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ABSTRACT

In this study, a null-steering beamformer for interference suppression of
half-wave Dipole Uniformly Spaced Linear Array (DULA) has been proposed.
The proposed beamformer has utilized BAT algorithm (BA) and the complex
weight (both the amplitude and the phase) control of each array element. In
order to verify the proposal, a number of scenarios of DULA pattern imposing
the pre-set nulls have been carried out considering the mutual coupling
among array elements. The proposed beamformer has demonstrated the
capability to place with precision single, multiple, and broad nulls at arbitrary
interference directions, suppress side lobes, and maintain a predefined
beamwidth in the presence of mutual coupling.

Keywords: Beamformer, interference suppression, mutual coupling.
TOM TAT

Nghién cGu nay dé xuat mot bo dinh dang bip séng nham triét nhiéu cho
mang anten tuyén tinh cach déu (DULA) véi cdc phan tlranten dipole nia budc
s6ng. B dinh bip séng dugc dé xudt st dung thudt toan Doi (BA) va kj thudt
diéu khién trong s6 phiic (bao gom ca bién dd va pha) clia tiing phan tir trong
méng anten. D€ kiém chiing dé xudt, mdt s6 kich ban md phdng gian d6 biic
xa ctia DULA véi cac null dugc dat trude da duoc thuc hién, cd xét dén su anh
hudng clia tuong ho gita cac phan tirtrong mang. Bd dinh dang bidp séng nay
da chiing minh kha nang dat chinh xac cdc null don, null da, va dai null rong
tai cac hudng nhiéu tly y, kiém soat muic biip song phu va duy tri @ rong bip
song xac dinh trudc.

Tirkhéa: B4 dinh dang va diéu khién bup sdng, triét nhiéu, tuang hé.
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1. INTRODUCTION

Adaptive beamformers are commonly employed in
radar, sonar, and communication systems for
performance improvement through boosting the
efficiency of radio spectrum usage, interference
suppression, and energy saving. Beamformers are
capable of yielding proper weights for smart array
antennas to achieve the required pattern [1]. These smart
antennas with null-steering capabilities emerge as a
promising solution for interference suppression.

A few nulling methods, namely, the position-only
control, the amplitude-only control, the phase-only
control, and the complex weight (including both the
amplitude and the phase) control have been introduced
in numerous studies and implementations [2 - 13]. Each
of these methods, however, has its own advantages and
shortcomings.

Among those, the complex weight method is the most
complicated and expensive, because in this method, a
controller, a phase shifter, and an attenuator are needed
for each array element. Nevertheless, it has been
considered the most flexible and efficient one [9-13].

Recently, in order to overcome the limitations of the
classical optimization techniques, including getting stuck
in local minima in some conditions and inflexibility,
various nature-inspired optimization algorithms based
on ccomputational intelligence approaches have been
developed. These algorithms such as genetic algorithm
(GA), particle swarm optimization (PSO), firefly algorithm,
bee algorithm, Cuckoo search, and BAT algorithm (BA)
have been applied and proved to be better and more
flexible than the classical techniques. Some of these
algorithms have been proposed and implemented with
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their own benefits and limitations in the array pattern
synthesis [2, 18].

BA is a novel evolutionary computation algorithm
rooted in the typical behaviour of the bat which uses
echolocation for finding prey, dodging obstacles, and
identifying their roosts and crevices at night. This method
has been applied successfully in order to solve a wide
range of engineering problems [18, 19]. It has been
proved that BA is better than PSO and GA with regards to
convergence, robustness and precision [19]. The first time
this algorithm was utilized for adaptive beamforming was
in [20]. It was demonstrated in [20] that BA was a potential
optimization means for adaptive beamforming regarding
computation time. Still, this study was in initial stage,
hence, it did not sufficiently analyse the utilization of BA
in beamforming. Additionally, in the previous works [5, 8,
13 - 171, BA has been utilized to successfully develop
beamformers for interference suppression of ULA,
assuming that array elements were isotropic, and without
mutual coupling. In fact, when array elements are close
enough to each other, they transfer electromagnetic
energy from one to another, causing mutual coupling
effects. It has been shown in [21, 22] that mutual coupling
between array elements plays an important role in an
applied adaptive array, because it directly affected the
efficiency and the performance of an adaptive array, such
as side lobes and directions of nulls. This is very important
to null-steering beamforming.

In this study, inspired by the proposal [13], a BA based
null-steering beamformer will be developed for DULA to
suppress interference in the presence of mutual coupling.
The proposed beamformer has been verified in five
scenarios including: operation speed, pattern nulling
with single, multiple nulls, and broad null. The results
show that the beamformer performs competently with
regard to steering the nulls to interference directions,
suppressing side lobes, and maintaining the main beam.
2. PROBLEM FORMULATION
2.1. Mutual coupling model

In the antenna technique, in order to gain a more
exact radiation pattern of array antenna, the term named
active element pattern of antenna element in the array has
been introduced instead of a stand-alone pattern [23].
The authors of [24] and [25] show the effectiveness of
applying the active element pattern in beamforming.

In a conventional way, the mutual coupling effect can
be modeled by the coupling matrix. This coupling matrix
can be defined by the term active element pattern, in
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which active element pattern is the product of a coupling
matrix and the stand-alone [26]. So as to model the
mutual coupling, an ULA array with N elements has been
considered. The incident wave is assumed as plane wave.
Then, the active element pattern matrix (Ps.(0)) is able to
be expressed by stand-alone element pattern matrix
(Psta(0)) as:

Psa(9)=MP,,(6) (1)

where: 8 is elevation angle and M is mutual coupling
matrix, respectively.

(Psta(6)) can be presented by:
Psta(e) = [p1(e) P, (6) .. pN(e)]T (2)

where: pi(0) is the stand-alone element pattern for it
element in the array.

There are various approaches to define and calculate
the mutual coupling matrix M. In this study, the open-
circuit voltage method of [27] has been utilized to
calculate mutual coupling and compensation in the
context of pattern nulling as below.

The antenna array with N elements can be modeled as
an N + 1 terminal network, in which one port is for an
outside source and N ports are corresponding to N array
elements. Each port of the N array element has been
terminated in a load impedance Z.. The Kirchhoff
relations of the N + 1 terminal network are expressed as:

1.0c

V,=LZ +.+1Z + o+ 2y +V
V.=lZ,+..+1Z, + ..+ Zy+ V. (3)
Vy =Zy + o+ L2 + 1 2y + Yy

.0C

where: Vo is the received voltage at it port if all of the
array elements are in an open circuit condition, Z; is the
mutual impedance between the ports (array elements) i
and j™ is defined as Z; =V, /I | _,,;, and Vi = -Zil; is the

terminal voltage of it" port.

Terminal voltages (3) can be rewritten as:

1,0c t t - V1
V ﬁ 1+ﬁ ZA V.
. v = ZL ZL Lo - 2 (4)
v | | y
" Zu e 145 "
L ZL ZL L
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or
V, =Z,V (5)

The authors of [26] have shown that: (i) if the received
voltage vector V is obtained for different plane-wave
incident angles and apart from an unimportant scaling
factor, the resulting matrix obtained from stacking
column-wise V is considered as the active pattern matrix
Pact in (1); (ii) if the open-circuit voltage vector Vo is
assumed the same as the voltages received in stand-
alone conditions, the resulting matrix obtained from
stacking Vo is regarded as the stand-alone pattern matrix
Psta. Therefore, the mutual coupling matrix can be defined
from (1) and (5):

M=Z]' (6)

Based on the mutual coupling matrix in equation (6),
mutual coupling compensation in array antennas could
be performed efficiently (see [28] for more detail).

2.2, Array Factor of ULA

In our study, the ULA array of 2N half-wave dipole
elements has been used and presented in Fig. 1. The array
elements are positioned symmetrically around the center
of the array, and the array factor can be defined as [29]:

N

AF(B) = )" w,elndn® (7)
n=-N
where:  w, =w?+jw"=a e is the complex

I . 2n .
excitation (weight) of n'" array element; k:T is the

wave number; A is wave length; d is the distance between
adjacent elements. Therefore, the array factor can be
expressed by the real (Re{.}) and imaginary (Im{.}) parts as:

Re{AF(0)} = iwf cos(ndksin(6))-w" sin(ndksin(6))  (8)

n=-N

Im{AF(0)} = ivx/:‘ cos(ndksin(8)) -w;; sin(ndksin(B))  (9)

n=-N

Incident wave

-l
-

[ ] 4 d
N-D)eee 2 -l
Fig. 1. Geometry of ULA array of 2N elements
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2.3. Complex weight control

In our previous proposed null-steering beamformer
based on controlling both the amplitude and the phase
(complex weight) of each array element excitation [13],

wm =

-n —

w™ and w" =w. Therefore, from equations
(7-9), the array factor can be rewritten as:

AF(B)=2 z w cos(ndksin(8)) -w™ sin(ndksin(6))  (10)

2.4. Fitness Function
The Fitness function F has been built from [8, 11]:

|
N> [| AF,(6,)['1, for 6=6,

(1)

90°
D" [|AF,(8)—AF,(0)['], elsewhere
6=-90°
where: AF, and AFq4 are the optimized array factor
obtained by using an optimization algorithm, which will
be BA in this paper, and the reference array factor in the
range of theta angles except for nulls, respectively; 6; are
the angles of null points; and N is a parameter, which is
experimentally defined during the investigation of the
proposal. In this study, N has been chosen as 10000.

3. PROPOSED BEAMFORMER

A BA based beamformer using complex weight
control for interference suppression has been proposed
from [13] and its flowchart is presented in Fig. 2.
Operation of the beamformer is described as follows:

Initializing (1)
Setting the input data, for example: number of array
elements (N), Direction of Arrival (DOA) of Interferences;

number of iteration (i); maximum number of iterations
(Max_I); and the termination criterion (Threshold).

Initializing bat population in which parameters of
each bat are: location xi; velocity vi; pulse frequency fi;
pulse rate ri; and loudness Ai. Each bat is in
correspondence with a potential solution.

Finding the best solution (F)

The beamformer consecutively calculates and
searches for the current best solution based on the BA.
The operation is completed when the termination
criterion or maximum number of iterations is satisfied.
After that, the final best solution is obtained.

Building array element weights (B)

From the best solution, the beamformer calculates the
corresponding complex weight excited at each element
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of ULA antenna. These weights will be used for ULA
pattern nulling.
P

[ Start

I: Setting: N, DOA of interferences, i=0, Max_I, Threshold
Building objective function F(x) by equation (7)
Initializing bat population {xi, vi, fi, ri, Ai}

v

F: Finding current global solution based on F {F(x*)}

v

- YES
——=— F:(F(x*)> threshold ) or (i < Max_ ) —————=—

 Ym

F: Generating new solution
by adjusting fi, and updating vi and xi by equation (8)

v

F: Finding the local best solution ‘

v

F: Updating current global best solution
i=i+l

»i
)

\ 4
B: Building array element weights from the result
and visualization in a beamforming model

v
\ End
Fig. 2. Flowchart of the proposed beamformer
4. NUMERICAL RESULTS AND DISCUSSION

To evaluate the performance of the proposals for
pattern nulling, four scenarios will be considered. It is
well-known that the Dolph-Chebyshev array weights
distribution produces the optimum pattern in terms of a
trade-off between the side lobes level and the first-null
beamwidth of main beam for equally spaced arrays [30].
Therefore, in this paper, array factor of Dolph-Chebyshev
array, which side lobe level (SLL) is -30dB, inter-element
spacing is A/2, and 8 half-wave dipole elements, has been
chosen as a reference one to control SLL and the
beamwidth of the main beam. In order to design the 1x 8
DULA, first of all, a half-wave dipole antenna working at
2.4GHz has been designed and verified. Its parameters
have been shown in Fig. 3. Then, the 1 x 8 DULA has been
built from this dipole with inter-element spacing of A/2.
Additionally, MATLAB R2014a and CST STUDIO SUITE
2016 have been utilized for designing the array and
simulating in all scenarios.

Initial parameters for all investigation scenarios as:
step size of random walk is 0.01; boundary frequency
values: fmin=0 and fmax = 1; variable phase of the weights
is limited in the range of - 0.1 to 0.1 radian and variable
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amplitude of weight is in the range of 0 to 1; the
population size (pop) is 500; and the number of iterations
is 100 except for the first scenario in section 4.1.

, L=3/2

I L.

4/1000 1475mm

=
=

-35 4

-40

Return Loss (dB)

45

-50

N i A

; . ,
20 21 22 23 24 25 26 27 28
Frequency (GHz)

Fig. 3. Single antenna element as half-wave dipole

In order to demonstrate the capability of our
proposed beamformer for interference suppression, five
scenarios have been constructed. The first scenario
named Convergence Characteristics is the initial stage to
evaluate operation of the proposal beamformer. This has
been achieved by investigating the convergence rate of
the fitness function on BA (section 4.1). The second
scenariois about compensation of mutual coupling in the
case of Dolph-Chebyshev array pattern. The third to fifth
scenarios, which are Pattern with Single Null, Pattern with
Multiple Nulls, and Pattern with Broad Null, are used for
the purpose of investigating the ability of null-steering of
the proposal (Section 4.2 - 4.4) in the presence of mutual
coupling.

4.1. Convergence Characteristics

In the first scenario, first of all, the convergence ability
of our proposed beamformers has been investigated in
the case of obtaining the desired optimization pattern as
Dolph-Chebyshev array pattern with -30dB SLL. In order
to do that, their convergence rates with population of 500
and 200 iterations have been evaluated for side lobe
suppression and illustrated in Fig. 4. It is clear that the
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beamformer converges at high speed with fitness
function values less than 0.005 after 100 iterations.

0.06

i |——BA: pop=500

0.05-
004

0.034

Fitness fucntion

0.02 4

0.01 4

0.00 T T T T T T T T T
20 40 60 80 100 120 140 160 180 200

Iterations

Fig. 4. Fitness function

4.2. Dolph-Chebyshev Array Pattern with Mutual
Coupling

In the second scenario, the 1x8 DULA array patterns
weighted by Dolph-Chebyshev method have been
investigated in three cases: without mutual coupling
(Cheb_ideal); with mutual coupling (Cheb_MC(); with
compensation of mutual coupling by open-circuit
voltage method (Cheb_0OC). The simulation results have
been presented in Fig. 5. It can be seen that mutual
coupling makes the Dolph-Chebyshev array pattern
distortion in the side lobes regions. Particularly, the peak
of the first side lobe has increased to -29.3dB, the peak of
the third lobe has decreased to -31.2dB, and the locations
of nulls have been slightly changed. Additionally, the
results show that the mutual coupling can be
compensated well by the open-circuit voltage method.

0

ORI Cheb_ideal
——Cheb_MC
—e—Cheb_OC

-10 -
-20

130 i

Radiation pattern [dB]

TR ASNE

i
: L i
50 i §lddi &

-60 T T T T T T T T I T T T T T T T
-90 -80 -70 -60 -50 40 -30 -20 -10 0O 10 20 30 40 50 60 70 80 90
Theta [Deg]

Fig. 5. Dolph-Chebyshev array pattern
4.3. Pattern with Single Null

The third scenario demonstrates the optimized
pattern with single null. The setting of this null can be
arbitrary at any angle, which is selected at the peak of the
second side lobe (40°) in this situation. The initialization
of the population has been done as weights of Dolph-
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Chebyshev array with -30 dB SLL. Fig. 6 illustrates the
optimized patterns with single null achieved by our
proposal based on BA in three cases: no mutual coupling
(Single null_ideal); with mutual coupling (Single null_MC);
with compensation of mutual coupling by open-circuit
voltage method (Single null_OC). Although the NDL is not
as good as in the ideal case, it is important to highlight
that a null at predefined location of 40° has been placed
successfully in the presence of mutual coupling impact.
The NDL has been 6dB lower than that before. Besides,
the optimized pattern retains characteristics of the
Dolph-Chebyshev pattern like main beam and SLL of
approximately -30dB except for the peak of first side lobe
of -28.4dB.

=-=- Single null _ideal
Single null_MC
—e— Single null_OC

Radiation pattern [dB]
g
L

-100 +

—— T —
-90 -80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90
Theta [Deg]

Fig. 6. Optimized patterns with single null at 40°
4.4, Pattern with Multiple Null

————- Multiple nulls_ideal
Multiple nulls_MC
—e— Multiple nulls_OC

(o) & Pabrodtastiont
40 4 -
50

B0 - if g

Radiation pattern [dB]

-70 -

-80 -

-90 ——
-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 4
Theta [Deg]

T T
0 S0 6

0 70 80 90

Fig. 7. Optimized pattern with two nulls at 40° and 62°

In the fourth scenario, the proposed beamformer will
be used to separately set multiple nulls at 40° and 62°,
which corresponds to the peaks of the second and the
third side lobes next to the main beam of Dolph-
Chebyshev array pattern. As shown in Fig. 7, the patterns
with multiple nulls at the predefined locations have been
exactly obtained. For pattern with compensation of
mutual coupling by open-circuit (Multiple nulls_0OC), all
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the NDLs are deeper than -41dB while all the SLLs are
lower than -26.8dB and the main beam is approximately
equal to that of the Dolph-Chebyshev pattern.

4.5. Pattern with Broad Null

In the application of interference suppression, if the
DOA of interferences show minor changes in accordance
with time or are not identified with precision, or a null is
constantly steered for gaining a proper signal-to-noise
ratio, a broad null is required. In the fifth scenario, the
patterns with a broad null placed at the target sectors of
[40°, 45°] has been obtained and illustrated in Fig. 8 as a
demonstration of the capability of broad interference
suppression. It can be observed that a broad null
(minimum NDL of -37dB) on the optimized patterns
(Broad null_OC) at that target sector has been obtained
when the mutual coupling has been compensated by the
open-circuit voltage method. The beamwidth stays the
same and maximum SLL of -28.7dB.

———— Broad null_ideal
Broad null_MC
—e— Broad null_OC

IS
o
|

-50 -

Radiation pattern [dB]
o . \ .
o
|

PR

_70 4 -[:

-80 -

-90 :

-, ., ... - - .. -~ "
-90 -80 -70 -60 -50 -40 -30 20 -10 0 10 20 30 40 50 60 70 80 90
Theta [Deg]

Fig. 8. Optimized pattern with a broad null from 40° to 45°
5. CONCLUSION

In this paper, a BA based null-steeing beamformer for
DULA antennas pattern nulling, which has utilized
complex weight control method, has been proposed and
implemented successfully. The pattern nulling capability
of the proposal has been verified by five scenarios
consisting of operation speed, Dolph-Chebyshev array
pattern with mutual coupling, pattern nulling with single,
multiple and broad nulls in ideal cases or in the presence
of mutual coupling. Furthermore, to deal with mutual
coupling effect, the open-circuit voltage method has
been applied for compensation. The simulation results
show that the above mentioned nulls can be placed
accurately to arbitrary interference directions by making
use of our proposed beamformer, while the patterns have
maintained the main beam and low SLL in both
conditions. Toward realistic electromagnetic effects in
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relation with antennas and propagation, more effective
methods for compensating mutual coupling and real
antenna arrays should be investigated in further works.

REFERENCES

[11. H.L. Van Trees, Optimum Array Processing: Part IV of Detection,
Estimation, and Modulation Theory, chap. 1, pp. 1-12. John Wiley & Sons, 2002.

[2]. R.L. Haupt, Antenna Arrays: A Computational Approach, chap. 8, sec.
8.4, pp. 484-515. John Wiley & Sons, 2010.

[3]. K. Guney, M. Onay, “Bees algorithm for null synthesizing of linear
antenna arrays by controlling only the element positions,” Neural Network
World, 16, 153-169, 2007.

[4]. K. Guney, M. Onay, “Amplitude-only pattern nulling of linear antenna
arrays with the use of bees algorithm,” Progress In Electromagnetics Research,
70, 21-36, 2007.

[5]. T.V. Luyen, T.V.B. Giang, “Null-Steering Beamformer Using BAT
Algorithm”, Journal of Applied Computational Electromagnetic Society, 2017.

[6]. A. Akdagli, K. Guney, “Null steering of linear antenna arrays by phase
perturbations using modified tabu search algorithm,” J. Communications
Technology and Electronics, 49, 37-42, 2004.

[7]. M. Mouhamadou, P. Vaudon, M. Rammal, “Smart antenna array
patterns synthesis: Null steering and multi-user beamforming by phase
control,” Progress In Electromagnetics Research, 60, 95—106, 2006.

[8]. T.V. Luyen, T.V.B. Giang, “Interference Suppression of ULA Antennas
by Phase-only Control Using BAT Algorithm,” IEEE Antennas and Wireless
Propagation Letters, 2017.

[9]. K. Guney, M. Onay, “Bees algorithm for interference suppression of
linear antenna arrays by controlling the phase-only and both the amplitude
and phase,” Int. J. Expert System with Applications, 37, 4, 3129-3135, 2010.

[10]. D. Karaboga, K. Guney, A. Akdagli, “Antenna array pattern nulling by
controlling both the amplitude and the phase using modified touring ant
colony optimisation algorithm,” Int. J. Electronics, 91, 241-251, 2004.

[11]. M. Mouhamadou, P. Vaudon, “Complex weight control of array
pattern nulling,” Int. Journal of RF and Microwave Computer-Aided
Engineering, 17,304-310, 2007.

[12]. H. Steyskal, R. A. Shore, R. L. Haupt, “Methods for null control and
their effects on the radiation pattern,” JEEE Trans. Antennas Propagat., 34, 404-
409, 1986.

[13]. T.V. Luyen, T.V.B. Giang, “BAT Algorithm Based Beamformer for
Interference Suppression by Controlling the Complex Weight,” REV Journal on
Electronics and Communications, 2017.

[14]. Tong L., Nguyen C., Le D., “An Effective Beamformer for Interference
Mitigation,” in: Anh, N.L., Koh, SJ., Nguyen, T.D.L., Lloret, J., Nguyen, T.T. (eds)
Intelligent Systems and Networks, Lecture Notes in Networks and Systems, 471,
2022. https://doi.org/10.1007/978-981-19-3394-3_73.

Tap 61- 503 (3/2025)



P-ISSN 1859-3585 | E-ISSN 2615-9619 | https://jst-haui.vn

SCIENCE - TECHNOLOGY

[15]. Luyen T. V., Kha H. M., Tuyen N. V., Giang T. V. B., “An efficient ULA
pattern nulling approach in the presence of unknown interference,” Journal of
Electromagnetic =~ Waves and  Applications, 35(1), ~ 1-18,  2020.
https://doi.org/10.1080/09205071.2020.1819442.

[16]. Tong V.L., Hoang M.K., Duong T.H., Pham T.Q.T., Nguyen V.T,,
Truong V.B.G., “An Approach of Utilizing Binary Bat Algorithm for Pattern
Nulling,” in: Solanki, V., Hoang, M., Lu, Z., Pattnaik, P. (eds) Intelligent
Computing in Engineering, Advances in Intelligent Systems and Computing,
1125, 2020. https://doi.org/10.1007/978-981-15-2780-7_101.

[17]. K. X. Thuc, H. M. Kha, N. Van Cuong, T. Van Luyen, "A Metaheuristics-
Based Hyperparameter Optimization Approach to Beamforming Design," JEEE
Access, 11, 52250-52259, 2023. doi: 10.1109/ACCESS.2023.3277625.

[18]. X.S. Yang, Nature-Inspired Optimization Algorithms. Elsevier, 2014.

[19]. X.S. Yang, “A new metaheuristic Bat-inspired Algorithm,” Studies in
Computational Intelligence, 284, 65-74, 2010.

[20]. Q. Yao, Y. Lu, “Efficient beamforming using bat algorithm,” in 2076
IEEE MTT-S Int. Con.on Numerical Electromagnetic and Multiphysics Modeling
and Optimization (NEMO), 2016.

[21]. Hon Tat Hui, Marek E. Bialkowski, Hoi Shun Lui, “Mutual Coupling in
Antenna Arrays,” Int. J. Antennas Propagat, 2010.

[22]. Hema Singh, H. L. Sneha, R. M. Jha, “Mutual Coupling in Phased
Arrays: A Review,” Int. J. Antennas Propagat, 2013.

[23]. D.F. Kelley, W.L. Stutzman, “Array antenna pattern modeling
methods that include mutual coupling effects,” IEEE Trans. Antennas
Propagat, 41,12, 1625-1632, 1993.

[24]. H. Rogier, D. De Zutter, "The active element pattern method for
beamforming with nonuniform arrays," IEEE Antennas and Propagation Society
International Symposium Digest, 1, 73-76, 2003.

Vol. 61 - No. 3 (Mar 2025)

[25]. X. Huang, Y. Liu, P. You, M. Zhang, Q. H. Liu, "Fast Linear Array
Synthesis Including Coupling Effects Utilizing Iterative FFT via Least-Squares
Active Element Pattern Expansion," IEEE Antennas and Wireless Propagation
Letters, 16, 804-807, 2017.

[26]. Tao Su, Hao Ling, “On modeling mutual coupling in antenna arrays
using the coupling matrix,” Microwave and optical technology letters, 28, 4,
231-237,2001.

[27]. 1.). Gupta, A.A. Ksienski, “Effect of mutual coupling on the
performance of adaptive arrays,” IEEE Trans. Antennas Propagat, AP-31, 785-
791,1983.

[28]. H. Steyskal, J. S. Herd, "Mutual coupling compensation in small array
antennas," IEEE Trans. Antennas Propagat, 38, 12, 1971-1975, 1990.

[29]. Jonh Litva, Titus Kwok-Yeung Lo, Digital Beamforming in Wireless
Communications, chap. 2-3, pp. 13-55. Artech House, 1996.

[30]. C.L. Dolph, “A current distribution for broadside arrays which
optimizes the relationship between beam width and side-lobe level,” Proc.
IRE, 34,335-348, 1946.

THONG TINTACGIA
Tong Van Luyén

Trudng Dién - Dién td, Trudng Dai hoc Cdng nghiép Ha Noi

HaUl Journal of Science and Technology | 9



