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Design of a Single Layer Substrate and Via-Free
Transmit-Reflect Array Antenna Based on Metasurface

Xinwei Chen, Xinmiao Zhao, Jinrong Su, Guorui Han, Runbo Ma, and Li Li*

ABSTRACT: In this study, a single-layer substrate and via-free transmit-reflect-array antenna based on a metasurface is proposed. The
array antenna comprises transmissive and reflective unit cells arranged alternately in sequence. To achieve a 360° phase coverage, two
sets of antisymmetric U-shaped lines were etched on the top and bottom layers of the substrate to form the transmissive unit cells, and
multi-layer stacking and vias are avoided. Moreover, by adjusting the lengths of a split-ring structure with phase delay lines for reflective
unit cells, a 360° phase coverage was achieved. The measurement results demonstrated that the antenna simultaneously generates a
reflective focused beam with a peak gain of 20.8 dBi and a transmissive +1-mode OAM vortex beam with a peak gain of 20dBi and a

mode purity of 90 % at 17 GHz.

1. INTRODUCTION

ith the rapid development of modern communication sys-

tems, the requirements for antenna performance are be-
coming increasingly stringent. Metasurfaces exhibit tremen-
dous application potential in antennas owing to their unique
electromagnetic properties [1-3]. The phase [4], amplitude
[5], polarization [6], and frequency [7, 8] of electromagnetic
waves can be flexibly manipulated. Modern metamaterials
have made tremendous strides in leveraging structural asymme-
try to achieve multifunctional, multitasking optical, and elec-
tromagnetic control. Specifically, recent studies have success-
fully utilized the Photonic Spin Hall Effect (PSHE) in asym-
metric Janus metastructures to achieve multi-scale and multi-
tasking sensing in the terahertz regime [9]. Furthermore, struc-
tural asymmetry has been widely employed to design high-
sensitivity multitasking non-reciprocal sensors for biological
and angle sensing [10], as well as short-wave infrared Janus
metastructures capable of wide-range pressure detection and
high-resolution biosensing [11].

Currently, most conventional metasurfaces operate solely as
transmitarray or reflectarray antennas. Furthermore, transmi-
tarray antennas generally consist of multilayer structures to
achieve satisfactory performance, resulting in an elevated an-
tenna profile [12, 13]; reflectarray antennas are constrained in
beam steering owing to the feed antenna placed in front of the
reflectarray, which causes blockage of the reflected wavefronts
[14]. Both types of antennas are confined to a half-space radi-
ation domain, resulting in a relatively narrow coverage scope.

In recent years, transmit-reflect metasurfaces have become a
research hotspot. To achieve full 360° phase coverage, most
of these metasurfaces are designed with complex multilayer
architectures [15, 16] to accumulate the spatial phase, result-
ing in a large overall size and high profile. For example, the
non-interleaved bidirectional metasurface achieves full-space
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energy partitioning using seven metallic layers and six dielec-
tric substrates; while its control capability is enhanced, the fab-
rication difficulty is significantly greater than that of single-
layer dielectric structures [17]. The bidirectional transmitar-
ray based on sparse arrays requires stacking three dielectric
substrates, resulting in an overall thickness of 0.452),, and
interlayer misalignment errors may introduce extrinsic losses
[18]. The broadband, high-efficiency, and ultrathin metasur-
face proposed by Wang et al. [ 19] realizes the independent mod-
ulation of transmissive and reflective amplitudes and phases
via stacking multilayer dielectric and metallic layers. To de-
crease the profile of the metasurface, integrated metallic vias
have been adopted in single-layer structures to achieve a low
profile [20,21]. The metal vias are incorporated into a single-
layer substrate to realize full-space beam integration; however,
the coupling between the vias and metallic structures elevates
the cross-polarization ratio (XPR) to —17.4 dB and introduces
a loss of approximately 1.2 dB.

Since most existing metasurface structures are multilayer
stacking or metallic vias, this paper designs a metasurface ca-
pable of generating transmissive and reflective beams without
multilayer stacking or metallic vias. The transmissive unit cell
adopts an antisymmetric Huygens source structure, and the re-
flective unit cell is a split-ring resonator loaded with phase de-
lay lines. Two types of unit cells are alternately arranged in odd
and even columns to complete the phase compensation and con-
struct a single-layer integrated array. The designed transmit-
reflect-array antenna generates a high-gain focused beam in the
reflective mode and a +1-mode OAM vortex beam in the trans-
missive mode.

2. DESIGN OF TRANSMISSIVE UNIT CELL AND RE-
FLECTIVE UNIT CELL

The proposed transmissive unit cell is illustrated in Figure 1.
Based on Huygens’ principle, two mutually antisymmetric U-
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FIGURE 2. The surface current distributions of the transmissive unit at 17 GHz.
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FIGURE 3. The transmissive phase and amplitude. (a) Phase. (b) Amplitude.

shaped lines were etched on the top and bottom surfaces of an
F4B dielectric substrate (¢, = 2.2, tand = 0.001 and h =
2.5 mm). Figures 1(a) and (b) depict the top and 3D views of the
structure, respectively. The geometric parameters were defined
as follows: P = 8mm, w = 0.5mm, w; = 0.2mm, l3 =
4.1mm,ly = 3.5mm, [, = [;-1.2mm. By changing [/; and [,
the transmissive phase can be precisely controlled.

Figure 2 illustrates the surface current distributions of the
transmissive unit at 17 GHz, Obviously, the surface electric
currents Jyp on the top corner-shaped ring and Jyoom On the
bottom strip-type ring are generated and flow in opposite direc-
tions, thereby forming a current loop with the F4B substrate and
then inducing an orthogonal magnetic current. Therefore, the
electromagnetic (EM) waves irradiated on the Huygens’ meta-
surface can be efficiently tailored by simultaneously inducing
the orthogonal electric and magnetic currents and the Huygens’
resonance stimulated by their interaction.
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The effect of the transmissive unit cell on the magnitude
and phase was investigated. Figure 3 shows the variation in
the transmissive phase and amplitude with [; over the 16—
18 GHz under y-polarized incidence wave. As illustrated in
Figure 3(a), as [} increases from 3.5mm to 7.5 mm (with [,
varying from 2.3 mm to 6.3 mm accordingly), the transmissive
phase achieves a full 360° phase coverage. As shown in Fig-
ure 3(b), throughout the tuning range of /;, the transmissive
amplitude remains stable at approximately 0.9 above 16 and
17 GHz and slightly less than 0.8 at 18 GHz.

Figure 4 shows the proposed reflective unit cell, which com-
prises a top metallic layer and a metallic ground plane separated
by an F4B dielectric substrate (¢, = 2.2, tand = 0.001 and
h = 2.5mm). The top metallic layer is a split-ring resonator
(SRR) loaded with symmetric phase delay lines. By tuning the
1 of the phase delay line, a reflective phase of 360° can be
achieved. The geometric parameters are defined as follows:
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FIGURE 4. Structure of the reflective unit cell. (a) Top layer. (b) Three-dimensional view.

FIGURE 5. The surface current distributions of the reflective unit at
17 GHz.

P =8mm, w = 0.4mm, w; = 0.5mm, w, = 1.2mm,
ry = 2.8mm, r, = 1 mm.

Figure 5 shows the surface current distributions of the reflec-
tive unit at 17 GHz. The electric field energy is mainly con-
centrated in phase delay lines. Therefore, phase control can be
realized by adjusting the length of the symmetric phase delay
lines loaded on the split ring. The effects of different phase
delay lines on the magnitude and phase were investigated. Fig-
ure 6 shows the reflective phase and amplitude at different ¢
values over the 16—18 GHz under y-polarized incidence wave.
As ¢ increases from 5° to 175° (in 10° increments), the reflec-
tive phase exhibits a decrease with a 400° phase coverage. The
reflective amplitude remains stable at approximately 1.

As shown in Figure 7, the phase and amplitude of the unit
cell are plotted for incident angles of 0°, 15°, and 30°, respec-
tively. It can be observed that the phase shift varies slightly as
the incident angle increases from 0° to 30°, indicating that the
unit cell exhibits excellent angular stability. Meanwhile, the
transmissive amplitude remains above 0.75, and the reflective
amplitude is consistently close to 1.

3. DESIGN OF ARRAY ANTENNA

The proposed transmit-reflect-array antenna comprises 26x26
transmissive and reflective unit cells operating at 17 GHz, as
shown in Figure 8. These two types of unit cells were al-
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ternately arranged in odd and even columns to implement
phase compensation. The total size was 208 mm x 208 mm
(11.78 g x 11.78\g, where )y denotes the free-space wave-
length at 17 GHz). When the transmit-reflect-array is fed by
a y-polarized horn feed antenna positioned at Z = 150 mm
(focal-to-diameter ratio of 0.72), a high-gain focused beam in
the reflective mode and a +1 mode OAM vortex beam in the
transmissive mode are generated, respectively.

The detailed phase compensation procedure is illustrated in
Figure 9. Because the wave emitted by the horn is a spheri-
cal wave, the compensated focused phase of the metasurface is
shown in Figure 9(a), and its formula follows [22]:

o; = ko (\/:v2+y2+F2—F) 1)

where kg is the wavenumber, which is numerically equal to
2w /Ao, and F is the focal length. Because the reflective and
transmissive unit cells are alternately arranged on the metasur-
face, the overall focal compensation phases are decomposed
into reflective and transmissive compensation phases, respec-
tively, as shown in Figs. 9(b)-9(c). Moreover, the vortex
phase (with a mode number of +1) shown in Figure 9(d) must
be superimposed onto the transmissive compensation phases.
The vortex phase that generates an orbital angular momentum
(OAM) beam with [ = +1 can be calculated using the follow-
ing formula, where [ is the OAM mode.

poam =1 -arctan (%) )

The transmissive OAM phase is shown in Figure 9(e). The
superimposed phase distribution of the reflective focused beam
and transmissive OAM beam full-space metasurface is shown
in Figure 9(f).

As shown in Figs. 10(a)-10(b), the geometric dimension dis-
tributions of the unit cells in the even and odd columns are
established corresponding to the phase distributions of Fig-
ure 9(f). Here, the even-numbered columns are reflective unit
cells, whereas the odd-numbered columns are transmissive unit
cells.
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FIGURE 6. Reflective phase and amplitude. (a) Phase. (b) Amplitude.
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FIGURE 7. The phase and amplitude of the unit cell at different incident angles at 17 GHz. (a) Transmissive unit cell. (b) Reflective unit cell.
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FIGURE 8. The transmit-reflect-array mode and its working schematic diagram. (a) The transmit-reflect-array mode. (b) The working schematic

diagram of array.

4. RESULT ANALYSIS

Figure 11 illustrates the radiation characteristics of the meta-
surface array at 17 GHz. In particular, the designed transmit-
reflect-array radiates a focused beam with a peak gain of
21.5dBi in the reflective half-space and generates an OAM
beam with a peak gain of 20.2dBi in the transmissive half-
space.

To characterize the near-field electromagnetic distribution,
an observation plane of 208 mmx208 mm was positioned
400 mm below the metasurface along the 4z-axis. The electric
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field phase and amplitude distributions of the transmissive
OAM beam are shown in Figure 12. At the given frequency,
the OAM beam exhibited a donut-shaped electric-field am-
plitude and a 360° helical electric-field phase. Based on the
obtained electric-field phase and amplitude distributions, the
mode purity was analyzed using the Fourier transform with the
following formula [23]:

1 27

A, (3)

—ilv g
o7 ), Y(p)e ™ dp
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FIGURE 9. Phase compensation process. (a) Focal compensation phase. (b) Reflective compensation phases distribution. (c¢) Transmissive compen-

sation phases distribution. (d) [ = +1 vortex phase. (e) Transmissive OAM phase. (f) Overall phase distribution.
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FIGURE 11. Radiation pattern at 17 GHz. (a) 3D Radiation pattern. (b) 2D Radiation pattern.
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TABLE 1. Literature comparison.

Ref. Frequency Peak g_am Apel-"ture Size Thickness Function Substrate Vias
Range/GHz /dBi Efficiency Layers
[12] 30 T-23.8 22.1% 7 (5.25M0)%  0.18)¢ T-0AM 4 No
[14] 12 R-20 N (12X0)? 0.12X0 R-OAM 1 No
T-21.4 T-41.1¢ T-Focused
[17] 1.5 % L (3.8500)  0345X ocuse 6 No
R-23.2 R-41.6% R-Focused
T-21.4 T-7.0° T-Focused
[18] 30 7.0% (12.500)°  0.45)0 ocuse 3 No
R-24.4 R-14.0% R-Focused
T-0AM
[19] 30 N N (16X0)* 0.1)o 0 2 No
R-OAM
- - 0, -
[21] 28-32 T-16.4/16.5 1-4.6% (12.48)0)? 0.12)0 R-OAM 1 Yes
R-17.2/17.4 R-5.6% T-Focused
T-30. T-45.6°
[23] 26-30 30.3 5.6% 7 (7.7x0)*>  0.14\o  Focused (T/R) 1 No
R-30.3 R-45.7%
T-28.32 T-43.19
[24] 26/38 8.3 3:1% 7(9.24)0)>  0.19)\,  Focused (T/R) 1 No
R-30.61 R-34.2%
T-25. T-15°
[25] 10 33 3% (14X0)? 0.067\o  Focused (T/R) 1 No
R-25.0 R-14%
T-22.2 T-17.29 T-F
[26] 30 > 7 f’ (8.8)0)> N ocused 1 No
R-20.23 R-11.1% R-Focused
- - 0, -
This Work 17 1-200 T=5.7% (11.78)0)? 0.14)0 T-OAM 1 No
R-20.8 R-6.9% R-Focused

N, None; T, Transmissive; R, Reflective
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FIGURE 13. Mode purity of the transmissive OAM beam at 17 GHz.
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V/m
30

Electric field characteristics of the transmissive OAM beam at 17 GHz. (a) Phase distribution. (b) Amplitude distribution.

Plp) = D A )
1

Here, 9 () denotes the sampled field function along the cir-
cumference centered on the z-axis. The OAM modes with [
ranging from —5 to 5 are considered, and the energy weight of
mode 1 is defined as follows:

A

b= =1
Zl/:—s Ay

©)

The center of the electric field distribution is set as the cen-
ter of the sampling ring with a radius of 104 mm. A total of
100 sampling points is uniformly distributed along the ring at
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FIGURE 14. The metasurface and measurement environment. (a) The front side of the metasurface. (b) The measurement environment.
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FIGURE 15. The simulated and measured radiation patterns. (a) Transmissive vortex beam. (b) Reflective focused beam.

equal angular intervals to obtain the complex electric field dis-
tribution. Through azimuthal Fourier decomposition, the field
is decomposed into a superposition of different OAM modes.
After normalizing the mode amplitudes, the energy proportion
of'the dominant mode [ = +1 is calculated as 90%, correspond-
ing to the mode purity. Figure 13 shows the mode purity of the
generated OAM beam.

To verify the feasibility, the designed transmit-reflect-array
antenna was fabricated and measured. Figure 14 shows the
fabricated array prototype and the measurement environment.
The transmit-reflect-array antenna comprised 26 x 26 unit
cells, wherein the transmissive units were arranged in the odd
columns, and the reflective units were arranged in the even
columns. An LB-75-10-C-SF standard gain horn antenna was
used for feeding at a distance of 150 mm in front of the meta-
surface, while the receiving horn was placed 1.5 m in front of
the metasurface to receive the electromagnetic wave. The far-
field radiation patterns are shown in Figure 15. The measured
focused beam with a peak gain 0f 20.8 dBi in the reflective half-
space and an OAM beam with a peak gain of 20 dBi in the trans-
missive half-space can be observed. Excellent agreement was
observed between the measured and simulated data. The slight
discrepancies in the gain can be primarily attributed to unstable
measurement environments, feed alignment errors, and inaccu-
rate fabrication.

Table 1 presents a comparative analysis of the performance
metrics between the designed antenna and those of state-of-
the-art antennas. The metasurface proposed in this study can
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achieve full 360° phase coverage and enables bidirectional radi-
ation using a single-layer substrate without vias. However, the
designs [12] and [14] exhibit single-mode operation and uni-
functional behavior, failing to achieve full spatial utilization.
In contrast, full-space metasurface designs in [17-19,21] rely
on complex structural configurations, and bidirectional radia-
tion is achieved with multi-layered structures or the incorpora-
tion of metallic vias. Although the designs reported in [23, 25]
can realize both transmission and reflection functions, they can-
not achieve the two functions simultaneously. While the de-
sign presented in [26] is capable of generating transmissive and
reflective beams simultaneously within a single-layer and via-
free structure, it can only produce pencil beams, which corre-
spond to distinct application scenarios.

5. CONCLUSION

In this study, a single-layer substrate and a via-free transmit-
reflect-array antenna were designed. The transmissive units
adopt an antisymmetric Huygens source structure, whereas the
reflective units use split-ring resonators loaded with phase de-
lay lines. The alternating arrangement of these two types of
units forms the transmit-reflect-array, achieving maximum spa-
tial utilization and bidirectional radiation characteristics. The
measured results demonstrate that the antenna can radiate a re-
flective focused beam with a peak gain of 20.8 dBi and a trans-
missive +1-mode OAM vortex beam with a peak gain of 20 dBi
at 17 GHz.
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