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ABSTRACT This report presents the design of a high-performance wideband transmitarray (TA) antenna
featuring a low-profile, 2-bit subwavelength metasurface (MS) array. The antenna employs an optimized
Potter horn (PH) as the source feed and an innovative metasurface structure, enabling seamless 360◦ phase
coverage with 90◦ linear phase variations. The metasurface is constructed using three metallic layers on
RT/Duroid 5880 substrates, with polarization-selective top and bottom surfaces and a polarization-rotating
middle layer incorporating a 45◦ rotated dipole resonator and a square ring corner cut. A wideband
response is achieved using the generalized scattering matrix (GSM) method, while the mixed-integer
sequential optimization ensures optimal tapering of the PH feed. The circular aperture design, comprising
729 elements, is guided by the generalized phase distribution method. The antenna exhibits exceptional
performance with a peak gain of 27.2 dBi, aperture efficiency (AE) of 58.5% at 32 GHz, and sidelobe
levels suppressed below –24 dB across the operational band. Notably, the 1-dB and 3-dB gain bandwidth
(GBWs) are 12.69 GHz (39.68%) and 15.84 GHz (49.2%), respectively. Fabrication and experimental
validation confirm reasonably good agreement with simulation results, emphasizing the TA antenna’s
robustness and reliability. Its advanced design and superior performance make it ideal for applications in
Ka-band radio astronomy and space communication.

INDEX TERMS Aperture efficiency (AE), cross polar (CP) transmission, metasurface (MS), transmitarray
(TA) antenna.

I. INTRODUCTION

TRANSMITARRAY (TA) antennas, owing to their high
profile, portability, and high-gain characteristics, have

emerged as versatile solutions for diverse applications such
as wireless communication [1], radar [2], and target track-
ing [3] to deliver precise beam control and high directivity.
The performance of a TA antenna is quantified by its figure
of merit (FoM), encompassing metrics such as overall gain,
aperture efficiency (AE), gain bandwidths (GBWs) for 1-dB
and 3-dB criterion, and sidelobe level (SLL) suppression.
To maximize these performance parameters, researchers

have explored various phasing techniques, including
frequency-selective surfaces (FSSs) [4], [5], Fabry-Perot

(FP) cavity-based FSSs [6], [7], and magneto-electric
(ME) dipole configurations, where metallic layers oper-
ate as receiver and transmitter components [8], [10].
Additionally, unconventional polarizer conversion ele-
ments [11], [12] and polarization rotation (PR) elements [13]
are being introduced to further enhance the TA antenna
designs.
Most researchers are focusing on designing and modifying

the TA unit cell, while comparatively overlooking the feed
system—an equally critical component for enhancing the
FoM of the TA antenna. As a result, they are achieving high
gain, but often at the cost of reduced AE, limited GBWs,
and elevated low SLLs.
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MS, composed of sub-wavelength periodic structures,
enable precise wave manipulation by tailoring the dimensions
of their meta-atoms (MAs) [14]. Their compact design makes
them ideal for the advanced applications such as antennas,
polarization converters, and filters, with significant potential
for advanced areas of communications [15], [16], [17], [18].
To achieve wider 1-dB and 3-dB GBWs, with maximized

AE and, low SLLs, this paper proposes a wideband,
subwavelength low-profile MS array with phase-controlled
transmission, fed by a Potter horn (PH) whose edge taper
(10 dB) and half power beamwidth (3-dB beamwidth) slowly
varying so that provide consistent and uniform illumination
across the target frequency range. The MS unit cell integrates
a 45◦-rotated dipole, a corner-cut square ring, and orthogonal
metallic strips, forming a Fabry-Perot resonator (FPR)
configuration. While continuous phase modulation can offer
higher efficiency, a 2-bit quantized approach was chosen in
this work to balance performance with practical fabrication
constraints. This composite element undergoes optimization
using the Generalized Scattering Matrix (GSM) method [19],
which analyzes each layer independently through a cascading
approach, offering a broad 2-dB bandwidth and a linear
phase response over the desired frequency range enabling
enhanced AE and wide GBWs. Concurrently, the PH is
refined using a sequential algorithm [20] to ensure a
smoothly varying edge taper, enabling low SLLs and further
enhanced AE, while maintaining wide 1-dB and 3-dB
GBWs. The designed TA antenna exhibits a peak gain of
27.2 dBi, with an AE of 58.5% at 32 GHz and a structure
thickness of just 0.157λo at 30 GHz. Notably, the antenna
delivers 1-dB and 3-dB GBWs of 39.68% and 49.2%,
respectively; thereby offering 15% improvement in AE and
20% enhancement in GBWs compared to the state-of-the-art
designs [4], [5], [6], [7], [8], [9], [10], [11], [12]. Fabrication
and experimental validation confirm reasonably good agree-
ment with simulations and emphasize the practicality and
reliability of the proposed design.

II. FOM IMPROVEMENT OF TA ANTENNA VIA DESIGN
OPTIMIZATION
The proposed TA antenna is relying on an optimized feed and
accurate aperture phase control TA aperture. Fig. 1 illustrates
the ongoing design: (a) functional diagram of the TA antenna,
(b) FPR-based MAs, and (c) optimized PH feed.
The FoM of the TA antenna is not improving due to

the following reasons: (a) the amplitude decreases while the
phase response does not maintain a linear variation across a
broad frequency range, resulting narrow GBWs, and (b) the
feeder edge taper increases with frequency, resulting in lower
SLLs at the expense of reduced AE.
To overcome these limitations and enhance the FoM, the

present work is being carried out as follows:
(i) A four-state FPR-MAs element (wider) is being

designed to achieve a full 360◦ phase coverage. The MAs
is further optimized using the GSM method, which is
effectively enabling a wide 2-dB bandwidth with near-linear

FIGURE 1. (a) Functional diagram of the transmitarray (TA) illustrating key elements
for FoM enhancement, (b) FPR based MAs, and (c) optimized potter horn (PH). [OMS
stands for orthogonal metallic strip and PR is polarization rotator].

phase variation across a broad frequency range [19]. In
this optimization, the lattice dimension is being constrained
within 0.3λ–0.4λ to achieve a balanced FoM [21]. While
previous works have utilized genetic algorithm (GA)-based
optimization [22] and unoptimized approaches [23], they
are not demonstrating comparable bandwidth performance
and are often more time-consuming than the GSM-based
approach. (ii) An optimized PH feed [20] is being designed
with a 10 dB edge taper and a slowly varying 3 dB
beamwidth over the operating frequency range. Simulation
results indicate that a 10 dB edge taper achieves over 60%
AE while maintaining low SLLs key parameters for this
design choice [21].

The novelty of the proposed TA antenna lies in its
systematic co-design methodology. First, an FPR-based MA
is being developed and optimized to operate efficiently
across the 22–38 GHz band. Next, the TA aperture diameter
and focal ratio (FT /D) are being fixed to ensure optimal
focusing. Finally, the PH feed is being carefully optimized to
provide consistent and uniform illumination across the entire
frequency range. This integrated design approach is resulting
in a wide 1-dB and 3-dB GBW, high gain, improved AE,
and suppressed SLLs across the operational band.

III. DESIGN OF META ATOM (MA) USING GSM METHOD
The generalized transmission matrix for a linearly polarized
incident wave is given in (1), where Ext , and Eyt are the
transmitted electric fields for the x- and y- polarized waves,
whereas Exi and Eyi are the incident x- and y-polarized

electric fields, respectively. T is a 2×2 transmission matrix
defined in (2), where txx and tyy are co-polarized transmission
amplitudes, whereas tyx and txy are the cross-polarized
transmission amplitudes with x or y polarizations.

(
Ext
Eyt

)
= T

(
Exi
Eyi

)
(1)

T =
[
txx txy
tyx tyy

]
(2)
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FIGURE 2. (a) 3-D perspective view of the MA and (b) the middle layer of the
proposed MA. [For MA00: P = 3, w1= 0.58, w2= 0.1, l1 = 2.0, l2= 2.0, g1= 0.2, l = 0.22,
w = 0.1, MA01: w1= 0.50, w2= 0.2, l1 = 1.0, l2= 1.6, g1= 0.6, l = 0.32, w = 0.3; all
dimensions are in mm].

Fig. 2(a) illustrates the 3D perspective view of the
proposed MA, featuring a three-layered metallic structure
sandwiched between two identical RT/Duroid-5880 dielectric
substrates (εr = 2.2, tanδ = 0.0009) of thickness h1= 0.787
mm. The top and bottom metallic layers, with orthogonal
patterns, serve as polarization-selective surfaces, enabling
transmissive behavior for y-polarized waves and reflective
behavior for x-polarized waves. Each layer shares identical
dimensions: width wg=0.525 mm, gap gg=1.05 mm, and
gap width gw=0.525 mm.
The middle layer, depicted in Fig. 2(b), incorporates

a 45◦-rotated dipole resonator with a corner-cut square
ring, functioning as a PR. This configuration ensures the
y-polarized incident wave passes through the top layer,
while the middle layer reflects the parallel component and
transmits the perpendicular component unaltered through the
bottom layer, resulting in the generation of the transmission

coefficient txy. The incident wave undergoes multiple trans-
missions and reflections between the top and bottom surfaces
to interfere destructively on the reflective side, along with
a near-unity transmission. The simulation has been carried
out in Ansys HFSS 2023 R2 [24], where the PEC material
has been considered as the metal layer. The computation
process becomes slow for conventional full-wave simulation
due to the involvement of many unknown variables in each
of the layers [19]. This necessitates the use of the GSM
method, in which the responses of properly mode-matched
layers are cascaded. Each mode-matching layer is modeled
using full-wave simulations to achieve a wideband and flat
overall response. To ensure independent control along with
broad frequency coverage, the design of the elements should
strive to meet several key criteria. First, it is essential
to minimize the mutual coupling between elements. In
addition, TA elements should exhibit linear phase responses
that remain consistent throughout the operational frequency
range.
Furthermore, for TA elements, maintaining a transmission

magnitude closer to unity ensures minimal signal loss and
optimal efficiency. The optimized dimensions of different
MAs following the GSM technique are listed in the caption
of Fig. 1. By mirroring the middle layer structure along the
diagonal axis of the MA as shown in Fig. 2(b), an additional
180◦ phase shift is introduced. This modification creates two
additional MA10, and MA11, achieving a full 360◦ trans-
mission phase coverage, which is essential for the complete
and effective design of the TA aperture. Subwavelength
metasurface unit cells enhance AE by enabling precise
wavefront control, grating lobe suppression, and low-loss
transmission.
Their compact, planar design also supports polarization

flexibility and efficient integration for high-performance
antenna applications [21]. Fig. 3(a) presents the simulated
magnitude and phase responses of the cross-polar amplitude
transmission coefficient (txy) for all the MAs. The magnitude
of txy consistently exceeds 80% (–2 dB) across the frequency
range of 22 GHz to 40 GHz. Fig. 3(b) illustrates the co-
polar amplitude reflection coefficients (rxx and ryy), showing
their corresponding magnitude and phase responses for the
MAs. Amplitude overlaps have been observed between
MA00, MA10 and MA01, MA11 pairs, indicating limited
distinguishability. The mutual phase difference among the
MAs is maintained close to 90◦ (with a maximum phase
imbalance of ±3◦), as shown in Fig. 3(a). The MAs exhibit
phase discontinuities of ±9◦ at 31 GHz and ±11.5◦ at
38.5 GHz. The FPRs exhibit polarization sensitivity, and
from Fig. 3(b), the x-polarized wave is undergoing nearly
complete reflection, with its phase varying consistently
across the frequency range. In contrast, the y-polarized wave
is transmitting through the MAs, generating cross-polarized
transmission via the PR elements through constructive
interference. The structure is further analyzed under
y-polarized incidence at various oblique angles (up to 45◦).
Fig. 4 presents the simulated magnitude (Fig. 4(a) and (c))



1731 IEEE OPEN JOURNAL OF ANTENNAS AND PROPAGATION, VOL. 6, NO. 6, DECEMBER 2025 Antennas and Propagation Society

IEEE

FIGURE 3. (a) Cross-polarized transmission (txy ) magnitude and phase responses
and (b) Co-polar reflection (rxx , ryy ) magnitude and phase response for the for MA.

and phase (Fig. 4(b) and 4(d)) responses for all MAs under
these conditions.
The results demonstrate a wideband txy accompanied

by a linear phase distribution. However, minor phase dis-
continuities (31 GHz and 38.5 GHz) were observed with
the increase of the incident angle. Fig. 5 illustrates the
surface current distributions for MA00 and MA10 at 31 GHz,
and MA01 and MA11 at 38.5 GHz, under normal and 40◦
incidence. This analysis is being carried out to investigate the
phase discontinuities introduced by the MAs under varying
illumination conditions. It can be observed from Fig. 5 that
surface currents are minimum at normal incidence, while
the presence of the strong currents at 40◦ incident angle
lead to the phase discontinuities. The corner-cut square
ring generates strong edge capacitance-induced currents at
its gap, with its resonance properties determined by the
ring’s width and gap dimensions. Increasing the oblique
incidence angle enhances current concentration at the gap,
reinforcing the resonance (Fig. 5.). Despite this, the phase
discontinuities remain minimal, and the amplitude exceeds

FIGURE 4. Cross-polarized (txy ) responses of (a) magnitude and (b) phase for MA00,
and (c) magnitude and (d) phase for MA01 under varying oblique incidence angles.

TABLE 1. Electrical size of unit-cell compared to literature study.

80%, ensuring no adverse impact on the overall TA antenna
performance. Moreover, to mitigate this, the proposed TA
antenna uses a focal ratio (FT /D) of unity, together with a
10 dB edge taper of 26.5◦; thus, ensuring negligible phase
discontinuities.

IV. WIDEBAND HIGH GAIN TA ANTENNA DESIGN
A. HORN (PH) DESIGN FOR SOURCE FEED
The source feed in a TA antenna requires moderate gain and
wide-beamwidth and wide bandwidth to ensure consistent
illumination, accurate phase compensation, and optimal
performance across broadband as well as multi-frequency
applications. While corrugated horns (CH) are common
for wideband applications due to excellent E and H plane
matching and low cross-polarization [25], multimode horns
offer higher aperture efficiency. Still, they are limited by
their complexity and large size [26], [27]. For this design,
a Potter horn (PH) was chosen as the source feed, as it
supports two modes viz., TE11 and TM11 at the throat,
providing polarization-independent beamwidth and low side-
lobe levels (SLL) [28], [29]. The mixed-integer sequential
algorithm [20] in HFSS optimizes discrete variables (e.g.,
mode numbers, corrugations) and continuous dimensions
(e.g., radii R0, R1, lengths L1, L2) to maximize gain and
minimize edge taper, enhancing the Potter horn’s bandwidth
and performance.
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FIGURE 5. Surface current distribution (a) 31 GHz (for MA00 and MA10) and
(b) 38.5 GHz (for MA01 and MA11) for the incident angle 0o and 40o, respectively.

The PH’s schematic and fabricated prototype are shown in
Fig. 4, with top and side views of the optimized structure in
Fig. 6(a) and (b) and the fabricated prototype in Fig. 6(c) and
(d). Key dimensions are R0=32 mm, R1=24 mm, R2=12.8
mm, R3=11 mm, L1=24 mm, and L2=26 mm.
The return loss (RL) of the fabricated Potter horn

(PH) was measured using a Keysight FieldFox Microwave
Analyzer N9951A [30], confirming operation from 20 GHz
to 40 GHz, consistent with simulations (Fig. 7). The simu-
lated PH feed shows slight discrepancies with the measured
results, likely due to fabrication imperfections. However, the
measured RL remains above 15 dB across the band, ensuring
its suitability as the TA antenna’s source feed. The realized
gains, both simulated and measured, align closely across
the band, as shown in Fig. 7, with gains exceeding 10 dBi
throughout.
Radiation patterns at 30 GHz, depicted in Fig. 8(a),

demonstrate well-matched, symmetrical xoz- and yoz-plane
characteristics, with backlobe levels better than 20 dB and
sidelobe levels (SLLs) below 15 dB. The proposed PH
feed achieves a cross-polarization level of less than 30 dB.
The 3-dB beamwidth varies between 22◦ and 11◦, while
the 10-dB edge taper ranges from 40◦ to 20◦ across the
frequency band (Fig. 8(b)), corresponding to the slopes of
0.55◦/GHz and 1◦/GHz, respectively. These gradual slope

FIGURE 6. (a) Top and (b) side views of the Potter horn (PH). (c) Top and (d) side
views of the fabricated PH.

FIGURE 7. Return loss (RL) and realized gain (dBi) responses of the PH feed.

variations make the PH an ideal source feed for the TA
antenna.

B. DESIGN OF WIDEBAND HIGH AE OF TA ANTENNA
The TA antenna aperture is constructed using four distinct
2-bit MAs (MA00, MA01, MA10, and MA11) to provide
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FIGURE 8. (a) Normalized radiation pattern [Mea-measured, and Sim-simulation] at
30 GHz and (b) frequency responses of 3-dB beamwidth and 10-dB edge taper of
the PH.

the complete 360 transmission phase coverage. To ensure
proper illumination and spherical-to-plane wave conversion,
the PH feed is positioned at a unity focal ratio (FT /D) to
maintain PH taper below 30◦ to minimize spillover [21].
The aperture diameter is set at 90 mm, corresponding to an
area of 63.58 λo2. Each MA within the aperture dynamically
compensates for the phase delay between the PH and the
aperture, calculated using (3), where λo represents the free-
space wavelength at 30 GHz, whereas x and y denote the
longitudinal distributions.

�(x, y) = 2π

λ0

(√
x2 + y2 + F2 − F

)
+ �0 (3)

Here, �0 is a phase constant, implying a relative phase
shift across transmitarray elements. Since the phase has been
discretized into 4 distinct levels, (3) has been modified to
(4) with proper incorporation of the discrete MAs, where m
and n are the number of elements corresponding to the MA

along x and y directions, while p is the periodicity.

�(x, y) = 2π

λ0

(√
(mp)2 + (np)2 + F2 − F

)
+ �0 (4)

A circular aperture is chosen to enhance AE, surpass-
ing rectangular and square designs [31]. It incorporates
729 elements, providing efficient illumination for the
MS. The computed continuous phase distribution, depicted
in Fig. 9(a), confirms uniform illumination across all
the elements, thus achieving a seamless 360◦ phase
coverage.
Fig. 9(b) represents the four-level quantized phase profile

of the TA aperture. Each of the four MAs has a phase
difference of 90◦, and the phase compensation of each
element has been set as follows: 0◦ (0◦<�i<90◦), 90◦
(90◦<�i<180), 180◦ (180<�i<270), 270◦ (270◦<�i <360◦),
respectively. In the design process, a continuous phase
profile has been selected, followed by discretization for
practical implementation. Notably, 729 elements are used
to fill the maximum circular cross-sectional area for proper
illumination of the TA aperture. The phase compensation of
each element has been discretized as shown in Fig. 9(c). It
is clearly observed from the illustration of Fig. 9(c) that,
due to phase quantization, the design cannot produce the
exact phase of the continuous phase profile; instead, some
differences have been introduced towards the outer edge of
the circular aperture. The TA circular aperture with the Potter
horn has been simulated incorporating the Finite Element
Boundary Integral (FEBI) boundary condition to reduce the
usage of computational resources, consequently resulting
in fast and accurate results for any complex structure
instead of the conventional approach with radiation boundary
conditions.
Fig. 10 presents the complex TA antenna and its sim-

ulated 3D radiation pattern. The 3D perspective view
of the TA antenna is shown in Fig. 10(a), along
with the simulated radiation pattern in Fig. 10(b) at
30 GHz.
The phase discontinuities can cause uneven current distri-

bution on the antenna surface, leading to degraded radiation
efficiency and increased SLLs. The proposed MA offers
phase discontinuities of ±9◦ at 31 GHz and ±11.5◦ at
38.5 GHz. As shown in Fig. 11(a), the radiation pattern at
these two frequencies demonstrates high directivity, with
SLL suppression of at least 20 dB, while the xoz- and
yoz-plane patterns offer symmetrical responses. Similarly,
the current distribution has been spread evenly across the
MA over the TA aperture, as referred to in Fig. 11(b);
thus, the radiation patterns of the TA antenna in the
two planes are independent of the phase discontinuities.
The fabricated polarization rotator surface, consisting of
2-bit MAs, is shown along with its enlarged view in
Fig. 12(a). The prototypes, consisting of top and bottom
polarization-selective surfaces, are presented in Fig. 12(b)
and (c), respectively, with their respective enlarged views.
The three distinct layers are being aligned properly by
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FIGURE 9. Computed phase distribution of the TA aperture (a) continuous phase
profile, (b) 2-bit phase profile, (c) linear phase difference between continuous and 2-bit
phase profile.

incorporating four dielectric screws placed at the corners of
the RT5880 substrates.

V. EXPERIMENTAL VALIDATION OF WIDEBAND TA
ANTENNA PERFORMANCE
The complete MS-based TA antenna is realized by placing
the TA aperture and the PH assembly at the focal point
of the aperture, as illustrated in Fig. 13(a). Notably, the

FIGURE 10. (a) The 3D perspective view of the TA antenna (TA aperture with Potter
horn) simulated with the FEBI boundary, and (b) the 3D radiation patterns of the TA
antenna at 30 GHz.

TABLE 2. Analysis of AE calculation.

phase center of the PH lies inside its mouth, which helps
in placing the feed at the focal point to achieve maximum
gain. The PH’s position can be finely tuned, allowing it to
be incrementally moved into the TA aperture for optimal
performance. The TA antenna assembly is constructed using
wood and Teflon with minimal metallic screws to prevent
unwanted scattering during measurements, as depicted in
Fig. 13(a). The return loss (RL) and radiation patterns are
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FIGURE 11. (a) Normalized radiation pattern (simulated) of TA antenna xoz and yoz
plane at 31 GHz and 38.5 GHz, and (b) Electric field distribution of four distinct MA in
the TA antenna at two spot frequencies (31 GHz and 38.5 GHz).

rigorously evaluated in an anechoic chamber [32], with the
measurement setup shown in Fig. 13(b).
To ensure accurate characterization, the RL and

radiation patterns of the TA antenna prototype are mea-
sured using a Keysight FieldFox Microwave Analyzer
(N9951A) [30]. The assembly’s RL response, measured
at the input of the PH, is compared with its sim-
ulated counterpart in Fig. 14, demonstrating reasonably
good agreement between the simulation and experimental
results. This meticulous approach ensures precise alignment,
minimized interference, and reliable performance verifi-
cation, enhancing the design’s applicability in practical
scenarios.
As observed from Fig. 14, the RL remains greater than

10 dB across the entire operational band (20 GHz to
40 GHz). A good agreement between the simulated and
experimentally measured results is evident, with only a
slight imbalance appearing in the low-frequency range, but
the matching level is well below 10 dB. This discrepancy
between the RL results on simulation and measurement arises
possibly due to mode mismatch at lower frequencies, where
the involvement of larger wavelengths leads to improper

FIGURE 12. Fabricated prototype of (a) 2-bit MA polarization rotating surface,
(b) top, and (c) bottom polarization selective surface.

excitation or mode generation in the feed region, affecting the
RL measurements of the TA antenna. The standard double-
ridge horn antenna is used as the transmitter. In contrast, the
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TABLE 3. Comparison between the proposed and reported wideband TA antennas.

FIGURE 13. (a) Final assembly of the TA antenna (TA with PH). (b) Measurement
setup of the TA antenna inside the anechoic chamber.

fabricated TA antenna was placed on the receiving side to
measure the TA antenna’s gain, AE, and radiation pattern.
The frequency response of the realized gain and the AE of
the TA antenna is shown in Fig. 15, where it is compared
with the simulated response and found to agree. The AE at a
given frequency is computed using the conventional equation

FIGURE 14. Frequency responses of RL (dB), of the proposed TA.

FIGURE 15. Realized gain (dBi) and AE along with the frequency of the proposed TA
antenna.

mentioned in (5).

η = λ2Gr
4πAp

(5)

Here, λ is the wavelength, Gr is the realized gain (in linear
units) of the TA antenna, and Ap is the physical aperture of
the TA antenna.
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FIGURE 16. Normalized radiation pattern (dB) for the co-polarization (Co-pol) and cross-polarization (X-pol) of TA antenna for xoz- and yoz- plane at (a) 25 GHz, (b) 30 GHz, and
(c) 35 GHz. [Note: - sim-simulation and mea-measured].

The realized gain is greater than 20 dBi throughout the
band of interest, along with the peak realized gain of
27.2 dBi at 32 GHz, and the peak AE is found to be

58.5%, as illustrated in Fig. 15, while the relevant details
have been listed in Table 2. A strong correlation is observed
between the simulated and measured results for both realized
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gain and AE, with slight deviations at select frequencies,
primarily attributed to practical fabrication tolerances and
measurement imperfections. This results in a 2.3 dB drop
in the gain when compared to the theoretical directivity
of the array. At 32 GHz, approximately 0.97 dB loss is
attributed to the inefficiencies cause by the feed horn’s
taper and spillover [33]. An additional 0.41 dB reduction
stems from transmission losses of the MAs and dielectric
losses of the substrate. Moreover, the other factors, such as
polarization mismatches, deviations in phase accuracy, and
the oversimplified assumption of infinite periodicity, which
neglects the role of edge elements, are likely responsible
for a further 0.92 dB decrease in gain. The 1-dB and
3-dB GBWs have also been computed from Fig. 15 and
found to be 12.69 GHz and 15.84 GHz, respectively, viz.,
39.68% and 49.2% compared to the center frequency of
32 GHz.
Polarization and impedance mismatch between the feed

and transmit array result in efficiency losses by reducing
power transfer, followed by the introduction of phase
errors. These issues, together with frequency-dependent
losses, limit the system’s usable bandwidth as well as
the reduction of AE. The proposed TA antenna performs
exceptionally well across various parameters, highlighting
its innovative and advanced design. The normalized radi-
ation patterns of the xoz- and yoz-plane are analyzed
at three critical frequencies of 25 GHz, 30 GHz, and
35 GHz as shown in Fig. 16. An impressive achievement
is the suppression of cross-polarized components, which
remain over 20 dB below the main beam across all tested
frequencies. Additionally, the sidelobe level (SLL) is main-
tained below 24 dB compared to the main beam, a significant
improvement facilitated by the integration of subwavelength
metasurfaces (MAs).
These MAs ensure a low SLL while preserving the

antenna’s broadband characteristics, a vital feature for
modern communication systems. Furthermore, the optimized
PH feed effectively minimizes edge diffraction, enhanc-
ing performance. The proposed TA antenna outperforms
previously reported designs, as summarized in Table 3. It
achieves a remarkable 15% improvement in AE and pro-
vides 20% wider 1-dB/3-dB GBWs compared/to its closest
competitors [4], [5], [6][7], [9], [11], [12]. The combination
of subwavelength MAs and an optimized PH feed assembly
is resulting in a compact structure with a profile of just
0.157λo at 30 GHz. This configuration also achieves SLL
suppression.

VI. CONCLUSION
In this paper, we present a low-profile, wideband
metasurface-based TA antenna optimized for 20–40 GHz
operation, setting a new benchmark for next-generation mm-
wave applications. The design achieves a peak gain of
27.2 dBi, offering exceptional performance for demanding
high-frequency systems. With broad 1-dB and 3-dB GBWs

of 12.69 GHz and 15.84 GHz, respectively viz., 39.68%
and 49.2%, and a maximum AE of 58.5%, the antenna
delivers superior efficiency and wide operational bandwidth.
The low SLLs, maintained below 24 dB across principal
planes, ensure outstanding interference suppression and
signal clarity. Experimental validation of the fabricated
antenna confirms its high reliability, with measured results
closely matching simulations. The proposed TA antenna
tackles key challenges in mm-wave communications, deliv-
ering strong performance for satellite links and 5G/6G
networks. Its innovative design enhances efficiency and
versatility, contributing to advancements in modern wireless
technologies. The current design focuses on achieving high
directivity, low SLLs, and wide GBWs. Future work will
explore integration and practical deployment for 5G/6G
communication. The antenna’s compact profile and wideband
performance make it suitable for satellite and mm-Wave
5G/6G applications, where directional beams and efficient
radiation are essential. Potential challenges include fabrica-
tion tolerances, environmental stability, and integration with
transceiver systems, which will be addressed in forthcoming
studies.
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