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Abstract: In this paper, a hybrid differential evolution and weight total least squares method (HDE-
WTLSM) is proposed for antenna array pattern synthesis. A variable diagonal weight matrix is
introduced in total least squares method. Then, the weight matrix is optimized by differential
evolution (DE) algorithm to control the differences of the desired level and the obtained level
in different directions. This algorithm combines the advantages of evolutionary algorithm and
numerical algorithm, so it has a wider application range and faster convergence speed. To compare
HDE-WTLSM with DE algorithm and typical numerical algorithms, these methods are applied to
a linear antenna array and a conformal truncated conical array. Using our method, lower sidelobe
levels and deeper nulls are obtained. The simulation results verify the validity and efficiently of
HDE-WTLSM.

Keywords: antenna pattern synthesis; differential evolution (DE); total least squares method (TLSM)

1. Introduction

Due to the applications in radar and communication systems, antenna array pattern
synthesis has attracted attention over the last several decades. Among them, design of
conformal antenna arrays are great challenges to the researchers [1-4]. As the conformal
arrays have curved surfaces, each antenna in the array direct in a different direction. Thus,
classical array theory for planar arrays fails to provide typical method to synthesis the array
radiation pattern. In addition, sometimes null-forming is necessary in the radiation pattern
of antenna array in a receiver system. The null positions are controlled to point to the
directions of the interference signal to achieve interference suppression. The level of nulling
is much lower than that of sidelobe and main lobe, which will bring difficulties to the
optimization algorithm. In the field of antenna array synthesis, many analytical methods
have been developed, which can realize typical array synthesis, such as Chebyshev, Fourier
transform and so on. The analytic methods have prominent advantages in convergence
speed, but their application are limited. Least squares method (LSM) is widely used not
only in traditional measurement adjustment, but also in modern adjustment theories such
as least square fitting and least square collocation. It has been widely used not only in the
field of surveying and mapping, but also in many other fields of science and engineering
technology. Algorithms based on the LSM are presented in [5-8]. This kind of algorithm
is solved in an iterative way and good results can be obtained for linear array synthesis.
As conformal array synthesis is faced with the difference of array element attitude, it is
difficult to apply the analytical method directly, which limits the development of this kind
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of algorithm. The direct method is used in WILSM to solve array synthesis problem, but
it is not suitable to deal with conformal array synthesis problem owing to the constant
weight matrix [9].

In the development of conformal array design technology, many scholars have devel-
oped conformal array synthesis algorithm based on bionic optimization algorithm. For
example, genetic algorithm (GA), particle swarm optimization (PSO), differential evolution
(DE) algorithm and so on. Among them, DE algorithm is proposed in [10] and it has
been utilized to solve many different kinds of optimization problems, such as subarrayed
linear antenna arrays design [11], axis-parallel decision trees [12], multimodal optimization
problem [13] and to search the optimal location of battery-swapping stations in a certain
region [14].

As DE algorithm is simple in principle and the control parameters are less, it is
easy to be understand and realized. It can deal with complex function optimization,
global optimization and multi-objective optimization problems effectively. Although
DE is excellent in maintain the diversity of population and global searching ability, the
convergence speed is slow for some complex problems, such as the pattern synthesis for
conformal antenna arrays. To synthesize complex arrays, various types of optimization
methods are developed. An improved NSGA-II algorithm is introduced to optimize a
conformal phased array in [15]. A blind beamforming method based on linearly constrained
minimum variance algorithm is proposed in [16]. However, the convergence speeds of some
bionic optimization algorithm are slow, which restrict the application of these algorithms.

In this paper, a hybrid differential evolution and weight total least squares method
(HDE-WTLSM) is proposed for antenna arrays to control the sidelobe level (SLL), the
main lobe and the null steering (beamwidth and direction). The method can be used to
control the main lobe and the SLL in the co-polarization and the cross-polarization level
simultaneously. DE is applied to optimize the weight matrix is in WTLSM. Evolutionary
algorithm and numerical algorithm are combined, so they have the advantages of wider
applicability and faster convergence speed. The embedded patterns of antennas in the
array are used to improve the accuracy of pattern synthesis.

This paper is organized as follows: the principle of WILSM and DE is illustrated in
Section 2. Section 3 contains several antenna arrays examples synthesized using HDE-
WTLSM. The simulation of low SLLs and null steering synthesis of a linear array are given.
Then, the synthesis results of a conformal truncated conical array with low SLLs and low
cross-polarization are displayed in this section. The work is concluded in Section 4.

2. Hybrid Differential Evolution and Total Least Squares Method
2.1. Weighted Total Least Squares Method

Array pattern synthesis problem can be written as follows:

[A][1] = [S] 1)
where matrix A is the array manifold.
[Alysn =[]y =
f1(91) ce fn(Ql)efkdn cos t - fN(gl)ejde cos 6y
: : ? @
fl(Gm) cee fn (Gm)g]kdn costy ... fN(gm)e]de cos Oy,
f1(9M> ce. fn (()M)efkdn cosby ... fN(gM)ejdecosé)M
a;; = f]-(gl.)efkdjcos&', (i =1,...,.M;j=1,... ,N) ©)
2
k= — 4
2 4)

A is the wavelength. M is sample points number. N is the total cells number in an
array and n stands for the nth cell. dn is the distance between the nth cell and the first cell.



Electronics 2021, 10, 2227 30f 10

I are the currents of cells.
) ) . 4T
My = [11614’1, N AL INeﬂPN} ®)

I, (n=1,...,N)is the current of the nth cell.
The desired radiation pattern for the array is expressed as vector S.

[Slint = [S(61), ..., 5(6:),...,S(0m)]" ©6)

N
5(6;) = 2 L fn(6;) exp {jz/irdn cos(6;) —l—j(pn} ?)
n=1

fn(6i) is the radiation pattern of the nth cell in the direction 8i.
A diagonal matrix X is added to control the weight of that differences in different
angles. The weight matrix is optimized by DE subsequently.

XJ[A][1) = [X][s] ®)

The left side of (8) represents the obtained pattern and the right side represents the
desired pattern. In theory, (8) cannot be truly equal and there will always be some errors.
After adding errors to both sides of the equation, using LSM, (8) becomes:

[XA + E][I] = [XS] + ¢ )
Eisan M x N dimensional correction matrix. ¢ is the difference of the desired pattern
and the obtained pattern. [e];, s = [€(61),...,€(6;),..., e(GM)]T.
In order to let (9) approximate the original equation (8) E and & should be as small as
possible, that is ||[E|¢]||r = min.
(9) is equivalent to

(ixafxs] + [Ele))| L) | =0 (10)

If C = [XA|XS],A = [Ele],v = [ _I 1 } , using LSM to find the nonzero solution v of
following equation
(C+Av=0 (11)
The last component of v should not be zero. A should satisfy ||A||r = min.

The step of WTLSM is as follows:
Step 1. Calculate the initial diagonal matrix X:

x1 0 -+ 0
x=| 0 2 (12)
e 0
0 N 0 XMM
1
i==———, (i=1,2,... 1
xll 5(91)/(1 g ’M) ( 3)
Step 2. The array manifold matrix A and the desired pattern vector S are combined.
C=[XAIXS] (14)

Step 3. Calculate the Hermitian conjugate matrix CHC. After the eigenvalue decom-
position of matrix CHC, the eigenvectors vs. belonging to the minimal eigenvalue can
be obtained.

vi— | 1|0 (15)
where ¢ is a constant.
Step 4. The solution solved by TLSM is as follows:

1
Ty = ;[Y]lxN (16)
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2.2. Procedure of HDE-WTLSM

DE algorithm is simple and efficient. There are four steps in the algorithm: initializa-
tion, mutation, crossover and selection [10]. The algorithm steps have been depicted in
detail in many literatures. Therefore, the description of them is not given in this paper.

The flow chat of HDE-WTLSM is given in Figure 1. In the whole algorithm process,
the iteration procedure is only for the diagonal matrix X. The time consumption of our
method is low and it is suited for large-scale array synthesis problems.

Define the solution space, fitness function, population size,
mutation factor, cross factor.
Calculate the initial value of diagonal matrix X

(m=1,2,.M)

X =

1

| =1, G=1 |

L

Combining the array manifold matrix A, the desired
pattern vector S and the diagonal matrix X . C =[XA | XS]

v

eigenvalue decomposing of matrix C"C to get the
eigenvectors Vg

Get the currents of cells [I]IxN = 7[y]lx.\/

Save results
and stop

Mutant vector:

G _ G G G
Vi =X, + F(X‘w/)—npl — xpz)

b x| otherwise

Lj2

Cro‘soc\;fer: ) ) ) )
. _{v,,,-, FSCRYOr j= | AT

G=G+1

Figure 1. The flow chart of HDE-WTLSM.

3. Simulation Results
3.1. Linear Array
To verify the proposed method, a 20-element uniform linear array with ideal point
source is simulated. A low SLL and a null steering synthesis are required.
The fitness function is as follows:
fitness = U(Fy(0) — F4(0))[amax|SLL — DSLL|

(17)
+pmax|NULL — DNULL|]
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1,t>0
where U(t) = { 0t<0 " F
respectively. SLL denotes the obtained SLLs, DSLL is the desired SLLs, NULL denotes the
depth of null depression optimized by the optimization algorithm. DNULL stands for the
desired null depth. « and f representative weights of SLL and null depth.
Since symmetrical arrays are used, only 10 elements’ amplitudes need to be optimized.
The excitation distribution is centrosymmetric with respect to the array.

(0) and F;(0) are the obtained and the desired array patterns,

3.1.1. Low SLL

The first example is the low SLL synthesis. In this example, the number of individuals
in each population is 150, F = 0.6, cross factor CR = 0.8, « = 1, 5 = 0.The desired SLL
DSLL = —50 dB. The main beam-width is limited to —12°~12°.

After the optimization process, the normalized radiation pattern of low SLL synthesis
is shown in Figure 2. In order to verify the performance of the algorithm, the results of two
traditional numerical algorithms: Chebyshev and Taylor algorithm are also given in this
figure. The comparison results of main lobe width and maximum SLL are given in Table 1.
The corresponding convergence curves of DE and HDE-WTLSM are plotted in Figure 3.
Figure 2 and Table 1 show that the SLL obtained by HDE-WTLSM algorithm is much lower
than that of DE algorithm and it also has advantages over traditional numerical algorithm.
Figure 3 shows that HDE-WTLSM has a faster convergence speed than DE.

= = = ' Desired
HDE-WTLSM

20 F

Chebyshev
| = = = Taylor

e Sl

-40 }

-60

Normalized Pattern (dB)

-80

-100 " L L " " " L " "
-80 -60 -40 -20 0 20 40 60 80
6 (Degree>

Figure 2. The normalized array patterns of low SLL synthesis.

T T T T T

== HDE-WTLSM
- DE 4

Fitness value

0 20 40 60 80 100 120 140 160 180 200
Iteration number

Figure 3. The convergent curves of low SLL synthesis.

Table 1. The comparison of results for low SLL synthesis.

Algorithm Main Lobe Width (°) Maximum SLL (dB)
HDE-WTLSM 21.88 —43.22
DE 22 —31.66
Chebyshev 22.24 —43

Taylor 19.54 -31.3
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3.1.2. Null Steering

The second example is the null steering synthesis. In this example, the population
number NP =150, F=0.6, CR=0.8,« =1, = 2, DSLL = —50 dB and NULL = —80 dB. The
main beam-width is limited to —15°~15°. The null width is 10°. The normalized array
patterns of null steering synthesis are shown in Figure 4. The convergence curves of null
steering synthesis are plotted in Figure 5. In this example, HDE-WTLSM also shows a better
performance than DE. The results of example 1 and example 2 are obtained from Matlab.

= = Desired
= HDE-WTLSM

Normalized Pattern (dB)

150 I | I | I | I | |
-80 -60 -40 -20 0 20 40 60 80

0 (Degree)

Figure 4. The convergent curves of null steering synthesis.

100 T T T T

== HDE-WTLSM
- DE

Fitness value

0

0 20 40 60 80 100 120 140 160 180 200
Iteration number

Figure 5. The convergent curves of null steering synthesis.

3.2. Conformal Truncated Conical Array

Circularly polarized antenna is conducive to the reception of space electromagnetic
wave, so it is widely used in various communication systems [17-20]. To test the ability
of our algorithm to optimize complex problems, a conformal truncated conical array
with 39 right-hand circular polarization (RHCP) antennas is built. A single-port circular
polarization element is used to reduce half of the unknowns. The structure of the antenna
and the array is shown in Figure 6. The RHCP antenna is the same as reference [21]. The
upper radius of the cone is 280 mm and the lower radius is 360 mm. The height of the
cone is 400 mm. The central operating frequency is 1.575 GHz. The embedded patterns
obtained by a high-frequency structure simulator (HFSS) are used in the algorithm to
improve the accuracy of the synthesis. In this example, HDE-WTLSM is used to obtain low
SLL synthesis and cross-polarization suppression simultaneously.

The fitness function is as follows:

fitness = U(Fy(0) — F4(0))[amax|SLL — DSLL|
+Bmax|CROSS — DCROSS||

where CROSS denotes the cross polarization level optimized by HDE-WTLSM. DCROSS
stands for desired cross polarization level. « and  representative weights of SLL and cross
polarization level.

(18)



Electronics 2021, 10, 2227 7 of 10

Figure 6. The RHCP antenna and the conformal truncated conical array.

In this example, the number of individuals in each population is 100, F = 0.6, CR = 0.8,
« =1,B = 1.The desired SLL DSLL = —25 dB. The main beam-width is limited to —18°~18°.
The desired cross polarization level DCROSS = —23 dB.

Unlike planar arrays, when the array is uniform feed, due to the influence of polariza-
tion, there is a depression in the zenith direction of the array radiation pattern. As shown
in Figures 7 and 8. Due to the different orientations of each antenna in the conformal array,
resulting in different angles between the co-polarization of each antenna. The results are the
same for cross-polarization. This shows that polarization is the most difficult problem in
conformal antenna array synthesis. If polarization is not considered in conformal antenna
array synthesis, many unexpected results will be produced.

Max: 8.59
—— dB(GainTotal)

Theta (deg)

120

dB(GainTotal)

-30
[y
Min: -28.25

Figure 7. The 3D radiation pattern of uniform feed.

GainLHCP (Phi=0deg)
— GainLHCP (Phi=90deg)
-+ = - GainRHCP (Phi=0deg)
- —GainRHCP (Phi=90deg)

Gain (dB)

i 150 ~<. o 210

-

180

Figure 8. The 2D radiation pattern of uniform feed.
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Then, HDE-WTLSM is used to reduce the effect of cross-polarization in this array. At
the same time, it is hoped to get the result of low SLL in the main polarization direction.
After synthesis, there is a main lobe in the zenith direction for co-polarization. In addition,
the cross-polarization level decreased by about 20 dB. The results from Figures 7-10 were
obtained from HFSS, which includes the active patterns of each antenna. These examples
show that our algorithm can work in the array composed of ideal point sources and the
actual conformal antenna array. The convergence curves of DE and HDE-WTLSM for the
conformal array is given in Figure 11. As can be seen from the figure, the convergence
speed of HDE-WTLSM algorithm is faster.

Max: -3.60

o dB(GainTotal)
I 0 Theta (deg)
o
5 T
yan

/, ! N
10 y
/ 20 .
-15 N
\\\\
I -20 \ .
\ \

Figure 9. The 3D radiation pattern after synthesis.
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35

-40
Min: -39.82

GainLHCP(Phi=0deg)
= GainLHCP(Phi=90deg)
- GainRHCP(Phi=0deg)
= + = GainRHCP(Phi=90deg)

R):
SR -

60 300

H A b
& o &

90 |
|

Gain(dB)
AR S - )
o o o (=]

120 240

D
o ©
:

150 210

=]

70 T T T T T T T T T

= HDE-WTLSM
60 - - DE 1
50 1

40

Fitness value

30

20

10 . . . . . . . " "
0 50 100 150 200 250 300 350 400 450 500

Iteration number

Figure 11. The convergent curves of low SLL synthesis for the conformal array.
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4. Conclusions

In this paper, a novel algorithm named HDE-WTLSM has been proposed for antenna
array pattern synthesis. Aweight matrix is added to TLSM to control the differences of
desired and obtained pattern in different angles. DE is used to optimize that weight matrix.
The algorithm is applied to low SLL and null steering pattern synthesis problems in a
20-elements linear array. Then, the algorithm is used to optimize a conformal truncated
conical array to obtain low SLL and cross polarization level synthesis. Experiments show
that HDE-WTLSM is very effective and has advantages of convergence speed.
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