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The rapid evolution of intelligent applications has driven the demand for high-performance antenna systems. Reflectarrays (RAs),
also referred to as planar reflectors, have emerged as a promising solution for modern wireless and satellite communication systems
due to their beam-steering capability and high-gain characteristics. This study presents a comprehensive analysis of a novel unit
cell geometry and its simulated design for RA antennas operating in the millimeter-wave (mm-wave) band at 28 GHz, aiming to
enhance performance metrics such as bandwidth, phase agility, and efficiency for its applications in 5G communication systems.
The proposed unit cell consists of a rectangular patch with a set of strategically embedded slot configurations in order to achieve
optimum performance based on surface current modification. For the periodic array, initially, a 21 X 21 element array was designed
and then the corner elements were truncated to form a 357 elements array in circular configuration. The proposed RA demon-
strated a gain of 21.4 dB, for a tilted beam formed at 19" using a center feed horn. More importantly, the proposed RA achieved a
significantly improved 1-dB gain bandwidth of over 23.21% for a frequency range of 26.5-GHz which can be used in mm-wave
applications such as 5G communication systems.

Keywords: broadband; high gain; millimeter-wave reflectarray; slot embedded patch

1. Introduction

A reflectarray (RA) antenna is an advanced hybrid antenna
system that integrates the benefits of both conventional reflec-
tor and array antennas. It comprises a planar surface with a
meticulously engineered arrangement of radiating elements
that manipulate the phase of reflected electromagnetic waves

[1]. The phase shift of each unit cell is precisely controlled
through parameters such as geometry, size, orientation, and
material composition, enabling tailored wavefront shaping. By
optimizing the phase distribution across the surface, RAs
achieve high gain, low profile, and dynamic beam-steering
capabilities, making them highly suitable for next-generation
wireless and satellite communications [2, 3].
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FIGURE 1: Stages of evolution of the proposed I-shaped RA unit cell and RA designing.

In the millimeter-wave (mm-wave) spectrum, ongoing
research focuses on enhancing the beam-steering performance
of these antennas to improve directivity, signal strength, and
overall system efficiency. Various beam-steering methodolo-
gies, including electronic, mechanical, and tunable meta
surface-based approaches, have been explored, each offering
distinct trade-offs in terms of complexity, power consump-
tion, and implementation feasibility [4—6]. Beam-steering
refers to the capability of dynamically adjusting an antenna’s
radiation pattern to optimize signal transmission and recep-
tion in a specific direction, typically achieved through precise
phase modulation of the reflected wave [7, 8].

Both RAs and transmitarrays (TAs) are extensively uti-
lized in the development of high-gain antennas, each present-
ing unique advantages based on system requirements. The
adaptability and precision of RA-based beamforming make
them an attractive solution for 5G, satellite communications,
radar systems, and next-generation wireless networks, where
real-time control over radiation characteristics is critical for
achieving optimal performance.

Berry initially proposed the idea of the RA antenna in
1963 [9], but until additional research showed its viability
and wide range of applications in the 1990s, its employability
was mainly unrealized [1]. Since then, RA antennas have
been thoroughly studied in a number of frequency bands
for use in wireless power transmission, imaging, radar sys-
tems, and satellite communications [10-15]. Although, elec-
trically reconfigurable RA antennas have made great strides,
they are still usually limited to a single operating mode
[16-19] and frequently have performance issues because of
the incorporation of active electronic components [20-22].

However, because of the radiation elements’ constrained
bandwidth, RAs are inherently restricted. Furthermore, some
broadband features—such as fractured elements [23] and

fractal elements [24], face difficulties in the mm-wave spec-
trum because of manufacturing tolerances.

Using well-known design techniques, like multilayer mul-
tiresonance elements [25, 26], true-time delay elements [27,
28], sub-wavelength elements [29], single-layer elements, and
newly developed 3D-printed dielectric resonators and metal-
only elements, respectively, several studies suggest novel RA
elements to achieve broadband and high-gain performance for
mm-wave applications. Multilayer RA are one of the possible
options for the design of broadband RAs, however, is a diffi-
cult procedure that demands greater accuracy and raises costs
[30]. In this work, a broadband RA has been proposed, where
the unit cell comprises of a rectangular patch element with
multiple embedded slots placed technically to modify the sur-
face current distribution. Furthermore, a periodic array of 357
strategically placed elements has also been designed based on
the required progressive phase distribution and its perfor-
mance is analyzed for the proposed mm-wave applications.

2. Design of the Proposed Unit Cell

In this work, of designing unit cell for RA antennas, an infinite
RA with a 0.035mm patch element thickness (copper) and
Taconic TLY 3FF substrate with 0.28 mm thickness was cre-
ated using a commercially available CST MW computer
model. The patch elements and ground plane were designed
using copper with a conductivity of 59.6 Ms/m at 20°C.

An inventive method for creating a planar RA unit cell with
a smoothly fluctuating phase distribution is presented in this
research. As seen in Figure 1, the suggested design includes an
I-shaped unit cell that resonantly operates at 28 GHz and
incorporates slots that are positioned strategically across the
patch. For mm-wave applications, these slots are essential for
effectively converting spherical waves into planar waves, which
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FIGURE 2: Unit cell of a planar reflector with dimensions and 3D view.

improves the reflector’s performance and efficiency. Figure 1,
delineates a comprehensive design and analysis framework for
a RA antenna, showcasing the progressive development of the
unit cell geometry and its incorporation into the full system
architecture.

Steps 1-5: The iterative refinement of the unit cell structure
is depicted, beginning with a basic rectangular patch and sequen-
tially incorporating slots and structural modifications to opti-
mize phase response and enhance bandwidth performance.

Step 6: The simulated phase distribution across the RA
surface is presented, illustrating the engineered phase gradient
necessary for effective beamforming and aperture efficiency.

Step 7: The configuration of the horn antenna is detailed,
including its geometric parameters and spatial orientation
relative to the RA, ensuring optimal feed illumination and
minimal spillover losses.

Step 8: Final system integration: the fully assembled RA
antenna is shown, comprising an array of meticulously
designed unit cells tailored to achieve precise beamforming
characteristics at the target operating frequency.

This methodical approach is essential for maximizing the
electromagnetic performance of the RA, enabling high gain,
accurate beam steering, and reduced phase errors at the des-
ignated operational frequency.

Figure 2, presents the details of the design with labels for
each of the dimensions. Initially the unit cell was designed
and optimized for 28 GHz resonance frequency as shown in
Figure 3a. For the initial design, the numerical values of the
dimensions are provided in Table 1. It can also be observed
from Table 1, that all the three slots employed to obtain the
desired configurations are dependent on the length and
width of the patch. This technique provides a trivial method
for the optimization of the unit cell and obtaining its pro-
gressive phase distribution. Moreover, for the RA design one
of the important steps is to sweep the resonance throughout
the desired frequency range. This has also been achieved by
simply varying the length of the patch and keeping into
account that the length of all the slots will be varied as
they are dependent on patch length. Figure 3b,c shows the
effect of varying the patch length on the reflection loss and
reflection phase. It can be observed by the demonstrated

results, that by varying the patch length from 2.41 to
3.41 mm, the reflection loss varies only from 0.35 to 0.45
dB for the whole sweep while the resonance is varied in a
wide frequency range from 22 to 34 GHz frequency range.

Figure 3d presents the progressive phase and loss plotted
against the length of patch at a resonant frequency of
28 GHz. It can be observed from the results that for the
proposed design configuration, the reflection loss is only
—0.38 dB while the reflection phase plot covers a phase range
close to 343", Ideally, the phase coverage should be 360, but
practically this cannot be achieved, and 17 phase errors are
considered adequate for RA design. Furthermore, for the
characterization of the proposed unit cell, bandwidths have
been calculated at 10% and 20% of maximum loss. The 10%
and 20% bandwidth are observed to be 1.2 and 1.7 GHz
respectively while the slope of reflection phase curve is
observed to be 5.67 /MHz. This progressive phase distribu-
tion shows satisfactory values for the periodic array design
and is used in this work for complete RA design.

3. Proposed RA Antenna Design

The RA antenna is basically analogous to a parabolic reflec-
tor antenna, however, unlike the parabola, the reflection
phase adjustment towards a focus point in a RA is done by
the phase calculation of each of the unit cells. Apart from a
planar reflector design, RA needs a suitable source, usually a
horn antenna, that can provide the desired performance.
This section covers the basic elements of RA design, that
are, mathematical calculations of desired phase, design of
horn antenna, as well as the periodic reflector design.

3.1. Element Phase Distribution in an Array. The phase dis-
tribution on the RA aperture is fundamentally pixelated
which is essentially the progressive phase to the aperture,
and is given by,

‘/’n:Ri:\/(((xi‘xf)+()’i‘)’f)+zf))- (1)

The Equation (1) is vital in the design of RA antennas,
with ¢, is a phase constant, indicating that a relative phase is
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FiGure 3: (a) Reflection loss and reflection phase at 28 GHz, (b) progressive reflection phase, (c) progressive reflection loss (dB), and (d)

progressive reflection phase vs. length of patch.

needed for the RA elements. In RA design, each unit cell is
positioned at an individual coordinate (x;, x¢, 0) on the array
surface, which indicates the distance from the feed source
located at (x;, xf, z) to the i"™ unit cell. The distance influ-
ences the phase delay encountered by the wave as it travels
from the feed source to the unit cell. To achieve a coherent

reflected wavefront in the intended direction, the phase shift
introduced by each unit cell must be modified to account for
the path difference R;. Systematic calculation of R; for all unit
cells allows for the application of the essential phase correction
to align reflected waves, thereby facilitating efficient beam-
forming and improving antenna gain. This equation is crucial
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TasLE 1: Dimension of frequency switchable I-shaped unit cell of reflectarray antenna.
Substrate (mm) Patch (mm) Slot horizontal upper and Center slot horizontal Center slot vertical
lower (mm) (mm) (mm)

Length Width Length ~ Width Length Width Length Width Length Width
L W L, W, L spup W shup L csu W csu L csv W csv
Lambda/2 Lambda/2 L, W, L ,/2x0.60 W,/2x030 L /2%x0.30 W ,x0.25 W, x0.1 L ,x0.386
535 5.35 3.13 3.01 0.45 2.24 0.75 0.94 0.60 2.44
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FIGURE 4: The phase map was obtained at 28 GHz of RA. (a) 21 X 21 elements, (b) 31 X 31 elements, and (c) 41 X 41 elements.

for adjusting the phase response of unit cells and enhancing
the overall performance of the RA. The phase map of 21 X 21
(102), 31x 31 (15A) and 41x 41 (201) is calculated by using
Equation (1), shown in Figure 4a—c, respectively. It can be
observed form Figure 4 that as the number of elements in the
arrays is increased, the phase distribution becomes more
focused which will provide better results in terms of gain as
expected. However, increasing the size of array will add up the
cost in terms of simulation resources as well as fabrication

using high quality materials. Therefore, in this work 21x 21
element array has been used using the required phase distri-
bution achieved by Equation (1).

3.2. Feed/Horn Antenna Design. The design and performance
of RA antennas depend critically on the feed horn antenna
especially in mm-wave applications. The feed horn’s design
must also consider the limited beamwidth and high directed
gain needed at mm-wave frequencies, where system losses
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FIGURE 5: Pyramidal horn antenna (a) Perspective and back view with dimensions, (b) Return loss, and (c) far-field 1-D Cartesian plot at 28

GHz.

and ambient attenuation can dramatically affect perfor-
mance. Thus, maximizing the general efficiency and func-
tionality of the mm-wave RA antenna system depends on
careful evaluation of the design of the feed horn including its
geometry, size, and connection with the RA elements. In this
work, a standard pyramidal horn antenna has been used and
simulated using CST MWS to operate within the desired
frequency range of 22-34 GHz.

Figure 5a shows the design with labeled dimensions of
the proposed horn antenna for the RA while Figure 5b,c
provides the return loss and radiation pattern of the design
horn, respectively. It can be observed from the results that
throughout the desired frequency range, the return loss con-
stantly stays below —20dB level which is good enough for
this design. Moreover, the horn antenna provides a peak gain
of 18.38 dB at the desired frequency of 28 GHz. These results
satisty the requirements of the proposed RA antenna design
and hence this horn antenna can be used as the feed.

3.3. Periodic RA Antenna Design 21 x 21 Elements. In order
to construct a periodic RA antenna, 21 X 21 resonant element
array was designed on 0.28 mm thick Taconic TLY 3FF dielec-
tric substrate using the required phase distribution as
explained above. The interelement spacing was optimized to
be kept constant at 0.54, as in the case of unit cells, which
made the total size of the array to be 10Ax 104 (118 mm X
118 mm). The proposed horn antenna is used as a center feed
and was placed above the RA at a distance equal to the maxi-
mum RA dimension (/D =1). In order to avoid the complex-
ities involved with off-set feed horn, the designed RA was

tilted to an angle of #7=10" in the XZ plane as shown in
Figure 6. The tilting of the RA facilitated to focus the main
beam ideally at 20° away from the center avoiding any chances
of potential feed horn blockage of the reflected wave. Figure 6
shows the complete topology of the proposed RA antenna.

4. Optimization of the Proposed Design

By using f/D ratios of 0.9 and 1.1 in this work of RA antenna
in design provides basis for performance optimization. Usu-
ally with an f/D ratio of 0.9, a bigger beam is generated which
can be helpful in applications requiring wider coverage but
may also have considerably reduced gain and probable phase
alignment problems. On the other hand, an f/D ratio of 1.1
favors a smaller beam and higher directivity, hence boosting
gain and tightening energy focus.

Figures 7 and 8show the electromagnetic analysis carried
out for the proposed RA antenna using CST MWS. It can be
observed from the Figures 7a and 8a that the surface currents
demonstrate maximum value at an off-set of 20" as set up
earlier by tilting the array to 10°, which validates the applied
concept. It can also be observed that the surface currents are
more focused in the case of f/D ration of 0.9 as compared to f/
D ratio of 1.1. This observation is also evident from the 2D and
3D radiation pattern curves shown in Figures 7¢,d and 8c,d,
respectively, where the reflected beam is more focused for
0.91/D, presenting a better radiation pattern and higher gain.

Figures 7b and 8b present the near field radiation of the
proposed antenna. It can be observed from the results that that
the beam generated by the feed horn antenna produces a
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FiGURE 7: Electromagnetic analysis of a reflectarray antenna operating at 28 GHz with an f/D ratio of 0.9 (a) surface current distribution, (b)
near-field phase distribution pattern, (c) 2D far-field radiation pattern, and (d) 3D far-field radiation pattern.

spherical beam which is converted into a planar wave front
beyond the horn after reflection from the planar reflector. This
phenomenon also validates the theoretical understanding of
the RA antenna which is required to produce a planar wave in
the far-field region.

Figure 9, depicts the far-field radiation of RA antenna
obtained at 28 GHz for different f/D ratios in order to fur-
ther optimize the radiated beam characteristics. It can be

observed form Figure 9 that, for an f/D ratio of 0.9, the
radiated beam provides a gain of 21.4dB at an angle of
19" while increasing f/D to 1.1 declined the gain slightly
to 19.7dB at 20°. Moreover, the side lobe levels in both
cases are observed to be around 10dB, which can poten-
tially be caused by the tilt introduced in the planar reflector
and may further be progressed by improving the phase
distribution accurately.
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FiGure 8: Electromagnetic analysis of a reflectarray antenna operating at 28 GHz with an f/D ratio of 1.1 (a) surface current distribution, (b)

near-field phase distribution pattern, (c) 2D far-field radiation pattern, and (d) 3D far-field radiation pattern.
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parameters results.

5. Measurements and Comparison

The proposed unit cells were fabricated on Taconic TLY 3F
substrate in order to verify the simulated results. Figure 11a
shows the two element unit cells that have been fabricated for
the verification of simulated results. 2 X 1 element RA unit
cells were fabricated primarily to include the effect of mutual
coupling during measurements. The measurement setup is
also shown in Figure 11b, where a metallic waveguide was
used for the scattering parameter measurements.

Figure 11c provides a comparison between the simulated
and measured reflection phase results for different lengths of
patch element unit cells. It can be observed from Figure 7
that the simulated and measured results demonstrate a very
close agreement apart from some slight glitches in the mea-
sured results that are caused by the noise introduced by the
measurement setup. Moreover, for all the patch lengths (L),
the phase range is almost similar for simulations and mea-
surements. The results verify the authenticity of the simula-
tions and hence these elements have been considered suitable
for the design of periodic array design.

Periodic RAs as explained in Section 3 were also fabri-
cated. Figure 12a illustrates the fabricated prototypes of the
proposed RA antenna, demonstrating a circular aperture car-
rying 357 unit cells. To facilitate experimental evaluation, the
fabricated RA was mounted on a custom-designed 3D-printed
acrylic stand, which was specifically engineered to allow fine
adjustments of the f/D ratio and the overall tilt angle of the RA
surface. Such mechanical flexibility ensured accurate align-
ment during measurements and enabled validation under
conditions consistent with the proposed design specifications.

Far-field radiation measurements were performed to ver-
ify the simulated results using a compact antenna test range
(CATR) facility, which provides a controlled environment
for high-frequency antenna characterization. Figure 12b
presents the measurement setup, where the RA antenna
under test (AUT) was excited and its reflected signal was
captured by a calibrated probe antenna positioned at the

quiet zone of the CATR. A metallic reflective plate was stra-
tegically positioned within the measurement path to extend
the effective separation between the AUT and the probe
antenna, thereby ensuring compliance with the far-field cri-
terion required for accurate pattern measurements. This
arrangement effectively minimized near-field interactions
and environmental scattering, enabling reliable validation
of the simulated performance for both vertical and horizon-
tal strip configurations.

Figure 12¢ demonstrates a comparison between simulated
and measured radiation patterns of the proposed antenna. A
close agreement between simulated and measured results can
be observed in both cases where the maximum gain is observed
to be around 21.4 dB with side lobes around 10 dB level. The
main beam is also directed as per expectations to 19" while the
cross-polar levels are at least 20 dB below the main beam.

Figure 13, illustrates the bandwidth performance of the
designed RA antenna over 22-34 GHz for two focal-to-diame-
ter ratios, f//D=0.9 and f/D=1.1. In terms of peak gain, the
design achieves 21.4dBi at f/D=0.9 and 19.7 dBi at f/D=1.1,
maintaining relatively stable performance across the band. The
1-dB bandwidth is 16.9% at f/D=0.9% and 23.21% at f/D=1.1,
indicating that the latter configuration provides a broader oper-
ational range and better frequency stability. Compared with
previous studies, the proposed design provides 3.4/3.9 dB
gain improvement with gains of about 20.7 dBi around 29 GHz.

Various RA antenna design presented in Table 2, dem-
onstrated that the proposed design configurations, exhibits
notable improvements in performance as compared to the
previous studies. The design exhibits a gain of 21.4 dBi at
f/D=0.9 and 19.7 dBi at f/D=1.1, as seen in Figure 12, sur-
passing [33], 3.4/3.9 dBi at 28/38 GHz and competing effec-
tively with [30], 20.7 dBi at 29 GHz and [32], 20.2dBi at
24 GHz. The 1-dB bandwidth is 16.9 % at f/D=0.9% and
23.21% at f/D=1.1, which, is higher than many other
researches and remains appropriate for practical applica-
tions. This design’s primary distinguishing characteristic
is its capacity for a 19" beam scan, providing a notable
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FIGURE 12: (a) Fabricated reflectarray antenna, (b) measurement setup for the reflectarray antenna in a compact chamber, and (c) comparison

of simulated and measured results.
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FiGure 13: Bandwidth of designed RRA.

advantage over fixed-beam systems such as [30] and [31].
The results highlight the design’s applicability for mm-wave
applications, especially in 5G communications and satellite

systems, where high gain, beam steering, and compact per-
formance are essential. The suggested RA antenna constitu-
tes a significant advancement in the area, harmonizing
performance, functionality, and practicality.

6. Conclusion

The suggested RA antenna design, incorporating a rectan-
gular patch with embedded slots forming an I-shape,
exhibits notable improvements in bandwidth and perfor-
mance. The investigation indicates that augmenting the
f/D ratio from 0.9 to 1.1 enhances bandwidth from 16.9%
to 23.21%, owing to improved phase distribution and
diminished near-field effects. The novel I-shaped slot design
enhances phase tuning, impedance matching, and aperture
efficiency, while modifying surface current distribution for
increased bandwidth and consistent gain. This concept sur-
passes traditional methods, rendering it a viable option for
wideband applications like 5G and satellite systems, where
high-frequency performance and adaptability are essential.
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TasLE 2: Performance comparison of the proposed technique with some relevant designs in literature.

Frequency . . . Gain .
Reference (GHz) Design shape Design configuration (dB) BW (%) Array size
30] 29 Meta surface N | 24 20.7 140
| elements
. T e 252/ 13.6/
) !

[31] 26 Rec. patch/cir. patch \ Di 36,45 131 20 X 20
[32] 24 Circular ring - 20.2 16.7 10 X 10
(33] 28/38 H shaped EE 21/25  3.4/39 3x11
[34] 26 Circular ring T @ 26.47 13.1 20X 20

. . 16.9/ 357
This work 28 Rect. patch with I-shaped slot E 21.4 2391 clements
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