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Circular-Polarized Metal-Only Reflectarray
With Multi-Slot Elements

Kendrick Q. Henderson , Student Member, IEEE, and Nima Ghalichechian , Senior Member, IEEE

Abstract— A circular-polarized metal-only reflectarray oper-
ating at 20 GHz is reported in this article. The reflectarray
uses a novel multi-slot element that supports both left-hand
and right-hand circular polarization for applications such as
satellite communication. The element maintains a full phase
coverage of 360◦ for both polarizations over a wide bandwidth
spanning from 18 to 24 GHz (30%). Moreover, the square slot
of the element allows the antenna to maintain a low axial ratio
(<2 dB) over a large bandwidth. As a result, the 3-dB axial
ratio bandwidth far exceeds the 1 and 3 dB gain bandwidths.
The maximum simulated loss introduced by the reflectarray
element was 0.9 dB at 24 GHz. The measured gain of the
fabricated 20λ0 diameter (300 mm) reflectarray was 31.4 dB with
a 1 and 3 dB gain-bandwidth of 6.8% and 10.1%, respectively,
for each polarization. Measurement results illustrate excellent
agreement with simulation. This reflectarray, which supports
both polarizations, has both a polarization diversity and an
increased bandwidth for satellite applications.

Index Terms— Circular polarized, dual-polarization,
metal-only, reflectarray, slot.

I. INTRODUCTION

REFLECTARRAYS combine the favorable features of
both parabolic reflectors and phased array antennas, with

the desirable features of high efficiency, high gain, low profile,
low weight, and simplicity of the design incorporated within.
These electrical and mechanical characteristics make them
an excellent candidate for satellite communication and direct
broadcasting services (DBSs) [1], [2]. Traditional microstrip
technology is used to create reflectarrays, with the patch
antenna array printed onto a low loss dielectric substrate.
As the aperture of a reflectarray can be quite large, both in
terms of wavelength and physically, the substrate can make the
design prohibitively expensive. In addition, the introduction of
dielectric material into a harsh space environment can lead to
a decrease in antenna performance [3]. To prevent radiation
and thermal stresses on the antenna, a radome can be used at
the expense of the increase in weight, height, and cost.
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To circumvent these problems, a metal-only reflectarray is
a superior alternative for satellite communication and DBS.
Metal-only reflectarrays completely remove the dielectric sub-
strate from the antenna, the elements of which are machined
into a high strength and corrosive-resistant metal sheet such as
stainless steel or aluminum [4], [5]. The use of a metal-block
element with an adjustable height is another also effective
method, through which the reflectarray element achieves a
full 360◦ of phase coverage [6]. Unfortunately, the design is
heavier with a thicker profile as compared to planar arrays.
Another example used a concept similar to a tunable height
metal-block [7]. Rather than changing the block height, a rec-
tangular groove is cut into the block at a variable height.
Although the method did yield full phase coverage with
reduced weight, the large design profile of the design was
still a major drawback.

Currently, very little research has been undertaken in terms
of fabricating metal-only reflectarrays, with most of the lit-
erature focusing on slot-based elements with very limited
phase coverage, typically less than 300◦ [4]. Although the
reflectarray elements of [5], [8], [9] overcame this limitation
by an increase in the phase coverage to a full 360,◦ it was
effective only for linear polarizations. Therefore, the failure
of these designs to support circular polarization greatly limits
their use in both satellite communication and DBS.

Circular polarization is used for both polarization diversity
and to reduce the effect of the earth’s atmosphere on the
communication link. In a linear-polarized system, the antenna
must maintain alignment between the receiver and transmitter
to maintain an acceptable signal level. This is less of a problem
for a circularly polarized antenna as the power received by
the antenna does not depend on the orientation. Although the
reflectarray element in [10] was a circular polarized metal-
only element, it exhibited an unstable phase response over the
proposed bandwidth of 14.5–16.75 GHz (14.4%) that ranged
from 320◦ to 402◦. The limited number of metal-only reflect
arrays available that are circular polarized has thus required
the incorporation of a dielectric substrate to support the tradi-
tional patch elements for circular polarization. Unfortunately,
increases in costs, complexity, sources of failure, and antenna
loss have been the result.

In this article, the authors propose a multi-slot element
that has both 360◦ of phase coverage, over the entire band-
width of 18–24 GHz (30%), and is circularly polarized. The
element supports both left-hand circular polarization (LHCP)
and right-hand circular polarization (RHCP) as previously
reported in our preliminary design [11]. This new type of

0018-926X © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: The Ohio State University. Downloaded on October 22,2020 at 19:37:36 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-2070-9864
https://orcid.org/0000-0002-8361-925X


6696 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 68, NO. 9, SEPTEMBER 2020

Fig. 1. Overview of the top layer of the circularly polarized reflectarray with
multi-slot elements.

multi-slot element design, which allows the antenna to support
either LHCP, RHCP, or both, to potentially double the usable
bandwidth for the communication system. Fig. 1 shows the
top surface of the proposed array with the aforementioned slot
elements.

Section II details the design and analysis of the unit element.
Section III details the simulation of a 20λo diameter finite
reflectarray using an array theory in which the phase map is
calculated at the operating frequency of 20 GHz. A full-wave
model of a reflectarray with the novel multi-slot element was
constructed to determine the reflectarray properties such as
gain and axial ratio. The results of that effort are reported
in Section IV. The simulated reflectarray was subsequently
fabricated to verify this design, with the measurement results
discussed in Section VI. A comparison between the results
of the simulated design, fabricated design, and other work on
the topic is presented in Section VII. Finally, in Section VIII,
a conclusion is provided.

II. UNIT CELL DESIGN AND ANALYSIS

The design of the metal-only reflectarray element must
support both LHCP and RHCP while maintaining full phase
coverage of 360◦ over the desired bandwidth. This means
the axial ratio of the antenna must be low—typically well
below 3 dB—for the desired bandwidth as well. Although the
analysis conducted by Wenxing et al. [4] shows that square
slot can support both LHCP and RHCP, the element has no
phase coverage. This absence of phase coverage is due to the
inherent wideband structure of this square slot rather than a
sharp resonance near its design frequency. Therefore, the slot
never reaches a point of resonance without extending pass the
bounds of the unit cell [1]. To preserve the polarization of the
square slot and extend the phase range, this article introduces
additional slots—with variable length—at the four corners of
the center square slot. Hence, this formation introduces a
resonance near the desired operating frequency. As shown later
in this section, the element operates over the wide bandwidth
of 18–24 GHz (30%) and supports both LHCP and RHCP.

Fig. 2. (a) Top view of the element showing the center square slot and the
adjustable straight slots on its corners. (b) Side view of the element showing
the top surface and the ground layer (yellow represents metal).

TABLE I

GEOMETRY OF THE PROPOSED METAL-ONLY ELEMENT

Despite the added electromagnetic functionality provided by
the addition of the four corner slots, the fabrication of the
array remains relatively simple.

The proposed multi-slot element is shown in Fig. 2. As illus-
trated in Fig. 2(a), the element consists of a square slot at
the center of the unit cell and four L-slots, each of which
is composed of two connected straight slots of different
physical lengths with each L-slot of equal electrical length.
The length of the L-slots is adjusted to tune the phase of the
element, the geometry of which is shown in Table I. These
parameters, which are for a designed frequency of 20 GHz,
are configurable to other frequencies if needed. While the
center-slot element size is kept constant, both L1 and L2

of the corner slots are exploited for changing the phase of
the elements. The selected spacing between the elements CL

was 7.5 mm or 0.5λo, with λo representing the free-space
wavelength at 20 GHz. The selected width of the straight
slots, SW , was 0.45 mm for ease of fabrication. The metal
of choice was stainless steel, a commonly used sheet metal,
with a thickness of 0.529 mm (0.020 in). It is a commodity of
choice in terms of availability, cost, mechanical and chemical
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Fig. 3. Reflected phase of the spiral slot element as a function of slot
lengths L1 and L2. The separation h of the element was changed to analyze
the element’s susceptibility to manufacturing tolerance.

Fig. 4. Reflected phase of the spiral slot element as a function of slot lengths
L1 and L2. The phase of the element was scanned over frequency.

properties, mechanical strength for structural support, and
resistance to chemical corrosion. The conductivity used during
the simulation of the infinite array was 7.69 × 106 S/m with
an infinite array used to account for the mutual coupling
between adjacent elements. CST Microwave Studio was used
to simulate the unit cell and resulting finite array of this article.
Later in Section IV, we will discuss the full-wave simulation
of the entire array composed of 1256 elements.

To determine the air gap distance between the two metals,
an analysis was performed to determine the sensitivity of the
phase response of the element to the air gap distance. In Fig. 3,
L1 and L2 were varied as the height of the reflectarray element
was changed. As the air gap distance increased, the steepness
of the phase curve decreased, at which point the phase curve
approached asymptote. The results thus informed the selection
of a 4 mm air gap distance to the reduce phase error during
fabrication and to keep the profile of the antenna small.

Once h was determined, the phase response and magnitude
of the reflection coefficient was simulated over 18–24 GHz.
In Fig. 4, the phase response is a full 360◦ over the wide
bandwidth with parallel phase curves. Fig. 5 shows the
reflection coefficient (S11) for the stainless-steel reflectarray
element. The minimum value of −0.9 dB occurred at 24 GHz.

Fig. 5. Reflection coefficient of the spiral slot element as a function of
slot lengths L1 and L2. The phase of the element was again scanned over
frequency.

Fig. 6. Reflected phase of the spiral slot element as a function of slot lengths
L1 and L2. The element was excited with both LHCP and RHCP waves. The
phase response of both match so the element supports both.

Although small, it is possible to reduce this loss with a
higher conductivity material such as copper or aluminum over
stainless steel.

An important metric for our design is the ability to support
both LHCP and RHCP. In another simulation (as detailed
in Fig. 6), the element was excited with both LHCP and RHCP
waves. Note that the reflected phase curves of the polarizations
align completely with each other, indicating that our unique
element shape supports both polarizations with no difference
in their respective reflected phase.

To gain greater insight as to how the element supports both
polarizations, the electric field within the slots are simulated
and analyzed. In Fig. 7, the electric field is shown over the full
phase cycle. The arrows of the plot indicate the direction of the
electric field as the phase progress from 0◦ to 270◦. The L-slots
are excited by the vertical and horizontal components of the
incident electric field. As the phase progresses, the maximum
point of excitation switches between the vertical and horizontal
slots. Note that the square slot allows the electric field to
switch between the set of L-slots while maintaining a low axial
ratio. The field lines along the edge of the square slot show
that the reflected field moves along the edge to the other pair
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Fig. 7. Simulated electric field inside the spiral slot as it progresses over
phase. The electric field phase changes from (a) 0◦, (b) 90◦, (c) 180◦ , to
(d) 270◦.

Fig. 8. Reflected phase of the spiral slot element as a function of slot lengths
L1 and L2. The phase response of the element shows very little change with
an increase in incident angle.

of L-slots for the other axis. A low axial ratio is possible as
the transition between each axis is gradual rather than sharp,
which is very different from the sharp transition caused by
either the cross or the multi-slot element previously [10]. Since
a circularly polarized field is the summation of two linear
polarized fields, the field distribution on the element’s surface
will be the same for the other circular as it is in Fig. 7. The
proposed unit cell takes advantage of the nature of circularly
polarized fields.

The observed stable phase curve over wide incident angel
in the reflectarray element is an important metric as the size of
the reflectarray determines the largest incident angle for the
edge elements. As indicated by the maximum angle of 60◦
in the phase curve in Fig. 8, the element shows very little
variation as a function of the incident angle.

III. REFLECTARRAY DESIGN

Upon analysis of the parameters and metrics of the unit
cell, a fixed-beam reflectarray was designed to evaluate the

Fig. 9. Required reflected phase of the unit cells to create a beam that is
normal to the reflectarray with the requirements in Table II.

performance of the unit cell within a finite array. It was
then possible to use this simulation to determine the resulting
gain, bandwidth, axial ratio, and efficiency using the reflection
coefficient of the unit cell.

The reflectarray was designed with an offset conical feed
horn of 15◦ to avoid feed blockage. This feed horn, used to
excite the circularly polarized waveforms, was modeled via a
cosqθ function with the q value of 13.5. This result correlates
to the 30◦ beamwidth of the test feed horn for the reflectarray.
The beam pattern for the offset horn was used to calculate
the feed-to-diameter ratio of the reflectarray for maximum
theoretical efficiency, which was determined by comparing
the surface illumination and spillover efficiencies from the
horn relative to the aperture size [12], [13]. The selected feed-
to-diameter ratio was 0.94, which correlates to an efficiency
of 73%. The feed-to-diameter ratio and offset angle resulted
in an (x, y, z) phase location of (0, 84.3, and 314.9 mm),
respectively.

To build a beam with an angle normal to the reflectarray
surface, the phase of each element was determined using the
well-known array theory. The feed horn illuminates the surface
of the reflectarray with a magnitude and phase gradient. The
reflectarray elements must introduce a phase change to create
and direct the desired beam [14]–[17]. The following equation
shows the phase that each element must introduce to create a
narrow-steered beam

ϕmn = k0(dmn − (xmn cos ϕ + ymn sin ϕ) sin θ). (1)

The parameters used in the equation are the propaga-
tion constant of free space (k0), the distance between the
feed horn’s phase center (dmn) and the unit cell, the dis-
tance between the unit cell and the coordinate origin of
the reflectarray (xmn, ymn), and the desired beam direction
(ϕ,θ). The calculated phases of the reflectarray elements are
shown in the contour of Fig. 9. These phases are com-
bined with the illumination taper (Imn) and spatial delay
of the feed horn in (2) to find calculate the resulting

Authorized licensed use limited to: The Ohio State University. Downloaded on October 22,2020 at 19:37:36 UTC from IEEE Xplore.  Restrictions apply. 



HENDERSON AND GHALICHECHIAN: CIRCULAR-POLARIZED METAL-ONLY REFLECTARRAY WITH MULTI-SLOT ELEMENTS 6699

TABLE II

PARAMETERS OF FINITE REFLECTARRAY

radiation

E(θ, ϕ) =
M∑

m=1

N∑
n=1

Imn × e− jk(|rmn−r f |−rmn∗û)e jϕmn . (2)

The horn of the reflectarray is on the right side of the plot
at the middle of the x-axis. The key design parameters are
shown in Table II.

IV. FULL WAVE REFLECTARRAY SIMULATION

The full-wave CST Microwave Studio software was used
for the reflectarray simulation with the integral solver for the
design simulation. Since the reflectarray contains 1256 individ-
ual elements with different geometries, in-house automation
software was used to create the 20λo reflectarray geometry
in CST. This software uses the parameters from Table I,
the 20 GHz phase curve from Fig. 4, and the calculated
phase map of Fig. 9. Combining this information allows the
software to know the required individual slot length at each
unit cell to reflect the incident field with the correct phase
shift [18]. The reflectarray was then imported onto a dedicated
simulation server, as the electrically large 20λo reflectarray is
computationally intensive.

Since this reflectarray is designed to radiate both LHCP and
RHCP, the feed of the antenna must be circularly polarized.
A conical horn with a square waveguide aperture was used
to create the LHCP and RHCP waves that excite the feed
horn. A rectangular waveguide was attached and turned 90◦
to simulate the vertical and horizontal components of the CP
wave. The results were combined in post-processing in CST
to ensure that the axial ratio of the feed horn did not limit the
axial ratio of the reflectarray over the bandwidth of interest.
The simulated reflectarray and results of the 3-D pattern for an
LHCP beam are shown in Fig. 10. As mentioned in Section III,
the feed horn is positioned at a 15◦ offset from the z-axis.

The radiation pattern in the two principal planes, xz and
yz, are plotted in Figs. 11 and 12, respectively. Note that the
simulated reflectarray has a narrow main beam, with a peak
gain of 32.5 dB for both LHCP and RHCP and low sidelobes.
There is also good agreement between the array theory and
simulation as the main beam is at the desired location (normal
to the surface). In the xz plane, the reflectarray’s half-power
beamwidth (HPBW) was 3.3◦ with a sidelobe level (SLL)
that was 24 dB lower than the main beam. In the yz plane,
the HPBW was 3.4◦ with an SLL of 24 dB. The gain-frequency
results shown in Fig. 13 illustrates that the antenna has its

Fig. 10. 20λo metal-only reflectarray using the spiral slot element. The feed
horn was placed at a focus-to-diameter ratio of 0.94 with a 15◦ tilt. The beam
is placed at θ = 0◦ and ϕ = 0◦ or normal to the surface.

Fig. 11. Radiation patterns for the simulated reflectarray for both RHCP
and LHCP at 20 GHz. The radiation patterns are cut along the xz plane. The
HPBW was 3.3◦.

maximum gain point at the designed frequency of 20 GHz. The
gain for both polarizations closely matches each other. This
conforms to the array theory as the antenna’s unit cell phases
were designed for 20 GHz. The 1 and 3 dB gain-bandwidth
were 6.5% and 10%, respectively, for both polarizations.

The axial ratios for both polarizations, shown in Fig. 14,
is an important metric for a circularly polarized antenna as it
determines the true bandwidth for the antenna. If the antenna’s
axial ratio is above 3 dB for its band of operation, it is no
longer circular polarized, as one component of the circularly
polarized waveform now has a much higher magnitude than
the other. Hence, those antennas effectively become linearly
polarized. The simulated axial ratio for our array is below
2 dB for 18–22 GHz and only reaches 3 dB at 23.5 GHz,
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Fig. 12. Radiation patterns for the simulated reflectarray for both RHCP
and LHCP at 20 GHz. The radiation patterns are cut along the yz plane. The
HPBW was 3.4◦.

Fig. 13. Gain as a function of frequency for the simulated reflectarray for
both RHCP and LHCP.

Fig. 14. Axial ratio of the simulated reflectarray for both RHCP and LHCP.

resulting in 5.5 GHz of bandwidth for the axial ratio. The
novel design of the reflectarray unit cell, which maintains the
axial ratio well below 3 dB for a wide bandwidth, is the reason

Fig. 15. Fabrication defects of the reflectarray. The smaller elements had
noticeable defects due to the initiation point for each laser cut.

Fig. 16. Two pieces of sheet metal of the metal-only reflectarray. The ground
plane (left) and the laser-etched top layer (right) have a series of holes drilled
in them.

for this superior performance. Therefore, the axial ratio is not
a concern for this antenna as it’s larger than its 1 or 3 dB
frequency bandwidth. To conclude, an antenna that supports
both LHCP and RHCP over its bandwidth of operation was
successfully simulated.

V. FABRICATION AND ASSEMBLY

To verify the design, the simulated reflectarray was fab-
ricated and assembled. First, 1256 distinct cells were laser-
machined into the top stainless-steel layer surface (shown
in Fig. 1). This laser etching process had a tolerance of
0.0245 mm or 0.001 of an inch, which is very accurate for our
20 GHz design, which produces an average phase error of 4.3◦
over the full tuning range of the spiral slot. After fabrication,
the top layer was inspected. While the majority of the elements
were defect-free, some defective cells were found along the
surface as shown in Fig. 15. A greater degree of defects was
observed in the smaller slots than the larger slots near the
2 mm limit of the multi-slot’s tunable range. The result is a
potential for minor phase errors, and consequent minor impacts
on the gain pattern for the fully assembled array.

In addition to the top plate, the other components of the
reflectarray assembly include the ground plane, rotator plate,
dielectric screws/spacers, horn, and horn fixture. Similar to the
top metal, the ground in Fig. 16 is made of stainless steel with
a thickness of 3.175 mm (one-eighth of an inch). The particular
thickness of this commonly available metal was chosen as it
adds to the structural integrity of the antenna assembly. The
same pattern was drilled into both the ground plane and the top
metal layer, with high-strength polyethylene dielectric screws
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Fig. 17. Assembled reflectarray composed of the top laser-etched layer,
ground plane, rotator plate, and 3-D printed feed structure. The reflectarray
used an orthomode transducer to test the axial ratio of the unit cell.

used to connect them. To ensure that the gap between the top
metal layer and the ground plane was 4 mm across the entire
large array, a series of nylon dielectric spacers was added
around each screw.

A rotator plate was fabricated to mount the array in the
anechoic chamber. This plate was used for mechanical support
and testing purposes only and had no adverse effect on the
electromagnetic performance of the array. As a result, this
plate attaches the antenna to the measurement system in the
anechoic chamber to hold the feed assembly in place. The
rotator plate was of the same diameter as the reflectarray with
an added extension. The outer edge extension on one side
provides a robust platform for bolting the feed horn assembly.

The fully assembled reflectarray is shown in Fig. 17. The
feed assembly was made of a 3-D-printed polylactic acid
(PLA) material for rapid prototyping. The parts support the
feed horn from three separate PLA cantilever posts. The
horn is a standard gain circular polarized horn with 15 dB
of gain (18–26.5 GHz). An orthomode transducer (model
# SAT-FK-42042-S1, Sage Millimeter, Inc.) is attached to the
feed horn to excite both vertical and horizontal polarizations.
This transducer facilitates testing without the need of rotating
the feed horn during gain measurements, thus avoiding any
spatial or angular errors, and eliminating an important source
of measurement error. The orthomode transducer does, how-
ever, induce a small insertion loss of 0.5 dB for each linear
polarization (the transducer has two linear ports feeding a cir-
cular horn). Therefore, the measured linear polarizations from
each feedline were added—in post-processing—to extract the
total circular polarized gain.

VI. MEASUREMENT AND VERIFICATION

After assembly of the reflectarray, the antenna was mounted
on the column in the anechoic chamber where both linear

Fig. 18. Absolute value radiation patterns for the measured reflectarray for
both RHCP and LHCP at 20 GHz. The radiation patterns are measured along
the xz plane. The measured HPBW was 3.3◦.

Fig. 19. Absolute value radiation patterns for the measured reflectarray for
both RHCP and LHCP at 20 GHz. The radiation patterns are measured along
the yz plane. The measured HPBW was 3.4◦.

polarizations were measured in the two orthogonal planes.
A far-field setup was used to measure the radiation patterns
and gain measurements were taken for two cardinal planes
of xz and yz. The definition of each plane is illustrated
in Fig. 10. After measuring both polarizations, the results
were combined in post-processing to construct the LHCP and
RHCP waveforms. Also, analyzed were the axial ratio and
gain-bandwidth.

A comparison of the gain plots of the simulated and
measured patterns yielded a close agreement of results. The
xz plane pattern of Fig. 18 has approximately the same
beamwidth of 3.3◦. The yz plane measurement results, shown
in Fig. 19, illustrate an HPBW of approximately 3.4◦. The
SLLs match well between measurement and simulation. How-
ever, we note that the fabrication defects discussed earlier
(shown in Fig. 15) are expected to cause minor phase errors
that potentially affect these levels. Note also that the LHCP
and RHCP measured gains match closely to themselves and
their simulated patterns.

We also compared the patterns in Figs. 18 and 19 to observe
any difference in the absolute gain. The patterns show the
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Fig. 20. Measured axial ratio of the reflectarray. The array has a bandwidth
of 6.5 GHz (18–24.5 GHz) or 32.5%.

Fig. 21. Measured gain versus frequency of the reflectarray for both RHCP
and LHCP and comparison with simulation results.

difference in gain that results from the 0.5 dB insertion loss of
the orthomode transducer and phase errors of the reflectarray’s
unit cells. The simulated and measured peak gains were
32.5 and 30.8 dB, respectively. Although this corresponds to
a 1.7 dB difference between the two, the difference in gains is
1.2 dB when considering the 0.5 dB insertion loss for the
transducer. The inclusion of an insertion loss in the post-
processing results in a real measured gain of 31.4 dB.

The measured axial ratio of the reflectarray’s beam peak
is shown in Fig. 20. The simulated axial ratio was 5.5 GHz
or 27.5% bandwidth as compared to the 6.5 GHz or 32.5%
bandwidth for the measured results. The orthomode transducer
ensures that both linear polarizations stay orthogonal over
the K -band with little cross-polarization and suppresses the
propagation of higher-order modes. The circular aperture of
the horn antenna must be correctly fed to ensure a fundamental
mode propagates. As the rectangular waveguide used in our
simulation did not maintain the fundamental mode over the
entire K -band, the measured results of axial-ratio are better
than the simulation. This resulted in a series of differences

TABLE III

COMPARISON OF METAL-ONLY DESIGNS

observed between the simulated and measured axial ratio at
higher frequencies. Furthermore, the use of the orthomode
transducer makes it possible to maintain the fundamental mode
toward the higher frequencies. Regardless, the novel unit cell is
able to maintain an axial ratio below 3 dB over a bandwidth far
greater than its useable 1 or 3 gain bandwidth shown in Fig. 21.

VII. DISCUSSION

There are a few fabricated and measured metal-only reflec-
tarrays to which we can compare our work. Table III lists the
most notable designs. One major difference here is the lack
of circular polarization support in the literature. While it is
noted that both reflectarrays of [4] and [5] have higher gain
than the reflectarray of this article, the difference is due to their
larger array size and lower conductor losses from a much lower
frequency of operation. The result is a naturally higher gain
if the total efficiencies are the same, which is particularly the
case in [4] as the gain is marginally higher than this article.
Our work is also characterized by a 360◦ of phase coverage as
compared to only 230◦ in [4]. Another noticeable difference
is the higher efficiency of 53.8% in [5] while we report an
efficiency of 35%. The efficiency of [5] is one of the highest
reported for any metal-only reflectarray, which is primarily
due to the chosen center frequency of 12.5 GHz as compared
to 20 GHz for this article. The unit cell loss was 0.1 dB at
12.5 GHz versus 0.7 dB for our work at 20 GHz. At the
much higher frequencies of this article, the skin depth of the
incident wave is much lower which reduces the reflectarray’s
efficiency. This will only worsen at higher frequencies but it
can be seen as a tradeoff for the mechanical and chemical
properties of stainless steel. Another cause of the discrepancy
may be that [5] used a different stainless-steel alloy with a
different electrical conductivity than that used in this article.
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The reported linearly polarized reflectarrays of Table III
have 1 dB gain-bandwidths of 12.8% and 8.3%, respectively,
unlike our results that are 6.85%. Of particular note in these
two studies is the operation on only one polarization whereas
our reflectarray operates on two. The result is an equivalent
1 dB bandwidth of 13.7% for our reflectarray. As mentioned
in Section I, unlike conventional linear-polarized counterparts,
this proposed reflectarray does not need a control system to
manage misalignment, has a higher bandwidth, and a better
reliability due to circular polarization.

VIII. CONCLUSION

The subject of this article was the design, fabrication,
and measurement of a novel circularly polarized multi-slot
metal-only reflectarray. The unit cell has a full 360◦ phase
coverage with only a maximum loss of 0.7 dB at its center
frequency of 20 GHz. The circular shape of the fabricated
antenna, which was 20λo in diameter, made it possible to
predict the behavior of this large array (1265 element) using
full-wave simulation. The measured gain of this array was
31.4 dB with an aperture efficiency of 35% for both LHCP
and RHCP. The 1 and 3 dB gain-bandwidth were 6.85% and
10.15%, respectively. Furthermore, the use of both of these
supported circular polarization can double these values. Our
measurements also closely match with the simulation results.
While a metal-only reflectarray design is a good candidate
for satellite applications as the use of corrosive resistant
stainless steel ensures inexpensive fabrication that performs to
specifications in a space environment. Our design only would
be suitable for frequencies lower than the K -band due to the
increased conductor losses that lower the antenna’s efficiency
at higher frequencies.
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