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Abstract: A large dual-polarization microstrip reflectarray with China-coverage patterns in two operating bands is designed. To
sufficiently compensate for the spatial phase delay differences in two operating bands separately, a three-layer rectangular patch
element is addressed, which is suitable for the large dual-polarization reflectarray. Due to the complexly shaped areas and high
gain requirements, there are more than 25 000 elements in the reflectarray, making it difficult to design, due to more than 150 000
optimization variables. First, the discrete fast Fourier transform (DFFT) and the inverse DFFT are used to establish a one-to-one
relationship between the aperture distribution and the far field, which lays a foundation for optimizing the shaped-beam reflec-
tarray. The intersection approach, based on the alternating projection, is used to obtain the desired reflection phases of all the
elements at some sample frequencies, and a new method for producing a suitable initial solution is proposed to avoid undesired
local minima. To validate the design method, a dual-polarization shaped-beam reflectarray with 7569 elements is fabricated and
measured. The measurement results are in reasonable agreement with the simulation ones. Then, for the large broadband reflec-
tarray with the minimum differential spatial phase delays in the operating band, an approach for determining the optimal position
of the feed is discussed. To simultaneously find optimal dimensions of each element in two orthogonal directions, we establish a
new optimization model, which is solved by the regular polyhedron method. Finally, a dual-band dual-polarization microstrip
reflectarray with 25 305 elements is designed to cover the continent of China. Simulation results show that patterns of the re-
flectarray meet the China-coverage requirements in two operating bands, and that the proposed optimization method for designing
large reflectarrays with complexly shaped patterns is reliable and efficient.
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1 Introduction

As a bridge between a satellite and the Earth
station, a satellite antenna is a key component of the
satellite communication system. The services of geo-
synchronous communication satellites are limited to
specific areas on the Earth in many cases; thus, the
satellite antennas are required to have shaped patterns
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that cover the designated service areas. As is well
known, the shaped reflector antenna is an important
type of space-borne antenna for communication sat-
ellites, due to its advantages such as high radiation
efficiencies and large operating bandwidths. However,
with a complexly curved surface, the shaped reflector
needs considerable volume, adding great difficulty to
the overall layout of the satellite. The shaped reflector
antenna has another drawback. An elaborate and ex-
pensive custom molding is required to fabricate the
shaped carbon-fiber reflector. This has a great impact
on the antenna performance at higher frequencies.
An alternative choice for the shaped-beam an-
tenna is a microstrip reflectarray antenna proposed by
Pozar et al. (1999). In the microstrip reflectarray with
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a feed, the reflective surface is a flat quasi-periodic
array with many conducting elements printed on a
grounded dielectric substrate. Scattering properties of
the individual microstrip elements are controlled,
progressive reflection phase shifts across the aperture
are designed, and then a special wavefront is pro-
duced. Reflectarray antennas are the best choice to
replace the shaped reflector antennas in the future,
thanks to their advantages such as flat structure, low
cost, easy deployment, and flexibly shaped patterns.

Although the reflectarray antenna has many
advantages, its main shortcoming is that its operating
band is relatively narrow, compared with the reflector
antenna. Its narrow band characteristic is caused
mainly by two factors. One is the inherently narrow
bandwidths of the microstrip elements, which greatly
affect the operating bands of small reflectarrays. The
other is the differential spatial phase delays, which are
dominant for large reflectarrays. Many wideband
elements, such as sub-wavelength elements (Pozar,
2007), multi-resonant elements (Chaharmir and
Shaker, 2008), and rotated elements (Yu et al., 2009),
have been proposed to address the first issue. To
overcome the second difficulty, Chaharmir et al.
(2009) proposed an optimization method to solve
the frequency dispersion problem of the large
reflectarray.

As is known, dual-polarization antennas in sat-
ellite applications should achieve high isolation be-
tween two polarizations, which is difficult to realize

by conventional reflectors, except dual-grid reflectors.

Due to their drawbacks, such as high cost and large
volume, dual-grid reflectors are limited in satellite
applications. Because the element’s orthogonal di-
mensions can be independently adjusted for different
polarizations, reflectarrays can be designed to pro-
duce shaped beams with two polarizations (Encinar
et al., 2006).

By controlling the reflect phases of the elements,
radiation patterns of the microstrip reflectarray are
shaped. This process is accomplished by adjusting the
dimensions of the elements. Although great progress
has been made in computer technology and compu-
tational electromagnetic methods, the computational
cost for optimizing all the dimensions based on
full-wave analyses is still unacceptable for large mi-
crostrip reflectarrays. To attain the design goal, it is
necessary to propose novel optimal design methods

for large microstrip reflectarrays with shaped beams.
For medium-size microstrip reflectarrays with shaped
beams, Encinar and Zornoza (2004) made important
contributions. Scattering analyses of the reflectarray
elements and optimization of the array aperture phase
distribution were carried out independently, greatly
improving the design efficiency and making the de-
sign of large microstrip reflectarrays with shaped
beams possible. The specific design process is as
follows. First, the phase-only syntheses are carried
out to obtain the phase distributions of the reflective
surface that meet the shaped-beam requirements.
Second, the spectral domain method of moments is
used to analyze the scattering characteristic of each
element, and the element dimensions are optimized to
make the reflection phases of each element close to
the target phases. Several shaped-beam reflectarrays
were designed using the above method (Arrebola
etal., 2008; Encinar et al., 2011; Carrasco et al., 2013;
Prado et al., 2017). A direct optimization technique
based on the gradient minimax algorithm was used to
design shaped-beam reflectarrays (Zhou et al., 2013,
2014, 2015). A lookup table of scattering parameters
is established to speed up the optimization process.
Unfortunately, as the variable number of the elements
increases, the time required for generating the table
increases as well. In addition, because the interpola-
tion is used, the scattering parameters of the element
can hardly be calculated accurately. Recently, a
shaped-beam reflectarray was realized using a nonu-
niform frequency selective surface (FSS) backed
element to control both the amplitude and phase (Wu
et al., 2018). However, its radiation efficiencies de-
crease inevitably.

In this paper, a broadband dual-polarized
shaped-beam large reflectarray with China-coverage
patterns is designed. Due to the complexly shaped
areas and high gain requirement, the reflectarray
should be large enough. Its aperture size is more than
2 m, and it includes totally 25 000 elements. To the
best of our knowledge, such large reflectarrays with
complexly shaped patterns have not yet been de-
signed. For very large reflectarrays, there are two
serious problems. One is that the spatial phase delay
differences (PDPs) in the operating band increase
rapidly, as the aperture size of the reflectarray in-
creases. The other is that the optimization of the huge
number of reflectarray elements for China-coverage
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patterns is a tremendous challenge. To solve these
problems, we adopt the following design procedure.
First, a three-layer dual-polarization rectangular patch
element is addressed. The spectral domain method of
moments is used to analyze the reflective coefficients
of the element. By optimizing the dimensions of each
element, the spatial PDPs in the operating band can be
compensated for. Then, the intersection approach is
used to determine the phase distributions of the re-
flective surface, with which the China-coverage
shaped patterns are realized by the reflectarray. To
ensure convergence of the intersection approach, a
new simple method for producing the initial solution
is proposed. To reduce the spatial PDPs in the oper-
ating band, a new optimization model for each ele-
ment is established, and the regular polyhedron
method is used to solve the model. By repeating the
optimization process many times, optimal dimensions
of all the elements are determined. Thus, the large
microstrip reflectarray can radiate dual-polarization
shaped patterns for China coverage in the dual Ku
band. To validate the design paradigm, an 87x87-
element dual-frequency dual-polarization microstrip
reflectarray with shaped patterns is designed and
fabricated. The measurement results agree reasonably
with the simulation ones. Finally, a 25 305-element
broadband microstrip reflectarray is designed suc-
cessfully. Simulation results indicate that the mi-
crostrip reflectarray radiates dual-polarization shaped
patterns for China coverage in the dual Ku band, and a
very complicated design goal is achieved.

2 Element design

The geometry of the reflectarray element (Fig. 1)
is the same as that of the element used in Encinar et al.
(2006). The element consists of three identical sub-
strates, and three rectangular patches with sizes a;xb,,
a,xb,, and asxb; are etched on the three substrates,
respectively. The element periods are d,=d,=14 mm.
Parameters a;, ap, and a; are assumed to satisfy
as=a1X0.7 and a,=a;%0.9. Parameters b, by, and b;
follow the same relations. By adjusting patch dimen-
sion a; or by, the phase shifts for two polarizations can
be expected to meet the requirements. Suppose that
a,=b;. When the patch sizes are varied, the phase-shift
curves at different frequencies are presented in Fig. 2,

and the difference between reflective phases at ex-
treme frequencies are as provided in Fig. 3. As shown
in Figs. 2 and 3, the phase-shift range of the element is
larger than 700°, and the maximum phase difference
between the upper and lower frequencies is close to
250°. Furthermore, when a; ranges from 9.0 mm to
12.5 mm, the phase-shift range is more than 360°, and
the phase difference is more than 100°. For the gen-
eral case, if parameters ay, a,, as, by, by, and b; are
adjusted freely in reasonable ranges, the spatial PDP
of the microstrip reflectarray will be compensated for
to a large extent, and then the broadband dual-
polarization shaped patterns of the reflectarray may
be realized.

As is known, dielectric losses exist objectively in
the substrates. This kind of loss should be fully taken
into account when the reflectarray formed by the
element is analyzed. Fig. 4 presents the reflection
amplitudes of the element at different frequencies.
As shown in Figs. 3 and 4, the largest reflection
losses occur in the region close to the largest phase
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Fig. 1 Geometry of the reflectarray element: (a) side view;
(b) top view
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rameter a; at three frequencies
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Fig. 4 Reflective magnitudes of the element versus pa-
rameter a; at three frequencies

difference. The phase adjustment ability and the
losses of the element should be taken into account
simultaneously, when the element dimensions are
determined. Fig. 4 indicates that the minimum re-
flection amplitude of the element is —0.64 dB, and the
element losses are acceptable. Therefore, the three-
layer rectangular patch element meets the phase shift
requirements in the operating band. It can be used to
design the large wideband dual-polarization shaped-
beam microstrip reflectarray for China coverage.

3 Synthesis of the shaped-beam reflectarray
at a single frequency

3.1 Feed for the reflectarray

As a space-fed array, the reflectarray radiates
energy from the elements, illuminated by the feed.
Thus, the radiation characteristics of the feed are

important for the reflectarray. Due to its advantages,
such as high design degree of freedom, flexible radi-
ation patterns, and stable phase center, the corrugated
horn is most commonly used as the feed for reflector
antennas. Here, the corrugated horn is chosen as the
feed for the reflectarray, and its radiation field can be
expressed approximately as (Rahmat-Samii et al.,
1981)

efjkr

E©0.4)=%
+ @U,,(0)(d cos @ — ce'’ sin ),

OU . (0)(ce’ cos g+ d sin ) 0

where 7 is the distance between the field point and the
feed, Ug(f) and Uy(6@) are the E-plane and H-plane
patterns of the feed, respectively, denoted by

U.(0)=cos" 6, 2)
Uy (6)=cos" 6, 3)

where m and n are real numbers, and their specific
values are determined by the edge taper levels of the
reflectarray. In Eq. (1), the feed polarizations are
determined by variables ¢, d, and d. Table 1 provides
four feed polarizations with different ¢, d, and &
values.

Table 1 Definition of the feed polarizations

Feed polarization c d 0
x-polarization 1 0 0°
y-polarization 0 1 0°
RHCP /N2 1/\2 90°
LHCP /N2 1/\2 -90°

RHCP: right-hand circular polarization; LHCP: left-hand circular
polarization

3.2 Far fields of the reflectarray

According to the diffraction theory, the far-field
radiation characteristics of the aperture antenna can
be obtained from the tangential components of its
aperture field (Clark and Brown, 1980). The far-field
electric vector of the reflectarray is expressed as

E@O,p)= jk[(é’ COS @ — @sinECos H)Erx
N C))]
+(Bsing + pcos pcosO)E,, ] ,
27nr
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where E and Ery are the spectral functions of the

tangential components of the aperture field, denoted
by

E.0.9)= [[ E(x,y)e" " dxdy,  (5a)
Rarray

E,0.9)= [[ E ()™ dxdy.  (5b)
Rarray

E._ in Eq. (5a) is calculated by

rx

. kd,
E. (p.q)= dxdySinc(k"zd" jsinc( y2 z j

‘eXp [—%j(kx (N,—Dd +k,(N,~1)d, )j
N

N,-1

X y

1

[ 4, (m,n)exp(jg, (m,n))
]

»N—1,¢=0,1,...,N,~1,and A.(m, n)
and ¢(m, n) are the amplitude and phase of the
(m, n)™ element, respectively. The two-dimensional
(2D) inverse discrete fast Fourier transform (DFFT)
can be used to calculate the double summation in
Eq. (6) conveniently. Thus, the spectral functions and
the radiation patterns can be obtained efficiently.
Morcover, DFFT and inverse DFFT can be used to
establish a one-to-one relationship between the ap-
erture field distribution and the far field, which lays a
foundation for optimizing the reflectarray.

=1

S
3

(6)

where p=0, 1, ..

3.3 Shaped-beam synthesis of the microstrip re-
flectarray by the intersection approach

When the geometry of the microstrip reflectarray
is fixed, the reflective amplitude of the passive re-
flectarray element is determined by the feed pattern,
which is close to that of the total reflection. Our de-
sign goal is that the specified shaped beams are real-
ized by the reflectarray. To achieve this goal, reflec-
tion phases of all the elements in the reflectarray
should be optimized first, known as phase-only syn-
thesis. In recent years, some evolutionary algorithms,
such as the genetic algorithm, particle swarm

optimization algorithm, and differential evolution
algorithm, have been applied in antenna designs
(Rahmat-Samii and Michielssen, 1999; Robinson and
Rahmat-Samii, 2004; Zhang et al., 2009). However,
due to their excessive computation, these evolution-
ary algorithms are seldom used to optimize very large
reflectarrays with a huge number of elements. It is
necessary to propose a method to optimize the re-
flection phases of all the elements of large reflectar-
rays, especially reflectarrays with more than 5000
elements.

As shown in Section 3.2, there is a one-to-one
relationship between the aperture field distribution
and the far field, which is established by DFFT and
inverse DFFT. Therefore, the intersection approach
based on the alternating projection (Bucci and Fran-
ceschetti, 1990) can be used to optimize the reflection
phases of all the elements of large reflectarrays with
shaped beams (Encinar and Zornoza, 2004).

In the intersection approach, there are two sets,
i.e., set M, in which the radiation patterns meet the
mask requirements, and set B, which consists of the
excitation coefficients realized by the reflectarray.
Specifically, set M is defined as

M ={F: M, (uv)<|F(u,v)| < M,@,)}, (7)

where (u, v) are the angular coordinates, F(u, v) is the
far-field radiation pattern of the reflectarray, My (u, v)
and My(u, v) are the lower and upper bounds for the
radiation patterns, respectively. Set B is defined as

B={J

2y (man) <|J(m,m)| < T, (m,m)}, (8)
where (m, n) represents the (m, n)™ element in the
reflectarray, J(m, n) is the excitation coefficient of the
(m, n)th element, and Jy(m, n) and Jy(m, n) are the
lower and upper amplitude bounds for the (m, n)"
element, respectively. The alternating projection
process can be depicted as

F(u,v)1=IDFFT {P3{DFFT[PyF(u,v),]} }
=IDFFT{PsJ (m,n),}, ©)

where P, and Pjp are the projection operators on sets
M and B, respectively. According to Eq. (7), projec-
tion operator Py, is expressed as
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My(u,v) ;EZ::;' , |F(u,v)| >M (u,v),
P,F(u,v)=<F(u,v), M (u,v)< |F(u,v)| M (u,v),
F(u,v)

ML(”:V) |F(u,v)| H |F(M,V)| <1\4L (u,v),

(10)

where the real radiation pattern of the reflectarray is
corrected, making F(u, v) belong to set M. Projection
operator Pp is defined as

J(m,n)
Jy (m’n)—|J(m,n) , J(m,n)>J,(m,n),
Py (m,n)=<J(m,n), Jy(m,n)<|[J(m,n)| < Jy(m,n),
J(m,n)
JL (m’ n) |J(m, n)| b |J(m’ n)| < ']L (m’ n))

(11)

where the excitation coefficient J(m, n) is projected
onto set B. By iteratively projecting between sets B
and M, the intersection approach can be used to obtain
their intersection or a solution in set B, which ap-
proaches set M as close as possible.

Because the intersection approach is a local op-
timization method, a reasonable initial solution is
important for its convergence. Generally, a method
for producing the initial solution is described as fol-
lows. First, an alternative shaped reflector antenna
with the specified shaped beams is designed. The
shaped reflector antenna has the same geometry as the
microstrip reflectarray, except that the shaped re-
flector is replaced by the microstrip patch array. Then,
the aperture phase distribution of the shaped reflector
(Pozar et al., 1999) is chosen as the initial solution of
the intersection approach. This method is inconven-
ient, because it is difficult to design the shaped re-
flector. To overcome the difficulty of the method, we
propose a new simple method for producing the initial
solution. First, a microstrip reflectarray with pencil
beams is designed. Then, as shown in Fig. 5, by
properly moving the feed toward the reflectarray, a
suitable out-of-phase distribution of the reflectarray
is obtained, which is chosen as the initial phase
distribution.

As an example, an elliptical microstrip reflec-
tarray with a square-shaped beam is designed. The

Fig. 5 A new simple method for producing the out-of-focus
initial solution

out-of-focus initial solution and the optimization
results are also demonstrated. The elliptical mi-
crostrip reflectarray with size 2.002 mx1.918 m is
placed in the xoy plane, and designed to radiate a
square-shaped beam in the direction with 6=15°. The
element size is defined as 14 mmx14 mm. The re-
flectarray with 75 columns and 71 rows has a total of
15 437 elements. The coordinates of the feed phase
center are x~—0.6 m, y=0 m, and z=1.1 m. The op-
erating frequency is set to be 12.50 GHz. First, a
15 437-element microstrip reflectarray with pencil
beams is designed, and its peak gain is 46 dBi in the
direction with 6=15°. In this case, phases of the re-
flected field and the incident field for the (m, n)"
element are denoted by ¢.(m, n) and ¢;(m, n), respec-
tively, and the element phase shift is represented as
@s(m, n). Obviously,

9,(m.n) = ,(m,n) + @, (m,n). (12)

If p(m, n) is chosen as the initial phase solution
directly, the intersection approach converges to a
local minimum with narrow hollows inside the
shaped beam.

Then, as shown in Fig. 5, the feed is moved to-
ward the reflectarray, and the phase of the incident
field changes from g@i(m, n) to ¢i(m, n). When the
element phase shifts are fixed, the phase of the re-
flected field is expressed as

@, (m,n) = @/ (m,n) + @ (m,n), (13)
where ¢,'(m, n) is the out-of-focus phase of the
(m, n)th element. Using the new method, ¢,'(m, n) is
chosen as the initial phase solution for the (m, n)th
element. The movement distance of the feed is de-
fined as dr. When dr equals 54 at 12.50 GHz, the
contour pattern of the out-of-focus beam is shown in
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Fig. 6a. It can be seen that the peak gain is less than
that of the pencil beam, and the beamwidth increases.

Taking ¢,'(m, n) as the initial phase solution for
the (m, n)th element, the intersection approach with
unchanged edge illumination is carried out, and the
optimal contour beam is shown in Fig. 6b. There are
no hollows in the shaped region. In summary, using
the new method to produce the initial phase solution,
the intersection approach converges to a good solu-
tion without hollows, provided that sidelobes of the
pattern corresponding to the initial phase solution do
not appear in the shaped region.
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Fig. 6 Contour patterns of the reflectarray: (a) out-of-
focus beam; (b) optimized beam

3.4 Design of the medium-size reflectarray and its
experimental verification

To validate the synthesis method, a medium-

size dual-polarization shaped-beam microstrip

reflectarray is designed, fabricated, and measured.
The reflectarray radiates horizontally and vertically
polarized waves in the 12.25-12.75 GHz band and the
14.00-14.50 GHz band, respectively. Two corrugated
horns are used as two feeds of the reflectarray for two
polarizations. To realize dual-polarized shaped beams,
a two-layer rectangular microstrip patch element is
adopted for the reflectarray, similar to the element in
Fig. 1. The array period is 14 mm. Parameters ay, as,
by, and b, are assumed to satisfy two equations
a,=a;x0.7 and b,=b;x0.7. The reflectarray with 87
columns and 87 rows has totally 7569 elements, and
its aperture is 1.218 mx1.218 m. Because the spatial
PDPs of the medium-size reflectarray in two operat-
ing bands are not so large, the dimensions of each
element are determined by matching its real reflection
phases calculated by the spectral-domain method of
moments to its desired phases at only two central
frequencies. Photographs of the fabricated reflectar-
ray are shown in Fig. 7.

Patterns of the reflectarray are measured using a
near-field measurement system. Simulated and
measured patterns of the reflectarray are presented in
Figs. 8 and 9, respectively. It can be seen that the
measurement results agree reasonably with the sim-
ulation ones. Their coincidence degree in the 12.25—
12.75 GHz band is better than that in the 14.00-
14.50 GHz band. Some discrepancies between the
measured and simulated patterns still exist. The main
reasons for these discrepancies can be summarized as
follows: (1) Large reflectarrays are composed of
several small sub-arrays. Each layer is fabricated
separately, and these two layers are bonded by hand.
The rectangular patches in two layers cannot be
aligned strictly and the largest misalignment is larger
than one array period, which heavily impacts the
phase shifts of the elements, causing phase-shift de-
terioration. (2) Because the one-layer substrate is a
multi-layer sandwich composite structure made of
Kevlar and honeycomb materials, its uniformity is
hardly guaranteed, leading to phase shift deterioration
for each element. (3) As shown in Fig. 7b, the array
plane is separated from the metallic support plane,
and the spatial path delays of the entire reflectarray
are changed. Due to the shorter wavelength, the co-
incidence degree between simulated and measured
patterns in the 14.00-14.50 GHz band is worse than
that in the 12.25-12.75 GHz band. Although there
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(b)

Fig. 7 Photographs of the medium-size reflectarray (a) and
its measurement (b)

are some discrepancies between the measurement and
simulation results, the efficiency of the synthesis
method is still validated.

4 Design of the large broadband dual-
polarization shaped-beam reflectarray with
China coverage

4.1 Offset-fed configuration design

The bandwidth of the large reflectarray is dras-
tically limited by the great spatial PDPs between the
edge elements and the center element in the operating
band. To broaden its bandwidth, it is necessary to
compensate for PDPs. Because PDPs depend solely
on the locations of the elements and the position of
the feed, an optimal position of the feed exists, and
PDPs can be reduced. The reduced PDPs are com-
pensated for easily by the element dimensions.
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Fig. 8 H-polarization radiation patterns of the

medium-size reflectarray at central and extreme frequen-
cies: (a) 12.25 GHz; (b) 12.50 GHz; (¢) 12.75 GHz
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For the prime-focus reflectarray, the feed is lo-
cated above the aperture center. When the main beam
of the reflectarray points to the boresight direction,
the distribution of PDPs over the reflectarray aperture
is symmetrical, and the maximum PDP is minimized.
Therefore, all the positions on the boresight axis are
optimal feed positions. However, the reflected waves
of the prime-focus reflectarray are blocked by the
feed. This may negatively affect the impedance
matching of the feed, and reduce the radiation effi-
ciencies of the reflectarray. Usually, an offset-fed
configuration is suggested to avoid the feed blockage.

A diagram of the offset-fed configuration is
shown in Fig. 10. Without loss of generality, we as-
sume that the phase center of the offset feed is located
at the xoz plane. Its coordinates are defined as (x¢, O,
z¢), and the main beam of the reflectarray points to the
6 direction. In this case, the reflectarray configuration
is dissymmetrical, and the following geometric rela-
tionship should be satisfied to minimize the maxi-
mum PDP:

d =d,+d", (14)
which can be expressed as
z} = x} cot’ §—0.25D" cos’ 0, (15)

where D represents the aperture dimension of the
reflectarray. Eq. (15) governs the coordinate relations
that correspond to the optimal feed position.

(xt, z7)

L
D

Fig. 10 Diagram of the offset-fed configuration

Fig. 11 presents several curves of the coordinate
relations of the optimal feed position with different
aperture dimensions and beam scan angles. As shown
in Fig. 11, offset-fed reflectarrays with different

aperture dimensions and beam scan angles have dif-
ferent optimal feed positions. For a given offset-fed
reflectarray, we can find the optimal feed position on
the corresponding curve by considering the best
trade-off among some factors such as feed blockage,
radiation efficiency, and the F/D ratio.
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A g - - - 6=15°,D=1.0m
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Fig. 11 Curves of the optimal feed positions with different
aperture sizes and beam scanning angles

4.2 Element dimension optimization for the large
broadband reflectarray

As discussed in Section 3.2, using the intersec-
tion approach, the reflection phase of each element
required for the reflectarray with the China-coverage
pattern at the central frequency can be obtained. Be-
cause the optical path is dispersed by the frequencies,
the desired phase shift of each element at the extreme
frequencies can also be obtained easily by adding or
subtracting an offset-path phase from its phase at the
central frequency. Once the desired phase shifts of
each element at some sample frequencies in the op-
erating band are obtained, the dimensions of each
element can be determined. This is realized by com-
bining a full-wave electromagnetic analysis technique
with an optimization method. Under the Floquet pe-
riodic boundary conditions, a full-wave spectral-
domain method of moments (Vacchione, 1990) is
used to analyze the scattering characteristic of each
element with real incidence angle and polarization.
Our design goal is to find the simultaneously optimal
dimensions of each element in two orthogonal direc-
tions such that its real reflective phases approach the
desired phase shifts at some sample frequencies in the
operating band as close as possible. To achieve this
goal, we establish the following optimization model
for the (m, n)™ element:
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e(v(m,n))
subjectto a” <a,<a’,b" <b <b’, i=1,2,3,

(m,n) _ T
vmn)_(a1oazaa33b1>b2:b3) B

minimize

(16)

where

") =3 ([0l (") =gl (f)

oLy =gl ()]

a7)

+

. L L u u
Herein a,, b, and a,, b are the lower and upper

bounds for parameters a and b of the (m, n)™ element,
respectively; f; is the sample frequency in the oper-

ating band (=1, 2, ..., Np; @ (f,v"") and
@’ (f,,v"") are the real phase shifts of the (m, n)™

element at frequency f; corresponding to its dimension
vector v for x- and y-polarization, respectively;

@ (f,)and @) (f,) are the desired phase shifts of the

(m, n)" element at frequency f; for x- and
y-polarization, respectively. The optimization prob-
lem (16) is solved by the regular polyhedron method
(Jiao et al., 1993). Because the regular polyhedron
method is a local direct optimization method, a suit-
able initial point should be provided in advance.
When four equations az=a;x0.7, a=a;x0.9,
bs=b1x0.7, and b,=b%x0.9 are satisfied, the dimen-

: th : 0 0 040 ;0 ;0
sions of the (m, n)" element, i.e., (“1 ,0y,ay,b by, by ),

can be determined by its desired phase shift at the
central frequency, chosen to form an initial point

T iy :
x{m" :(alo ,ay,a3,b’ by b3°) . With the initial point

(m,n)

x, ", the regular polyhedron method is used to solve

problem (16), and the optimal dimension vector

(m,n)

X is obtained for the (m, n)th element. By re-

peating the aforementioned optimization process
many times, we can find the dimensions of all the
elements in the reflectarray. Thus, the element di-
mension optimization for the large broadband re-
flectarray with shaped-beam patterns is completed.

4.3 Design of the large dual-polarization reflec-
tarray with China-coverage patterns

The large dual-polarization reflectarray is re-
quired to meet the gain specifications over the China

continent coverage. The desired antenna gains in
some areas in eastern China and other areas in China
are larger than 33 dBi and 28 dBi, respectively. The
required cross-polarization levels in these shaped
areas are less than —30 dB. The reflectarray is re-
quired to operate in the 12.25-12.75 GHz and
14.00-14.50 GHz bands with horizontal and vertical
polarizations, respectively.

To meet the gain requirements, a three-layer
rectangular microstrip reflectarray with a 2.3 mx
2.2 m elliptical aperture is designed. The configura-
tion of the dual-polarization reflectarray with two
feeds is shown in Fig. 12. The reflective surface con-
sists of 185 columns and 175 rows, with a total of
25305 three-layer rectangular patch elements dis-
tributed uniformly in a square grid. To ensure patterns
of the reflectarray with no grating lobes, the grid
period is chosen as 12.5 mm, which is about 0.6 times
the wavelength at 14.25 GHz. Two corrugated horns
operating in the 12.25-12.75 GHz and 14.00-14.50
GHz bands are chosen as two feeds for two polariza-
tions, and their radiation patterns are approximated by
cos?6, where ¢ is a positive real number. Each horn
illuminates the reflectarray edge with —16 dB level,
which is a typical value for shaped reflectors.

Using the new simple method, a suitable
out-of-focus initial phase distribution is obtained for
the large reflectarray with 25 305 elements. Then the
intersection approach is used to acquire the desired
phase shifts of all the elements for the reflectarray
with the China-coverage pattern at some sample fre-
quencies in the operating band.

11000 mm »
L — - 2200.0 mm - >

Fig. 12 Configuration of the large dual-frequency dual-
polarization reflectarray with China-coverage patterns



Zhao et al. / Front Inform Technol Electron Eng 2020 21(1):159-173 169

In our design, two linearly polarized feeds illu-
minate the reflectarray, and the directions of their
projection fields on the reflective surface are parallel
to the two edges of the rectangular patches, respec-
tively. Therefore, the phase shifts for two polariza-
tions can be controlled independently by three lengths
of the corresponding patch edges to a large degree. To
improve the shaped design results, six parameters of
each element in two orthogonal directions are opti-
mized simultaneously by solving problem (16) using
the regular polyhedron method. The optimization
process is repeated 25 305 times, and the optimal
dimensions of all the elements are found. The opti-
mized reflectarray at some sample frequencies are
analyzed using the full-wave spectral-domain method
of moments, and its radiation patterns are calculated
using the inverse DFFT.

For the design of the 25 305-element microstrip
reflectarray with China-coverage patterns, if the di-
mensions of all the elements are optimized at the
same time, a nonlinear optimization problem with
151 830 variables should be solved, which is an im-
possible mission. In this study, the complex optimal
design problem is decomposed into 25 305 nonlinear
optimization problems with six variables, which can
be finished on a common microcomputer.

When the reflectarray is optimized at only the
central frequencies 12.50 and 14.25 GHz, the co-
polarization gain contour maps at the central and
extreme frequencies are plotted in Figs. 13 and 14,
respectively. For comparison, the corresponding de-
sired gain contour maps are also depicted in Figs. 13
and 14. Note that the desired gain contour maps
(Figs. 13 and 14) in the reflectarray coordinate system
are the mirror images of those in the satellite coordi-
nate system. As shown in Figs. 13 and 14, although
the patterns of the optimized reflectarray at 12.50 and
14.25 GHz meet the coverage requirements, the pat-
terns at 12.25, 12.75, 14.00, and 14.50 GHz are dis-
torted, with hollows in the coverage areas and higher
sidelobes near the main beams. It is necessary to op-
timize the reflectarray at the central and extreme
frequencies in two operating bands. The co-
polarization gain contour maps of the optimized re-
flectarray at these frequencies are plotted in Figs. 15
and 16, where the gain patterns of the reflectarray
meet the China-coverage shaped-beam requirements
in two operating bands. Similar to the shaped reflector,

the patterns of the reflectarray have slight distortion at
very few frequencies. This situation occurs at 14.50
GHz. In this case, more than 90% areas of China
coverage meet the gain requirements. The reason for
this distortion is that PDPs in this band are greater
than those in the lower band, and are more difficult to
compensate for. The cross-polarization patterns of the
reflectarray for two orthogonal polarizations are also
calculated, and the cross-polarization levels are below
—35 dB in the coverage areas. By optimizing the di-
mensions of all the elements, the patterns of the large
microstrip reflectarray cover the desired China con-
tinent in two operating bands. Therefore, we conclude
that simultaneous optimization of the reflectarray in
two operating bands is very critical and necessary for
the large reflectarray with complexly shaped patterns.
In Encinar et al. (2006), a different method was
used to optimize the shaped-beam reflectarray in two
operating bands. The objective function is defined by
the phase shift error at the center frequency and the
PDP error with different weight coefficients. It is
difficult to choose suitable weight coefficients in
advance, because usually these coefficients are se-
lected according to repeated tests or designers’ expe-
rience. In our opinion, the design method proposed by
Encinar et al. (2006) can hardly be used to optimize
large reflectarrays with more than 20 000 elements
and with complexly shaped patterns. In this study, the
objective function is defined by phase shift errors at
the central and extreme frequencies without weight
coefficients. Therefore, our design method is more
reliable, and can be used to optimize very large re-
flectarrays with complexly shaped patterns.

5 Conclusions

In this paper, a large dual-band dual-polarization
reflectarray with China-coverage patterns is designed
for satellite communication. First, the three-layer
rectangular patch element is addressed. It is suitable
for the large dual-polarization reflectarray. Then,
DFFT and inverse DFFT are used to establish a
one-to-one relationship between the aperture field
distribution and the far field, which lays a foundation
for optimizing the shaped-beam reflectarray. The
intersection approach based on the alternating pro-
jection is used to solve the phase-only synthesis
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045

Fig. 13 Radiation patterns at the central and extreme
frequencies for the large reflectarray optimized at only two
central frequencies: (a) 12.25 GHz; (b) 12.50 GHz;

(c) 12.75 GHz
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Fig. 14 Radiation patterns at the central and extreme
frequencies for the large reflectarray optimized at only two
central frequencies: (a) 14.00 GHz; (b) 14.25 GHz;
(c) 14.50 GHz
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Fig. 15 Radiation patterns at the central and extreme
frequencies for the large reflectarray optimized in two
operating bands: (a) 12.25 GHz; (b) 12.50 GHz;
(c) 12.75 GHz

0.08

0.061

-0.02F

-0.041

-0.06¢

-0.08f

0.45

0.08
0.061

0.041

-0.021
-0.04
-0.06/

-0.08

025 0.30 0.35 0.40 0.45

0.08

0.06

0.04

0.02

-0.02

-0.04

-0.06

-0.08

025 030 " 0.40 0.45

(©
Fig. 16 Radiation patterns at the central and extreme
frequencies for the large reflectarray optimized in two
operating bands: (a) 14.00 GHz; (b) 14.25 GHz;
(c) 14.50 GHz
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problem, and a new method for producing a suitable
initial solution is proposed to avoid undesired local
minima. As a result, the desired reflection phases of
all the elements of large reflectarrays with shaped
beams are obtained. To validate the design method, a
medium-size dual-polarization shaped-beam reflect-
array with 7569 elements is designed, fabricated, and
measured. The measurement results agree reasonably
with the simulation ones. Finally, for the broadband
large reflectarray with minimum differential spatial
phase delays in the operating band, an approach is
presented to determine the optimal position of the
feed. A new optimization model is established to find
simultaneously optimal dimensions of each element
in two orthogonal directions such that its real reflec-
tive phases approach the desired phase shifts as close
as possible at some sample frequencies in the oper-
ating band. The model is solved by the regular poly-
hedron method. Based on these methods, a dual-band
dual-polarization microstrip reflectarray with 25 305
elements is designed to cover the China continent.
Simulation results show that the radiation patterns of
the reflectarray meet the China-coverage require-
ments in two operating bands. Our design method can
be used to design other very large reflectarrays with
complexly shaped patterns.

Contributors

Gang ZHAO designed the research. Gang ZHAO and
Guan-tao CHEN processed the data. Gang ZHAO wrote the
first draft of the manuscript. Yong-chang JIAO and Guan-tao
CHEN helped organize the manuscript. Gang ZHAO and
Yong-chang JIAO revised and edited the final version.

Compliance with ethics guidelines
Gang ZHAO, Yong-chang JIAO, and Guan-tao CHEN
declare that they have no conflict of interest.

References

Arrebola M, Encinar JA, Barba M, 2008. Multifed printed
reflectarray with three simultaneous shaped beams for
LMDS central station antenna. [EEE Trans Antenn
Propag, 56(6):1518-1527.
https://doi.org/10.1109/TAP.2008.923360

Bucci O, Franceschetti G, 1990. Intersection approach to array
pattern synthesis. /EE Proc H Microw Antenn Propag,
137(6):349-357.
https://doi.org/10.1049/ip-h-2.1990.0064

Carrasco E, Barba M, Encinar JA, et al., 2013. Design, man-
ufacture and test of a low-cost shaped-beam reflectarray
using a single layer of varying-sized printed dipoles.

IEEE Trans Antenn Propag, 61(6):3077-3085.
https://doi.org/10.1109/TAP.2013.2254431

Chaharmir MR, Shaker J, 2008. Broadband reflectarray with
combination of cross and rectangle loop elements. Elec-
tron Lett, 44(11):658-659.
https://doi.org/10.1049/e1:20080910

Chaharmir MR, Shaker J, Legay H, 2009. Broadband design of
a single layer large reflectarray using multi cross loop
elements. /[EEE Trans Antenn Propag, 57(10):3363-
3366. https://doi.org/10.1109/TAP.2009.2029600

Clark RH, Brown J, 1980. Diffraction Theory and Antennas.
Halsted Press, New York, USA.
https://doi.org/10.1016/0029-8018(81)90030-5

Encinar JA, Zornoza JA, 2004. Three-layer printed reflectar-
rays for contoured beam space applications. /EEE Trans
Antenn Propag, 52(5):1138-1148.
https://doi.org/10.1109/TAP.2004.827506

Encinar JA, Datashvili LS, Zornoza JA, et al., 2006. Dual-
polarization dual-coverage reflectarray for space appli-
cations. [EEE Trans Antenn Propag, 54(10):2827-
2837. https://doi.org/10.1109/TAP.2006.882172

Encinar JA, Arrebola M, Fuente LDL, et al., 2011. A transmit-
receive reflectarray antenna for direct broadcast satellite
applications. IEEE Trans Antenn Propag, 59(9):3255-
3264. https://doi.org/10.1109/TAP.2011.2161449

Jiao YC, Wei WY, Huang LW, et al, 1993. A new
low-side-lobe pattern synthesis technique for conformal
arrays. IEEE Trans Antenn Propag, 41(6):824-831.
https://doi.org/10.1109/8.250466

Pozar DM, 2007. Wideband reflectarrays using artificial im-
pedance surfaces. Electron Lett, 43(3):148-149.
https://doi.org/10.1049/el:20073560

Pozar DM, Targonski SD, Pokuls R, 1999. A shaped-beam
microstrip patch reflectarray. IEEE Trans Antenn Propag,
47(7):1167-1173. https://doi.org/10.1109/8.785748

Prado DR, Arrebola M, Pino MR, et al., 2017. Efficient
crosspolar optimization of shaped-beam dual-polarized
reflectarrays using full-wave analysis for the antenna
element characterization. /EEE Trans Antenn Propag,
65(2):623-635.
https://doi.org/10.1109/TAP.2016.2633950

Rahmat-Samii Y, Michielssen E, 1999. Electromagnetic op-
timization by genetic algorithms. Microw J, 42(11):
232-232.

Rahmat-Samii Y, Cramer P, Woo K, et al., 1981. Realizable
feed-clement patterns for multibeam reflector antenna
analysis. I[EEE Trans Antenn Propag, 29(6):961-963.
https://doi.org/10.1109/TAP.1981.1142678

Robinson J, Rahmat-Samii Y, 2004. Particle swarm optimiza-
tion in electromagnetics. [EEE Trans Antenn Propag,
52(2):397-407.
https://doi.org/10.1109/TAP.2004.823969

Vacchione JD, 1990. Techniques for Analyzing Planar, Peri-
odic Frequency Selective Surface Systems. PhD Thesis,
University of Illinois at Urbana-Champaign, Illinois,
USA.



Zhao et al. / Front Inform Technol Electron Eng 2020 21(1):159-173 173

Wu GB, Qu SW, Wang YX, et al., 2018. Nonuniform
FSS-backed reflectarray with synthesized phase and am-
plitude distribution. /EEE Trans Antenn Propag, 66(12):
6883-6892. https://doi.org/10.1109/TAP.2018.2871752

Yu A, Yang F, Elsherbeni AZ, et al., 2009. A single layer
broadband circularly polarized reflectarray based on the
element rotation technique. IEEE Antennas and Propa-
gation Society Int Symp, p.1-4.
https://doi.org/10.1109/APS.2009.5171594

Zhang L, Cui Z, Jiao YC, et al., 2009. Broadband patch an-
tenna design using differential evolution algorithm. Mi-
crow Opt Technol Lett, 51(7):1692-1695.
https://doi.org/10.1002/mop.24423

Zhou M, Serensen SB, Kim OS, et al., 2013. Direct optimiza-
tion of printed reflectarrays for contoured beam satellite
antenna applications. /[EEE Trans Antenn Propag, 61(4):
1995-2004. https://doi.org/10.1109/TAP.2012.2232037

Zhou M, Sgrensen SB, Kim OS, et al., 2014. The generalized
direct optimization technique for printed reflectarrays.
IEEE Trans Antenn Propag, 62(4):1690-1700.
https://doi.org/10.1109/TAP.2013.2254446

Zhou M, Borries O, Jorgensen E, 2015. Design and optimiza-
tion of a single-layer planar transmit-receive contoured
beam reflectarray with enhanced performance. [EEE
Trans Antenn Propag, 63(4):1247-1254.
https://doi.org/10.1109/TAP.2014.2365039



