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Considering the properties of slow change and quasi-periodicity of magnetocardiography (MCG) signal, we use

an integrated technique of adaptive and low-pass filtering in dealing with two-channel MCG data measured by high T¢

SQUIDs. The adaptive filter in the time domain is based on a noise feedback normalized least-mean-square (NLMS)

algorithm, and the low-pass filter with a cutoff at 100Hz in the frequency domain characterized by Gaussian functions

is combined with a notch at the power line frequency. In this way, both relevant and irrelevant noises in original MCG

data are largely eliminated. The method may also be useful for other slowly varying quasi-periodical signals.
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1. Introduction

Magnetocardiography and other biomagnetic sig-
nals are in general very weak. Their detection should
be made with SQUIDs in a magnetically shielded
room, the construction of which is usually costly.
Therefore, it is practically desirable to realize the
biomagnetic measurements with both a simplified
shielded room of reduced cost and a high quality out-
put signal. Recently, the efforts along this diagram
have been made by many researchers.!~4 In most
MCG measurements with cheap and simple magnetic
shielding, the signals are usually weak in comparison
with environmental noises. In this case, the signal
retrieval from a status buried in the environmental
noises is essential. With the great progress of modern
digital technique, the application of digital data pro-
cessing for noise rejection is getting wider and wider
today. Adaptive filtering, one of the modern data
processing methods, is very powerful especially for
the data sequences heavily buried in environmental
noises, of which the statistic characteristics are not

well known.

Least-mean-square (LMS) and recursive-least-
square (RLS) algorithms are two of the most popu-
lar algorithms for adaptive filtering. Many authors
have developed new forms of these two algorithms,
such as normalized LMS,%) data-reusing LMS, % and
fast-speed RLS algorithms.!”) In this paper, we use
a noise feedback NLMS algorithm to reduce the re-
bounds of weight vector of the algorithm to a very
small degree and eliminate the noise produced by the
rebounds. In this way the noise in MCG signal can be
suppressed down to a level comparable to the intrin-
sic noise of the SQUID electronics.!8! After that the
resulting MCG data are processed further through a
three-step filter in frequency domain. Firstly, accord-
ing to the quasi-periodic property of the MCG data,
we multiply the Fourier transformation of the data by
a frequency dependent periodic function consisting of
sectional Gaussian functions. Secondly, we cut off the
data component with frequency higher than 100Hz.
And finally, we filter the data with a notch at the

power line frequency.

In the next section, we introduce briefly the adap-
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tive filtering for MCG data processing based on our
noise feedback NLMS algorithm. In the third section,
we present the three-step filtering characterized by the
periodical function combined with the low pass and
the notch for the further treatment of the resulting
MCG data. Finally, discussions and conclusions are

made in the last section.

2.A noise feedback NLMS algo-

rithm for adaptive filtering

The MCG data acquisition is carried out by us-
ing two high T, dc-SQUID sensors immersed in liquid
nitrogen of a fibreglass dewar inside a one-layer mag-
netically shielded room.[?! One of the SQUID sensors
for signal channel is vertically placed at the bottom of
dewar inner tail as close as possible to the subject’s
chest and the other one for reference channel is posi-
tioned in parallel to the former one 10cm apart above
the chest. The vertical magnetic field data sequences
of the two channels are simultaneously acquisitioned
with a sampling frequency of 2kHz.

An adaptive filter that we proposed with noise
feedback NLMS algorithm!®! is used for the data pro-
cessing. A block diagram of the filter is schematically
depicted in Fig.1.
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Fig.1. Block diagram of a noise feedback adaptive
filter for noise elimination.

The algorithm can be expressed by the following
equations:
1
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where functions d(k), X(k), W (k) and p(k) are time-

dependent data sequences of the signal channel, the

5

reference channel, the filter weight, and the step-size
of the adaptive filtering respectively, and have their
ordinary meanings as those in NLMS algorithm. The
superscript T denotes the transposition of the relevant
vectors and M is the filter length. Parameters o and

~ are two adaptive constants.

In this algorithm, we have designed a new error
function S(k) in Egs.(3) and (4) instead of e(k) in con-
ventional NLMS algorithm. The weighted average (e)
of near past error data can be regarded approximately
as instantaneous signal component to be discarded. It

may be expressed by the following equation:

in which the weights in average are

e/l
p(i) = ——————, 7

O Is—a1+5 ™

where [ is the correlation length of the MCG signal,
and [ is a small positive number used to avoid the
With this modified algorithm

the rebounds of weight vector W (k) from its optimal

divergence of Eq.(7).

value due to the signal component in e(k) of conven-
tional NLMS can be largely avoided.

Typical MCG experimental results
feedback NLMS algorithm with parameters M=6,
a=0.0009, y =1 x 1078 /=1, n=5and B =1 x 1076
are depicted in Fig.2.
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Fig.2. MCG experimental results (a) environmental
noise in the reference channel, (b) MCG information
plus noise in the signal channel and (c) the signal at
the filter output.

With the peak-to-peak values about 28pT and
100pT of input noise and signal fields respectively as
shown in Figs.2(a) and 2(b), the original signal to
noise ratio is less than 4. From the output sequence
in Fig.2(c) we can see that the ratio is improved more

than three times.
3.Data filtering in the frequency

domain
Although our modified NLMS algorithm has sup-

pressed most of the relevant noises in MCG data, it



102 Zhu Xue-Min et al

Vol. 15

still does not satisfy the needs of its application to
medical diagnosis. More treatments of the experimen-
tal data after having been adaptively filtered are nec-
essary. One of the popular methods is averaging the
data in n periods of cardiac activity. In this way the
noise amplitude can be reduced by a factor of \/ﬁ,[w]
and the method is equally effective both for relevant
and irrelevant noises. Nevertheless, the average will
wash out all the non-periodic signals, which may have
special meaning in diagnosis.

As we know, the frequency spectrum for an ideal
periodic function is a sequence of discrete peaks cen-
tred at the fundamental frequency and its harmonics
with zero width of each peak. However, any practi-
cal magnetocardiographic field is not exactly periodic
and the heart beating is not strictly rhythmic due to
both normal physiological function and possible heart
diseases. In addition, the length of the collected data
sequence is finite. This makes the width of the peaks
in its frequency spectrum not infinitesimal.

From the statistical point of view the useful in-
formation in a quasi-periodic MCG is contained most
likely in the frequency domain near its average fre-
quency wp and the harmonics. For this reason we con-
struct a filter function, which consists of a sequence
of normalized Gaussian functions centred at the aver-
aged fundamental frequency wy and its harmonics in
MCG spectrum with a properly chosen mean-square
error o as shown in Fig.3(a).

The filter functions can be expressed as

G(w) :max{ef(“’fnw“)z/z"z,

n=0,12.,(N-1} w>0 (8)

where N is the number of Gaussian functions, which
depends on the sampling frequency. In addition, we
take 0 = 0.67 here. After the adaptive filtering, we
multiply the frequency spectrum of resulting MCG
data by G(w).

As we know, when we probe a standard MCG
signal, we may find that its major frequency compo-
nent is below 40Hz and there is little left above 100Hz.
Therefore, we use an additional low-pass filter with
cut off frequency of 100Hz. The filter function can be

written as

Fw=1-60w-w), w=>0 9)

where 6(w) is the step function, and here we take
w.=100Hz. After the multiplication of the spectrum
of MCG data by both G(w) and F(w), the spectrum

is treated further. We note that in a simply shielded
room the power line interference may still be severe
even after an adaptive filtering, and so further treat-
ment is still necessary sometimes. Considering that
the waveform of power supply is also quasi-periodic,
we use a notch filter at the power line frequency wy
with a width Aw, of 0.4Hz. After taking these steps
of the additional filtering, the data are converted back
by the inverse Fourier transformation. Finally we ob-
tain a real time MCG signal, in which most of the

noises have been eliminated, as shown in Fig.3(b).
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Fig.3. Filtering function (a) and the MCG signal in
filter output (b).

From the comparison between Figs.2(c) and 3(b)
we can see that the signal to noise ratio is further im-
proved by the additional filtering, which is effective
The combi-

nation of adaptive filtering in time domain and addi-

for both relevant and irrelevant noises.

tional digital filtering in frequency domain makes the
original signal to noise ratio improved largely. A real
time trace of MCG with a signal to noise ratio of 25

is realized in our experiment.
4. Discussions and conclusions

In order to avoid any signal distortion we should
pay attention to several issues in constructing the
three-step filtering in frequency domain. One is that
the peaks of the Gaussian functions must be kept in
line with those of the MCG signal to be dealt with.
At the same time the Gaussian mean-square error o
should be chosen properly. Another issue is that a
larger cutoff w. will make the noise cancellation less
effective, while a too small w. will make some use-
ful information lost. Moreover, when we get rid of
the power line interference, the notch should be per-
formed successively by a cutoff centred at w, with a
band width of Aw, and a smooth connection between
the upper (wp + Awp/2) and the lower (wp, — Aw,/2)
banks of the notch.

Using the noise feedback LMS algorithm, we may

eliminate, the relevant noise part more effectively than
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the ordinary NLMS algorithm in both convergence
speed and tracking ability. By operating the ad-
ditional low-pass filter both relevant and irrelevant
noises can be further cancelled. Namely, by apply-
ing this combined technique MCG signals buried in
the environmental and intrinsic noises can be well re-
trieved. We believe that with this technique a high
attenuation shielded room becomes not essential for
MCG measurement and that it will make the popu-

larization of SQUID-based MCG in medical diagno-

sis more realistic. However, a simple-shielded room
for keeping the SQUID sensors working stably during

MCG measurement is still necessary.
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