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Abstract

This paper introduces a compact, low-profile, low-loss, all-metal reflectarray antenna operating at 2.45 GHz. It
features a novel unit cell with a triple split-ring slot configuration, where the reflection phase is controlled by
adjusting sector angles. The design is etched onto a single metal plate, eliminating dielectric substrates and their
losses. The 9%9 array, with a 540 X 540 mm? aperture and a height of 0.1225X (15 mm), includes rim metallic
walls to boost gain and radiation performance. A center-fed TE:o rectangular waveguide at a 335 mm focal dis-
tance illuminates the array, directing the main beam at broadside. Full-wave simulations show a 21.1 dB gain,
52.3% aperture efficiency, —14.6 dB sidelobe level, and 7.8% 3-dB gain bandwidth. Compared to dielectric-
based reflectarrays, this metal-only design offers lower loss, higher radiation efficiency, and a compact manufac-
turable structure. Its robust construction enhances power-handling and thermal stability, making it ideal for high-

power applications like wireless power transfer.
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1. Introduction

Reflectarray antennas are gaining attention due
to their ability to combine the advantages of both
reflectors and phased arrays, offering high gain,
beam-shaping capabilities, and cost-effective im-
plementation. Traditional reflectarrays rely on die-
lectric substrates, but metal-only reflectarrays
eliminate the need for such materials, reducing
weight and improving thermal stability. Recent
advances in Reflectarray antenna technology have
introduced innovative solutions tailored for Ka-
band and millimeter-wave applications. In study
[1], a reflectarray using patch elements with posi-
tion-adjustable metallic vias achieves full 360°
phase control through via placement, enabling pre-
cise beam shaping for high-frequency operation.
Work [2] demonstrates circular polarization using
a low-profile, single-layer structure with optimized
geometries of dissimilar elements, achieving high
gain and robust axial ratio performance suitable for
satellite systems. Complementing this, [3] presents
a single-layer configuration supporting both circu-
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lar polarization and efficient beam scanning while
maintaining structural robustness.

For dielectric-based approaches, [4] features an
element with two dielectric resonator sizes and
variable slot loading, achieving full 360° phase
coverage and approximately 10% gain-flatness
bandwidth, particularly effective in offset-fed con-
figurations. Additionally, research in millimeter-
wave transmitarrays [5] shows advanced progress
in high-frequency beamforming substrates, indicat-
ing broader trends in structured-metal systems.

However, many existing designs involve com-
plex multi-element structures or retain dielectric
materials, which can introduce losses and limit
power handling. A simpler, all-metal design that
retains precise phase tuning capabilities is there-
fore highly desirable for high-power applications.
To address this need, this paper presents a novel
metal-only reflectarray (MORA) employing triple
split-ring slot cells. The design's innovation lies in
its unique geometry and unified architecture,
where reflection phase is controlled by varying
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sector angles within each cell. This approach elim-
inates dielectric substrates and complex intercon-
nects. Fabricated as a single etched copper plate
over an air spacer, the design achieves a unified
structure offering mechanical robustness and min-
imal loss. Optimized for S-band applications, this
low-profile architecture combines excellent ther-
mal stability and power handling with precise
phase control, demonstrating high efficiency suita-
ble for demanding applications like wireless power
transfer.

2. Unit Cell Design & Analysis

The unit cell configuration, as illustrated in Fig.
1, comprises three split ring slots carved on a cop-
per sheet with 1 mm thickness, where the phase
response is primarily governed by the slot sector

L

—
-
«

phasing layer

Air Ih

Ground

——

Fig. 1 Geometry of the proposed metal-only triple
split-ring slot etched in a copper sheet unit cell.
The blue region denotes copper.

Table 1 Geometrical Parameters of the Proposed
Element

Parameter Description Value

L Element spacing 60 mm
a Sector angle range 1°-100°
t Copper thickness 1 mm
R1 Inner radius 13 mm
R2 middle radius 20.5 mm
R3 outer radius 28 mm
S Slot width 3 mm
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Fig. 2 Simulated phase and amplitude responses of
the reflectarray unit cell.
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Fig. 3 Equivalent Circuit model for the unit cell
angles that modulate the phase shift across the
aperture. An air layer thickness of 15 mm has been
chosen to strike a balance between phase stability
and a compact profile, while a periodic element
spacing of 60 mm with height of 0.1225A contrib-
utes to its low-profile design. Notably, the magni-
tude response does not exceed —0.12 dB, indicating
low losses in the structure and efficient reflection
characteristics over the operating band. The phase
control mechanism is achieved by adjusting the
slot sector angles, as shown in Fig. 2. This ap-
proach enables flexible phase tuning without rely-
ing on dielectric loading or multilayer structures.
The design was optimized to achieve a near-linear
phase response, low loss, and a compact form fac-
tor with a cell spacing of 60 mm (~A/2) to suppress
grating
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Fig. 4 Comparison between periodic boundary
condition (PBC) method and circuit model meth-
od: (a) magnitude response, (b) phase response at
certain angle
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lobes. Table 1 summarizes the key geometrical
dimensions of the unit cell, including slot radius,
slot width, and other critical parameters

3. Equivalent Circuit Modeling
To validate the electromagnetic behavior of the
unit cell, an equivalent circuit model was devel-
oped, as shown in Fig. 3. This model offers a sim-
plified analytical representation while providing
good insight into the physical characteristics of the
element. Following the element analysis method
in [6]
,the unit cell was analyzed using both the Periodic
Boundary Condition (PBC) method and the circuit
model approach. As shown in Fig. 4, both methods
yield closely matching results in terms of magni-
tude and phase response at a specific incident an-
gle. However, slight discrepancies are observed,
primarily attributable to inherent limitations of the
circuit model. The lumped-element approximation
neglects distributed electromagnetic effects, while
the assumption of infinite periodicity in the model
does not account for mutual coupling variations
and edge effects present in practical finite arrays.
Furthermore, higher-order modes excited by the
split-ring slots are not captured in the simplified
circuit representation. Despite these limitations,
the overall trend remains consistent, confirming
the accuracy and reliability of the proposed design
for preliminary analysis. This dual approach en-
sures coherence between full-wave simulations
and circuit-level predictions, while highlighting
the importance of full-wave simulation for final
validation of the unit cell performance in reflectar-
ray applications.
4. Reflectarray Antenna Design and simulation
The proposed metal-only reflectarray is de-
signed with an aperture size of 540 x 540 mm,
comprising a 9x9 element array, and utilizing a
center-fed configuration with the feed positioned
335 mm above the aperture as shown in Fig.
5. This feed distance creates an amplitude taper of
approximately -10 dB at the aperture edges, ensur-
ing optimal illumination efficiency while minimiz-
ing spillover losses.
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Fig. 5 Center feed configuration of proposed re-
flectarray
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Fig. 6 Reflectarray cells phase distribution.

An integral feature of the design is the electrical
wall connecting the element layer to the ground
layer. This wall enhances gain by reducing surface
wave losses and suppressing unwanted reflections
through improved electromagnetic confinement at
the array boundaries. The wall structure minimizes
edge diffraction effects and improves current dis-
tribution uniformity, ultimately enhancing radia-
tion efficiency, directivity, and phase coherence
across the aperture while maintaining a low-
profile.

The required phase distribution for each unit
cell is calculated using the conventional path com-
pensation equation [6]:

O(xi, ¥i) = ko(R; — (x; cos(gg) + y; sin(¢g))sin (64)) (1)

where @(x;, y;) is the required reflection phase for
the unit cell at position (x;,y;), k, is the free-
space wave number, R; is the distance between
feeder phase center and unit cell, and (6,4, ¢4) is
the beam

direction in elevation and azimuth, respectively.
Fig. 6 presents the phase distribution required for
each cell, illustrating how the calculated phase
response compensates for the different optical path
lengths from the feed to ensure coherent beam-
forming at 2.45 GHz.

To verify the performance of the reflectarray,
full-wave simulations were conducted using both
the time-domain (TD) and frequency-domain (FD)
solvers in CST Studio Suite. This dual-solver ap-
proach ensures comprehensive electromagnetic
analysis and allows cross-validation of key per-
formance parameters. The reflection coefficient
(S11) results obtained from both solvers are shown
in Fig. 7, demonstrating close agreement across the
operational frequency range. Both the time-domain
and frequency-domain solvers predict similar res-
onance behavior and return loss characteristics,
indicating
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Fig. 8 Simulated radiation pattern at 2.45 GHz, E-
plane (phi = 0), H-plane (phi = 90) for time-
domain solver and frequency-domain solver

proper impedance matching and validating the stabil-
ity of the design under different solver techniques.

The reflectarray was analyzed using full-wave
simulations, achieving a realized gain of 21.1 dB,
aperture efficiency of 52.3%, and a 3-dB gain
bandwidth of 7.8% at 2.45 GHz. As shown in
Fig. 8, the simulated .radiation patterns for both
E-plane and H-plane exhibit a beamwidth of 11.7°
and a sidelobe level of 14.6 dB, with strong
agreement between the time-domain and frequen-
cy-domain solvers.

The consistency across gain, reflection coeffi-
cient, and radiation pattern confirms the accuracy
and reliability of the proposed design.

The realized gain obtained from both solvers is
presented in Fig. 9, showing good overall agree-
ment across the frequency band. However, a slight
difference is observed in the peak gain frequency,
which occurs at 2.475 GHz for the frequency-
domain solver and at 245 GHz for the time-
domain solver. This variation is attributed to the
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inherent differences in solver algorithms and
meshing techniques. Despite this shift, the con-
sistency in gain magnitude and bandwidth con-
firms the reliability of the design across both simu-
lation methods. The gain-vs-frequency response is
shown in Fig. 10, while aperture efficiency versus
frequency is plotted in Fig. 11 and shows maxi-
mum aperture efficiency about 56.3% at 2.475
GHz using FD solver.

Finally, the comparison in Table 2 highlights the
strengths and trade-offs of the proposed metal-only
Reflectarray. Operating at 2.45 GHz, it achieves a
high aperture efficiency of 52.3%, surpassing [7],
[9] and [10], with a compact unit cell height of
0.1225)0 smaller than [7], [8] and [10]. Despite a
narrower 3-dB gain bandwidth of 7.8%, the design
benefits from low unit loss (0.1 dB), ensuring min-
imal insertion losses. This makes the Reflectarray
a compact, efficient, and low-cost solution such as
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Fig. 10 Simulated and realized gain within the
frequency band of interest using frequency-domain
solver
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band of interest.
satellite systems and radar, and high-power appli-
cations wireless power transfer
Table 2 Comparison with Previous Works on Met-
al-Only Reflectarray
This [7] (81 [91 [10]
work
Center fre-
quency (GHz) 2.45 125 125 125 20

Gain (dB) 21.1 259 339 325 302

Aperture size

Aperture effi- = 5) 3 446 538 39 493

ciency (%)

Ce“(/ll{‘;lght 0.1225 0173 0.17 008 04
0

441 666 215 215 13
()

Unitloss (dB) 0.1 0.5 0.1 042 -

3-dB Gain

7.8 20 128 83 175

Bandwidth (%)

6. Conclusion

This paper presents a compact, metal-only reflec-
tarray antenna utilizing a triple split-ring slot unit
cell, optimized for high-gain and low-profile ap-
plications. An integrated electrical wall minimizes
surface wave losses, boosting radiation efficiency
and gain. Performance was assessed using time-
domain and frequency-domain solvers, with con-
sistent results for gain, reflection coefficient, and
radiation patterns. At 2.45 GHz, the antenna
achieves a peak gain of 21.1 dB, a sidelobe level
of —14.6 dB, and an aperture efficiency of 52.3%,
validating the design’s effectiveness. An equivalent
circuit model was developed to analytically con-
firm the unit cell’s behavior, aligning well with

full-wave simulations. These results highlight the
reflectarray’s suitability for efficient, broadband,
and thermally stable operation in modern commu-
nication ,radar systems and high-power applica-
tion, particularly wireless power transfer.
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