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In this paper, the ™' order Gaussian derivative wavelet function utilized in the
design of some corresponding filter banks. Since the 1* order Gaussian derivative
function has a similar shape to QRS complex part of the ECG, it can be used in QRS
feature extraction. Using this characteristic of such wavelet function, the designed
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ECG; FIR wavelet filter banks can be realized in highly-efficient lattice structures which
Gaussian derivatives wavelet function; are easy to implement in two standard deviation values (o =1 and ¢ = 2). The
Filter banks;

resulting lattice structures reduce the number of filter banks coefficients and this
reduces, in turn the number of multiplications and improves the filter banks
efficiencies as it reduces the number of computations performed. The resulting
quantized multiplier values can also lead to multiplierless realizations using sum-of-
power-of-two (SOPOT) method. FPGA implementations of such structures are
achieved with less-complexity.

Lattice structures;
Multiplierless implementation.

Introduction

The ECG is a graphic record of the direction and
magnitude of the electrical activity that is generated by
depolarization and repolarization of the atria and
ventricles. Most of the clinically useful information in
the ECG is found in the intervals and amplitudes
defined by its features [1]. The normal wave pattern

of an electrocardiogram is shown in Figure 1 [2].
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Fig 1: Four cycles of an Electrocardiogram.
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Any ECG gives two kinds of information. The
first is the duration of the electrical wave crossing the
heart which in turn decides whether the electrical
activity is normal or slow or irregular and the second is
the amount of electrical activity passing through the
heart muscle which indicates whether the parts of the
heart are too large or overworked [3]. One of the most
important ECG components is the QRS complex, which

is associated with electrical ventricular activation

[4].

The ECG feature extraction system provides
fundamental features (amplitudes and intervals) to be
used in subsequent automatic analysis. In recent years,
many techniques have been proposed to detect these
features [1],[5]. The previously proposed methods of
ECG signal analysis were based on time domain
analysis. But this is not always adequate to study all the
features of ECG signals. Therefore, the frequency
representation of a signal is required. In recent years,

many classifying methods have been proposed including
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digital signal analysis, Fuzzy Logic methods, Artificial
Networks [4],[5], Hidden Markov Model,
Genetic Algorithm, Support vector Machines, Self-

Neural

Organizing Map, Bayesian and other hybrid methods.
Each of these approaches exhibits its own advantages

and disadvantages [5].

The wavelet transform is a recently developed
signal processing technique, created to overcome the
limitations of both classical FT and STFT to deal with
non-stationary signals like biomedical signals. The
wavelet transform of a signal is calculated by taking the
convolutive product between the biological signal and
bases functions, measuring the similarity between them.
The result of this product is a set of coefficients. This set
of coefficients indicates how similar is the signal
relative to the bases functions. In the case of wavelet
analysis, the bases functions are scaled (stretched or
compressed) and translated versions of the same
prototype function; called the mother wavelet ¢(t) [6]

which is a 1% order Gaussian derivative function in this
paper.

The resulting filter banks can be realized in
highly-efficient lattice structures which are easy to
implement. The lattice structure reduces the number of
coefficients and this in turn reduces the number of
filter bank

efficiency and processing speed, as it reduces the

multiplications and improves both;
number of computations performed [7]. Hardwarely,

this leads to less-complex implementations.

Besides this introductory section, Section 2 of
this paper contains the design of the FIR filter bank
utilizing the 1% order Gaussian derivative function as a
wavelet function. Section 3 illustrates the lattice
structure of such filter bank with a standard deviation
o = 1. A multiplierless realization of such structure is

also proposed in this section. The lattice structure of the
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proposed filter with a standard deviation of ¢ = 2 and
its multiplierless realization are described in  section
4. FPGA implementations and results are given in
section 5. Section 6 illustrates the used ECG feature

extraction method. Finally, Section 7 concludes this
paper.
Filter bank design

One of the functions in the wavelet techniques is
the Gaussian function that is shown in Figure 2 and
defined by
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where (1) is the Gaussian function in terms of
the time t, o is the standard deviation and m is the center

of the wave
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Fig 2: The Gaussian function @(t) with m=0.

In this paper, the 1% order Gaussian derivative
wavelet function is shown in Figure 3 is selected. The 1%
order Gaussian derivative function has a similar shape to
QRS complex part of the ECG and can be used for QRS

feature extraction. It is given by

)
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Fig 3: The 1st order Gaussian derivative
function ’'(t ¢ ¢ =1) withm =0.
To design a corresponding FIR filter bank, the

values of such FIR filter coefficients simulating the 1
order Gaussian derivative response must be determined.
To do so, the Gaussian derivative function must be
truncated in a way that assumes getting coefficients
number depends upon standard deviation within the
truncated function. To determine the values of these
coefficients, we must choose the value of the standard
deviation. The 1* order Gaussian derivative function is
approximately zero for |t| > 4c. For example, ¢'(t,0) <

0.0004 for [t| > 4o [8].

Since the designed FIR filter bank responses have
the anti-symmetric property, then the required number
of filter coefficients (i. e., multipliers) is (1 + 40).
Therefore, the FIR wavelet filter can be designed at
various values of standard deviation, o. In the next
section, FIR filter banks will be designed at ¢ = 1 and
og=2.

The first order Gaussian derivative FIR filter bank

with o=1
Heven (Zz) = ho + hzZ_z + h4Z_4 +
Hodd(Zz) = h’l + h3Z_2 + th_4 + h7 —6

As a function of z, the forms (5) can be rewritten as

Heven (Z) = ho + hzZ_l + h4Z_2 +

HOdd(Z) = h1 + h3Z_1 + ]1,5Z_2 + h7 =3
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a) Lattice Structure
In this case, the filter response will have 9

coefficients with the following system function that
corresponds to the sampled version of the wavelet
function in Figure 4:

H(z) =hg+hiz7 '+ hyz 2 + hyz 3 + hyz™* +
hsz™5+ hgz %+ h,z77 + hgz™8 (3)
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Fig 4: Impulse response of 1st order
Gaussianderivative function with ¢ = 1.
By the property of quadrature mirror filters

(QMFs), G(2) = H(—2), the system function G(z) that
corresponds to the scaling function can be written as

G(Z) = ho - h12_1 + hzz_z - h32_3 + h4Z_4 -
hsz >+ hez ®—h,z77 +  hgz™® (4)

The first design step is to find the polyphase
matrix of the specified filter bank and a similar matrix
of the lattice structure (shown in Figure 5), where the

filters' polyphase representations are expressed as

6Z %+ hgz™8

Q)

z73 + hgz™*

(6)
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From (6), the two filters simulating the two outputs in Figure 5 ( yo(n) and y,(n) ) are derived, respectively as

H(z) = Hepen(2) + Z_lHodd(Z)

And
G(z) = Heven(Z) - Z_lHodd(Z) (7)

with the following coefficients values:

ho = —hg = 0.0008, h; = —h; = 0.0227, h, = —hs =
0.1599, hy = —hs=0.1999, h, = 0.

The 1% order
Gaussian derivative
function Hews (2)

(B yuln)

split

The 1% order
Gaussian derivative
function Hys(2)

n(n)

Fig 5: Lattice structure of 1*order Gaussian
derivative designed.
The previous values of coefficients can be scaled

(by a) to give a maximum frequency response value
equals to one, for the case of no-energy level variation
during transformation. This value of a for [ |H (ej “’)l <
1] turns to be 1.5538. Therefore, the new scaled

coefficients values are as follows:

ho = —hg = 0.0013, h; = —h; = 0.0353,
—h6 = 02485, h3 = —h5= 03106, h4 =0.

h, =
After getting these coefficients, the design of the
FIR wavelet filter is accomplished. The magnitude and
phase responses are shown in Figure 6. The final
structure in Matlab simulation is shown in Figure 7.
b) A Multiplierless Realization
The rounded values of the resulting coefficients

for different wordlengths are illustrated in ~ Table 1.

The approximated values of Table 1 are used in a

Matlab simulation for best selection of maximum and
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average error values in the resulting filter magnitude

response and the resulting SNR values

Magnituds (dB) and phase responses
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Fig 6: The magnitude and phase responses ofH(z)
filter with ¢ = 1.
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Fig 7: The final lattice FIR wavelet (one-level) filter
bank structure with ¢ = 1.
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TABLE 1: The rounded coefficient values for  different

wordlengths with ¢ = 1.

wordlength | Coefficients for different
(bits) wordlengths
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Calculations of the values of average error and

deviation are carried out by following equations:

Aavg= (1/L) * Z% A(ejw)

L = length(Hy(e’®))
A(ejw) = |Horiginal (ejw) - Hwordlength(ejw)l
Deviation = 1 — max{Hwordlength(ef“’)}
where:

o

(8)

Horiginai (e is the original frequency  response.
Hyoratengen(€7*) is the frequency response at a

specified wordlength.

Deviation is the amount of error in the frequency

response at any wordlength.

From (8), Table 2 is obtained. It will lead us to
the correct choice of coefficients wordlengths. It can be
seen, in Table 2 that a wordlength of 6 bits can be
chosen for acceptable values for average error and
deviation. Also, Table 3 returns the suitable number of

ECG samples for maximum

SNR value. From Table 3, the 6-bit representation
tolerates a suitable number of ECG samples of 40
samples for a maximum SNR value of 27.2824 dB.
Since the FIR filter

response is anti-symmetric,
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therefore the number of multipliers can be reduced to
almost half of its original value. Thus, only 4 multipliers
are to be used. In addition, these multipliers can be
represented in sum-of-power-of-two (SOPOT) resulting
in a multiplierless realization (i.e., a limited number of
hardware shifters and adders or subtracters) as shown in
Table 4.

TABLE 2: Maximum and average deviations with c=1.

6.BIT SOPOT
REPRESENTATION REPRESE’;‘TAT'ON

OF COEFFICIENTS COEFFICIENTS

hy=0 None

h,=0.0313 275 = Five shifts only

222 = shift and
subtract

h,=0.2344 = 0.2500 —
0.0156

224 2% 4 275 = Shift
and add

h;=0.2969 = 0.25 +
0.0313 + 0.0156

TABLE 3: The values of SNR with respect to no. of samples
for the input signal (ECG) with o = 1.

ordlengt )
(bits) | SNRvalues in (dB) for
different wordlengths
o
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The same procedure of the previous section can
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Deviation § IR By the same property of quadrature mirror filters
S|o|s|s|s|s|8|e _ .
& (QMFs), G(z) = H(—2z), the system function G(z) can be

written as
The first order Gaussian derivative FIR filter bank
with o = 2.
a) Lattice Structure
G(z)=hyg—hyz7 '+ hyz72 —hyz 3 + hyz™* — hgz >+ hgz ® —h,z77 +
hgz 8 —hgz ™+ hyqz 10 — hi1z 11+ hj,z712 — h,z713 +
hygz ™ — hygz™1° + hygz7 16
(10)
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The branches in Figure 5 can now be expressed as

Heven (ZZ) = hO + hzZ_Z + h4Z_4 +
hi;z2712 + hy,z 1 + h gz 10

Hodd(ZZ) = h1 + h3Z_2 + h52_4 +
h13Z_12 + h15Z_14

(1

—

)

As a function of z, the forms (11) can be rewritten as

Hypon (2) = ho+ hyz 7t + hyz72 +
hi327%+ hyyz77 + hygz™8

Hygq(z) =hy + hyz '+ hez™2 +
hy3z ¢+ hycz™7

Using (7), the wavelet filters simulating mother
and scaling functions can be derived with the following

coefficients values:

ho = —h16 = 00001, h1 = —h15 = 00005, h2 =
—h14 = 00023, h3 = —h13 = 00070, h4 = _h12 =
00133, h5 = _hll = 00150, he = —hlo = 00125,

h7 = —h9=0.0072, h8 = 0.

Using the same scaling procedure, the value of o

|H(e’®)| < 1] turns to be 10.61392588.

Therefore, the new scaled coefficients values are:

ho = —hys = 0.0008, h; = —h;5s = 0.0057,
—hy4 = 0.0245, h; = —h;3= 0.0738,
0.1409, hs = —hy; = 0.1589,

h; = —hg = 0.0759, hg = 0.

h7_ =
hy=—hy, =
h5 = —h10 = 01326,

The magnitude and phase responses are shown in
Figure 9. The number of coefficients can be reduced to
9 coefficients due to anti-symmetric property. The final

structure in Matlab simulation is shown in Figure 10.
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Fig 9: The magnitude and phase responses of H(z)
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filter with ¢ = 2.
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Fig 10: The final lattice FIR wavelet (one- level)
filter bank structure with ¢ = 2.

b) A Multiplierless Realization
By same previous procedure, the wordlength of 6

bits
average deviations are acceptable (maximum error is
0.0588 and average deviation is 0.0223) and the
maximum SNR is 25.3362 dB at an ECG number of
samples of 60. The resulting SOPOT multiplierless
Table 5.

also can be chosen where the maximum and

realization is as illustrated in

TABLE 5: Multiplierless representation of coefficients

with o =2.
COEFFICIENTS SOPOT

hg=0 None
h;=0 None
h, = 0.0156 2°° = Six shifts only
h; = 0.0625 2" = Four shifts only
h4 =0.1406 = 0.1250 + 3 6 _ .
0.0156 27°+ 27 = Shift and add
hs = 0.1563 = 0.1250 + 3 A5 ans
0.0313 27°+ 27 = Shift and add
hg = 0.1250 27 = Three shifts only
h; = 0.0625 2= Four shifts only

FPGA Implementations and Results
The filter bank architectures are implemented

using one of the Xilinx FPGA devices, the SPARTAN-
3E kit. This device has a capacity of (4656) logic slices

Journal of University of Anbar for Pure Science (JUAPS)

Open Access

where the total number of CLBs is (1164) (each CLB
contains four slices). It has 20 dedicated multipliers, 20
BRAMs and can operate at a maximum clock speed of
50MHz. The pipeline technique is used to perform the

implementation. Pipeline implementations

have faster operation but suffer from occupying
larger areas of the FPGA devices they operate on.
Therefore, it is suited very well to applications where
high speed is required regardless of the occupied area
[%].

A hardware implementation of the 1% order
Gaussian derivative FIR filter bank structure can be
accomplished by the use of two Processing Elements
(PEs); each
Hoga). The order of the FIR wavelet filter bank depends

represents an FIR filter (either Heyen OF

upon the standard deviation which can be executed by a

stream of instructions.

The results of three-level pipeline implementation
using SPARTAN-3E device are summarized in Table 6
for thetwo cases (c=1land o =2).

ECG feature extraction

131

This section exhibits the data of ECG signal
which is adopted as input signal to the designed
systems. These data represent a group of diseases in

addition to the normal state.

The extracted feature from the ECG signal plays
a vital role in diagnosing the cardiac disease. Therefore
it is necessary that the feature extraction system
performs accurately. The purpose of feature extraction is
to find as few properties as possible within ECG signal
that would allow successful abnormality detection and
efficient prognosis. To get the feature vector for any
ECG signal, the concantination of the resulting yo(n)
coefficients of the last decomposition level and some

y1(n) coefficients is usually obtained [°]. In this paper,
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the concantination of the third level wavelet and scaling
coefficients is used to form the feature vector in each
tested ECG signal. These vectors are illustrated in
Tables 7 and 8 for standard deviation values ¢ =1 and o
= 2, respectively.

TABLE 6: Three-level pipelining results.

[<5] [<5) =
- & s | 2,
Filter bank =] = & =]
type 2 g T | £¢
5] 3 > =
14 4 5
Slices 236 | 4656 5%
Slices flip o
1% order flops 228 | 9312 2%
Gaussian 4-input o
derivative LUTs 339 | 9312 3%
filter bank | Multipliers 0 20 0%
with o =1. Max. 60.219 MHz
Freguency )
Slices 441 | 4656 9%
Slices flip o
1% order flops 380 | 9312 4%
Gaussian 4-input o
derivative LUTs 528 | 9312 5%
filter bank | Multipliers 0 20 0%
with o =2. Max. 60.724MHz
Freguency )
Conclusions

ECG-based FIR filter banks have been designed.
The 1st orderGaussian derivative wavelet function has
been utilized. Sampled versions of such wavelet
function are used as impulse responses to the designed
filter banks. These banks have been realized in a highly-
efficient lattice structures which are easy to implement.
The numbers of filter banks coefficients have been
reduced to less than half of their original numbers,
resulting in reducing the number of multiplications and
improving the filter banks efficiencies as the final
number of the performed computations is reduced. This
has lead to less-complex hardware implementations and
high operating frequencies when implemented on FPGA
kit. SOPOT method has been applied to quantized
different multiplier values, leading to multiplierless
realizations for such multiplier values (shift and add
only). In spite of the need for at least more than one
level decompositions for ECG-QRS feature extraction,

the proposed lattice structures can also serve for that
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purpose  because of their less-complex and

computational-efficient realizations.

TABLE 7: yo(n) and y;(n) coefficients (three-level) of
tested ECG signals with ¢ =1.
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TABLE 8: yg(n) and yi(n) coefficients (three-level)
of tested ECG signals with ¢ = 2.
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Yo(n) coef.

F9

F9

y1(n) coef.

FF

FE
FB

FD
FB

Yo(n) coef.

FF
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y1(n) coef.

FF
FE
FB

FF
FE
FE

FF

Yo(n) coef.

FF

FF

F9

FE

FC

FF

y1(n) coef.

FE
FD

F4

FF

Hyperkalemia ECG signalachycardia ECG signaBradycardia ECG signal Normal ECG signal

Yo(n) coef.

FC

FC

FF
FD

FF

y1(n) coef.

F4

FE

FF

FE

syndrom ECG

signal

y1(n) coef.

WPW

Yo(n) coef.

FF

FA

FF

FA

FE

F9

FE

F8

Pacemaker ECG signal

Yo(n) coef.

FD

FD

FF

y1(n) coef.

FE

FE

FD
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FF

Established angina ECG

ignal

y1(n) coef.

Yo(n) coef.

FF

FE

F7

FF

FF

FF
FF

FF
FF
FD
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FD

FF

FF

FE
FF
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