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Abstract — This paper proposes a high-precision cose-
cant square beamforming reflectarray using an improved
hybrid Particle Swarm Optimization and Genetic Algo-
rithm (PSO-GA) and low-coupling square ring element.
Firstly, a novel hybrid PSO-GA algorithm is carried out
to optimize the phase distribution of the high-precision
beamforming reflectarray. Then, an element is presented
whose reflection phase is insensitive to different incident
angles and reflection amplitude stable with variations of
element size. By using the above-mentioned methods, a
high-precision beamforming reflectarray is designed and
analyzed. The experimental results show well-defined
cosecant squared beams in the predefined direction are
achieved in the frequency range from 13.1 to 14.3 GHz
and have low loss.

Index Terms — Beamforming reflectarray, optimiza-
tion, reflectarray antenna.

I. INTRODUCTION

Reflectarray antennas combine many of the favor-
able traits of both reflectors and phased arrays while
minimizing many of the drawbacks of the two. Reflec-
tarray antennas are a low-profile, lightweight, and planar
high-gain alternative to the conventional large and bulky
parabolic reflectors and phased array antennas [1-4].
Reflectarrays can perform beamforming while remain-
ing planar. Due to the lack of feed network, it also
ensures a much greater efficiency for the reflectarrays
compared with the phased array antennas.

A shaped-beam reflectarray with a cosecantsquared
pattern was first presented in [5]. A narrowband reflec-
tarray making use of a single layer of varying-sized
patches is shown in [6], providing a European coverage.
Reflectarray antennas have also been used to provide
accurate shaped beams by using a flat sandwich with
printed patches appropriately optimized [7, 8]. In [9],
Particle Swarm Optimization (PSO) and Genetic Algo-
rithm (GA) are compared and it is inferred that the
convergence of PSO is faster than that of GA to the
desired radiation pattern.
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Evolutionary Algorithms (EAs) such as GA and
PSO are effective and flexible techniques able to opti-
mize multi-modal and non-convex cost functions like
those modelling in general many engineering problems,
and more specifically antennas ones [10-13]. For less
complex problems, it demonstrates some advantages
over the Back Propagation (BP) Neural Network algo-
rithm [14]. Although the heuristic mentioned algo-
rithms have been widely utilized as optimization tools,
there are also some demerits, such as trapping of the
local optimum [15], low accuracy, and early-maturing
problems.

In reflectarrays, the array elements are designed
with varying sizes [16] or rotation angles [17] to provide
the desired phase distribution. Therefore, each element
exhibits different mutual coupling levels and works
at different resonance states, which leads to difficul-
ties in the designing of high-precision beamforming
reflectarrays.

This paper presents a high-precision beamforming
reflectarray based on an improved hybrid PSO-GA algo-
rithm and a low-coupling square ring element. First,
an improved PSO-GA algorithm and a robust element
design are proposed, featuring incident-angleinsensitive
phase stability and minimal reflection amplitude fluctu-
ation across size variations, which collectively reduce
phase errors and enhance reflectarray performance.
Next, a high-precision reflectarray antenna using these
methods is designed, measured, and analyzed. Finally,
key conclusions are summarized.

II. PROPOSED APPROACH
A. An improved hybrid PSO-GA algorithm for
calculation of phase distribution of the reflectarray

In order to obtain phase distribution of the shaped
beam reflectarray, an improved hybrid PSO-GA algo-
rithm is proposed. It combines the advantages of
PSO and GA. It is a heuristic optimization tech-
nique that is robust and efficient in solving antenna
problems.
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The flow chart of the improved hybrid PSO-GA
algorithm is shown in Fig. 1.
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Fig. 1. Flow chart of the improved hybrid PSO-GA
algorithm.

The specific procedure of the hybrid PSO-GA algo-
rithm is as follows:

Step 1: Set algorithm parameters and initialize particle
swarm. Set the node number of particle swarm as n.
Let X; = (Xi1,Xp2,...Xin) be the position vector of i
th particle, v; = (v;1,vi2,...vin) be the velocity vector,
pi = (pi1,pin,- .. pin) be the best position that particle
has gone through, which can also be denoted as pjps, &
be the index numbers of best position that all particles
has gone through, so py = (Pg1,Pg2:---Pan)> 1.€. &hest-
Set the maximum velocity V4, learning factors C; and
(C,, inertia weight w, maximum iteration times .y,
solution precision value E, crossing probability P. and
mutation probability P,.

Step 2: Calculate the fitness function value of each
particle. Select the particle with the optimal fitness
value. Store and update the position of the particle in
the optimal position of the particle Py.;. Compare all
the values Pp,g. Store and update the optimal adaptation
value and the position of the particle in the optimal
position of the group gpes;-

Step 3: In each iteration, when an individual is selected
for update, a random number rd is generated, ranging
from O to 1.

Step 4.1: If rd < 0.25, the original PSO algorithm is
used. Update the velocity and position of the particles by
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(1) and (2), then update the adaption value of particle:

vi(k+1) = wvi(k) +cir1 [pi — xi(k)] + cara[pg — xi(k)],
(1)

xi(k—|—1):xi(k)—|—vi(k—|—l), 2)

where k represents evolution times, r; and r, are quasi-
random numbers generated within [0,1]. To prevent
the velocity of the particle becoming too quick in the
iteration, the velocity of the particle should be restricted
in interval [—Vinax , Vinax)-

Step 4.2: If 0.25 < rd < 0.5, then pure GA is used.
Firstly, the crossing operation: choosing a set of particles
with better adaption, which are matched by pairs in
random. Crossing operation is carried out according to
the certain probability P.. For those matched particles X;
and X, the crossing process is shown as follows:

xi(k+1) = o xi(k) + (1 — o) (k), 3)
xj(k+1) = (1—a)"xi(k) + oux; (k). &)

where o is random number in interval [0, 1]. Detecting
the adaption value of every particle, the particles of
weaker adaption value are made mutation operation by a
certain probability P,:

xi(k+1) =x;(k)+ randn x o, 3)

where randn is a normal random integer and
6 is a constant value o = (maximum domain —
minimum domain) /10. Then update the adaption value
of the particle.

Step 4.3: If rd > 0.5, the hybrid PSO-GA algorithm is
used to obtain the phase distribution of beamforming
reflectarray. The operations of selecting and crossing
GA are introduced into PSO such that the information
among the particles can be shared and convergence
rate of particle swarm can be quickened. Using (1) and
(2), update the position and velocity information of the
particle. Using (3), (4) and (5), compare the adaption
value of son-particle and that of father-particle. The
particle with better adaption value should be left for the
next iteration.

Step 5: Judge whether the maximum number of itera-
tions has been reached or whether the best fitness value
of the particle swarm has achieved the given accuracy.
If so, the iteration process terminates and the result is
output. Otherwise, return to Step 2 until the final result
is obtained.

The proposed improved hybrid PSO-GA systems
can find a better solution without trapping in local
optimum solutions and achieve a faster convergence
rate. When the PSO particles stagnate, GA diversifies



the particle position even though the solution is worse.
In PSO-GA, particle movement uses randomness in its
search. Hence, it is a kind of stochastic optimization
algorithm that can search a complicated and uncertain
area.

B. Optimization of the phase distribution of the
cosecant square beamforming reflectarray

To generate a cosecant beam with requirements on
the pattern at levels 2 dB below the maximum, the phase
distribution of a square cosecant beamforming reflectar-
ray antenna at center frequency of f = 13.88 GHz is
proposed in this section. The reflecting surface consists
of 22 x 22 unit cells, and the period of the element is
chosen to be p = 8.6 mm. Classically, lossless elemen-
tary antennas have a reflection magnitude |p| of 0 dB and
the phase distribution of planar reflectarray antennas by
adjusting only the phase.

The radiation pattern obtained by the proposed
algorithm is shown in Fig. 2 (a). Traditional PSO
and GA are also used to obtain the phase distribution
of the shaped beam reflectarray. Comparison of the
cost function values of all three algorithms against the
number of iterations is shown in Fig. 2 (b). As can
be seen, both PSO and the improved hybrid PSO-GA
algorithm exhibit faster convergence than GA. This is
because PSO updates the evolutionary direction based
on current optimal particles, which provides enhanced
directional guidance. However, PSO tends to trap in
local optima in the later stages. GA has a better global
optimization capability and high-precision because it
can effectively escape local optima through operations
such as crossover and mutation, but it has a low conver-
gence speed compared with PSO. Compared with PSO
and GA, the results obtained using the improved hybrid
PSO-GA algorithm is able to reach global optima of
the phase distribution of the reflectarray, and this hybrid
method improves the precision and efficiency of the
model.
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Fig. 2. (a) Radiation pattern obtained by the proposed
algorithm and (b) comparison of convergence speed of
three algorithms.

Phase distribution obtained by the improved hybrid
PSO-GA algorithm is shown in Table 1.
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Table 1: Phase distribution obtained by the improved
hybrid PSO-GA algorithm

No. Phase No. Phase
1 184.8935 12 | 184.6788
2 259.3447 13 | 220.9182
3 59.6594 14 | 208.4418
4 266.4084 15 | 239.4929
5 27.57922 | 16 | 250.0374
6 251.1031 17 | 287.8221
7 65.75094 | 18 | 265.2022
8 193.9426 19 | 303.5217
9 117.6788 20 | 254.5281
10 163.933 21 | 356.9709
11 146.8121 22 | 299.101

C. Design and analysis of a low-coupling square ring
element

To design a high-precision beamforming reflectar-
ray, an element which has a low loss and the phase shift
produced by the cell is nearly insensitive to the angle of
incidence variations for angles up to 45° is presented in
this section. The geometry of the unit cell is shown in
Fig. 3.

(a) (b)
Fig. 3. Geometry of the element.

The proposed element consists of two square rings
and a square patch printed on the same side of a RT 5880
substrate with thickness of 4~ mm which is separated
from a ground plane by an air layer with thickness of
H mm. The period of the element is chosen of p =
8.6 mm. The length of outer side of the outer ring is
wi, and the inner side is w2 = 7.4 mm. The length of
outer side and inner side of the middle ring are w3 =
2 X I mmand w4 =2 X 1 —0.8 mm, respectively, and
the length of the inner square patch is w5 = 0.8 mm.
The phase of the reflected field is adjusted by changing
the length of the variable /(0.4 mm <! < 4.1 mm). The
lengths of wy,h and H in the unit cell are adjusted to
improve the bandwidth of the reflectarray.

Figures 4 (a) and (b) show the phase-shift and
amplitude versus the variable length I for different
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Fig. 4. Simulated reflection phase and amplitude versus
length [ for (a) different thickness i of dielectric layer
and (b) different air thickness H .

thickness 4 of the dielectric layer and different air thick-
ness H at 13.88 GHz when one parameter is changed
and another parameter is unchanged. It can be seen
from Figs. 4 (a) and (b) that both & and H have some
effects on the reflection phase and amplitude. Based
on the linearity of the reflection phase curve and the
smoothness of the reflection amplitude, the thicknesses
of the medium and air layer have been chosen as h =
2 mm and H = 5 mm, respectively.

Next, the effect of the length of w1 over the reflec-
tion phase and amplitude versus the length [ for different
incident angle 0 is studied as shown in Fig. 5 (a). It
can be seen that, as wl increases, the phase response
variation for different incident angles (6 = 0°,25°,45°)
also increases, primarily due to the coupling between
adjacent elements and the resonance of the element. The
lower the coupling between adjacent elements, the less
influence on the phase shift for different incident angles.
It can also be observed that wl has little effect on the
reflection amplitude. Considering the phase shift and
amplitude variations under different incident angles, the
value of w1 has been set to wy = 8.2 mm.
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Fig. 5. (a) Simulated phase shift and amplitude versus
length [ for different lengths wl and incident angles
0 and (b) simulated phase shift and amplitude versus
length [/ for normal incidence at different frequencies.

Figure 5 (b) plots the phase and magnitude of
the reflection as functions of / for normal incidence
at different frequencies. As shown in Fig. 5 (b), the
reflection phases versus [ plots are linear at different
frequencies, and the amount of delayed phase increases
as the frequency rises from 13.1 to 14.3 GHz. The
losses of the reflection magnitude are lower than 0.05 dB
within this frequency band. The final parameter values
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Table 2: Detailed parameters of the unit cell

Parameter Value Parameter Value
p 8.6 mm wi 2x1-0.8
wl 8.2 mm w5 0.8 mm
w2 7.4 mm h 2 mm
w3 2x1 H 5 mm
[ 0.4—4.1 mm

of the reflectarray antenna element are summarized in
Table 2.

III. DESIGN AND PERFORMANCE OF A
SQUARE COSECANT BEAMFORMING
REFLECTARRAY ANTENNA

A center-fed high-precision beamforming reflectar-
ray consisted of elements based on the analysis above is
designed as shown in Fig. 6. The antenna is designed for
the operating frequency of 13.88 GHz and the square
aperture of the reflectarray is 189.2 mm. The phase
distribution in Table 1 is used for the design of the
reflectarray to provide the required shaped beam: pencil
in azimuth and squared cosecant in elevation. In order
to reduce the variation of the phase shift of the element
for different incident angles, a larger focal length F =
227.04 mm is used, which indicates a ratio of 1.2.

z

v D
(b)

Fig. 6. Prototype of beamforming reflectarray.

A prototype of the feed and the reflectarray is shown
in Fig. 7 (a). The reflectarray was simulated in a full
wave EM simulation and was measured by the NSI
planar near-field system as shown in Fig. 7 (b).

(a)

Fig. 7. (a) Photograph of feed antenna and reflectarray
and (b) near-field measurement.



The simulated and measured radiation patterns of
the reflectarray at different frequencies are shown in
Fig. 8. And the simulated polar radiation patterns of
the reflectarray at 13.88 GHz is shown in Fig. 9. In
all of the cosecant square regions, well-defined cosecant
squared beams in the predefined direction are achieved
and good agreement between the simulated and mea-
sured results is achieved in the frequency range from
13.1 to 14.3 GHz. However, discrepancies in sidelobe
levels exist, primarily due to the scattered field on the
reflectarray edges.
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Fig. 8. Simulated and measured radiation patterns of the
reflectarray at (a) 13.1 GHz, (b) 13.3 GHz, (¢) 13.5 GHz,
(d) 13.7 GHz, (e) 13.88 GHz, (f) 13.9 GHz, (g) 14.1 GHz
and (h) 14.3 GHz.

The simulated and measured gains and aperture
efficiencies of the proposed reflectarray are shown in
Fig. 10. It can be observed that the measured gain is
consistently lower than the simulated gain. The sim-
ulated gain is increased from 21.2 to 23.7 dB as the
working frequency increases from 12.5 to 14.5 GHz
with a 1 — dB bandwidth of 8.6% (13.3-14.5 GHz) and
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Fig. 9. Simulated polar radiation patterns of the reflec-
tarray at 13.88 GHz.

the measured gain is from 18.3 to 22.6 dB with 1-dB
bandwidth of 8.6% (13.3-14.5 GHz). The difference
between the simulated and measured gains is attributed
to the fabrication and measurement errors. The substrate
of the element may distort during fabrication, causing
errors in the phase compensation of the element. Other
errors are introduced by blockage and misalignment of
the feed. The aperture efficiencies of the reflectarray are
also plotted in Fig. 10. The simulated and measured
efficiencies vary from 36.6-39.2% and 31.7-37.4%,
respectively. Although the 1 dB gain bandwidth of the
reflectarray is 8.6%, some discrepancies exist between
the simulated and measured radiation patterns and gains,
which can be attributed to fabrication and measurement
tolerances. Nevertheless, well-defined cosecant-squared
beams in the predefined direction are maintained across
the entire operating band, as shown in Fig. 8. This result
demonstrates the strong robustness of the phase dis-
tribution optimized by our proposed algorithm against
phase errors. Such bandwidth performance is highly
competitive for a high-gain, shaped-beam reflectarray.

25 T T T 1.0
| —
i -
20 g H0.8 -,
- - )
@
m 15t {0.6G
= E
= (0]
510 = =04 ¢
R e 5
e G2IN-SIM E
5 - =Gain-mea 024
— Efficiency-sim
= = Efficiency-mea
0 0.0
125 13.0 135 14.0 145

Frequency(GHz)

Fig. 10. Simulated and measured gains and aperture
efficiencies.

IV. CONCLUSION

This paper designs a high-precision shaped beam
reflectarray using phase only control to achieve a cose-
cant squared beam. First, an improved hybrid PSOGA
algorithm is proposed. Simulation results show that
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the hybrid algorithm outperforms PSO and GA in
convergence speed and global optimization. The second
part of this paper proposes an element whose reflection
phase is insensitive to different incident angles and
reflection amplitude keep stable with variation of ele-
ment size. Finally, a high-precision beamforming reflec-
tarray is designed using these methods. The simulation
and measured results show that well-defined cosecant
squared beams in the predefined direction are achieved
in the frequency range from 13.1 to 14.3 GHz, which
validates the effectiveness of the proposed approach.
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