IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received February 10, 2019, accepted March 8, 2019, date of publication March 19, 2019, date of current version April 2, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2904697

Circularly Polarized Wideband-to-Narrowband

Switchable Antenna

MOHAMMED E. YASSIN“'-2, HESHAM A. MOHAMED?, ESMAT A. F. ABDALLAH3,

AND HADIA S. EL-HENNAWY?

! Akhbar El Youm Academy, 6th of October City 12581, Egypt
2Faculty of Engineering, Ain Shams University, Cairo 11566, Egypt
3Electronics Research Institute, Giza 12622, Egypt

Corresponding author: Mohammed E. Yassin (el_be7ery @yahoo.com)

ABSTRACT This paper presents a circularly polarized printed wideband-to-narrowband switchable
monopole antenna for UWB/WiMAX applications. The proposed switching antenna consists of circularly
polarized monopole antenna for the UWB mode with two bandpass filters integrated into the feeding network
for the two 3.5/5.5 GHz center frequencies narrowband modes. The proposed antenna is utilized to operate at
triple modes; 7.3 GHz, 3.5 GHz, and 5.5 GHz with wide impedance bandwidth (117.6%, 16.7%, and 7.3%),
wide axial ratio bandwidth (89.2%, 16.7%, and 7.3 %), and the gain reaches (6.91 dBi, 5.5 dBi, and 4.2 dBi).

INDEX TERMS UWB, monopole antenna, circular polarization, wideband-to-narrowband, reconfigurable,

WiMAX.

I. INTRODUCTION

Recently, the rapid progress of the wireless technology
increases the demand on devices able to operate at different
standards. Moreover, the operation of cognitive radios and
self-adaptive systems need to dynamically monitor the fre-
quency spectrum in search of the unused licensed channels
and then altering its radiation characteristics for transmis-
sion and reception within these spectrum holes as a second
user for better exploit the existing spectrum [1], therefore
the design of reconfigurable antennas has received much
attention compared with conventional antennas, because it
can provide diversity features in operating frequency [2], [3],
polarization [4], [5], and/or radiation pattern [6], [7] to save
size and cost for the multi-standard devices and cognitive
radios.

The wideband-to-narrowband reconfigurable circularly
polarized antennas are considered as the most suitable solu-
tion for the cognitive radio systems because it is able to
switch between the ultra-wideband mode for sensing and
multiple narrowband modes for communicating and the cir-
cular polarization allows signal reception irrespective of
the orientation of transmit and receive antenna. The previ-
ous researchers carried out several methods to design the
wideband-to-narrowband antennas [8]-[11]. An elliptical-
shaped monopole antenna with two open loop bandpass filter
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and a three-pole hairpin band-pass filter in the feeding line
is presented in [12]. The elliptical monopole able to produce
the ultra-wideband mode, while the open loop and three-pole
hairpin filters are responsible for 2.4/5.8 GHz WLAN nar-
rowband modes, respectively. The antenna is able to switch
between the modes by using five PIN diodes located in the
feeding network. In [13], an annular ring monopole with a
pair of stubs in the feeding line over a partial ground with a
rectangular slit is presented. The proposed design is able to
configure between the wideband mode and the narrowband
mode by switching two PIN diodes integrated on the two
stubs. An ellipse-shaped frequency reconfigurable antenna
fed by a coplanar waveguide feeding line is introduced
in [14]. The antenna is able to configure from the wideband
mode to narrowband mode by switching two PIN diodes posi-
tioned at a pair of slot resonators etched in the ground. These
previous antennas don’t meet the portable/hand held devices
because of its linear polarization, while in [15], a circularly
polarized coplanar waveguide Archimedean spiral antenna
is introduced. The proposed antenna consists of a two-arm
spiral fed by a coplanar waveguide with a pair of meandered
slot lines implemented in both sides and it is able to reconfig-
ure from wideband mode to narrowband mode by switching
a PIN diode integrated within the spiral element. The antenna
is circularly polarized when operating at ultrawideband mode
and linearly polarized when operating at the narrowband
mode. While in [16], a two port circularly polarized recon-
figurable antenna is presented. The antenna consists of two
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triangle monopole antennas connected with a narrow link to
produce a circular polarization operation. The antenna can
support both RHCP and LHCP operations in single wideband
(1.6-2.56 GHz) and dual-band (1.25/2.43 GHz) modes by
using four PIN diodes locating in the links and the feed lines
of the two ports. Also, in [17], a frequency reconfigurable
circularly polarized slot antenna is proposed. The antenna
consists of annular slot fed by a shorted microstrip line
through coupling. The antenna can be reconfigured between
two operating frequencies of 1.88 GHz with bandwidth ratio
of 2.7% and 2.88 GHz with bandwidth ratio of 3.3% by
controlling the dc voltage of the varactor placed on the slot.
The antennas in [16] and [17] are circularly polarized at all
modes, but the wideband mode bandwidth isn’t sufficient for
the sensing process of the cognitive radio devices.

In this paper, a wideband-to-narrowband switchable
antenna with wideband circular polarization for all modes
is designed. The antenna consists of an ultra-wideband cir-
cularly polarized monopole patch with two bandpass filters
integrated in the feeding network used to switch between
wideband mode to two narrowband modes. The proposed
antenna is designed to achieve a good bandwidth, axial ratio
and radiation characteristics to cover ultra-wideband applica-
tions at the ultrawideband mode and WiMAX at the two nar-
rowband modes. The antenna is designed and studied using
Computer Simulation Technology (CST) software. The paper
is organized as follows: The detailed design and structure are
described in section 2. Section 3 presents the simulation and
measurement results. Finally, the conclusions are introduced
in section 4.

Il. DESIGN AND STRUCTURE

The geometry of the proposed wideband-to-narrowband
antenna is shown in Fig. 1. The antenna is printed over
the two-sides of Rogers 4003C substrate with a relative
permittivity of 3.38, 0.41 mm thickness, and a loss tan-
gent of 0.0027 with a total area of 45 x 50 mm?. The
proposed antenna consists of three parts: The circularly
polarized monopole antenna for the ultra-wideband mode
(part A), three-line coupled resonator bandpass filter cen-
tered at 3.5 GHz for the first narrowband mode (part B)
and two open-loop resonators bandpass filter centered at
5.5 GHz for the second narrowband mode (part C). The
two filters are merged with the tapered feeding line of
the monopole antenna. The antenna is capable of configur-
ing between the ultra-wideband mode and the two narrow
band modes by selecting different RF paths. The switching
between the modes is controlled by using Mini-Circuits RF
switch matrix RC-8SPDT-A18 (which is the replacement
of PIN diodes or RF-MEMS). When the RF signal is fed
directly to the monopole antenna the ultra-wideband mode is
achieved, while the first and second narrowband modes can
be achieved by selecting the RF signal to pass to the monopole
through the 3.5 GHz three-line coupled resonator band-pass
filter and 5.5 GHz two open-loop resonators band-pass filter,
respectively.
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FIGURE 1. The design of wideband-to-narrowband antenna (a) Front
view, and (b) back view.

A. UWB CIRCULARLY POLARIZED ANTENNA

The main radiator of the proposed antenna is an ultra-
wideband circularly polarized monopole antenna. The cir-
cular polarization allows wave reception with minimum
polarization loss regardless of the transmitter and the receiver
antennas orientations and reduces the multipath reflections
effect which gives a freedom of mobility to the transmit-
ting and receiving devices. For these reasons the circular
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polarization antennas are becoming a key technology for
many wireless communication systems including worldwide
interoperability for microwave access (WiMAX) and cog-
nitive radio (CR). The main challenge in the wideband
applications is the trade-off between the impedance band-
width (IBW) and the axial ratio bandwidth (AR-BW). The
basic microstrip antenna shapes produce linear polariza-
tion [18]-[20], so that perturbation segments with optimized
shape and dimensions should be added to the antenna to
achieve circular polarization using a single feed. The previ-
ous researchers developed several methods to design a CP
antenna which is able to cover the ultra- wideband frequency
range [21].

In [22], a L-shaped strip and inverted L-shaped strip com-
bined at the radiating edge of the rectangular monopole which
was designed to produce a CP wideband characteristic. The
proposed antenna achieves IBW of 133.41% (1.38-6.91 GHz)
and AR-BW of 129.04% (1.38-6.4 GHz). A semi-circular
patch antenna with a circular slot on ground is introduced
in [23]. The antenna achieves IBW of 116.6% (2.37-9 GHz)
and AR-BW of 58.7% (3.22-5.9 GHz). A C-shaped monopole
with a partial ground modified with two triangle stubs is
proposed in [24]. The antenna has 106.3% (2.25-7.35 GHz)
IBW and 104.7% (2.05-6.55 GHz) AR-BW.

Fig. 2 shows the proposed ultra-wideband circularly
polarized monopole antenna. The antenna consists of eight
microstrip segments to form a 24 x 27 mm? quasi C-shaped
monopole fed with a linear tapered line used to match the
radiator with the 50-ohm port and on the other side of the
substrate a partial ground modified by a rectangular slit and a
rectangular stub with one split ring resonator and two square
ring resonators are printed. The dimensions of the antenna are
listed in table 1.

In order to explain the procedure of the antenna design,
four antennas (Ant. 1-4) are illustrated in Fig. 3, while
Fig. 4 shows the reflection coefficient and axial ratio sim-
ulation results of the four antennas (Ant.1-4). As shown in
Fig.4(a), the quasi C-shaped conventional monopole (Ant.1)
produces its fundamental resonance at 3.63 GHz and the
length of the monopole is about quarter wavelength at its
resonance frequency. By using the rectangular slit (Ant.2) a
new resonance has been added at 6.2 GHz which expands the
IBW from 5.7 GHz to 10.9 GHz, while adding the rectangular
stub and three-square resonators with an edge of quarter
wavelength at its resonance frequency in step 3 can excite
extra resonance at 6.5 GHz which can improve the impedance
matching at higher band. For the simulated axial ratio shown
in Fig.4(b), the quasi C-shaped radiator in step 1 can provide
the perturbation of current distributions in X and Y directions
due to its curved structure. Thus, CP operation can be realized
by splitting the fundamental resonant mode into two near-
degenerate modes along the orthogonal arms of the quasi
C-shaped monopole. Moreover, the main function of the
rectangular slit added on the ground in step 2 is to change
the surface current distributions balanced on the unmodi-
fied ground in stepl, so that a single CP mode is excited
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FIGURE 2. The design of quasi C-shaped monopole antenna (a) Front
view, and (b) back view.

at 5.5 GHz. The resonators considered offset-coupled with the
C-shaped monopole, while the rectangular stub can be used
to couple with the open-loop and the C-shaped monopole,
so that by adjusting the dimensions and positions of the
square resonators and the rectangular stub embedded on the
ground plane in step 3 (Ant.3), a CP mode can be excited
at 6.5 GHz by properly proximity coupling of the C-shaped
monopole and the resonators which improves the AR at the
higher band. The combination of step 2 and step 3 makes the
proposed design (step 4) which achieves IBW of 109.22%
(3.2-10.9 GHz) and AR-BW of 89.59% (3.05-8 GHz).
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TABLE 1. Monopole antenna dimensional parameters.

Parameter Value(mm) Parameter ~ Value(mm)
Low 50 W, 3.7
W 45 W3 2.5

L¢ 20 W, 3.5

L; 14.9 Ws 4

L, 12.9 L, 3.5
L, 8.8 L, 19.9
L, 7.4 Sy 1.9
Ls 10.9 Sy 3.7
Le 6.6 Ly 11.4
L, 5.2 Ly 9.4
We 0.95 Lps 6.7
Wr 23 d 0.8
W, 5 Ts 9.6

(@ (b)

(c) (d)

FIGURE 3. The design procedure of the proposed antenna (a) step 1,
(b) step 2, (c) step 3, and (d) step 4.

For further explanation of the operation of the CP mech-
anism, Fig. 5 shows the simulated surface current distribu-
tion at 5.5 GHz for the phases of 0°, 90°, 180° and 270°.
In this figure, the red arrow represents the direction of the
predominant surface current which rotates counterclockwise.
Hence, right-hand CP (RHCP) waves in the broadside direc-
tion (+Z axis) can be excited.
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FIGURE 4. The simulated results for step 1-4 (a) return loss, and (b) axial
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/7

(a) (b)

—

(c) (d)

FIGURE 5. Simulated surface current distributions of the proposed
antenna at 5.5 GHz at four different phases (a) 0°, (b) 90°, (c) 180°,
(d) 270°.

B. MODIFIED THREE-LINE COUPLED RESONATOR BPF

A modified compact microstrip three-line coupled res-
onator (TLCR) bandpass filter is inserted in the feeding line
of the UWB monopole antenna by using switching matrix
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FIGURE 6. The design of TLCR bandpass filter.

TABLE 2. The modified TLCR filter dimensional parameters.

Parameter Value (mm) Parameter Value (mm)
Loub 16 F3 9.2
Waup 15 F4 2.6
Fir 2 Fs 6.95
Fwr 1 F, 1.9
Fw 0.15 Fy 25

Fs 0.275 F. 1.7
F, 7.5 Fq 1
F, 6.6

equipment to generate the first narrowband mode centered
at 3.5 GHz. The TLCR bandpass filter has the advantages of
simple structure, compact size and wide passband. In [25],
a shorting to ground using via is used with two of the outer
coupled lines to produce one transmission zero at each edge
of the passband. Also, a pair of open-ended stubs are attached
at the center to increase the filter degree. To increase the selec-
tivity in [26], a T-shaped open stub is added to a U-shaped
TLCR which added two resonance modes in the passband and
two transmission zeros at the passband boundaries. A dual-
wideband TLCR bandpass filter achieved by using a res-
onator with a meandering stub is presented in [27]. In this
paper the proposed filter is shown in Fig. 6, it is constructed of
U-shaped two sections of three coupled microstrip lines. The
length of the coupled lines equals to a quarter of the wave-
length at the center frequency. A rectangular loop resonator
is added to the filter to generate additional resonance to the
passband in order to achieve wider passband bandwidth. The
filter has total area of 16 x 15 mm? and the dimensions are
listed in table 2, all dimensions in mm.
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FIGURE 7. The simulation results of the TLCR bandpass filters
(a) Traditional U-shaped TLCR, and (b) Modified TLCR.

Wl

FIGURE 8. The design of the two resonators wideband BPF.

Fig. 7 shows the results of the traditional U-shaped TLCR
and the proposed modified TLCR filter simulated using Com-
puter Simulation Technology (CST) software. The results
show that the filter provides —10 dB passband bandwidth
of 1.05 GHz (3-4.05 GHz), while the insertion loss in
the passband is less than 0.56 dB. The combination between
the traditional TLCR filter with the additional resonance
of the square loop resonator achieves ultrawide and deep
passband bandwidth with a good sharpness factor by adding
a second resonance in the passband.
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TABLE 3. Dimensions of the proposed filter.

Variable Value Variable Value
(mm) (mm)
Lsub 12.8 HL] 34
Wsub 16 H]_z 1.76
Hip 2.5 His 4.3
Hwr 1 His 53
Hw 0.3 H, 10.2
Hg 0.2 H, 4.3
/]
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FIGURE 9. The simulation results of the two resonators wideband
bandpass filter.

(@) (b)

FIGURE 10. Photograph of fabricated antenna. (a) Front view, and
(b) back view.

C. WIDEBAND BPF USING TWO RESONATORS

The third part of the wideband-to-narrowband antenna system
is a wideband bandpass filter using two open loop resonators
for a passband centered at 5.5 GHz to select the second
narrowband mode. In [28] a U-shaped and a folded U-shaped
open loop resonator are used to produce two transmission
zeros at the passband’s upper frequency area. To produce
dual-band behavior with high isolation and a wide stopband
in [29], two identical stub-loaded resonators at left and right
sides and a different stub-loaded resonator at the middle are
used. A compact wideband bandpass filter with an improved
upper stopband is presented in [30]. The improvement of the
upper stopband is realized by adding three transmission zeros
using different open/short stubs. In this paper the proposed
filter is shown in Fig. 8, it is constructed of U-shaped filter
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FIGURE 11. The simulated and measured reflection coefficient of the
different modes of the antenna (a) UWB mode, and (b) NB modes.
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FIGURE 12. The simulated and measured realized gain of the different
modes of the antenna (a) UWB mode, and (b) NB modes.

with two open loop resonators. The wideband behavior is
mainly dependent on the M-shaped open loop resonator,
while the other resonator is used to improve the performance,
especially adding transmission zeros in the upper stopband.
The filter has total area of 12.8 x 16 mm? and the dimensions
are listed in table 3.
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Fig. 9, shows the results of the proposed filter simulated
using CST. The results show that the filter provides a pass-
band centered at 5.47 GHz with 16.4% bandwidth and the
return loss is under —10 dB over 34.4% of the passband, while

the insertion loss has more than 30 dB of spurious suppression
in the upper stopband from 7.3 GHz to 9.6 GHz.

lll. SIMULATION AND MEASUREMENT RESULTS

Based on the above, the antenna has been fabricated using
the photolithographic technique. Fig. 10 shows a photograph
of the fabricated antenna. The input reflection coefficient has
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FIGURE 15. The measured and simulated Normalized co-polar and
cross-polar patterns of the proposed antenna in XZ and YZ planes for
(a) the first NB mode at 3.5 GHz, (b) the second NB mode 5.5 GHz, and
(c) the UWB mode at 7.3 GHz.

been measured using a ROHDE&SCHWARZ ZVA 67 vector
network analyzer, while the radiation pattern and gain have
been measured using anechoic chamber NSI 700S-30.

The simulation and measurement results are illus-
trated in Fig. 11-13. The UWB mode of the proposed
antenna achieves an impedance bandwidth of 8.57 GHz
(3-11.57 GHz), a 3-dB axial ratio bandwidth of 4.94 GHz
(3.07-8.01 GHz) with 6.91 dBi peak gain and 4.69 dBi aver-
age gain, while the first narrowband mode has an impedance
and axial ratio bandwidths of 600 MHz (3.29-3.89 GHz)
with 5.5 dBi peak gain and 4.18 dBi average gain, which is
sufficient to cover WiMAX at 3.5 GHz. Moreover, the sec-
ond narrowband mode has an impedance and axial ratio
bandwidths of 400 MHz (5.25-5.65 GHz) with 4.2 dBi peak
gain and 2.85 dBi average gain, which covers the WiMAX
at 5.5 GHz.

For further explanation of the operation of the wideband-
to-narrowband antenna, the excited surface current
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TABLE 4. Comparison of proposed wideband-to-narrowband switchable antenna with those existing in the literature.

Ref. Dielectric Size Sensing band Sensing band Communications band Communications band
constant (mm x mm) -10 dB IBW GHz 3 dB AR-BW -10 dB IBW 3 dB AR-BW
GHz GHz GHz

[9] 4.9 144 x 140 1-3.2 N 1.1-1.3/2.1-2.25/2.7-3.2 N

[10] 35 75.7x 58.35 2.1-12 N 4.4-5.4/6.4-7.6 N

[11] 43 88 x 88 2-6 N 2.3-2.45/3.4-3.6/4.95-5.7 N

[12] 4.4 45 x40 2.2-11 N 2.4-2.6/5-6.2 N

[13] 4.4 40.15 x 40.15 3.1-10.6 N 5.13-6.47 N

[14] 4.7 49 x 35 3.5-5.97 N 5.6-5.9 N

[15] 4.6 60 x 69 2-8 2-3.2 5.1-5.9 N

[16] 4.4 50x 50 1.6-2.56 1.62-2.55 1.25-1.3/2.1-2.6 1.25-1.3/2.1-2.6
This Work 3.38 45x 50 3-11.57 3.1-8 3.29-3.89/5.25-5.65 3.29-3.89/5.25-5.65

distributions of the different modes are simulated at the res- REFERENCES

onance frequencies 7.3 GHz, 3.5 GHz and 5.5 GHz, respec-
tively. At the UWB mode, the RF signal is fed directly to the
monopole antenna to generate the UWB behavior as shown
in Fig. 14(a), while Fig. 14(b) shows the current distribution
at 3.5 GHz, the first narrow band is generated by feeding
the RF signal to the monopole antenna through the TLCR
bandpass filter. The second narrowband mode is generated
by feeding the RF signal to the monopole antenna through
the two resonators bandpass filter as shown in Fig. 14(c).
Fig. 15 shows the measured and simulated antenna nor-
malized co-polar (RHCP) and cross-polar (LHCP) radiation
patterns in XZ and YZ planes at the center frequencies of the
three modes 3.5 GHz, 5.5 GHz and 7.3 GHz. The proposed
antenna is a bidirectional radiator with RHCP wave in +Z
direction and LHCP wave in —Z direction for the three modes.

IV. CONCLUSION

A wideband-to-narrowband antenna was proposed. The
antenna consists of a circularly polarized ultrawideband
monopole as a main radiator and two bandpass filters inte-
grated in the feeding network. The switching between the
wideband mode and the two narrowband modes is achieved
by selecting the RF signal directly to the monopole antenna
or through one of the two bandpass filters using mini-circuit
switching matrix equipment. The proposed antenna is utilized
to operate at triple modes; 7.3 GHz, 3.5 GHz and 5.5 GHz
with wide impedance bandwidth (117.6%, 16.7%, and 7.3%),
wide axial ratio bandwidth (89.2%, 16.7%, and 7.3 %) and
high gain (6.91 dBi, 5.5 dBi, 4.2 dBi).
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