
2382 IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 22, NO. 10, OCTOBER 2023

Low-Sidelobe Dual-Beam Antenna Based on
Metasurface With Independently Regulated

Amplitude/Phase
Pengfei Zhang , Wenmei Zhang , Senior Member, IEEE, Xinwei Chen , Guorui Han ,

Jinrong Su , and Rongcao Yang

Abstract—A method to design low-sidelobe dual-beam antennas
is proposed based on metasurface with independently regulated
amplitude/phase. This method includes the following steps. First,
a standard horn antenna is modeled and the amplitude and phase
of the radiation field at the interface are obtained. Next, the phase
compensation technology based on the actual radiation phase of
the feed is employed to control directions of the main lobe. Finally,
the reflection amplitude of metasurface is controlled by combining
Schelkunoff polynomials and actual radiation amplitude of the
feed. Specifically, by mapping the angles of the dual beams to the
complex coordinate system, the sidelobe level of the dual-beam an-
tenna is reduced. Meanwhile, a compensation factor is introduced
to offset the gain loss caused by amplitude modulation.

Index Terms—Dual beam, metasurface, phase- and amplitude-
control, Schelkunoff polynomial method, sidelobe suppression.

I. INTRODUCTION

IN RECENT years, many transmissive [1], [2] and reflective
[3], [4] array antennas based on metasurfaces have been

proposed. Moreover, some researchers have figured out ways
to reduce sidelobe of single beam antennas [5], [6]. Li et al. [5]
designed an antenna with a Taylor amplitude-distribution meta-
surface and successfully reduced the SLLs. In [6], two meta-
surfaces with controllable amplitude and phase were designed
respectively to suppress the SLLs.

Compared with single-beam antennas, multibeam antennas
have more advantages in some specific scenarios, such as mi-
crowave energy transmission and multitarget radar detection
[7]. Moreover, multibeam antennas are considered as the key
technology of the fifth-generation (5G) wireless communica-
tion network and have been used in point-to-multipoint and
multipoint-to-multipoint communications [8], [9], [10]. With
the emergence of metasurface, theories related to multibeam
antennas based on metasurface have also been studied [11],
[12], [13], which have been widely applied to many aspects,
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such as multibeam scanning antennas [14], multibeam near-field
focusing antennas [15], and multibeam lens antennas [16]. Lee
et al. [11] realized a four-beam circularly polarized antenna
based on a transmissive metasurface using equivalent circuit
model and superposition principle. Three single-feed and quad-
beam reflectarray antennas were proposed by Nayeri et al. [13]
using geometrical, superposition and alternating projection
methods, respectively [13]. In [14], a folded reflectarray an-
tenna composed of three different metasurfaces was proposed
to realize a scanning range of 60°.

So far, many excellent works have been achieved in multibeam
antennas based on metasurface. But it is found that conven-
tional methods of suppressing the SLLs, such as those based on
Chebyshev and Taylor distributions, are mainly used for single
beam case. Up to now, few of works involve the suppression of
SLLs for multibeam antennas.

In this letter, based on the metasurface which has indepen-
dently control amplitude and phase, we propose a design method
of dual-beam antennas with low SLLs. Main points of this
method include the following aspects. First, when compensating
the phases of metasurface, the actual radiation phase of the
feed is considered. Second one is that the amplitude modulation
combining the Schelkunoff polynomials and the actual radiation
field of the feed is carried out. Specifically, by mapping the
beam angles to the complex coordinate system and adjusting
distributions of roots on the unit circle, the amplitude distribution
over the aperture to achieve low SLL is obtained. In addition,
a compensation factor γ is introduced to offset the gain loss
caused by amplitude modulation.

II. DUAL-BEAM ANTENNA BASED ON PHASE-REGULATED

METASURFACE

In this section, the dual-beam antenna MS0 based on the phase
regulation is designed. Here, phase compensation technology is
based on the actual radiation phase of the feed.

A. Phase Compensation Technology Based on the Actual
Radiation Phase of the Feed

Generally, the phase compensation is based on the spherical
wave’s formula [4]. Here, another technology based on the actual
radiation phase of the feed is introduced. The main points of the
method are as follows. First, simulate the feed and obtain the
phase phmn of the feed at the metasurface position. Then, cal-
culate the compensated phase Δφmn for single beam according
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Fig. 1. Structure of the C-shaped particle. (a) Top view. (b) Perspective view.

Fig. 2. Amplitude and phase responses of the unit at 16 GHz. (a) β = 60°,
α is different. (b) β is different.

to

Δφmn = − phmn −
2π

λ0
(m× sin θ cosϕ+ n× sin θ sinϕ)

± 2kπ (1)

where λ0 is the wavelength of electromagnetic waves in vacuum,
m and n are the index numbers of the unit on x-axis and y-axis
respectively, θ and ϕ are the elevation and azimuth angle of the
beam, respectively.

For dual-beam antennas, the phase of each element can be
obtained according to superposition method [13]. Assuming that
the two beams point to (θ1, ϕ1) and (θ2,ϕ2), respectively, then,
the phase Δφfinal

mn for each element on the metasurface is

Δφfinal
mn = Arg

(
ejΔφ1

mn + ejΔφ2
mn

)
. (2)

B. Design Example

Here, the C-shaped particle (shown in Fig. 1) whose reflection
amplitude and phase can be regulated independently is selected
to form the metasurface [12]. It is printed on the F4BM265
dielectric (ε= 2.65, tanδ = 0.0015, h = 2 mm, p = 5 mm, r1 =
2 mm, and r2 = 1.5 mm) with a ground plane and has a rotation
angle α (with respect to the x-axis) and an opening angle β. The
C-shaped particle is simulated using the CST Microwave Studio
and the results at 16 GHz are shown in Fig. 2. Here, the incident
and reflected waves are y- and x-polarized wave, respectively.
In Fig. 2(a), when β is fixed at 60°, the reflection amplitude
of the unit can be linearly changed from 0 to 1 by adjusting
α, while the variation of reflection phases is less than 10°. In
Fig. 2(b), when α = 45°, the reflection phase increases from
−115.7° to 82.67° with β. When α = −45°, the corresponding
phase increases from 67.03° to 265.7°. That is, the overall phase
covers the range of 381.4°. Also, the reflection amplitude keeps
around 1.

A standard horn LB-62-10-C-SF from A-INFO is used as a
central feed. It is placed 90 mm (0.85D, D is the size of aperture)

Fig. 3. Distribution of radiation field 90 mm above the feed at 16 GHz. (a) I.
(b) Phmn.

Fig. 4. Distribution of (a) Δφfinal
mn , (b) α, and (c) β.

Fig. 5. Simulated radiation pattern of MS0. (a) 3-D result at 16 GHz. (b) 2-D
results in xoz-and yoz-plane.

above the metasurface to achieve high aperture efficiency (ηa).
To get an overview of ηa, the radiation patterns of the feeder
and element are modeled first by “cos2q(θ)” and “cos2qe(θ),”
and the value of “q” and “qe” can be regarded as 4.25 and 1,
respectively. Then, ηa derived by the spillover efficiency and
illumination efficiency [17] is 65.8%. The radiation amplitude I
and phase distribution Phmn in this position are shown in Fig. 3.

According to the superposition principle, we design a dual-
beam antenna MS0 with the beams pointing to (θ1, ϕ1) = (30°,
0°) and (θ2, ϕ2) = (30°, 180°). According to Fig. 3(b) and (1)
and (2), the phaseΔφfinal

mn can be obtained and shown in Fig. 4(a).
Further, α and β of the C-shaped particle are shown in Fig. 4(b)
and (c). Fig. 5 shows typical results of MS0. At 14, 16, and
19 GHz, MS0 has gains of 17.6, 18.9, and 19.4 dBi, SLLs of
−11.2, −9.2, and −12.9 dB in the xoz plane and −12.6, −12.1,
and −12.98 dB in the yoz plane. Also, the main beams point to
θ = ±31°, ±30° and ±28°, respectively.

III. DUAL-BEAM ANTENNA INTRODUCING AMPLITUDE

MODULATION

In the previous section, the dual-beam antenna MS0 based on
the phase regulation has high SLLs. In this section, based on
MS0, we will further adopt the Schelkunoff polynomial method
to regulate the reflection amplitude and suppress the SLLs.

A. Amplitude Control Method Based on Schelkunoff
Polynomial

Schelkunoff Polynomial Method [18] is the basic method
of sidelobe optimization in traditional array antenna synthesis.
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Fig. 6. Roots distribution of an N-element linear array.

Fig. 7. Schematic of coordinate transformation.

Here, based on it, a new method to suppress the SLLs of
dual-beam antennas is proposed.

For an N-element symmetric linear array, the magnitude of its
array factor polynomial S(w) can be expressed as

|S(w)| =
N−1∏
n=1

|(w − wn)| (3)

w = eju (4)

u = kd sin θ (5)

where w1, w2, . . . , wn are the roots of the polynomial, and u
is the phase angle of the root on the unit circle, k = 2π/λ, d is
the distance between two adjacent elements. According to the
Schelkunoff Polynomial Method, the maximum lobe generally
appears at the center position between two adjacent roots. For
example, as shown in Fig. 6, if the distance from wbeam1 to all
zeros are d1,1, . . . , d1,i, . . . , d1,N−1, respectively, the level of the
main lobe Sbeam1 can be calculated by

Sbeam =
N−1∏
n=1

|(wbeam − wn)|
= d1,1 × . . .× d1,i . . .× d1,N−1.

(6)

The level of the other lobes Si can also be obtained as follows:

Si =

N−1∏
n=1

|((wi + wi+1)/2− wn)|. (7)

Finally, the sidelobe level Slli is obtained as

Slli = 20lg|Si/Sbeam|. (8)

Once the roots, w1, w2, . . . , wn are determined, the
Schelkunoff-amplitude of the unit cells can be obtained by (3).
In the following section, we will show how to determine the
position of roots on the circle (take the roots on the upper
semicircle for example). First, as is shown in the Fig. 7, (5) is
used to transform the angle ±θ1 (in the Cartesian coordinate
system) into ±u1 (in the complex plane coordinate system).
Then, take wbeam1 as the center to arrange w1 and wN-1. The

TABLE I
EXCITATION DISTRIBUTION OF MS1

rest wi are evenly distributed in the remaining space of the upper
semicircle. After that, an optimization program in Mathematica
is used to find these roots. The basic optimization criterion is
that the closer two adjacent roots wi and wi+1 are, the lower the
relative level of the lobe will be. For example, if Sll1 calculated
by (7) and (8) is higher than the target value, the space between
w1 and wN-1 is increased. If Sll1 is lower than the target value, but
the other Slli is higher than the target value, the space between
wi and wi+1 is reduced.

B. Design Example

To verify the feasibility of the proposed method, amplitude
modulation is added based on MS0, and the corresponding
antenna is denoted as MS1. Considering that the lower the SLL
is, the wider the beamwidth becomes, the target SLL at 16 GHz is
set to −30 dB, and SLLs in the whole operating band are set less
than −20 dB. After optimization, the position of the roots on the
unit circle are determined, which are ±7°, ±17°, ±25°, ±75°,
±85°, ±100°, ±120°, ±135°, ±150°, and ±165°. Substituting
these roots into (3), we can get a polynomial about S(w), in which
coefficients of the polynomial represent the relative reflection
amplitude of the elements, namely “A0.” Considering the real-
izability for the C-shaped particle, the Schelkunoff amplitude
A0 is normalized and denoted as a row vector “A1” (a matrix
of 1 × 21), and the corresponding results are listed in Table I.
Then, the matrix of reflective amplitude of the unit cells “Tx”
can be obtained as

Tx(m,n)={[A2(m, 1)×A1(1, n)] / [I(m,n)/I(m, 11)]} × γ
(9)

where “A2” is a 21 × 1 column vector of all “1,” which is used
to transform Schelkunoff amplitude from 1-D into 2-D aperture.
“I(m, n)/I(m,11)” is the normalized feed’s amplitude (shown in
Fig. 3). The mechanism of the (9) is that “I” is converted into “A”
by “Tx,” that is “I × Tx = A”. Therefore, “Tx = A/I.” “γ” is the
compensation factor, which is larger than 1 to offset the gain loss
caused by amplitude modulation. It should be noted that some
of Tx will be larger than 1 after multiplied by “γ.” In this case,
these Tx need setting to be 1, which is the maximum value for the
reflected unit cells. With the increase of γ, more Tx will deviate
from original value for γ = 1 and lead to increase of SLLs.
Table II lists Tx while γ is 1.2 and 1.3. It can be seen, when γ =
1.2, there are three amplitudes larger than 1. But as γ = 1.3, the
numbers larger than 1 increase to 7. After comparison, γ = 1.2
is selected and the distribution of Tx and α are shown in Fig. 8.

The simulated results of MS1 are shown in Fig. 9. At 14, 16,
and 19 GHz, MS1 has gains of 18.2, 19.1, and 20.1 dBi, SLLs
of −21.67, −30.4, and −21.23 dB in the xoz-plane and SLLs of
−17.2, −18.98, and −19.6 dB in the yoz-plane. Table III lists
results of comparison, which show that the SLLs of MS1 are
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TABLE II
DISTRIBUTION OF Tx WHILE γ IS 1.2 AND 1.3

Fig. 8. Distribution of (a) Tx matrix and (b) α matrix when γ = 1.2 of MS1.

Fig. 9. Simulated radiation patterns of MS1. (a) 3-D result at 16 GHz. (b) 2-D
results in xoz-and yoz-plane.

TABLE III
COMPARISON RESULTS AT DIFFERENT FREQUENCIES OF MS0 AND MS1

significantly reduced compared to MS0. Especially, the SLLs of
MS1 decrease by 21.2 dB in xoz-plane and 6.88 dB in the yoz-
plane at 16 GHz. Meanwhile, ηa (according to [13]) of MS1 are
43.78%, 40.64%, and 36.8% at 14, 16, and 19 GHz, respectively.
It is noting that the simulated ηa of MS1 is lower than the cal-
culated one according to [17]. The reasons are as follows. First,
ηa in [17] does not include the efficiency factors associated with
the feed loss, reflectarray element loss, polarization loss, and
mismatch loss. Second, the beam of MS1 is deflected resulting
that the effective aperture is decreased. Therefore, ηa is reduced.
Third, compared with the single-beam antenna, the dual-beam
antenna has more sidelobes and leads to lower ηa.

Finally, the proposed method is compared with that based
on Taylor distribution and results are shown in Fig. 10. From
Fig. 10(a), it can be observed that amplitudes from Taylor
distribution are tapered along the aperture and are not related
to the direction of beam. But for the proposed method, the
amplitudes distribute in a complex way and two submaximum

Fig. 10. Comparison results between this method and Taylor distribution.
(a) Amplitude distribution. (b) Radiation pattern in the xoz-plane. (Annotation:
“Taylor_M” represents Taylor distribution when the SLL is set to be -M dB.).

Fig. 11. Photograph of the measurement.

Fig. 12. Measured results of MS1. (a) S11, SLL, and peak gain. (b) 2-D results
in xoz-and yoz-plane.

values relating with dual beams appear. As a result, this method
suppresses the SLL more efficiently than the way based on
Taylor distribution as shown in Fig. 10(b).

IV. EXPERIMENT VERIFICATION

To experimentally demonstrate the proposed method, a
prototype of MS1 with a size of 105 mm × 105 mm is fabricated
and measured as shown in Fig. 11, and the measured results are
shown in Fig. 12. Fig. 12(a) displays the measured S11, peak
gain, and SLL of the MS1. It indicates that MS1 can operate
from 14 to 19 GHz. In the operating band, the gain increases
with frequency and all are larger than 18 dBi. Also, SLLs in the
xoz-plane are lower than −19 dB. Especially, at 16 GHz, the
SLL could reach −29.65 dB, matching the target. Fig. 12(b)
shows normalized radiation patterns at 14, 16, and 19 GHz
in xoz-and yoz-plane, which are consistent with the simulated
results in Fig. 9(b).

V. CONCLUSION

In this letter, a method of suppressing the SLLs of the dual-
beam antenna is proposed. Based on the method, a dual beam
antenna with low SLL is designed, fabricated, and measured.
The measured results match well with the simulated ones, which
verify the effectiveness and reliability of the proposed method.
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