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A B S T R A C T

A pattern-reconfigurable circularly polarized antenna for 2.45 GHz industrial, scientific, and medical (ISM) band
applications is designed in this work. The proposed antenna consists of a slotted-stepped monopole connected to a
rectangular ground plane via a shorting side-stub. This converts the omnidirectional radiation pattern of the
antenna into stable unidirectional radiation. To dynamically steer the realized pattern, two switchable RF PIN
diodes are jointly incorporated into the side-stubs to achieve symmetrical radiations in specific operating modes.
In this way, the radiation patterns can be simultaneously tuned in the �y directions by the simple switching of the
PIN diodes ON and OFF. The fabricated prototype achieves an S11 smaller than -10dB within the 3dB axial ratio
(AR) bandwidth with stable far-field patterns. The antenna maintains a low-profile and compact size of 0:055λ20
which makes it suitable for body-centric wireless communication (BWC) and personal wireless area networks.
1. Introduction

Many applications in modern wireless communications have driven
the need for antennas to dynamically adjust their frequency of operation
[1], radiation pattern [2], and polarization [3] while maintaining a dense
footprint. Reconfigurable antennas have regained a wide research in-
terest as a low-cost solution to introduce modifiable features in multi-
functional communication systems [4]. The fundamental feature of a
reconfigurable antenna is the ability to modify its functional operating
characteristics compared to a conventional antenna. Since traditional
antenna characteristics (frequency, radiation pattern, and polarization)
are fixed, multiple antenna elements are normally required in diverse
applications such as multiple-input and multiple-output (MIMO),
body-centric wireless communication (BWC) and cognitive radio [5].

The omnidirectional pattern generated by planar monopole antennas
remains one of the desirable features of the antenna together with its
reduced profile and ease in fabrication. However, the need to focus an
antenna's beam in a specific direction does not only provide improved
signal coverage and reduced power required in transmission but can also
introduce nulls in the radiation pattern to avoid significant signal inter-
ference in multipath applications [6, 7]. As part of efforts, many
pattern-reconfigurable antennas have been recently studied for both
narrowband and wideband applications. In [8, 9, 10], switchable
loaded-parasitic elements based on RF PIN diodes were investigated to
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achieve symmetrical patterns in specific operatingmodes. In these works,
broadband radiation was achieved over a wideband by switching an-
tenna elements at different angles to serve as reflectors in directing the
main beam.

Another popular method proposed in [11, 12] involves the switching
of the feed network that selects the appropriate excitation paths of the
radiating elements. The complex antenna structure in [11] is designed to
switch between a monopolar patch and an L-shaped fed circular patch in
order to realize conical and broadside radiation patterns, respectively.
Meanwhile, large microstrip patch antennas displaced at an angle of 45�

were also shown to generate broadside reconfigurable patterns from
þ30� to -30� at 2.43 GHz in [2]. It is observed that the featured
pattern-reconfigurable antennas lack a stable resonant frequency and
compact sizes which discourages their use in space stringent applications.
This instability in frequency is primarily due to the characteristic linkage
property of antennas operating as circuits and resonators. One of the
major goals in designing a reconfigurable antenna is to ensure the vari-
ation in one property has no effect on other properties of the antenna. To
this end, the realization of a truly independent reconfigurable antenna
whose characteristics are mutually exclusive of each other remains a
major challenge [6].

Additionally, the polarization of the reconfigurable antenna plays a
key role in its far-field characteristics. By this, the circular polarization of
the antenna is necessary to maintain the communication link in
ember 2022
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Figure 1. Design configuration of the flexible pattern-reconfigurable antenna. (a) top layout; (b) side layout; (c) back view.

Table 1. Optimized dimensions of the pattern-reconfigurable antenna.

Dimension Value (mm) Dimension Value (mm)

L 28.8 a 4.44

Ls 10.37 b 1.50

Lf 5.43 c 14.0

Ws 15.28 d 0.62

Wf 1.26 e 4.0

h 0.25 Wgs 0.93

Figure 2. Combined simulated results of ANT_1 and ANT_2. (a)Radiation pattern (b)
with side stub).
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multipath applications. Some reconfigurable techniques have been
recently studied to switch between left-hand circularly polarized (LHCP)
and right-hand circularly polarized (RHCP) states in a linearly polarized
(LP) aperture-coupled patch antenna [13]. In this work, embedded slots
in the ground plane used in feeding the patches were sequentially excited
in clockwise and anticlockwise directions using two PIN diodes to obtain
equal but orthogonal currents of radiation. It was also demonstrated in
[14] that, the switching of rectangular stubs along a coplanar waveguide
(CPW) fed monopole antenna leads to an asymmetric structure that
produces CP waves at the sub-6 GHz band. However, it is noted in these
Surface current distribution at 2.45 GHz (ANT_1 � without side stub, ANT_2�



Figure 3. Simulated S11 of the single side-stub monopole antenna.
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works that variation in the polarization states leads to slight detuning in
the resonance due to the linkage effect discussed.

In this current work, a compact, circularly polarized pattern-
reconfigurable antenna with conformable features based on an edge-
stubbed radiator is demonstrated for applications in the 2.45 GHz ISM
band. The design and implementation of the low-profile printed mono-
pole antenna is presented in structured sections as follows. The single
side-stub design for unidirectional radiation is reported in section two (2)
while section three (3) introduces the pattern reconfiguration feature by
incorporating RF PIN diodes. Further detailed implementation of the
dual-stubbed reconfigurable antenna and the characteristics of linkage
decoupling are also presented in section. A prototype of the fabricated
antenna together with the simulated and measurement results are also
discussed in section four. Meanwhile, conformability tests of the antenna
under various bending scenarios and switching configurations are
demonstrated followed by the main conclusions in the last section of the
paper.

In general, the motivation for conducting this study is to provide a
better and more-efficient radiator of electromagnetic energy in body-
centric applications compared to the previous aforementioned works.
Additionally, the addition of a reconfigurable application provides a
Figure 4. Effects of stub position along the y� axis on reflection coefficient of
the antenna.
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flexible option of switching between desired radiation and reception
points.

2. Research methods

2.1. Antenna design and configuration

2.1.1. Single side-stub antenna design
Previous designs based on planar monopole antennas (PMAs) for

body-centric applications possess omnidirectional patterns. Various
techniques for realizing directional patterns in PMAs involve slotted-
parabolic [15], defected, and full ground plane modifications. Here,
the conventional omnidirectional pattern of the proposed antenna is
converted into a directional pattern by using the novel quasi-radiator
technique by Ellis et.al [16]. The front view, side stub, and ground
plane of the pattern-reconfigurable antenna are shown in Figure 1(a) –
(c).

Based on Figure 1, the design layout of the low-profile circularly
polarized PMA consists microstrip fed, slotted-stepped rectangular radi-
ators on a h ¼ 0:25 mm thick FR-4 substrate. A partial ground plane with
a rectangular slot is printed at the back of the antenna to improve
impedance matching and bandwidth at the resonant frequency.

The overall topology measures a square compact size of 0:235λ0 (λ0 ¼
free space wavelength at 2.45 GHz) with the optimized dimensions
simulated in the HFSS software. Optimized dimensions of the antenna are
shown in Table 1.

The shorted side-stub connects one arm of the slotted-stepped
monopole to the rectangular ground plane which leads to the conduc-
tion of surface currents that are out-of-phase with the adjacent radiator
arm and the ground plane. In this way, the shorted arm becomes non-
radiative and acts as a reflector to steer the broadside radiation to-
wards the –y axis, similar to the operating principles in [16] and [17].

The radiation mechanism of the antenna can be understood by
comparing the simulated antenna without a side stub in Figure 2(a) with
the same antenna having an optimized side stub. It is observed from the
surface current distribution that ANT_1 exhibits a regular omnidirec-
tional radiation pattern as expected. However, a unidirectional pattern
concentrated in the �y direction is produced in both the azimuth and
elevation planes when a simple stub is embedded at the right edge of the
monopole in ANT_2. This is validated by the dominance of the surface
current distribution on the left monopole as illustrated in Figure 2(b).

2.1.2. Determination of resonant frequency
The estimation of the lower resonant frequency of a regular-shaped

planar monopole antenna is calculated from its physical dimensions
corresponding to the equivalent area of a cylindrical monopole of the
same length L and radius r [18], given by the relation as shown in Eq. (1):
Figure 5. The pattern-reconfigurable monopole antenna. (a) Design of the dual-
stubbed pattern-reconfigurable monopole antenna. (b) Equivalent PIN diode
modelling of the side-stub as lumped RLC boundary.



Figure 6. Equivalent PIN diode circuit model simulation. (a) Forward biased (b) Reverse biased.
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2πrL¼ LW (1)
For printed square monopole antennas (PSMA) of width, W ¼ L, then
the value of the radius is determined by Eq. (2).

r¼ L
2π

(2)

Hence, the lower resonant frequency Fl of the square monopole is
determined by Eq. (3);

Fl ¼ 7:2
ðLþ Pþ rÞ ½GHz� (3)

Where L, r and the probe length p are in centimeters. From Eqs. (2)
and (3), the PSMA with dimensions L ¼ 2:88 cm, and p ¼ 0:01 cm yields
Fl ¼ 2:15 GHz for a reflection coefficient, | S11 | � � 10 dB. These initial
parameters demonstrate resonance and is further optimized to achieve
the desired resonance at 2.45 GHz as shown in Figure 3. The effect of the
Figure 7. Schematic diagram of DC bias circuit of
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stub position along the y-axis on reflection coefficient of the antenna in
shown in Figure 4.

2.1.3. Effects of the shorting side stub
As discussed earlier, the introduction of the side stub causes existing

symmetric currents on the shorted radiator arm to be out-of-phase
thereby acting as a reflector to generate broadside pattern in the oppo-
site axis. From Figure 4, the optimal placement (i.e., edge) of the side stub
is observed to achieve an improved | S11 | < �20 dB at 2.45 GHz.
However, moving the stub 4 mm away from the edge in the �y direction
results in a shift in the resonance to about 3.05 GHz. Moving the stub 8
mm farther from the edge, the S11 deteriorates and the antenna loses its
unidirectionality. Furthermore, the stub action introduces the necessary
perturbation by producing equal magnitude but out-of-phase magnetic
and electric currents on the shorted monopole arm.

In this way the degenerate modes are detuned at the targeted fre-
quency. Hence, for the right edge-stubbed monopole antenna, a left hand
the proposed pattern-reconfigurable antenna.



Table 2. Operating modes and biasing configuration of the pattern-
reconfigurable antenna.

Operating Mode S1 S2 V1 V2

Mode-0 OFF OFF 0V 0V

Mode-1 ON OFF þ5V 0V

Mode-2 OFF ON 0V þ5V

Figure 8. Simulated S11 of the proposed antenna under varying oper-
ating voltages.

Figure 10. Simulation and Measured S11 of the fabricated antenna in Mode-1
and Mode-2.
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circularly polarized (LHCP) radiation can be formed. This is evident in
the simulated axial ratio with a broadside radiation < 3 dB at the reso-
nant frequency.

2.2. Pattern-reconfigurable antenna design

2.2.1. Design and principle of operation
Based on the single side stub design concept introduced in the

previous section, it is observed that alternating the stub to connect
either half of the monopole to the ground plane results in a symmetric
broadside radiation pattern in the �y directions. In this way, a recon-
figurable extension of the antenna can be developed by incorporating
RF PIN diodes to automate the switching of the radiation patterns. As a
proof of concept, the RF switches S1 and S2 are modeled as an equiv-
Figure 9. The fabricated prototype of the reconfigurable antenna. (a) front and
anechoic chamber.
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alent lumped resistor, inductor and capacitor (RLC) perfect electric
conductor (PEC) boundary in the high-frequency structure simulator
(HFSS) to replace the metallic side stubs. The pattern-reconfigurable
monopole antenna is illustrated in Figure 5. Figure 5(a) shows the
design with the attached switch and Figure 5(b) shows the lumped
circuit of the attached switch.

Thus, when the switch is in the ON state (forward-biased), the
equivalent circuit of the PIN diode is ideally represented as a series 2.5 Ω
resistor and 0.15 nH inductor while the OFF state (reverse-biased) is
modeled as a shunt combination of a 15 kΩ resistor and a 32 fF capacitor
in series with the inductor [19] (zoom-in � Figure 5). Hence, the RLC
boundary can be considered as the equivalent RF switch and their ON or
OFF states basically represent the short or open circuit conditions of the
side stubs respectively.

These ideal characteristics of the modeled PIN diodes exhibit a low re-
turn loss (jS11j < � 20 dB) in the ON condition with high isolation in the
OFFstatebetter than�15dBwithinawideband.However, implementation
of the actual PIN diode presents real characteristics that are expected to
differ from the ideal case due to several factors including parasitic losses.
The DSM8100-000 beam-lead PIN diode with a very low total capacitance
(CT ¼ 0:025 pF) and small internal resistance in the range of Rs ¼ 2:5�
3:5 Ω from Skyworks Inc [20]. is investigated for this work. The simulated
return loss and isolation of the actual PIN diode are found to agreewellwith
a back view showing the realized PIN diode (b) far-field measurement in



Figure 11. The normalized far-field patterns. (a) x � y plane and (b) y � z plane, between the simulated and measured results.
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the ideal diode. An equivalent PIN diode circuit model simulation is shown
inFigure6. Figure6 showstheS11 simulationof theproposedwhenswitch is
in on-mode in Figure 6(a) and off-mode in Figure 6(b). Both show good
results in S11 with a slightly better matching in the on-state as expected.

2.2.2. DC biasing and tuning
The DC biasing network required to switch the two PIN diodes, S1 and

S2 is designed to primarily isolate the RF and DC signal paths as shown in
Figure 7.

The two PIN diodes are controlled by a simple shunt single pole
double throw (SPDT) switch configuration which offers a high isolation
with a very low insertion loss over a broad frequency range. The isolation
(Iso) is found to be approximately 21 dB in the OFF state from the given
Eq. (4) below [21],
6

Iso ¼20 log 1þ Z0

2Rs
(4)
� �

Where Rs is the diode's series resistance at an input impedance charac-
teristic Z0 ¼ 50 Ω.

From the design structure of the antenna, the left and right edges of
the monopole are directly connected to the ground plane by the PIN
diodes and therefore do not require additional capacitors to separate the
DC and RF signals. Thus, only two blocking capacitors C1;C2 ¼ 1 μF and
two RF chokes L1; L2 ¼ 0:1 μH are needed to prevent the RF currents
from flowing back into the bias circuit before connecting them to the
external DC bias voltages V1 and V2 respectively. Voltages V1 and V2

alternately biases the PIN diodes and are supplied at 0 V and 5 V to turn
S1 and S2 ON and OFF respectively.



Figure 12. Simulated and Measured broadside axial ratio of the pro-
posed antenna.

Figure 13. Simulated and Measured S11 of the proposed antenna in flat and
bending configurations.
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The reflection coefficient of the proposed reconfigurable antenna
operating in differentmodes of supplied voltages is illustrated in Figure 8.

The bias voltages for Mode-1 and Mode-2 are varied between V1 and
V2. V1 is fixed at 0 V while V2 is being varied and vice versa. It can be
observed from the simulation that an increase in the supply voltage only
improves the reflection coefficient of the antenna while the resonant
Figure 14. Simulated and Measured radiation pattern of the pro
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frequency remains unaffected. This effect explains the decoupled
frequency-radiation pattern characteristic linkage that most reconfig-
urable antennas suffer from [22, 23]. In this way, the switching of the
antenna's radiation pattern does not have any effect on the operating
frequency. Moreover, the input impedance of the antenna is well
matched with a VSWR < 2 : 1. Altogether, the antenna can switch be-
tween three modes, i.e., the omnidirectional mode (Mode-0) and the two
symmetrical modes of –90� (Mode�1) and þ90� (Mode�2). The
switching modes of S1 and S2 along with their respective voltage con-
figurations are presented in Table 2.

2.3. Antenna fabrication and measurements

The FR4 substrate material is chosen for the fabrication of the
reconfigurable antenna due to its low loss tangent (δ ¼ 0.025), low cost
and easy availability. The front view, back view and view of the mea-
surement setup in the anechoic chamber are shown in Figures 9(a), 9(b),
and 9(c), respectively.

A simple soldering method is employed in the implementation of the
RF PIN diodes. However, for best results and higher suppression of par-
asitics, the sophisticated thermocompression bonding technique which
involves the pressing of the beam leads against the metalized antenna
and the substrate under proper conditions of heat and pressure is rec-
ommended [19]. In this work, the standard 50 Ω SMA connector along
with the coaxial cable is attached to the fabricated antenna and the jS11j
is being measured using the PNA E8363C Agilent Network Analyzer. The
simulated and measuredjS11j less than 20 dB for Mode-1 and Mode-2 are
shown in Figure 10. The far field radiation pattern measurements were
also carried out in a pyramidal anechoic chamber (500 MHz–40 GHz)
with Emerson and Cuming absorber. The normalized x � y (E-) plane and
x � y (H-) plane far-field radiation patterns are illustrated in Figure 11(a)
and Figure 11(b), respectively. In Mode-0, typical monopole-like radia-
tion is observed while symmetric unidirectional patterns concentrated at
�90� and þ90� in the azimuth and elevation angles are exhibited for
Mode-1 and Mode-2 respectively. Meanwhile, stable radiation patterns
with no significant offsets are observed across the target bandwidth.

Moreover, the 3-dB AR bandwidth of the antenna is found to be 140
MHz (2.38 GHz �2.52 GHz). The simulated and measured broadside
axial ratio of the proposed antenna is shown in Figure 12.

Additionally, to demonstrate conformability of the antenna and its
potential for use in on-body applications, a flexible version of the FR-4
substrate is selected for further analysis.

Based on Figure 13, the reconfigurable antenna is subjected to
bending at different degrees along the x and y� axis and its corre-
sponding S11 results are simulated and measured against the planar un-
bend configuration (flat). For conciseness, the bending angle R ¼ 90� for
inward and outward bending conditions is presented. The results show
excellent agreement between the simulated and measurement with no
significant variation in the reflection coefficient.
posed antenna in flat (unbend) and bending configurations.



Table 3. Comparison of antenna characteristics and performance.

Reference Overall Antenna size jS11 j < �10 dB bandwidth (%) Reconfigurable type Frequency shift under tuning Polarization/AR< 3 dB bandwidth

[8] 0.16 λ20 � 0.02 λ0 66.67 Rad. Pattern (0� , �90�) N/A Linear/ �
[9] 0.02 λ20 � 0.008 λ0 2.02 Rad. Pattern (30�, 90�, 150 �) 1 GHz Linear/ �
[11] 1.64 λ20 � 0.13 λ0 23.5 Rad. Pattern (0 �;90�) ~50 MHz Linear/ �
[13] 1.129 λ20 � 0.02 λ0 9.7 Polarization N/A Circular/5.7%

[24] 0.20 λ20 � 0.013 λ0 20.2 Rad. Pattern (omni, broadside) ~10 MHz Linear/ �
[25] 0.06 λ20 � 0.001 λ0 41.35 Frequency, Rad. Pattern (180�) 125 MHz Linear/ �
This Work 0.05 λ20 � 0.002 λ0 58.06 Rad. Pattern (0� , �90�) ~0 MHz Circular/5.7%
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Similarly, radiation patterns under the bending effect of the antenna
were observed with minimal offsets as shown in Figure 14. This verifies
that the bending conditions do not have any significant linked effect on
the impedance characteristics of the antenna. It is emphasized that due to
symmetry other modes of the antenna performance are not shown for
brevity. Comparison of antenna characteristics and performance as
shown in Table 3.

3. Conclusion

In this paper, a compact low-profile unidirectional monopole antenna
based on a rectangular shorted side stub with flexible properties oper-
ating in the ISM band has been reported. To extend the degree of freedom
in the radiation and maintain the communication link, a pattern-
reconfigurable mode of the antenna was implemented based on the
switching configuration of incorporated RF PIN diodes. Measurement
results of the fabricated prototype agree strongly with the simulation.
The radiation pattern of the antenna was shown to be fully reconfigured
with three independent modes of operation. Additionally, the proposed
antenna was shown to be immune to detuning effects resulting from
likely body deformations. The proposed antenna also shows low SAR
levels without the use of complex large cavity-backed structures, unlike
other designs. Additionally, the antenna exhibits circular polarization
altogether possessing a simple structure with a compact robust form
factor that is highly efficient for on-body communications. Future works
will focus on increasing the switching angles from 0� to 360� in steps of
10�. This will make the design smarter for array system applications.
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