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Reconfigurable, Wideband, Low-Profile, Circularly Polarized Antenna
and Array Enabled by an Artificial Magnetic Conductor Ground

Wei Lin, Shu-Lin Chen, Richard W. Ziolkowski, and Y. Jay Guo

Abstract—A reconfigurable, wideband, and low profile circular
polarization (CP) antenna is presented. Its wideband CP reconfigurability
is realized by incorporating RF switches in a cross-bowtie radiator. A
compact, wide bandwidth, and polarization independent artificial
magnetic conductor (AMC) ground plane is developed to minimize the
overall profile of the antenna while maintaining its wide bandwidth. The
simplicity of this single element design facilitates the realization of a
reconfigurable, wide bandwidth CP array that achieves higher directivity
without changing its overall profile. Prototypes of the single element and
of a 1x4 array of these elements were fabricated and tested. The measured
results for both prototypes are in good agreement with their simulated
values, validating their design principles. They are low profile with a
height ~ 0.05 4. The array exhibits a wide fractional operational
bandwidth: 1.65 GHz (21.7%), and a high realized gain: 13 dBic. Since
they would enhance their channel capacity and avoid polarization
mismatch issues, these reconfigurable CP antenna systems are very
suitable for modern wireless systems.

Index Terms— Artificial magnetic conductor (AMC), circular
polarization, crossed dipoles, PIN diodes, reconfigurable antennas,
widebandwidth

[. INTRODUCTION

Reconfigurable antennas have become increasingly more popular
because they provide multi-functional characteristics, including
variable frequencies, patterns, and polarizations in compact,
light-weight, and cost-effective packages [1] — [7]. Reconfigurable
circular polarization (CP) systems, i.e., those that can switch between
left-handed (LHCP) and right-handed (RHCP) CP states, offer several
unique and highly desirable characteristics. This reconfigurability
facilitates the enhancement of the system capacity [8], avoids
polarization mismatch [9], and enables polarization coding for
wireless systems [10]. Fig. 1 illustrates such capacity enhancement in a
satellite communication system. Thanks to the orthogonality of the
two CP states, two separate channels can operate in the same
frequency band for distinctive applications. For example, the LHCP
carrier signal at f; could handle positioning or data transfer tasks while
the RHCP carrier signal at the same frequency could be used for
telecommunications. Thus, the system’s capabilities are doubled.
Furthermore, it is acknowledged that the operating bandwidth of the
system is another key factor that determines the system capacity.
Consequently, CP reconfigurable antennas with wide bandwidth and
high directivity are desirable for these aforementioned applications
and many others.

Many efforts have been made to realize CP reconfigurability by
either adopting switchable feed networks [11] — [15] or designing
reconfigurable radiators [16] — [22]. However, the critical challenge
has been the associated narrow operating bandwidths. The widest
realized CP-operation fractional bandwidth among the above designs
is only 7%. The fundamental bandwidth limitations of these antennas
are associated with the inherent narrowband characteristics of both the
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Fig. 1. Reconfigurable CP antenna application for a satellite system. The
orthogonal CP states expedite a doubling of the system’s capabilities.

radiating elements and feed networks. Although the designs developed
in [23] — [25] have significant usable operating bandwidth, up to
23.5%, their structures are complex and would be difficult to extend to
antenna array configurations needed to achieve the high directivities
required in satellite communication applications.

On the other hand, several reconfigurable antenna array designs
have been reported [26] — [29] that do produce high directivities for
long distance communications. However, those reported designs are
supported only by simulation results due to their implementation
difficulties. To the best of our knowledge, only the design reported in
[30], a 1x4 CP polarization reconfigurable antenna array, has been
implemented and validated. Reconfigurability was accomplished by
introducing RF MEMS switches on four E-shaped patch radiators. The
measured CP-operation fractional bandwidth was 20% and the peak
realized gain was approximately 12.8 dBic. However, the design has a
high fabrication complexity, mainly due to the bonding wires required
for its MEMS switches. Moreover, to achieve the reported
uni-directional radiation pattern, this patch array required a metallic
reflector to be located at 0.094, below the radiators, where /, is the
free-space wavelength of its lowest operating frequency. In practical
applications, a lower profile design is preferred.

In this paper, we report the designs, simulations, and measurements
of'a CP reconfigurable antenna array that achieves wide CP-operation
fractional bandwidth (21.7%), is low-profile (0.05 1), has high
uni-directional realized gain (13 dBic), and has low fabrication
complexity. Three innovative contributions are made to obtain these
performance characteristics. First, a switchable cross-bowtie radiator
is conceived that realizes wideband CP reconfigurability. Second, a
compact, wideband, and polarization-independent AMC reflector is
developed to minimize the profile of the antenna to 0.05 A,. Third,
these components are combined successfully with an efficient feed
network to realize a reconfigurable, low-profile CP antenna array.
Furthermore, the simplicity of the design also signifies that it can be
manufactured at low cost.

This paper is organized as follows. The design, operating principles,
and experimental verification of the reconfigurable, wideband CP
cross-bowtie antenna integrated with the polarization-independent
AMC ground plane are presented in Section II. Four of these elements
are then combined in Section III into a 1x4 configuration to realize the
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reconfigurable, high directivity CP antenna array. Prototypes of both
systems were fabricated and tested. The measured results are shown to
be in good agreement with their simulated values. Finally, conclusions
are discussed in Section I'V.

II. RECONFIGURABLE, WIDEBAND, LOW-PROFILE CP ANTENNA

The AMC structure was developed to have a wide bandwidth and to be
polarization independent. By integrating it with a reconfigurable
cross-bowie antenna, the low-profile CP radiating system is obtained.
The tested prototype confirms its performance characteristics.

A. AMC Design

As is well known, a metallic reflector produces a 180° reflection
phase. Consequently, the reflector should be placed a distance of
around 0.254, from the radiator to remove its back lobe and, hence, to
realize higher directivity by producing a uni-directional pattern [31].
In contrast, an AMC reflector produces a 0° reflection phase. Thus, it
can be placed close to the radiator and produce the same effect,
yielding a low profile design.

The unit cell of the AMC structure is shown in Fig. 2 (a). It is
labeled as AMC-A. While the design was inspired from the AMC unit
cell in [32], denoted here as AMC-B, it has a more compact size. The
substrates for both are the same with ¢,=4.4, 1.= 1.0, tan § = 0.02, and
thickness 4 = 8.0 mm. AMC-B consists of a slot-loaded patch layer
printed on top of the substrate, and a ground plane on its bottom. The
square patch in its center is surrounded by four symmetrical patches.
In contrast, AMC-A is obtained by etching a square slot in that center
patch and connecting it to the ground plane with a shorting post whose
radius 7 = 0.65 mm. Furthermore, the open triangles on the diagonals
of AMC-B are filled in symmetrically with quarter pieces of its own
design. The final optimized values of AMC-A’s design parameters in
millimeters were: L,=58.0, L;=8.0, W;=2.0, L,=20.0, W,=1.0, L;=
40.0, W3=2.0, and W,= 1.0.

The simulated reflection phases of AMC-A and AMC-B are
compared in Fig. 2 (b). The £90° phase reflection region for AMC-A
yields a 25% bandwidth centered at 1.68 GHz. On the other hand,
AMC-B achieves a 24.3% bandwidth centered at the higher frequency,
2.14 GHz. These results indicate that the working frequency band of
AMC-A is red-shifted towards lower frequencies with respect to that
of AMC-B. Thus, the AMC-A unit cell size per wavelength is 20%
smaller than that of AMC-B, i.e., it is a more compact structure. The
reflection phases for AMC-A were studied by scattering a variety of
LP waves from it that were incident on it from many different angles.
The same reflection phase curves were obtained in all cases, thus
confirming its scattering characteristics are polarization independent.
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Fig. 2(a) Unit cell of the AMC reflector design; and (b) Simulated reflection
phases from the AMC unit cell in this design and the unit cell in [32].

The reasons for the frequency shift were explored using the parallel
LC circuit model introduced in [33]. The resonant frequency is w =
IALC, where L and C are the effective capacitance and inductance of
the AMC unit cell. By filling in the four corners of AMC-B, the gaps
between neighboring metal pieces are reduced in size and, hence, the
effective capacitance is increased. This effect lowers the resonance
frequency. The strong couplings associated with these gaps produce
multiple resonances. Thus, a wide operating bandwidth is achieved
with this gap-coupled structure [32]. The gap widths can be optimized
to shift the operating frequencies to desired ranges. To illustrate this
effect, the gap width W; was studied. When W; is reduced from 4.0 to
2.0 mm, the operating bandwidth remains around 25.0%. On the other
hand, the center frequency of the operational range red shifts from 1.76
to 1.68 GHz.

B. Integrated Radiating System

The reconfigurable, wideband CP cross-bowtie antenna concept
originates from related designs given in [34] — [36]. By introducing
PIN diodes as RF switches on the cross-bowtie radiator with the proper
DC biasing lines, wideband CP reconfigurability was obtained. Due to
the integrated AMC reflector, the overall height of the antenna is only
0.05 Ay, which is five times lower than any case with a metallic
reflector (0.25 Ay).
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Fig. 3. Wideband CP reconfigurable cross-bowtie antenna configuration.
(a) Perspective and side views. (b) Top and bottom views of the cross-bowtie
radiators.

The integrated antenna configuration is shown in Fig. 3. Fig. 3 (a)
gives the side and perspective views of the antenna. It consists of three
square substrates. The switchable cross-bowtie radiators are printed on
the top and bottom layers of the top one, Substrate#1. The AMC
ground is printed on the middle one, Substrate#2. The microstrip
feedline is realized on the bottom one, Substrate#3. Both Substrate#1
and #3 are made from Rogers/Duroid™ 5880 copper-cladded sheets
whose ¢,, 4., tan J, and thickness were 2.2, 1.0, 0.0009, and 0.79 mm,
respectively.  Substrate#2 is made from a Wangling Ltd
copper-cladded sheet with ¢, = 4.4, 1= 1.0, tan J = 0.02, and 8.0 mm



thickness. The design also includes a piece of coaxial feedline, two DC
biasing lines that run along the coax from the bottom side to the diode,
four PIN diodes, and six inductors as RF chokes. Four plastic
supporting posts are used to provide mechanical support for the
structure.

Fig. 3 (b) shows the details of the cross-bowtie radiator. Two
orthogonally-oriented triangular elements are printed on the top
surface of Substrate#1 (marked in yellow), and the other pair is located
on its bottom surface (marked in blue). The triangular elements in each
pair are connected by a short conductive strip, which provides the
requisite 90° phase difference for realizing CP radiation. These top and
bottom pairs are mirror images of each other; they are fed directly by
the coaxial cable. In particular, the top two elements are connected to
the inner conductor of the coax cable and the bottom two are
connected to its outer conductor. Reconfigurability is realized by
introducing four PIN diodes that are connected between the bowtie
radiators and their center square excitation pads.

The AMC unit cells are located on top of Substrate#2 and 0.05 4,
below Substrate#1. The microstrip feedline is printed on the bottom
layer of Substrate#3. The copper bottom of Substrate#2 acts as the
ground for both the AMC layer and for the microstrip feedline. The
feedline is driven with a SMA connector, which produces the
coax-to-microstrip transition. The optimized antenna parameters are
listed in Table I.

TABLE I

DESIGNPARAMETERS OF THE WIDEBAND CP RECONFIGURABLE ANTENNA
WITH THE AMC GROUND (DIMENSIONS IN MILLIMETERS)

C. Operational mechanisms that produce the CP reconfigurability

One noticeable feature of this design is the simple switching
configuration. As Fig. 4 emphasizes, only four PIN diodes are required.
This is half the number when compared to the required eight diodes of
the wideband CP reconfigurable antenna designs in [24] and [25]. We
choose the Bar50-02L PIN diodes from Infineon Technologies with
the 0403 surface mount packaging [37]. They have excellent switching
performance within our targeted frequency range, L-band from 1 to 2
GHz. The equivalent circuit model and measured characteristics are
reported in previous works [38], [39]. The inductors
(LQW18ANS6NJ00) with 0603 packaging from Murata [40] were
selected for the RF chokes.

From the arrangement of the diodes shown in Fig. 4, it is observed
that LHCP radiation, for example, will be generated if DC#1 and
DC#2 are biased with 1.5 V and 0 V, respectively. In this state, the two
blue diodes aligned along the +45 degree diagonal are turned on and
the other two red diodes are off. As a result, the phases of the currents
on the four triangular radiators shown in Fig. 4 (LHCP) are 0°, -90°,
-180°, and -270°, sequentially delayed in a clockwise manner from the
bottom right corner to the top right corner. This clockwise behavior
generates the LHCP radiation in the broadside direction. On the other
hand, as summarized in Table II, the broadside RHCP radiation mode
will be switched on simply by altering the two DC biases.

TABLE II
DC BIAS VOLTAGES THAT CONTROL THE DIODE AND POLARIZATION STATES

Parameter Description Value DC#1 DC#2 Red diodes Blue diodes Polarization

Ly Side length of the cross-bowtie radiator 29.8 15V o0V ON OFF LHCP

Ly Diagonal length of the bowtie radiator 49.2

Lubstrates Side length of substrate#1 100.0 ov 15V OFF ON RHCP
Lsubstratet2 Side length of substrate#2 174.0
Dy tine Outer diameter of the 90° delay line 15.0
Wi ine Width of the 90° delay line 25 D. Fabricated prototype antenna and measured results
doap Distance between the bowtie radiators 4.4 )

H Overall height of the antenna 20 The antenna components were fabricated, assembled, and tested. A
Weediine Width of the microstrip feedline 2.6 photo of the resulting prototype is given in Fig. 5. It is clearly
Ginductor Gap for the RF choke inductor 0.5 obsevered that the antenna radiator is close to the AMC ground. Fig. 6

Gliode Gap for the PIN diodes 0.4

In order to provide the DC biases needed to control the diodes, two
DC lines are deployed that provide two bias voltages DC#1 and DC#2.
As shown in Fig. 3, all of the bowtie radiators are biased with DC#1
through two vertical wires positioned along the outer wall of the coax
feedline. The center square pads are biased with DC#2 through the
microstirp feedline and its ground. As a result, the operational states of
the four PIN diodes are controlled simply by the voltages DC#1 and
DC#2. The layout of the diodes is more clearly depicted in Fig. 4.

LHCP radiation
DC#1:1.5Vv

RHCP radiation
DCH#1:0V

DC#2:1.5V
Fig. 4. Diode layout that produces the polarization switching mechanisms.

DC#2: 0V

(a) shows the measured and simulated |S;;| and AR values as functions
of the source frequency. The measured and simulated results are in
good agreement. The measured -10 dB impedance bandwidth is from
1.24 to 2.0 GHz (BW = 760 MHz). This wideband characteristic
results from the bowtie radiators; they support multiple fundamental
mode resonances.The bow-tie radiators can be recognized as a
truncated, travelling-wave bi-conical antenna. When an ideal,
infinitely long travelling-wave antenna is truncated, multi-resonant
mode characteristics are attained [41]. Note that a bowtie radiator can
be rescaled to other frequency bands by adjusting its size (side and
diagonal lengths) while maintaining its tapering angle [31]. The
CP-operation fractional bandwidth (overlapped |[S;;] and AR
bandwidths) is 25%, from 1.46 to 1.88 GHz (BW = 420 MHz). This
bandwidth is the widest amongst the many previously reported
reconfigurable CP designs [11] —[25].

Fig. 6 (b) presents the measured and simulated realized gain values
as functions of the source frequency. The measured and simulated
results are again in good agreement. It is observed that the co-pol gain
values are stable across the entire operational bandwidth with a
variation that is less than 3.0 dB. The peak measured realized gain was
6.6 dBic. The average co-pol realized gain is 6.1 dBic (5.8 dBic) and
the average x-pol realized gain is -14.8 dBic (-14.8 dBic) for the
LHCP (RHCP) mode within the operating bandwidth. Moreover, the
measured antenna efficiency is from 65% to 73% within that range.



Fig. 5. Fabricated prototype of the wideband CP reconfigurable antenna with
the AMC ground.

The corresponding measured normalized realized gain patterns in
the two vertical planes: ¢ =0° and ¢ =90°, are presented in Fig. 7. The
patterns are given at the center freuqency, 1.65 GHz. It is observed that
the desired uni-directional broadside radiation was realized. The
front-to-back ratio (FTBR) is larger than 25 dB.
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Fig. 6. Measured and simulated (a) |S;;| and AR values; and (b) realized gain
values in both polarization states of the wideband CP reconfigurable antenna
with AMC ground.
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Fig. 7. Measured normalized realized gain patterns in the two vertical planes, ¢
=0°and ¢ =90°, of the wideband CP reconfigurable antenna with AMC ground
at its center frequency, 1.65 GHz, for both of its CP states.

III. WIDEBAND LOW-PROFILE CP RECONFIGURABLE ARRAY

The simplicity of the CP reconfigurable antenna with AMC ground
lends itself to integration into an array with only minimal retuning of
its design parameters. The design, fabrication, and testing of the 1x 4
array prototype was completed successfully. The measured
performance characteristics were in good agreement with their
simulated values.

A. 1 x4 reconfigurable CP array configuration

The simulation model of thel x 4 CP reconfigurable array is shown in
Fig. 8. Four radiating elements were positioned along the x-axis each
separated by a distance d,. The design parameter dimensions of each
single radiating element are the same as the prototype discussed in
Section II. There-optimized design parameters are listed in Table III.

All other parameters are the same as those of the single element design.

A 1-to-4 Wilkinson power divider was developed to feed these four

radiating elements. The simple layout of the DC bias lines is shown in
the bottom view of the array in Fig. 8. Like the single element design,
the polarization state of the array is switched simply by changing the
two bias voltages DC#1 and DC#2.

Top view
N N«

Bottom view

Fig. 8. Simulation model of the 1x4 CP reconfigurable antenna array.m

TABLE 111
RETUNED DESIGN PARAMETERS THAT OPTIMIZE THE
1x4 CP RECONFIGURABLE ARRAY (DIMENSIONS IN MILLIMETERS)

Parameter Description Value
Lame Length of the AMC structure 522.0
Lieediine Length of the microstrip feedline 400.0

W feediine Width of the microstrip feedline 100.0
dy Distance between the element centers 116.0

Fig. 9. Fabricated prototype of the 1x4 CP reconfigurable antenna array

B. Fabricated array prototype and measured results

The optimized 1x4 CP reconfigurable array was fabricated,
assembled, and tested. A photo of this prototype is shown in Fig. 9.
The overall profile of the array is only 0.05 Z,.This height is 44% lower
than the reconfigurable CP array design in [30], while also being
simpler to fabricate. Fig.10 (a) presents its measured and simulated
|S;i| and AR values as functions of the source frequency. Again, the
measured and simulated results are in good agreement. The measured
CP-operation fractional bandwidth is 21.7%, from 1.44 to 1.79 GHz
(BW =350 MHz). This array value is slightly smaller than that of the
single radiating element (25%), but still represents a wide bandwidth.

Fig. 10 (b) shows the measured and simulated realized gain values
as functions of the source frequency. Good agreement between
measured and simulated results is observed. The realized gain values
are stable cross the entire operating bandwidth with a peak value of
13.0 dBic. The co-pol. gain variation within the operating bandwidth is
less than 3 dB. The corresponding average co-pol realized gain is 11.8
dBic (11.6 dBic) for the LHCP (RHCP) mode and the average x-pol
realized gain is -6.3 dBic (-6.2 dBic) for the LHCP (RHCP) mode. The



measured peak realized gain value of the four-element array is 6.4 dB
higher than that of the single radiating element and slightly exceeds the
theoretical value of 6 dB. From additional simulation studies it was
determined that because the array was optimized to maximize the
realized gain, this gain increase was the trade-off with the slight
decrease in the realized bandwidth.
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Fig. 10. Measured and simulated (a) |Si;| and AR values; and (b)realized gain
values in both polarization states of the 1x4 reconfigurable CP array.
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Fig. 11. Measured normalized realized gain patterns in the two vertical planes,
9 =0°and ¢ = 90°, of the 1x4 CP reconfigurable array at its center (1.6 GHz)
and two bandwidth edge (1.45 and 1775 GHz) frequencies for both of its CP
states.

Fig. 11 presents the measured normalized realized gain patterns in
the two vertical planes: ¢ =0° and ¢ =90° at the center frequency (1.6
GHz) and the two edge frequencies, 1.45 GHz and 1.775 GHz. The
desired uni-directional radiation patterns were clearly realized across
the entire CP-operation bandwidth. The patterns in the ¢ = 0° plane
have narrower half power beamwidths (HPBW), i.e., 24° at 1.45 GHz,

22° at 1.6 GHz and 17° at 1.775 GHz, respectively, because of the
length of the array along the x-axis, which relatively increases as the
wavelength (frequency) decreases (increases). In contrast, the patterns
in the ¢ = 90° plane have broad HPBW wvalues as expected,
corresponding to the fact that only a single element is along the x-axis.
The HPBW values are 75° at 1.45 GHz, 73° at 1.6 GHz and 69° at
1.775 GHz, respectively. This frequency-dependent beam width
behavior is caused simply by the frequency-dependent effective
aperture size. The measured antenna efficiency is from 65% to 77%
within the operating bandwidth.

As shown by Table IV, the presented experimental results verify, in
agreement with their simulated values, that the reconfigurable CP
antenna and the 1x4 reconfigurable CP array reported in this paper
have good performance characteristics when compared to other
reported designs. Our antennas are listed in the table as Ant.#1, the
reconfigurable, wideband, low-profile CP antenna; and Ant#2, the
corresponding wideband low-profile 1x4 reconfigurable CP antenna
array. The CP-operation fractional bandwidth, 25%, of Ant.#1 is the
widest amongst similar single element systems. In addition, the height
of Ant.#2 is nearly half that of the array in [30], while having a wider
bandwidth and a larger peak realized gain.

TAIVE IV
COMPARISONS OF THE EXPERIMENTALLY VALIDATED CP RECONFIGURABLE
ANTENNAS AND ARRAY AND THE REPORTED IN THE LITERATURE

Ref. No. of elements ?;\l))‘}e(«g, l)) Pe(z:]ll;;gcz;in Pl;ggle
[11] Single 3.6 8.2 0.25
[12] Single 4.7 24 0.01
[16] Single 2.8 7.5 0.06
[17] Single 0.72 59 0.01
[18] Single 1.5 29 0.01
[19] Single 7 8.7 0.08
[23] Single 15.5 4.25 0.06
[24] Single 23.5 4.8 0.26
[25] Single 20.8 6.9 0.1
[30] 1 x 4 array 20 ~12.8 0.09
Ant.#1 Single 25 6.6 0.05
Ant.#2 1 x 4 array 21.7 13 0.05

IV. CONCLUSION

A reconfigurable wideband CP antenna and a 1x4 array of those
elements were presented. The design of each system was explained,
and the fabrication and testing of their prototypes were described.
There configurable, wideband CP antenna combined a reconfigurable
cross-bowtie radiator, having a simple switching scheme, with a
wideband polarization-independent AMC structure. The AMC
allowed the reduction of the overall profile of the antenna system to
0.05 4y, a 5-times reduction in height when compared to conventional
designs employing a metallic reflector. Four of these elements were
combined into a 1x4 array. This reconfigurable, wideband, low-profile
CP antenna was also fabricated and tested successfully. The measured
performance characteristics of both systems were in good agreement
with their simulated values. The reported 1 x 4 reconfigurable CP
array has a low profile, a wide bandwidth, and a high uni-directional
realized gain. This reported CP antenna systems have the potential to
positively impact modern wireless systems for satellite and other
applications; they facilitate a practical doubling of their capacities and
the mitigation of any polarization mismatch issues.
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