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Design of Single-Feed Reflectarray Antennas
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Abstract—Single-feed reflectarrays with asymmetric multiple
beams are studied in this paper. The conventional methods for
designing multibeam reflectarrays are first reviewed and the
limitations of these approaches are delineated for asymmetric
designs. A generalized design approach based on a global search
optimization technique, namely the particle swarm optimization,
is proposed for single-feed asymmetric multibeam reflectarray
designs. Practical considerations in implementing a global search
for phase optimization of reflectarrays with several hundreds of
elements are addressed, and several designs of multiple beam
reflectarrays with asymmetric beam directions and gain levels
are presented. Furthermore, a single-feed asymmetric quad-beam
Ka-band reflectarray prototype is fabricated and tested, which
shows a good multibeam performance. This study demonstrates
the effectiveness and robustness of the particle swarm optimiza-
tion approach for designing complicated multibeam reflectarray
antennas where conventional design approaches fail.

Index Terms—Array theory, intersection approach, multibeam,
optimization, particle swarm, reflectarray.

I. INTRODUCTION

P RINTED reflectarray antennas combine the favorable fea-
tures of reflectors and printed arrays, thus creating a high-

gain antenna with low-profile and low-mass. This hybrid an-
tenna has received notable attention over the years due to its
many advantageous features, and several practical designs have
been reported [1]. The prominent feature of a reflectarray an-
tenna is the individual phase control of each element in the array.
In comparison with the high-cost shaped reflector designs [2],
this feature permits a reflectarray to achieve shaped or evenmul-
tiple beams with no additional cost.
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High-gain multibeam antennas have numerous applications
in communication and surveillance systems such as satellite
communications, direct broadcasting, and multiple target radars
[3]. However, the conventional choices, reflectors with feed
clusters or large phased arrays [4], [5], are typically very high
cost. In addition to the cost benefit advantages of reflectarrays
over these designs, the low-mass feature of the reflectarray
antenna is very beneficial, particularly in deployment for space
applications.
Several designs of single-feed multibeam reflectarrays have

been demonstrated over the years. A two-beam prototype was
demonstrated in [6], while [7] and [8] present a single-feed
reflectarray generating four simultaneous beams. Multifeed
multibeam reflectarrays with shaped patterns were also demon-
strated in [9]. In these papers, different design approaches have
been introduced to obtain the multibeam performance; how-
ever, all reported designs demonstrate symmetric multibeam
performance. Design of single-feed reflectarray antennas with
asymmetric multibeams however is quite a challenging task.
Due to the complexity of the problem for asymmetric cases,
the conventional approaches used to determine the required
aperture phase distribution fail to achieve a satisfactory perfor-
mance here [10].
The main objective of this paper is to first review the avail-

able design methods, and then provide a generalized approach
for designing asymmetric multibeam reflectarrays with arbitrary
beam directions and gain levels. This is achieved by imple-
menting a powerful global search algorithm, i.e., particle swarm
optimization, for phase optimization of reflectarray elements.
Practical considerations in implementing the optimization are
addressed, and several successful design examples are studied,
demonstrating the effectiveness of this general approach for de-
signing asymmetric multiple beam reflectarray antennas with a
single feed. A single-feed asymmetric quad-beam prototype is
fabricated and tested, which shows a good agreement with simu-
lated results. Based on the experimental results obtained for the
prototype, bandwidth considerations for asymmetric designs are
also discussed.

II. OPTIMIZATION DESIGN METHODS FOR SINGLE-FEED
MULTIBEAM REFLECTARRAY ANTENNAS

In reflectarray antennas, the element magnitude is fixed by
the properties of the feed and the element locations. Therefore,
to achieve a multibeam performance with a single feed, the only
parameter that can be controlled is the reflection phase of the el-
ements. The phase shift on a reflectarray aperture is obtained by
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controlling the geometrical parameters of its phasing elements.
Owing to this feature any phase distribution can be attained on
the aperture, which provides the means for a single-feed reflec-
tarray to achieve simultaneous multiple beams. The challenge,
however, is how one determines the required phase shift for a
multibeam performance. In other words, design of a multibeam
reflectarray is basically an array synthesis problem.
In general, the phase distribution on the reflectarray aper-

ture for a single-feed multibeam performance can be computed
using two different approaches: direct analytical solutions or op-
timization methods. While having an analytical expression for
the required aperture phase is advantageous, it has been shown
that the achievable performance of direct methods is not sat-
isfactory in most cases, and it is necessary to implement some
form of optimization routine to achieve a desirable performance
[7], [8]. In optimization design approaches, an optimum phase
distribution on the reflectarray aperture that can achieve the de-
sirable performance is obtained using a phase-only optimiza-
tion technique. Optimization techniques are typically catego-
rized into two groups, i.e., local and global search algorithms.
While both techniques are model-based optimization routines
[11], the primary difference is that in a local search, the algo-
rithm only searches for the solution in a limited space, as de-
termined by the initial values. On the other hand, a global algo-
rithm, searches the entire solution hyperspace. The advantages
and disadvantages are therefore quite implicit. A local search
can only find the optimal solution if it’s discoverable from the
starting points. Otherwise, the optimization could get trapped in
local minima and will not converge. In contrast, a global search
has the capability of finding the optimum solution from any
starting point; however, the drawback is that the computation
time could be very high.
Currently, the major optimization method implemented for

multibeam reflectarray designs is the alternating projection
method (APM) also known as the intersection approach [12].
This method is a very robust local optimization algorithm that
searches for the solution with an iterative procedure, by re-
peated projection of the radiation pattern to the required pattern
mask, and vice versa [13]. It should be noted here that the initial
values for the elements phase are typically obtained from the
direct design methods. While several multibeam and contour
beam reflectarray antennas have been demonstrated using this
method [6], [8], [14], in some cases this method converges to
local minima rather than the solution, due to the nonconvexity
of the optimization problem. Experimental results showed
that for multibeam designs, if high sidelobes are generated in
the visible range (with the initial phase distribution), usually
the APM routine cannot optimize this design. This problem
becomes more challenging when asymmetric multiple beam
performance is required. As such, the application of a global
and more powerful optimization routine for multibeam reflec-
tarray designs is necessary. An illustrative numerical example
showing the limitations of the APM method for an asymmetric
multibeam design is given in Section III.
As discussed earlier, global optimization algorithms search

for the solution in the entire hyperspace. Therefore it is nec-
essary to have an efficient and high performance algorithm for
the optimization. Global searches can be categorized into three

Fig. 1. Geometrical model of the reflectarray system.

groups: deterministic, stochastic, and heuristic search methods
[15]. Of these approaches, heuristic methods such as genetic al-
gorithm (GA) and particle swarm optimization (PSO) are per-
haps the most efficient and widely used techniques in array opti-
mizations [16]. In comparison between these two optimizations,
however, PSO achieves a similar performance as GA, with the
added advantage of less computational bookkeeping. Thus, PSO
was selected for the optimization designs here. It is important
to point out that while PSO and GA have been implemented
for array optimizations [16]–[19], in most cases, the number of
array elements was around 100. It is therefore implicit that a
major challenge in practically implementing a global search for
a reflectarray antenna is the very large solution hyperspace due
to the several hundreds of elements included in a reflectarray.

III. PARTICLE SWARM OPTIMIZATION FOR SINGLE-FEED
MULTIBEAM REFLECTARRAY ANTENNA DESIGN

A. Problem Setup and Fitness Evaluation

PSO is a powerful global search algorithm that is well suited
for array synthesis problems. While the optimization itself is
very robust, the computationally expensive part is the fitness
evaluation. For the reflectarray synthesis problem, the fitness
evaluation requires calculation of the radiation pattern at each
iteration. Therefore, efficient computation of the radiation pat-
tern is a key concept in the optimization here.
The radiation pattern of a reflectarray antenna can be com-

puted using two different approaches, namely array theory and
aperture field methods [1]. While the analysis approaches in the
two methods are completely different, numerical studies have
shown that the co-polarized radiation patterns obtained by both
methods are in close agreement with each other [20], [21]. From
a computational time viewpoint, however, the array theory tech-
nique is much faster and therefore more suitable for the opti-
mization problem here. A further computational speed up in the
radiation pattern calculation can be achieved by replacing the
double summations by a 2-D Fourier transform. A schematic
model of the reflectarray system and vector coordinates is given
in Fig. 1.
To implement spectral transforms in the array theory formula-

tion, a direct relation between the array elements and an-
gular coordinates is needed.
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Fig. 2. Upper bound mask for an asymmetric multibeam reflectarray
antenna.

The Fourier transforms are then used to directly relate the com-
plex coefficients between the array elements and the angular co-
ordinates. The radiation pattern of a reflectarray antenna can be
computed quite efficiently using

DFFT

(1)

The first term in this equation is the element transmit mode
pattern which can be multiplied with the array factor after the
Fourier transform is implemented. Note that, in the above equa-

tion, every term except is computed before imple-
menting the transform, and only this term is directly relating
the fields on the array aperture to the far fields. It is important
to point out that the term in (1) includes both the spatial
delay compensation and the element phase shift for the reflec-
tarray antenna elements. Since the spatial delay for each element
is a fixed value, one only needs to tune to the element phase shift
in the optimization.
In the next stage, the PSO method is implemented to opti-

mize the phase of the reflectarray elements. For the optimiza-
tion here, the lower and upper bounds of the variables are kept
within . To achieve a multibeam pattern, a far-field mask
based on the design requirements is defined for the optimiza-
tion. The required masks for multibeam radiation patterns are
typically circular contours defined in the direction of each beam.
The mask definition usually requires defining upper and
lower bound values of the desired pattern in the entire
angular range [8]. A 3-D figure of the upper bound mask model
for a multibeam design with asymmetric beam directions and
different beam levels is given in Fig. 2.
The fitness function, i.e., cost measure to be minimized, de-

fined for this optimization is

Fitness

(2)

TABLE I
DESIGN REQUIREMENTS FOR QUAD-BEAM REFLECTARRAYS

(BEAM DIRECTION AND NORMALIZED GAIN LEVEL)

This function takes into account the performance of every point
in the visible space, i.e., . The first term in the fitness
function calculates the absolute difference between the radiation
pattern and the lower bound; in other words, the beam perfor-
mance. The second term evaluates the sidelobe performance of
the array for every point that does not belong to the main beam
area [16].

B. Design Examples

To demonstrate the feasibility of this global optimization
approach for general multibeam reflectarray antenna design,
we’ve studied four different single-feed quad-beam designs. In
all designs, the antenna has a circular aperture with a diameter
of at the design frequency, corresponding to 848 phasing
elements with an element spacing of . The feed is prime
focus and placed with an . The power of the
feed horn radiation pattern model is 6.5, which will give
an edge taper below 12 dB.
The beam requirements for these multibeam designs are sum-

marized in Table I. It is important to note that while in general,
the beamwidth and gain level for multibeam antennas are deter-
mined based on the design requirements, such as coverage area
for satellite applications, in the designs studied here all beams
are set to have beamwidths identical to a reference single-beam
design. In addition, for all designs the mask sidelobe level was
set to 30 dB.
With the design requirements specified, the task was then

to initialize the PSO parameters for the optimization problem.
The inertial weight was varied linearly from 0.9 to 0.4 over the
course of the run and the self- and group-knowledge constants
were both set equal to 2 throughout the optimization. A swarm
population of 400 particles, roughly half the size of the 848-di-
mensional solution hyperspace [16], was selected for the op-
timization and reflecting wall boundary conditions were used
[17], [18]. It should be noted that while other boundary con-
ditions such as invisible or damping walls may improve the
performance of the optimization, the reflecting walls used here
provided satisfactory results for these cases. For each design
100 000 iterations were performed, corresponding to 40 mil-
lion fitness evaluations. In (1), the computation time for pat-
tern calculation depends on the far-field resolution. For arrays
with about 1000 elements, nominally 30-dB gain, a far-field pat-
tern with 400 400 points evenly spaced in the angular coordi-
nates is usually sufficient, and this value was used for all designs
studied here. With our reflectarray radiation analysis code, the
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Fig. 3. Convergence curves of the particle swarm optimization for multibeam
reflectarray antenna design.

computation time for each pattern calculation was about 4 ms
on a 2.33-GHz Intel I7 computer. With a single core, the total
computation time for each design was about 44 hours. The con-
vergence curves for the optimization are given in Fig. 3. It can
be seen that in all cases, although the solution doesn’t conver-
gence initially, eventually it escapes the optimization traps. It is
worthwhile to point out that it is possible to improve the solu-
tion convergence by using a larger swarm population; however,
this will come at the cost of more fitness evaluations and com-
putation time.
In the designs studied here, the first two cases have beams

with equal gain levels. The first design (Case I) is a symmetric
quad-beam reflectarray, similar to the one reported in [8]. The
second design is an asymmetric quad-beam radiation perfor-
mance.With the fixed number of iterations used in the optimiza-
tion here, the fitness improvements for these two designs were
459.1, and 451.3, respectively. This monotonous decrease in fit-
ness improvement for the optimizations is a good indicator of
the complexity of the problem for asymmetric designs [10]. Dif-
ferent beam levels for multibeam reflectarrays are studied in the
last two designs, where the fitness improvements for these de-
signs were 409.9 and 403.0, respectively. The optimized phase
distributions and radiation patterns for the four multibeam de-
signs are given in Figs. 4 and 5, respectively.
It can be seen that all multibeam reflectarrays studied in this

section achieved the design requirements, which demonstrates
the effectiveness of the particle swarm optimization for multi-
beam designs. It is also important to note that depending on the
design requirements it is possible to utilize the symmetry of the
problem to reduce the dimension of the optimization problem;
however, the focus of the study here was on asymmetric mul-
tiple beam designs, therefore no symmetry boundary was im-
plemented in the optimizations.

C. Comparison Between PSO and APM Techniques

To illustrate the necessity of implementing a global optimiza-
tion for asymmetric multibeam designs and the limitations of
local search techniques, here we also applied the APM approach
for phase optimization of case II using the same design require-
ments. The aperture phase distribution and radiation pattern ob-
tained using the APM optimization are given in Fig. 6. These

Fig. 4. Optimized phase distribution: (a) case I; (b) case II; (c) case III; and
(d) case IV.

Fig. 5. Radiation patterns of optimized multibeam reflectarrays: (a) case I;
(b) case II; (c) case III; and (d) case IV.

are to be compared with Figs. 4(b) and 5(b), respectively. It can
be seen that for this case, the radiation performance of the op-
timized design is not satisfactory. Beam direction, gain levels,
and sidelobe levels are not satisfying the design requirements,
and in particular, some undesired lobes are generated which
have a normalized magnitude larger than 10 dB. Moreover
the gain level difference between the beams is larger than 3 dB.
In general, while the APM technique is quite advantageous

for simple designs such as Case I [8], the optimization problem
is quite challenging for asymmetric cases, and a goodmultibeam
performance cannot be achieved with this approach. Moreover,
while in comparison with the APM method, PSO requires a
much higher computation time, the main strength of this global
search approach is that it has the capability to escape the traps
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Fig. 6. An asymmetric quad-beam reflectarray antenna designed using the
APM method, which does not satisfy the design requirements: (a) phase
distribution and (b) radiation pattern.

Fig. 7. (a) Phase distribution on the reflectarray aperture using variable size
square patch elements. (b) Phase error on the reflectarray aperture.

in the optimization process, which makes it a generalized ap-
proach for any multibeam design.

IV. A KA-BAND SINGLE-FEED REFLECTARRAY ANTENNA
PROTOTYPE WITH ASYMMETRIC MULTIBEAMS

A. Prototype Fabrication

The quad-beam reflectarray antenna with asymmetric beam
directions and unequal gain levels (case IV), is selected for ex-
perimental studies. The optimized reflectarray prototype is fab-
ricated on a 20 mil Rogers 5880 substrate. The reflectarray has
a circular aperture with a diameter of 16 cm. The phasing el-
ements are variable size square patches, identical to the ones
used in [8], with a unit-cell periodicity of 4.7 mm. Similarly, the
patch dimensions were selected assuming a normal incidence
excitation for the elements. The phase on the reflectarray aper-
ture with these patch elements is shown in Fig. 7(a). Comparing
this with the ideal phase distribution in Fig. 4(d), it can be seen
that despite some minor differences, these patch elements are
providing the necessary phase shift on the reflectarray aperture.
The difference between these two phase distributions (or phase
error) is also shown in Fig. 7(b) where the mean value of the
aperture phase error is 7.6 .
The centered prime focus LHCP feed horn is mounted on a

mechanical alignment system and positioned with an F/D ratio
of 0.725. With the dual-linear square patch elements used in the
design, the reflected co-polarized radiation of the reflectarray
system is RHCP. The photographs of the fabricated array with
848-square patch elements, and the reflector system are shown
in Fig. 8.

Fig. 8. Fabricated single-feed reflectarray antenna with asymmetric multi-
beam: (a) array and (b) reflectarray system.

Fig. 9. Measured electric near-fields at 32 GHz: (a) ; (b) ; (c) phase
of ; and (d) phase of .

B. Measured Radiation Patterns

The radiation pattern of the prototype is measured using our
planar near-field NSI measurement system. The measured near-
field electric fields at 32 GHz are shown in Fig. 9, where four
high intensity spots in the amplitude and parallel lines in the
measured phase in these spots indicate the generation of four
beams.
The simulated and measured radiation patterns of this pro-

totype at 32 GHz are compared in Fig. 10, where a very close
agreement between these results can be observed. Note that in
comparison with Fig. 5(d) where ideal elements were used, the
simulated results given in Fig. 10(a) take into account the per-
formance of the practical patch elements. A 3-D figure of the
measured radiation pattern is also given in Fig. 11. The mea-
sured sidelobe level around each beam is about 22 dB; how-
ever, some areas show slightly higher sidelobes. A similar per-
formance was observed for the symmetric quad-beam prototype
reported in [8], which was primarily attributed to the blockage
effects of the feed and alignment system.
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Fig. 10. Radiation pattern of the asymmetric quad-beam reflectarray prototype
at 32 GHz: (a) simulated and (b) measured.

Fig. 11. Measured radiation pattern of the asymmetric quad-beam reflectarray
antenna at 32 GHz.

C. Antenna Bandwidth and Efficiency

To accurately compute the bandwidth of an asymmetric
multibeam reflectarray, several factors must be taken into
account. The bandwidth of a reflectarray antenna is usually
defined by the 1-dB gain bandwidth [22]; however, as discussed
in [8], beam squint is inevitable in multibeam designs and must
be taken into account. Furthermore, while for symmetric mul-
tiple beams, the gain performance of all the beams are similar,
this is not the case for asymmetric designs, and the frequency
behavior of each beam must be studied.
The measured gain performance of the asymmetric multi-

beam prototype is given in Table II, where it can be seen that
the widest bandwidth is observed for the beam with highest
gain, i.e., beam 4. Comparison of these results also shows that
the narrowest bandwidth is observed for the beam scanned fur-
thest from broadside, i.e., beam 3. It is worthwhile to point
out that the beam with lowest gain also shows a narrow band-
width. As a summary, the results in Table II indicate that for
single-feed asymmetric multibeam designs, beams scanned fur-
ther from broadside or with lower gain level will show a narrow
bandwidth.
The antenna efficiency for this asymmetric multibeam reflec-

tarray antenna is computed using the approach described in [8],
which takes into account the performance of all the beams. The
peak aperture efficiency is about 36%, which is slightly lower
than the efficiency reported for the symmetric design in [8]. The
measured gain for beam 4 and the aperture efficiency are given
in Fig. 12.

TABLE II
MEASURED GAIN OF THE ASYMMETRIC MULTIBEAM

REFLECTARRAY ANTENNA PROTOTYPE

Fig. 12. Measured gain (beam 4) and efficiency of the asymmetric quad-beam
reflectarray antenna prototype.

Fig. 13. Measured radiation patterns of the asymmetric quad-beam reflectarray
prototype at off-center frequencies: (a) 31 GHz and (b) 33 GHz.

As discussed earlier, to accurately determine the bandwidth,
it is necessary to also study the beam directions as a function
of frequency. The measured beam squint performance of the
prototype is summarized in Table III. Here and represent
the lower and upper frequencies across the 1-dB gain bandwidth
of each beam. These results show that the beam squint observed
along the elevation direction is almost similar in all cases;
however, a noticeable difference is observed in the beam squint
along direction for beam 2. Nonetheless, the maximum beam
squint observed across the gain bandwidth of each beam is less
than 3.5 in either direction. Considering that the beamwidth of
the antenna is more than 4 , the effect of this beam squint is quite
acceptable for this quad-beam prototype, and beam squint is not
limiting the operational bandwidth of the design. The measured
radiation patterns of this prototype at two off-center frequencies
are given in Fig. 13.
The bandwidth studies presented in this section showed

that for this single-feed asymmetric multibeam reflectarray,
the beam scanned furthest from broadside direction observed
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TABLE III
MEASURED BEAM SQUINT ACROSS THE BANDWIDTH FOR THE ASYMMETRIC

MULTIBEAM REFLECTARRAY ANTENNA PROTOTYPE

the narrowest gain bandwidth and a large beam squint. In
addition, beam level difference also influences the bandwidth
performance, and the beam with lowest gain level showed a
narrow gain bandwidth and the largest beam squint. Based on
this study, it is expected that these two factors are the primary
causes of bandwidth reduction in single-feed asymmetric
multibeam reflectarray antennas. As such, if it is possible in
a design, it would be advantageous to have a higher gain for
the beams that are scanned further from broadside. It is also
worthwhile to point out that if further improvement of band-
width is required for the design, one may use the procedure
outlined here to obtain the ideal aperture phase profile across
the band of interest and use the approach given in [23] to select
the appropriate elements.

V. CONCLUSION

Design of single-feed reflectarray antennas with asymmetric
multiple beams has been studied in this paper. Conventional
design methods are reviewed and the limitations of these
approaches are discussed for asymmetric designs. The par-
ticle swarm optimization has been implemented to optimize
the phase of reflectarray elements for multiple beam perfor-
mance. Different examples of multiple beam reflectarrays with
asymmetric beam directions and gain levels are presented,
demonstrating the effectiveness of this generalized design
approach. A single-feed Ka-band reflectarray prototype with
asymmetric quad-beams has been fabricated and tested. The
fabricated prototype shows a good multibeam performance,
and the simulated and measured results are in close agreement.
Experimental results also showed that for asymmetric designs,
beams that are scanned further from broadside or with low gain
levels have a narrower bandwidth, thus limiting the overall
bandwidth of the multibeam system.
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