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ABSTRACT In this paper, a fully electronically reconfigurable reflectarray antenna that has 14×14 reflecting
elements and features a higher aperture efficiency was designed, fabricated, and tested. A new configuration
of the reflecting element was first developed so that all the bias circuit and the PIN diode are arranged on
the opposite side of the reflecting surface, avoiding the potential unexpected reflection and aiming at the
improvement of the antenna efficiency. The new reflecting element, which has a smaller size (0.365λ), was
then applied to the design of a 14 × 14 reconfigurable reflectarray antenna. A field programmable gate
array (FPGA)-based beam control system was also developed for the realization of an electronically beam-
scanning performance. The measurements of the prototype of the integrated reconfigurable reflectarray
antenna show good beam-scanning radiation performance, a peak gain of 19.2 dBi, and an aperture efficiency
of about 25%.

INDEX TERMS Reflectarray antenna, reconfigurable antenna, beam-scanning, PIN diode.

I. INTRODUCTION
Reflectarray antennas [1]–[3] are exciting high-gain anten-
nas that exhibit many advantages over their parabolic coun-
terparts, such as low profile, ease of manufacturing, low
fabrication cost and the possibilities of beam forming and
scanning. Recently, much effort has been made to study
the electronically reconfigurable reflectarrays [4]–[17] and
transmitarrays [18]–[21], which not only possess the advan-
tages mentioned above, but also provide flexibly scanning
beams without using the complicated and high-cost feeding
networks.

Electronically reconfigurable reflectarrays carry out the
functionalities of beam scanning and beamforming by chang-
ing the reflection phase of each element on reflectarrays
through controlling active devices. Examples of such active
devices include liquid crystal materials [4], [5], varactor
diodes [6], [7], [18], RF-MEMS technology [8]–[10], PIN
diodes [12]–[17], [19]–[21], etc.. In [4], the main beam is
able to steer to ± 6◦ by using the liquid crystal, which
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may not be enough for most beam steering antennas. The
phase tuning ability of the varactor is much more powerful.
Nearly 360◦ phase range was achieved by loading a varactor
diode with the patch [7]. However, the unit cell has a high
insertion loss of 3.7 dB. To solve this problem, amplifiers
were integrated with the unit cell, but this would result in
increased complexity [7]. In addition, the narrow bandwidths
for the unit cells reported in [4]–[7], [18] also limited their
applications. Recently, phase reconfigurable unit cells based
on PIN diodes have been well developed with the reduced
phase resolution (1-bit, typically) [12]–[15], [17], [19]–[21].
In these designs, including both reconfigurable reflectarrays
and transmitarrays, the beam-scanning performance based
on the 1-bit phase changes has been experimentally demon-
strated and studied. It is found that all the 1-bit reconfigurable
antenna arrays in literatures have low aperture efficiencies.

In this paper, we present a new configuration of the
1-bit phase-reconfigurable unit cell for reconfigurable
reflectarray antennas, which uses only one PIN diode placed
on the opposite side of the reflection surface. In the
current reconfigurable reflectarray antennas [9]–[16], the PIN
diodes and the solders appear on the reflection surface of
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FIGURE 1. Geometry of the unit cell: (a) Schematic 3-D view; (b) Layout of
top, middle and bottom layers.

reflectarrays, which might lead to undesirable scattering
and hence deteriorate the radiation performance of reflectar-
rays. In our new design, the PIN diodes, other passive and
active lumped devices and the associated solders are arranged
not to appear on the reflection surface of reflectarrays. In
addition, the proposed unit cell has a smaller size, only
0.365λ, while those in [12]–[15] are greater than or equal
to 0.5λ. It is expected that low loss is achieved regardless
of the states of the PIN diode and a higher aperture effi-
ciency can be obtained. Simulations and measurements are
first conducted to validate the proposed unit cell design.
A 14 × 14 reconfigurable reflectarray antenna was then
developed for the study of the beam-scanning radiation
performance. In order to comprehensively investigate the
performance of the new beam-scanning antenna, a field
programmable gate array (FPGA)-based beam controller was
also developed. The antenna prototype is fabricated and
tested. This paper is organized as follows. Section II intro-
duces the new configuration of the 1-bit unit cell and the sim-
ulated and experimental characterization results. Section III
describes the designs of the 14 × 14 reflectarray antenna
and the beam controller, as well as simulation results of
the reflectarray antenna. The fabrication and the measured
beam-scanning performance of the antenna prototype and
the discussion of the experimental results are presented in
Section IV. Section V summarizes this paper.

II. REFLECTARRAY ELEMENT DESIGN AND
CHARACTERIZATION
A. UNIT CELL DESIGN
The configuration of the proposed 1-bit reflecting element is
schematically illustrated in Fig. 1. It consists of two stacked
dielectric layers, a rectangular metallic patch (w× l) printed
on the top surface of the upper layer, a perfect electric conduc-
tor (PEC) ground between the two layers and a grounded line
and a biasing circuit as well as a PIN diode on the bottom
surface of the lower layer. The two dielectric layers, which
have no air gap in between, use Arlon AD255 (εr = 2.55,
tanδ = 0.0014) and FR4 ( εr = 4.40, tanδ = 0.02) sub-
strates, respectively. The patch is connected to one end of the
ground line through a metallic via, which is isolated from the

FIGURE 2. Electric field distributions on the top and bottom layers:
(a) ‘‘ON’’ state; (b) ‘‘OFF’’ state.

PEC ground. The other end of the line is connected to the PEC
ground through a metallic blind via near the middle of the
element. There is a gap in the middle of the line where locates
the selected PIN diode. The diode should have a small size
and a low insertion loss at the operating frequency, 12 GHz.
The M/ACOM PIN diode, MA4AGFCP910, is used in this
work. In simulations, the PIN diode is modelled as a lumped
resistance with the typical value of 5.2 � for forward bias
(‘‘ON’’ state), while for reverse bias (‘‘OFF’’ state), it acts as
a lumped capacitance with the typical value of 18 fF.

The reflection patch on the reflecting element acts as a
scatterer controlling the polarization of the reflection wave
and affecting the reflection phase. The PIN diode is used to
connect the PEC ground to the patch through the grounded
line and two vias. By controlling the operating states of the
PIN diode, namely ‘‘ON’’ and ‘‘OFF’’ states, the patch will
be connected and disconnected to the ground, respectively,
resulting in different reflection performance of the reflecting
element [13]–[15]. It is expected that nearly unity reflection
amplitude for both states whilst a 180◦ phase difference
between them can be achieved. In order to drive the PIN
diode to change the reflection phase of the unit cell while
minimizing its influence on the reflection amplitude, it is
necessary to design a proper dc-biasing network. The biasing
circuit has to be designed in such a way that the biasing
point should be placed at the position with the electric field
of nearly zero. A quarter-wavelength microstrip line with an
open-ended radial stub is considered [14], [15] to isolate the
RF signal from the dc signal. Fig. 2 shows the electric field
distributions on the surfaces of top and bottom layers for
both ‘‘on’’ and ‘‘off’’ states under the y-polarized incident
wave. It can be seen that the amplitude of the electric field
on the position of the biasing line, where the open-ended
radial stub is connected, is nearly zero. While the PIN diode
in this design is mounted on the bottom of the layer, which
avoids the scattering resulting from the PIN diode and the
solders, the operating principle of the unit cell is similar to
those of [14], [15], which is that by changing the state of the
PIN diode into ‘‘ON’’ or ‘‘OFF’’, the resonant frequencies
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FIGURE 3. Reflection amplitudes and phases with different positions of
the vias and the PIN diode: (a) via2 and the PIN diode are fixed, via1 is
varied and the Pin diode is at ‘‘OFF’’ state; (b) via2 and the PIN diode are
fixed, via1 is varied and the Pin diode is at ‘‘ON’’ state; (c) via1 is fixed,
via2 and the PIN diode are varied and Pin diode is at ‘‘OFF’’ state;
(d) via1 is fixed, via2 and the PIN diode are varied and Pin diode is at
‘‘ON’’ state.

of the reflecting unit cell are different, resulting in different
reflection phases. The size of the unit cell is also smaller, only
0.365λ×0.365λ, while the counterparts in [14], [15] are both
0.5λ × 0.5λ. The corresponding geometry parameters of the
final design, shown in Fig. 1, are as follows: p = 9.525 mm,
w = 5.85 mm, l = 6.8 mm, t1 = 1.58 mm, t2 = 0.5 mm,
di = 0.3 mm, do = 2.2 mm, s1 = 1.2 mm, s2 = 1.2 mm,
pl = 0.3 mm, and pw = 0.3 mm.

B. SIMULATED AND EXPERIMENTAL CHARACTERIZATION
We carried out numerical simulations by using the commer-
cial full-wave EM software Ansys HFSS. The effects of the
positions of via1, via2 and the PIN diode on the reflec-
tion amplitude and phase are first studied. Fig. 3 shows the
results. As can be seen, the reflection amplitude and phase
are more or less affected by the positions of the vias and the
PIN diode. The final results with parameters above are plotted
in Fig. 4. It is observed that the phase difference (δ) between
the ‘‘ON’’ and ‘‘OFF’’ states is very close to 180◦ from 10.9 to
12.1 GHz, indicating that the required binary reconfigurable
phases are successfully obtained. Furthermore, there is no
remarkable difference between the two reflection amplitudes,
which are both above −0.7 dB, regardless of the PIN diode
states.

For experimental verification, several identical samples
are fabricated and measured using a waveguide simulator
(WGS) [22], [23]. The front and back views of the pro-
totypes are shown in Fig. 5(a). The sample consists of
three identical elements. In order to avoid the propagation
of substrate modes outside the elements, a rectangular ring
formed by metallic vias is made surrounding the three ele-
ments. The test system is composed of a coax-to-WR75

FIGURE 4. Simulated reflection phase and amplitude of the proposed
element under the normal incidence.

FIGURE 5. Photographs of the fabricated samples and measurement
setup: (a) Three identical elements; (b) Transition; (c) Measurement setup.

adaptor and a WR75 waveguide. In addition, the mea-
surement setup also includes a transition between the
WR75 waveguide (9.525 mm × 19.05 mm) and the three
unit cells (9.525 mm × 28.575 mm) due to their dif-
ferent dimensions, as shown in Fig. 5(b). The reflect-
ing elements under measurement are shown in Fig. 5(c).
In the WGS, all the walls of the waveguide are per-
fect conductors. In order to characterize an element of
an array, the oblique incidence should be applied in the
E-plane of the element, as detailed in [22], [23].

Fig. 6 shows the comparisons between the simulated
results using periodic boundary conditions (PBCs) under the
normal incidence and the WGS results from both simula-
tions and experiments. The agreements of reflection phases
among the three cases are good and all the three phase
differences within the frequency range of 11-12 GHz are in
the range of 180◦−200◦. Although the reflection amplitudes
show slight differences, they are all above −1 dB at 11-12
GHz. These slight differences are attributed to the fabrication
tolerance and assembly misalignment among the waveguide,
the transition and the fabricated sample. In summary, these
results demonstrate that the proposed design is capable of
forming 1-bit reconfigurable reflectarray antennas, developed
in the next section.
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FIGURE 6. Comparison between simulated and measured reflection
performance: (a) Phases; (b) Amplitudes.

III. RECONFIGURABLE REFLECTARRAY ANTENNA
After the successful design of the reflecting element, a 1-bit
reconfigurable reflectarray consisting of 14 × 14 elements
was designed. The schematic reconfigurable reflectarray
antenna, shown in Fig. 7, is composed of a feed, a reflectarray
and a beam-scanning controller. The incident wave from the
feed horn illuminates the reflectarray. The reflection phases
of all elements on the reflectarray are only 0◦ or 180◦, which
are controlled by the beam-scanning controller. In order to
realize radiation patterns with required main beam direc-
tions or shaped beams, the appropriate design considerations
of the antennas are required, as follows.

A. REFLECTARRAY DESIGN
The common methods to design planar reflectarrays include
Fresnel zone principle and the phase compensation method.
The latter ideally needs continuous compensation phases over
0◦−360◦. However, discrete phases are used in practice,
resulting in the reduction of the radiation performance of
reflectarrays, such as the gain, the sidelobe level, the beam
direction errors, etc.. In this work, the compensation phases
are only 0◦ and 180◦, which are the minimum requirement
for the phase compensation method. It is well known that
the radiation performance of reflectarray antennas using such
kind of phase compensation would be improved with the
increase of the antenna size, namely, the more elements
the reflectarray has the better the radiation performance

FIGURE 7. Schematic reconfigurable reflectarray antenna and the
coordinate system.

is [14], [15]. In our design, a reflectarray with 14 × 14
elements is considered.

Fig. 7 shows the schematic geometry of the reconfig-
urable reflectarray antenna, where F is the focusing distance
between the phase center of the feed and the reflectarray, Ri
is the distance between the feed and the ith element on the
reflectarray, ⇀r i is the position vector of the ith element, and
û0 is the unit vector of the main beam direction. The required
compensation phase of each element can be obtained using
the following equation [1]

ϕi = k
(
Ri − F +

⇀r i · û0
)
∓ 2nπ + ϕ0 (1)

where ϕi and ϕ0 are the compensation phases of the ith and
the center elements of the reflectarray respectively, k is the
propagation constant, and n is an integer number to make sure
that 0 < ϕi < 360◦. In our design, the compensation phase
will be 0◦ when −90◦ < ϕi < 90◦ and 180◦ for other ϕi.

B. FEED
Normally the illumination at the reflectarray edge from the
feed is about−10 dB [1]. In order to appropriately illuminate
the reflectarray, a conical horn antenna that has a gain of
around 15 dBi at 12 GHz is first developed. Due to the
limited reflectarray aperture size, which is 134 × 134 mm2,
−9 dB illumination at the reflectarray edge is applied and
hence the focusing length of the feed horn is 189 mm. The
phase center of the horn is about 7.4 mm below the horn
aperture. Therefore, the length between the horn aperture
and the surface of the reflectarray is 181.6 mm. In addition,
in order to avoid the blockage of the feed when the antenna
beam is scanning, the offset feed is necessary. In our design,
the feed horn is located in the XOZ plane and the offset angle
is 17.5◦.

C. SIMULATIONS
The reconfigurable reflectarray antenna design is first sim-
ulated to evaluate its potential performance. Commercial
softwave Ansys HFSS is applied to carry out simulations.
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FIGURE 8. Simulated radiation patterns at 11.5 GHz for three reflectarrays
with different sizes.

In our simulations, the exactly same reflecting element
and horn models, as shown in Fig. 1 and designed in
Section III-B, are applied to form the reflectarray antenna
models. Therefore, the phase change for each element on
the reflectarray, according to the requirements of the beam
scanning, will be carried out by changing the ‘‘ON’’ and
‘‘OFF’’ states of the diode on the element.

The radiation performance for reflectarrays with different
sizes are first simulated. Reflectarrays with 10×10, 12×12,
and 14 × 14 elements are respectively applied. Fig. 8 shows
the simulated radiation patterns with main beam direction of
(θ = 0◦, ϕ = 0◦) at 11.5 GHz. As predicted, the performance
of the main beam, the sidelobe level and the backlobe level
are improved with the increase of the reflectarray size. It can
be seen that the reflectarray with 14× 14 elements gives rea-
sonable radiation pattern whereas the other two cases result
in some distortion in the main beam and high-level sidelobes
and backlobes. Hence, the reflectarray with 14×14 elements
is applied to the design in this work.

Next, the radiation patterns with the main beam direc-
tions from −30◦ to 60◦ with a 10◦ step are simulated in
the XOZ plane at 11.5 GHz. The phase distributions on
the 14 × 14 reflectarray elements for different main beam
directions are obtained using formula (1). Fig. 9(a) plots the
phase and diode state distributions for the main beams of
−10◦ and 10◦ in the XOZ plane. The simulated radiation
patterns are depicted in Fig. 9(b). Due to the blockage of the
feed, which is also in the XOZ plane, the radiation patterns
with main beam directions of −30◦, −20◦ and −10◦ have
the relatively larger sidelobe levels while the performance of
those with main beam directions greater than 40◦ will deteri-
orate because the beamwidths become wider and distortion.
The simulated performance confirms to the prediction and
demonstrates the validation of the antenna design. The best
gain appears when the main beam direction is 10◦ in the XOZ
plane, which is about 20 dBi and the corresponding aperture
efficiency is 30.45%.

FIGURE 9. (a) Phase distributions for main beams of −10◦ and 10◦

respectively; (b) The simulated scanning radiation patterns from −30◦ to
60◦ with a 10◦ step at 11.5 GHz in the XOZ plane.

FIGURE 10. Beam control circuitry of the reflectarray.

D. BEAM-SCANNING CONTROLLER
In order to carry out the beam scanning performance and con-
trol the main beam direction, a beam controller is developed
to control the diode states of each element on the reflectar-
ray. Since each element is controlled by a PIN diode, total
196 PIN diodes and the equivalent number of biasing lines
are needed to control the entire reflectarray. The schematic
control circuitry is illustrated in Fig. 10, which is mainly
composed of a micro-controller-unit (MCU) and a voltage
distribution controller (VDC). The VDC has ten inputs and
196 outputs. The outputs are voltages, applied to the diodes
of elements on the reflectarray through biasing lines and used
to control the ‘‘ON’’ and ‘‘OFF’’ states of diodes. The ten
inputs are used to control the 196 outputs. Each input has
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either ‘‘0’’ or ‘‘1’’ state. Therefore, the 10-bit inputs are able
to totally control (or select) 1024 (210) different groups of
outputs, corresponding to 1024 different radiation beams.

In our beam control system, the VDC was implemented
using the voltage control circuit based on a field pro-
grammable gate array (FPGA), which is based on Cyclone IV
series chips. The supply voltage of the circuit board is 5V
while the output voltage of each output is either 0 V or 3.3 V.
Due to the operating voltage 1.33V of the PIN diodes, a series
resistor R is needed in each biasing line, as shown in Fig. 10.

Each scanning beam of the reconfigurable reflectarray
antenna corresponds to a phase distribution on the 14 × 14
reflection elements, which is realized by a group of 196 out-
puts of the VDC. All phase distributions of the designated
beams can be determined in advance, using formula (1).
Therefore, all the corresponding groups of 196 outputs can
be estimated and stored in advance in the FPGA based beam
control system. The required beams can be selected by the
10-bit digit inputs controlled by the MCU.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. REFLECTARRAY PROTOTYPE
In order to experimentally validate the reconfigurable reflec-
tarray antenna design in this work, an antenna prototype,
including the feed horn, the reflectarray and the beam con-
troller, are fabricated. Arlon AD255 and FR4 substrates, with
thicknesses of 1.58 mm and 0.5 mm respectively, are applied
to the fabrication of the reflectarray, which includes 14× 14
elements and has a surface size of 134 × 134 mm2. The
normal PCB techniques are applied to the fabrication of the
reflectarray and the beam controller. Since there is no gap
between the two substrates of the reflectarray, an ultrathin
FR4 PP sheet is used to agglutinate the two substrates. The
total thickness of the reflactarray board is less than 2.1 mm.
Fig. 11 shows the mounted antenna prototype. It can be seen
that there are only square metallic patches on the reflection
surface of the reflactarray. All the diodes, series resistors, and
biasing lines are located on the surface of the FR4 substrate,
opposite side of the reflectarray. The beam controller board
is mounted below the reflectarray, as shown in Fig. 11. The
outputs of the VDC are connected to the biasing lines using
the normal flat ribbon cables.

B. RADIATION PERFORMANCE
The mounted reflectarray antenna, shown in Fig. 11, was
measured using a far-field testing system in an anechoic
chamber. The radiation performance in the XOZ plane, where
the feed horn is located, is first measured at 11.5 GHz.
The measured radiation patterns with main beam direc-
tions from −30◦ to 60◦, stepped by 10◦, were plotted in
Fig. 12. Due to the blockage of the feed, the patterns with
the main beam close to the position of the feed, such as
−30◦, −20◦, −10◦, and 0◦, have high-level sidelobes and
abnormal half-power beamwidths (HPBW), which are dif-
ferent than simulated ones in Fig. 9. The main reason is

FIGURE 11. Fabricated reflectarray antenna prototype.

FIGURE 12. Measured radiation patterns for the main beam scanned
from −30◦ to 60◦ with a step of 10◦ in the XOZ plane at 11.5 GHz.

contributed that the position of the feed horn inmeasurements
is slightly deviated from the determined place due to the
misalignment during the antenna mounting and the deviation
during the rotation of the antenna under measurements. The
offset angle might change due to the aforementioned reasons
in the measurements. During the measurement of each beam,
the receiving signal amplitudes are automatically normal-
ized to the maxima by the measurement software. Therefore,
the gain reduction cannot be plotted in Fig. 12. In addition,
with the increase of the scanning angle, the sidelobe levels
and the main beams also deteriorate. The main reason is that
the reduction of the reflection amplitudes and the phase errors
from the reflectarray elements will increase with the scanning
angle. Table 1 lists the measured beam direction errors and
the HPBW for each scanning beam. The measured gains and
aperture efficiencies for different scanning beams in the XOZ
plane at 11.5 GHz are also measured and depicted in Fig. 13,
together with simulated ones for comparison. The measured
peak gain appears at the 10◦ main beam, about 19.2 dB. The
corresponding peak aperture efficiency is about 25%. Due to
the blockage of the feed and the tolerance when mounting the
feed horn, the gain drops a lot when the beam scanning angle
is close to the direction of the feed.
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TABLE 1. Measured beam direction errors and HPBW under different
beam directions at 11.5 GHz in the XOZ plane.

FIGURE 13. The measured and simulated gains and aperture efficiencies
for different scanning beams in the XOZ plane at 11.5 GHz.

FIGURE 14. Measured radiation patterns for main beams scanned from
−60◦ to 60◦ with a step of 10◦ in the YOZ plane at 11.5 GHz.

The radiation performance in the YOZ plane at 11.5 GHz
is also measured. In the measurement, the beam scans from
−60◦ to 60◦, with a step of 10◦. Fig. 14 and 15 plot the
measured radiation patterns, the gains and the aperture effi-
ciencies respectively. Same as those in the XOZ plane,
the radiation performance deteriorate when the scanning
angles are greater than 40◦. Since there is no blockage in the
YOZ plane, the sidelobe levels are much better than those

FIGURE 15. The measured and simulated gains and aperture efficiencies
for different scanning beams in the YOZ plane at 11.5 GHz.

FIGURE 16. Measured gain and aperture efficiency curves for the main
beam fixed at 10◦ in the XOZ plane.

in the XOZ plane, the beam direction errors are much less,
and the gains do not drop significantly with the increase
of scanning angles. The radiation performance for differ-
ent frequencies is also tested. Fig. 16 shows the measured
gain and efficiency curves for the main beam fixed at 10◦

(θ = 10◦, ϕ = 0◦) in the XOZ plane.
Table 2 compares the performance, the size and the

working modes of the proposed antenna to those reported
in literatures. It is shown that the proposed 1-bit reconfig-
urable reflectarray antenna design features a higher aperture
efficiency, achieving the main target of this work.

C. DISCUSSION
Overall, the experimental results successfully demonstrate
the beam-scanning radiation performance of the reconfig-
urable reflectarray antenna design, validating the reflecting
element design in Section II. Nevertheless, the radiation
performance deteriorates with the increase of the scanning
angle. The gain drops a lot and the HPBW distorts much.
The main reasons include the feed blockage, the substrate
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TABLE 2. Comparison of different reconfigurable antenna arrays.

tolerance and the fabrication tolerance, as well as the mount-
ing tolerance of the feed and the measurement tolerance due
to the misalignment of the antenna during measurements.
In addition, due to the laboratory condition, all the diodes
and resistors are soldered manually. The non-uniform solders
in different elements might slightly affect their performance.
Above all is the size of the reflectarray. As mentioned in
Section III and demonstrated in [14], [15], the radiation per-
formance of such kind of reconfigurable reflectarray antennas
will become better and the performance deterioration with
the increase of the scanning angle will mitigate when the
reflectarray size is large enough.

In spite of all these, it should be noted that the mea-
sured peak aperture efficiency is about 25%. Compared with
those in literatures, for example, 17.9% in [14] and 21.6%
in [15], our results show better aperture efficiency. Note that
the reflectarrays in [14], [15] use similar reflecting element,
include 10 × 10 and 40 × 40 elements respectively, which
demonstrate that the aperture efficiency is improved with the
increase of the reflectarray aperture size. The main reason
for the higher aperture efficiency in our reflectarray design
is attributed to the arrangement of the PIN diodes in our ele-
ment design, the smaller size of the reflectarray element and
perhaps the use of Arlon AD255 substrate, which has a minor
smaller loss tangent (tanδ = 0.0014) than Taconic TLX-8
(tanδ = 0.0019) in [14], [15]. As mentioned in Section I,
the main difference between our reflecting element and all
others in literatures is that the PIN diode and the associated
biasing line and solders are designed to be located in the
opposite side of the reflection surface of the element, aiming
at the improvement of the antenna efficiency. In addition,
although our reflectarray has 14 × 14 elements while that
in [14] has 10 × 10 elements, the two reflectarrays have
similar aperture size, 5.1λ × 5.1λ and 5λ × 5λ respectively.
The size of the element in our reflectarray design is smaller.
With the similar aperture size, the same 1-bit compensation
phase while more reflectarray elements, our design exhibits
a higher aperture efficiency, illustrating that the negative
effect of phase errors on the radiation performance of an

1-bit reconfigurable reflectarray might be mitigated by
using elements with a smaller size. Both simulations in
Section III-C and experiments in Section IV-B show the
realization of our initial target. It is expected that the recon-
figurable reflectarray antenna based on our reflecting element
is able to achieve better aperture efficiency when with larger
aperture sizes.

V. CONCLUSION
We have successfully demonstrated an X-band electronically
reconfigurable reflectarray antenna that has 14×14 reflecting
elements and features a higher aperture efficiency. A 1-bit
electronically controlled reflecting element with only one
PIN diode and a smaller period (0.365λ) has been success-
fully developed for reconfigurable reflectarray antennas. The
180◦ phase difference is achieved by controlling the ‘‘ON’’
and ‘‘OFF’’ states of the PIN diode mounted on the opposite
side of the reflection surface, with the reflection amplitude
of > −1dB. Measurements in a WGS show good agree-
ments with the simulated results, validating the proposed
design.

A 14 × 14 reflectarray, a feed horn and a FPGA based
beam controller are further developed to demonstrate the
beam-scanning radiation performance. The measured results
show a peak gain of 19.2 dBi and an aperture efficiency
of 25% at 11.5 GHz, realizing one of the main aims of this
work, namely, to improve the antenna efficiency. Good beam-
scanning performance is achieved in a 2D space. This antenna
is able to be scaled to operate at other frequencies. The poten-
tial applications include current and future communication,
satellite and radar systems.
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