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ABSTRACT

The active comb filter without the use of inductors is very useful
for removing harmonic noise such as power line interference in bio-
medical signals. This paper presents an approach for the design of an
active comb filter. A table composed of 62 bandpass filters is pro-
posed, which can be used in the design of the presented active comb
filter. Simulation results and performance tests are given to demon-
strate the feasibility of the presented active comb filter

I. INTRODUCTION

A major problem in the recording of biomedi-
cal signals is that the measurement signals are usu-
ally contaminated by power line (AC) interferences
[5, 8]. These interferences can disrupt interpretation
of low-amplitude biomedical signals. Usually, there
are two components in AC interferences. One is elec-
trical field interference characterized by noise con-
centrated at the fundamental frequency. The other is
magnetic field interference which is derived from
transformers in the power supply and is character-
ized by high harmonic contents. These harmonics are
due to the nonlinear characteristics of transformer
cores. The elimination of higher frequency harmon-
ics is seldom considered because the major compo-
nents of physiological signals are concentrated at low
frequencies, and the higher frequency harmonic in-
terference has less magnitude than the fundamental
frequency interference. However, information from
high frequency contents for some electrophysiologi-
cal signals, such as the high-resolution electrocardio-
gram (ECG), is just as important in physiology and
pathology as information from low frequency con-
tents [13]. Thus, to design a comb filter that can
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reduce AC interferences becomes an important sub-
ject for many biomedical applications.

The elimination of AC interferences in physi-
ological signals can be accomplished by digital fil-
ters [1-3, 7,9, 11-12, 14]. However, active analog
filters without the use of inductors cost less and are
more suitable for real-time processing than digital
filters. It is worthwhile to develop an active comb
filter for various applications of harmonics elimina-
tion. The presented active comb filter requires some
bandpass filters to extract harmonic interferences in
the input signal. A table composed of 62 bandpass
filters derived from a general form of multiple-feed-
back filter structure is given, to provide design flex-
ibility of the presented active comb filter.

The paper is organized as follows. In section
I, the approach of an active comb filter is described
and a table composed of 62 bandpass filters is pro-
posed. Section III presents the simulation and
experimental results of the presented active comb fil-
ter. Finally, conclusions are made in section IV.

II. ACTIVE COMB FILTER DESIGN

In this paper, we consider the following
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Fig. 1. Structure to realize active comb filter. Note that pr(ja))
is a bandpass filter with negative gain of g.

measured signal V(z):
V()=S0 + kg’,l Asin (ka,t + @)

=S()+I(t) 1)

where S(¢) is the desired signal and I(¢) is the har-
monic interference. The fundamental frequency f,
(w,=2nf,) is usually 50 Hz or 60 Hz. Given the noisy
signal  Vi(1), the objective of this study was to re-
trieve the signal S(¢) from V,(¢) by using the comb
filtering technique.

Based on the signal described as Eq. (1), the
specification of an ideal active comb filter is given
by

. 0, w=kaw,, k=1,2,..,N
HGw) = {g, otherwise )

where g is the passband gain.
The block diagram to approach a comb filter is shown
in Fig.1. Its transfer function H(jw) is given by

HGo) = gl1 - & Hb(jo)) ®

where H',jp (jw) is a bandpass filter with resonant gain
p, and zero phase at resonant frequency k®,. The
function of bandpass filter H'gp(ja)) is used to extract
the kth harmonic component A; sin(k@yt+¢,) from in-
put signal V(z) with a minimal amount of distortion.
To subtract the sum of each extracted component from
the input signal is equivalent to eliminating the har-
monic interferences added in V,(f). Thus, H(jw) is a
desired active comb filter.

An analog approach to designing a comb filter
is shown in Fig. 2. Several negative-gain band-
pass filters (NBFs) are used to extract the harmonic
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Fig. 2. An analog approach to designing an active comb filter.
NBF: negative-gain bandpass filter.

interferences from input signal V,(¢) with the con-
straint

R, PR, 4
R"-R % 4)
and k=1, 2, ..., N.

Therefore, the issue of how to design an active comb
filter is equal to that of how to design the NBFs. In
addition to the resonant frequency, the quality factor
is another important parameter in the design of
bandpass filters. Higher quality factor design of the
NBFs makes the presented circuit closer to an ideal
active comb filter, but more sensitive to its compo-
nents. On the other hand, lower quality factor design
of the NBFs will result in a broader band band-rejec-
tion feature.

A filter bank composed of various narrow-band
bandpass filters (high quality factor design) and
broad-band bandpass filters (low quality factor de-
sign) is provided for various applications. Fig. 3 isa
general structure of a multiple-feedback filter that is
used to build up the bandpass filter bank. The struc-
ture comprises an operational amplifier and five
passive elements symbolically. Assuming that the op-
erational amplifier is ideal, the transfer function of
the multiple-feedback filter can be derived as

v, _Y,Y,

V, TV, V(0 + Y, v V5 4 T ©)

where Y, is the admittance of the kth element, and
1<k<S.

The multiple-feedback filter can be synthesized
with capacitors and resistors to perform as various
bandpass filters with a large spread of quality factor
from Eq. (5). The syntheses of 62 bandpass filters
are listed in Table 1. Table 1 contains narrow-band
bandpass filters as well as broad-band bandpass
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Fig.3. A general form of a multiple-feedback filter.
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Fig. 4. Spice simulation of the presented active comb filter with
N=4. The resonant frequencies and the quality factors of
the bandpass filters are in the order of 60, 180, 300, 420
Hz and 10, 20, 30, 40, respectively.
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Fig. 5. Experimental results of sinusoidal wave test: (a) 60 Hz (b) 180 Hz (c) 300 Hz (d) 420 Hz.

filters for various applications depending on the mea-
sured signal and the spectral energy distribution of
the ambient interference. The symbol of ‘C’ is ca-
pacitance and that of ‘A’ is admittance of the resis-
tor. ‘Ay’ and ‘Cy’ are, respectively, conductance and
capacitance of the kth element. ‘0’ indicates the ad-
mittance is zero, and ‘&’ indicates the admittance is
infinite. Note that number 59 is a popular circuit
which can often be found in textbooks and the litera-
ture. The design procedure as well as the sensitivity
analysis of this circuit is provided in detail in [4, 6,
10, 15, 16]. Thus, we chose circuit number 59 to re-
alize the presented active comb filter for the experi-
mental test.

III. RESULTS

In order to illustrate the effectiveness of the

analog approach, a Spice simulation was performed
to demonstrate the performance of the presented ac-
tive comb filter with N=4. All the bandpass filters of
the comb filter are realized with circuit number 59 of
Table 1. The resonant frequencies and the quality
factors of the bandpass filters were, respectively, in
the order of 60, 180, 300, 420 Hz (odd harmonics)
and 10, 20, 30, 40. As shown in Fig. 4, the simula-
tion results verified the presented analog approach
as an excellent comb filter.

To further demonstrate the feasibility of the ac-
tive comb filter, the circuit was realized with the same
configuration as that in the simulation, and tested with
sinusoidal and triangular waves. Firstly, four har-
monic frequencies of sinusoidal wave (60, 180, 300,
and 420 Hz) were fed to the active comb filter. The
resultant output waveforms are shown in Fig. 5. Itis
clear that all of the four sinusoidal waves can be
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Table 1. Syntheses of bandpass filters.

Y, Y, Y; Y, Ys Transfer Function
1 A 0 0 CS A+CS -C4A|S/(C4A5)Sz+(C4A5+A1C5)S+(A1A5)
2 A CS 0 CS A 'C4A1S/(C4A2)Sz+(C2A5+C4C5)S+(A1A5)
3 CS . 0 0 A A+CS -A4CIS/(C1C5)SZ+(C1A5+A4C5)S+(A4A5)
4 CS A 0 A CS -A4CS/(C1Cs)S*+(A,Cs+A4Cs)S+(A4A;,)
5 A/ICS A+CS 0 & 0 -AC;S/(CCy)S*+(C1A+A |C2)S+(A1A)
6 A/ICS  A+CS & & 0 -A,C,S/(C,C)S*+(C1A1+A 1C2)S+(A 1 A,)
7 A/ICS  A+CS A & 0 -A,C,S/C,C)S*+(CAs+A ,C)S+(A A,)
8 A/ICS A+CS CS & 0 -A|C;S/(C1Cy)S*+(C1A+A 1C2)S+(A1A)
9 A/ICS A+CS A+CS & 0 -A1CIS/(C1C2)S2+(C1A2+A1C2)S+(A1A2)
10 A/ICS 0 A+CS & A+CS —A1C1$/(C1C5)SZ+(C1A5+A1C2)S+(A1A5)
11 A//CS A+CS A/ICS & 0 -A1C|S/(C1C2)Sz+(C|A2+A1C2)S+(A1A2)
12 A/ICS CS 0 & A -A]C]S/(C]C2)52+(C|A5+A[C2)S+(A1A5)
13 A/ICS CS & & A -AC;S/(CCp)S*+(C1A5+CC,)S+(A As)
14 A/ICS CS A & A -A1CIS/(C1C2)SZ+(C1A5+A1C2)S+(A1A5)
15  A/CS 0 A//CS & A+CS  -A,C;S/(C,C5)S*+(CAs+A Cs)S+(AAs)
16 A/ICS CS CS & A -AICIS/(C1C2)52+(C1A5+A1C2)S+(A1A5)
17 AJCS CS  A+CS & A -A,C,S/(C,C)S™+(C As+A ,Cy)S+(A As)
18 A/ICS CS A/ICS & A -A1C,S/(C1C2)Sz+(C1A5+A1C2)S+(A1A5)
19  A/CS A & & cs -A,C,S/(C,Cs)S*+(A ,Cs+C 1 A2)S+(A 1 A,)
20 A/CS A A & cs -A,C;S/(C,C5)S*+(A Cs+C1A,)S+(AA,)
21 A/ICS A CS & CS -AC;S/(C(Cs)S*+(ACs+C1A)S+(A1A,)
22 A/ICS A A+CS & CS -AICIS/(C1C5)52+(A]C5+C1A2)S+(A1A2)
23 A/ICS A A/CS & cs -A,C,S/(C,C5)S?+(A ,C5+C 1 A2)S+(A 1 A,)
24 A/ICS 0 A & A+CS  -A,C,S/(C,C5)S*+(C;As+A ,C5)S+(AAs)
25  A/ICS 0 0 & A+CS  -A,C,S/(C,C5)S*+(C 1As+C Cs)S+(A As)
26  AJCS 0 & & A+CS  -A,C,S/C,C5)S*+(C As+A ,Cs)S+(A,As)
27 A/CS A 0 & cs -A,CS/(C{C5)S*+(A,Cs+C1A2)S+(A A,)
28 A/ICS 0 CS & A+CS -A|C,S/(CC5)S*+(CAs+A |Cs5)S+(AAs)
29 & 0 0 A/ICS  A+CS  -A,C4S/(CyA5)S+(CyAs+C4Cs)S+(ALAS)
30 & A 0 A/ICS  A+CS  -A4C4S/(CyCs)SH(CyAs+ACs)S+(A4As)
31 & cs 0 A/ICS  A+CS A CaS/(CaCs)SH(CaAs+A,Cs)S+(ALAS)
32 & A+CS 0 A/ICS A+CS -A4A4S/(C4C5)S2+(C4A5+A4C5)S+(A4A5)
33 & AJICS 0 A/ICS  A+CS  -A A S/(C4Cs)S+(CyAs+A,Cs)S+(A4As)
34 & 0 & A/ICS  A+CS -A4C4S/(C4Cs5)S*+(C4As5+A 4Cs5)S+(A4A5)
35 & A & A/ICS  A+CS  -ACuS/HCaCs)SH(CrAs+A,Cs)S+(ALAS)
36 & cs &  ANCS  A+CS  -A,C.S/(C4Cs)S?+(CyAs+A4Cs)S+(A4As)
37 & A+CS & A/ICS A+CS -A4C4S/(C4C5)Sz+(C4A5+A4C5)S+(A4A5)
38 & All & A//ICS  A+CS -A4C4S/(C4Cs)S*+(CyAs+A 4Cs)S+(A4As)
39 & 0 0 A/ICS A+CS -A4C4S/(C4C5)S2+(C4A5+A4C5)S+(A4A5)
40 & A A A/ICS A+CS -A4C4S/(C4C5)SZ+(C4A5+A4C5)S+(A4A5)
41 & CS A A//ICS  A+CS -A4C4S/(C4Cs)S*+(CyA5+A 4Cs)S+(A4As)
42 & A+CS A A/ICS  A+CS -A4C4S/(C4Cs)S*+(CyA5+A 4Cs)S+(A4A5)
43 & A/ICS A A/ICS  A+CS  -AsC4S/CaCa)S(CiAs+A,Cs)S+(ALAS)
44 & 0 CS A/ICS A+CS -A4C4S/(C4C5)SZ+(C4A5+A4C5)S+(A4A5)
45 & A CS A/ICS A+CS —A4C4S/(C4C5)Sz+(C4A5+A4C5)S+(A4A5)
46 & cs CS  A/NCS A+CS  -A,C4S/(C4Cs)S*+(CyAs+A,Cs)S+(A4As)
47 & A+CS  CS  A/ICS A+CS  -A4CsS/(CyCs)S2+(C4As+ACs)S+(ALAS)
48 & A/ICS  CS  ANCS A+CS  -ACiS/(C4As)S2+(CyAs+A,Cs)S+(A4As)
49 & 0 A+CS A/ICS A+CS -A4A4S/(C4C5)S2+(C4A5+A4C5)S+(A4A5)
50 & A A+CS  A//CS  A+CS A C4S/(CoCs)SH(C4As+ACs)S+(ALAS)
51 & CS  A+CS  A/CS A+CS  -A4A4S/(CyCs)SH(CaAs+ACs)S+(ALAS)
52 & A+CS A+CS A/ICS A+CS -A4C4S/(C4Cs)S*+(CyA5+A 4Cs5)S+(A4As5)
53 & A/ICS A+CS  A/ICS  A+CS

-A4A4S/(C4C5)Sz+(C4A5+A4C5)S+(A4A5)
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54 & 0 A//ICS A/ICS A+CS
55 & A A/ICS  A/ICS A+CS
56 & CS A/ICS A/ICS A+CS
57 & A+CS  A/ICS A/ICS A+CS
58 & A/ICS A/ICS A/ICS  A+CS
59 A CS A CS A
60 A CS CS CS A
61 CS A CS A CS
62 CS A A A S

-A4C4S/(C4C5)S2+(C4A5+A4C5)S+(A4A5)
-A4C4S/(C4C5)Sz+(C4A5+A4C5)S+(A4A5)
-A4C4S/(C4C5)Sz+(C4A5+A4C5)S+(A4A5)
-A4C4S/(C4C5)S2+(C4A5+A4C5)S+(A4A5)
-A4C4S/(C4A5)SZ+(C4A5+A4C5)S+(A4A5)
-C4A1S/(C4C2)SZ+(C2A5+C4C5)S+(A1A5+A3A5)
-C4AIS/(C4A2)SZ+(C 2A5+C3A5+C4A5)S+(A 1 AS)
-A4CIS/(C 1 C5+C3C5)Sz+(A2C5+A4C5)S+(A4A2)
-A4CIS/(C1C5)Sz+(A2C5+A3C5+A4C5)S+(A4A2)

‘A’ is the admittance of the resistor and ‘C’ is capacitance.
‘A;’ and ‘C,’ are the conductarice and the capacitance of the kth element, respectively.
‘0’ and ‘&’_indicate the admittance are zero and infinite, respectively.

-_ACS
A//CS-A + CS

In

Fig. 6. Experimental results of 60 Hz triangular wave test.

significantly removed by the active comb filter. Sec-
ondly, a triangular wave of 60Hz was fed to the tested
circuit. Based on Fourier series theory, the triangu-
lar wave consists of odd harmonics of the fundamen-
tal frequency. The resultant output waveforms are
depicted in Fig. 6. It is obvious that most power of
the triangular wave is removed by the active comb
filter.

IV. CONCLUSION

An active comb filter structure as well as 62
bandpass filters which provided a large spread of
quality factors for harmonic interference removal was
presented. The presented active comb filter composed
of some independent bandpass filters and a summing
amplifier makes it versatile for various applications.
The experimental tests of sinusoidal and triangular
waves verified that the presented active comb filter
has good performance in harmonic interference elimi-
nation.

NOMENCLATURE
H(jw) transfer function of active comb filter
H’,jp(ja)) transfer function of bandpass filter

g passband gain of active comb filter
P resonant gain of bandpass filter
1(?) harmonic interference

S() desired signal
Vi(®) noisy measured signal

Greek Symbols

©

W, fo fundamental frequency of harmonics
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