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Dual-Band Circularly Polarized Fully Reconfigurable
Reflectarray Antenna for Satellite Applications in the Ku Band

Elham Baladi, Member, IEEE, Min Yin Xu, Student Member, IEEE, Nicolas Faria, Student Member, IEEE, Jeff
Nicholls, Member, IEEE, and Sean V. Hum, Senior Member, IEEE

Abstract—This work presents the design and experimental
validation of a dual-band fully reconfigurable circularly polarized
(CP) reflectarray (RA) antenna for satellite communication
applications in the Ku band. The proposed structure operates
with the downlink and uplink beams at frequency bands of
[10.8−11.8] GHz and [14−15.4] GHz, respectively. Simultaneous
and independent beam control is provided over each of the two
bands. The constituent unit cell is composed of two interleaved
circular loops of different sizes to address the two frequency
bands. Each loop is loaded using four varactor diodes. The loops
are symmetrically loaded in the transverse plane to provide an
isotropic response suitable for CP applications. A phase range
of more than 300◦ is achieved in both bands as the capacitive
loading varies, with an average of 2 dB loss in the lower frequency
band and 3 dB loss in the higher band. In this paper, the
response of the unit cell is studied through full-wave simulations
and verified through quasi-optical (QO) measurements, and the
fully tunable performance of the reflectarray is validated through
measurements in a near-field anechoic chamber.

Index Terms—reconfigurable reflectarrays, dual-band, circular
polarization, continuously tunable, satellite communication, Ku
band, antenna arrays.

I. INTRODUCTION

Wireless communication systems, including but not lim-
ited to, satellite communication systems, radars, and point-
to-point terrestrial links can benefit from adaptive beam-
forming through reconfigurable antennas. Although conven-
tional reflectarrays (RAs) and transmitarrays (TAs) offer a
simple solution for producing high-gain pencil beams, most
designs are fixed and require mechanical scanning to address
adaptive beam-forming requirements. Phased array antennas,
on the other hand, provide versatile control in the excitation
of their elements, allowing for reconfigurable beam-steering.
Nevertheless, they often possess a large overall size and cost
as each element requires a separate phase shifter module.
Furthermore, the efficiency of phased arrays decreases as
frequency increases towards the mm-wave regime, due to the
use of transmission-line feed networks that become more lossy
at higher frequencies [1]. Reconfigurable reflectarrays (RAs)
and transmitarrays (TAs) have attracted significant research
interest in recent decades, as they combine interesting features
of passive RAs/TAs and electronically tunable properties of
phased arrays. Reconfigurability is achieved through the in-
troduction of electronically tunable discrete elements such as
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Computer Engineering, University of Toronto, Toronto, ON, Canada. M. Y.
Xu is with Delft University of Technology, Delft, Netherlands. J. Nicholls is
with Kepler Communications Inc, Toronto, ON, Canada.

varactor diodes, PIN diodes, and micro-electro-mechanical-
systems (MEMS) switches within the unit cells [1], [2].
These components are controlled electronically to provide the
required phasing between antenna elements in order to address
the desired beam-forming scheme.

Satellite communication in the Ku band imposes several
requirements on the antenna, such as a dual polarization
response, simultaneous transmit/receive operation in the two
bands and high isolation between the co- and cross-polar
response. While parabolic reflectors meet these criteria, they
are bulky and rely on mechanical scanning to address different
beam directions. These drawbacks make electronically tunable
RA antennas attractive alternatives, as they are lightweight
and enable fast and versatile beam-scanning without the need
for mechanical beam-pointing systems. Various passive CP
RAs have been studied previously [3]–[14]. Single-band re-
configurable RAs have also been successfully implemented by
relying on electronically tunable elements such as RF MEMS
switches [15]–[18], PIN diodes [3], [19], [20] and varactor
diodes [21]–[23]. Nonetheless, the design of fully reconfig-
urable dual-band CP RAs, although somewhat explored [24]–
[26], has remained a challenge. The majority of recent efforts
in implementing reconfigurable antenna arrays rely on PIN
diodes and MEMS switches providing 1- or 2-bit phase control
[19], [24], [27]–[30]. Electronically tunable designs depending
on switches can have limited phase resolution, and therefore,
degree of controllability. For example, a sequential rotation
principle has been applied to split ring resonators that are
loaded using RF MEMS switches [24]. A sequential rotation
principle states that a rotation angle of φ inside the unit cell
results in the phase shift of 2φ in the phase of the reflection
parameter. Consequently, the use of six MEMS switches yields
a phase resolution of only 120◦. Following this rule, a phase
resolution of 90◦ requires eight switches; this imposes a major
limit on improving the tuning resolution especially at higher
frequencies, where there are major constraints on the available
physical space.

This work presents the design a dual-band dual-CP recon-
figurable RA in the Ku band for user terminal applications
in satellite communication systems, expanding on an earlier
presentation of the unit cell response [31]. The aforementioned
work discusses the unit cell and its magnitude/phase response
under a uniform bias voltage. Since the proposed RA is
electronically tunable, the nonuniform array design is in-
fact carried out after fabrication, through the calculation and
application of the corresponding voltages for beamsteering.
As such, the in-depth details of fabrication, the bias network
and active design scheme, and experimental verification of
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(a)

Fig. 1. Top view of the dual-band CP RA unit cell.

TABLE I
DESIGN PARAMETER DEFINITIONS AND VALUES FOR THE PROPOSED RA

UNIT CELL

Parameter Definition Value
r1 radius of the smaller loop 3.2 mm
r2 radius of the larger loop 3.8 mm
t1 trace width of the smaller loop 1.08 mm
t2 trace width of the larger loop 0.88 mm
dvia diameter of the via 0.3 mm
Rbias resistance of bias resistors 25 kΩ

beamsteering behaviour in both operating bands are fully
studied in this journal paper. The proposed prototype produces
individually steerable pencil beams in downlink and uplink
frequency bands of [10.8 − 11.8] GHz and [14 − 15.4] GHz,
while allowing a continuous beam control in the angular range
of ±50◦ from broadside in both operating bands.

This paper is organized as follows: Sec. II presents the
design of the unit cell as well as the choice of the array
grid. Sec. III shows the simulation data on the magnitude
and phase response of the RA in both operating bands. The
fabrication considerations and requirements as well as details
of the control system are discussed in Sec. IV. Sec. V presents
experimental data on the magnitude and phase response of the
unit cell obtained through quasi-optical measurements along
with the far-field response of the RA in both bands. The gain
of the RA is also obtained in both bands and shown in Sec.
V, wherein the details of different sources of loss are also
outlined. Conclusions as well as future directions of this work
are discussed in Sec. VI.

II. UNIT CELL DESIGN

The goal of this work is to present a unit cell with a
symmetric CP response, whereby tunable behaviour can be
obtained under either right-hand circular polarization (RHCP)
or left-hand circular polarization (LHCP) excitations. In this
scenario, the feed would be responsible for determining the
sense of the polarization. The approach adopted here to design
a dual-band dual-CP continuously tunable RA unit cell is
based on the concept of tunable resonators. The unit cell
needs to be capable of generating symmetric responses under
vertical and horizontal linear polarizations (i.e. an isotropic
response) at two different operating frequencies. Consequently,
a symmetric unit cell structure is needed. Here, a loop-shaped

element is chosen, but it is worth noting that this choice is not
unique and other symmetric structures such as squares and
crosses would also meet this condition. In this work, loop-
shaped resonators are chosen due to their fully symmetric
geometry and stable angular response. In addition, loops are
straightforward to interleave so as to minimize their mutual
coupling.

The proposed dual-band RA unit cell is demonstrated in Fig.
1, which is composed of two circular loops for operation in
the two bands, placed in an interleaved manner. Each loop is
loaded through four uniformly spaced varactor diodes sharing
an identical bias voltage. A MACOM MAVR-011020-1411
varactor diode model is chosen [32], which provides a capaci-
tance of 0.04 to 0.27 pF inversely related to bias voltage values
of 0 to 15 V. By controlling the capacitance electronically, the
resonance frequency of the loop element is shifted, yielding
a broader frequency range of operation. This also allows a
variable phase response, which can be programmed across
the surface to realize real-time beamforming. As is evident
from the physical x-y symmetry of the structure, this unit
cell demonstrates an identical response for x- and y-polarized
incident waves (i.e., a dual linearly polarized (LP) behavior).
Important design parameters are labeled in Fig. 1 and listed
in Table I. Resistors (R) are 25 kΩ bias resistors operating as
chokes for the RF signals, and the substrate is Rogers RO4003
with a thickness of 0.8128 mm, permittivity of εr = 3.55 and
a loss tangent of tan δ = 0.0027. The geometric parameters
in Table I have been obtained by an initial calculation of
the radii of the two rings such that they are resonant at the
upper frequency limit of each operating band, and as such, the
addition of the capacitive loading would reduce the resonance
frequency for obtaining S-curves at lower frequencies within
each band. Thereafter, the design parameters are fine-tuned
using parametric studies in Ansys HFSS.

The unit cell period is chosen such that grating lobes are
prevented for maximum beam scan angles of ±50◦ at the
operating frequency of 14.5 GHz. As such, the maximum
spacing for a rectangular grid may be calculated as

d =
λ

1 + sin(θmax)
, (1)

while for a triangular grid the maximum spacing is obtained
as [33]

d = 1.15
λ

1 + sin(θmax)
. (2)

Therefore, a triangular grid allows 15% larger spacing between
the unit cells compared to a rectangular grid for achieving
the same maximum scan angle without grating lobes. This
enables reducing the number of elements in the array (and
therefore the cost) for a fixed overall size, which is an
important consideration when using active devices such as
varactor diodes.

Fig. 2(a) represents the elements of the lower band placed in
an interleaved manner in a triangular gird; the elements of the
upper band are then inserted at the corners, as demonstrated
in Fig. 2(b). This results in the trapezoidal unit cell geometry
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(a) (b)

Fig. 2. The proposed triangular grid with (a) interleaved elements of the lower
frequency band and (b) the elements of the upper frequency band inserted at
the corners.
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Fig. 3. Simulated (a) magnitude and (b) phase of the reflection parameter
at different frequencies within the lower band plotted as a function of bias
voltage.

that was shown in Fig. 1, which may be modeled and studied
through periodic boundary conditions.

III. UNIT CELL SIMULATIONS

A. Lower Band

Full-wave simulations of the proposed unit cell are carried
out in Ansys HFSS using periodic boundary conditions. The
circuit model for the lumped-component varactor diodes as
well as details on the voltage-capacitance relationship can
be found in the datasheet of the components [32], which
has been applied via a post processing step to compute the
scattering parameters as the loading capacitance is varied.
This post-processing step is carried out by constructing a 10
by 10 scattering matrix, wherein two of the ports refer to
the two orthogonal propagating Floquet harmonics, and the
other 8 ports represent the 8 varactor diodes in one unit
cell. The multi-Floquet-port simulation is carried out once
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Fig. 4. Simulated (a) magnitude and (b) phase of the reflection parameter at
different frequencies within the upper frequency band plotted versus the bias
voltage.

with the power fed to port 1, and the scattering data are
extracted. Thereafter, the ports representing the varactors are
loaded using the aforementioned circuit model in the post-
processing of the obtained multi-port matrix [34]. Modeling
the discrete variable elements by such internal ports and
post-processing allows drastic reduction of the computation
time. The magnitude and phase of the reflection coefficient
are accordingly derived from unit cell simulations excited at
normal incidence with two linearly polarized waves at different
frequencies within the lower band as the voltage applied to the
varactor diodes is varied. Series varactor parasitics, including
an inductance L = 0.2 nH and resistance R = 1.6 Ω are also
accounted for when obtaining the magnitude and phase of the
reflection parameter. The corresponding data are shown in Fig.
3. The data demonstrated in Fig. 3(a) indicate an average loss
of about 2 dB in the magnitude of the reflection parameter
at different design frequencies. A phase range of about 300◦

is shown to be obtained at different frequencies in the lower
band as the bias voltage and therefore the capacitance of the
varactor diodes is varied in Fig. 3(b).

B. Upper Band

The magnitude and phase of the reflection parameter are
obtained through full-wave HFSS simulations at different
frequencies within the upper band in a similar manner, and
plotted in Fig. 4 as a function of the bias voltage. The mag-
nitude curves of the reflection parameter shown in Fig. 4(a)
imply an average loss of 3 dB at different design frequencies
within the upper band, while the phase data in Fig. 4(b)

Authorized licensed use limited to: TU Delft Library. Downloaded on October 07,2021 at 14:26:51 UTC from IEEE Xplore.  Restrictions apply. 



0018-926X (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2021.3090577, IEEE
Transactions on Antennas and Propagation

4

Fig. 5. Layers of the fabricated prototype.

(a) (b)

Fig. 6. (a) Front and (b) back views of the fabricated 8 by 8 RA.

demonstrate more than 300◦ of phase range as the bias voltage
is varied.

IV. FABRICATION

To verify the beam scanning response, a small 8 by 8
array was fabricated for proof-of-concept measurements. The
printed circuit board was designed to include four layers as
pictured in the diagram shown in Fig. 5. The top-most layer
contains the radiating elements. RF ground resides on the
second layer, while the DC control bias lines are placed on
the third and fourth layers.

The front and back views of the fabricated prototype are
shown in Fig. 6(a) and 6(b) picturing the radiating elements
and the bias network, respectively. The control system consists
of USB data-acquisition (DAQ) devices from Measurement
Computing (USB-3114) wherein the analog output-voltage
terminals are capable of providing analog output voltage
values in the range of [0-10] V. To expand the range of voltage
values, operational amplifiers (op-amps) with a gain of 4 are
used in the bias network. The analog output-voltage terminals
from the USB-3114 DAQ devices are connected to the input
of the op-amps, which amplify the applied voltage and apply
it to the varactor diodes.

There are 64 op-amp ICs in the bias network [35], wherein
each IC controls the voltage applied to one unit cell. There are
four op-amps within each IC, two of which are connected to
each ring inside one unit cell, where one is used in an inverting
configuration and another in a non-inverting configuration.
This produces the voltage outputs of +Vb and −Vb, which
are applied to one ring along with two RF ground voltages

Fig. 7. The biasing scheme for one unit cell.

Fig. 8. A quasi-optical measurement system [36].

such that the four varactor diodes share the identical bias
voltage of Vb. The biasing scheme for one unit cell is shown
in Fig. 7, with Vb1 and Vb2 referring to the bias voltage in
the lower and upper bands, respectively. The DAQ devices are
programmed using the corresponding toolbox in MATLAB,
providing identical voltage values to varactors inside each ring
in one unit cell, while the applied voltages can vary from one
unit cell to another so as to apply the desired phasing scheme.

V. EXPERIMENTAL VALIDATION

A. Quasi-Optical Measurements

To characterize the unit cell characteristics of the fabricated
RA, the array is biased uniformly at first to obtain the
magnitude and phase of the reflection parameter versus the
bias voltage through measurements in a quasi-optical system.
This measurement system is shown in Fig. 8 and is composed
of two conical horn antennas connected to the ports of a vector
network analyzer as well as two collimating lenses that focus
the beam radiated from the horns onto a desired beam waist.
The lens radii and spacings are designed here such that they
focus the beam radiated from the horns into a desired beam
waist (∼ 7 cm) on the RA, over which the fields resemble
those of a plane wave. Since S11 is measured here, only
half of this measurement system is used. Furthermore, a TRL
calibration is required prior to the measurements [36]. The
setup is vectorial, and the LP components of the reflection
parameter are measured to construct the CP response.
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Fig. 9. Measured (a) magnitude and (b) phase of the reflection parameter at
different frequencies within the lower band.

1) Lower Band: The amplitude and phase responses for
the frequencies within the lower band are measured using this
quasi-optical setup and depicted in Fig. 9. Small deviations are
observed in the trend between the simulated data previously
shown in Fig. 3 and the measured data, which could be caused
by inaccuracies of the capacitance versus voltage function used
to model the varactor diodes in simulations. In addition, more
loss effects are observed in the quasi-optical measurements
compared to the simulations; nonetheless, our near-field mea-
surement scans (discussed next) yield gain values that are
consistent with the simulated loss of the RA unit cell. As
such, the increased loss levels observed in the quasi-optical
measurements are likely to be caused by the small size of the
fabricated RA as well as potential misalignment of the quasi-
optical measurement system. Fabrication errors may also be
responsible for slight shifts in the resonance frequency, which
can shift the S11 response and induce more losses.

2) Upper Band: The measured magnitude and phase re-
sponses in the upper band are shown in Fig. 10, which present
similar trends and phase ranges to the corresponding simulated
data (Fig. 4), except for a general frequency upshift. Both
higher than expected parasitic capacitance and inductance can
contribute to this frequency shift, whose effects are expect-
edly more pronounced at higher frequencies. The measured
amplitude data also show higher-than-expected losses similar
to the data obtained in the lower-band; nonetheless, and as
was argued before, the data from quasi-optical tests seem
to be overestimating the amount of loss, and the near-field
measurement gain calculations discussed later in Sec. V.B
consistently imply a degree of unit-cell loss that aligns with
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Fig. 10. Measured (a) magnitude and (b) phase of the reflection parameter
at different frequencies within the upper frequency band, obtained through
quasi-optical measurements.

those suggested by the simulations.
Although this design is not wideband enough to cover the

entire intended bands, the unit cell can be further optimized in
future work to address this issue. In fact, the uplink satellite
communication in the Ku band traditionally takes place in
the frequency range of [13.75 − 14.5] GHz, and in practice,
sometimes a smaller frequency range of [14 − 14.5] GHz is
used, where a 500 MHz bandwidth would suffice. As such,
the proposed unit cell is wideband enough in the upper band,
except for a frequency shift that can be compensated for upon
a more accurate model for varactor diodes to better account
for parasitic effects during the design step. However, the total
required bandwidth in the downlink band is about 2 GHz
([10.7 − 12.75] GHz), and it has proven difficult to cover
the entire band. Therefore, further optimization of the unit
cell is necessary before a prototype with improved downlink
bandwidth can be designed.

B. Far-Field Response

Figure 11 depicts the planar near-field scan setup in an
anechoic chamber, picturing the X-band pyramidal horn an-
tenna (feed) from A-INFO Inc. with a gain of 20 dB and the
WR-90 waveguide probe (receiving antenna) on the right-hand
side, and the RA accompanied by its control network on the
left-hand side of the picture. A focal distance of 45 cm is
used, indicating an f/D ratio of 4. This f/D ratio, however, is
not indicative of the final value due to the small size of the
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Fig. 11. The experiment setup inside a near-field anechoic chamber picturing
the feed (X-band horn), RA under test, as well as the receiving antenna (WR-
90 waveguide probe).

= -20

= -16

= 20

= 16

Fig. 12. Response of the proposed RA for various scan angles at the
design frequency of 11.2 GHz located in the lower frequency band. Cross-
polarized pattern for the representative case of θ = −16◦ has been added for
comparison in the dash-dotted black curve.

fabricated prototype. The X-band horn covers the lower end
of the Ku band and was characterized at frequencies located
within the lower operating band of the RA.

Multiple measurements were carried out for different scan
angles at the representative design frequency of 11.2 GHz
within the lower band to show the beam-steering capability of
the fabricated prototype. The measurements were conducted
for two linearly polarized incident waves and post-processed
to represent the CP response. To do so, the RA is first excited
with an x-directed electric field Ex, and the corresponding far-
field data are obtained (Er,x). Thereafter, the feed antenna is
rotated so as to illuminate the RA with Ey , and the corre-
sponding far-field data are stored again (Er,y). The far-field
data are then superimposed using an Er,x±jEr,y relationship
to model illumination from a CP feed. It is important to note
that the choice of a + or − sign in the post-processing step is
arbitrary, and would depend on the sense of the illuminating
CP wave (RHCP or LHCP).

Given the small size of the fabricated panel and the rela-
tively large size of the feed antenna, the focal distance between

Fig. 13. The experiment setup inside a near-field anechoic chamber picturing
the feed (conical horn antenna), RA, and the receiving antenna (WR-62
waveguide probe).

the feed and the RA must be chosen such that it is large
enough to avoid blockage by the feed for smaller scan angles.
A distance of 45 cm was therefore chosen such that beam
angles of 15◦ and higher are not blocked. The large RA-probe
separation distance limits the planar measurement setup to a
38◦ angular range in the azimuthal plane.

Prior to measurements, the X-band conical horn is simulated
in order to obtain the incident phase profile; the required phase
at each unit cell is then calculated so as to compensate for the
nonuniform incident phase and steer the beam to the desired
angle according to [1]

ψmn = −ψinc−k0 (x′mn sin(θ0) cos(φ0) + y′mn sin(θ0) sin(φ0)) ,
(3)

where k0 is the free-space wave number, x′mn and y′mn refer
to the coordinates of each unit cell, and (θ0, φ0) refer to the
scan angles in spherical coordinates. The coordinate system is
shown on the bottom-left side of Fig. 11 for reference.

The calculated phases are then mapped onto the design
voltages using the phase curves obtained from quasi-optical
measurements and previously shown in Fig. 9(b). Here, the RA
is phased to produce a beam at different scan angles (θ0) in the
x-z plane (i.e., φ = 90◦) at 11.2 GHz. The normalized far-field
response of the RA for different scan angles is shown in Fig.
12. The aforementioned angular-span limitation of the planar
scanner imposes a constraint on the maximum scan angle
that can be accurately verified, determined by the scan angle
(θ0) and half-power beamwidth. Therefore, some widening
of the beam is observed for bigger scan angles due to the
truncation of the near-field data. Nonetheless, it is shown that
the direction of the beam can be precisely controlled through
the continuously tunable response of the unit cell. It should be
emphasized that these measurements serve as proof-of-concept
for verifying the beam-steerable response of the proposed
RA, but larger sidelobe levels and high spillover losses are
unavoidable due to the small size of the fabricated prototype.
The proposed RA should be able to steer the beam anywhere
from −50◦ to 50◦ in both azimuth and elevation planes.

The experimental setup for the upper band measurements is
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(a) (b)

(c) (d)

Fig. 14. The profile of (a) incident phases, (b) phases required for steering
the beam to θ0 = −18◦ at 15.2 GHz in the x-z plane, (c) total required
phases, and (d) achieved design phases on the surface of the RA. All phases
are plotted in degrees.

Fig. 15. Response of the proposed RA for various scan angles at the
design frequency of 15.2 GHz located in the upper frequency band. Cross-
polarized pattern for the representative case of θ = −18◦ has been added for
comparison in the dash-dotted black curve.

shown in Fig. 13, wherein the feed (conical horn antenna) and
the WR-62 waveguide probe (receiving antenna) are located
on the right-hand side, while the RA accompanied by its
control network is labeled and shown on the left-hand side
of the picture. A different feed antenna is used here, which
operates at frequencies up to 16 GHz providing a gain of
24 dB. Similar to the measurements carried out in the lower
frequency band, multiple measurements are conducted for
different scan angles at the representative design frequency
of 15.2 GHz within the upper frequency band. A similar focal
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Fig. 16. Gain and AR of the proposed RA versus frequency at (a) θ = −16◦

for the design frequency of 11.2 GHz within the lower frequency band and (b)
θ = −18◦ for the design frequency of 15.2 GHz within the upper frequency
band.

length of 45 cm is used, and the response of the conical
horn is simulated and measured in order to obtain the incident
phase profiles prior to measurements. The calculated phases
for beamsteering are mapped onto the design voltages using
the phase curves obtained from quasi-optical measurements
(shown in Fig. 10(b)). The corresponding profiles of incident
phases, phases required for beamsteering for the representative
case of θ = −18◦, total required phases as well as the final
design phases on the surface of the RA are shown in Fig. 14
as an example. The average phase error induced by a 6-bit
quantization scheme and a phase range slightly short of 360◦

is very low (around 6◦). This value does not account for any
phase errors that are induced by inaccuracies in the measured
QO data due to the small size of the prototype or potential
misalignment of the setup.

The normalized far-field response of the RA for different
scan angles is shown in Fig. 15. The data obtained from
these measurements serve as proof-of-concept for verifying
the beam-steerable response of the proposed RA at the upper
frequency band.

Gain of the RA is calculated for representative measurement
cases of θ = −16◦ and θ = −18◦ in the lower and upper
frequency bands, respectively, and the obtained values are
plotted in Fig. 16 versus frequency. Smaller scan angles are
chosen for gain calculations wherein the measured data are
expected to be more accurate due to the sufficient distance
between the center of the beam and edge of the scan window,
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which allows for proper taper in the near-field measurement
data.

Fig. 16(a) demonstrates a maximum gain of 13.98 dBi
at the design frequency of 11.2 GHz. The gain drops away
from the design frequency due to introduction of phase
errors; nonetheless, a 1-dB instantaneous gain-bandwidth of
500 MHz is obtained. The gain data in Fig. 16(b) demonstrate
a maximum gain of 16.61 dB at the design frequency of
15.2 GHz, where a 1-dB gain-bandwidth of 350 MHz is
obtained. This lower gain-bandwidth is due to the increased
phase sensitivity in the upper band caused by frequency shifts,
and may be improved by refining the design to compensate
for the observed shifts. Figs. 16(a) and 16(b) also show how
the axial ratio (AR) varies versus frequency in each operating
band (dashed yellow curves). Although AR increases away
from the design frequency in each band, it is sufficiently low,
and remains below 2.2 dB in Fig. 16(a) and below 2 dB in
Fig. 16(b) over the entire corresponding operating bands.

Table II presents the details of the gain budget analysis,
including the theoretical maximum gain as well the details
on various sources of loss in both frequency bands. The
theoretical maximum gain is calculated based on the directivity
expected from an aperture antenna of the same overall size as
the region occupied by the elements on the RA (96 mm by
112 mm). The average unit cell loss is calculated from simu-
lation data, and the scan loss is calculated as 10 log(cos(θ0))
to account for the effective reduction in the aperture size of
the antenna as we scan away from the broadside. Taper loss
accounts for losses occurred due to the non-uniform excitation
amplitudes from the center to the edges of the array. This loss
has been calculated by comparing the directivity from an 8 by
8 array under uniform illumination and that obtained under
actual illumination amplitudes from the feed (horn) antenna
in each band. Spillover losses occur due to the small size of
the prototype, causing it not to capture the entire illumination
power. This loss is therefore calculated by comparing the total
incident power from the feed and comparing it to the portion
incident on the surface of the reflectarray. The amplitude
profile of incident fields obtained from full-wave simulations
of the feed antennas are used for the calculation of taper and
spillover losses in each band. As is evident from Table II,
the peak measured gains in both bands are very close to the
expected maximum value from theoretical calculations. It also
is evident from Table. II that spillover is a major source of loss;
nonetheless, these losses could be mitigated to some extent
by using a different, smaller feed antenna that would allow
smaller spacing between the feed and the RA without causing
blockage concerns, or by fabricating a larger RA prototype.

Table III lists the measured values for AR at different scan
angles within the lower and upper bands that were previously
shown in Figs. 12 and 15. The value of AR is sufficiently low
in all the measurements, indicating a very low level of cross
polarization.

Table IV shows a comparison between different properties
of the proposed structure and other recent reconfigurable RA
antennas proposed in the literature. A comparison has been
carried out in terms of the number of operating bands (single
or dual), polarization (linear, circular), axial ratio (for CP

TABLE II
GAIN BUDGET ANALYSIS AT 11.2 GHZ AND 15.2 GHZ.

Source of Loss f = 11.2 GHz f = 15.2 GHz
Average unit cell loss 2 dB 3 dB
Scan loss 0.17 dB 0.22 dB
Taper loss 1.35 dB 0.1 dB
Spillover loss 4.95 dB 5.655 dB
Total loss 8.46 dB 8.9 dB
Maximum aperture directivity 22.7 dBi 25.4 dBi
Theoretical peak gain 14.28 dBi 16.49 dBi
Measured peak gain 13.98 dBi 16.61 dBi

TABLE III
AXIAL RATIO (AR) FOR DIFFERENT SCAN ANGLES AT 11.2 GHZ AND

15.2 GHZ.

θ0 at 11.2 GHz AR (dB) θ0 at 15.2 GHz AR (dB)
θ0 = −24◦ 1.08 dB θ0 = −24◦ 1.06 dB
θ0 = −20◦ 0.97 dB θ0 = −21◦ 0.65 dB
θ0 = −16◦ 0.45 dB θ0 = −18◦ 0.48 dB
θ0 = 16◦ 0.75 dB θ0 = 18◦ 0.74 dB
θ0 = 20◦ 1.03 dB θ0 = 21◦ 0.71 dB
θ0 = 24◦ 1.38 dB θ0 = 24◦ 1.31 dB

antennas), percentage gain-bandwidth, average unit-cell loss,
as well as the ability to steer the beam in a continuous manner.
As the information in the table implies, this work is the first
demonstration of a dual-band, CP, continuously tunable RA
antenna in the literature. Average unit-cell loss is comparable
to other RA antennas relying on varactor diodes to achieve
continuous tunability, and a decent axial ratio is obtained
owing to the symmetric profile of the unit cell. The 1- or 3-dB
gain-bandwidths are also reported for some of the references
in the table that had provided the data, which are accompanied
by the electrical size of the array. The gain-bandwidth in
this work is comparable to the other works in the literature
that can continuously steer the beam. For dual-band designs,
the electrical size is reported at the design frequency in the
upper frequency band. The 3-dB gain bandwidth in this work
measures the values of 7.6% and 4.3% in the lower and upper
bands, respectively.

VI. CONCLUSIONS

In this work, a dual-band dual-CP fully reconfigurable
RA antenna is introduced for use in ground base-stations
of satellite communication systems. It was shown through
full-wave simulations and proof-of-concept measurements of
a fabricated prototype that the proposed RA can provide
independent and continuous beam-steering in both downlink
and uplink frequency bands. The gain of the RA was measured
versus frequency for representative design frequencies and
beam scan angles within both bands, which were shown to
be consistent with the expected peak gain after taking unit
cell/spillover/taper and scan losses into account. A 1-dB gain-
bandwidth of about 500 MHz and 350 MHz were obtained
in the lower and upper bands, respectively. In addition, axial
ratio values smaller than 1.38 dB are obtained at all scan
angles and test frequencies, indicating an isotropic response
and low levels of cross polarization. Some frequency shifts
are observed especially in the upper frequency band (up to
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TABLE IV
PROPERTIES OF THE PROPOSED RA VERSUS OTHER RECENT RAS

Ref. Dual
Band

Polarization AR (dB) G-BW (1 or 3dB)
(Size)

Loss
(dB)

Cont.
Beam-
steering

[15]
No Linear N/A Not provided 1.5 No

[16]
No Circular 2 Not provided 1.8 No

[17]
No Circular Not pro-

vided
Not provided 0.6 No

[18]
No Circular Not pro-

vided
Not provided 0.5 No

[19]
No Linear N/A 2.4% (1-dB)

(80λ by 32λ)
1.15 No

[20]
No Linear N/A 10% (1-dB) (11λ

by 11λ)
0.5 No

[22]
No Linear N/A 4.4% (1-dB)

(3.1λ by 3.1λ)
2.41 Yes

[23]
No Linear N/A 3.6% (3-dB)

(3.3λ by 4λ)
2.1 Yes

[24]
Yes Circular Not pro-

vided
Not provided Very

low
No

[25]
Yes Circular Not pro-

vided
Not provided 3 No

[26]
Yes Linear N/A 11.6, 11.9% (3-

dB) (8λ by 8λ)
0.5-
1

No

This
work

Yes Circular 0.48 4.5, 2.3% (1-dB)
(4.9λ by 5.7λ)

3 Yes

4%), which can be mitigated through a more accurate model
for parasitics introduced by the varactor diodes. Other factors
such as fabrication errors and material tolerances may also
have contributed to the observed frequency shifts.

This antenna is a suitable candidate for use in ground
base stations of satellite communications systems for com-
munication with low-earth-orbit satellites in the Ku band due
to its capability for simultaneous transmit/receive operation,
fast and versatile beam-steering in a fully continuous angular
range, as well as its lightweight profile and dual-CP response.
The continuous voltage-control scheme used here allows for
any tuning resolution of interest without additional hardware
complexity as well as precise control over the scan angle. The
varactor diodes do not consume bias current, allowing for low-
power control of the beam.
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