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Multibeam Transmit-Reflect-Array Antenna with Switchable

Bidirectional Radiation for IoT applications

Yihan Ma, Nijia Du, Qi Luo, Member, IEEE, Xing Ouyang, Zijian Xing, Ling Wang, and Guangwei Yang, Senior
Member, IEEE

Abstract—Exploring cost-effective configurations to achieving
wide beam scanning in full-spherical direction is an appealing
topic for wireless communications and the Internet of Things
(IoT), yet realizing it within the scope of conventional multiple
feeding sources reflectarray/transmitarray is extremely challeng-
ing. This article proposes a bidirectional multibeam transmit-
reflect-array (TRA) using a multi-layer passive metasurface,
which enables beam steering switchable between hemispherical
and full-spherical directions. First, we demonstrate a novel
stacked unit cell composed of a circular ring-based structure and
a polarization-sensitive patch structure. Based on the designed
unit cell, two 24 x 24-element arrays are placed above and below
the feed antenna, respectively. By simply rotating the angle of the
metasurface layers and subsequently exciting the feed antennas,
the designed TRA is able to scan beams along the +z, —z, or
+2z direction. In both unidirectional and bidirectional states,
forward and backward beam-scanning is achieved within an
angular range of +55°, with peak aperture efficiencies of 13.9%
and 11.6%, respectively. The measured results of the prototype
also demonstrate that the proposed TRA can steer in both
unidirectional and bidirectional operating modes. The proposed
method opens a new avenue for the design of cost-effective,
easy-to-fabricate, and wide-angle beam-scanning multifunctional
TRAs, making it particularly suitable for next-generation IoT
communication systems that require wide angular coverage and
full-space connectivity.

Index Terms—Beamforming, wide-angle coverage, bidirec-
tional radiation, transmit-reflect-array.

I. INTRODUCTION

NTERNET of Things (IoT) networks are typically char-

acterized by dense deployment, random node distribution,
and diverse application scenarios, such as industrial automa-
tion, unmanned aerial systems, and satellite-assisted mobile
communication [1]-[3]. These features impose stringent re-
quirements on wireless systems, including high throughput,
seamless coverage, cost-effectiveness, and reliable access.

Driven by the growing demand for high-gain full-space
coverage, bidirectional transmit-reflect-array (TRA) antennas
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have attracted increasing research interest. One representa-
tive application is UAV-based space—air—ground emergency
communication, where low-profile and lightweight conformal
TRAs can be integrated with aerial platforms. In [4], a dual-
band shared-aperture conformal TRA provides independently
controlled 35-GHz reflective air-to-ground and 140-GHz trans-
missive air-to-satellite links on a single UAV platform. At the
network level, a UAV can also work as a temporary relay when
terrestrial communication infrastructure is damaged. In [5], the
UAV collects data and harvests energy from one disconnected
IoT network through simultaneous wireless information and
power transfer (SWIPT), and then moves to another network
to forward the collected data to its base station.

On the other hand, passive wide-coverage TRAs can also
be used in low-cost fixed IoT systems. Two representative
applications are vehicle-to-infrastructure (V2I) and outdoor-
to-indoor (O2I) communications. In V2I systems, roadside
units require forward, backward, or bidirectional coverage
to communicate with approaching and departing vehicles
under slowly varying traffic conditions [6]. In O2I systems,
millimeter-wave signals suffer from high penetration loss
through walls and windows. Transmitarray installed on build-
ing facades or windows can improve the communication cov-
erage between outdoor infrastructure and indoor users [7], [8].
These fixed applications are less sensitive to antenna profile,
and their coverage modes normally change slowly. Since
many roadside or building-mounted units may be required,
passive bidirectional apertures are attractive because of their
low fabrication cost and low control-power consumption.

To meet these demands, directional and multibeam beam-
forming techniques are widely adopted to concentrate elec-
tromagnetic energy in desired directions, thereby enhancing
signal quality and improving spectral efficiency [9]-[12]. For
example, a notable design based on a unit cell incorporating
a cylindrical dielectric resonator was presented in [11] for the
development of a high-gain dielectric reflectarray. By varying
the radius of the unit cell, a full 360° reflection phase coverage
can be achieved, resulting in a measured peak antenna gain
of 23.9 dBi. More recently, to realize wide-angle beam scan-
ning with stable gain, an FPGA-based pattern-reconfigurable
metasurface has been proposed, achieving beam steering over
a range from 0° to 60° with a gain variation of less than
2 dB [12]. In addition, irregular subarray configuration is
also attracting researchers’ attention in recent years due to
its ability in balance fabrication cost and radiation efficiency
[14]-[16]. In contrast to conventional phased arrays, domino-
shaped subarray configurations generally exhibit a slight de-
terioration in realized gain and sidelobe levels (SLLs) [15].
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More recently, the incorporation of deep learning (DL)-based
techniques into phased arrays has also been investigated, with
the aim of accelerating subarray configuration optimization
and achieving accurate beamforming performance with high
efficiency in large-scale irregular subarray apertures [16].

Nevertheless, traditional transmitarrays and reflectarrays
typically radiate in only one direction, which significantly
limits communication coverage. In recent years, many emerg-
ing IoT applications operate in three-dimensional (3D) envi-
ronments, where communications may occur between ground
users, aerial platforms, and infrastructure nodes, leading to
stringent requirements on full-spherical coverage capability
[17]. Fig. 1 illustrates the beam-steerable metasurface antenna
configurations applied in both unidirectional and bidirectional
scenarios. To address these challenges, bidirectional beam-
scanning configurations have attracted increasing research
attention. One common approach to achieving bidirectional
beam scanning involves the use of pattern-reconfigurable
antenna elements [22], [23]. For instance, by appropriately
selecting short pins beneath a circular patch, a patch antenna
exhibiting quasi-bidirectional patterns at 3.4 GHz with a
peak gain of 7.3 dBi was proposed in [22]. Although such
pattern-reconfigurable arrays are capable of bidirectional beam
scanning, simultaneous beam steering for both transmitter and
receiver channels remains a challenge. While the addition of
transmit/receive (T/R) modules to each element can enable
independent bidirectional beam scanning, this approach results
in high fabrication costs [24].

To address the need for full-scope coverage with high
gain and low fabrication cost, transmit-reflect-array antennas
(TRAs), which integrate reflectarray and transmitarray func-
tionalities, have been widely explored in recent years. These
devices can generally be classified as frequency-selective
TRAs and polarization-dependent TRAs. Frequency-selective
TRAs enable the transmitarray and reflectarray to operate
at different frequencies [25]-[27]. For example, in [25] the
authors employed a frequency-selective surface (FSS) as the
ground plane for a reflectarray operating at 9 GHz and as a
transparent surface for a transmitarray operating at 12 GHz,
thereby achieving simultaneous reflection and transmission
at distinct frequencies. In contrast, polarization-dependent
TRAs handle differently polarized waves in the forward and
backward directions [28]-[30], [32]. A novel TRA proposed
in [29] utilized two orthogonal polarization grids printed on
substrates to achieve bidirectional beam scanning for different
incident polarizations; for the x-polarized incident wave, the
grids function as a reflector, whereas for the y-polarized wave,
they serve as a polarization converter to enable transmission
through the unit cell.

More recently, electrically addressable TRAs have gar-
nered extensive attention due to their rapid response and
precise beamforming control [33]-[36]. In 2019, an innovative
single-layer, 1-bit electronically reconfigurable bidirectional
TRA based on a slot element was proposed to simultane-
ously transmit and reflect waves [33]. Subsequently, a patch-
shaped reconfigurable unit cell integrating two PIN diodes
was introduced to achieve polarization switching via controlled
ON/OFF states, enabling the TRA to alternate between simul-

(a) Unidirectional radiation (b)  Bidirectional radiation

Fig. 1. Conceptual use cases of unidirectional and bidirectional beam-
steerable metasurface antennas for IoT communications: (a) unidirectional
scenario; (b) bidirectional scenario.

taneous and time-division operating modes [34]. However, the
large number of PIN diodes and the complex control circuitry
significantly increase the overall complexity and fabrication
cost, limiting their suitability for cost-sensitive applications.

To balance design complexity with beam scanning perfor-
mance, multibeam scan reflectarray methodologies have been
investigated [37]-[41]. Rather than employing reconfigurable
unit cells for beam manipulation, a multi-feed configura-
tion can steer beams in different directions via a passive
metasurface. In [37], Yu et al. proposed a novel circularly
polarized folded reflectarray antenna configuration with 15
feeding ports that achieved beam steering from —29° to +29°,
with a maximum gain of 24.6 dBic. In this configuration,
each feed scans a beam in a single direction without phase
modulation on the antenna elements. Furthermore, an itera-
tive optimization algorithm was employed to modulate beam
intensity at different directions [40]. However, conventional
reflectarrays can typically achieve beam scanning only within
a hemispherical range, which is insufficient for applications
requiring bidirectional communication. More recently, Qin et
al. proposed a novel multi-port feeding TRA that combines a
transmitarray with a folded transmitarray to realize switchable
multibeam scanning in both forward and backward directions
[41]. In the hemispherical scanning state, a maximum scanning
range of —30° to +30° was achieved with peak gains of 23.6
dBi, whereas in the bidirectional scanning state the maximum
scanning angles were 40° for the forward direction and 22°
for the backward direction. Despite these advancements, the
scanning ranges of state-of-the-art hybrid TRAs and many
multibeam reflectarrays and transmitarrays remain limited to
approximately 30° due to inherent design constraints.

Motivated by these observations, the primary objective of
this article is to propose a multibeam TRA configuration
capable of wide-angle beam scanning in both unidirectional
and bidirectional modes, either separately or simultaneously.
The proposed TRA consists of two polarization-sensitive
stacked metasurfaces and seven patch dipole antennas, with the
radiation direction being switchable through simple rotation
of the unit cells. To the best of the authors’ knowledge, this
work represents the first demonstration of a stacked unit cell
configuration that achieves wide-angle beam scanning in both
hemispherical and full-sphere radiation modes via rotation
control of the polarization grids and unit cell.

This paper is organized as follows. Section II presents the
structure of the proposed unit cell. Section III describes the
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Fig. 2. (a) Perspective of the stacked metaatom structure. Details of (b)
top layer of sub-metaatom 1, (c) middle layer of sub-metaatom 1, (d) top
layer of sub-metaatom 2, (e) middle layer of sub-metaatom 2. The geometry
parameters are listed as: h1 = 2.5 mm, ho = 1.524 mm, hg = 4.0 mm,
di = 0.7 mm, do = 1.0 mm, w1 = 0.3 mm, wy = 0.5 mm, wy =
1.5 mm, wg = 0.5 mm, 1 = 6.5 mm, lo = 7.5 mm, s1 = 2.8 mm,
ry = 2.5 mm.

operating principle of the multibeam TRA and provides a
theoretical analysis of the TRA beamforming mechanism. Sec-
tion IV details the implementation and experimental validation
of the designed TRA operating in both unidirectional and
bidirectional modes. Finally, Section V concludes the paper.

II. UNIT CELL DESIGN

To realize the proposed wide-angle beam steering TRA
configuration, a stacked metasurface configuration with two
polarization-sensitive sub-metaatom structures is designed in
this work. The overall configuration of stacked unit cell is
shown in Fig. 2a. An air gap of height hs is sandwiched
between sub-metaatom 1 and sub-metaatom 2.

A. Sub-metaatom 1

The sub-metaatom 1 is a four-layer cascaded ABBA struc-
ture incorporating patches and a square mesh. The patches in
layers 1 and 4 are identical, as are those in layers 2 and 3,
and the square mesh is consistent across all four layers. By
controlling the mutual interaction via the lengths of the patches
and their corresponding branches, high transmission efficiency
can be achieved over a 320° phase variation range, enabling
polarization-dependent directional control [42]. Fig. 2b and
2c show the parameter details of layer 1 and layer 2. Three
identical substrates Rogers TMM4 with a dielectric constant
er = 4.5, tand = 0.002, and a thickness of h; are employed
to cascade ABBA structure. Varying the length of patches
along the y-axis introduces different transmission phases, and
tuning the length of the branches provides additional flexi-
bility to suppress fluctuations in the transmission amplitude.
Under normal incidence illuminated along the y-axis, a 320°
phase coverage with highly efficient transmission amplitude
is achieved. In contrast, for an x-polarized incident wave, a
nearly constant transmission phase is realized, indicating that
the sub-structure exhibits polarization-sensitive behaviour. A
detailed description of transmission amplitude and phase of
sub-metaatom 1 by changing the parameters I3 from 2.6 mm
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Fig. 3. Transmission amplitude for (a) d; = Omm with a y-polarized incident
wave, (¢) di = 0.5mm with a y-polarized incident wave, (¢) d; = Omm
with a x-polarized incident wave, (g) d1 = 0.5mm with a x-polarized incident
wave, at the frequency of 10 GHz. Transmission phase response for (b) d; =
0Omm with a y-polarized incident wave, (d) d1 = 0.5mm with a y-polarized
incident wave, (f) di = Omm with a x-polarized incident wave, (h) di =
0.5mm with a x-polarized incident wave, at the frequency of 10 GHz.

to 6.2 mm and Al, defined as I3 — I, from 0.3 mm to
1.0 mm at 10 GHz is depicted in Fig. 3.

As can be observed from Fig. 3a and 3b, under y-polarized
incident wave, most of the transmission amplitude is main-
tained over 0.75, and the transmission phase ranges from —57°
to 140° when d; = 0 mm. To guarantee a larger transmitted
phase coverage for sub-metaatom 1 structure, the transmission
coefficient of the metaatom when d; = 0.5 mm is also
investigated. As shown in Fig. 3c and 3d, under y-polarized
incident wave, the transmission phase of the metaatom ranges
from —180° to 120°. By combining the metaatom with d; = 0
mm and d; = 0.5 mm, sub-metaatom 1 is able to cover the
transmission phase ranging from —180° to 160°. Fig. 3e to 3h
present the variation of transmission amplitude and phase of
metaatom under x-polarized incident wave. It can be clearly
observed that slight fluctuations appear in the transmission
amplitude, which remains higher than 0.92 in all cases, while
the transmission phase remains nearly constant across all sce-
narios. Therefore, sub-metaatom 1 is a polarization-sensitive
structure that resonates with one predefined polarization and
becomes transparent to the cross-polarized wave.
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Fig. 5. Simulated transmission spectra for the stacked meta-atom under

oblique incidence. (a) Transmission amplitude and (b) transmission phase.

B. Sub-metaatom 2

The sub-metaatom 2 consists of two identical Rogers
TMM4 substrates, each with a thickness of hy. Two parallel
metal gratings with two orthogonal pairs are placed on the
top layer and bottom layer of sub-metaatom 2, and the middle
layer contains a circular ring with a diagonal metal bar
structure [43]. The metal gratings are capable of imparting
a 90° polarization rotation to the y-polarized transmitted wave
along the +z-axis direction, while blocking the x-polarized
transmitted wave along the same direction due to the strong
inductance effect caused by the metal gratings. When the
circular ring structure encounters the y-polarized transmitted
wave, its two arc rings generate surface currents in opposite
directions along the y-axis and in the same direction along the
x-axis. The overall result is that the x-polarized incident waves
are converted to their orthogonal polarization. A 180° phase
coverage can be obtained by tuning the geometric parameters,
specifically when « is adjusted within the range of 5° to 115°.
By simply flipping the circular ring structure along the x-
axis, an additional 180° phase shift can be achieved for the
y-polarized direction. It can be clearly observed from Fig. 4a
that the metaatom can induce a phase change between —180°
and 0° when the parameter o changes from 5° to 115°. At
the same time, the transmission efficiency remains above 0.82
in all cases. When illuminated by x-polarized incident waves,
the metal grating fully reflects the incident wave, serving as
a conductive ground plane. The reflection phase is nearly
constant, and the reflection amplitude remains above 0.95 in
all cases, as can be clearly observed in Fig. 4b.

In summary, linear polarization conversion is provided
by the sub-metaatom-2 layer. The metasurface transmission
coefficient is controlled jointly by the sub-metaatom-1 and

sub-metaatom-2 layers. When the rotated patches of sub-
metaatom 1 are oriented parallel to the z-axis, only sub-
metaatom 2 influences the transmission phase. Conversely,
when the rotated patches of sub-metaatom 1 are perpendicular
to the z-axis, the transmission phase is determined by both
layers.

Following the normal-incidence analysis, the oblique-
incidence response of the proposed metaatom is evaluated
in Fig. 5. At 10 GHz, the transmission magnitude remains
between -0.335 and -0.455 dB for incidence angles from 0°
to 55°, showing good magnitude stability. Compared with
normal incidence, the phase deviations are approximately 4.6°,
19.2°, 33.3°, and 66.3° at 15°, 30°, 45°, and 55°, respectively.
Therefore, the phase variation remains moderate up to 45°, but
becomes more evident at 55°.

Note that, due to coupling effects between sub-metaatom
1 and sub-metaatom 2, variations in the parameter « can
adversely affect the transmission coefficient. Therefore, the
geometric parameters of sub-metaatom 1 need to be fine-
tuned to achieve an accurate transmission coefficient when
integrating sub-metaatom 2 into the complete unit cell.

III. OPERATING PRINCIPLE

To realize a transmissive-reflective array (TRA) capable
of wide-angle scanning while switching between backward
reflection and forward transmission modes, a polarization-
sensitive rotatable unit cell is investigated. This design facil-
itates beam scanning up to a maximum angle of 60°. Fig. 6
depicts the working principle of the proposed TRA for beam
scanning in both unidirectional and bidirectional radiation sce-
narios. By independently varying the rotation states of the sub-
metaatom 1 and sub-metaatom 2 metasurfaces, four distinct
combinations are achieved, enabling the incident wave to be
radiated in different directions and at different angles. Fig. 6a
to 6c illustrate three different rotation states of the stacked
metasurface. In transmit mode 1 (TMI1), the bottom metal
grating in sub-metaatom 2 is oriented parallel to the y-axis,
and the patches in sub-metaatom 1 are aligned perpendicular to
the z-axis. In reflect mode 1 (RM1), the bottom metal grating
in sub-metaatom 2 is perpendicular to the y-axis. In transmit
mode 2 (TM2), the bottom metal grating in sub-metaatom 2 is
again parallel to the y-axis, while the patches in sub-metaatom
1 are parallel to the z-axis. Based on these mode combinations,
switchable bidirectional beams are realized as follows:

Bidirectional small steering angles: Seven printed dipole
antennas Al to A7, serving as feeds, are symmetrically
positioned along the z-axis between the upper and lower
metasurfaces, with both metasurfaces in the rotation state
TM1. When illuminated by xz-polarized incident waves from
the feed antennas, the upper and lower metasurfaces can
radiate a y-polarized pencil beam in the forward and backward
directions separately, as shown in Fig. 6d. In TM1, the steering
angles of the TRA are manipulated by the transmission phase
of sub-metaatom 2, where the sub-metaatom 1 has little to no
impact on the steering beams.

Bidirectional large steering angles: To realize larger steer-
ing angles, sub-metaatom 1 is rotated to introduce additional
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Fig. 6. Rotation states of metasurface in (a) TM1, (b) RM1, (¢) TM2. Schematics of the proposed beam switchable antenna in (d) bidirectional small angle
steering, (e) bidirectional large angle steering, (f) unidirectional small angle steering, (g) unidirectional large angle steering.

transmission phase (see Fig. 6(e)). A clockwise 90° rotation
produces a pencil beam at positive elevation, whereas an
anticlockwise 90° rotation produces a pencil beam at negative
elevation, because the phase distribution is mirrored about the
yoz-plane when sub-metaatom 1 is switched between the two
states. The pencil beams are symmetric about the yoz-plane
when the feed ports are sequentially excited from Al to A4 or
from A7 to A4. Owing to the metal grating in sub-metaatom
2, an z-polarized excitation yields y-polarized pencil beams
in both the forward and backward directions.

Unidirectional small steering angles: When sub-metaatom
2 on one side of the TRA is rotated by 90°, the metal
grating behaves as a conducting ground plane that fully reflects
the incident wave without altering its polarization. By image
theory, the antenna can be modeled by a virtual source at the
mirror position. In this case, the phase distribution of the upper
metasurface is determined by the real feed antennas and their
corresponding virtual images. The corresponding rotation state
radiating toward the +z-axis is shown in Fig. 6(f).

Unidirectional large steering angles: By switching the upper
metasurface from TM1 to TM2, the proposed TRA radiates
beams with large scan angles toward the +z-axis. In this con-
figuration, the RM1 metasurface acts as a conducting ground
plane that fully reflects the incident wave. Consequently, the
upper metasurface is influenced by both the real feed ports
and their virtual ports, which jointly determine the radiation
performance. As in the large-angle bidirectional mode, rotating
sub-metaatom 1 clockwise or anticlockwise by 90° produces
positive or negative elevation scans, respectively.

IV. TRANSMIT-REFLECT-ANTENNA DESIGN
A. Design of Feeding Antenna

A classical printed dipole antenna is employed to ensure
bidirectional beam radiation on the metasurfaces. In this TRA,
a linear array consisting of seven identical printed dipole
antennas, each individually fed by a coaxial cable, is located
at the midpoint between the two metasurfaces. The dipoles
are printed on both sides of a Rogers RO4003C substrate
material (¢, = 3.55 and tand = 0.0027) with a thickness
of hy = 0.26 mm, and a 50-ohm coaxial cable is used to feed
and support the dipoles. The central distance between two
adjacent dipoles is d = 0.35\. The configuration of printed
dipole and its corresponding S-parameters are shown in Fig.
7a and 7b, separately. The radiation pattern in Fig. 7c exhibits
a bidirectional beam with a maximum realized gain of 2.1 dBi
in the E-plane.

B. Design of Metasurface Phase Distribution

In single-focus phase designs, the required phase of the
mnth unit cell for the ¢th radiation beam direction is defined
as:

@%)n = kO |:|an - 7Tf| - Slne(Z) (xmn COS 410(1) + Ymn sin 410(1)):|
(1)
where ko represents the wavenumber in the vacuum, 6(*)
and ¢() are the elevation and azimuth angle of ith designed
beam, respectively. 7 = (Timns Ymn, Zmn) 1S the position
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Fig. 8.

(a) Simulated E-field distribution and (c) its corresponding 3D
radiation pattern in transmit mode. (b) Simulated E-field distribution and (d)
its corresponding 3D radiation pattern in reflect mode.

vector of the mnth element, ¥y = (z4,0,0) is the position
vector of feed phase center. In a passive metasurface design,
a metaatom exhibits a single transmission coefficient. To
guarantee a multibeam scanning, a multifocal phase correction
of metasurface based on averaged phase distribution can be
obtained as follows:

Q
pime = (> e )/Q )
i=1
where Q is the number of designed beams. In this design, when
TRA operates in bidirectional and unidirectional small steering
angles states, the value of %7 is entirely decided by the sub-
metaatom 2 layers. For bidirectional and unidirectional large-
angle modes, the ¢%V¢ is determined by both sub-metaatom 1
layers and sub-metaatom 2 layers togethers.
Specifically, in the bidirectional radiation mode, the trans-
mission response of the mnth meta-atom in the sub-metaatom
2 layers illuminated by the gth feed can be described using

the Jones matrix as:

R BT
q) __ Tx,mn Ty, mn

where the first and second subscripts denote the polarizations
of the transmitted and incident waves, respectively. For the

a-polarized feed, B4 = A4, e /*Fn. and EJ = 0, where
Ry = /(@mn — 2¢)% + Y2, + 22, is the distance from
the gth feed to the mnth unit cell. The transmitted field of the
mnth unit cell can then be expressed as:

EY D o 1Y o | [ES
{Eﬁ’m"} O R v I “)
y,mn tyw,mn tyy,mn Yy

For the ideal polarization-conversion state, t%ﬂ),mn ~ 0,
|t§,‘§27mn| ~ 1, and Eg = 0. Therefore, the transmitted field
is mainly y-polarized and can be simplified as:

—pap@  — pa (44 —koRE) (5)

xyx,mn mn

By mn
Therefore, for the expected transmitted beam directed to-
ward (0, ¢()), the phase distribution of the mnth sub-meta-
atom 2 unit cell under the excitation of the gth feed in the
bidirectional radiation mode is determined by:

s = b0 | (B = 20+ o+

— Xy sin 0P cos (b(t) — Ymn SIN 6 sin p(®) | .
(6)

In the unidirectional radiation mode, the stacked meta-atom
is illuminated simultaneously by the gth feed and its virtual
image. First, the response of the mmnth meta-atom in the
stacked metasurface layers under the illumination of the qth
feed can be described using the following Jones matrix:

(q (q)
(q9) _ Tzxmn Txymn
R = | (@) @ | ™
yz,mn  Tyy,mn

The electric field received by the mnth unit cell from the
gth feed and its virtual image can then be expressed as:

E;J],mn rgsqm),mn Tg(;(gz;),mn EZ + Eg

Here, EZ = Ag,, e~9%ofthn and ES = A2 e~7%oRin are the
electric-field components produced by the virtual image. In
addition, Rmn denotes the distance from the virtual feed to the
mnth stacked unit cell. For the ideal polarization-conversion
state, ri‘ﬂmn ~ 0, |r§'§c),mn\ ~ 1, and EJ +Eg = 0. Therefore,
the received field is mainly y-polarized and can be simplified
as:

— B4(9)

z“yx,mn

Eq

9 LU i (e TR0 R 4 g=iko R,

©))
Here, Atg(ji),mn corresponds to the phase of the mnth unit cell
in the stacked metasurface. Finally, the phase distribution of
the mnth stacked meta-atom under the excitation of the qth

feed can be expressed as:

_ A4
= Al e

Authorized licensed use limited to: UNIVERSITY COLLEGE CORK. Downloaded on September 23,2026 at 13:28:03 UTC from |IEEE Xplore. Restrictions apply.
© 2026 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Internet of Things Journal. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/J10T.2026.3727129

Gain (dBi)
Gain (dBi)

~

o

p—
o

Gain (dBi)
Gain (dBi)

Gain (dBi)
Gain (dBi)

Gain (dBi)

=21°/159°
=15°/165°

Gain (dBi)

0
20 -30 30
—60 60
,\10 =19161°
m — Simu. = 15%165°
=7°/173°
% 0 {-90| ~Meas -0°180° 490
B =-1°-173°
6] —-15°/-165°
~-19-1617
10 -120 120
20 —150 150

180
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¢(q) —

—jkoR},, | o—ikoR%,,
mn,un |: - arg(e 0 +e 0 )

— ko(@mp sin 0D cos ) — ., sin 0 sin ™)
(10)
Here, — arg (e‘j koltmn 4 e=J koRgnn) represents the phase

of e~ kofhun 4 e=ikoli.  According to ray-tracing theory,
in the unidirectional radiation mode, the distance in the z-
direction between the virtual antenna and the metasurface is
32mn, that is, RS, = \/(@mn — 24)% + yZ, + 922,,. In both
the bidirectional and unidirectional radiation modes, different
feeds require slightly different unit-cell phase distributions.
To make a tradeoff among the scanning angles produced by
different feeds, the required phase distributions can be aver-
aged using the (2), giving the final unit-cell phase distribution.
Moreover, the seven feed ports are arranged along the z-axis
symmetrically with respect to the yoz-plane. When the sub-
meta-atom 1 layer is rotated clockwise or anticlockwise by
90°, as shown in Fig. 6, the phase distributions in the two

rotation states are mirrored about the yoz-plane. Therefore,
exciting the corresponding symmetric feed ports produces
beams with equal but opposite elevation angles.

To intuitively present the operation principle, the 2D electric
E-field distribution and 3D radiation pattern of proposed
structures in transmit mode and reflect mode is shown in Fig.
8. It can be observed that the feed antenna can successfully
generate bidirectional and unidirectional radiation beams for
the transmit mode and reflect mode, respectively.

V. IMPLEMENTATION AND MEASUREMENTS
A. Antenna Configuration

To validate the scanning performance of the proposed
array configuration, a TRA was simulated consisting of seven
identical feed antennas sandwiched between two identical
24 x 24-dimensional metasurfaces. The phase distribution of
the metasurface is calculated using (??) to guarantee the
designed TRA is able to switch between both bidirectional
and unidirectional radiation states. The distance between upper
and lower layer is 171 mm. Seven feed antennas A1-A7 are
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Fig. 11. Radiation patterns of beam-scanning in the xz-plane with large steering angles state at 9.5 GHz. Measured and simulated scanning beams, in forward
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by 90°.

equally space arranged along x-axis with coordinates -30, - B. Small Steering Angle Operation

20, -10, 0, 10, 20, and 30 mm. In the small-angle steering ) )

mode, sequential excitation of feeds A1-A7 produces beams As stated above, by configuring the rotation states of both
at multiple scan angles. For large-angle steering, sequentially metasurfaces to TMI or the upper metasurface to TM1 and

exciting A1-A4 or A7-A4 produces beams directed toward the lower metasurface to RM1, the proposed TRA can radiate
the +2- or —z-axis. either bidirectional or unidirectional beams within small steer-

ing angle ranges. Fig. 9 shows the simulated radiation patterns
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Fig. 14. Experimental characterization of the TRA. (a) Experimental setup.
(b) Assembled array. (c) Metasurface layers of sub-metaatom 1 and 2.

of TRA at the frequency points of 9.5, 10, and 10.5 GHz.

For simplicity, the radiation patterns are presented in the
roz-plane, where 0° represents the +z direction and +180°
represents the —z direction. In the bidirectional radiation
mode, the antenna radiates simultaneously toward both the +z
and —z directions. In the unidirectional radiation mode, the
antenna radiates toward the +z direction when the upper and
lower metasurfaces operate in TM1 and RMI, respectively.
By interchanging these two states, the radiation direction is
switched to the —z direction.

When the feed antennas A1-A7 are excited sequentially,
in the unidirectional radiation cases, as shown in Fig. 9a
and 9b, the peak gains for the scanning angles of 22°/158°,
15°/165°, 8°/172°,0°/180°, —8° /—172°, —15° /—165°, and
—22°/—158° are 14.93, 16.55, 17.02, 16.69, 17.04, 16.52, and
15.08 dBi, respectively. Fig. 9c presents the bidirectional radi-
ation patterns, in which the forward and backward beams are
generated simultaneously. Forward and backward beams corre-
sponding to scanning angles of 23°/157°, 14°/166°, 8°/172°,
0°/180°, —8°/ —172°, —14°/ — 166°, and —23°/ — 157° are
generated simultaneously at 10 GHz. The corresponding peak
gains for these scanning angles are 15.4, 16.8, 17.1, 17.9, 17.1,
16.8, and 15.4 dBi, respectively. Fig. 9d to 9f and Fig. 9g to
9i depict the radiation patterns of TRA at 9.5 GHz and 10.5
GHz, respectively. In the unidirectional radiation states, the
radiation patterns at all three frequency points exhibit good
steering performance while maintaining low sidelobe levels
(SLLs). It can also be observed that the maximum steering
angle of the TRA ranging from 10 GHz to 10.5 GHz slightly
decreases from 22° to 19° in the forward direction, which is
primarily attributed to the effect of beam squint and unit cell
dispersion.
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Fig. 15. Comparison between simulated and measured radiation patterns in the xoz-plane. (a)—(c) Backward unidirectional radiation, forward unidirectional
radiation, and bidirectional radiation with sub-metaatom layer 1 rotated clockwise by 90°, respectively, at 9.5 GHz. (d)—(f) Forward unidirectional radiation,
bidirectional radiation along the +z-axis, and bidirectional radiation with sub-metaatom layer 1 rotated clockwise by 90°, respectively, at 10 GHz. (g)-(i)
Bidirectional radiation along the +z-axis, backward radiation with sub-metaatom layer 1 rotated anticlockwise by 90°, and bidirectional radiation with

sub-metaatom layer 1 rotated clockwise by 90°, respectively, at 10.5 GHz.

C. Large Steering Angle Operation

Fig. 10 shows the simulated beam steering patterns of the
designed array operating at large steering angles at a frequency
of 10 GHz. When the upper sub-meta-atom 1 layer is rotated
anticlockwise or clockwise by 90° while the lower metasur-
face is maintained in RM1, the feed antennas A4-A7/A4-A1
are sequentially excited to generate forward radiation beams
with scanning angles of —29°/29°, —36°/36°, —44°/44°,
and —55°/55°. As shown in Fig. 10a and Fig. 10b, the
corresponding peak gains for scanning angles of —29°/29°,
—36°/36°, —44°/44°, and —55°/55° are 13.60, 14.21, 13.49,
and 11.39 dBi, respectively. Similarly, the radiation patterns
steered in the backward directions are presented in Fig. 10d
and Fig. 10e. In addition, the bidirectional beam steering pat-
terns obtained when both sub-meta-atom-1 layers are rotated
simultaneously anticlockwise or clockwise by 90° are shown

in Fig. 10c and Fig. 10f. As observed from Fig. 10f, the feed
antennas Al-A4 can be sequentially excited to generate main
beams with scanning angles of 55°, 45°, 34°, and 28° in
the forward direction, and 125°, 135°, 146°, and 152° in the
backward direction. The corresponding peak gains are 12.45,
13.62, 13.98, and 14.43 dBi in the forward direction, and
12.52, 13.78, 13.70, and 14.70 dBi in the backward direction,
respectively.

Similarly, Fig.11 and Fig.12 present beam-scanning patterns
with large steering angles at 9.5 and 10.5 GHz, respectively.
In contrast to unidirectional radiation states, bidirectional
patterns generate larger SLLs. The maximum steering angles
are 55° and 58° for frequency points of 9.5, and 10.5 GHz,
respectively.

Fig. 13 illustrates the gain and aperture efficiency for the
TM and RM in the frequency range from 9.5 to 11 GHz.
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TABLE I
COMPARISON OF MEASURED RADIATION PERFORMANCE

Ref Radiation | Frequency Gain }?fﬁngl:lr: Dimension (Lowest Beam-control gz‘iﬁg; I\S/I:::lgllim Fabrication
' Type (GHz) Bandwidth (%) y operating frequency) Method ) Mo deg Angleg Difficulty
6.05X0 X 6.05X0 X .
- (v
(29] +z, -7 11 22.6% (1 dB) 45.6/48.2 0471\ N.A. N.A. N.A. Simple
+z, -7, o 13.02Xg X .
[30] 1z 10 15% (1 dB) 92/90 13.02)0 x 0.0067 Ao N.A. N.A. N.A. Simple
9.97\o X 9.97\¢ X Mechanical e ° .
[31] +z 26 13.1% (1 dB) N.A. 0.02210 control Unidirectional +60 Simple
10.07Xg X Mechanical e ° .
(32] +z, -Z 33 18.7% (1 dB) N.A. 10.070 x 5.03X0 control Unidirectional +10 Simple
+z, -7, 7.04Mg X 7.04)\g X . Unidirectional/ °
[34] 1z 9.5 19.9% (3 dB) 19.2/17.3/7.1 0.120A¢ PIN diodes Bidirectional +45 Complex
[36] +z 5.8 8.4% (1 dB) 8.9/8.1 608)\8 (>)<9€75.)?08/\0 X PIN diodes Bidirectional +60° Complex
+z, -7, 11.52\g X Switched Unidirectional/ +30°,
41| 2 975 | 154% GdB) | I3IILY 4y 550 x 7.04%0 feeds Bidirectional 4990 | Moderate
This +z, -7, 5.82\g X 5.82\g X Mechanical Unidirectional/ ° .
work +z 10 6.1% (1 dB) 13.9/11.6 6.47 Ao control Bidirectional +55 Simple

As shown in Fig. 13a, the 1-dB bandwidth is approximately
6.1% (9.7-10.3 GHz), and the maximum realized gain at
10.0 GHz is 17.90 dBi for the TM when radiating along
normal unidirectional. Meanwhile, as depicted in Fig. 13b,
the 1-dB bandwidth is approximately 5.0% (9.6-10.1 GHz),
and the maximum realized gain at 9.8 GHz is 17.02 dBi
for the RM when radiating along normal bidirectional. In
addition, the maximum aperture efficiency for bidirectional
and unidirectional radiating state are 13.9% and 11.6%, re-
spectively. Although the designed ABBA structure, which
introduces strong capacitive coupling between layers, enables
high transmission amplitude at the resonant frequency, it also
results in a narrow phase shift bandwidth due to significant
electromagnetic (EM) characteristic variations away from the
resonant frequencies [45].

D. Measurement and Discussion

To demonstrate the correctness of proposed configuration,
a prototype with overall dimensions of 264 x 264 x 216 mm3
was fabricated and measured, as depicted in Fig. 14. The
radiation patterns of assembled array were measured in an
anechoic chamber using a standard X-Band horn antenna, as
shown in Fig. 14a. Fig. 14b presents the overall configuration
of proposed antenna. Specifically, 3-D printing technology was
used to print the mechanical support bracket for realizing
the assembly of the printed dipole antennas and stacked
metasurface aperture. Antenna consists of five PCB layers,
and each PCB layer can be manually rotated to guarantee
the variation of operation mode. Fig. 14c and d shows the
sub-metaatom 1 and sub-metaatom 2 layers, where the PCB
dimension is 240 x 240 mm? and the metasurface aperture
dimension is 180 x 180 mm?.

Several examples of the simulated and measured co- and
cross-polarized radiation patterns in the zoz-plane at 9.5,
10.0, and 10.5 GHz are shown in Fig. 15. As illustrated

in Fig. 15(a), (d), and (g), the measured and simulated co-
polarized patterns agree well in the main-beam regions at small
steering angles. For instance, in Fig. 15(d), the measured peak
gains in the forward unidirectional mode at scanning angles
of —23°, —14°, —8°, 0°, 8°, 14°, and 23° are 14.21, 15.89,
16.37, 16.01, 16.38, 16.41, and 14.19 dBi, respectively. These
values are no more than 0.8 dB lower than their simulated
counterparts.

For the bidirectional mode with large steering angles, as
shown in Fig. 15(i), an increase in the measured SLLs is
observed at 10.5 GHz. This is mainly caused by the mismatch
between the desired phase distribution and the actual phase
compensation provided by the metasurface. Nevertheless, the
simulated and measured beam directions agree well, and the
measured scanning-gain reduction remains within approxi-
mately 1 dB.

The cross-polarized components are generally much lower
than the co-polarized main beams. For most of the pre-
sented beams, the measured cross-polarization level in the co-
polarized main-beam direction is more than 10 dB below the
co-polarized peak, with a median difference of approximately
17 dB. The remaining differences between the simulated and
measured patterns are mainly attributed to fabrication and
assembly tolerances and measurement uncertainties.

A performance comparison between the proposed transmit-
reflect-array and previous designs is presented in Table 1. The
main contribution of this work is a mechanically controlled
TRA that supports switchable +z, —z, and simultaneous
42 radiation, together with wide-angle beam scanning up to
+55°. It also has a compact lateral size of 5.82)\y x 5.82).
Although its overall height is relatively large, some reported
profiles include only the metasurface thickness and exclude
the feed antenna and feed-to-aperture distance, whereas this
work reports the complete antenna size.

In the present prototype, the operating modes were manually
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switched by rotating the corresponding PCB layers by 90°. For
practical implementation, the rotatable layers can be mounted
in rigid frames with bearings and driven by motors. The
feasibility and reliability of similar mechanical mechanisms
have been demonstrated by other researchers [46], [47] After
considering aperture inertia, acceleration, and positioning, the
practical switching time is expected to be several hundred
milliseconds.

Compared with PIN-diode-based solutions, mechanical con-
trol is slower and requires additional supporting structures
[48]. Motor lifetime, wear, backlash, and positioning errors
may also affect long-term operation. However, the passive
aperture reduces RF loss, fabrication complexity, and control-
power consumption. Therefore, this approach is mainly in-
tended for fixed IoT applications where the coverage mode
changes slowly and deployment cost is an important concern.

VI. CONCLUSION

In this article, a novel bidirectional multilayer beam steering
TRA based on mechanical control technique is introduced.
By rotating the angle of different metasurface layers, three
different radiation states along +z, -z, or £z direction can
be realized. The measured results are consistent with the nu-
merical simulated results, which demonstrate the bidirectional
functionalities of proposed multilayer TRA.

Due to its switchable capability between bidirectional and
unidirectional radiation, this technology holds significant po-
tential toward real-world IoT applications, including but not
limited to radar systems, UAV relay communications, indoor
wireless communications, and cellular mobile communica-
tions. It is worth emphasizing that several challenges remain
and require further investigation, such as the design of wide-
band and high-efficiency unit cells to improve gain bandwidth,
achieve higher aperture efficiency, enable wide-angle beam
scanning, and mitigate feed blockage.
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