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Triangular and Rectangular Lattices for
Cosecant-Squared-Shaped Beam Reflectarrays

Kendrick Q. Henderson

Abstract—In this letter, we design, analyze, simulate, fabricate,
and measure the performance of reflectarrays capable of forming
cosecant-squared beam shape. Due to their unique pattern and
abrupt change, achieving a cosecant-squared beam is challeng-
ing. In our effort, we evaluate the efficacy of a commonly used
rectangular lattice and compare it, for the first time, to a triangu-
lar lattice. Two linearly polarized reflectarrays, each with 20 1o
diameter in size, are fabricated and tested at 20 GHz. Through
statistical methods, we quantify the gain agreement between the
desired cosecant-squared mask and the measured beam patterns
for both rectangular and triangular lattices. We have found that the
rectangular lattice conforms better to the cosecant-squared mask
at the design frequency of 20 GHz with a root-mean-square error
of 6.27 dB. The triangular lattice conforms less, however, it does
allow for an increase in gain bandwidth of 6.2% as compared to
4.5% for the rectangular lattice. Measured and simulated patterns
are in a good agreement.

Index Terms—Beam shaping,
rectangular, reflectarray, triangular.

cosecant-squared, lattice,

I. INTRODUCTION

EFLECTARRAY antennas are a low-profile, lightweight,
R and planar high-gain alternative to the conventional large
and bulky parabolic reflectors. Unlike phased array antennas,
which require a complex feed network, reflectarrays combine
many of the features of the aforementioned conventional so-
lutions. As such, the feed network is no longer required. A
reflectarray is a discretized aperture of unit-cell elements that
are illuminated by a feed source. The purpose of the unit cells is
to compensate for the spatial delay difference between the feed
source and the unit cell’s position in the array. Controlling the
phase response of the unit cells allows for the formation and
steering of a far-field radiation pattern. Unlike a shaped beam
reflector that requires a surface gradient, this method of phase
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control allows the array to remain planar. It also ensures a much
greater efficiency for the reflectarrays compared to phased arrays
due to the lack of a feed network.

Reflectarrays are a versatile antenna type that combines many
of the favorable traits of both reflectors and phased arrays while
minimizing many of the drawbacks of the two. Consequently,
reflectarrays are used in some of the same application areas such
as radars and communications. During the operation, the trans-
mitting and receiving antennas in these applications must create
or steer unique beam patterns. Specifically, a cosecant-squared
(csc?0 = sh}g 5) pattern is desirable to enhance the radar perfor-
mance by compensating for the free path loss for airborne targets.
The beam pattern allows the radar to be scanned in azimuth to
quickly spot targets at range. One important characteristic for a
radar antenna of this type is its ability to track the desired beam
shape over the required bandwidth. However, the algorithms
used to create these beam patterns for reflectarrays usually
assume that the individual radiating elements are independent
of each other and are not coupled in either magnitude or phase
[1]-[4]. This may result in distortion of the resulting radiation
pattern in a full-wave solver using the desired radiating element
(51, [6].

The most common technique used to counter the coupling
effects of unit cells is to include the simulated scattering pa-
rameters of the cell into the optimization algorithm. An increase
in computation time and complexity may result in additional
disadvantages with little practical benefit however [7], [8]. A few
cosecant-squared reflectarrays utilize the previously mentioned
method despite its drawbacks [9], [10].

One unstudied method for reducing the aforementioned in-
terelement coupling and improving pattern conformability in-
volves the manipulation of the lattice of reflectarrays [11],
[12]. Although proven useful for phased arrays, the use of this
method for reflectarrays has yet to be truly explored. At the
present time, few if any detailed comparisons of the effects of
various lattice structures for measured reflectarrays have been
published. This letter observes the effect of the triangular lattice
upon the radiation pattern of a cosecant-squared reflectarray
as compared to the commonly used rectangular lattice. The
design of a reflectarray’s aperture to optimize its performance
for its intended performance can be a challenging endeavor.
This letter studies the effect of two lattice types and validates
our simulation with measured results. The results are compared
statistically using root-mean-squared error (RMSE) and coeffi-
cient of determination (R*). We build on our prior work with the
design of a novel metal-only reflectarray with a pencil beam [13]
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Fig. 1. Cosecant-squared far-field mask is defined as a desired pattern in
azimuth plane.

TABLE I
PARAMETERS OF THE REFLECTARRAYS

Center Frequency 20 GHz
Horn Gain 15.9dB
Horn Beamwidth 30°
Reflectarray Diameter 20% (300 mm)
Height-to-Diameter Ratio 0.9
Feed offset 15°
Feed Location (x, y, ) 0 mm, 84.3, 314.9 mm

and a mechanically steerable array [14]. The Gerchberg—Saxton
algorithm is used to create near ideal cosecant-squared beam
patterns in Section II. In Section III, multislot reflectarrays are
characterized using full-wave simulation. The triangular and
rectangular lattice reflectarrays are fabricated, measured, and
analyzed in Section IV. Finally, Section V concludes this letter.

II. REFLECTARRAY DESIGN AND SIMULATION

For this letter, the Gerchberg—Saxton algorithm also known as
Intersection Projection Method [1], [15] is used to determine the
phases of a cosecant-squared beam pattern within the vertical
plane of the reflectarrays. The algorithm uses a forward and
backward projection between the reflectarray’s aperture and far-
field to optimize the phases of the reflectarray’s unit cell with
a maximum phase range of 360°. As shown in Fig. 1, the main
cosecant-squared pattern starts at 6° and continues to 30°, with
the sidelobe levels 30 dB below the main beam. This aggressive
sidelobe level was chosen somewhat arbitrarily to evaluate how
well the reflectarray could track the desired pattern. Table I lists
the key parameters of the reflectarray. The feed location is chosen
to maximize the reflectarray’s aperture efficiency and to avoid
aperture blockage.

Next, the rectangular and triangular lattices are defined for the
two reflectarrays. For the rectangular lattice, the elements are
spaced 0.5 1y (Ao = free-space wavelength) apart in both the
x- and y-axis. The shape of the rectangular lattice reflectarray
used during optimization is shown in Fig. 2. For the triangular
lattice, the pattern is constructed with the elements initially
spaced similar to the rectangular lattice, whereas the odd number
of rows is shifted laterally by 0.25 (. The rectangular lattice has
1256 and the triangular lattice has 1197 elements. The triangular
lattice is shown in Fig. 3. Initially, the far-field pattern is formed
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Fig. 2. Rectangular lattice used for the cosecant-squared reflectarray.
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Fig. 3. Triangular lattice used for the cosecant-squared reflectarray.

as a pencil beam that is normal to the reflectarray surface and is
then optimized toward the mask using the Gerchberg—Saxton
algorithm. The RMSE (1) between the mask and optimized
far-field was used to determine convergence. M (6) is the mask
and A(6) is the optimized pattern in the equation. The maximum
allowed number of iteration was 1000. To avoid local minima
and traps, the simulated half-power beamwidth of the feed is very
narrow in the initial part of the optimization and broaden in the
final stage to 30°, similar to other works [1], [9]. The coefficient
of determination in (2) is used as an additional method used for
comparison of the final pattern to the mask

RMSE = \/f|M(9) — A(0)|*do (1)

5L (A () — M (6:))°
> (400 -2®)

R*=1- 2)

For both reflectarrays, the results shown in Fig. 4 are identical
and follow the mask well exceptatd = —30andf = 0. Thisis
expected, as the Gerchberg—Saxton excludes interelement cou-
pling. We implemented two methods to quantify the closeness
of the mask with our numerically calculated or later on with
the measured patterns. For —50 < 6 < 50, RMSE is computed
to be 8.06 dB and R’ is 0.88. Both reflectarrays conform well
within the main lobe of the mask with sidelobe level of —22 dB.
The phase maps of both the triangular and rectanguar lattices
are shown in Fig. 5.
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Fig. 4. Optimized computed far-field radiation in the azimuth plane is com-
pared to the ideal mask.
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Fig.5. Phase map of the triangular lattice on the left and the rectangular lattice
on the right. The feed horn is on the left side of the plots.

L

Fig. 6. Model of the triangular lattice reflectarray using the multislot element.
Full-wave simulation is performed on this 20 Ao diameter array.

III. FULL-WAVE SIMULATION OF REFLECTARRAYS

The beamforming ability of both the rectangular and trian-
gular lattice reflectarrays was analyzed using CST Studio Suite
and the Integral Solver. To create the model of the reflectarrays,
in-house automation software was used as the geometries of the
multislot were too complex to create manually [13]. Fig. 6 illus-
trates the 20 Ao diameter model. The reflectarrays were excited
using a K-band horn (Eravant SAC-1533-470-S2) with a 30°
half-power beamwidth. To maximize the aperture efficiency and
avoid feed blockage, the feed horn is placed at a focal length ratio
of 0.9 and at an offset angle of 15°. The reflection coefficients
of the rectangular and triangular lattices were 9 and 8.7 dB,
respectively, at the design frequency of 20 GHz. A matching
network could be designed to improve the impedance bandwidth
but that is outside the scope of this letter. The purpose of this
study was to investigate the effect of lattice of the beamforming
ability of reflectarrays.
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Fig. 7. Simulated cosecant-squared radiation patterns at 20 GHz for the
rectangular and triangular reflectarrays. The arrays are x—z polarized.
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Fig. 8. Simulated cosecant-squared radiation patterns at 20 GHz for the
rectangular and triangular reflectarrays. The arrays are y—z polarized.

Fig. 9. Top surface of the fabricated cosecant-squared reflectarray with trian-
gular lattice. The design frequency is 20 GHz.

The effect of the triangular and rectangular lattice was also
investigated for both the x—z and y—z polarizations. A comparison
of the x—z polarized far-fields of both lattices shown in Fig. 7
indicates that the triangular lattice performs better than the
rectangular lattice in conforming to a desired far-field pattern.
The RMSEs are 11.04 and 9.53 dB for the rectangular and
triangular lattices, respectively. The two distinct nulls, at —27°
and —20°, in the main lobe of the rectangular lattice radiation pat-
tern indicate that the triangular lattice has a lower interelement
coupling than the rectangular lattice. Note also in the other y—z
polarization, the superior performance of the triangular lattice
over the rectangular lattice as illustrated in Fig. 8.

IV. FABRICATION AND MEASUREMENT

To verify the coupling of both lattices, the simulated reflectar-
rays were fabricated and assembled. The elements of each reflec-
tarray were laser-machined into the top stainless-steel surface,
as shown in Fig. 9 (triangular lattice). A tolerance of 0.0245 mm
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Fig. 10. Fabricated triangular lattice reflectarray mounted in the anechoic
chamber for measurements.
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Fig. 11. Measured radiation pattern of the rectangular lattice reflectarray over
600 MHz of bandwidth from 19.7 to 20.3 GHz.
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Fig. 12.  Measured radiation pattern of the triangular lattice reflectarray over
600 MHz of bandwidth from 19.7 to 20.3 GHz.

(1 mil) for the laser etching process results in an average phase
error of 4.3° over the 360° full tuning range of the multislot. At
20 GHz, this small phase error exhibits a minor effect on the
gain patterns for the fully assembled reflectarrays. The balance
of the components for the reflectarray (i.e., the ground plane
with the height of 4 mm, rotator plate, dielectric spacers, and
horn fixture) are similar to that used in our previous study [13].

The antennas were placed in the anechoic chamber at The
Ohio State University, as shown in Fig. 10. The reflectarrays
were then measured for the horizontal polarization given its
indicator as the greatest difference between the two lattices. The
measured results are first compared at the design frequency of
20 GHz. As shown in Fig. 11, the normalized gain patterns of
the rectangular lattice exhibit a greater conformability to the
desired mask than the triangular lattice of Fig. 12. The RMSEs
were 6.27 and 6.49 dB for the rectangular and triangular lattices,
respectively. Moreover, unlike the rectangular lattice, the main
beam of the triangular lattice reflectarray keeps the desired shape

2061

~Triangular-Measured

- Triangular-Simulated | /"

Gain (dB)

N,
18 18.5 19 19.5 20 205 21 215 22
Frequency (GHz)

Fig. 13.  Gain of both reflectarrays as a function of frequency.
up to 30°. The rectangular lattice does have a smoother gain
response as compared to the triangular lattice.

The reflectarrays were also compared over 600 MHz of
bandwidth from 19.7 to 20.3 GHz to capture the change in
radiation patterns as a function of frequency. As showninFig. 11,
the rectangular lattice reflectarray exhibits a greater degree of
conformability to the desired mask, due to a higher element
density along the plane from the equilateral distance of the
lattice. The minimum and maximum RMSEs were 6.28 dB
at 20.3 GHz and 6.56 dB at 19.7 GHz, respectively. Coupling
becomes less of a problem at higher frequencies. As shown in
Fig. 12, the triangular lattice reflectarray performs worse than the
rectangular lattice as it reduces the interelement coupling but the
number of elements that contribute to the beam pattern is reduced
as well. The minimum and maximum RMSEs were 6.49 dB at
20 GHz and 6.80 dB at 19.7 GHz, respectively, across the band.
The R? difference between the two lattices was consistently 3%
over frequency. The peak gains at 20 GHz were 27.1 and 26
dB, respectively, for the rectangular and triangular lattices in
Fig. 13. The respective gain bandwidths were 4.5% and 6.2%
for the rectangular and triangular reflectarrays.

V. CONCLUSION

The purpose of this letter is to reduce the interelement cou-
pling between the reflectarray elements for the cosecant-squared
beams to improve conformability to the desired far-field mask.
At the center frequency of 20 GHz, the rectangular lattice out-
performed the triangular lattice in conforming to the cosecant-
squared mask with a lower RMSE of 6.27 dB compared to
6.49 dB. The rectangular lattice conformed better over frequency
as well characterized by a lower RMSE. Several deficiencies,
however, characterize the triangular lattice. First, the peak gain
of the triangular lattice reflectarray is lower than the rectangular
lattice reflectarray. A difference of 1.1 dB in gain characterizes
the horizontal polarization, which is the result of the decreased
number of radiating elements for the triangular reflectarray and
the overall asymmetry. The asymmetry of the triangular lattice
would increase the axial ratio in applications that utilize circular
polarization. In applications that require increased polarization
purity, the asymmetric pattern of the lattice would be beneficial.
The additional benefit of the triangular lattice is its ability to
lower interelement coupling in reflectarrays. While the multislot
element used in this study has a low average phase error of
4.3°, the reduced element count results less elements that could
contribute to the formation of the cosecant-squared pattern.
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