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ABSTRACT This article presents an optimized dual-polarized transmitarray antenna (TA) designed for
MIMO applications at the Ka-band, capable of switching beams in two directions. The antenna aperture uses
a small unit cell with three layers of Taconic RF-35 dielectric substrates, which can be easily fabricated using
PCB technology. The unit cell achieved a 360-degree phase shift and a transmission magnitude exceeding
–0.4 dB at 28 GHz. We used nine dual-polarized patch antennas in a cross shape, each with a 10.5 dBi gain
at 28 GHz, to switch the beams in two directions without changing the feed location. We optimized the phase
distribution in the TA aperture and adjusted the feed antenna’s F/D and tilt to achieve a high-gain antenna
with low-gain roll-off during beam switching. The fabricated TA exhibited excellent agreement with the
full-wave simulation results. It achieved ±15 degrees and ±30 degrees beam tilts in the x- and y- directions,
with less than 0.8 dB gain roll-off for both polarizations.

INDEX TERMS Transmitarray antennas, 2D beam switching, low profile, dual-polarized, gain roll-off.

I. INTRODUCTION
High-gain and beam-scanning antennas are critical to modern
millimeter-wave communication applications [1]. Transmi-
tarray antennas (TA) take advantage of both optical theory
and antenna array techniques to attain a low-profile, high-
radiation, efficient design suitable for various wireless com-
munication systems. [2].

Dual-polarization in TAs is typically achieved by apply-
ing multilayer frequency selective surfaces (M-FSS) [3], [4],
[5], or the receive-transmit (R-T) scheme [6], [7]. TAs can
perform beam scanning using either electrical or mechanical
control solutions. In the case of electrical control, RF com-
ponents such as PIN diodes are added to each unit cell to
achieve tunable transmission phases by controlling the DC
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bias [8], [9], [10], [11]. However, this approach is expensive,
lossy, and complex. Passive TAs, on the other hand, can
only provide a fixed phase shift once their dimensions are
determined. Nevertheless, the beams of the passive TAs can
be mechanically steered by moving the feed source [12],
[13], [14], [15], [16], [17], [18], [19], which causes a high
gain roll-off issue. This occurs when the feed source veers
from the center to scan the beams in a unifocal TA with an
aperture designed for the center-located feed source. A pos-
sible solution is to use multifocal TAs to adjust the phase
distribution within the TA apertures [20]. This reduces the
high gain roll-off but comes at the cost of lowering the overall
gains of the antennas. Usually, horn antennas are employed
to illuminate TAs due to their superior gain and efficiency
(Fig. 1(a)); however, they possess a high profile.
This paper proposes a novel design for a high-efficiency,

low-profile, dual-polarized TA with beam-switching
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FIGURE 1. Beam-steerable TA: (a) the feed source is mechanically moved
along a straight line, and (b) the proposed TA using multiple feed sources.

capabilities and low gain roll-off. The antenna aperture con-
sists of an M-FSS with a wideband passband unit cell smaller
than previously reported unit cells of the same frequency.
The unit cell provides a 360-degree phase shift at 28 GHz
with a magnitude loss exceeding 0.4 dB. The TA comprises
nine dual-polarized patch antennas arranged in a cross shape
(Fig. 1(b)) as a switchable feed to illuminate the aperture
for achieving 2D beam-steering capability and a low pro-
file. The phase distribution in the unifocal TA aperture has
been optimized to reduce the beam-scanning gain roll-off
and prevent lowering the final gain of the TA; the value
of F has been adjusted to reduce the effects of orthogonal
incident estimation, and the tilt of the feed antennas has been
adjusted to minimize spillover loss. The optimized antenna
performs better and has a lower profile than similar Ka-Band
scanning/switching TAs reported until.

This paper is organized as follows: Section II presents
a compact and low-loss dual-polarized unit cell with small
dimensions (0.28λ × 0.28λ at 28 GHz); Section III details
a 28 GHz patch antenna that serves as a feed for the trans-
mitarray aperture; Section IV describes optimizing a TA
employing nine patch antennas in a cross shape to achieve
2D beam switching and; Section V concludes the paper.

II. LOW-LOSS, DUAL-POLARIZED UNIT-CELL
The beam-focusing aperture, consisting of unit cells, is a
critical component of a TA. Different types of unit cells
can be used in a TA, depending on bandwidth, polarization,
design, and manufacturing constraints. The dimensions of
the unit cells determine the spacing between cells and the
number of unit cells required on the aperture of the TA.
For a TA to perform well, the unit cell must be designed to
provide a 360-degree phase shift in the transmit phase while
maintaining a transmit amplitude close to 1 (0 dB) [21].
Fig. 2 represents the configuration, parameters, and sim-

ulated transmission coefficients of the unit cell used in this
paper. It consists of a pair of three-layer stacked Taconic
RF-35 dielectric substrates (with permittivity, εr = 3.43,
dielectric loss tangent, tan δ = 0.0018, and thickness =

0.254 mm) separated by a 2.5 mm air gap, as illustrated
in Fig. 2(a). The unit cell has two circular patches in the
top and bottom layers and a circular ring with four lines in

FIGURE 2. Unit cell: (a) configuration and parameters, (b) transmission
coefficients in terms of frequency (D = 2.6mm), and (c) transmission
coefficients in terms of D parameter at 28 GHz (D is swept from 1.92 to
2.93 mm).

the middle layer of each stacked FSS. The unit cell can be
easily fabricated using PCB technology and is suitable for
dual polarization applications due to its symmetry. We mod-
ified the design from [22], where a transmission phase of
250 degrees was obtained, by changing the square patches
and rings to circular ones and adjusting the inner diameter
of the circular ring in the middle layer (D1) as inversely
proportional to the circular patch diameter (D), as depicted in
the figure. This enabled us to achieve a relatively higher trans-
mission phase of 360 degrees. We employed CSTMicrowave
Studio software [23] to simulate the transmission coefficients
of the unit cell by applying periodic boundary conditions and
radiating a plane wave from top to bottom. The results for
a fixed circular patch diameter of 2.6 mm and varying D
at 28 GHz are illustrated in Figs. 2(b) and 2(c), respectively.
By changing D from 1.92 mm to 2.93 mm, we achieved the
required phase shift at 28 GHz with less than 0.4 dB trans-
mission magnitude loss. This allowed us to design a highly
efficient wideband TA and optimize the antenna aperture for
beam scanning. The unit cell in this design is smaller than the
ones examined in the literature, which reduces the sidelobe
levels in the TA by fitting more unit cells into the aperture.
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To verify the performance of the unit cell, a TA antenna,
which consists of 381 cells, was simulated using CST
Microwave Studio software. The focal length (F), which is
the distance between the feed antenna and the TA aperture, is
30 mm (F/D = 0.4, where D is the largest dimension of the
antenna surface). An axial corrugated conical horn antenna
with a gain of 11.5 dBi at 28 GHz is used as the feed. Fig. 3
shows the radiation patterns of the antenna. The maximum
gain of the antenna at 28 GHz is 24 dBi, and the aperture
efficiency at the same frequency is 67%. The antenna has a
wide gain bandwidth, and the first sidelobe level is −33 dB
and −29 dB in the E- and H-planes, respectively.

FIGURE 3. A simulated TA antenna to verify the performance of the unit
cell.

III. DUAL-POLARIZED PATCH ANTENNA AS FEED
Fig. 4(a) presents the configuration of the circular microstrip
patch antenna designed to illuminate the TA aperture.
To achieve a dual-polarization operation, the patch is fed
through two U-shaped slots in the center ground plane [24],
[25], [26]. The antenna uses a Taconic RF-TLY-5 dielectric
substrate (with εr = 2.2, tanδ = 0.001), with a thickness
of 0.254 mm on the patch side and 0.127 mm on the feed
microstrip side, where SMPS-type connectors are provided.
In addition, a square metal reflector with dimensions of
10 mm and a height of 4.5 mm is used to increase the gain
of the patch antenna, resulting in an increased gain of about
2.8 dB. It also augmented the bandwidth of the antenna. The
patch antenna size, the dimensions of the U-shaped slots
in the ground plane, their distance from the patch center,
the feeding microstrip lines on the bottom layer, and their
offset from the patch center are optimized to improve the
antenna performance. The fabricated antenna is represented
in Fig. 4(b); its measured and simulated S-parameters and
radiation patterns are depicted in Figs. 4(c) and 4(d), respec-
tively. The simulated and measured values agree well, and the
antenna achieves a gain of 10.5 dBi at 28 GHz. A small shift
in the operating frequency band and some ripple in the mea-
sured S-parameter plot may be due to manufacturing errors
and calibration issues, respectively. The network analyzer
was calibrated using a 2.9-type connector; however, a 6-inch
conversion cable was used to connect to the antenna, which

was not accounted for in the calibration. It should be noted
that the loss of this cable is considered in the measurement
results.

FIGURE 4. Feeding patch antenna: (a) configuration of antenna,
(b) fabricated antenna, (c) simulated and measured S-parameters for the
proposed patch antenna, and (d) measured and simulated radiation
patterns at E-plane and H-plane at 28 GHz.

IV. BEAM-STEERABLE TRANSMITARRAY ANTENNA
Based on the results presented in Sections II and III,
we designed and optimized a TA for 28 GHz that can switch
the beams by±15 degrees and±30 degrees in both the x- and
y-directions. The TA aperture contains 381 unit cells from
Section II. We used nine patch antennas in a cross-shape
layout as feed to achieve two-dimensional beam switching
(Fig. 1(b)). As shown, one patch antenna at position (0) pro-
duces a broadside beam, and four patch antennas at position
(1) in the +x, –x, +y, and –y directions result in the main
beam being deflected by about 15 degrees. In addition, four
patch antennas are located at position (2) in the +x, –x,
+y, and –y directions, causing the main beam to tilt about
30 degrees.

To achieve a low-profile antenna, we initially used F/D =

0.4. This initial parameter will be optimized later. To reduce
spillover loss and gain reduction at high scan angles, we ini-
tially tilted the feed at each location toward the center of
the TA aperture. We will optimize this value later as well.
To achieve a suitable gain roll-off, we implemented these
measures in the antenna design:
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FIGURE 5. Phase distribution on TA aperture (ψ0 = 0): (a) for broadside main beam when feed antenna located at positions (0), (b) for main
beam tilted 15 degrees when feed antenna located at positions (1) and (c) for main beam tilted 30 degrees when feed antenna located at
positions (2).

A. Optimizing the phase distribution in the TA aperture
B. Optimizing F/D, and Optimizing the feed antenna tilt
In this study, all simulations were executed using CST

Microwave Studio Software. The computational parameters
utilized consisted of the Time Domain Solver, employing a
Hexahedral mesh type with an accuracy of −40 dB, 20 cells
per wavelength, and 25 cells per maximum model box edge,
ensuring sufficient simulation precision. The simulations
were conducted on a computer with a 64-bit operating system
with Intel(R) Xeon(R) Gold 6136 CPU processor and 576 GB
RAM. Each simulation run, encompassing the entire struc-
ture, took approximately 23 hours and consumed 30.2 GB of
memory.

A. OPTIMIZING THE PHASE DISTRIBUTION IN THE TA
APERTURE
Based on the space-fed TA structure, the required transmis-
sion phase for each unit cell, which compensates for the
phase delay of the feed to that cell to create a specified

phase distribution for beam concentration in a given direction,
is calculated as follows:

ψij = k
(
Rij − r⃗ij.r̂0

)
+ ψ0 (1)

where ψij is the required transmission phase for the ijth unit
cell, k is the propagation constant in free space, Rij is the
distance from the phase center of feed to the ijth cell, r⃗ij is
the position vector of the ijth unit cell, the main beam unit
vector is presented by r̂0, and, ψ0 is a constant phase.

Because the unit cell typically does not cover the full
360-degree range, the value of ψ0 is selected to ensure the
required phase for the central cells, where the feed’s radiation
concentration is higher, falls within the range where the unit
cell exhibits suitable transmission magnitude. This approach
has been adopted to prevent a reduction in the final gain of
the TA. In the case of the unit cell discussed in this article,
as it has achieved a full 360-degree transition phase with a
transmission magnitude exceeding –0.4 dB, any value for ψ0
can be considered, with no concern about reducing the gain.
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FIGURE 6. The optimized phase distribution on TA: (a) 115 has been optimized, (b) 130 has been optimized and (c) 115+ 130 has been
optimized.

FIGURE 7. Effect of spillover loss: (a) schematic of tilting the feed toward
the center of transmitarray aperture, and radiation pattern for tilted and
non-tilted patch antenna at location (2) in the -x direction at 28 GHz:
(b) H-plane for y-polarization and (c) E-plane for x-polarization.

This allows us to explore the optimization of the TA aperture
to reduce the gain roll-off during high beam switching.

Fig. 5 depicts the phase distribution on the TA aperture
in three different cases. Fig. 5(a) shows the feed antenna
positioned at (0), resulting in a TA with a broadside main
beam. Fig. 5(b) represents a main beam tilted at 15 degrees
when the feed antenna is located at position (1). Finally,
Fig. 5(c) illustrates the feed antenna at position (2), resulting
in a main beam tilted at 30 degrees. Each case consists of
three plots: the first plot illustrates the phase received by
each unit cell from the feed antenna; the second represents
the final required phase distribution necessary to achieve
the desired main beam direction and; the third displays the
required transmission phase for each element when ψ0 = 0,
progressing from left to right.

The objective of the optimization process is to determine
the appropriate value of ψ0 for case (a) that minimizes
the sum of the phase differences between cells in case (a)
and case (b) + (c). To achieve this, a constant phase was
added to each case so that the required transmission phase of
the central cell becomes zero (ψij (a0) , ψij (b0) andψij (c0)).
Equations (2) and (3) were then utilized to calculate the

FIGURE 8. Purposed TA: (a) schematic of antenna, (b) Fabricated TA,
(c) Measured S-parameters.

optimal value of ψ0. The obtained optimal values were
335 degrees for 115 (tilt of 15 degrees) and 278 degrees for
130 (tilt of 30 degrees). When the sum of 115 and 130 was
minimized, the value ofψ0 was determined to be 297 degrees.
These results are presented in Fig. 6.

115 =

∑N

i=0

∑N

j=0

∣∣ψij (a0)+ ψ0 − ψij (b0)
∣∣ (2)

130 =

∑N

i=0

∑N

j=0

∣∣ψij (a0)+ ψ0 − ψij (c0)
∣∣ (3)

B. OPTIMIZING THE VALUES OF F/D AND TILT OF FEED
ANTENNAS
In this stage, the goal is to optimize F and alpha, depicted
in Fig. 1(b), for maximum gain and minimum gain roll-off
when switching the beam. For this purpose, the antenna aper-
ture in Fig. 6(c) was used, with initial values of F/D = 0.4
and alpha = 11.3 degrees. By performing several full-wave
simulations with CSTMicrowave Studio software and tuning

8928 VOLUME 12, 2024



S. H. R. Tuloti et al.: Optimized Ka-Band Low Profile Dual-Polarized Transmitarray Antenna

FIGURE 9. Radiation patterns of purposed TA: (a) simulated radiation
pattern, H-plane for y-polarization at 28 GHz,
(b) simulated radiation pattern, E-plane for x-polarization at 28 GHz,
(c) measured radiation pattern, H-plane for y-polarization at 28 GHz and
(d) measured radiation pattern, E-plane for x-polarization at 28 GHz.

F and alpha, the optimal values of 0.42 and 10.1 were
determined.

Using Fig. 2(c) to determine the required phase for cells
(in the presence of an orthogonal incident wave) results in
variations as a cell moves away from the aperture’s center
and the incident angle increases. These deviations from the
ideal orthogonal conditions cause a reduction in gain. A slight
modification was made to the F/D value to address the
influence of oblique incident angles.

To reduce spillover loss and counter the decrease in gain at
high scan angles, we initially implemented a tilt to the feed
at each position, directing it towards the center of the TA
aperture (Fig. 7(a)). Fig. 7(b) and Fig. 7(c) show the radiation
pattern for tilted and non-tilted patch antennas at position (2)
in the -x direction, in the H-plane for y-polarization and

FIGURE 10. Realized gain of the TA with different scan angles at 28 GHz:
(a) Fabricated TA and (b) The impact of each optimization component.

E-plane for x-polarization, respectively, at 28 GHz. It can be
seen that tilting the patch antenna results in an increase of
more than 2 dB in the total gain of the TA. Nevertheless,
given the antenna structure’s characteristics and the patch
antenna’s radiation pattern, this angle may not always be
the most suitable option. We carefully adjusted the angle to
enhance this parameter to achieve maximum gain.

Figs. 8 and 9 record these results, indicating the highest
gain and the lowest gain roll-off during beam switching.
Fig. 9(b) displays the simulated realized gain for the uni-
focal, multifocal, and proposed TAs at 28 GHz based on
varying scan angles. Additionally, it visualizes the impact of
individual optimization components on the unifocal TA.

C. FABRICATING AND TESTING THE DESIGNED ANTENNA
The designed TA and the fabricated antenna with
cross-shaped feeding patches are represented in Figs. 8(a)
and 8(b). In Fig. 8(c), the measured S-parameters of
the antenna are depicted, revealing satisfactory matching
at 28 GHz. The observed ripple in the S-parameter plot may
be attributed to calibration issues. Additionally, variations
among the results from different ports could arise from
potential manufacturing errors, as the ports are manually
soldered.

The antenna has dual polarization and can scan its main
beam in both x- and y-directions. Fig. 9 compares the simu-
lated and measured beam tilting in the x-direction for x- and
y-polarizations. The results for the y-direction are identical
due to the antenna’s symmetry. Figs. 9(a) and 9(b) illustrate
that the antenna performs better in y-polarization for gain
roll-off and in x-polarization for sidelobe level, which is
related to the patch antenna pattern asymmetry (see Fig. 4(d)).
Figs. 9(c) and 9(d) also show the measured radiation pattern
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TABLE 1. Comparison of the proposed TA with some references in beam-scanning antennas.

of the antenna at 28 GHz for y- and x-polarizations (H- and
E-planes), respectively, which agree well with the simula-
tions. A small discrepancy of about 1 dB is observed, which
may be caused by fabrication, assembly, or measurement
errors.

Fig. 10(a) plots the realized gain of the TA at 28 GHz
for H- and E-planes for both simulations and measurements
as a function of scan angle. The results ascertain that the
measured gains roll-off are only 0.8 and 0.7 dB for the H- and
E-planes, respectively. In Fig. 10(b), the realized gain of the
TA antenna at 28 GHz is presented for various scan angles.
The red plot represents the final proposed optimized antenna,
while the blue and pink plots depict the unifocal (without
optimization) andmultifocal designs, respectively. The figure
also shows the individual impact of optimization components.
The green plot, corresponding to the optimization of F/D,
demonstrates a consistent improvement in antenna efficiency
without affecting gain roll-off across different scan angles
(approximately 1.2 dB). In comparison to the unifocal design,
both feed tilting and phase optimization (brown and black
graphs) contributed similarly to gain increase (around 1 dB
for a 15◦ scan and approximately 2 dB for a 30◦ scan), with
a slightly greater effect observed for feed tilting. The pro-
posed antenna results from the integration of all optimization
components into the design.

Table 1 compares the proposed TA with similar
beam-scanning antennas from the literature. The aperture
efficiency ηap in the table is calculated using:

ηap =
G

Dmax
, Dmax =

4πA

λ 2
0

(4)

where G is the measured gain, Dmax is the maximum direc-
tivity, A is the area of the antenna aperture, and λ0 is the
free-space wavelength.

A few conclusions can be drawn based on the data provided
in Table 1. First, considering the unit cell size and the phase
range achieved (the columns in the left part of the table),
the unit cell in our design is very small and yet it provides
a complete 360◦ phase with only a 0.4 dB loss. In fact,
it is the second-smallest unit cell in all antennas compared
in the table, but with lower loss and complete phase range.
This demonstrates the high efficiency and compactness of

our antenna. Second, concerning the TA feeding antenna,
unlike some antennas that use horn antennas, we employ
patch antennas and this gives us a low-profile design. Among
antennas without horn antennas, ours stands out as the most
efficient and capable of scanning beams in 2D. Note that our
primary objective was to achieve low gain roll-off, even at
high scanning angles, while maintaining high efficiency. This
came at a cost of smaller gain than in references [16], [17],
and [19]. Indeed, all antennas in the table with higher gain
than ours, i.e. [16], [17], and [19], suffer from significant
gain roll-off. Our optimization method can also be used for
antennas with higher gain, especially those for which the gain
roll-off issue is important.

V. CONCLUSION
We designed a low-profile, high-efficiency dual-polarized
transmitarray antenna for 28 GHz MIMO applications with
two-dimensional beam switching. The antenna comprises
an aperture of 381 low-loss, dual-polarized unit cells and
a cross-shaped array of dual-polarized patch antennas as
feed. By optimizing the phase, F/D, and the tilt of the feed
antennas, we achieved ±15 degrees and ±30 degrees beam
switches in both x- and y-directions with less than 0.8 dB
gain roll-off by selecting the feed patch antenna in both
polarizations.
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