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A Novel Phase Synthesis Approach for Wideband
Reflectarray Design

Yilin Mao, Shenheng Xu, Fan Yang, and Atef Z. Elsherbeni

Abstract—This communication proposes a novel wideband phase
synthesis approach, which is able to considerably increase the bandwidth
of the reflectarray antenna independent of the element frequency behav-
ior. Specifically, the reference phases at the Ku-band transmitting and
receiving frequencies are optimized, simultaneously, to minimize the total
phase error of the reflectarray. Simulation and experimental results of
reflectarrays consisting of simple square-ring elements show that a 16.7%
measured bandwidth within 1.5-dB gain variation can be achieved by
a single-layer design with a thin substrate. The proposed approach is
applicable to general reflectarray elements and the phase synthesis pro-
cess is easy-to-implement compared with other conventional wideband
reflectarray designs.

Index Terms—Antenna, bandwidth, optimization, reflectarray.

I. INTRODUCTION

As a combination of traditional parabolic reflector and microstrip
array antennas, the microstrip reflectarray [1] has become a popular
choice of high-gain antenna due to its easy-fabrication, low-profile,
and low-cost characteristics. By properly tailoring the reflection phase
of each element on the aperture surface, it could generate a required
pencil-beam radiation pattern out of the incoming wave on the
reflectarray.

However, the reflectarrays have a severe drawback of narrow band-
width performance mainly due to two factors [1]: 1) the inherent
narrow bandwidth behavior of microstrip elements and 2) the differen-
tial spatial phase delay resulting from different path lengths from the
feed to each element. A lot of efforts have been made to address the
former limitation, and all of them focus on the element performance
improvement [2]–[7]. After carefully tuning the element dimensions,
the phase curves obtained at different frequencies can be almost par-
allel with each other. However, it is worthwhile pointing out that most
wideband elements have certain undesirable characteristics: a thick
substrate is used, which is heavier and causes more fabrication cost
and larger phase difference between normal and oblique incident illu-
mination; more complex geometrical configurations are used, which
requires complicated and lengthy design process; the wideband ele-
ments are usually large and difficult to fit in dual-band reflectarrays
with two sets of elements, each of which corresponds to one design fre-
quency. Regarding the constraint factor due to the differential spatial
phase delay as demonstrated in [8], it is only significant for electri-
cally large apertures with small F/D ratios. The typical solutions to
this limitation are a true time delay (TTD) design [9] and three-layer
stacked reflectarray [10].
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Optimization techniques are often implemented to perform phase
synthesis for wideband reflectarrays. Instead of designing the reflec-
tarray at the center frequency, one can minimize the summed phase
error (the difference between the desired and realized phases) at mul-
tiple frequencies, simultaneously [5], [7], [10]. Moreover, the desired
far-field patterns on a prescribed frequency band are directly used in
the synthesis technique to improve the frequency behavior [11]–[13].
However, such approaches usually require a large number of available
element phases, which is often achieved by tuning several geomet-
rical parameters of the elements. Hence, it could not circumvent the
aforementioned problems associated with wideband elements.

A novel phase synthesis approach to overcome these drawbacks
was proposed and some preliminary results were presented by Mao
et al. [14]. In this communication, the proposed approach is investi-
gated thoroughly with experimental demonstration. The impact of the
reference phase involved in wideband reflectarray designs is explic-
itly addressed. After a brief introduction of two commonly used phase
synthesis approaches, the proposed phase optimization process of ref-
erence phases is discussed in detail. Instead of the broadband elements
used in [14], a simple narrow-band square-ring type element is chosen.
Three reflectarrays consisting of the same square-ring element con-
figuration but with different approaches are designed, fabricated, and
measured, which completely ruled out the effect of elements. Lastly,
the simulation and experimental results are presented to validate the
proposed approach.

II. PHASE SYNTHESIS APPROACHES

The key to reflectarray designs is to find the most proper phase for
each element to meet the design requirement. In the case of a sin-
gle pencil-beam reflectarray, the required reflection phase of the mnth
element can be computed as

ϕmn,r(f) = k · (|⇀rmn − ⇀
r f | − û0 · ⇀

rmn) (1)

where k is the wavenumber in free space at frequency f ,
⇀
rmn is

the position vector of the mnth element,
⇀
r f is the position vector

of the feed, and û0 is the unit vector of the main beam direction.
ϕmn,a(f) denotes the practically achievable reflection phase for the
mnth element based on the phase characteristics of that specific ele-
ment obtained through simulations or measurements. Hence the phase
error for the mnth element is defined as

PEmn(f) = |ϕmn,a(f) − ϕmn,r(f)| (2)

which is apparently frequency dependent. The phase synthesis pro-
cess is essentially to minimize the phase errors through analytical or
numerical methods.

A. Two Conventional Approaches

In order to better understand the principle of the proposed phase
synthesis approach, two commonly used approaches are briefly intro-
duced first.

The first one, referred to as the single-frequency approach, is the
most basic and widely used one, where the optimal performance in
terms of gain is targeted at a single design frequency. The goal is to
minimize the phase error of each element only at the design frequency
f0 such that the cost function, CF1 becomes

CF1 = PEmn(f0) (3)
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Fig. 1. Geometrical configuration of a square-ring type element.

Fig. 2. Simulated element phase shifts at different frequencies.

where the phase error of each element is defined in (2). This procedure
is repeated one by one for all the elements, and thus an optimal phase
characteristic of the reflectarray is achieved at the design frequency f0.

The second one, referred to as the dual-frequency approach, takes
into account the gain performance at two properly separated frequen-
cies f1 and f2. Different from the previous one, the goal is to minimize
the sum of the phase errors at f1 and f2 of each element such that the
cost function CF2 becomes

CF2 = PEmn(f1) + PEmn(f2). (4)

Similarly, this procedure is repeated one by one for all the ele-
ments. Note that the phase error at any particular frequency may not
be minimized.

Similar to most wideband designs, this approach requires a complex
element configuration and simultaneous tuning of multiple geometri-
cal parameters to achieve good radiation performances at both design
frequencies. If simple reflectarray elements such as square-rings are
adopted, the minimization of phase errors becomes much less effec-
tive, and the reflectarray designed by this approach would suffer
considerable gain loss.

As an example, a reflectarray with square-ring type elements
(Fig. 1) is designed, targeting 12.75 and 14.25 GHz. The substrate
is Taconix TLX-8 with thickness of 1.58 mm, dielectric constant of
2.55, and loss tangent of 0.0017. The element spacing is 11.2 mm
with the ring width of 0.5 mm and the ring length varying from 1.5
to 10 mm. The phase behaviors at different frequencies are depicted in
Fig. 2. The reflectarray aperture measures 400 mm× 400 mm with
1225 elements, illuminated by a feeding horn located at (−175 mm,
0 mm, 375 mm). The feed pattern is modeled by a cosqθ function
with a matching q factor of 6.5. The horn is pointed at the center
of the reflectarray aperture and the main beam of the reflectarray is
tilted 25◦ from the normal direction of the aperture to avoid feed
blockage.

The radiation pattern of the designed reflectarray is computed using
the array theory method [15] and its gain variation is plotted as indi-
cated by the blue solid curve in Fig. 3. It is observed that there are two

Fig. 3. Calculated gain performances using the dual-frequency approach.

peaks as expected. However, considerable gain losses exist due to the
suboptimal phase characteristics at any specific frequency. Compared
with the black dotted curve, which is obtained at each frequency using
the single-frequency approach and represents the maximum achievable
gain with the reconfigured for each frequency, the gain loss is about
3 dB at the two design frequencies. Moreover, throughout the fre-
quency band in between, approximately 3-dB gain variation is clearly
seen, which severely degrades the overall bandwidth performance of
the reflectarray. It may be alleviated to some extent by reducing the
separation between two design frequencies or by including a third
design frequency in the phase synthesis process [7].

B. Proposed Phase Synthesis Approach

It is well known that in reflectarray designs only the reflection phase
relative to each other matters. A constant reference phase may be
added to all the elements and it barely changes the overall performance
of the reflectarray.

This conclusion usually holds for the single-frequency approach.
However, when two additional reference phases Δϕ1 and Δϕ2 are
added to (1) for the dual-frequency approach

ϕmn,r
′ (f1,Δϕ1) = k1 ·

(
|⇀rmn − ⇀

r f | − û0 · ⇀rmn

)
+Δϕ1 (5a)

ϕmn,r
′ (f2,Δϕ2) = k2 ·

(
|⇀rmn − ⇀

r f | − û0 · ⇀rmn

)
+Δϕ2

(5b)

it is found that the introduction of different reference phases is capable
of significantly changing the gain characteristics of the reflectarray, as
shown in Fig. 3. Apparently the case of (Δϕ1 = 0◦ and Δϕ2 = 40◦)
shows a better performance than the other two cases in the figure.

Therefore, a novel wideband phase synthesis approach is proposed
that is to optimize the reference phase. For two design frequencies f1
and f2, the required reflection phases of each element are defined in
(5) and the phase errors are modified accordingly

PEmn (f1,Δϕ1) = |ϕmn,a (f1)− ϕmn,r
′ (f1,Δϕ1)| (6a)

PEmn (f2,Δϕ2) = |ϕmn,a (f2)− ϕmn,r
′ (f2,Δϕ2)|. (6b)

Since the reference phase is constant at a certain frequency for all
the elements, this procedure could not be done for each element one
by one as before. Instead, a cost function targeting the total phase error
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Fig. 4. Graphical illustration of the proposed phase synthesis approach:
(a) before and (b) after the optimization of the reference phases Δϕ1 and Δϕ2.

of the whole reflectarray is constructed, which can be mathematically
expressed as

CF3 (f1,Δϕ1, f2,Δϕ2) =

M∑
m=1

N∑
n=1

[w1_mn × PEmn (f1,Δϕ1)

+w2_mn × PEmn (f2,Δϕ2)]
(7)

where w1_mn and w2_mn are two weighting factors depending on the
illumination intensity at the two design frequencies, and they can be
described as

w1_mn =
cosqf1θf (m,n)

|⇀rmn − ⇀
r f |

cosqeθe (m,n) |Γ1_mn| (8a)

w2_mn =
cosqf2θf (m,n)

|⇀rmn − ⇀
r f |

cosqeθe (m,n) |Γ2_mn| (8b)

where both the transmit mode pattern of the feed horn and the receive
mode pattern of each element are approximated by the cosqθ model,
θf (m,n) is the spherical angle of each element in the feed coordinate
system, θe(m,n) is the spherical angle of the feed in each local ele-
ment coordinate system, and Γmn is the reflection amplitude of each
element. The goal of the phase synthesis process is to minimize the
sum of all the phase errors of the reflectarray in (7).

Fig. 5. Implementation of the proposed phase synthesis process.

Fig. 6. Photographs of the fabricated reflectarrays designed using: (a) the
single-frequency approach; (b) the dual-frequency approach; and (c) the pro-
posed approach.

This phase synthesis process can be better graphically illus-
trated in Fig. 4. These figures map the phase characteristics of
each element at two design frequencies f1 and f2 onto a phase
plane. The red straight line is constructed by plotting all pairs of
[ϕmn,r

′(f1,Δϕ1), ϕmn,r
′(f2,Δϕ2)], the required reflection phases

of each element. It passes the origin when Δϕ1 and Δϕ2 are
configured to be zero as the initial values before optimization. Its
slope equals f2/f1 that is readily obtained from (5). Each blue
cross [ϕmn,a(f1), ϕmn,a(f2)] corresponds to the achievable reflection
phases of each element obtained from simulation results. The horizon-
tal or vertical distances between them are the phase errors at the two
frequencies as expressed in (6). Note that since the required phases are
not confined to one phase cycle, the achievable reflection phases are
accordingly repeated by adding or subtracting multiples of 360◦. This
adjustment guarantees that the phase error is less than 180◦.
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The proposed phase synthesis process of minimizing phase errors is
to shift the red straight line in the phase plane to have a better matching
between the two curves, as shown in Fig. 4(b). In actual implementa-
tion, in order to speed up the process, an iterative procedure based on
a particle swarm optimization (PSO) engine [16] is employed to mini-
mize the cost function in (7). A flowchart of the optimization procedure
is given in Fig. 5, which summarizes the above discussions.

III. SIMULATION AND EXPERIMENTAL VERIFICATIONS

For verification and comparison purposes, three reflectarrays con-
sisting of square-ring elements shown in Fig. 1 have been designed
using the three phase synthesis approaches. In particular, with the pro-
posed wideband phase synthesis approach, the optimized reference
phases at f1 and f2 are 290◦ and 134◦, respectively. The fabricated
prototypes presented in Fig. 6 have also been measured in a compact-
range anechoic chamber (Fig. 7), and the calculated and measured gain
performances are plotted in Fig. 8. Table I tabulates the measured gain
values of the three prototypes.

By comparing the results, it is concluded that the measurements
match with simulations very well. The overall features of gain
performance can be clearly observed. However, the measured gains
are slightly lower than the calculated ones, which is mainly due to
the fabrication error and misalignment. Especially, the square-ring
type element is very prone to fabrication error, because its phase
slope is very steep and its bandwidth is very narrow as shown in
Fig. 2.

By comparing the gains of the reflectarrays designed using differ-
ent phase synthesis approaches, it is concluded that the design process
may remarkably affect the gain performance of the reflectarray. First,
the 1.5-dB gain bandwidth of the single frequency approach has been
greatly enhanced to 16.7% by using the proposed approach. Second,
compared with the dual-frequency approach, the proposed approach
significantly improves the measured gains of the reflectarray within the
entire frequency band of interest. In particular, at 13.5 GHz, the gain
is improved by 3.5 dB. Third, within the frequency band, the proposed
approach shows a more stable gain response than the dual-frequency
approach. The latter has a 2.3-dB gain variation while it is only 1.1 dB
for the former.

The choice of the two design frequencies also affects the bandwidth
performance. The rule of thumb is that the closer the frequencies to
each other, the less the gain dip but the less the bandwidth improve-
ment. In order to cover both transmitting and receiving bands, the mea-
sured dip in gain of the proposed design is slightly over 1 dB between
the design frequencies. It could be potentially further improved by
modifying the cost function in (7) to better address the gain variation.

The measured far-field radiation patterns of the three reflectarrays
at 12.75, 13.5, and 14.25 GHz are presented in Fig. 9, respectively.
It is observed that in addition to the higher gains (except the gain at
13.5 GHz for the single-frequency design) and reduced gain varia-
tion with the frequency band, the proposed approach also improves the
overall shape and the stability of the radiation pattern. The beamwidth
of the main beam remains almost the same at all frequencies and the
sidelobe levels are the lowest at the two design frequencies when using
the proposed design approach.

It is worthwhile to point out that the element type profoundly affects
the effectiveness of the proposed phase synthesis approach. Wideband
elements definitely result in wider reflectarray bandwidth. Although
being intrinsically narrow-band, different types of single-resonance
elements, e.g., square patches, square rings, or crossed-dipoles, may
still affect the goodness of the results. The square-ring type element
is chosen as an example only to illustrate the effectiveness of the

Fig. 7. Photograph of the measurement setup of the reflectarray, feeding horn,
and the supporting structure.

Fig. 8. (a) Calculated and (b) measured gain performances of the three
reflectarrays designed using different phase synthesis approaches.

TABLE I
MEASURED GAINS AND BANDWIDTHS OF THE REFLECTARRAYS
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Fig. 9. Measured far-field radiation patterns of the three reflectarrays designed
using: (a) the single-frequency approach; (b) the dual-frequency approach; and
(c) the proposed approach.

proposed approach and its applicability to reflectarrays with simple
narrow-band elements.

IV. CONCLUSION

A novel phase synthesis approach for wideband reflectarray design
based on the optimization of reference phases is proposed in this com-
munication. It circumvents the usual demands of thick substrate or
complex geometrical shape for element bandwidth improvement, thus
greatly reducing design complexity and cost. More importantly, it is
applicable to simple elements, such as square loops and cross-dipoles,

which are necessarily used in multiband reflectarrays or transparent
reflectarrays. The effectiveness of the proposed approach is validated
through both simulation and experiment results. A reflectarray consist-
ing of simple square loop elements on a thin substrate is demonstrated
with a 16.7% 1.5-dB gain bandwidth.
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