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Abstract

This paper presents an architecture for a reconfigurable antenna based on an electronically
tunable reflectarray. This antenna is capable of producing reconfigurable, adaptive beam patterns
suitable for high-gain wireless applications, as well as for systems employing antenna diversity
to combat multipath effects. The design of an electronically tunable reflectarray cell is presented
in detail along with experimental results validating its performance in an array scenario.
Experimental results from a fixed-beam reflectarray based on the proposed cell are presented
and ongoing work on an electronically tunable reflectarray prototype is discussed.

I. INTRODUCTION

High gain antennas are used in a variety of communication systems, mainly those em-
ployed in outdoor environments. Many of these systems can benefit from making the
antenna beam adaptable in some way. For example, in satellite communications systems
where there is relative motion between the satellite and terminal, adjusting the beam of
the antenna to compensate for the motion is crucial to maintaining the communications
link. In terrestrial systems, such as emerging wireless metropolitan-area networks, high
gain antennas are required to provide sufficient signal strength over long distances, and an
adaptable high-gain antenna can be employed to compensate for changes in the position
of users in the network. Furthermore, most of these applications can benefit from making
the entire beam pattern itself adjustable, as opposed to simply adjusting the direction of
the main beam. Such an antenna system can be very effective at combating the effects
of multipath in the radio channel. Adaptive antennas are capable of forming multiple
beams in the radiation pattern to coherently combine signals emanating from reflectors
in the environment, providing systems with diversity gain, which is not possible with
fixed-beam antennas. Obviously, such a degree of adaptability in the radiation pattern
requires a completely different type of antenna system altogether.

Antennas that are capable of adjusting their own radiation characteristics are termed
reconfigurable antennas, though the term is broad and does extend to antennas that can



change their other parameters such as frequency of operation, bandwidth, and so on.
This paper explores the class of reconfigurable antennas that are capable of adapting
their radiation patterns in a manner as described above. The goal of the research is to
develop an antenna system that is both flexible and intelligent so that the antenna is
capable of dealing with many scenarios using a robust adaptation technique.

High gain antennas for the aforementioned applications can be realized in a number of
ways. Reflector antennas would seem to be ideal candidates for these applications because
they can realize a large amount of gain in a low-cost manner. Unfortunately, reflector
antennas are not adaptable. Beam scanning can only be achieved through mechanical
movement of the antenna, or perhaps through the use of several feed horns to provide
several preferred directions of radiation. Conventional reflector antennas also lack a
mechanism for manipulating the beam pattern itself, so arbitrary beam patterns for
compensating for environmental effects cannot be realized from reflectors. Antenna arrays
would seem like natural candidates for a reconfigurable antenna platform, but they also
suffer from a number of drawbacks. Arrays require an intense amount of radio frequency
(RF) hardware per element, increasing systems costs and the physical size of the array.
Arrays also require an RF feed network which becomes difficult to implement for large
arrays, and more importantly, becomes excessively lossy at high frequencies, placing an
upper limit on the gain realizable from the array.

This paper proposes a reconfigurable antenna platform based on a concept known as a
reflectarray. As the name suggests, a reflectarray is an antenna possessing characteristics
of both reflector antennas and antenna arrays. Reflectarrays have evolved in attractive
candidates for applications requiring high-gain, low-profile, fixed-beam reflector antennas
in recent years [1]. A basic reflectarray antenna is composed of a planar array of microstrip
patches, which are illuminated by a spatial feed such as a horn antenna as shown in
Figure 1. Phasing of the scattered field to form the desired beam pattern is achieved
by modifying the characteristics of the individual elements composing the array. The
most popular approaches include varying the size of the microstrip patch or dipole
elements [2], loading patches with variable-length stubs [3], and varying the rotational
angle of circularly-polarized stub-loaded microstrip patches [4]. These approaches have
met with much success in the design of fixed-beam reflectarrays, where most of the
research has been focused.

The one untapped capability of the reflectarray is the possibility of making the beam
pattern dynamic using reconfigurable elements. This requires elements whose scattered
field phase can be actively adjusted over a broad range (close to 360◦). A reflectarray
based on such cells would be a very versatile platform for a reconfigurable antenna
that overcomes many of the limitations of conventional phased arrays. Reflectarrays
synthesize beam patterns without the need for individual RF chains connected to each
antenna element. This represents an enormous savings in system costs provided that
a reconfigurable cell can be realized in a cost-effective manner. Reflectarrays also do
not require potentially lossy RF feed networks to feed each of the array elements,



so the resulting platform could potentially provide the the superior gain of a reflector
antenna combined the the reconfigurability of a standard antenna array, particularly at high
frequencies. Finally, reflectarrays are easily amenable to closed-loop control techniques
for adapting the array since in receive mode, real-time power information from the array
is available at the feed horn. The design of a tunable reflectarray platform is the focus
of this paper.

II. PROPOSED REFLECTARRAY CELL DESIGN

At the heart of the design of an electronically tunable reflectarray is the design of the
antenna elements themselves. As previously mentioned, this requires antenna elements
that exhibit a large degree of phase agility. Only a handful of reconfigurable elements
for reflectarrays have been proposed, and even fewer demonstrated in an actual tunable
reflectarray. In [4], the authors proposed that the variable-angle patch elements could
be rotated using miniature motors to change the phase shift of each element. A similar
idea was proposed in [5], whereby the movement of a dielectric rod beneath a dipole
could be used to produce changes in the scattered phase of the element. Most recently, a
promising approach using electronic control of the element has been demonstrated in an
actual reflectarray [6]. In this topology, the radiating edge of a patch antenna was loaded
with a varactor diode in order to change the phase of the scattered field. Unfortunately
only 180◦ of phase range was achieved with this element, allowing for only limited beam
scanning and constraining its application to small reflectarrays. Nevertheless, these cells
illustrate significant promise as reflectarray elements due to their low component count
and low cost.

The proposed unit cell utilizes an electronically tunable reactance to impart changes to the
phase of the scattered field similar to the approach presented in [6]. However, a much
wider phase range is achieved. This was made possible by examining the underlying
structure of a tunable reflectarray cell. Electronically tunable reflectarray cells borrow
concepts from frequency agile antennas, which were traditionally devised to allow the
patch’s input impedance (input match frequency) to be adjusted using tunable compo-
nents [7]. Fixed reflectarray elements utilize changes in the electrical length of the patch
element to change the phase of the scattered field. A varactor diode is typically used
as the tunable component. When designing phase-agile reflectarray elements, the patch
must be chosen so that for a given size, the maximum range of phase angles is achieved
over the range of capacitances offered by the varactor diode. Choosing an element that
is too large or too small reduces the achievable phase range. The choice of the patch
size also depends on the physical location and how the varactor diode is integrated with
the patch. For patches employing shunt-connected varactor diodes along the radiating
edge, selecting a patch that is too small will cause the phase range to be limited by the
varactor’s maximum capacitance, or conversely by the varactor’s minimum achievable
capacitance if the patch is chosen to be too large.

For the proposed design, a phase-agile reflectarray element was designed using two



varactor diodes serially connecting two halves of a patch as shown in Figure 2. The
use of a serial connection simplified the design since no vias were required, and for the
patch size chosen, commercially available packaged devices could be used. The operating
frequency was chosen to be 5.5 GHz, and the element designed on a 1.524 mm substrate
with εr = 3.02 and tan δ = 0.0016 using the following dimensions: W = 14 mm,
L = 19 mm, and g = 1 mm. An MCE Metelics MGV-100-21 varactor diode was chosen
for the design, which develops a capacitance of 2.10–0.15 pF between 0–20 V of reverse
bias voltage. For validation purposes the unit cell was also assessed by replacing the
varactor diode with various fixed packaged capacitors.

The reflectarray element was designed using a custom in-house finite-difference time-
domain (FDTD) code. Equivalent circuit models of the capacitors and varactor diodes
were used in the FDTD simulations. To determine the scattered field from the array
element in the simulation, it was placed at the end of an ideal parallel-plate waveguide
(PPWG) with the element polarized with incident field. This technique can be used to
simulate normal incidence on the patch in an infinite-array scenario when the dimensions
of the PPWG are chosen to be equal to that of unit cell in the array [8]. By extracting the
TEM reflection coefficient from the structure, the amplitude and phase of the scattered
field from the patch can be determined.

To experimentally measure the scattered field from the element, a slightly different setup
was used, since a large high-quality air-filled PPWG could not be practically realized.
The element was placed at the end of a section of rectangular waveguide (RWG) as
shown in Figure 3. The TE10 mode travelling in the waveguide simulates illumination
at an angle of θinc = sin−1( π

ka
) radians from broadside in the H-plane, where k is the

wavenumber in the waveguide. Additionally, the waveguide approximates a semi-infinite
array scenario where the elements are separated by a free-space distance of b due to
image theory, i.e., they are mirrored across the H-plane. WR-187 waveguide was used
(a = 47.55 mm, b = 22.15 mm) for the measurements. While this does not simulate the
actual element spacing of 0.55λ0 = 30 mm used in the final array, it is sufficient for
checking the scattering properties of the patch element for comparison with simulation
results. The waveguide provides an illumination angle of 35◦ at 5.5 GHz.

The scattering behaviour of the unit cell utilizing fixed capacitors is shown in Figure 4(a).
The results compare FDTD simulations inside parallel-plate waveguide and rectangular
waveguide, and experimental results in the rectangular waveguide. There is good corre-
lation between all results. The minor deviation between the simulated RWG and PPWG
results is expected since the WR-187 approximates a much closer element spacing than
that used in the PPWG simulations. There is only a slight change in the scattered field
amplitude as the tuning capacitance is varied due to the low amount of loss in the
capacitors.

Measured results for the varactor diode-based cell are shown in Figure 4(b). An excellent
tuning range of 320◦ was observed for the unit cell at 5.5 GHz. The tuning range increased



at lower frequencies due to the cell geometry and the fact that the cell substrate is
electrically thinner at lower frequencies. The slope of the phase characteristic is also
sharper at lower frequencies, demonstrating the well-known tradeoff between phase range
and phase slope when designing reflectarray cells. To quantify the bandwidth of the cell,
the frequency range over which the scattered phase from the cell remained within ±22.5◦

of the centre of the tuning range was measured. The bandwidth of the cell at 5.5 GHz
was 73 MHz (1.3%).

Ideally, the unit cell should not exhibit any changes in scattered field amplitude as the
phase of the cell is swept. Some amplitude fluctuation in the scattered field about the
centre of the tuning range is apparent from the lower plot in Figure 4(b). This was caused
by a significant series resistance associated with the varactor diode. The effect is more
severe at lower frequencies where the frequency is closer to the resonant frequency of the
patch, suggesting that significant power dissipation in the varactor diode is occurring at
this point. This effect can be addressed by using higher-Q diodes in the unit cell, and also
potentially addressed through adjusting the position of the varactor diodes away from the
current maximum of the patch. The effect is not overly severe at the design frequency
of 5.5 GHz, where just over 3.5 dB of amplitude fluctuation is apparent. This effect
further illustrates the importance of balancing phase range with amplitude fluctuations
when using lossy tuning elements.

III. REFLECTARRAY IMPLEMENTATION BASED ON PROPOSED UNIT CELL

To further validate the performance of the unit cell, a fixed-beam reflectarray was realized
from unit cell utilizing fixed capacitors as described in Section II. The reflectarray was
realized using a 10 × 7 array of microstrip patches oriented according to the spherical
coordinate system shown in Figure 1. The arrays were designed at 5.5 GHz with an
element spacing of d = 30 mm. Standard array theory was used to determine the
required phasing of the array. The required element phases were discretized according
to the available capacitor values shown in Figure 4(a). Actual scattering information
from the experimental results in rectangular waveguide were incorporated into the design
simulation used to generate the reflectarray cell capacitor values.

To confirm the proper operation of the array without a close proximity feed horn, the
performance of the array was studied when it was illuminated from a large distance. This
is not the normal manner in which reflectarrays are fed but provided the best insight into
the performance of the elements since feed blockage did not need to be considered. The
array’s elements were chosen such that the array would reflect a plane wave incident
broadside to the array in the direction θ = 109◦, φ = −24◦. Illuminating the array
in an anechoic chamber confirmed that the reflection was within 2◦ of the expected
illumination angle when the array was illuminated at broadside. The slight beam point
error is attributable to the tolerance of the capacitors used to realize the elements.

A more detailed analysis of the array was performed by scanning the array and examining



its monostatic radar cross section (RCS) in the anechoic chamber. The maximum RCS
was found at θ = 100.5◦, φ = −12.0◦, which is where the antenna essential acts as
a retrodirective reflector. This compared favourably with the expected values of θ =
99.0◦, φ = −10.5◦. A plot of the measured monostatic RCS compared with the theoretical
monostatic RCS is shown in Figure 5 for two different scans of the array. The overall
correlation between the simulated and measured results is very good. Discrepancies, most
apparent in the elevation scan, were likely caused by reflections in the chamber off of
a large boom that was used to support the antenna. The boom’s cross-section changed
most significantly during elevation angle scans, leading to large errors when the array
was scanned more than 30◦ from broadside.

The maximum monostatic RCS of the array was compared with the measured monostatic
RCS of a rectangular metallic plate of the same dimensions as the array. The maximum
RCS of the array was found to be approximately 1.7 dB lower than that of the plate.
More than 0.6 dB of this is directly attributable to the element factor associated with the
microstrip patch. Simulations of the array also demonstrated an additional 0.7 dB drop
in peak monostatic RCS when element amplitude variation was introduced. Hence, the
loss is within theoretical expectations.

IV. AN ELECTRONICALLY TUNABLE REFLECTARRAY IMPLEMENTATION

Experiments with the fixed-beam reflectarray and its components are very encouraging.
The electronically tunable unit cell exhibits sufficient phase agility for use in an antenna
array and experiments with the fixed version of the cell successfully demonstrated that
the cell could be deployed in an array scenario. With the demonstrated success of the
fixed-beam platform, an electronically tunable version of the reflectarray was constructed.
The layout of this platform is shown in Figure 6.

The system consists of several components. The first is a reflectarray board identical
to the fixed-beam reflectarray board except that the cells have been replaced with their
tunable equivalents shown in Figure 2. To control the voltages of each of the 70 cells
on the reflectarray board, a special 70-element digital-to-analog (DAC) converter board
was developed so that each cell could be individually addressed and a voltage level
applied to each element. 8-bit DACs were used on the control board and the each cell
designed so that the range of voltages applied across the reflectarray cells could be
adjusted if necessary. The maximum output voltage of the control board is 30 V. A small
microcontroller board was embedded with the control board to facilitate communications
between the DACs and a host computer, which runs the control software for the array.

Construction of a hardware prototype this system is nearly complete. There are immediate
plans to test the system in an anechoic chamber using tests similar to those used to
characterize the fixed-beam reflectarray presented earlier. Results from the fully tunable
version of the array will be presented during the conference presentation.



V. CONCLUSIONS

Electronically tunable reflectarrays show significant promise as a candidate for recon-
figurable antennas. They possess the advantages of both reflector antennas and antenna
arrays, and have significant potential as adaptive, high-gain beam-forming platforms.
Their high degree of adaptability is achieved without the huge costs associated with
traditional arrays through the use of some unique features in the reflectarray cell itself.

This paper has presented a potential architecture for a reconfigurable reflectarray. The
design of a cell exhibiting a high degree of phase-agility was presented. Results from
fixed versions of the cell have validated the concept behind the cell, and also have
demonstrated its performance in an fixed-beam reflectarray scenario. Measurements from
a tunable version of the cell demonstrate its potential of a fully tunable version of the
reflectarray which is currently being constructed.

Future work on the platform includes a thorough characterization of the tunable array
inside the anechoic chamber. There are also plans to incorporate a proximal feed horn into
the prototype so that it can be scanned like a traditional reflectarray and bistatic radar cross
section measurements of the array more easily performed. Some of the most interesting
upcoming research on the array is an investigation of potential control techniques to
tune the array automatically and allow it to adapt to changes in the environment on its
own. The resulting system will be very versatile and hopefully an excellent candidate for
systems requiring low-cost reconfigurable antennas.
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Fig. 1. Generic reflectarray Fig. 2. Proposed reflectarray element

(a) Parallel plate waveguide

a

b

E

q
inc
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Fig. 3. Waveguide-based setups for measuring the scattering properties of a patch.



(a) Fixed capacitors (b) Varactor diode

Fig. 4. Simulated and measured scattering properties of the reflectarray element

(a) θ = 100.5◦ (b) φ = −12.0◦

Fig. 5. Measured and simulated monostatic radar cross section of the reflectarray



Fig. 6. Layout of the electronically tunable reflectarray


