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ABSTRACT: A low side-lobe dual-beam reflectarray antenna is proposed based on the sparse array principle. The reflected dual beams
achieve high gain through optimized phase compensation, in which the transmissive elements act as dummy elements to suppress side
lobes. A global search optimization technique based on genetic algorithm (GA) is adopted to improve the arrangement of transmissive
and reflection elements. Since all the reflective and transmissive elements operating in the same wide frequency band are non-uniformly
distributed on the aperture, both the backward radiation and cross polarization levels are effectively suppressed. The measurement results
show that the side-lobe level of the dual-beams is less than —19 dB. The peak gain and peak aperture efficiency of the designed antenna
are 26.0 dBi and 38.9%, respectively. The 3-dB gain bandwidth is 13.8%. The front to back ratio at 30 GHz is 27 dB. This dual-beam
antenna has the advantages of high gain, low side lobes, and wide beam radiation range, which make it suitable for millimeter-wave

multi-target radar detection systems.

1. INTRODUCTION

ual-beam antennas have garnered increasing academic and
Dindustrial interest within radar and satellite domains, ow-
ing to their capability of providing wide signal coverage and
high communication capacity [1]. While low side-lobe anten-
nas are applied in scenarios that are sensitive to interference,
dual-beam antennas are more suitable for high-capacity, multi-
user communication scenarios. The combination of the two an-
tenna families can further optimize system performance to meet
the strict requirements of modern communication, radar, and
satellite Internet [2, 3].

Multiple beams can be achieved using geometrical partition-
ing or aperture field superposition methods [4]. In [5], a triple-
beam metasurface antenna is designed by superimposing mul-
tiple aperture fields. A dual-beam transmitarray antenna (TA)
using an ultra-thin Huygens phase-shifting unit was designed
in [6], which adopts the phase superposition method. Owing to
phase errors and vector field superposition, the side-lobe level
(SLL) of dual-beam antennas is typically much higher than that
of single-beam antennas with the same aperture size. In addi-
tion, frequency and polarization reuse techniques can be com-
bined to create multiple beams with varied frequency bands and
disparate polarization states [7, 8]. Owing to the mutual inter-
ference between beams of different frequencies and polariza-
tions, the SLL and cross polarization levels of such antennas
are relatively high.

Low-SLL antennas have important application value in radar
detection systems and satellite communication, as they can ef-
fectively reduce interference and enhance communication con-
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cealment [9-12]. Amplitude-phase adjustable metasurfaces are
commonly used in low side-lobe antennas. An amplitude-
phase-controlled reflectarray combines a Taylor distribution
to regulate the amplitude of electromagnetic (EM) waves to
suppress the side lobes of the reflectarray antenna (RA) [13].
In [14], a method to reduce the SLL of a dual-beam RA was
proposed, which used a reflective metasurface for amplitude
compensation and combined Schelkunoff polynomials to re-
duce the side-lobe radiation of multiple beams. A technique
combining Taylor distribution with dual-medium and Gaussian
filtering is proposed in [15] to mitigate the gain loss caused by
amplitude regulation. RA with low side lobes often uses reflec-
tive metasurfaces based on polarization conversion units, which
convert a co-polarized wave into a cross-polarized wave by am-
plitude modulation, thereby increasing the cross-polarization
level. Combining the theory of sparse arrays with metasurface
layouts can achieve a low SLL, which can enhance the radiation
performance of the RA [16, 17].

A low side-lobe dual-beam RA is proposed, which consists
of a feeder and a metasurface integrated with transmissive and
reflection elements, as shown in Fig. 1. Drawing on the idea
of a sparse array antenna, a genetic algorithm (GA) was used
to optimize the arrangement of transmissive and reflection ele-
ments to reduce the SLL of the reflected beam. The amplitude
of the reflection is regulated with a unit distribution, without
polarization conversion loss. The directions of the two beams
are (0°,30°) and (0°, —30°), respectively. The features of high
gain and low SLL indicate that the proposed antenna is suitable
for multi-target radar-detection systems.
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FIGURE 1. Schematic of the dual-beam sparse array antenna structure
based on transmissive and reflective elements.

2. DESIGN OF THE PHASE ELEMENT

Because both the receiving-transmitting and reflective elements
have a metallic structure, using the transmissive elements of
the receiving-transmitting structure to regulate EM waves can
reduce the impact of the transmitting elements on the perfor-
mance of the reflective elements.

2.1. Analysis of the Transmissive Element

Transmissive element 1, as shown in Fig. 2, was designed,
which includes three metal layers separated by F4B dielectric
interlayers (¢, = 3.5, tand = 0.001) characterized by a thick-
ness of 1.4mm. The receiving structure in the top layer and
the transmitting structure in the bottom layer were connected
by a metallic via to transmit EM waves. The receiving and
transmitting structures have the same structural parameters. To
avoid short circuits, the diameter of the circular hole in the cen-
ter of the ground was slightly larger than that of the metallic
via. Transmissive element 2 is obtained by rotating the bottom
transmitting structure around the metallic surface at 180° based
on transmitting element 1.

The co-polarized transmissive coefficient Ty, of the two
transmissive elements under the vertical incidence of the y-
polarized EM waves is shown in Fig. 3(a). Both T, amplitudes
are better than 0.9 at 30 GHz. The influence of the oblique in-
cidence angle of the EM waves on Ty, is shown in Fig. 3(b).
When the oblique incidence angle of the EM waves is less than
35°, the amplitude and phase of T}, remain almost unchanged.
Thus, the focal length F should be reasonably selected to en-
sure that the incident angle of EM waves for each transmissive
element is less than 35°.

2.2. Analysis of the Reflective Element

As shown in Fig. 4, the reflective element was designed to reg-
ulate the reflected EM waves, which was composed of a metal
resonant layer, upper dielectric substrates, ground, and bottom
dielectric substrates. A metal resonant layer was used to control
the phase of the reflected EM waves, and the ground was used
to reflect EM waves from the feeder. Compared with the tra-
ditional reflective elements with a metal-dielectric-metal struc-
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FIGURE 2. Breakdown view of the transmissive element structure
(P = 5.00, Sy = 1.00, S, = 0.60, S5 = 0.20, Sy = 0.20,
W1 = 3.00, Wo = 1.55, W3 = 2.05, R; = 0.10, D, = 0.40,
H, = 1.40, unit: mm).

ture, this reflective element has an additional layer of lower di-
electric, and the thicknesses of the dielectric substrates of the
reflection element and transmissive element are the same. The
double-layer dielectric design guarantees the uniform thickness
of the entire metasurface regardless of the arrangement pattern
of transmissive and reflective elements across the aperture, re-
gardless of the arrangement of the transmissive and reflection
elements on the aperture.

The phase of the reflected EM waves can be manipulated by
adjusting the structural parameter L, thereby achieving direc-
tional control of the reflected beam. As illustrated in Fig. 5(a),
the phase coverage of Ry, (the co-polarized reflection coef-
ficient under y-polarized incident waves) reaches 300° from
26 GHz to 32 GHz, as L varies from 0.2 to 2.2 mm. The ampli-
tude of R, remains above 0.95 as L changes. The frequency-
phase dashed lines corresponding to different L are almost par-
allel to each other in the 26-32 GHz band, indicating a stable
frequency response bandwidth. Fig. 5(b) shows the effect of
the oblique incidence angle of the incident EM waves on R,
At 30 GHz, within the range where the incident angle of the
EM waves was less than 32°, the amplitude and phase of the
reflection coefficient remained stable. When the oblique inci-
dence angle was greater than 40°, R, underwent significant
changes.

3. DESIGN OF REFLECTIVE APERTURE

The RA aperture is composed of 30 x 30 elements with a di-
ameter of D = 150mm. The forward and backward EM
waves were controlled by transmissive and reflection elements,
respectively. The y-polarized horn was placed at the center
directly above the metasurface and vertically illuminated the
aperture. Based on the performance of the transmissive and
reflection elements, it is concluded that when the oblique in-
cidence angle of the EM waves is less than 32°, the reflection
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FIGURE 5. (a) Ry of reflective elements. (b) Tnfluence of the oblique incidence angle of EM waves on Ry, (L = 1.6 mm).

and transmissive elements are insensitive to the incident angle.
Therefore, when the focal length F' is determined, the influence
of the incident angle on the performance of the phase-shifting
elements should be considered to reduce the error between sub-
sequent theoretical calculations and simulation results. The re-
lationship between focal length F' and metasurface diameter D
is given as

O; max = tan "1 (0.5D/F) = 32°
Thus, F' = 120 mm is calculated.

(1

3.1. Theoretical Phase Distribution of the Reflective Aperture

According to the phase compensation theorem and superposi-
tion method of complex reflection coefficients, the phase of the
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element at coordinates (z, y) on a multi-beam metasurface can
be calculated by [18]

¢(x,y) = —phay + Agp
+arg{zg exp[—jk psin@-(xcos<p-+ysin<p-)]} )
i1 0 [ 7 i

where g is the number of beams, k the free-space wavenumber,
p the element period, (6;, ¢;) the radiation direction of beam 4,
and A the initial phase. A parameter varies within the range
of 027 and exerts a distinct influence on the side-lobe level
(SLL) and antenna gain [18]. ph,, is the spatial phase delay
from the feeder to the reflective aperture, which was obtained
by a full-wave simulation with Computer Simulation Technol-
ogy (CST) studio.
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FIGURE 6. (a) Phase distribution of incident waves on the reflective aperture. (b) Amplitude distribution of incident waves on the reflective aperture.
(c) Simulation result plot of the reflection coefficient for the feed horn antenna. (d) Simulation result plot of the radiation pattern for the feed horn

antenna.

FIGURE 7. Phase distributions of metasurface apertures for dual beams.

The phase compensation was designed at a center frequency
of 30 GHz in the operating band. The directions of the reflec-
tion beams were (0°, 30°) and (0°, —30°). The feed source used
has good impedance matching bandwidth and directionality, as
shown in Figs. 6(a) and (b). The extracted electric field distri-
bution from the feeder to the aperture is shown in Figs. 6(c) and
(d), which shows a uniform distribution in the center and most
areas of the aperture, due to the joint design of the feed gain and
focal-diameter ratio (F/D). The incident field phase exhibits a
periodic distribution. The phase compensation scheme for the
reflected dual beams calculated using Eq. (2) is theoretically
shown in Fig. 7, which is the foundation of the dual-beam op-
timization.

3.2. Optimization of the Elements Arrangement

Because the transmissive and reflection elements do not have a
polarization conversion function, the polarization of the radia-
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tion field is the same as that of the feeding horn antenna. Once
the incidence field distribution on the aperture is determined,
the secondary radiation field can be analyzed based on the ar-
ray theory. The far-field radiation of an array aperture can be
calculated as:

EY(u’U) - an\jzl ZnN=1

E})’ut(nym)ejn(ZTr/)\)dwuejm(Qﬂ'/)\)dyv (3)

where u = sinfcos ¢ and v = sinf sin p represent the ele-
vation and azimuth angles of the entire antenna array, respec-
tively; A denotes the free-space wavelength; d, and d, repre-
sent the distances between elements in the = and y directions,
respectively; EY ,(n,m) denotes the reflected or transmitted
field of the antenna element located at position (m,n) on the
aperture plane. The correlation between the incident field and

EY ,(n,m) can be mathematically formulated as [19]
EZ’ut(n’m) &~ Aipe(n,m)Apy,(n,m) - eJ (Pine(nm)+@m(n,m))

“4)
where A;,,.(n, m) and A, (n, m) are the magnitude of the inci-
dent EM waves and reflection/transmission coefficient, respec-
tively; @inc(n, m) and @, (n, m) denote the phase of the inci-
dent EM waves and reflection/transmission coefficient, respec-
tively.

Because only part of the elements of the metasurface oper-
ate in the reflection mode, the RA composed of reflection and
transmission elements can be considered a sparse configura-
tion compared to a full RA antenna. For the reflected beam,
the reflective elements are capable of manipulating the phase
of electromagnetic (EM) waves, while providing a reflection
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FIGURE 8. (a) Optimized arrangement of reflective and transmissive elements on reflective aperture. (b) Complete phase compensation of the

metasurface.

amplitude of 1, and the transmissive elements are equivalent to
dummy elements whose reflection amplitude is 0. Therefore,
the optimization of the arrangement of transmission and reflec-
tion elements is transformed into the optimization of the reflec-
tive amplitude distribution of metasurfaces. Thus, the value of
the reflection amplitude of each element was discretized into
0 or 1. By substituting the phase distribution required for the
dual beams and the incidence field distribution in Eq. (3), the
far-field radiation pattern of the dual beams can be calculated.

A genetic algorithm was used to optimize the reflective am-
plitude distribution to reduce the SLL of the reflected beams.
The fitness function is used to evaluate the approximation de-
gree between the current SLL and target SLL, which is ex-
pressed as

Fitness = |SLLyax — SLLg| (5)

where S'L L,y is the maximum SLL by theoretical calculation,
and SLLy is the target side-lobe level. Then, the optimization
problem of amplitude is transformed into finding the minimum
value of the fitness function. Considering SLLg as —25 dB, the
population size and mutation rate were set to 400 and 0.3, re-
spectively. The fitness function converges after 140 iterations.

The amplitude distribution of the optimized metasurface is
the same as that of the transmissive and reflective elements, as
shown in Fig. 8(a). The complete phase distribution of the aper-
ture was obtained by combining the phase distributions of the
reflection and transmissive elements, as shown in Fig. 8(b). Be-
cause the transmissive element can be regarded as a reflective
element with a reflection amplitude of 0 and reflection phase of
any degree, the reflection phase distribution is uniform for the
reflected beam.

4. RESULTS AND DISCUSSION

To verify the effectiveness of the proposed method, a prototype
is fabricated, as shown in Fig. 9. The metasurface was fab-
ricated via printed circuit board (PCB) technology and subse-
quently fastened using plastic screws with a diameter of 2 mm.
To mitigate the difficulties associated with fabrication and pro-
cessing, the phase variations of the reflective unit were cate-
gorized into six distinct types. The horn antenna was placed
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perpendicular to the aperture and pointed towards the center of
the reflectarray.

The radiation performance of the prototype was measured,
and the simulations and measurements showed good consis-
tency. The normalized radiation patterns of the metasurface
antenna at 30 GHz are shown in Fig. 10. The unoptimized RA
means the traditional full RA without dummy transmissive el-
ements, which has an SLL of —15.7 dB, while the SLL of the
optimized dual beams is less than —19.0 dB.

The SLL was effectively suppressed by optimizing the
arrangement of transmission and reflection elements. Al-
though some electromagnetic energy may be transmitted
backward through the transmissive elements, the front-to-back
ratio (FBR) of the entire antenna remains at 27 dB. Because
there is no targeted phase compensation for the transmitted
beam, a strong radiation is not generated in the backward
direction. Meanwhile, the cross-polarization level was less
than —25.0dB.

According to [20], the aperture efficiency (AE) of each beam
of the dual-beam antenna can be calculated as [20]:

)\2

AE = —
G x 47S cos2 0,

(6)

where G is the beam gain, .S the physical area of the aperture,
and 6, the beam deflection angle. The AFE of the dual-beam an-
tenna was obtained by adding the aperture efficiencies of each
beam.

The gain and AE of the dual-beam metasurface antenna are
shown in Fig. 11. The beam with a deflection of 30° gets a
peak gain of 26.3 dBi at 30.5 GHz, and its 3-dB gain bandwidth
is 15.4% (27 GHz ~ 31.5 GHz). The beam with a deflection of
—30° reached a maximum gain of 25.8 dBi at 29.5 GHz, and
its 3-dB gain bandwidth was 13.8% (27 GHz ~ 31 GHz). The
measured AE reaches a peak of 38.9% at 29.5 GHz, correspond-
ing to gains of 26.2 dBi and 25.8 dBi for beams deflected at
30° and —30°, respectively. The difference in the gain of the
two beams is mainly due to the asymmetric aperture structure
caused by the irregularly arranged elements.

Table 1 compares the proposed antenna with previous
metasurface-based RAs. This configuration -effectively
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FIGURE 9. (a) Top view of the metasurface aperture. (b) Bottom view of metasurface PCB. (c) Prototype antenna system.
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FIGURE 10. (a) Phi = 90° plane of the dual beams. (b) SLLs of the dual beams. (c) Orthogonal plane of the beam with a deflection of —30°. (d)

Orthogonal plane of the beam with a deflection of 30°.

mitigates the side lobes of the antenna while maintain-
ing low cross-polarization levels. Compared with other
low side-lobe antennas based on polarization conversion
amplitude-modulated metasurfaces, the proposed antenna
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utilizes reflective units and transmissive units to regulate
the amplitude of the reflected wave, without converting the
co-polarized wave into a cross-polarized wave, thus exhibiting
a lower cross-polarization level. The proposed antennas have
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TABLE 1. Comparison with the previous metasurface-based RAs.

Freq. Aperture SLL AE X-pol.
Ref. . Beams BW
(GHz) Size (mm) (dB) (%) Levels (dB)
[5] 12 200 * 200 3 —16.0 NA NA 19.5% (3dB)
[6] 10 220 * 220 2 —13.6 16.2 -30 3.5% (3dB)
[14] 19 180 * 180 2 —19.6 36.8 NA NA
[16] 3 160 * 160 2 NA 7/14 NA 6.7/9.3 (1dB)
[21] 33 140 % 140 2 —14.0 20 —20.0 28.6% (2 dB)
[22] 10.8/14.3 170 % 170 2 —10/—10 21.6/20.6 —20/-25 7.5%/5.7% (1 dB)
This work 30 150 * 150 2 —19.0 38.9 —25.0 13.8% (3dB)

* X-pol. levels are cross-polarization levels. * BW is gain bandwidth. * NA: not available.
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FIGURE 11. Gain and AE of the dual-beam RA.

the advantages of two beams and wide radiation range. The
SLL of the dual beams radiated by the designed antenna is
low, resulting in strong anti-interference capabilities. Peak
AE has significant advantages, enabling the proposed RA to
provide a better gain. Furthermore, the proposed design elim-
inates the need for complex phase control or reconfiguration
mechanisms, making it more suitable for millimeter-wave
multi-target radar scenarios.

5. CONCLUSION

High-gain dual-beam antennas have significant application
value for wireless communication and multi-target radar
systems, and the design challenge lies in achieving an optimal
balance between gain and side lobes under limited physical
aperture. A dual-beam metasurface antenna is proposed, which
combines reflectarray and sparse array theories to achieve a
high gain and low SLL. Compared with the traditional low
side-lobe RA based on the polarization conversion amplitude
modulation metasurface, the proposed RA draws inspiration
from the concept of sparse arrays and uses transmissive ele-
ments as dummy elements, which reduces the side-lobe levels
without increasing the cross-polarization levels. The arrange-
ments of the metasurface elements were globally optimized
using the GA method, which are beneficial for the suppression
of SLL. The dual beams of the prototype measurement have
a gain 26.0dBi, SLL —20dB, and 3-dB gain bandwidth of
13.8%. The proposed method is also applicable to the design
of reflective array antennas with low SLL and beams.
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