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ABSTRACT:

Biomedical signals are always corrupted with different noises and interferences. Power Line Interference (PLI) is one
of the most important interferences, which decreases the quality of the biomedical signals significantly. In this paper, a
novel algorithm, based on adaptive IIR Laguerre filters has been proposed to eliminate the Power Line Interference
(PLI) and its harmonics from Electromyography (EMG) signals. The proposed algorithm has used an internal
mathematically constructed reference noise for the adaptive Laguerre filter, thus it is independent of the power line
information to eliminate the noise. The Least Mean Square (LMS) algorithm with fuzzy step size has been used to
optimize the filter weights which highly increase the filter performance. This proposed filter has consumed fewer
computational load than adaptive FIR filters, and also it has shown better stability than IIR filters. Our practical
experiments showed that our Laguerre structures could eliminate the PLI from EMG signals successfully and

increased the SNR up to 12db that was more efficient than other adaptive algorithms.
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1. INTRODUCTION

Power Line Interference (PLI) is an important
unwanted factor that corrupts biomedical signals such
as Electromyography (EMG) signals. The EMG signal
is generated by the electrical activity within the muscle
that passes through muscle fibers under contraction [1].
The signal sources are thus located at the depolarized
zones of the muscle fibers [2].

The study of EMG signals is difficult because the
signal to noise ratio of these signals is low, and the
EMG signals are very low amplitude. On the other
hand, since human body acts like an antenna, the EMG
signals are corrupted by electromagnetic power line
interference from environment [3, 4] and also this PLI
is in the same frequency range of important EMG
components.

Hence, the elimination of PLI from EMG signals in
low SNRs is not only important, but also is a
challenging task that many research have been focused
on this problem [5]. The studies in this field may be
categorized generally into non-adaptive and adaptive
methods [6]. Adaptive techniques are preferred because
the power line noise changes over the time, and

adaptive filters can perform satisfactorily in an
environment where complete knowledge of the relevant
signal characteristics is not available [7].

Different adaptive approaches have been proposed
in the literature to attenuate this noise, such as: adaptive
FIR notch filter [8], adaptive IIR notch filter [9],
adaptive notch filter using Fourier transform [10], etc.
Although these methods can attenuate the noise
successfully, they have some problems such as high
computational load, inadequate convergence rate and
instability. In addition, some of the algorithms require a
reference signal from power line noise.

In this paper, an adaptive IIR Laguerre filter is
proposed to eliminate the PLI from EMG signal. This
notch filter can decrease the numbers of mathematical
operations and is suitable for practical implementations.
Furthurmore, the characteristics of Laguerre filter make
it more stable than other IIR filters. In this work, the
reference signal (i.e. 50/60 Hz PLI signal) for adaptive
structure is not required. The reference noise and its
harmonics are constructed mathematically and applied
to adaptive structure. This decreases the complexity of
hardware and eliminates the need to supplementary
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electrodes that collect the noise reference. Moreover, a
fuzzy system is used to choose the best step size of the
adaptive algorithm to improve the filter performance.

The rest of this paper is organized as follows. First,
the basic structure of Laguerre filter is described. Then,
the theory of the application of adaptive Laguerre filter
with fixed and fuzzy step size in noise elimination is
explained. Next, our simulations and practical
experiments in different scenarios are illustrated.
Finally, conclusion will summarize the main results of
the paper.

2. LAGUERRE FILTERS
2.1. Basic Laguerre Filter

Laguerre filter is a generalization of transversal
filter and it has infinite impulse response. By choosing
the proper position of the pole of the Laguerre filter, the
approximation of systems with long impulse response
can be achieved with a much smaller number of
parameters than a transversal filter [11]. The basic
Laguerre filter is shown in Fig.1. The Laguerre filter
can be obtained from transversal filter by applying a
single pole low-pass filter, Lo(z) , to the input signal
and by replacing each delay of transversal filter by a
first order all-pass filter, L(z) . The pole of all-pass
filters are the same as the pole of low-pass filter.
Therefore, the transfer functions of the low-pass
filter, Lo(z) and all-pass filters, L(z) , are given by:

V1-a?

Lo(z) = - N
l1-az
-1
Liz)=—2 la| <1 2)
1-az
(k)
- Ly(2)
uy (k)
Wi
+
(k)

Fig. 1. Basic Laguerre Structure

where a is a real number that determines the position
of the pole in Laguerre filter and its modulus should be
smaller than one. The output of the Laguerre
filter, y(k)is a weighted linear combination of the
outputs of the low-pass and all-pass filters represented
by
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M
Y(k) =Y Wyt (K) (3)

m=0
where {u,, (k)}f:zo and {w,, }f::o are the outputs of filters

and their corresponding weight, respectively.
The transfer function of K cascaded section of
Laguerre filter in Z space is given by [12]:
-1 K
Lezay=Al-a - =9 k012, @)
(1—az K+
It can be shown, this Laguerre sequences form a
complete ortho-normal set of Hilbert space. Each
sequence of this set has rational Z-transform and it
makes Laguerre filter very suitable for practical
implementations. Laguerre filters are a kind of IIR
filter with satisfactory stability behavior. This filter
decreases the number of parameters for approximating
systems with long impulse response.

2.2. Adaptive Laguerre Filter

The position of the pole or the weights of the
Laguerre filter can be adaptively adjusted in many
applications ~ where  complete = knowledge  of
environment is not available. There are some methods
to iteratively adapt the position of the pole in the
literature [13]. However in this paper, the position of
the pole was estimated empirically; also, the weights of
the Laguerre filter are adaptively changed to track the
dynamical behavior of the noise in the environment. A
block diagram of adaptive Laguerre filter is shown in
Fig. 2. The output of Laguerre filter, y(k) is subtracted

from desired signal, d(k), and the error signal, e(k),

is formed. As shown in Fig.2 the error signal is used to
adapt the weights.

x(k)

Ly(2) L(z) L)

ug (k) uy (k)

uy (k)

+

e(k) (k) 1+ d(k)

Fig. 2. Adaption of Laguerre Weights

The LMS algorithm is widely used for adapting the
transversal structure weights. This algorithm is given
by:

Wk+1)=W(k)+u U(k) e(k) 5)
where pis step size, U(k)is the input vector and

e(k) is the error signal obtained from subtracting filter
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output, y(k), of desired signal, d(k). The value of step
size u is very important to achieve good convergence

rate and low steady state error. In this work we add an
efficient fuzzy system to adjust this critical parameter.

3. PLI CANCELLATION OF EMG SIGNALS
USING ADAPTIVE LAGUERRE FILTER

3.1. System Description

In this work the reference noise of PLI is not available;
hence we construct it mathematically. Each section of
Laguerre filter changes the phase of this constructed
reference signal. Accordingly, an estimate of the PLI
signal can be computed as the weighted linear
combination of the outputs of the filters in the structure
of the Laguerre filter. With proper adjusting of the
positions of the pole and zero and using an adaptive
algorithm, the optimum weights of the Laguerre filter
are obtained. Consequently, the minimum error is
achieved and noise is successfully removed.

The block diagram of proposed algorithm is shown
in  Fig.3. Here, z(k)is the combination of the EMG

signal and 50Hz PLI and its four harmonics (e.g.
100Hz, 200Hz, 300Hz, 400 Hz). The reference noise is
constructed mathematically by:

PLIer _cos(2750¢) + cos(27100¢) +

c0s(277200¢) + cos(272300¢) + cos(272300t)+  (6)
cos(27400¢)

And is used as the reference input for adaptive
Laguerre structure. This constructed reference noise
must have correlation with the real power line

interference. In eq.(6) t:FL’ where F is the sampling
N

frequency. As shown in Fig.3 this reference signal is
processed by adaptive Laguerre filter and the output, y ,
which is similar to real PLI, is obtained. This output is
subtracted from noisy EMG signal, Z, to achieve error
signal (cleaned EMG signal). LMS algorithm uses this
error signal to adapt Laguerre weights for best
cancelling of non stationary PLI.

To guarantee the stability of LMS algorithm the
step size, should satisfy the following constraint:

O<u< (7
max
where A, is the maximum eigenvalue of the

Laguerre sections outputs covariance matrix. Although
by choosing the g in this interval the LMS algorithm
is guaranteed to be stable, many important factors in
the algorithm such as convergence rate and steady state
error is affected by u ; that is, large g causes fast
convergence of algorithm and high steady state error
while small g causes the slow convergence and small
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steady state error. Therefore, choosing the optimal step

size in each time plays a crucial role in the overall
performance of the algorithm.

z(k)= EMG+PLI + e(k)

LMS

PLIrzr
cos

Mathematical Adaptive Laguerre

Construction of PLI Shucture

Fig. 3. PLI Elimination of EMG Signal Using Adaptive
Laguerre Filter

3.2. Determination of Laguerre Pole Position

A Laguerre filter with a complex pole for its
sections is called Kautz filter. In the first approach of
this work we consider different complex poles for
Laguerre filter sections which are placed between basic
noise frequency and its harmonics 75,150,250,350 Hz
empirically. If we consider the complex
pole p = a+bi, then the transfer function of each all-

pass filter is:
1 * -1
z —-p z -—p
H(z)= —— o ()
-pz l-pz

Which can be represented by an equivalent second
order transfer function :

2% —2az' +a® +b*
(@®+b)z72 =2az7" +1
The coefficients a and » must be chosen properly

to place filter poles in desired frequencies. Following
equations are used to obtain ¢ and b :

H(z)=

)

24
9 =L 10
7 (10)
a=real(R ei‘g) (11)
b=imag(R ') (12)

Which fis desired frequency, f,is sampling

frequency, and Rand 6 are modulus and phase of
filter complex pole respectively.

3.3. Computational Complexity
The difference equations related to low-pass and
all-pass filters in Eq.(1) and Eq.(2) are given by:

vo(n)=a vy(n—1)+V1—a*x(n) (13)
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uy(n)=a ug(n-1)+x(n—-1)—a x(n) (14)

It can be seen that the number of real addition and
real multiplications for each filter in Laguerre structure
is 1 and 2, respectively. In first section of our work
each of all-pass sections is constructed by cascading
two first order transfer function; therefore, each filter
needs 4 multiplication and 4 additions.

The number of multiplications needed for the linear
combination the outputs of a low-pass and all-pass
filters depends on the number of Laguerre layers.
Hence, if a complex Laguerre filter has /[ all-pass
sections, then the number of required additions and
multiplications is:

Number of multiplications =1+4l+4=5[+4  (15)

Number of additions =1+4l+4=5]+4 (16)

For an adaptive FIR filter, the number of weights of
the filter should satisfy the equation N > f/ fp;;, to

eliminate the noise properly, where f, is sampling
frequency and fp;; is the basic frequency of the noise

[3]. In many applications, the sampling frequency of
EMG signal should be high enough for analyzing the
electrical activity of muscle properly. Often, fp;; is

low (50/60 Hz), and the FIR filter needs the number of
signal samples that contains a period of basic frequency
of PLI. For an FIR filter with [ weights, the number of
required multiplications and additions are / and /-1
respectively. IIR structure of Laguerre filter makes the
filter length independent of a complete period of basic
frequency of PLI. This means that Laguerre filter
consumes less computational load than FIR filters.

Therefore, the number of required mathematical
operations in our proposed method is significantly less
than FIR filters and this makes our method suitable for
practical implementations.

3.4. Fuzzy System for Choosing the Step Size

In the second approach of this study, a fuzzy system
is used to continuously adjust the step size of the LMS
algorithm during the adaption process to increase the
performance of algorithm. Fig. 4 shows the block
diagram of this system.

Z (k) = EMG + PLI + e(k) =

FMTS Cleaned HEMT

'3

Ry

Fig. 4. The Proposed Algorithm Based on Laguerre
Filter and Fuzzy Step Size for Cancelling the PLI

26

Vol. 6, No. 4, December 2012

The proposed fuzzy system with one input and one
output, uses e(k)-e(k-1) as the input to compute the step
size u . This fuzzy system is a Mamdani-type fuzzy

system which has easy to compute formulation and can
be implemented easily. The basic materials for
designing a Fuzzy Inference System (FIS) have been
discussed in [14].

The proposed fuzzy system wuses triangular
membership functions for its input and output fuzzy
sets, which are chosen empirically as follows:

Input MembershipFunctions:

mf1:[-5-5-3]; mf2:[-3-2-1]; mf3:[-1-0.5-0.04];
mf4:[-0.07 0 0.07]; mfS:[0.04 0.51]; mf6:[123];
mf7:[355]

Output MembershipFunctions:

mf1:[5e—6 5e—6 3e—5]; mf2:[le-5 5e—5 9e—5];
mf3:[8e—5 le—4 2e—4]; mfd:[le—4 5e—4 S5e—4]

The rules of the fuzzy system determine the
appropriate output membership function based on
which input membership function is fired by the input
of fuzzy system. Table 1 present the rules of fuzzy
system which determines the corresponding input and
output membership functions in IF-THEN clauses for
fuzzy inference engine.

Table 1. Specifying the Rules of Fuzzy System
Input MF 1 |23 145167
Output MF 1 121341312 ]1

4. EXPERIMENTS AND RESULTS
4.1. Experiments Setup

In this paper, an adaptive Laguerre filter with fixed
step size and an adaptive Laguerre filter with fuzzy step
size are used for cancelling power line interference and
its harmonic from EMG signal. The EMG signals used
in this research were gathered at Isfahan biomedical
research center. These signals were obtained from
biceps muscle of upper arm using surface electrodes
and the sampling frequency is 10000Hz. The Signals
are processed to obtain clean EMG signals and then
simulated power line noise is added to them in different
powers. Signal to noise ratio of cleaned EMG signals
can be calculated by:

i)(z(n)

SNR =10log ——=* 17)

N

D (X~ X, (n)y

n=0

Which X(n) is the original clean EMG signal and
X ,(n) is the filterd EMG signal with added noise. The

positions of the Laguerre poles are important in the
performance of the filter and it can be chosen
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empirically to achieve the best results. We selected
different complex and real positions for the poles of
low-pass and all-pass filters in Laguerre structure,
empirically, because this approach resulted in a better
performance than choosing one pole for all Laguerre
sections.

A study of using Laguerre filter with different
complex poles in PLI elimination has been proposed in
[15].

4.2. Evaluation of Laguerre Filter with Fixed Step
Size in PLI Elimination
In this experiment, we use an adaptive Laguerre
filter with 10 all-pass sections to eliminate the PLI of
EMG signal. The step size x which is used for

optimizing the Laguerre weights is chosen to be 6e-5
empirically. The complex poles of the all-pass filters of
the Laguerre filter are placed at frequencies
75,150,250,350 Hz. Also, the pole of the low-pass filter
is placed on real axis with modulus 0.5.

The simulated power line noise is added to EMG
signal to obtain the noisy EMG. The SNR of noisy
EMG is -1 db. Fig.5 and Fig.6 show the noisy signal
and the cleaned signal (i.e. the output of the system),
respectively.

As it can be observed, the proposed structure can
successfully eliminate the PLI noise .The signal to
noise ratio of the cleaned EMG is increased to 10.9dB.

Moisy EMG

25

EME Armplitude

_15 1 1 1 1 1 L L L 1
o o1 02 03 04 05 06 07 08 09 1

Tirne

Fig. 5. Noisy EMG Signal
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Cleaned EMG Using Laguerre Filter
25 T T T T T
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Fig. 6. Cleaned EMG Signal Using Laguerre Filter

4.3. Comparison of Laguerre and FIR Filters

To compare the efficiency of the proposed
algorithm, we applied our proposed filter and an
adaptive FIR notch filter to noisy EMG in different
noise powers. This adaptive FIR notch filter has 45
weights which are combined with reference PLI
samples. The LMS algorithm is used to optimize the
FIR weights and the step size is chosen to be le-4
empirically. The result is shown in Fig.7.

Comparision of FIR and Laguerre Filters in noise Elimination

Cutput Signal to MNoise Ratio dB
S

y ———FR
Laguatre | |

4 1 I 1 1
-10 5 0 5 10 15
Input Signal to Noise Ratio dB

Fig. 7. Output SNR vs Input SNR for FIR and
Laguerre Filters

Fig.7 shows the SNR improvement in both filters. It
is clear that, the proposed Laguerre algorithm can
attenuate noise power successfully, even in very low
input SNRs.

This figure also shows that the SNR which is
obtained by Laguerre algorithm is higher than that
which is obtained by FIR filter. This means our
proposed structure is more efficient in the elimination
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of noise.

4.4. Comparison of Laguerre Filter with Fuzzy Step
Size and Laguerre Filter with Fixed Step Size

In this experiment PLI was added to EMG signal in
different powers and then they applied to two filters: 1)
a simple Laguerre filter with fixed step size and 2) a
Laguerre filter with fuzzy step size. Real positions are
considered for the poles in both filters and the step size
for the simple Laguerre filter is chosen to be 1.2e-4.
This value is chosen empirically for the step size
because it leads to the best performance of filter with
fixed step size.

The poles of both adaptive Laguerre filters were
placed on real axis with modulus 0.5 for low-pass
section and for all-pass sections the poles are chosen in
positions: 0.2, 0.3, 0.5, 0.7 on real axis empirically.

Fig. 8 shows the SNRs of cleaned EMG signal
versus different SNRs of Input Noisy EMG signal. It is
clear that the proposed Laguerre filter with fuzzy step
size is more efficient than the simple Laguerre filter
with fixed step size.

Qutput SNRE vs Input SMRE for Fixed and Fuzzy Step Size Method

14

Cutput SNR - db
o

457 Laguerre with Fixed Step Size | A
— ——Laguerre with Fuzzy Step Size

2 I | | | | | | I |

-10 -8 ] -4 -2 0 2 4 5} g 10

Input SMR - db

Fig. 10. Comparison of Laguerre Filter with Fixed and
Fuzzy Step Size

4.5. Effect of Laguerre Filter Length on Its
Performance

The effect of the length of the Laguerre filter in
noise elimination process is investigated, here. For this
purpose, a noisy EMG signal was applied to our
Laguerre structure with different lengths. The SNR of
input noisy EMG is chosen to be -1db. In this
experiment the pole of all sections of the Laguerre filter
is chosen to be the real number 0.5. Fig. 9 shows the
result.
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Output SMR vs Laguerre Length

Qutput SNR - db
=

—SNRIN=-5db
———SMRIN=-1db
— — -SMRIN=6db |

4 1 1 1 1 1 1
10 20 30 40 a0 &0 70 an 90 100
Mumber of Laguetre Allpass Sections

Fig. 9. Effect of Length of Proposed Laguerre Filter on
Its Performance

It can be observed that the best performance is
obtained in length 40.

During this test we realized that the optimum length
of the filter depends on the SNR of the input signal. For
example when the SNR of the input EMG is high (for
example 10 db) the length which results the best
performance is 30.

5. CONCLUSION

One of the principle problems in recording EMG
signals is power line interference. Adaptive
cancellation of this noise without changing the
spectrum of EMG signals is a challenging problem. In
this paper an adaptive Laguerre filter was proposed to
eliminate the PLI noise from EMG signals. Comparing
with IIR filters, the stability of the Laguerre filter is
guaranteed; also, it is less complex than other FIR
filters. Rational transfer function of Laguerre filter
makes it suitable for practical implementations. In this
paper we proposed an efficient Laguerre filter that can
eliminate power line interference of EMG signals,
successfully. This filter can increase SNR of EMG
signal significantly without using any information
about the power line interference. Moreover, Using a
fuzzy strategy to change the step size dynamically
made the system more efficient. We showed that the
proposed structure can improve the SNR up to 10dB
which is significantly more than adaptive FIR filters.

REFERENCES

[1] R.L. Ortolan., R.N. Mori., R.R. Pereira., C.M.N.
Cabral., J.C. Pereira., A. Cliquet., “Evaluation of
Adaptive/Nonadaptive Filtering and Wavelet
Transform Techniques for Noise Reduction in EMG
Mobile Acquisition Equipment,”, [EEE Trans.
Neural Systems And Rehabilitation Engineering, VOL.
11, NO. 1, March 2003.



Majlesi Journal of Electrical Engineering

(2]

[14]

[15]

Roberto Merletti., Philip Parker., “Electromyography
Physiology,  Engineering, and  Noninvasive
Applications,” /EEE Press Engineering in Medicine
and Biology Society, 2004.

S. Yacoub., K. Raoof., “Noise Removal from Surface
Respiratory EMG Signal,” International Journal of
Computer, Information, and Systems Science, and
Engineering, VOL. 2, NO. 4, pp. 226-233, 2008.
S.M.M. Martens, M. Mischi, S.G. Oei, and Jan W. M.
Bergmans., “An Improved Adaptive Power Line
Interference Canceller for Electrocardiography,”
IEEE Trans. Bio-Med. Eng., VOL. 53, NO 11, pp
2220-2231, 2006.

A.K. Ziarani, A. Konrad., “A Nonlinear Adaptive
Method of Elimination of Power Line Interference
in ECG Signals,” /[EEE Trans. Bio-Med. Eng., VOL.
49, NO. 6, pp. 540-547, JUNE 2002.

Zhao Zhidong, Ma Chan., “A Novel Cancellation
Method of Powerline Interference in ECG Signal
Based on EMD and Adaptive Filter,” IEEE.
International ~ Conference  on Communication
Technology, pp. 517 — 520, 2008

Simon Haykin, “Adaptive Filter Theory,” Prentice
Hall, 4" Edition.

P. Heinonen, T. Saramaki, J. Malmivuo, Y. Neuvo,
“Periodic Interference Rejection Using Coherent
Sampling and Waveform Estimation,” /EEE Trans.
Circuits and Systems, VOL. 31, NO. 5, pp 438-446,
1984

A. Pomsathit, P. Wattanaluk, O. Sangaroon, C.
Benjangkaprasert “Variable Step-Size Algorithm for
Lattice Form Structure Adaptive IIR Notch Filter,”
Proc. IEEE, Communications Circuits and Systems, pp.
332-335, 2006

S. Acharya, D.H Mugler, B.C. Taylor, “A Fast
Adaptive Filter for Electrocardiography,” Proc.
IEEE, Bioengineering Conference, pp 106-107, 2004
Tom’as Oliveira e Silva “Laguerre Filters — An
Introduction” Revista do DETUA, VOL. 1, NO. 3, pp.
237-248, Jan. 1995.

Harm Belt, Orthonormal Bases for Adaptive Filtering
PHD Thesis, 2008.

M. Asadi, F. Razzazi, “Adaptive determination of the
free parameters of generalized orthonormal IIR
adaptive filters using genetic algorithm,” Proc. IEEE,
Computer, Control and Communication, 2009.

Li-Xin Wang, A Course In Fuzzy Systems and
Control, Printice Hall, 1th Edition.

Mojtaba Malboubi, Farbod Razzazi, Mahdi Aliyari. Sh,
“ Elimination of Power Line Noise from EMG
Signals Using an Efficient Adaptive Laguerre
Filter”, 7th IEEE International Conference on Signals
and Electronic system, 2010.

Vol. 6, No. 4, December 2012

29



