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Dual-Band Transmissive Metasurface With
Independent Amplitude and Phase Control
for Low Sidelobe Antenna Application

Weikang Li, Xinwei Chen

Abstract—In this letter, a dual-band transmissive metasurface
(MS) with independent amplitude and phase control is proposed.
The element is formed by three metal layers separated by two sub-
strates. The top and bottom layers are orthogonal metal gratings,
and the middle layer is a patch etched with two double-split ring
resonators (DSRRs) and an annular slot. By tuning the geometries
and orientations of the outer and inner DSRR, the amplitude and
phase in lower and higher bands can be regulated, respectively.
The annular slot improves the amplitude of the two bands and
eliminates the interference between them. Then, two dual-band
transmitarrays with phase-only and amplitude/phase modulation
MS are fabricated and measured. The former has aperture effi-
ciencies (AEs) of 48.4%/45.8% at (9.2, 17) GHz with 3 dB gain
bandwidth of 13% [(8.4 t0 9.6) GHz)/7.2% [(16.2 to 17.4) GHz]. The
latter achieves AEs of 29.8%/27.0% at (9.1,17) GHz with 3 dB gain
bandwidth of 17.4% [(8.4 to 10) GHz]/7.2% [(16.2 to 17.4) GHz],
as its sidelobe levels are suppressed to —24.8 (—22.5 dB)/—26.2
(—24.9 dB) in xoz- (yoz-) plane.

Index Terms—Dual-band, low sidelobe, metasurface, phase and
amplitude modulation, transmitarray antenna (TA).

I. INTRODUCTION

RANSMITARRAY antenna (TA) is a new type of high-
T gain antenna, which has attracted growing attention in
recent years due to its advantages of lightweight, low cost, high
gain and no feed blockage [1], [2], [3], [4], [5]. Moreover, some
single-band TAs based on the amplitude and phase adjustable
metasurface (MS) have been proposed [6], [7], [8]. In [6], a
TA working at 10 GHz is designed. The sidelobe level (SLL)
is suppressed below —29 dB by imposing the Taylor amplitude
distribution on the aperture. In [8], a wideband TA is designed
to generate fan-shaped beams within 9.1 GHz to 10.9 GHz.

To meet the requirement of the integrated system, some dual-
band TAs based on the phase modulation MS have been proposed
[91, [10], [11], [12], [13], [14], [15]. An example operating at
12/18 GHz is explained in [9] and achieves aperture efficiencies
(AEs) of 52%/53% and SLLs of (—13, —16) dB. Another case
operating at (11, 12.5) GHz is presented in [10]. Transmission
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Fig. 1. Geometry of the MS element. (a) 3-D view. (b) Top view of L2 metal
layer. (Dimensions: p = 8.5, g1 = 2.85, g2 = 0.65, g3 = 0.3, g4 =03, r1 =
1.8,r0 =4.05,r4 =2.4,r5 =2.1,w; = 0.2, wp =0.25,dr; =0.5,dto =0.4.
Unit: mm).

phase of its element can cover 57/6 with transmission loss of
3 dB in both bands. Also, a generalized method to design dual-
band TA is presented in [12]. It uses a seven-layer metal element
and exhibits AEs of 32%/28% at (20, 30) GHz. In addition,
some orthogonally polarized TAs are presented in [13], [14], and
[15], which can be used in the cases where different polarization
directions are required in two bands. However, due to lacking
amplitude regulation, the aforementioned dual-band TAs can’t
work in occasions that the power of beam needs to be controlled,
such as suppressing SLLs and multibeam forming with arbitrary
power allocations. That is, how to realize a dual-band TA with
independent amplitude and phase control is still a challenge.

In this letter, a dual-band (9.3, 17 GHz) transmissive MS with
independent amplitude and phase regulation is proposed. The
DSRRs for two bands are arranged in a metal sheet to achieve
a low profile MS. By introducing an annular slot among two
DSRRs, the coupling between them is suppressed. As a result,
amplitude and phase in the two bands are controlled indepen-
dently. Also, the annular slot helps to improve the transmission
coefficient, especially that in higher bands. On this basis, two
TAs with phase-only and amplitude/phase modulations MS are
fabricated and tested. In two bands, the former achieves high AEs
of 48.4%/45.8%, and the latter has AEs of 29.8%/27% under the
condition of SLLs of (=25, —28) dB.

II. ELEMENT DESIGN AND ANALYSIS

A. Metasurface Element Design

Fig. 1 illustrates the structure of the dual-band transmissive
MS element, which consists of three metal layers (L1, L2, and
L3) separated by two F4B substrates (d = 1 mm, &, = 2.2,
tand = 0.002). Layers L1 and L3 are two orthogonal metallic
gratings that construct a Fabry—Perot-like cavity to improve
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Fig. 2. (a) Simulated amplitude and phase of 7'y, for element (a) with and
without annular slot and (b) with different r5.
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Fig.3. Simulated surface current distributions of layer L2 of the two elements.
(a) Without annular slot. (b) With annular slot.

the polarization conversion efficiency [17], [18], [19]. Layer
L1 allows the x-polarized wave from -z direction to pass
through and reflects the y-polarized wave, while layer L3 has
the opposite effect. Layer L2 shown in Fig. 1(b) is a square
patch etched with two double-split ring resonators (DSRR1 and
DSRR2) and an annular slot. DSRR2 and DSRR1 are used as
polarization conversion structures and their effective perimeter
Ipsrr2/lpsrr1 are determined by the center frequency (with
the guided-wavelength Ay/Ayr) of lower/higher band. That is,
Ipsrr2 =~ 2 A, and Ipsrr1 =~ 2 Ag. In this case, the wave in
other bands can be filtered out with the help of Fabry—Perot-like
cavity formed by layers L1 and L3. The annular slot is used
to improve the transmission coefficient of the two bands and
eliminate the coupling between them. The detailed parameters
are listed in the caption of Fig. 1.

The designed element is simulated in CST Microwave Studio.
Periodic boundaries are set along both x- and y-directions and
Floquet ports are applied along the z-direction. First, the effect
of annular slot is investigated and the results are shown in Fig. 2.
In Fig. 2(a), when the incident angle is 0°, the cross-polarized
transmission amplitude |T,| of the unit without annular slot
remains above —1.41 dB in 8.5 GHz to 10 GHz, but is only
—9.6dB in 16 GHz to 17.5 GHz. After an annular slot is etched,
the |T,| increases to better than —0.73 dB within (8.5, 10) GHz
and (16, 17.5) GHz. This indicates that the annular slot plays an
important role in improving the transmission amplitude in both
bands. Also, with the incident angle increasing to 40°, the ampli-
tude |T,| slightly decreased and the phase ¢(7,,) changed little.
Moreover, the influence of 4 and r5 is surveyed. Only the result
for r5 is given in Fig. 2(b) considering that T, hardly changes
with r4. It is seen that rs significantly affects the Ty, in the
higher band. Finally, r5 = 2.1 mm is selected to obtain the larger
|Tyal.

yFurthermore, the surface current distributions of the above
two units are depicted in Fig. 3. From Fig. 3(a), the current
is mainly concentrated in the DSRR2 at 9.3 GHz, while weak
current appears on the DSRR1 at 17 GHz. After etching an
annular slot, as shown in Fig. 3(b), the strong current mainly
distributes on DSRR2 and DSRR1 at 9.3 GHz and 17 GHz,
respectively. Meanwhile, it can be seen that the surface current
crosstalk between two DSRRs is negligible, which indicating
the independent control of the two frequency bands.
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TABLE I
SPECIFIC DIMENSIONS OF THE 3-BIT ELEMENTS

Code 000 001 010 01l 100 101 110 111
wo(mm) 0495 02 0275 0375 0495 02 0275 0375
B(°) 45 45 45 45 45 45 45 45
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Fig. 4. Simulated amplitude and phase curves of 3-bit elements versus
(a) frequency and (b) 52 at 9.3 GHz.

TABLE II
SPECIFIC DIMENSIONS OF THE 2-BIT ELEMENTS

Code 00 01 10 11
wi/ dt/ gs (mm) _ 0.5/0.2/1.20.2/0.95/0.1 0.5/0.2/1.2 0.2/0.95/0.1
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Fig. 5. Simulated amplitude and phase curves of 2-bit elements versus
(a) frequency and (b) 51 at 17 GHz.

B. Dual-band Independent Modulation of Amplitude/Phase

Next, we describe how to independently control the |T,|
and ¢(Ty,) in both bands. In the lower band, 3-bit phase and
continuous amplitude modulation are achieved by changing the
gap width wy and rotation angle o of DSRR2, respectively.
Table I lists the specific dimensions and the characteristic curves
are plotted in Fig. 4. From Fig. 4(a), it can be seen that the |T',| of
eight units are higher than —0.44 dB in the range of 9.1 GHz to
9.8 GHz, and the phase difference between neighboring elements
is 7/4. In Fig. 4(b), at 9.3 GHz, the |T,| of elements change
from —23 dB to —0.44 dB with 32, while the ¢(7y;) remain
unchanged. In addition, in the process of phase control, the
amplitude curve will move. That is, with the increase of bit
number, the operating bandwidth (highlighted in yellow) will
be reduced. Considering synthetically quantization errors and
bandwidth, the 3-bit phase is chosen. Similar conclusions can
be drawn in higher band. In the same way, 2-bit phase and
continuous amplitude modulation in the higher band can also be
obtained by adjusting the DSRR1. The specific parameters and
characteristic curves are given in Table Il and Fig. 5, respectively.
In the range of 16.7 GHz to 17.2 GHz, the |T,,,| of four elements
are maintained above —1.9 dB (the |T,| at 17 GHz are better than
—0.91 dB), and the adjacent phase difference is 7/2. Besides,
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Fig. 6.  Simulated amplitude and phase curves of 7', versus frequency with
different (a) 82 and (b) B1.

TABLE III
COMPARISONS WITH OTHER TRANSMISSIVE MS ELEMENTS

Ref. Working Band  Freq. Max. Independent  Phase
) bands ratio  (GHz) Amp. (dB) Amp. control range
[16] Single \ 800 —6.1 Yes 2n
[7]__ Single \ 122 —141-0 Yes 2n
[8] Single \ 10 —0.91-0 Yes 2n
12 —1.9-0 2n
[9] Dual 1.50 8 190 NO o
12.5 —2.1 5/6m
[11] Dual 1.14 i o1 NO Son
This 9.3 —0.44 Yes 3-bit
work  Dual 182 —g —091 Yes 2-bit
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I 6 ll 16

(C)

Fig. 7. Simulated compensated phases of (a) o1, and (b) ¢g. (c) 3-bit quan-
tized phase ¢, and (d) 2-bit quantized phase ¢.

larger amplitude fluctuations in the higher band are observed
during the phase modulation because multiple parameters are
adjusted simultaneously and the variation relative to DSRR1 is
large. In Fig. 5(b), at 17 GHz, the |T,| of elements increases
with 31, while the ¢(T;;) remain stable.

Additionally, the crosstalk between the two bands is also
investigated. From Figs. 4(a) and 6(a), the |Ty,| and ©(T;) in
the higher band remain stable when wo and 35 of DSRR2 are
adjusted. Meanwhile, in Figs. 5(a) and 6(b), the |T,| and ¢(T';)
in the lower band also keep unchanged when DSRR1 changed.

Table IIT shows the comparisons between the proposed MS
element and other reported transmissive elements. Clearly, the
proposed element features the advantages of independent ampli-
tude and phase modulation in both frequency bands and a higher
transmission coefficient [(—0.44, —0.91) dB].

III. DUAL-BAND TAS DESIGN AND MEASUREMENT

To show the performance of the proposed element, we de-
sign TAs with phase-only and phase/amplitude modulations MS
and referred as TA; and TA», respectively. Two standard horns
(HD-100SGAHION, 8.2 GHz to 12.4 GHz; LB-62-10-C-SF,
12.4 GHz to 18 GHz) are adopted as the feeds. To achieve
optimal efficiency, we set the aperture size of the MSs as D
= 178.5 mm (21 x 21 elements) and the focal distance as F' =
142 mm.

A. TA; With Phase-Only Modulation

In this section, we design an antenna 7A; with phase-only
modulation. First, simulate the feeds and obtain the phases of the
electrical field when it arrives in the MS. Then, the compensated
phases ¢1,/¢y at (9.3, 17) GHz, as shown in Fig. 7(a) and (b),
are achieved by negating the simulated phases [20], [21], [22].
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Fig. 8. Photographs of the antenna 7A; and measurement setup.
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Fig. 10. Simulated and measured bandwidth performance of 7A;. (a) S11.

(b) Realized gain and aperture efficiency.

Further, according to Figs. 4 and 5, ¢, and ¢ are quantified
into 3-bit and 2-bit phases at the quantization intervals of /4
and 7r/2, respectively, and shown in Fig. 7(c) and (d). Finally, the
MS sample is fabricated and measured in a microwave anechoic
chamber, as displayed in Fig. 8.

Fig. 9 shows the 2-D radiation patterns of 7A; at 9.3 GHz and
17 GHz. Considering the fabrication tolerances, the simulated
and measured results are consistent with each other. The simu-
lated/measured gains at 9.3 GHz and 17 GHz are (22.9,22.7) dBi
and (28, 27.7) dBi, respectively. Also, the corresponding SLLs in
the xoz- (yoz-) plane are (—16.9, —16.5) dB [(—16.5, —16.2) dB]
and (—22.8, —21) dB [(—22.3, —20.5) dB], respectively.

Fig. 10 exhibits the bandwidth performance of the 7A;. From
Fig. 10(a), the measured S is lower than — 10 dB in the range of
(8.2, 10.3) GHz and (16, 17.7) GHz. In Fig. 10(b), the measured
3 dB gain bandwidth is about 13% [(8.4 to 9.6) GHz] and 7.2%
[(16.2 to 17.4) GHz]. Also, the peak gains are 22.7 dBi and
27.7 dBi, with AEs of 48.4% and 45.8% at 9.2 GHz and 17 GHz,
respectively.

B. TAp With Phase and Amplitude Modulations

In the previous section, the TA; with phase-only modulation
has high SLLs in both bands. Next, based on it, Taylor amplitude
modulation is added to reduce the SLLs in two frequency bands.
The corresponding antenna is termed as TAs.

The design process of the antenna 7TA5 is shown in Fig. 11.
Considering that the initial SLLs of the TA; are not equal in two
bands, so the designed goals are set as (—25, —28) dB along x-
and y-directions at (9.3, 17) GHz. According to the theory of
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TABLE IV
COMPARISONS WITH OTHER SIMILAR TAS

Fig. 12.
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array antenna, the Taylor distribution is represented as [23]

T=T,-T, (1)
o ! 2imm
Ty (m —1+QZF COS<M1> 2)
_JO,£1,£2,--- ,i% M is odder number 3)
Col L2, 2 M is even number

where T and T} represent the 2-D and 1-D Taylor distributions
on the aperture, respectively, and T} is the transpose of 7. m
is the sequence number of the element along the x-axis, and M
is the total number of elements on the array. By using (1)—(3),
the 2-D Taylor distributions 7_s5 g and T_sg 4p are calculated.
Next, the required amplitude of the (xth, yth) element C_o5 4p(x,
y) and C_sg qB(x, y) can be obtained by [23]

“)
(&)

where I_o5 qp(x,y) and I_sg 4B (x,y) is the normalized amplitude
of the two horn antennas on the aperture, respectively. After-
ward, the distribution of C_o5 g and C_sg g are transformed
into the rotation angles /35 and (31, respectively. Once the above
two rotation angle distributions are determined, the new antenna
TA, can be constructed based on the TA1, as shown in Fig. 12.
The 2-D radiation patterns of 7As are shown in Fig. 13. The
simulated/measured gains at 9.3 GHz and 17 GHz are (20.9,
20.7) dBi and (25.7, 25.4) dBi, respectively. The corresponding
SLLs in the xoz- (yoz-) plane are (—25.1, —24.8) dB [(—22.7,

=T 2548 (7, y) /12548 (2,9)
=T 848 (%,y) /12848 (7,¥)

C_954B (x,9)
C_28as (2, y)

Note: BW: 3 dB gain bandwidth; POM: Phase-Only Modulation; PAM: Phase
and Amplitude Modulation;

—22.5) dB] and (—26.6, —26).2 dB [(—25, —)24.9 dB], respec-
tively. Compared with the antenna 7A;, the SLLs in xoz-/yoz-
plane is decreased by (8.3, 6.3) dB and (3.9, 4.4) dB at 9.3 GHz
and 17 GHz, respectively, at a price of drop in gain of 2 dBi and
2.3 dBi. This indicates that the proposed dual-band MS with
independent amplitude/phase control can suppress the SLLs in
both bands simultaneously. In addition, it can be seen that the
realized SLLs have a certain discrepancy with the designed goal.
These differences are attributed to the amplitude approximation
in theoretical design and the mutual coupling between elements.

Fig. 14 plots the bandwidth performance of antenna TA,. The
measured —10 dB bandwidth is in the range of 8.2 GHz to
10.2 GHz and 16 GHz to 17.7 GHz and the 3 dB gain bandwidth
is about 17.4% [(8.4 to 10) GHz] and 7.2% [(16.2 to 17.4) GHz].
Also, the peak gains are 20.7 dBi and 25.4 dBi with AEs 0f 29.8%
and 27.0% at 9.1 GHz and 17 GHz, respectively. In addition,
it is noted that the measured S1; and gains are lower than
the simulated results. The former may be caused by frequency
shifting downward and the larger loss of the fabricated MS. The
latter is due to the fact that part of the energy is converted to the
side lobe, resulting in a decrease in the gain of the main lobe.

The comparisons of the proposed TAs and other previous
works are listed in Table IV. It is seen that the reported TAs
with SLL manipulation in [7] and [24] only operate in single
frequency band. The proposed TAs achieves dual-band SLLs
suppression by the amplitude/phase control, while maintaining
a higher AE. Also, compared with the dual-band TAs with
phase-only control in [9], [10], and [15], the designed TAs
have the advantages of adjustable SLLs, smaller thickness and
comparable bandwidth.

IV. CONCLUSION

In summary, we propose a novel dual-band transmissive MS
with independent amplitude and phase control. To show its
practical application, two TAs are simulated, fabricated and
measured. The measured results are in good agreement with
the simulated results. The proposed high-performance dual-
band TAs have good application prospects in modern wireless
communication systems and radar systems,
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