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ABSTRACT

This paper proposed a modified evolutionary technique formed by the hybridization of the bee
colony technique and Nelder—-Mead Simplex search technique to optimize the coefficients of
Quadrature Mirror Filter (QMF). The performance of QMF can be evaluated in terms of error in
the pass-band, stop-band and measure of ripple. A modified objective function is designed in this
work, expressed as a weighted sum of errors in the pass-band, stop-band and measure of ripple. A
modified objective function is minimized by using the proposed technique. The results obtained
from the proposed technique are compared with the previously reported evolutionary opti-
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mization techniques based on QMF design. A significant improvement in various performance
attributes has been attained compared to earlier reported QMF bank design techniques.

1. Introduction

The design of QMF bank received the attention due
to their importance in the numerous applications of
digital signal processing. In signal processing sys-
tems, QMF bank provides number of advantages such
as removal of aliasing distortion, wider bandwidth
and lower bit rates without degrading quality of out-
put signal. Because of these advantages, QMF bank
is used in multi-tone modulation systems [1], sub
band coding of speech [2], analog to digital conver-
sion [3], image processing [4], multiplexers [5], two-
dimensional short time spectral analysis [6], design of
wavelet bases [7, 8], antenna system [9], biomedical sig-
nal processing [10], wireless communication for noise
cancellation [11] and wide-band beam-forming for
sonar [12].

Over the last decade, numerous optimization tech-
niques have been proposed for QMF design [12-19].
Traditionally, classical techniques were used for QMF
bank design such as least-squares [20, 21], weighted
least square [12, 14]. WLS technique introduced by
Chen and Lee [14] uses linearization of a non-linear
design problem to obtain optimal filter coeflicients.
Though classical techniques were able to design QMF
bank, they tend to stuck into local minima. Swarm
inspired evolutionary optimization techniques, which
have better performance than classical techniques, have
been recently used by many researchers for QMF bank
design [2, 15, 22-24]. Ant colony optimization [15],
Differential evolution (DE) technique [2], Join adap-
tive differential evolution (JADE) technique [2], Parti-
cle swarm optimization (PSO) [23, 24] and bee colony

technique (BCT) [22] are used to design two channel
QMEF bank.

In this work, an improved BCT is used by hybridiza-
tion of two techniques, i.e. BCT technique with
Nelder-Mead Simple Search (NMSS) named as hybrid
BCT (HBCT) technique to improve QMF design. BCT
technique is an adjustable and powerful technique
than earlier used swarm intelligence techniques [25],
because it is inspired by the natural phenomenon and
requires only one parameter to control its operation.
Its implementation is easy because of having a natural
search behaviour [26]. It is used in number of applica-
tions such as benchmarking optimization [27], schedul-
ing application [28], clustering and mining application
[29]. Agrawal et al. [22] used the BCT technique for
QMEF banks design using a weighted sum of the objec-
tive function pass-band error, stop-band error, edge
attenuation and first side lobe attenuation at stop-band.
However, this design needs improvement to minimize
reconstruction error and filter characteristics of QMF
bank.

Nelder and Mead introduce NMSS in 1965 [30]. It
solves the classical unconstrained optimization prob-
lem, simple, easy to adapt and fast in achieving the
final result. However, it generally gets trapped into local
minima.

The combination of BCT and NMSS utilizes the
capabilities of both techniques and avoids their individ-
ual problems. A novel objective function is formulated
by using a single constant multiplier for pass-band,
stop-band and measure of ripple. This constant multi-
plier does not require to change for filters of different
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order as it provides a better result for the same value
of K

The manuscript contains five sections. The first
section provides the introduction of QMF bank and
gives an overview of the design problem. Section 2
provides the formulation of the QMF bank design.
Section 3 describes the BCT technique and proposed
HBCT technique. Section 4 analyses the results of the
designed filter bank and compares with the available
results of state-of-art methods. The last section pro-
vides the outcomes of this research and references.

2. Formulation of QMF bank design as an
optimization problem

A digital filter consists of two sections, i.e. analysis
section and synthesis section as shown in Figure 1. The
input signal x(n) is split into two sub-bands, which is
filtered by Low Pass Filter (LPF) (Hy(z)) and High Pass
Filter (HPF)(H,(z)), and down-sampled by a factor of
2 in the analysis section. These resulting sub-band sig-
nals are up-sampled by a factor of 2 and filtered by
LPF (Fy(z)) and HPF (F;(2)) in the synthesis section.
The resulting sub-band signals are recombined, and
reconstructed output signal x(n) is obtained. Ideally,
these reconstructed output signals must be an accurate
copy of the input signal. However, practically it differs
from the input signal because some distortion is intro-
duced within the reconstructed output [31, 32]. The
frequency response of (Figure 1) can be written by using
Z-transform [18, 31] as

X(2) = To(D)X(2) + AZ)X(=2) (1)

where Ty(Z) is the distortion transfer function and it is
defined as

1
To(2) = E[Ho(Z)Go(Z) +Hi1(2)Gi(2)] ()

and A(Z) is the aliasing transfer function and it is
defined as

1
AZ) = E[Ho(—Z)Go(Z) +Hi(=2)Gi(2)]  (3)

To reduce aliasing distortion(AD), the synthesis filters
are designed in the form of analysis filters such that:

Fo(Z2) =Hi(=2) and Fi(Z) =—-Ho(-2) (4)

Analysis Section Synthesis Section
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Figure 1. The process of two channel quadrature mirror filter
bank.
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The aliasing free realization can be accomplished if the
transfer function of the system is a function of low-pass
filter of the analysis section, which can be represented
by the equation:
1
To(2) = S [H§(Z) = Hi(=2)] (5)
and
H\(Z) = Hy(-2) (6)
For phase distortion (PD) elimination, in QMF banks
transfer function Ty(z) used the linear phase because
prototype filter Hy(z) has linear phase. For gratifying

the linear phase [31], Impulse response hy[#] of the FIR
filter having length N must be a mirror image of

ho[n] =ho[N—-1—-mn], 0<n<N-1 (7)
and discrete Fourier transform of hg[n] is

Ho(é”) = A(w)e i T (8)

;. N—1
where e/“ 2 shows the linear phase and A(w) has
a zero phase frequency response of discrete Fourier
transform. A(w) is represented as

N—1

Alw) = ZZho(n)cos(w)<(N2_1)—n> 9)
0

For obtaining frequency response, putting the
Equation (8) into Equation (5) then following equation
is represented as:

. 1 . .
To(é®) = E(e—f‘“N—“)nHo(ef“))F

— (DN DIy @@ (10)

If N is even, then it is the perfect reconstruction condi-
tion then Equation (11) can be defined by the following
equation [31]:

ITo(@)| = IM(@)|* + M(r —o)* =k (11)

where k is a constant. If N is odd, then Ty(¢®) =
0atw= % causing intense AMD at the quadrature
frequency.

For reducing AMD, a number of objective functions
have been represented for designing QMF bank [22]. In
[33], objective function has been formulated by using «
as weighting function

E, =E, +aE, (12)

where E, represents the total error and Ej,, is the error
stop band of Hy(Z). In [18], objective function is repre-
sented as the weighted sum

E,, = a1Ep + axEs + BE; (13)

here a1, a; and B are the constants and E, represents
the pass-band error, E; is the stop-band error and E;
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is the transition error of the filter bank transfer func-
tion at @ = —. In this work, an novel objective func-

tion is used which require only one constant weighting
parameter K.

E;=Kxep+(1—-K) xE,+(1—-K)xEs (14)
Ep, Es and &R, are calculated as follows:

er(dB) = [10log|;}*™|Toe || — [10log| ™| Toe™ |
(15)
where ¢p is the measure of ripple expressed in dB.

Ep = / 140 - AP (16)
0 T

E, = / AP (17)
ws T

3. Hybrid bee colony technique (HBCT)
3.1. Description of BCT

BCT technique was discovered by Karaboga [5, 29]
based on information sharing behaviour of honey bees.
In BCT, for the optimization problem, the position
of bees positions is represented by a number of the
employed bees. Initially, employed bees positions are
generated. After that, the population of bees repeats the
cycles of BCT. If the quantity of the new bees posi-
tions is higher than the old bees positions, then bees
memorize the new position and remove the previous
one. Employed bees complete the whole search process.
After completing the task, they share the source’s posi-
tion with the onlooker on the hive then all employed
bee chooses a bees positions according to the nectar
quantity. The scout identifies the position of aban-
doned bees positions and replaces it with a new bees
positions.

Let Ui = {ui1, iz, ... Uik .., Uin} represent the
ith solution, where # is the problem size. In this work,
size is equal to half of the order of prototype filter.
Each employed bee U; generates a new solution V; =
{Vi1,Vi2s--.sViks-..»Vin} near of its present position.

Vik = tik + Pig X (Uik — ujk) (18)

where u;) of U; is a randomly chosen bee loca-
tion (i #j),k is a random chosen index from the
set {1,2,...,n}, and ®;; is a random number within
[—b, b]. After generating the new solution V3, its fitness
is calculated and greedy selection is applied. If the fit-
ness value of V; is improved over Uj, then upgrade U;
with Vj; else retain U as it is. After complete the search-
ing task; Onlooker bee chooses a bees positions pro-
vided by sharing the information from the employed
bee with a probability based on roulette wheel selection

related to its nectar amount.

Prob; = — (19)

where Fit; is the fitness value of the ith solution. From
Equation (19) for a solution having higher fitness, the
probability will be high. If a position does not improve
in a predefined limit of cycles, that particular position is
discarded. Assuming discarded bees positions location
is Uj, then, previous bees positions to be replaced with
new source position with as ith solution as

Ui = Ibj + P x (ub; — Ib;) (20)

where ®;; is a random number within limits [0, 1],
and Ib;, ub; are lower and upper boundaries of the ith
dimension, respectively.

3.2. Description of NMSS

NMSS technique is a direct search technique designed
for non-linear optimization problems [30]. In this tech-
nique, an N-dimensional simplex is initialized in vari-
able space (RN) with N + 1 vertices, i.e. it is a triangle
for a two-dimensional problem and tetrahedron for
a three-dimensional problem. The NMSS technique’s
operation can be explained using four basic transfor-
mation steps, i.e. reflection, expansion, contraction and
shrinkage. The steps involved in the execution of NMSS
are detailed below:

(1) Initialization:The coefficients of all four transfor-
mation, i.e (r.) for reflection coefficient, (e;) for
expansion coeflicient, (c.) for contraction coeffi-
cient and (s.) for shrinkage coefficient are selected.
N +1 vertices initialize simplex obtained post-
convergence of BCT technique which further eval-
uated the objective function at each vertex of the
simplex.

(2) Ordering: According to function values, the ver-
tices of simplex are ordering in ascending order. If
x1 represents the vertex with lowest function value,
f1 = f(x1) and x; represents the vertex having the
second lowest function value, f>, etc., thus the ver-
tex points are ordered as x1,x2, x3, ..., (N + 1).

(3) Simplex Transformations: The simplex transfor-
mations are performed for a predefined number
of iterations until the termination criterion is met.
The current iteration begins by removing the ver-
tex with the highest function value x(N + 1) from
the simplex of last iteration. Then centroid is of
remaining D points is evaluated, which is defined
as the arithmetic mean and is given as

X = %in (21)



Further, a new vertex point x, is generated by
reflecting the worst point x(x1), through the cen-
troid as

Xr = X+ 1e(X — X(N+1)) (22)

where r. is the reflection coefficient, the value of r,
is always considered greater than zero. The posi-
tion of centroid is evaluated among the vertices
of the current simplex. Depending upon the posi-
tion of centroid, one of the following operations is
performed on the current simplex.
(a) Expansion: If f, < fi, then reflection is
extended in the same direction. Expansion

AUTOMATIKA 267
point is calculated as

Xe=x+e(xr—x) (e >1) (23)
The objective function f, is weighted over
the vertex x.. If f, < f,, then expansion is
accepted and x(ny1) is replaced with x, oth-
erwise x(n1) is replaced with x,.

(b) Reflection: If fi < f; < fn, then x, replaces
X(N+1) in the simplex.

(c) Contraction: This operation is executed if
fr > fn. Before performing the contraction or
shrinkage, f, is checked with fn1), if f; <

I Tnitialize the food locations |

| Evaluate the nectar for each employed bee (fitness) |

| Calculate neighborhood food locations for employed bees |

I Evaluate the nectar amount (fitness) for neighborhood food locations I

I Apply greedy selection on employed bees |

Produce new solutions for the onlooker bees selected
from greedy selection

Determine nectar amount in the neighborhood of the

onlooker bees

| Apply greedy selection process to the onlooker bees I

| Evaluate counter for abandoned solutions I

Is there

abandoned scout
”

Replace it with new location

Memorize the best solution :

No

Is termination

criteria satisfied
B

| Consider solution as seed value to form simplex I

‘l Perform ordering of bee locations according to objective function values |

[ Reduce the dimension of simplex |

[ Perform simplex transformations |

No

Figure 2. Flow chart of HBCT technique.

Is termination
criteria satisfied
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fin+1), then xv41) is replaced by x,. Other-
wise, if f, > f(v+1), direct contraction without
the replacement of xn41) by x, is executed.
The contraction point can be calculated by the
following equation:

O<C. <1
(24)

if fo < fiv+1), the contraction is validated by
changing xn41) with x. in the simplex. If
contraction is not accepted shrinkage is per-
formed

(d) Shrinkage: Shrinkage is carried out by replac-
ing all points except x; as given below.

X = x+ C(x(ny1) — X)

xXi = seXi + (1 — so)x;

i=1,23.. ,N+1&i#1 (0<s. <1)
(25)

(4) Termination: In this step of NMSS, either one
new point replaces xv+1) by expansion, reflec-
tion, contraction or shrinkage, or if the termina-
tion condition is met, the calculations are stopped.
If termination conditions are not met, a new itera-
tion of the technique starts from step 2, the worst
point x; is rejected and the new set of points are
reordered according to their function values.

3.3. Need of hybridization

As compared to other metaheuristic techniques, BCT
technique requires only one control parameter and has
a higher probability of achieving globally optima. How-
ever, BCT has some limitations such as lack of sec-
ondary information, requires new fitness tests, increase
the possibility of losing relevant information, slowdown
in sequential processing, especially in the vicinity of the
final solution, thus leading to high computational cost.
Although NMSS technique is simple, fast convergence,
low execution time, required few control parameters,
frequently gets trapped into local optima, and its con-
vergence is excessively sensitive to initial seed value
of variables [26]. The individual drawbacks of local
search and an evolutionary technique can be excluded
by employing the local search technique followed by the
convergence of the evolutionary technique [34]. Unlike
other local search techniques, NMSS is a gradient-free
technique that doesn’t need the calculation of deriva-
tives as well as the number of function evaluations
needed per iteration is comparatively low.

Motivation by this, BCT is hybridized with sim-
plex search based Nelder-Mead technique, which is
termed as hybridized BCT (HBCT). The combination
of BCT and NMSS can provide the advantages of both
the algorithm, i.e. a higher probability of global con-
vergence (BCT) and faster execution (NMSS) while
discarding their limitations. In this work, the sim-
plex of NMSS is initialized with d 4 1 points acquired

from the last iteration of the BCT technique, i.e.
final position of the bees. The filter coefficients get
updated by employed the operators of NMSS to the
initial simplex. The main steps of the HBCT can be
explained with the help of a flow chart as shown in
Figure 2.

4. Result and discussion

This section presents the results of the proposed tech-
nique for QMF design. The performance is evaluated in
terms of prototype filter parameters, i.e. mean square
error at pass band and stop band, first side lobe(As),
edge(Ag) attenuation at stop-band, measure of ripple,
and reconstruction error. Three case studies of a proto-
type filter have been considered. The input signal in all
the cases is a random signal. The results of the proposed
technique are compared with other techniques reported
in the literature [18, 24, 35, 36].

In order to select the parameters of the techniques,
various test cycles were executed for both Nelder-Mead
and BCT. For BCT parameters, scout bee limit from
20 to 40 while colony size varied from 20 to 100. For
Nelder-Mead, the variation for the selection of con-
trol parameters is: 1 <o <30 <8 <20<y < L
Based on the results of the test cycles in BCT, scout limit
and the colony size are set as 30 and 50 respectively with
variable upper bound and lower bound = [1, —1]. For
the second technique, i.e. Nelder-Mead, the values of
control parameters «, 8, y are fixed at 1.8, 0.6 and 0.25.
BCT is executed for iteration cycles= 200 and Nelder
mead for iteration =100. The weighting parameter K
is taken as 0.5.

Case study 1. Consider a prototype filter of length
N = 48, pass-band and stop-band frequency is 0.67,

Table 1. The coefficients of prototype filter after optimization
(N = 48).

Filter coefficients Values

h0(0) = h0(47) —0.0000045430497975
hO(1) = h0(46) —0.0000098392710997
h0(2) = h0(45) 0.0000246909167798
h0(3) = h0(44) 0.0000250916855514
h0(4) = h0(43) —0.0000446787746104
h0(5) = h0(42) —0.0000733096834442
h0(6) = h0(41) 0.0000017446111596
h0(7) = h0(40) 0.0002870033133665
h0(8) = h0(39) 0.0002025974240886
h0(9) = h0(38) —0.0010237579549928
h0(10) = h0(37) —0.0006003699654017
h0(11) = h0(36) 0.0029718056724678
h0(12) = h0(35) 0.0009474391127381
h0(13) = h0(34) —0.0071788654613222
h0(14) = h0(33) —0.0004340674710466
h0(15) = h0(32) 0.0150192729274227
h0(16) = h0(31) —0.0026805949842865
h0(17) = h0(30) —0.0283657750808152
h0(18) = h0(29) 0.0118562165103587
h0(19) = h0(28) 0.0511171629772864
h0(20) = h0(27) —0.0359874077216667
h0(21) = h0(26) —0.0996990241015380
h0(22) = h0(25) 0.1255024549007690
h0(23) = h0(24) 0.4681455274400170




AUTOMATIKA 269

1.2 T T T T T T T T T
1.00001
1 e Pass-band error
005 01 0415 02 025 03 0.35
1 —
2 2
IH,(w)l IH,(w)]
o 0.8 -
-
2
b~
>
=
S 06 -
Q
N
©
£
E
)
Z 04l -
\v.x// ’\“\\u//’— e
0.2 - 0.75 0.8 0.85 —
Stop-band error
0 I 1 I I I
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1

Normalized Frequency( w/~)

Figure 3. Normalized magnitude response of the analysis filters for N = 48.
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Figure 4. Reconstruction error for filter bank designed using prototype filter of order N = 48.

0.47. HBCT technique is executed and the 48 optimal
filter coefficients (ho(0) —> h((47)) are obtained for
Hy(z) as depicted in Table 1

The normalized magnitude response of analysis
filters Ho(z) and H;(z) are shown in Figure 3 in
which frequencies are normalized from [0,7] to
[0,1]. The parameters obtained from the analysis
are: measure of ripple (eg) = 0.00002 dB, pass band
error (Ep) = 3.01 x 10711, stop band error (E;) =
8.4 x 10711, edge attenuation at stop-band (Ag) =
92.20 dB, first side lobe attenuation at stop band (Ag) =
99.17 dB. Designed filter bank show small reconstruc-
tion error (Figure 4). The maximum reconstruction

error obtained using proposed technique is 3.3 x
10~*dB.

The designed QMF bank is compared with exist-
ing algorithms in Table 4. It can be observed from
Table 4 that the proposed technique outperforms other
reported techniques.

Case study 2. Consider a prototype filter of length
N = 32, pass-band and stop-band frequency is 0.67,
0.47r. HBCT technique is executed and the 32 optimal
filter coefficients (ho(0) —> h((31)) are obtained for
Hy(2) as depicted in Table 2.

The magnitude response of analysis filters Hy(z)
and Hj(z) with normalized frequencies is shown in
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Table 2. The coefficients of prototype filter after optimization
(N = 32).

Table 3. The coefficients of prototype filter after optimization
(N = 24).

Filter coefficients Values Filter coefficients Values

ho(0) = ho(31) —0.00012935731488 ho(0) = ho(23) 0.00245482339148712
ho(1) = ho(30) 0.000108901554865  ho(1) = h0(22) —0.00522474163849697
ho(2) = h0(29) 0.000094851515419  ho(2) = ho(21) —0.00194808285430188
ho(3) = h0(28) —0.000031508516407 h0(3) = h0(20) 0.01294794543225470
ho(4) = h0(27) 0.000481881649469  h0(4) = h0(19) —0.00050325273253512
ho(5) = ho(26) —0.001466461026304  h0(5) = h0(18) —0.02698100895516620
ho(6) = h0(25) —0.001532163574506  h0(6) = h0(17) 0.00958630118745679
ho(7) = ho(24) 0.006842547779440  h0(7) = ho(16) 0.05057204101175600
ho(8) = h0(23) 0.001455774007123  ho(8) = ho(15) —0.03408992562872450
ho(9) = h0(22) —0.019595911860164  h0(9) = h0(14) —0.09988990318638480
h0(10) = h0(21) 0.004202987798966 h0(10) = h0(13) 0.12420972429619000
ho(11) = h0(20) 0.044772481396089 h0(11) = h0(12) 0.46888101218902900
ho(12) = ho(19) —0.026211231502887

ho(13) = ho(18) —0.098470671706567

h0(14) = h0(17) 0.116648565189399  Table 4. Comparison of proposed technique with existing opti-
ho(15) = ho(16) 0.472810386808457

Figure 5. The resulting parameters obtained from the
significant analysis are: measure of ripple (¢g) in dB=
0.00036, Pass band error (Ep) = 6.17 x 1072, Stop
band error (Es) = 2.76 x 1078, edge attenuation at
stop-band (Ag) = 66.99 dB, first side lobe attenuation
(As) = 71.04dB. Designed filter bank exhibits very
small reconstruction error. Maximum reconstruction
error in the designed filter bank is 0.0089 dB.

To evaluate the performance of the proposed tech-
nique with respect to other reported techniques [2, 14,
18, 19, 22-24], results obtained have been compared
with other techniques which is represented in Table 5. It
can be observed from Table 5 that the proposed HBCT
technique outperforms for all the above five mentioned
parameters.

mization techniques for N = 48.

Techniques egr(dB) E Es Ae(dB)  As(dB)

DE tech- 0.0148  2.00x10~% 500x10~% 4855 5897
nique [2]

JADE tech- 0.0170  249x107% 316x107% 4981 5931
nique [2]

PSO tech- 0.0136  2.20x107% 253x10~% 4855 5897
nique [24]

BCT tech- 0.0093 3.16x10°% 295x10~% 5508 64.15
nique [22]

Proposed HBCT  0.00002 3.0x10~""  84x10-" 9220 99.17
technique

Case study 3. Consider a prototype filter of length
N = 24, pass-band and stop-band frequency is 0.67,
0.47r. HBCT technique is executed for the 32 optimal
filter coeflicients (hy(0) —> hy(23)) of the Hy(z) as
depicted in Table 3.

The normalized magnitude response of analysis fil-
ters Ho(z) and H) (z) with normalized frequencies, are
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Figure 5. Normalized amplitude response of analysis filters for N = 32.
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Figure 7. Normalized amplitude response of analysis filters for N = 24.

shown in Figure 7. The resulting parameters obtained
from the significant analysis are: measure of ripple (¢r)
in dB=0.0112, Pass band error (Ep) = 7.5 % 1078,
Stop band error (Es) = 5.2 x 1076, edge attenuation
at stop-band (Ap) = 23.61dB, first side lobe attenu-
ation (As) = 42.04dB. Designed filter bank exhibits
very small reconstruction error. Maximum reconstruc-
tion error in the designed filter bank is 0.0089 dB.

The efficacy of the proposed technique is evaluated
by comparing it with other reported optimization tech-
niques [18, 22, 24, 37] of QMF design. The results
obtained have been compared as shown in Table 6.
It can be analysed from Table 6 that the HBCT out-
performs in terms of &g, Ep, Es, and Ag then all
other reported techniques, however it attains third best
for Ag.
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Figure 9. Convergence plot for proposed HBCT and BCT techniques.

Lastly, the proposed HBCT is compared with BCT to
check the convergence speed as shown in Figure 9. Both
techniques are executed for iteration cycle T = 300. It
can be observed from Figure 9 that HBCT converges
faster as compared to BCT required less number of
iterations. Therefore, the insertion of proficient local
search by NMSS technique within the framework of
the traditional BCT technique provides fast conver-

gence and better results as compared to conventional
ABC.

5. Conclusion

In this paper, the design of a two-channel QMF bank
using HBCT is proposed. This technique utilizes the
advantages of BCT and NMSS techniques to avoid
the problem of converging to a local optimum solu-
tion. The proposed technique has been tested on three
case studies of QMF design using a novel weighted
objective function expressed as a sum of pass-band
error, stop-band error, and measure of ripple using a



Table 5. Comparison of proposed technique with existing opti-
mization techniques for N = 32.

Techniques &r(dB) Ep Es Ae(dB) As(dB)
DE tech- 0.0166 1.58x107~7 3.15x107% 3473 4468
nique [2]

Marquard 0.0270 290x1078 5511076 3393 44.25
method [18]

Gradient 0.0160 264x1078 3301076 3360 44.40
method [19]

Weighted Least 0.0160 211x1078 155%x1076 3400 35.00
Square [14]

PSO based [23] 0.0126 527x1078 1.00x1076 3414 4350
PSO based [24]  0.0148 230x1078 597x1076 3687 4475

Proposed HBCT  0.00036  6.17x10~° 2.76x10°% 6699 71.04

technique

Table 6. Comparison of proposed technique with existing opti-
mization techniques for N = 24.

Techniques er(dB) E E; Ae(dB)  As(dB)
Marquardt 0.0251 9.2x1078 85x10~° 23.03 3583
method [18]

PSO based [24] 0019 1.8x1077 79x10™° 2278 3443
MJADE_pBX 0.015  91x1077 13x10™* 2011 3094
technique [2]

Levenberg- - 21x1077  73x107% 2476 -
Marquardt

(LM) and

Quasi-

Newton(QN)

method [37]

BCT 0014 1.1x1077 69x107> 2498 3470
technique [22]

Proposed HBCT ~ 0.011  7.5x1078 52x107% 2361 4204

technique

single constant multiplier K. The parameters obtained
from the proposed technique have been compared with
existing QMF design techniques. The results show the
proposed technique outperforms earlier reported tech-
niques for QMF design.

Disclosure statement

No potential conflict of interest was reported by the
author(s).

References

[1] Vetterli M. Multi-dimensional sub-band coding: some
theory and algorithms. Signal Processing. 1984;6(2):
97-112.

[2] Ghosh P, Das S, Zafar H. Adaptive-differential-evolu-
tion-based design of two-channel quadrature mirror
filter banks for sub-band coding and data transmission.
IEEE Trans Syst Man Cybernetics, Part C Appl Rev.
2012;42(6):1613-1623.

[3] Petraglia A, Mitra SK. High speed A/D conversion using
QMEF banks. In: IEEE International Symposium on Cir-
cuits and Systems, IEEE City: New Orleans, LA, USA.
1990. p. 2797-2800.

[4] Prakash R, Singh D, Pathak NP. A fusion approach
to retrieve soil moisture with SAR and optical data.
IEEE J Sel Top Appl Earth Obs Remote Sens. 2011;5(1):
196-206.

AUTOMATIKA (&) 273

[5] Manoj V, Elias E. Artificial bee colony algorithm for the
design of multiplier-less nonuniform filter bank trans-
multiplexer. Inf Sci (NY). 2012;192:193-203.

[6] Wackersreuther G. On two-dimensional polyphase fil-
ter banks. IEEE Trans Acoust. 1986;34(1):192-199.

[7] Sablatash M. Designs and architectures of filter bank
trees for spectrally efficient multi-user communica-
tions: review, modifications and extensions of wavelet
packet filter bank trees. Signal Image Video Process.
2008;2(1):9-37.

[8] Sharma MM, Deegwal JK, Kumar A, et al. Com-
pact planar monopole UWB antenna with quadruple
band-notched characteristics. Progr Electromagn Res.
2014;47:29-36.

[9] Verma A, Ghugtyal B, Singh Y, et al. An optimization
technique for QMF based on modified particle swarm.
In: 2015 2nd International Conference on Signal Pro-
cessing and Integrated Networks (SPIN), IEEE City:
Noida, India. 2015. p. 666-669.

[10] Afonso VX, Tompkins W], Nguyen TQ, et al. ECG beat
detection using filter banks. IEEE Trans Biomed Eng.
1999;46(2):192-202.

[11] Hara S, Masutani H, Matsuda T. Filter bank-based
adaptive interference canceler for co-existence prob-
lem of TDMA/CDMA systems. In: Gateway to 21st
Century Communications Village. VTC 1999-fall. IEEE
VTS 50th Vehicular Technology Conference (cat. no.
99ch36324), IEEE City: Amsterdam, Netherlands. Vol.
3.1999. p. 1658-1662.

[12] Lu WS, Xu H, Antoniou A. A new method for the
design of FIR quadrature mirror-image filter banks.
IEEE Trans Circuits Syst II Analog Digital Signal Pro-
cess. 1998;45(7):922-926.

[13] Agrawal S, Sahu O. Two-channel quadrature mir-
ror filter bank: an overview. ISRN Signal Process.
2013;2013:815619.

[14] Chen CK, Lee JH. Design of quadrature mirror fil-
ters with linear phase in the frequency domain. IEEE
Trans Circuits Syst II Analog Digital Signal Process.
1992;39(9):593-605.

[15] Dorigo M, Birattari M. Ant colony optimization. New
York: Springer; 2010. (Encyclopedia of Machine Learn-
ing)

[16] Goh CK, Lim YC, Ng CS. Improved algorithm to design
weighted minimax quadrature mirror filters. In: 1996
IEEE International Symposium on Circuits and Sys-
tems. Circuits and Systems Connecting the World, IEEE
City: Atlanta, GA, USA. ISCAS 96, Vol. 2. 1996. p.
381-384.

[17] Ho CYE Ling BWK, Benmesbah L, et al. Two-channel
linear phase FIR QMF bank minimax design via global
nonconvex optimization programming. IEEE Trans Sig-
nal Process. 2010;58(8):4436-4441.

[18] Sahu O, Soni M, Talwar I. Marquardt optimization
method to design two-channel quadrature mirror filter
banks. Digit Signal Process. 2006b;16(6):870-879.

[19] Swaminathan K, Vaidyanathan P. Theory and design of
uniform DFT, parallel, quadrature mirror filter banks.
IEEE Trans Circuits Syst. 1986;33(12):1170-1191.

[20] Andrew L, Franques V, Jain V. Eigen design of quadra-
ture mirror filters. IEEE Trans Circuits Syst II Analog
Digital Signal Process. 1997;44(9):754-757.

[21] Johnston]. A filter family designed for use in quadrature
mirror filter banks. In: ICASSP’80. IEEE International
Conference on Acoustics, Speech, and Signal Process-
ing, IEEE City:Boston, MA, USA. Vol. 5. 1980. p.
291-294.



274 H. SINGH ET AL.

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

Agrawal S, Sahu OP. Artificial bee colony algorithm
to design two-channel quadrature mirror filter banks.
Swarm Evol Comput. 2015;21:24-31.

Rafi S, Kumar A, Singh GK. An improved particle
swarm optimization method for multirate filter bank
design. J Franklin Inst. 2013;350(4):757-769.

Upendar J, Gupta CP, Singh GK. Design of two-channel
quadrature mirror filter bank using particle swarm opti-
mization. Digit Signal Process. 2010;20(2):304-313.
Dwivedi AK, Ghosh S, Londhe ND. Bit level FIR
filter optimization using hybrid artificial bee colony
algorithm. In: 2015 Annual IEEE India Conference
(INDICON), IEEE City: New Delhi, India. 2015. p. 1-6.
Dwivedi AK, Ghosh S, Londhe ND. Low-power FIR fil-
ter design using hybrid artificial bee colony algorithm
with experimental validation over FPGA. Circuits Sys-
tems Signal Process. 2017;36(1):156-180.

Zou W, Zhu Y, Chen H, et al. A clustering approach
using cooperative artificial bee colony algorithm.
Discrete Dyn Nat Soc. 2010;2010:459796.

Karaboga D, Gorkemli B, Ozturk C, et al. A comprehen-
sive survey: artificial bee colony (ABC) algorithm and
applications. Artif Intell Rev. 2014;42(1):21-57.
Karaboga D, Ozturk C. A novel clustering approach:
artificial bee colony (ABC) algorithm. Appl Soft Com-
put. 2011;11(1):652-657.

(30]

[31]

[32]

[33]

Nelder JA, Mead R. A simplex method for function
minimization. Comput J. 1965;7(4):308-313.
Vaidyanathan PP. Multirate digital filters, filter banks,
polyphase networks, and applications: a tutorial. Proc
IEEE. 1990;78(1):56-93.

Vaidyanathan PP. Multirate systems and filter banks.
Pearson Education India; 1993.

Jain V, Crochiere R. Quadrature mirror filter design
in the time domain. IEEE Trans Acoust. 1984;32(2):
353-361.

Fong CW, Asmuni H, Lam WS, et al. A novel hybrid
swarm based approach for curriculum based course
timetabling problem. In: 2014 IEEE Congress on Evolu-
tionary Computation (CEC), IEEE City: Beijing, China.
2014. p. 544-550.

Kumar A, Singh GK, Anand R. An improved method
for designing quadrature mirror filter banks via uncon-
strained optimization. ] Math Model Algorith. 2010;9
(1):99-111.

Sahu O, Soni M, Talwar I. Designing quadrature mir-
ror filter banks using steepest descent method. J Circuits
Syst Comput. 2006a;15(01):29-41.

Kumar A, Rafi S, Singh GK. A hybrid method for
designing linear-phase quadrature mirror filter bank.
Digit Signal Process. 2012;22(3):453-462.



	1. Introduction
	2. Formulation of QMF bank design as an optimization problem
	3. Hybrid bee colony technique (HBCT)
	3.1. Description of BCT
	3.2. Description of NMSS
	3.3. Need of hybridization

	4. Result and discussion
	5. Conclusion
	Disclosure statement
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


