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Reconfigurable UWB Circularly Polarized Slot Antenna with Three Modes of
Operation and Continuous Tuning Range

Sirous Bahrami, Gholamhosein Moloudian, Ho-Jin Song, Senior Member, IEEE, and John L.
Buckley, Member, IEEE .

Abstract—In this paper, a tunable circularly polarized antenna
with a reconfigurable integrated feed network is proposed for
cognitive radio applications. The integrated feed network is
composed of an ultra-wideband (UWB) band-pass filter (BPF),
a continuously tunable T-shaped resonator, and an L-shaped
microstrip line. The feed network employs 3 PIN diodes to switch
between different RF paths, resulting in 3 modes of operation:
an ultra-wideband mode (3.5-8.5 GHz), a narrowband bandpass
(BP) mode and a narrowband bandstop (BS) mode. The continu-
ous tuning range of the bandpass/bandstop narrowband mode is
realized by two DC-controlled varactor diodes. The stand-alone
antenna attains a -10 dB impedance bandwidth of 92.3 % (3.5-9.5
GHz), while it attains an Axial Ratio (AR) bandwidth of 88.3 %
(3.1-8 GHz) in its wideband mode. The overlapped bandwidth
(matching and AR) of the reconfigurable antenna is 78.2 % (3.5-
8 GHz). The communicating state covers 80% of the sensing
spectrum while maintaining circularly polarized radiation. The
measured peak realized gain values for the wideband mode range
from 2 to 3.2 dBic while the maximum gain for the narrowband
mode ranged from 1.95 to 3.1 dBic. The measured results show
that the proposed filtenna is suitable for UWB cognitive radio
systems.

Index Terms—Circularly polarized antenna, cognitive radio,
microstrip slot antenna, reconfigurable antenna

I. INTRODUCTION

UE to the recent advancements in wireless communica-

tions, antennas have been utilized in various applications
such as RFID [1], industrial communication [2], biomedical
devices [3] and cognitive radio systems [4]. Due to the increas-
ing demand for high-speed data rates requiring high resources,
such as frequency bandwidth and energy, cognitive radio (CR)
is a promising solution. The dynamic spectrum access ability
of cognitive radio improves frequency spectrum utilization in
industrial communication systems [5]. For instance, in [6] a
cognitive radio sensor network has been designed to achieve
reliable and efficient remote control and monitoring in smart
grids. CRs employ wideband antennas to sense the occupancy
of the entire spectrum (the spectrum sensing state) and are
autonomously tailored to the primary transmission through
narrowband antennas (the communication state). Several an-
tennas with frequency agility [7-11], reconfigurable pattern
[12,13] for CR applications have been proposed. However,
there are two drawbacks that limit their capabilities. First,
the use of linearly polarized antennas can lead to cross-
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Fig. 1: Proposed reconfigurable CP antenna.

polarization issues between transmitting (TX) and receiving
(RX) antennas which can be extremely challenging for CR
applications. Second, regarding dynamic spectrum access, the
reported tuning range of the communicating state in previous
works does not exceed 50% of the sensing state. To address
the cross-polarization issue, a few works [14-16] investigated
reconfigurable circularly polarized (CP) antennas as a suitable
candidate for the CR, as they are less likely to be affected by
multipath interferences and Tx/Rx misalignment. In [14] and
[15], the proposed antennas only partially cover the sensing
spectrum in the communicating state. The antenna proposed
in [16] resolves this spectrum coverage issue; however it
only operates at fixed pre-defined narrowband modes with
no tuning ability. In this paper, to tackle both of the above
limitations, we propose a reconfigurable CP slot antenna with
a continuous tuning range over a wide frequency spectrum.
As illustrated in Fig. 1, the perturbed square slot antenna is
integrated with a switchable feed network. The feed network
with three switchable modes of wideband, tunable narrow
bandpass (BP) and tunable bandstop (BS) can provide the
secondary user with the ability to adapt to the dynamic nature
of spectrum holes while canceling any interference within the
already occupied frequency band. The novel aspects of this
design can be identified as a combination of all the following
features in a single reconfigurable system: (a) the proposed
wideband CP slot antenna can alleviate multipath interferences
and misalignment between transmitter and receiver, (b) the
wide continuous tuning range of the proposed CP antenna
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covers 80% of the sensing spectrum which is significantly
larger than previously reported works, (c) the tunable BS
mode capability enables a wideband spectrum allocation to
a secondary transceiver and avoids the interference caused by
congested wireless communications applications.

This paper is organized as follows. In section II the circu-
larly polarized antenna design is investigated. The synthesis
procedure of the reconfigurable filter is then discussed in
detail in section III. Simulation and measurement results of
the proposed microstrip filtenna are presented in section IV.
Finally, conclusions are drawn in Section V.

II. CIRCULARLY POLARIZED SLOT ANTENNA

The square slot antenna is a promising candidate to achieve
ultrawideband impedance and CP bandwidth. Fig. 2(a) depicts
the geometry of the reference microstrip slot antenna [17]. It
is printed on two sides of a 32-mil-thick RO4003C substrate
(dielectric constant €, = 3.38, tand = 0.0009). The top
layer is a 60 mm x 60 mm microstrip square composed of
a rotated square slot with a side length of a=32 mm. The
bottom layer is a bent L-shaped feed connected to a 50—
microstrip line (Fig. 2(a)). The dimensions of the feed line
are tuned to achieve a wide overlap bandwidth and excite
the slot with a suitable phase to generate CP. In order to
optimize the impedance matching bandwidth and CP radiation
characteristics, the square slot is perturbed at the top corner.
The rectangular perturbation has a width of b = 8.5 mm
and a length of ¢ = 7.5 mm. The HFSS software is used
to simulate and design the proposed antenna. The S;; and
axial ratio (AR) results for the square slot and the perturbed
slot antenna are shown in Fig. 2(b). The perturbed slot antenna
has a wider impedance and AR bandwidth in comparison to
the square slot antenna. The proposed antenna attains a -10 dB
impedance bandwidth and an AR bandwidth of 92.3 % (3.5-
9.5 GHz) and 88.3 % (3.1-8 GHz), respectively. Its overlapped
bandwidth, which is the bandwidth satisfying both AR <3
dB and the reflection coefficient < -10 dB is 78.2 % (3.5-
8 GHz). To explain the circular polarization behavior of the
proposed antenna, Fig. 3 shows the surface current vectorial
distribution at 6 GHz. In this figure, the red arrows represent
the direction of the locally predominant surface current and
the blue arrows show the resultant of surface currents which
rotates 90 degrees counterclockwise in each time step. Thus,
right-hand CP (RHCP) radiation is expected for the proposed
UWB slot antenna.

III. RECONFIGURABLE FILTER DESIGN

Since an antenna satisfying the requirements of CP radiation
and ultrawideband performance has been obtained, the next
step is to design a reconfigurable filter with wide continuous
tuning range within the specified bandwidth of the antenna.
The substrate used for the proposed filter is the same as the
substrate used for the perturbed slot antenna.

A. Ultrawideband Bandpass Filter

The proposed ultra-wide bandpass filter (BPF) consists of
two shunt short-ended stubs and three cascaded line sections
in the middle. All the series and shunt sections are set with
the same electrical length as 7 /2 at center frequency fo. The

Authorized licensed use limited to: UNIVERSITY COLLEGE
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Fig. 2: Microstrip slot antennas (a) geometry (Units: mm,
G=60, a=32, b=8.5, c=7.5, d,=23.2, d,=5.5, d.=4.3, d;=1.6,
wa=7, wp=6, w.=0.5, w¢=30.25), (h=32 mil, £,=3.38), (b)
reflection coefficient and axial ratio.

Chebyshev response with equal-ripple in-band behavior and
a pair of transmission zeros at £« can be calculated by the
proposed method in [18].
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Fig. 3: Simulated surface current distributions of the slot
antenna at 6 GHz.
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Fig. 4: The frequency response of the microstrip ultrawideband
filter, (inset) layout.

and
xr = acosf )
o = cos_l(x) 3)
¢ = cos Hzy/(a2 —1)(a2 — 22)] @)

Where o = 1/ cos .. (6, is the electrical length at lower cutoff
frequency f.) and ¢ is the equal-ripple constant in relevance
to the specified return loss RL (dB) [19-20]. The upper cutoff
frequency of this bandpass filter appears at (m — 6.). Thus, the
return-loss bandwidth BWgy, in Fig. 4 can be expressed as
_2(fo—fe) _ (m—26.) )
fo ™ / 2

As a result, the characteristic impedances of individual sec-
tions can be explicitly determined once the return loss and the
fractional bandwidth are specified.

BWgy,

B. T-shaped Resonator

Varactor-based structures are widely used in tunable filter
designs [21]. The frequency-agile bandpass filter design is
inspired by a synchronously tuned dual-mode resonator pro-
posed in [22]. A much wider tuning range of operation can
be added to this design based on optimization of resonators
impedances in each section (2 arms of the T-shaped resonator
and central part, separately). The modified T-shaped resonator
with a shorted stub is loaded by two varactors to control the
center frequency of the BPF (Fig. 5). This architecture was
primarily used as a BPF. However, as presented in [12], a
tunable BS mode of operation can be introduced to this design.

C. Triple-mode Reconfigurable Filter

The modified T-shaped narrowband resonator and the in-
troduced UWB filter are integrated to form a composite
reconfigurable filter, as illustrated in Fig. 5. For the wideband
state (3.5-8.5 GHz), the characteristic impedances for the shunt
short-ended stubs (Z;) and cascaded line sections of the UWB
BPF (Z,, Z;) are determined. Without affecting the overall
performance of the UWB BPF, short-ended shunt stubs and
the middle high impedance line (Z;) are meandered. A PIN
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Fig. 5: Geometry of the proposed reconfigurable filter
(Units: mm, W1=0.75, W2=0.2, W3=1.4, W,4=0.78, W,=1.7,
We=1.6, W,=0.78, W, =0.85, L;=8.5, Ly=3.8, L3=5.8,
L4=1.85, L,=10.4, Ls=1.65, g=0.65).
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diode (D;) is inserted in the middle of the high impedance
line to control the direct input/output path.

The modified T-shaped narrowband resonator is located
halfway between the input and output ports on the top side.
Two PIN diodes D3, and Dg are placed into both halves
of the coupled-line sections of this T-shaped resonator. The
PIN diodes are MACOM MA4GP907 which have an on-
resistance of 4 Ohms (at 1 GHz) and an off-capacitance of
0.025 pF (at 1 MHz) [9]. The DC bias lines (Vp;,) for these
diodes are connected to one end of an RF blocking 56 nH
coil inductor. The forward bias current of the PIN diodes is
10 mA. Meanwhile, the MACOM MA46580 varactor diode
was selected for controlling the tuning range of the modified
T-shaped narrowband resonator. It can be considered as the
series RLC equivalent circuit according to its datasheet (Fig. 6
(a)). The equivalent circuit is composed of a series resistance
(R=1.75 Q), a parasitic inductance (L=0.4 nH), and a total
capacitance (C=0.08 pF). The tuning reverse bias voltage of
the diode (V,4,) can be varied from 2 to 12 V, with a resulting
change in capacitance C in the range from 0.15 to 2.1 pF.
When diode D1 is turned OFF, while D5, and D3 are turned
ON, the proposed filter operates in its narrowband BP state.
In this case, the power is transmitted through the modified
T-shaped narrowband resonator. In contrast, when all the PIN
diodes are turned ON, the reconfigurable filter operates in its
narrowband BS state. If the PIN diodes D4 and D3 are turned
OFF, while D is turned ON, the reconfigurable filter operates
in its wideband state. By varying the bias voltage of the two
varactor diodes, one can continuously shift the bandpass/stop
frequencies from 4.3 to 8.2 GHz. By optimizing the impedance

estrictions apply.
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TABLE I: The operation modes of the reconfigurable filter

PIN Diode
Cpin . Tuning Range
= é D1 Do D3 Operation State Bandwidth
Varactor 'R Band Stop 4.5 GHz = 8.5 GHz
Cd % ON ON ON (Narrowband) 200 MHz
d
Band Pass 4.3 GHz = 8.2 GHz
OFF | ON" | ON || " Narrowband) 600 MHz
Band Pass —
1 N ON | OFF | OFF (UWB) 5 GHz (3.5 GHz - 8.5 GHz)
(a)
C,:Hl 2.1pF M 095pF M 045pF M 025pF M 0.15pF [ WIOFilter __ WFilter _, WFilter __ AR o AR ]
. . Sim. Sim. Meas. Sim. Meas.
Eq circuit = = = EM model 5
0 2
2 2
E =
m -20 oe] g 0 :
s Z 3 =
G 40 & 3 =
= 5 =
-60 g <
4 6 8 &
Freq (GHz) -10
(b)
Frequency (GHz)
(@)
=) =] 377
XH XH 5 Ideal 'Model Realisitc IModeI
& & I R e S A R e
) ) g e T
£ 35f : R s
© 1 ~
o : S~ . :
§ 4l ~ \_\\~ 0.4 dB
S : ~. :
Freq (GHz) Freq (GHz) § 33k \.\~\ J
d | ~ !
(d) (e) g 32| SV
Fig. 6: Comparison of the S-parameter simulation results for = . ‘ ‘ ‘ ‘ ‘ ‘ ‘
the equivalent circuit and the EM models. (a) Equivalent 0 05 1 15 2 25 3 35 4
circuit of the proposed reconfigurable filter, (b, c) the BPF The PIN diode ON-state Resistance (£2)
narrowband mode, (d, e) the BSF narrowband mode. ®)
] — , , , , ,
of T-shaped resonator arms and incorporating this type of -0} :_-."""'--- e el 100 S
varactor diode a much wider tuning range is obtained. The = \ I g
. . . - F - )
proposed filter modes of operation are listed in Table 1. The a 0 80 2
performance of the reconfigurable filter has been simulated E 30k 170 E
using HFSS. Fig. 6(b, ¢) and (d, e) give the S parameter results - == Antenna Sim. = = Antgnna Eff}. £
- | — 1 1 - 1 4 ]
for the BP narrowband mode and the BS narrowband mode, 40 E‘_itema f/}m‘ Filtprna Eff 60 g
respectively. When the capacitance of the varactors varies from 50 tenna Meas. | i i i 50 F
0.15 to 2.1 pF, the passband of the filter operating in BP mode 3 4 b 6 7 8 9 10
is tuned from 4.3 to 8.2 GHz. On the other hand, the stopband Frequency (GHz)
of the filter operating in BS mode is tuned from 4.5 to 8.5 ©
GHz.

Fig. 7: Measured and simulated results when the filtenna is in

IV. RESULTS AND DISCUSSION its wideband mode (a) Peak realized gain and AR, (inset) the

A photograph of the fabricated prototype frequency tunable fabricated filtenna, (b) the peak realized gain versus the PIN

antenna is shown in the inset of Fig. 7. This antenna has diode ON-state resistance, (c) [S11| and the radiation efficiency
3 modes of operation. The measured and simulated AR and
realized gain are shown in Fig. 7(a). The out-of-band filtering
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5
TABLE II: Comparison of the proposed antenna with some published antennas featuring reconfigurable response.
Refs. Dielectric | WideBand Mode (Sensing band) Discrete/ Tuning Range (CM band) Ratio of Tuning range Modes of Polarization Size
Ci t | IBW (GHz) AR-BW (GHz) Continuous (GHz) to Sensing BW Operation ()\(2])
[9] 3.48 2.35-4.98 N/A C 3.05-4.39 50.95 % WB-BP Linear 0.23 x 0.39
[11] 22 3.10-10.6 N/A C 3.1-5.6 3333 % ‘WB-BP Linear 0.75 x 0.65
[12] 3.38 3-7.5 N/A C 3.31-5.53 504 % BP-BS Linear 0.75 x 0.7
[13] 3.38 2.51-6.24 N/A C 3.3-5.58 513 % WB-BP-BS Linear 1.24 x 1.65
[14] 4.6 2-8 2-3.2 D 5.8 N/A ‘WB-BP Circular 1x1.15
[15] 44 1.6-2.56 1.62-2.55 D 1.275/2.35 N/A WB-BP Circular 0.35 x 0.35
[16] 3.38 3-11.57 3.1-8 D 3.59/5.45 N/A WB-BP Circular 0.61 x 0.68
This work 3.38 3.5-8.5 3.5-8 C 4.5-8.5 80 % WB-BP-BS Circular 0.7 x 0.7
IBW: -10 dB Impedance Bandwidth CM: Communications BS: Narrowband Bandstop Mode
AR-BW: 3 dB Axial Ratio Bandwidth WB: Wideband Mode BP: Narrowband Bandpass Mode N/A: Not Applicable
0 Cy, 2.1pF 0.95pF 0.45pF 0.25 pF 0.15 pF ol C, 2.1 pF 0.95 pF 0.45 pF 0.25 pF' 0.15 pF
) | '
—~ p
—1 + B m -10 ;"";”“' S [l Sallintetinly (e PPt Y 3t St P Ago-----
E 0 < X ', X - = S
— ok P 20t Se )
,_4—20' f'll Y | 1 = ~=".I 1 ¢ ,,’
n ' ' 5 — Measurement ©n N )
—-30+ ! - - Simulation . —-30¢ y T
— Measurement
-40 i ) ) ) ) -40 f- - Simulation ! 1
- 1 1 1 1

Frequency (GHz)

Fig. 8: Measured and simulated |S11| vs frequency when the
filtenna is in its narrowband BP mode.

can be seen in comparison to the stand-alone antenna. It is

Frequency (GHz)

Fig. 9: Measured and simulated |S11| vs frequency when the
filtenna is in its BS mode.

— Gain Sim. --: AR Sim. A Gain Meas. o AR Meas.

5

notable that the resistance of the PIN diode in the ON state 2 WYY = 2 | 2PN P
slightly degrades the efficiency and the gain of the antenna % 0 % % 0 z
[23]. Based on the simulation results shown in Fig. 7(b), the é E S E
peak realized gain reduced by 0.4 dB when the ideal PIN % -5 ;5 %5 ;ﬁ
diode is replaced by the realistic model. Also, the measured H # | o®o—0 o .00

AR bandwidth is 85 % (3.3-8.2 GHz). The total antenna size 0 sl

is 60 mm x 60 mm corresponding to 0.7Agx 0.7Ag (Ao Freq (GHz) Freq (GHz)

is the wavelength at the lowest operating frequency). The @ ®

scattering parameters at the input port of the filtenna in its
wideband mode of operation are depicted in Fig. 7(c). The
measured and simulated reflection coefficient of the antenna
in its narrow bandpass mode are illustrated in Fig. 8. The
varactor capacitances (bias voltages) are vary from 0.15 pF
(12 V) to 2.1 pF (2 V) with the reflection coefficient less than
-10 dB for the tuning range of 4.3 GHz to 8.2 GHz (4.35
to 8.3 GHz). To activate the narrow bandstop mode all PIN
diodes are switched ON and accordingly the notch frequency
is tuned, by altering the varactor capacitances, from 4.5 to 8.5
GHz, as illustrated in Fig. 9.

The simulated and measured realized gains and AR of the
proposed antenna for the narrowband modes are shown in Fig.
10. The realized gain values were measured by changing the
varactors bias voltage. The measured maximum gain for the
narrowband BP mode ranged from 2 to 3.1 dBic. The AR
values remaind under 3 dB in the specified tuning range. Table
IT compares the performance of the proposed antenna with
other tunable antennas. The main advantage of the proposed
antenna system is its wide continuous tuning range (4.5-
8.5 GHz), covering 80% of the sensing spectrum which is
significantly higher than previously reported works. Moreover,
the BS mode of operation provides an additional wideband

€]
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Fig. 10: Simulated and measured realized gains and AR of
the filtenna versus frequency, (a) bandpass filter mode, (b)
bandstop filter mode.

communicating state while avoiding the potential interference
caused in crowded wireless communications applications. Fig.
11 shows the measured and simulated normalized radiation
patterns at 4.5, 6.0, and 7.5 GHz (XZ-Plane and YZ-Plane)
for the wideband of operation. The asymmetrical design of
the proposed antenna structure gives rise to tilted radiation
patterns. The radiation pattern falls to zero in approximately
perpendicular direction to the maximum due to the cancel-
lation effect of surface currents at higher-order modes. The
radiation patterns of the proposed CP antenna on both sides
are almost the same. In other words, as CP slot antennas
radiate bidirectional wave, the front-side radiates RHCP while
the back-side radiates LHCP.

V. CONCLUSION

In this paper, we proposed a CP reconfigurable filtenna with
a switchable integrated feed network. The choice of the CP
antenna for cognitive radio application is very effective in

ublication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 11: Simulated and measured radiation patterns for the
proposed filtenna in its wideband mode (a) 4.5 GHz, (b) 6
GHz, (¢) 7.5 GHz.

overcoming multi-path interference. Also, the wide continu-
ous tuning range (4.5-8.5 GHz) of the proposed antenna is
advantageous. The integrated feed network is composed of a
50 © microstrip line, an ultra-wideband (UWB) BPF and a T-
shaped resonator. The RF signals propagate through different
paths that are configured using three PIN diodes, to achieve
frequency reconfiguration. The continuous tuning range of the
BS/BP narrowband modes is controlled by two DC-controlled
varactor diodes. The additional narrow BS mode of operation
gives the proposed structure a more versatile communicating
state. The measured results show that the proposed antenna is
suitable for a wide range of cognitive radio applications.
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