 and
0=2.8. To compute the MSE, we set the number of samples
N=1000. Fig. 4 shows the spectrum of the ECG signal. The
spike at a frequency of 60 Hz seen in Fig. 4 corresponds to
powerline interference.

ECG signal in Frequency Domain
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Fig. 4 Spectrum of ECG signal

Figs. 5 and 6 show the performance comparison of the
traditional notch filter with the time varying pole radius based
notch filter for filter orders two and six respectively. It is
evident from the figures that the performance improves with
increase in filter order. We also observe that the time varying
pole radius based notch filter outperforms traditional notch
filters by achieving significantly better transient suppression.

Fig. 7 shows the mean squared error (MSE) vs. increasing
filter orders for traditional and pole radius varying notch
filters. The results show that as the filter order increases the
MSE decreases. We observe that the notch filter with time
varying pole radius outperforms the traditional notch filter for
various filter orders.

Fig. 7 also shows that the notch filter with time varying
radius achieves an MSE of 0.01 for an 8" order filter while the

traditional notch filter obtains an MSE of 0.2. A smaller MSE
implies a shorter transient duration. Hence, it is clear that the
proposed time varying pole radius notch filter is effective in
reducing transient response compared to traditional filters. It is
also worth noting that higher order filters achieve lower MSE
at the cost of increase in processing power and complexity.
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Fig. 5 Comparison of traditional and pole radius varying notch filters where the filter order N=2
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Fig. 6 Comparison of traditional and pole radius varying notch filters where the filter order N=6
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Fig. 7 Variation of mean square error with filter order

V.CONCLUSIONS

ECG signals can be corrupted by various kinds of noise
such as baseline wander noise, electromyographic
interference, and powerline interference. Removal of noise

plays a significant role in the analysis of ECG signals. In this
work, we demonstrated the capability of time varying pole
radius notch filters for removal of powerline interference and
transient suppression. Extensive simulations were performed
to compare the performance of the proposed filter with
traditional time invariant filters. Our results showed that notch
filters with time varying pole radius were successful in
removing the noise and suppressing the transient response.
The mean square error was considerably reduced by the
proposed notch filters compared to traditional notch filters.
Our future work will investigate analytical closed form
solutions for the parameters of the time varying pole radius.
We are also interested in investigating the utility of the time
varying pole radius filters for noise removal in other biological
signals such as electro encephalogram signals.
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