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Development of Wideband Transmitarray
Antennas with Adaptive Bidirectional Beam
Reconfigurability for mm-Wave IoT Applications

Peng Mei, Senior Member, IEEE, Gert Frelund Pedersen, Member, IEEE, and Shuai Zhang, Fellow, IEEE

Abstract— This article proposes a scheme to enable wideband
and beam-reconfigurable transmitarray (TA) antennas with
flexible bidirectional beams for Internet of Things (IoT)
applications. The proposed scheme primarily consists of a
polarization-rotation-based (PR-based) phase-shifting surface
(PSS), a dielectric lens, and a feed source. By leveraging distinct
frequency responses of the PR-based PSS and dielectric lens to
electromagnetic (EM) waves, the proposed scheme can achieve
exceptional beam reconfigurability. To validate the scheme, a
bidirectional beam-reconfigurable TA antenna is developed. By
mechanically rotating the feed source to tune its polarization
from x- to y-polarization, the beam of the developed TA antenna
transitions from a single forward beam, through a bidirectional
beam, and finally to a single rearward beam, all remaining the
same polarization. Notably, when the feed source is rotated to be
45-deg polarization, the forward and rearward beams exhibit
comparable gains. The gain variation of the forward/rearward
beam approximately follows cos(d), where @ is the rotation angle
of the feed source. Simulated results reveal that the developed TA
antenna works well from 24 GHz to 28.5 GHz, exhibiting robust
continuous and adaptive bidirectional beam reconfigurability
with sidelobe levels below -15 dB and cross-polarization levels
below -20 dB. A prototype is characterized, where the measured
results align well with the simulated ones. With versatile beam-
steering capabilities, the developed TA antenna is well-suited for
5G millimeter-wave (mm-wave)-enabled IoT applications, such
as smart transportation systems, dual-side railway/roadway
communication networks, and tunnel-based communication
infrastructures.

Index Terms — Beam-reconfigurable, dielectric lens,
polarization rotation, bidirectional beam, transmitarray antenna.

I. INTRODUCTION

With the increasingly complex electromagnetic (EM)
environment and evolving application scenarios, advanced
antenna solutions are essential to ensure reliable, efficient, and
adaptable wireless communication systems, serving as the
backbone in the realm of the Internet of Things (IoT)
scenarios. Among the many antenna solutions, high gain and
beam-reconfigurable antennas are particularly critical,
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The authors are with the Antennas, Propagation and Millimeter-Wave
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especially in the millimeter-wave band, where free space path
loss is significant. Millimeter-wave beam-reconfigurable
antennas are capable of directing EM signals toward specific
users, securing sufficient data capacity while effectively
maintaining the link budget and enhancing overall
communication performance [1]-[6].

Recent advancements have led to the development of
millimeter-wave high-gain and beam-steerable antennas.
Phased arrays are a classic solution to achieve high gain and
beam steering, where each antenna element connects with an
RF chain composed of phase shifters, power amplifiers, etc [7]
— [9]. However, this solution suffers from high loss, high
power consumption, etc, making it less suitable for energy-
efficient IoT deployments. Reconfigurable reflectarray/
transmitarray antennas (RR/TAs) [10] —[21] have emerged as
promising alternatives. RR/TAs are generally divided into two
categories as per the control method. The electrical method
involves loading PIN diodes on unit cells (UCs) [10] — [12] or
using liquid crystal as the substrate [13], [14]. PIN-diode-
loaded UCs achieve discrete phase states by switching the
diodes ON or OFF, while the liquid-crystal-based UCs allow
for continuous phase states by tuning the permittivity of the
liquid crystal with applied voltage. The mechanical method,
on the other hand, adjusts UC’s rotation [15], [16], height [17],
or uses multiple feed sources [18] — [21] to introduce the
desired phase gradient for beam steering. Compared to the
electrical method, the mechanical one is advantageous for
energy-efficient IoT applications, as it reduces power
consumption by eliminating the need for RF components.
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Fig.1. Demonstration of the line-of-sight (LOS) scenario of antennas with
bidirectional beams for vehicle-to-infrastructure within the IoT framework.
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While most beam-steerable RR/TAs mentioned above focus
on unidirectional radiation, recent efforts have developed
antennas with high gain and bidirectional radiation capabilities
[21] — [25]. For instance, the authors in [23] designed a low-
profile and high-gain antenna with a bidirectional radiation
beam by combining a folded TA antenna and a Fabry-Perot
(FP) cavity antenna. However, the polarizations of the forward
and rearward beams are orthogonal, which is a potential
drawback in practical applications. The authors in [24]
developed a hybrid TA with reconfigurable bidirectional
beams, where the same polarizations for the forward and
rearward beams are achieved. In this design, the authors built
upon our previous work [26] to implement the five-layer
polarization rotating metasurface that guarantees the same
polarizations for the incoming and outgoing waves. However,
the fabrication cost of five-layer polarization-rotating
metasurfaces is rather high due to the lamination technology in
the printed-circuit-board (PCB) manufacturing process.

In this article, we propose a similar yet economical and
powerful scheme compared to [24]. By fully leveraging the
distinct frequency responses of the polarization-rotation-based
(PR-based) phase-shifting surface (PSS) and the dielectric lens
to electromagnetic (EM) waves, the proposed scheme can
achieve remarkable bidirectional beam reconfigurability. For
proof of the scheme, a bidirectional beam-reconfigurable TA
antenna is built with a 2-bit PR-based FSS, a 2-bit dielectric
lens, and a multilayer stacked feed source for wideband
operation. By mechanically rotating the feed source to tune its
polarization from x- to y-polarization, the beam of the
developed TA antenna transitions from a single forward beam
gradually through a bidirectional beam and finally to a single
rearward beam. Furthermore, the polarizations of all the
beams always remain consistent due to the polarization-
sensitive property of the PR-based PSS and the polarization-
insensitive property of the dielectric lens. A prototype is
fabricated and characterized. The measured results, aligning
well with the simulated ones, show that the developed TA
antenna works well from 24.0 to 28.5 GHz, exhibiting robust
continuous and adaptive bidirectional beam reconfigurability.
The measured sidelobe levels and cross-polarization levels of
all the beams (i.e., single forward beam, bidirectional beam,
and single rearward beam) are below -15 dB and -20 dB,
respectively. The measured results also indicate that the gain
variation of the forward/rearward beam approximately follows

cos(0), where 0 represents the rotation angle of the feed source.

With its exceptional beam-reconfigurable capabilities, the
developed TA antenna is well-suited for 5G millimeter-wave-
enabled IoT applications, particularly in dynamic and
infrastructure-intensive  environments such as  smart
transportation systems, dual-side railway/roadway
communication networks, and tunnel-based communction
infrastructures. For instance, an illustrative vehicle-to-
infrastructure (V2I) within the IoT framework is envisioned
and presented in Fig. 1. In this context, the developed TA
antennas are strategically deployed on roadside infrastructures
and support continuous and adaptive bidirectional beam
coverage — labeled as forward beam (FB) and rearward beam

(RB) — which can be dynamically configured to adjust the gain
of the bidirectional beam, accommodating the traffic flow
conditions (e.g., peak and off-peak hours). In such scenarios,
rapid beam-switching is not a critical requirement. The
forward beam establishes a high-gain link with sensors
equipped on approaching vehicles, facilitating the efficient
acquisition of key traffic information such as vehicle type,
density, and status. This received data is firstly processed by
the local edge gateways and subsequently is uploaded via
high-speed optical fibers to the centralized traffic management
network for broader analysis and network updates.
Concurrently, the rearward beam maintains continued
connectivity with departing vehicles, supporting functions like
tracking vehicle speed, lane change monitoring, or route
adherence verification for timely feedback to the centralized
traffic network. This continuous and adaptive beam
reconfigurability allows for more energy-efficient operation
while maintaining robust and low-latency communications
between edge infrastructures and vehicles. The novelty and
key advantages of the developed TA antenna with adaptive
and bidirectional beams are explicitly discussed in Section VI.

The outline of the article is organized as follows: Section II
introduces the general scheme to enable bidirectional beam-
reconfigurable TA antennas. Section III details the elements to
implement PR-based PSS, dielectric lens, and wideband
antenna. The TA antenna with continuous and adaptive
bidirectional beam reconfigurability is developed in Section
IV. Experimental verifications for the developed TA antenna
are carried out in Section V. Section VI highlights and
discusses the key features of the developed TA antenna. Some
remarkable conclusions are drawn in Section VIL

II. THE SCHEME FOR BIDIRECTIONAL BEAM
RECONFIGURABILITY

Without loss of generality, Fig. 2 displays the proposed
scheme for bidirectional beam reconfigurability. It consists of
upper and lower phase-shifting surfaces and a feed source that
could be either embedded within the lower PSS or suspended
between the upper and lower PSSs.

The working principle of the proposed scheme is explicitly
explained in the following. We assume that the feed source is
linearly polarized, and its polarization can be varied with its
axially mechanical rotation. Fig. 2(d) illustrates a front view of
the feed source with a 45-degree polarization. The EM waves
radiating from the feed source can always be decomposed into
two orthogonal components (i.e., x-polarized and y-polarized
EM waves). The upper PSS exhibits specific electromagnetic
properties that only let x-polarized incoming EM waves pass
through it with the outgoing EM waves y-polarized as
illustrated in Fig. 2(b), while y-polarized incoming EM waves
get reflected. By contrast, the lower PSS is polarization-
insensitive, allowing arbitrarily polarized incoming EM waves
to propagate through it while preserving the same polarization
for the outgoing EM waves as shown in Fig. 2(c).
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The proposed scheme, illustrated in Fig. 2(a), features a
high degree of freedom in beam reconfigurability. Three
notable beams are explained here:

1). When the feed source is rotated to be purely x-polarized,
the proposed scheme can only generate a single forward beam.

2). A single rearward beam is solely obtained when the feed
source is rotated to pure y-polarization.

3). A bidirectional beam with comparable gains for the
forward and rearward beams can be achieved when the feed
source is rotated to be 45-degree polarization (The same
aperture sizes and the appropriate separation are assumed).
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Fig. 2. The proposed scheme to achieve bidirectional beam reconfigurability.
(a). The whole scheme. (b). The EM responses of the upper PSS. (¢). The EM
responses of the lower PSS. (d). The feed source is oriented at 45-degree
polarization. (e). The decomposed normalized E-field in x and y-direction with
different rotation angles of the feed source.

As a result, continuous and adaptive bidirectional beam
reconfigurability is expected to be achieved. Specifically, by
mechanically rotating the feed source to make its polarization
convert from x- to y-polarization, where the decomposed
normalized E-field in x- and y-direction with different rotation
angles of the feed source is plotted in Fig. 2(e), the beam will
transition from a single forward beam gradually through a
bidirectional beam and finally to a single rearward beam.

It is also found that the performance of the single forward
beam, bidirectional beam, and single rearward beam enabled
by the proposed scheme can be flexibly manipulated. It could

be achieved either through joint control of the air separation
between the upper and lower PSSs, or independent regulation
of their aperture sizes. Additionally, the bandwidth of the
proposed scheme could be broad if the upper and lower PSSs,
along with the feed sources are properly designed with wide
bandwidth, as will be demonstrated in this article.

III. IMPLEMENTATION OF THE ELEMENTS FOR PR-BASED PSS,
DIELECTRIC LENS, AND WIDEBAND ANTENNA

In this section, we aim to design elements to implement the
upper and lower PSSs, and wideband linearly-polarized feed
source, which will be utilized to build the TA antenna with
continuous and adaptive bidirectional beam reconfigurability.

A. The element design for the upper phase-shifting surface

The polarization-rotation-based (PR-based) element is a
promising candidate to generate the electromagnetic responses
required by the upper PSS as depicted in Fig.1. Such an
element is therefore proposed accordingly with its geometry
shown in Fig. 3. It consists of three metal layers, two of which
are orthogonal-oriented polarizers, and the middle layer is a
square ring with slits. The substrates (colored with Green)
used here are Roger 4003C with a dielectric constant of 3.55
and loss tangent of 0.0027. The thicknesses are #; = 0.508 mm
and »= 0.305 mm, respectively. The bonding film (colored
with Aqua) used to glue two substrates is Rogers 4450F with a
dielectric constant of 3.52, a loss tangent of 0.0027, and a
thickness of 0.202 mm. Such a PR-based element inherently
enables a 1-bit transmission phase (i.e., 0 and m) by simply
rotating the middle metal layer 90 degrees, without altering
the element’s dimensions.

The transmission phase shift of a PR-based element is
typically obtained by tuning the specific dimensions of the
middle metal layer [27], [28]. Take the element illustrated in
Fig. 3 for example, the transmission phase shift is usually
obtained by tuning the widths of the slits. However, it is found
that resizing the slits shifts the operating frequency and leads
to a narrow bandwidth of the element, which is undesirable for
wideband designs. To address it, the effective strategy
proposed in [26] is adopted here to broaden the bandwidth of
the PR-based element. We properly configure two elements so
that they can not only provide a similar wide bandwidth but
also achieve a 2-bit transmission phase quantization for
simplification of the design. The periodicity of the PR-based
element is typically in the range of 0.2% — 0.3A based on well-
established design practices [24], [26], [27]. The actual
periodicity should be fine-tuned to achieve the desired
amplitude and phase responses. Here, the periodicity of the
proposed element is optimized and set to 3 mm, corresponding
to 0.250 (A is the wavelength in free space at 25 GHz), to
make it work well within the frequency range of interest.

The elements are simulated and evaluated with CST Studio
Suite, with periodic boundary conditions (PBC) applied to the
element to emulate an infinite surface. The S-parameters of
the two elements are plotted in Fig. 4, indicating that the
proposed two elements maintain high transmission efficiencies
with insertion loss below 0.8 dB and offer a stable 2-bit
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transmission phase from 22 to 30 GHz. The key dimensions of
the two elements are summarized and tabulated in Tab. 1.
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Fig. 3. The geometry of the element to implement the upper PSS. (a). The
expanded perspective view of the element. (b). The front view of the element.
(c). The front view of the middle layer. (¢ =3 mm, g; = 0.13 mm, g, = 0.14
mm, w; = 0.7 mm, w, = 0.6 mm, w= 0.2 mm)
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Fig. 4. The frequency responses of the elements to implement the upper PSS.
(a). Amplitude of S-parameter. (b). Transmission phases of the two elements.

Tab. I. The key dimensions of the two elements to achieve the desired phases

(0, 1) Phase
Elem. 1 (2.1 mm, 1.8 mm) -180,0
Elem. 2 (2.9 mm, 2.6 mm) -90, 90

B. The element design for lower phase-shifting surface

To pair the wide bandwidth of the elements that are
employed to build the upper PSS, the dielectric-based element
capable of providing the desired electromagnetic responses is
utilized to construct the lower PSS. The geometry of the
dielectric-based element is shown in Fig. 5, where it is an air-
perforated dielectric stub with a periodicity of 0.25A (A is the
wavelength in free space at 25 GHz). The material of the
dielectric is Acrylonitrile Butadiene Styrene (ABS) with a
dielectric constant of 2.55 and loss tangent of 0.02 at the
frequency band of interest, which is compatible with available
3D printers. By tuning the width (p) of the air hollow or the
height (#) of the element, the dielectric-based element
achieves different transmission phases, and the transmission
loss is varied accordingly. To balance the height, transmission
phases, losses of the elements, and the printing accuracy of the
3D printer available in our lab, four elements are properly

configured to permit wide bandwidth while simultaneously
achieving a 2-bit transmission phase quantization.

The S-parameters of the four elements are simulated using
CST Studio Suite with the same boundary conditions as the
PR-based element, and then plotted in Fig. 6. It is observed
that the four elements keep high transmission coefficients
(insertion loss below 1.5 dB) and offer a 2-bit transmission
phase simultaneously from 20 to 30 GHz. The key dimensions
of the four elements are listed in Tab. II. Notably, when p =
3.0 mm, the element is effectively degenerated to pure air.
Conversely, the element is a pure dielectric stub with no air
hollow when p = 0 mm.

Fig. 5. The geometry of the dielectric-based element to implement the lower
PSS. (¢ =3 mm, 2= 15 mm)
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Fig. 6. The frequency responses of the four elements to implement the lower
PSS. (a). Amplitude of S-parameter. (b). Transmission phase.

Tab. II. The key dimensions of the four dielectric-based elements to achieve
the desired phases

p Phase
Elem. 1 3.00 mm 90
Elem. 2 2.41 mm 0
Elem. 3 1.71 mm -90
Elem. 4 0 mm -180

C. Wideband feed source

A wideband antenna is designed in this subsection to serve
as the feed source. For brevity, we adopt the same multilayer
configuration as the PR-based element to design the patch
antenna. The geometry of the patch antenna is displayed in Fig.
7. To permit the same x and y-component decomposed from
the patch antenna when its polarization is 45 degrees, the
driven and stacked patches are shaped to be square as
illustrated in Figs. 7(a) and (b). Furthermore, the patch
antenna is reshaped to be circular as shown in Fig. 7(d) to
guarantee smooth mechanical rotation of the feed source. The
radius of the circular shape is set to 7 mm, occupying
approximately 5 x 5 elements of the lower PSS in total.

The dimensions of the driven and stacked patches are
optimized to make the patch antenna operate at the frequency
band of interest. Fig. 8(a) displays the simulated reflection
coefficient of the patch antenna, where the reflection
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coefficient below -10 dB from 24 to 28.5 GHz is obtained.
The radiation patterns of the patch antenna are also examined
at 26 GHz on xoz- and yoz-plane as illustrated in Fig. 8(b),
where identical radiation patterns are obtained that are

consistent with its 3D radiation pattern as depicted in Fig. 7(e).

< Fo

@r‘_pad

MMPX
connector

(] (e)

Fig. 7. The geometry of the patch antenna. (a). The front view of the driven
patch. (b). The front view of the stacked patch. (c). The back view. (d). The
expanded perspective view of the 45-degree-polarized patch antenna. (e). The
simulated 3D radiation pattern of the patch antenna at 26 GHz. (p_a = 10 mm,
s=2.6mm, s; =2.4 mm, 7, =0.615 mm, »_pad =0.25 mm.)
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Fig. 8. The simulated results of the patch antenna. (a). Reflection coefficient.
(b). Radiation pattern on the xoz- and yoz-plane at 26 GHz.
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Fig. 9. The relationship between aperture efficiency and different F/D ratios of
a TA antenna at 26 GHz.

IV. IMPLEMENTATION OF CONTINUOUS AND ADAPTIVE
BIDIRECTIONAL BEAM-RECONFIGURABLE TA ANTENNA

Section III has designed the elements to build the upper and

lower PSSs as well as the wideband patch antenna, which will
be utilized in this Section to develop the TA antenna with
continuous and adaptive bidirectional beam reconfigurability.

As it is known to all, the performance (i.e., realized gain,
aperture efficiency, etc.) of a TA antenna is closely related to
the ratio of focal distance to aperture size (F/D) and radiation
pattern of the feed source [29], where F is the distance from
the phase center of the feed source to the geometrical center of
the PSS, and D is the length of the PSS. Generally, a larger D
correlates with a higher realized gain. For demonstration, we
assume the aperture size of 93 mm x 93 mm to balance the
total simulation time of the developed TA antenna and its
realized gain. It should be noted that the aperture size can be
scaled down and up depending on the specific application
requirements. Based on this aperture size, we plot the aperture
efficiency of a TA antenna with different /D as shown in Fig.
9, where the radiation pattern of the patch antenna designed in
Section III at 26 GHz is adopted.

As seen in Fig. 9, a maximum aperture efficiency is
theoretically obtained when the F/D ratio is 0.32. Referring to
Fig. 2(a), the EM waves responsible for generating the
rearward beam travel twice the propagation path for the
forward beam. As a result, a proper F/D ratio of 0.23 can be
selected according to Fig. 9 to permit comparable gains (i.e.,
aperture efficiency) for the forward and rearward beams. It
should be noted, however, that the curve plotted in Fig. 9 is
derived under ideal assumptions. In practice, hardware
limitations such as losses of elements, non-isotropic radiation
patterns of elements, mutual couplings among elements, the
finite size of the upper PSS, etc. should be considered. After
some optimizations, F is finally finalized at 25 mm,
corresponding to a F/D ratio of 0.268.

With the defined configuration (i.e., the aperture size of 93
mm X 93 mm and F = 25 mm), the continuous phase
distribution on the observation plane [step (1) in Fig. 10],
where the PR-based PSS is positioned, is subsequently
simulated at 26 GHz when the polarization of the feed source
is purely x-polarized and then plotted as depicted in Fig. 11(a).
It is noted that the vertical distance between the phase center
of the feed source and the geometric center of the observation
plane is F' which is equal to 25 mm. We then utilize 2-bit
phase quantization to approximate the continuous phase
distribution, as illustrated in Fig. 11(b). Based on the
quantized phase distribution, the PR-based PSS is therefore
built using the designed elements shown in Fig. 3.

To construct the dielectric lens, we need to know the phase
distribution on the observation plane [step (2) in Fig. 10]
where the dielectric lens will be positioned. We rotate the feed
source 90 degrees to make the polarization y-polarized so that
y-polarized EM waves emanating from the feed source get
reflected when illuminating the built PR-based PSS. Then, the
phase distribution on the plane is simulated and depicted as
illustrated in Fig. 12(a), and its corresponding 2-bit quantized
phase quantization is plotted in Fig. 12(b) and is utilized to
build the dielectric lens with the elements designed in Fig. 5.
At this stage, the TA antenna with continuous and adaptive
bidirectional beam reconfigurability has been developed, as
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shown in step (3) of Fig. 10.
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Fig. 12. The phase distribution on the plane of the lower dielectric lens at 26
GHz. (a). The continuous phase distribution. (b). The corresponding 2-bit
quantized phase distribution.

The radiation patterns of the developed TA antenna are
simulated when the feed source is rotated with different angles
from 0 deg to 90 deg. As can be seen in Fig. 13, the developed
TA antenna can generate a single forward beam when the feed
source is purely x-polarized. As the feed source gradually
rotates toward y-polarization, the single forward beam
Observation gradually transitions into a bidirectional beam since the

plane .o .

(vacuum) radiating field can be decomposed into x- and y-component,
and eventually to a single rearward beam when the feed source
is rotated to be purely y-polarized. Notably, although the beam
reconfigurability of the developed TA antenna is achieved by
mechanically rotating the feed source (the polarization of the
feed source is varied during the rotation), the polarizations of
all beams — namely, the single forward beam, the bidirectional

PR-based beams, and the single rearward beam — always remain
: consistent. This consistency is attributed to the polarization-
sensitive property of the PR-based PSS and the polarization-
insensitive property of the dielectric lens.

Step (2)
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Fig. 10. The evolutional steps to implement the TA antenna with continuous
and adaptive bidirectional beam reconfigurability from a single forward beam
gradually through a bidirectional beam, and finally to a single rearward beam.
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50

o) z Fig. 13. The 3D radiation pattern at 25 GHz and 28 GHz, respectively, when
E g 0 -50 the feed source rotates with different angles.
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e [ V. EXPERIMENTAL VERIFICATIONS
. -46.5 0 46.5 . . . .
X(mm) X(mm) To validate the full-wave simulations described above, the
(@) (b) developed TA antenna is fabricated and characterized in this

Fie 11. The phase distributi e ol i PRobased PSS af 26 Section. The PR-based PSS and wideband patch antenna are
ig. 11. The phase distribution on the plane of the upper PR-base al . . .. . .
GHz. (a). The continuous phase distribution. (b). The corresponding 2-bit fab.rlcated W?[h lamlnatlon _tGChn'OlOgy H} the PCB pfocessmg,
quantized phase distribution. while the dielectric lens is printed with our available 3D
printer (RAISE3D Pro2). The prototype is shown in Fig. 14.
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The patch antenna is embedded within the dielectric lens, and
the dielectric lens and PR-based PSS are separated by metallic

pillars with a height of 25 mm. The S, of the developed TA 300° 60°  300° 60°
antenna is first measured with a power network analyzer (PNA)
with different rotation angles of the feed source. It is found 0e 00 270° 00°
that measured Si; remains consistent with different rotation
angles. For brevity, the measured Si; of the developed TA
antenna with the feed source x-polarized is plotted in Fig. 15, 240° 1200 2407 120°
alongside the correspondmg 51mu¥ated res.ult for comparison. S10e 4 Lsoe 1o / Lo
The measured Sy, closely aligns with the simulated one, which 180° b 180°
is below -10 dB from 24 to 28.5 GHz. ®)
300° 60° 300° 60°
270° 90°270° 90°
240° 120° 240° 120°
(©)
300° 60° 300° 60°
270° 90° 270° 90°
Fig. 14. The prototype and measurement environment of the developed TA
antenna. (a). The dielectric lens. (b). PR-based PSS. (c¢). The assembled TA 2400 1200 2400 120°
antenna. (d). The measurement setup in the anechoic chamber.
or —Simulation )
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-
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T4 245 25 255 26 265 27 275 28 285 29 . ,
Frequency(GHz) 240° 120° 240 120
Fig. 15. The measured and simulated reflection coefficient of the developed
TA antenna when the feed source is x-polarized. (e)
Mea.co-pol  ------seseararasaenees Mea.cro-pol Fig. 16. Measured and simulated radiation patterns of the proposed TA

antenna at 26 GHz. (a). 0°. (b). 30°. (c). 45°. (d). 60°. (e). 90°. (Left: phi = 0°,

——————— Sim.co-pol ———— Sim.cro-pol Right: phi = 90°, co-pol: co-polarization, cro-pol: cross-polarization).

The radiation patterns of the developed TA antenna are also
60° measured in the anechoic chamber at Aalborg University. To
demonstrate its continuous and adaptive bidirectional beam

300°

700 90° 270° 00° reconfigurability, the feed source is manually rotated during
measurements, which can be improved by equipping the feed

e o e . source with a mini motor for automated rotation. cqntrol in the
future. Here, we only present the measured radiation patterns

2100 150° 2100 150° of the developed TA antenna at 26 GHz with different rotation

18 @) 18 angles of the feed source for brevity. Fig. 16 displays the

measured radiation patterns when the feed source is rotated to
0°, 30°, 45° 60° and 90° alongside the corresponding
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simulated results for comparison. As observed from Fig. 16,
the beam of the developed TA antenna transitions from a
single forward beam, gradually through a bidirectional beam,
and finally to a single rearward beam. Specifically, a single
forward and beam is obtained when the feed source is rotated
to 0° and 90°, respectively, while in between these angles, a
bidirectional beam with distinct gains for forward and
rearward beams is achieved, validating the continuous and
adaptive bidirectional beam reconfigurability. Additionally, it
is also observed that the sidelobe levels of all the beams are
below -15 dB, and the measured cross-polarization levels are
also below -20 dB for all the beams. The measured results
agree well with the simulated ones, verifying the effectiveness
of the developed TA antenna.

In addition, the realized gains of the forward and rearward
beams are measured at different rotation angles (i.e., 0°, 30°,
45°, 60°, and 90°) of the feed source and are also compared
with the simulations. As can be seen in Fig. 17, the measured
realized gains of the forward beam are slightly lower than the
simulated results, whereas the measured realized gains of the
rearward beam exhibit a more significant gain reduction than
the simulated counterparts. In addition to the measurement
tolerance, the discrepancy is also attributed to fabrication
tolerances. The PR-based PSS, responsible for generating the
forward beam, can be well manufactured with lamination
technology to offer precise phase shifts, which has a limited
impact on the performance of the forward beam. In contrast,
the dielectric lens contributes to the rearward beam. Printing
tolerances such as surface roughness, uniform infilling ratio,
etc. affect the precision of phase shifts of the dielectric lens,
leading to gain reductions. It is also observed from Fig. 17 that
the gain variation at different rotation angles approximately
follows cos(), where 6 is the rotation angle. Additionally,
according to Fig. 17, the measured realized gains for the single
forward and rearward beams reach up to 24.0 dBi and 21.8
dBi, respectively. The aperture efficiency of the developed TA
antenna can be evaluated with the measured realized gain,
using the following formula:

_ GA?
4rzS

n )

where G is the realized gain, 1 is the wavelength in free space
at the frequency of interest, and S is the physical area of the
phase-shifting surface. Using Eq. (1), the calculated aperture
efficiencies at 26 GHz are 33% for the forward beam and
22.1% for the rearward beam.
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Fig. 17. Measured and simulated gains of the forward and rearward beams at
different rotation angles of the feed source. (a). 24 GHz. (b). 25 GHz (c). 26
GHz (d). 27 GHz. (e). 28 GHz.

Tab. III. Comparison of the developed TA antenna based on the proposed scheme with the state-of-the-art bidirectional beams

Ref Frequency | Feed Gain Beam-control Beam Forward/rearward Aperture Overall | Complexity/
(Ao, GHz) | source | bandwidth method states beam gain (dBi) efficiency (%) profile Cost
[21] 19.5% PIN +z,-2, .
(2023) 9.5 Horn (3.0 dB) diodes iz 21.4/21.0 19.2/17.3 *4.43% High
[24] 15.4% PIN +z,-z, .
(2024) 9.75 Patch (3.0 dB) diodes iz 23.6/23.1 13.3/11.9 7.24N High
[25] 19.0% PIN +z .
(2019) 5.35 Horn (1.0 dB) diodes 17.2/15.4 78.2/5.4 *7.14% High
This 17.1% Mechanical Continuous
work 26 Patch (2.0 dB) rotation from +z to— 2 24/21.8 33/22.1 3.46)0 Low
(vice versa)

*: the profile of the horn is excluded. #: the aperture efficiency is calculated with simultaneous forward and rearward beams.
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VI. DISCUSSION

This section evaluates the performance of the developed TA
antenna based on the proposed scheme and benchmarks it
against state-of-the-art with similar bidirectional beams. As
seen in Tab. III, the developed TA antenna demonstrates
superior performance in terms of gain bandwidth, beam-
reconfigurable capability, aperture efficiency, total profile, and
implementation complexity/cost. It is observed that Refs. [21]
and [25] also exhibit good gain bandwidth, which is primarily
attributed to their similar configurations — both employing a
horn to illuminate an expensive reconfigurable surface loaded
with PIN diodes. In general, the bandwidth of a horn is much
wider than that of a patch antenna. As a result, the bandwidth
of the developed TA antenna in our work is mainly
constrained by the patch antenna which serves as the feed
source. Since Ref. [24] has a similar configuration to ours, we
highlight the key features of the developed TA antenna in
comparison to [24]:

a). Enhanced Beam Reconfigurability: The developed TA
antenna supports continuous and adaptive bidirectional beam
reconfigurability, smoothly transitioning from a single forward
beam, gradually through a bidirectional beam, and finally to a
single rearward beam, achieved by mechanically rotating the
feed source. In contrast, the hybrid TA antenna in [24] offers
only three discrete beams: a single forward beam, a
bidirectional beam with comparable gains for the forward and
rearward beams, and a single rearward beam, which are
achieved by PIN-diodes-enabled polarization-reconfigurable
feed source. As a result, the beam-reconfigurable capability of
the developed TA antenna is more advanced and competitive,
making it better suited for a wider range of IoT scenarios.

b). Wider Bandwidth Performance: The developed TA
antenna exhibits enhanced bandwidth performance, attributed
to the wideband design of the PR-based PSS, dielectric lens,
and multilayer stacked patch antenna. Additionally, the
exclusion of active components, such as loading PIN diodes
on the feed source to electrically manipulate its polarization
[24], minimizes parasitic effects and losses, thereby further
improving the overall bandwidth and system efficiency.

¢). Cost-Effective Fabrication: The fabrication cost of the
developed TA antenna is significantly lower than that of the
design presented in [24]. In PCB manufacturing using
lamination technology, the fabrication cost tends to increase
exponentially with the number of layers approximately.
Therefore, the five-layer metasurface in [24] incurs
considerably higher fabrication costs compared to the three-
layer PSS employed in the developed TA antenna. This cost
reduction makes the developed TA antenna more feasible for
large-scale productions and real-world deployments.

It is observed that the dielectric lens in this article has a
relatively high profile. The high profile, on the one hand,
slightly degrades the performance of the dielectric lens due to
strong oblique incidence effects, on the other hand, it could be
a potential drawback that limits the practical application of the
developed TA antenna in some space-constrained scenarios.

However, the overall profile can be significantly reduced by
using a high-permittivity material for printing the dielectric
lens. Specifically, employing ABS1500 — a high-permittivity
material with a dielectric constant of 14.0, compatible with
commercial 3D printers — could reduce the overall profile by
approximately 1/3.

VII. CONCLUSION

In summary, this article presents a similar yet cost-effective
and powerful scheme to enable TA antenna with bidirectional
beams. Based on the proposed scheme, a wideband TA
antenna with continuous and adaptive bidirectional beam
reconfigurability has been developed and characterized. By
mechanically rotating the feed source to tune its polarization,
the beam of the developed TA antenna transitions smoothly
from a single forward beam, gradually through a bidirectional
beam, and finally to a single rearward beam. Experimental
results align with the simulated ones, verifying the
effectiveness and performance of the proposed scheme and
developed TA antenna. With its enhanced beam
reconfigurability, wider bandwidth performance, and cost-
effective fabrication, the developed TA antenna stands out as a
competitive solution in comparison to the current state-of-the-
art and similar work.

While the current study has demonstrated the feasibility and
performance of the proposed TA antenna under controlled
laboratory conditions, which is a preliminary yet essential step
toward real-world IoT applications, practical IoT deployment
scenarios  typically involve dynamic and complex
electromagnetic environments. In real-world settings, factors
such as mobility, multipath propagation, Doppler shifts, and
environmental variability (e.g., buildings, vehicles, and foliage)
can affect antenna performance. It should be mentioned here,
however, since the developed TA antenna exhibits high gain at
the mm-wave band, the impact of the multipath effects is
expected to be minimal in line-of-sight (LOS) scenarios.
Nevertheless, as part of future work, we aim to integrate the
developed TA antenna into a V21 test platform to evaluate its
robustness and adaptability under realistic environments,
aiming to further validate the developed TA antenna in
practical IoT applications from a system-level perspective,
such as smart transportation systems, dual-side railway or
roadway communication networks, and tunnel-based
communication infrastructures.
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