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A Frequency and Polarization Reconfigurable
Circularly Polarized Antenna Using Active EBG
Structure for Satellite Navigation
Bin Liang, Benito Sanz-Izquierdo, Edward A. Parker, and John C. Batchelor, Senior Member, IEEE

Abstract—This paper presents a broadband frequency tunable and polarization reconfigurable circularly polarized (CP)
antenna, using a novel active electromagnetic band gap (EBG)
structure. The EBG surface employs identical metallic rectangular patch arrays on both sides of a thin substrate, but rotated
by 90 from each other. The active bias circuits are also orthogonal for each surface, enabling the reflection phases for orthogonal incident waves to be tuned independently in a wide frequency
range. By placing a wideband coplanar waveguide (CPW) fed
monopole antenna above the EBG surface, and properly tuning
the bias voltages across the varactors in each direction, CP waves
can be generated at any desired frequency over a broad band.
In accordance with simulations, the measured 3 dB axial ratio
(AR) bandwidth reaches 40% (1.03–1.54 GHz), with good input
matching
and radiation patterns at six presented sampling
frequencies. The polarization reconfigurability is verified by simulations and measurements, and shown to be capable of switching
between left hand circular polarization (LHCP) and right hand
circular polarization (RHCP).
Index Terms—Broadband antenna, circular polarization (CP),
electromagnetic band gap (EBG), reconfigurable, varactor.

I. INTRODUCTION

E

LECTROMAGNETIC BAND GAP (EBG) structures
have drawn great interests in field of electromagnetics for
many years [1]–[3]. Owing to the distinctive properties of surface wave suppression in a frequency band gap and zero-phase
reflection coefficient for certain incident waves, EBGs have
been broadly used in various antenna applications [4]–[7].
In [8], the feature of reflection coefficient phase dependency
on incident wave polarization was exploited to develop the
polarization-dependent EBG (PDEBG). In [9], this attractive
characteristic was employed to generate circularly polarized
(CP) radiation pattern. By using a PDEBG structure as the
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ground plane with rectangular patch unit cells on top, the
linearly polarized (LP) wave radiated by a simple dipole was
converted to CP.
In recent years, since CP antennas are desired in many applications of wireless communication and satellite navigation,
studies of [9] were further developed. Reference [10] proposed
a dual-band PDEBG surface as a reflector for a dual-band dipole
antenna to realize dual-band CP, with left hand CP (LHCP) at
3.4 GHz and right hand CP (RHCP) at 6.4 GHz respectively. In
[11], a microstrip antenna above an EBG structure using rectangular unit cells was presented. By truncating the corners of the
microstrip antenna and the use of a PDEBG, broadband characteristics around 6 GHz were achieved. Although these developments have extended the performance of [9] into dual-band or
broadband, the flexibility of these antennas is still limited.
Varactor diodes in EBG structures have been widely used
to achieve dynamic flexibility [12]–[19]. As the capacitance of
varactors is changed with the bias voltage, the working frequency of the EBG can be electrically tuned. In [12], a varactor was loaded on the radiating edge of each microstrip patch
element, connecting the patch and the ground plane, while in
[13] and [14], varactors were placed between adjacent square
patches. The bias voltages of cells could be varied individually
in both of these two designs, although multiple layers are required because of the vias. To simplify the structure and the
biasing connection, a design based on the configuration in [3]
was presented in [15], adopting a resistive-lumped-element biasing grid that was introduced in [16]. In this design, vias were
also required in order to provide uniform bias voltages. Alternatively, [17]–[19] presented another biasing technique with no
vias between the element and ground, where adjacent square
patches were connected with a thin metal track to provide DC
continuity. The connecting lines were perpendicular to the direction of the varactors, so that the structure was active only in
the polarization parallel to the direction of the diodes.
In this paper, a new dual-polarized tunable EBG is proposed,
in which the reflection phase of orthogonally polarized incident
plane waves can be tuned independently. The EBG surface incorporates a very thin flexible substrate with periodic rectangular patches etched into metal cladding on its two sides, and
also including surface varactors and resistors. The double-sided
structure has been used in much recent research [20]–[23], offering a high level of reconfiguration. Vias are not required in
the design for the bias circuit or to suppress surface waves. In
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Fig. 2. Tuned reflection phase when
0.55 to 3.75 pF.

is fixed to 0.55 pF and

varies from

where and are the length and width of the rectangular patch
respectively, and is the width of the gap. As a result, the periodicity is
Fig. 1. Unit cells of the dual-polarized EBG structure with varactors and resistors. (a) Upper layer. (b) Lower layer. (c) Magnified cross-sectional view. (d)
Alignment of the upper and lower layers.

Section II, the new EBG design and its wideband tuning characteristic are introduced. A wideband monopole antenna is placed
above the EBG surface, achieving the conversion from LP to
CP. By independently tuning the bias voltages on each side of
the surface, the operating frequency to generate CP waves is
tuned between 1–1.6 GHz. Also, the configuration provides the
capability of agile polarization switching between LHCP and
RHCP. The design can be used in applications of satellite navigation, covering the frequencies of GPS, GLONASS, COMPASS, Galileo, and IRNSS. The configuration and simulation
results are presented in Section III, and measurement results are
presented in Section IV, verifying the proposed functionalities.
In Section V, the paper is concluded.
II. DUAL-POLARIZED TUNABLE EBG STRUCTURE
In this section, the dual-polarized active EBG structure using
rectangular patches is described. The patches are etched on both
sides of a double metallic layer structure sandwiching a very
thin polyester substrate Mylar. Fig. 1(a) and (b) illustrate the
upper and lower layers of the EBG surface, and Fig. 1(c) shows
the cross-sectional view of the whole structure, including the
ground plane. A polystyrene foam
is sandwiched
between the EBG surface and the ground plane, serving as a
support of the flexible surface. The two patch layers of the EBG
surface are identical but rotated by 90 from each other. The
thickness of the Mylar is only 0.05 mm, so that the two periodic layers are isolated at direct current (DC). At radio frequencies (RF), the overlapping rectangular patches create square elements, as illustrated in Fig. 1(d). The dimensions are required
to follow the relationship
(1)

(2)
Specifically in this design, the dimensions in Fig. 1 are
10 mm,
1 mm,
21 mm, and
5 mm. On each
layer, diodes are located between the longer sides of each pair
of rectangles, while resistors are mounted in the corner between
the shorter sides. This configuration allows for tuning rows and
columns independently.
The diodes used were BB857 silicon varactors with a tunable capacitance range from 0.55 to 6.6 pF, according to the
datasheet. The resistors were 10 k .
The EBG structure was simulated by the frequency domain
solver included in CST Microwave Studio, using the unit cell
boundary condition. The mapping manner of the unit cell is
shown in Fig. 1(a) and (b), with a periodicity
22 mm and a
varactor and two resistors included in each layer. The diode was
modeled as a RLC serial lumped element, with series resistance
of 1.5 and inductance of 0.6 nH, as well as the series variable capacitance. The reference plane was located 5 mm above
the EBG surface. Here, the uniform capacitance of varactors in
the upper layer is denoted by , while the capacitance of the
lower-layer varactors is .
Fig. 2 presents the tuning capability of the EBG structure.
When is fixed at 0.55 pF, and changes from 0.55 to 3.75 pF,
a wide tuning range of the reflection phase is obtained for -polarization. The reflection phase of the -polarization remains
stable at the value for
0.55 pF. Alternatively, when
is
fixed and
varied, the tuning characteristics are reciprocal.
Therefore, the active EBG exhibits independent tuning ability
for dual polarizations, and their respective reflection phases can
be exchanged when swapping control of
and .
III. WIDEBAND MONOPOLE ANTENNA ABOVE
DUAL-POLARIZED TUNABLE EBG STRUCTURE
A. Tuning Capability
The basic principle of converting LP to CP was presented
in [9]. The omnidirectional LP antenna was positioned close to
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Fig. 3. Wideband monopole antenna above the dual-polarized tunable EBG
structure. (a) Side view of the whole structure. (b) Top view of the monopole
of the monopole.
antenna. (c) Simulated

the EBG surface, rotated by 45 with respect to the EBG lattice.
The total radiation field
along the
-direction can be the
composition of the field directly radiated from the antenna
and the one reflected by the EBG structure

as follows:

(3)
where
is the magnitude of the electric fields,
is the
wavenumber in free space, is the height of the antenna over
the EBG surface,
and
are the reflection phases of the
EBG for the - and -polarized incident wave, respectively.
When the antenna is placed very close to the EBG surface,
the term
is close to zero. Therefore, when
and
, the total field becomes
(4)
so an RHCP wave is obtained. Similarly if
and
, the wave will be LHCP. Note that in order to predict the
antenna characteristics rigorously, the value of should not be
neglected, and complex factors must be considered, including
the finitude of the EBG structure, as well as the interactions
between the antenna and the EBG.
A coplanar waveguide (CPW) fed wideband monopole is
used as the radiating antenna, so as to provide good input
matching over the entire frequency band of satellite navigation. The monopole antenna uses a 0.787-mm-thick Rogers
RT/Duroid 5870 dielectric substrate with a permittivity of 2.33
and a dielectric loss
of 0.001. As shown in Fig. 3(a), it
is located above the EBG surface in the center, with a distance
of 5 mm. The dimensions of the monopole are presented in
Fig. 3(b), and the simulated
is shown in Fig. 3(c).
The simulation model in CST is shown in Fig. 4. The EBG
surface is composed of 7 7 unit cells and overall dimensions
of 171 mm
171 mm including the perimeter bias contacts.
In each row/column of the EBG surface, the configuration of
patches and resistors is designed to be symmetric, so that voltages can be added from both sides in practice. As a result, the
voltage drop produced by the very small current flowing across
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Fig. 4. Structure modeled in CST. (a) Perspective of the simulation model excluding resistors. (b) Top view of the simulation model excluding resistors.

the diodes was minor, as mentioned in [23], owing to the symmetry of the bias circuit. In simulations, the monopole antenna
was fed by an SMA connector, excited by a discrete port. The
time domain solver rather than the frequency domain solver included in CST was used for the simulations, to avoid the unacceptably large memory and computing time required by the
latter solver.
In the tuning process, the lower limit of
(or
) is 0.55
pF according to the tunable capacitance range of the BB857
varactor diode. Through tuning the other capacitance
(or
) to another specific value, the highest operation frequency
of the antenna to realize CP waves is determined. This frequency is also adjustable by changing the dimensions of the
structure, such as varying the height of the foam between the
EBG surface and the ground plane, which will be discussed in
Section V. In the present design, the entire structure including
the monopole was optimized to achieve the highest working frequency of 1.60 GHz. By means of tuning
and
together,
the working frequency can be tuned to any value within the desired range.
Fig. 5(a) presents the simulated results of AR at
,
and Fig. 5(b) presents
versus frequency, demonstrating the tuning capability of the antenna. It can be seen that
good ARs were realized at six arbitrarily selected frequencies
between 1.10 and 1.60 GHz, with 3 dB AR bandwidths of
1.3%, 1.9%, 2.2%, 2.9%, 3.5%, and 3.5%, respectively. Each
AR curve was obtained by adjusting
and
to a specific
pair of values, which provides flexibility and precision of
tuning to achieve satisfactory CP characteristics at any desired
frequency within the dynamic range. Therefore, the simulated
AR bandwidth is 40% (1.09–1.63 GHz) in total. The corresponding simulated
of each case are shown in Fig. 5(b) and
as observed for the AR curves, the operating frequencies of
decrease as the capacitances grow, and the value is less than
10 dB at each working frequency in Fig. 5(a). The radiation
patterns at 1.6 and 1.1 GHz are shown in Fig. 6 and were not
found to vary greatly with frequency. In both the – and the
– planes, LHCP radiation patterns were realized, with low
cross polarizations, i.e., RHCP.
B. Effect of Tuning

and

The ability to tune working frequencies continuously over
the operating band is indispensable for the concept of broadband realization. By tuning
and
together, good AR can
be obtained at any specific frequency. Although adjusting two
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Fig. 5. Simulation results to show the tuning capability. (a) Axial Ratio (AR).
.
(b)

Fig. 6. Simulated radiation patterns. (a) 1.60 GHz. (b) 1.10 GHz.

parameters together seems to be much more complicated than
one-dimensional tuning, varying
and
individually makes
it straightforward to achieve high quality AR at any desired frequency. As shown in Fig. 7(a), when
is fixed to 1.30 pF, and
is varied between 1.85 and 2.05 pF, the AR curves shift to
lower frequency domain. Along with the increase of , the best
AR of each curve declines gradually, and sinks to the lowest
point before continuing to rise up. This suggests that the AR
curve can be tuned to a fairly low level at a certain frequency,
by gradually increasing or reducing . Fig. 7(b) presents the
effect of varying
from 1.20 to 1.40 pF, while fixing
to
1.95 pF. It is observed that the effects are almost the same as
those shown in Fig. 7(a), except for smaller frequency shifts
caused by the same increment of capacitance. As indicated in
Fig. 2, the curve of the reflection phase shifts towards lower
frequencies and becomes steeper as the capacitance increases,

Fig. 7. Effect of varied capacitances on AR. (a)
fixed to 1.95 pF,
varied.
(b)

fixed to 1.30 pF,

varied.

resulting in the reflection phase more sensitive to the variation
of capacitance in lower frequencies. Therefore, the same increment of
causes a notably larger difference of reflection phase
than
, consequently the AR becomes more sensitive to the
change of
than , as illustrated in Fig. 7. In general, tuning
an AR curve to a low level at a desired frequency can be realized
by alternatively varying
and , on the basis of the tuning effects shown and described. It has been found that such a tuning
guide is not only effective in simulations, but in measurement as
well. Fig. 8 suggests that although the lowest value of
may
not coincide exactly with the best AR frequency, the
bandwidth is sufficiently large that the antenna remains well matched
over the whole 3 dB AR bandwidth. In other words, as long as
the AR is tuned to a satisfactory level at the desired frequency,
good antenna matching can be obtained inherently, which is also
verified by Fig. 5. Therefore, AR rather than
is the crucial
characteristic to be concerned within the tuning process.
C. Switching Between LHCP and RHCP
Besides the frequency reconfigurability, the ability of
switching between LHCP and RHCP is the other feature of
this design. Simulated results of the case working at 1.40 GHz
are used as a demonstration. Owing to the symmetry of the
structure, the AR curves of the two cases with swapped
and
overlap perfectly, as do the
curves, as shown in Fig. 9.
Also, the radiation patterns in Fig. 10(b) are almost identical to
those in Fig. 10(a), but RHCP has been obtained, as opposed to
LHCP. Therefore, the reconfigurability of polarizations can be
conveniently realized, by swapping the varactor capacitances

LIANG et al.: FREQUENCY AND POLARIZATION RECONFIGURABLE CIRCULARLY POLARIZED ANTENNA

Fig. 10. Effect of swapping
patterns.

Fig. 8. Effect of varied capacitances on
fixed to 1.95 pF,
varied.
(b)

. (a)

fixed to 1.30 pF,
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1.30 pF and

1.95 pF on radiation

varied.
Fig. 11. Photographs of the prototype. (a) Entire structure. (b) Top view of the
entire EBG surface. (c) Enlarged top layer of the EBG surface. (d) Enlarged
bottom layer of the EBG surface.

Fig. 9. Effect of swapping

1.30 pF and

1.95 pF on AR and

.

on the two layers, i.e., the supplied DC voltages in practical
measurement.
IV. FABRICATION AND MEASUREMENT
Photographs of the fabricated prototype are shown in Fig. 11.
Surface mount BB857 varactors and resistors of 10 k were sol-

dered on both sides of the EBG surface. On the upper layer, red
wires were connected to both sides of terminals to provide positive DC power denoted by , while on the lower layer green
wires were employed and the voltage was . To simplify the
structure and reduce the number of DC wires, the negative terminals of each layer were connected to conducting strips on the
boundary. In the measurement, the two voltages were independently tunable, by using two power supplies with the range of
0–30 V at a precision of 0.01 V. As predicted, the measured
voltage drop was about 0.1%, which exerts minor impact on the
antenna performance.
Based on the tuning guide in Section III-B, the ARs at
,
were measured in an anechoic chamber, and the curves
were tuned to good AR values at six randomly chosen frequencies between 1.04 and 1.52 GHz, respectively, as presented in
Fig. 12(a). The 3dB AR bandwidth of each curve is 1.6%, 1.4%,
1.9%, 2.6%, 3.4%, and 2.8%, respectively. Owing to the capability of precise tuning over the entire frequency band, the 3 dB
AR bandwidth reached about 40% (1.03–1.54 GHz) in total. The
six curves correspond to the cases from A to F listed in Table I,

38

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 63, NO. 1, JANUARY 2015

TABLE I
TUNING CHARACTERISTICS OF DIFFERENT CASES

Fig. 12. Measured AR and
of the antenna. (a) Tunable AR characteristics.
in the corresponding cases of (a).
(b)

Fig. 14. Comparison of the measured AR and
Cases B and B . (b) Cases C and C .

Fig. 13. Measured radiation patterns of different cases. (a) Case A @1.52 GHz.
(b) Case B @1.38 GHz. (c) Case C @1.30 GHz. (d) Case D @1.20 GHz. (e)
Case E @1.10 GHz. (f) Case F @1.04 GHz.

and voltage supplies of each case in measurement are also provided.
of these cases are shown in Fig. 12(b), which were
all less than 10 dB at the working frequencies except Case F.
At 1.04 GHz,
was 8.2 dB, as the monopole antenna was
not as well matched as at higher frequencies. In Case G,
was greatly deteriorated by the EBG structure, when the power

between switched cases. (a)

supplies were off. The radiation patterns at the six frequencies
listed in Table I were measured in the – and the – planes,
and are shown in Fig. 13. Although the patterns show generally
good LHCP characteristics, the cross-polarization (RHCP) near
the zenith angle in some cases are not as low as obtained in simulations. This may be due to the fabrication and measurement
errors, as well as the effect of the feeding cable.
To verify the polarization reconfigurability of the structure,
Case B and C were implemented in the measurement, by repeating Case B and C in turn but swapping
and
in each
case. The AR and
curves versus frequency are shown in
Fig. 14. Although small differences are observed due to the
asymmetry and misalignment in fabrication and measurement,
good agreement of curves between the original cases and the
star cases is obtained, especially near the CP operating frequencies. The radiation patterns at 1.38 GHz of Case B and at 1.30
GHz of Case C are shown in Fig. 15(a) and(b), respectively. In
contrast with Fig. 13(b) and (c), RHCP patterns as the co-polarization are obtained, by simply swapping
and .
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Fig. 15. Radiation pattern of the switched cases. (a) Case B @1.38 GHz.
(b) Case C @1.30 GHz.

V. DISCUSSION
Frequency and polarization reconfigurability of a tunable
EBG reflector based antenna has been realized by both simulations and measurements. The highest operating frequency
was 1.52 GHz in the measurement with a drift of 5% compared
to 1.60 GHz in simulation. The difference could be caused by
general fabrication (e.g., etching, masks alignment, soldering of
components) and measurement errors, as well as the following
factors.
First, the varactor capacitances grow gradually as the frequency increases, as discussed in [15]. When biased by the same
voltage, the practical capacitances were higher at the frequencies of interest than those provided in the datasheet at 1 MHz,
resulting in lower working frequencies than expected in the simulation. Similar frequency shifts were also found in [23], incorporating the same BB857 varactor diodes.
Second, the fabrication accuracy of cutting polystyrene foam
was not as good as the etching technique, making the used foams
0.4 mm thicker than the design. As shown in Fig. 3, foams
were employed to space the EBG surface from the lower ground
plane and the upper monopole antenna respectively. Simulation
studies suggested that the matching and radiating performances
were insensitive to the value of , with the variation range from
4 to 6 mm, while the effect of was found to be significant.
Fig. 16 presents the parametric study of in terms of the AR
and
. As the value increases from 4.0 to 6.0 mm, the AR frequency drops from 1.69 to 1.52 GHz, and the
curve shifts towards the low frequency domain as well. Therefore, the 0.4 mm
increase of the foam thickness is believed to contribute to the
frequency reduction considerably.
Third, the full physical geometrical shapes of the varactors
and resistors, and also the wires at the end of the bias lines,
were not accounted for in the simulations. Note that additional
resistors were added at the edges to further isolate RF signals
(see Fig. 11(a)), and minimize the effect of the perimeter bias
lines.
VI. CONCLUSION
A novel dual-polarized tunable EBG structure has been presented, which is incorporated in the design of a frequency and
polarization reconfigurable CP antenna. The EBG surface employs a very thin polyester substrate with periodic metallic rectangular patches cladding on its two sides. Varactors are placed
in the vertical and the horizontal directions on each side re-

Fig. 16. Effect of the distance between the EBG surface and the ground plane
.
on (a) AR and (b)

spectively, enabling the reflection phase of the dual polarizations to be tuned independently. Resistors of 10 k are used to
directly connect adjacent patches, simplifying the bias circuits
and minimizing the voltage drops. A CPW fed monopole antenna is placed above the EBG structure, generating CP waves
based on the principle of using PDEBG to convert the linear polarization into the circular polarization. Owing to the independently tunable capability of the EBG, CP waves could be realized at any desired frequency over a broad band, by together adjusting the two sets of bias voltages which respectively control
the varactor capacitances on each layer. The configuration also
enables the radiation patterns to be switched agilely between
LHCP and RHCP, realizing the polarization reconfigurability.
To clarify the tuning principle and provide a guide for the tuning
process, the effects of the loaded capacitances are discussed.
The antenna exhibits a 3 dB AR bandwidth of 40% in simulation
and practice, which is significantly increased compared with the
value of 25.2% achieved by the broadband antenna using passive EBG structure in [11]. In our case, the antenna height is
only
(10.787 mm,
1.285 GHz), showing a considerable reduction of profile compared with the previously reported value of
(4.8 mm,
6.315 GHz) [11]. In
addition, the switching function between LHCP and RHCP is
realized as well. Owing to the broadband characteristic of the
monopole antenna and the tunable ability of the EBG structure,
good matching is achieved at each tuned case. This antenna can
be used in the applications of many operational and in-development global navigation systems, including GPS, GLONASS,
COMPASS, Galileo, and IRNSS.
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