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Abstract: This research article proposes a compact frequency and pattern reconfigurable flexible
antenna for heterogeneous applications. A triangular monopole antenna with a semicircular stub is
made frequency and pattern tunable by connecting and disconnecting two inverted L-shaped stubs
utilizing diodes. When either of the stubs is connected to the radiator, a relative phase difference
happens at both ends of the radiator that changes the direction of the electromagnetic radiations,
consequently pattern reconfigurability can be obtain. Besides that, because of the reactive load
introduced by the stubs, the antenna’s effective length has changed and, as a result, the frequency
reconfigurability can be attained. The antenna features a compact size of 40 x 50 x 0.254 mm?
corresponding to 0.22A, X 0.27A x 0.001A,, where A, is free-space wavelength at 1.65 GHz, while its
operational bandwidth is from 1.65 GHz to 2.51 GHz, with an average gain and radiation efficiency of
better than 2.2 dBi and 80%, exhibiting a pattern reconfigurability of 180° in the E-plane. The frequency
of the proposed antenna can be switched from 2.1 GHz to 1.8 GHz by switching the state of both
diodes in OFF and ON-state, respectively. The fabricated prototype of the antenna is tested to verify
its performance parameters. In addition, to validate the proposed design, it has been compared with
prior arts in terms of the overall size, reconfigurability type, flexibility, radio frequency (RF) switch
type used for reconfigurability, and frequency bandwidth. The proposed antenna provides smaller
size with a large bandwidth coverage alongside with discrete RF switch type with the advantages
of flexibility and both frequency and pattern reconfigurability. As a result, the proposed compact
flexible and pattern reconfigurable antenna is a promising candidate for heterogeneous applications,
including the global system for mobile (GSM) band (1800 and 1900 MHz) and industrial, scientific
and medical (ISM) band (2.4 GHz) along with well-known cellular communication bands of 3G, 4G,
and long term evolution (LTE) bands ranging from 1700-2300 MHz around the globe.

Keywords: flexible antenna; frequency reconfigurability; pattern reconfigurable; 3G; 4G

1. Introduction

Multifunctional antennas are getting significant attention to meet the requirements of
sensing, radar, and various wireless communication systems. Moreover, multifunctional an-
tennas reduce the overall number of antennas in the system, thus decreasing the undesired
mutual coupling and setbacks related to larger antenna dimensions [1]. Reconfigurable
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antennas arise as one of the potential candidates of multifunctional communication and
allow ease of integration of numerous radio networks into one platform. The common
operational mode of the reconfigurable antennas is on-demand frequency, polarization,
and pattern reconfigurability [2,3]. The various techniques deployed to achieve reconfig-
urability include electrical, material, and mechanical methods by utilizing PIN diodes,
optical switches, metasurface, micro fluids, mechanical switches, and so on [4]. Besides
that, researchers have put more effort to design compound type reconfigurable antennas
where a combination of more than one reconfigurability could be found, e.g., a frequency
and pattern reconfigurability or frequency and polarization reconfigurability at the same
time [5-7].

On the other hand, the demand for wearable technology increases in modern commu-
nication system due to the many applications in daily life like wristwatches, fitness bands,
augmented reality, and usage in medical appliance. The wearable devices are worn by
a person and communicate with other devices by cellular connectivity. In medical appli-
cations, they are used to monitor the critical health conditions, e.g., sugar level, examine
inner intestinal system, blood pressure, and the temperature of the body. Besides that,
wearable devices can also be integrated into jackets, shoes, rain coat, and helmets in rescue
and emergency response. Antenna is the main part of the wearable system, and they to
their advantages of conformability, lightweight, and durability over rigid antennas. There-
fore, a natural demand for flexible, planar compact antennas and easy integration with
a modern, flexible device has emerged [8]. Moreover, the compact dimension of flexible
devices and overcrowded band spectrum allocation for various wireless communications
require flexible and reconfigurable antennas. In this context, numerous works have been
reported in the literature. However, existing works have a set of larger dimensions along
with the limit of only pattern reconfigurability [9-11] or frequency reconfigurability [12-15].
A frequency and polarization reconfigurable antennas without and with artificial magnetic
conductors were explained in references [16] and [17], respectively. A radiation pattern
and polarization reconfigurable antenna were explained in other studies [18,19]. A recon-
figurable partially reflective surface antenna with biasing network was explained in [20].
A frequency and radiation pattern reconfigurable antenna based on the center-shorted
technique is presented in [21]. Two groups of varactors diodes are used for tuning the
frequency and switching between broadside and monopole-like radiation pattern. Another
low profile hybrid reconfigurable antenna by using the pin diodes was proposed in [22]. An
antenna array was designed in [23] for frequency and radiation pattern reconfiguration. An
independent biasing voltage circuitry is designed for pattern reconfigurability. A compact
frequency and radiation pattern reconfigurable antenna for wireless communications has
been reported in [24]. Moreover, to cover the 5G band, a novel frequency and radiation
pattern reconfigurable antenna is presented in a study [25]. The proposed antenna consists
of two patches and the different states of the transistors are used to excite the antenna
at the required frequency band. These hybrid reconfigurable antennas [21-25] have the
drawbacks of rigid structure, larger antenna size, and complex biasing structure which
limits their applications for flexible electronics. In a previous study [26], a frequency and
radiation pattern reconfigurable antenna to cover 1.9 and 2.4 GHz bands was proposed.
Although the proposed antenna is flexible, it has a complex antenna structure and used
several PIN diodes to realize the switching states of the antenna.

In this article, a frequency and pattern reconfigurable antenna is designed and realized
using diode biasing. Two inverted L-shaped stubs are imprinted on the top side of a
triangular monopole antenna. By changing the state of diodes, these stubs can be electrically
connected and disconnected with the radiator. When either of the stubs is connected to
the radiator, a relative phase difference occurs at both ends of the radiator, which changes
the direction of the electromagnetic radiations, thus pattern reconfigurability could be
achieved. Moreover, due to the reactive load introduced by the stubs, the effective length
of the antenna is changed and hence the frequency reconfigurability is achieved. A simple
yet effective technique is exploited for these features.
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The major contribution of the proposed work can be summarized as:

e A relatively compact and simple structured antenna is designed for frequency and
pattern reconfigurability at the same time.

e The antenna utilizes only two pin diodes to switch between two narrow bands and
a wideband along with pattern reconfigurability from omnidirectional to the direc-
tional pattern.

e  The antenna offers good performance in both conformal and non-conformal conditions
along with a good agreement between simulated and measured results.

e  Comparison with state of the artwork states that the presented antenna overperforms
the related works by providing an overall better performance, as depicted in Table 1.

Table 1. Comparison of the proposed work with the state-of-the-art works.

Reference Antenna Size (mm?) Reconfigurable Type = Material Type RF Switch Type Frequency (GHz)
[9] 35 x 25 Radiation Pattern Flexible Discrete 2.4-2.48
[13] 50 x 33 Frequency Flexible Discrete 2.18-2.3.58
[15] 24 x 19 Frequency Flexible Discrete 2.4/3.8/5.6
[16] 59 x 31 Polarization and Flexible Discrete 2.36/3.64

Frequency
[17] 89 x 83 Polarization and Flexible Discrete 2.45/33
Frequency
[21] 85 x 85 Radiation Pattern Solid Continuous 2.68-3.51
and Frequency
Frequency and . .
[22] 50 x 50 Radiation Pattern Solid Discrete 45/4.8/5.2/5.8
Frequency and . .
[23] 151.5 x 160.9 Radiation Pattern Solid Continuous 2.15-2.38
Frequency and . .
[24] 23 x 31 Radiation Pattern Solid Discrete 3.1-6.8
Frequency and . .
[25] 112 x 52 Radiation Pattern Solid 18 NMOS transistor 28/38
This work 40 x 50 Frequency and Flexible Discrete 1.65-2.51

Radiation Pattern

2. Antenna Geometry and Design Methodology

Figure la—c shows the top, back, and side view of the geometrical configuration of
the proposed flexible and compound reconfigurable antenna. The antenna geometry is
imprinted on the top side of the ROGERS 5880LZ substrate having a dielectric constant (g;)
of 2.1 and tangent loss (tand) of 0.002, while the thickness (H) of the substrate is 0.254 mm.
The antenna consists of a coplanar waveguide (CPW) fed semicircular patch of radius R
connected with a triangular radiator. Next, two inverted L-shaped stubs having the longest
arm length Sy, shortest arm length Sy and width S; is connected to the triangular radiator
using two RF pin diodes D; and D; by SKYWORKS® having model number SMP-1345
SC-79. Two capacitors C; and C, of 100 pF capacitance are inserted to block DC to flow
towards the SMA connector. On the backside of the substrate, small biasing pads were
engraved to provide the required voltage and current to switch the state of diodes, while
the two inductors L; and L; of 68 nH were inserted to block unnecessary RF currents. The
optimized parameters of the proposed antenna are as follow (unit: mm): W = 40; L = 50;
h=0.254; Ly =18, We =5;¢=0.5; Wp=3; Lp = 5; wy =24.1;wp =2; L; =21.3; [, = 5.
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Figure 1. The geometry of the proposed antenna: (a) Front view, (b) back view, and (c) side view.

2.1. Design of the Compact Flexible Monopole Antenna

The proposed flexible antenna is originally derived from a conventional quarter-wave
rectangular monopole antenna, the basic concept of the antenna designed methodology
has been presented previously [27]. The resonating frequency of the monopole antenna
can be estimated by using the following equation as given in [28].

f _ c
" ALy

where c is the velocity of light, L, is the effective length of the rectangular radiator, and ¢,¢
is the effective dielectric constant for A/h < 1, which can be computed as:

e+1 -1 AN w2
off =~ + {(1+125> +0.04(1—ﬁ)} )

gr is the relative permittivity and # is the thickness of the substrate, while A is the
width of the radiator. Next, to enhance the bandwidth of the conventional monopole,
the lower edges of the radiator were truncated. The effects of truncation of the corner of
the radiator on the performance of the antenna are well discussed in a study [29]. In the
end, a semicircular patch having radius r is loaded with a triangular patch to provide
an additional path for the flow of current, which consequently improved the impedance
mismatching, as depicted in Figure 2.

M

ISu| (dB)

_30 1 1 n
.50 1.75 2.00 225 250 275
Frequency(GHz)

Figure 2. Extraction of the wideband antenna from conventional monopole.
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2.2. Design of the Compound Reconfigurable Antenna

The flexible antenna designed above is further utilized to design a compound recon-
figurable antenna by loading two inverted L-shaped stubs at the upper corners of the
triangular radiator. The insertion of the stub at either end of the radiator generates a
respective phase difference between two ends of the radiator, which resulted in pattern
reconfigurability, as depicted in Figure 3. The phase difference (®) generated due to the
presence of the stub can be calculated by:

27TCLT

P~
f

®)

dB(Gainfotal)

2. 9EGOE 003
2, 3025E 4000

6162E 4000
9. I304E-001

2.48526-001
4. 34B0E 001
1.1191E 000
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. : :
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db(Gainlotal)

2. 9BEBE-000
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1. BLE2E+Q00
9. 33B4E-00L

2. 4952E-00L
~4. 34E0E-001
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-1 BO3YE 000

2. 4B7BE0R
-3.1721E+000

3. BSEYE 1000
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Figure 3. Effect of stub loading on the radiation patterns of the antenna.
Here, 7 =~ %, c is the velocity of light, f is the resonating frequency of the antenna,
and Lt is the effective length of the stub, which can be calculated by:

Lt ~ L1 + L, (4)

Noteworthily, due to the insertion of the stub, the surface charges redistribute itself
and flow more toward the stub, which forces the electromagnetic waves to propagate in
a specific direction resulting in the deformation of the radiation pattern in that specific
direction, as illustrated in Figure 3. Next, the reactance loaded at the one end of the
radiator due to the insertion of the stub increases the effective area of the radiator, which
results in the generation of additional resonance at a lower frequency, as depicted in
Figure 4. Moreover, it is also observed that, when both ends were loaded with stubs, the
maximum surface charge distribution is along with the stubs while less amount of charges
are distributed on the triangular patch. Therefore, the resonance is mainly due to stubs,
and the antenna starts representing only at a lower frequency. Then, two pin diodes are
inserted between stubs and triangular patch to achieve on-demand frequency and pattern
reconfigurability as shown previously in the final proposed design (See Figure 1).
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Figure 4. S-parameter comparison of various steps involved in antenna designing.

3. Results and Discussion

The simulation of the proposed antenna was done using higher frequency structure
simulator (HFSS) electromagnetic solver. The equivalent electrical model of the diode
was constructed by utilizing lumped elements in such a way that for ON-state, the diode
behaves like a series combination of 0.7 nH inductor with 5 () resistor. While for OFF-
state, the diode behaves like a series combination of 0.7 nH inductor along with a parallel
combination of 5 k() resistor and 0.2 pF capacitor. Figure 5 illustrates the equivalent model
of diode along with the biasing circuit use to provide pure DC-current to switch the
state of the diode. Additionally, to validate the findings, a prototype of the proposed
antenna is fabricated and tested as shown in Figure 6. The reflection coefficient of the
proposed antenna was measured by a portable vector network analyzer (Anritsu S820E).
The near-field characteristics of the antenna was measured through a commercial near-field
measurement system in a shielded RF anechoic chamber by using antenna and propagation
kit (ME1310) from Keysight Technologies. The horn antenna having a standard gain of
24 dBi is utilized as a transmitter, while the proposed antenna was measured as a receiving
antenna. The signal generator was used to provide stable power reception. The antenna
is rotated in 360° to measure the near-field results. The setup for the radiation pattern is
shown in Figure 7.

68 nH

teccccccccccccccccccccccccccccs

Figure 5. Equivalent model of diode for (a) ON-state, (b) OFF-state, and (c) biasing circuit.
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(b)

Figure 6. Fabricated prototype of the proposed flexible antenna: (a) Top-view and (b) bottom view.

Figure 7. Antenna measurement setup.

3.1. Reflection Coefficient

Figure 8 presents the simulated and measured reflection coefficient of the proposed
antenna for different switching cases of the diode. For case-00 (both diodes are in OFF-state),
the simulated results show that the antenna exhibits an impedance bandwidth of 410 MHz
(1.91-2.32 GHz), while the measured results show that the antenna exhibits impedance
bandwidth of 480 MHz ranging from 1.81-2.29 GHz. When either of the diode D1 or D; is
OFF (case-01 or case-10), a simulated impedance bandwidth of 830 MHz (1.68-2.51 GHz)
is achieved. On the other hand, the measured value for case-01 is noted to be 910 MHZ
(1.64-2.55 GHz), and that for case-10 was 920 MHz ranging 1.635-2.555 GHz. The minor
variation between case-01 and case-10 is due to imperfect fabrication and measurement
system. For case-00 (both diodes are in OFF-state), the antenna starts resonating at 1.8 GHz
having simulated and measured impedance bandwidth of 400 MHz (1.65-2.05 GHz) and
460 MHz (1.63-2.09 GHz), respectively. In general, a good agreement among simulated
and measured scattering parameter results was observed due to less effect of the biasing
circuit as it is printed on the backside of the substrate.
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Case-10 Sim. ====- Case-10 Mea.
= .= Case-11 Sim. = - - - Case-11 Mea.

IS11| (dB)
IS1| (dB)

-30 — : : ' -3 ' : ; :
1.50 175 2.00 225 250 275 1.50 1.75 2.00 225 250 275
Frequency (GHz) Frequency (GHz)

(a) (b)

Figure 8. Simulated and measured reflection coefficient responses (S11<-10 dB) of the proposed
antenna for different switching cases of the diode, (a) case—00, case-01; (b) case-10, case-11.

3.2. Conformability Analysis

For any flexible device, the antenna should maintain characteristics for non-conformal
and conformal conditions; therefore, the presented antenna is bent along X-axis, and Y-axis
and its characteristics are analyzed. For simulation purposes, the antenna is wrapped
on a cylinder of radius 25 mm chosen keeping in mind that the edges of the antenna do
not touch each other (Figure 9a). For measurements, a flexible foam having a similar
radius was chosen and the fabricated prototype was attached to it, as depicted in Figure 9b.
The S-parameters of the antenna with different switching states under the conformal
condition are shown in Figure 10a—d. A strong agreement along simulated and measured
results was observed for all switching states. Moreover, the similar results for conformal
and non-conformal conditions state the potential of proposed work for both rigid and
flexible devices.

(b)

Figure 9. System of the structure used for conformability analysis: (a) Simulation setup and (b) mea-
surement setup.



Electronics 2021, 10, 601

90f13

S| (dB)

0 1 1 L L L
2.0 2.5 3.0 1.50 2.0 2.50 3.0
Frequency (GHz) Frequency (GHz)

(a) (b)

Case-10

(=}
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Figure 10. S-parameters for the antenna with different switching states under bending conditions
(a) case—00; (b) case—01; (c) case-10; (d) case-11.

3.3. Near-Field Analysis of Conformal and Non-Conformable Antenna

Figure 11 presents the comparison among simulated and measured radiation patterns
of the antenna for possible switching states of diodes at various frequencies. It can be
observed from Figure 11a,b that for case-00 (at 2.1 GHz) and case-11 (at 1.8 GHz), the
antenna exhibits omnidirectional radiation pattern in principle E-plane (¢ = 0°), and a
bi-directional radiation pattern is observed in H-plane (¢ = 90°). The radiation pattern of
the proposed antenna gets deviated from the original form and points toward +90° and
—90° as depicted in Figure 10c,d, respectively.

Figure 12 presents the radiation pattern of the proposed antenna under bend condition
along the X-axis and Y-axis. For brevity, only the measured results of case-01 and case-10
were reported at the selected frequency of 2.1 GHz. When being bent along Y-axis, the
antenna exhibits identical results as of without bending. On the other hand, when the
antenna was bent along X-axis, a little deviation is observed, as depicted in Figure 11c,d,
which is mainly due to a large variation in the flow of current when the antenna was bent
along the X-axis.

In general, the antenna exhibits a good agreement between simulated results for both
conformal and non-conformal cases, which confirms the stability of the proposed work,
thus making it a potential candidate for both conformal and non-conformal applications.
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———H-Plane Sim.= - - =H-Plane Mea— = = E-Plane Sim=----- E-Plane Mea.

0 -
5]
-101
151
=201
25 ]
=301
25 ]
=201
151
-101

(d)

Figure 11. Comparison among simulated and measured radiation patterns (a) 2.1 GHz [case-00];
(b) 1.8 GHz [case-11]; (c) 2.1 GHz [case-01]; (d) 2.1 GHz [case-10].

———H-Plane Sim.= - - =H-Plane Mea~ = = E-Plane Sim=------ E-Plane Mea.

0- 0 0

-5
-10 1
-15 4
=204
-15 1
-10 1

Figure 12. Comparison among simulated and measured radiation patterns of the antenna under
bend condition at 2.1 GHz (a) bend along Y-axis [case-10], (b) bent along Y-axis, [case-01] (c) bent
along X-axis [case-10], and (d) bent along X-axis [case-01].
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3.4. Gain and Radiation Efficiency

The gain and radiation efficiency of the proposed antenna for case-00, case-01, case-10,
and case-11 are presented in Figure 13. It could be observed that the average value of
the simulated and measured gain for all cases is better than 2.2 dBi over the operational
bandwidth, while for non resonating bands, gain tend to start decreasing. Furthermore, it
is observed that the antenna offers the average radiation efficiency of more than 80% for all
pass bands of each case.

5 100 100
80 f: 80 z
= z. — g
% 60 2 @ 60 S
= 3 I 1 B
‘s g g ?
O-1F, 40 g -1t J0 g
. =+ =Simulated Efficiency & =« = Simulated Efficiency &
-3+ = Simulated Gain {20 £ 3+ = Simulated Gain {202
+ » = Measured Gain + = = Measured Gain
16 18 2 22 24 26 28 3 16 18 2 22 24 26 28 3
Frequency (GHz) Frequency (GHz)
(a) (b)
100 5 100
80 f:,: 80 g
= =
E 60 g 5 60 g'
= o 2 o)
£ 1 & = =
S -1t {40 &' S -1} {40 g
— - —Simulated Efficiency < — - = Simulated Efficiency &
-3+ = Simulated Gain {20 £ -3+ = Simulated Gain {20 £
+ = = Measured Gain + + = Measured Gain
16 18 2 22 24 26 28 3 6 18 2 22 24 26 28 3
Frequency (GHz) Frequency (GHz)
(c) (d)

Figure 13. Radiation gain and efficiency curves over the frequency band of proposed antenna for
(a) case-00, (b) case-01, (c) case-10, and (d) case-11.

3.5. Comparison with State-of-the-Art Works

The performances of the proposed antenna (in terms of overall size, reconfigurability
type, flexibility, RF switch type used for reconfigurability, and frequency bandwidth) have
been compared with state-of-the-art antennas. The antenna overperforms the reported
antennas due to its smaller size, discrete RF switch type with the advantages of flexibility,
and both frequency and pattern reconfigurability.

4. Conclusions

This paper presents a hybrid frequency and pattern reconfigurable antenna. The ge-
ometrical structure of the proposed antenna consists of a semicircular patch loaded on a
triangular radiator along with two inverted L-shaped stubs, which are utilized to achieve
compound reconfigurability using diodes. The antenna comprises a simple structure along
with a compact size of 40 x 50 x 0.254 mm? correspond to 0.22A, x 0.27A, x 0.001A,,
where A, is free-space wavelength at 1.65 GHz, The frequency of the proposed antenna
can be switched from 2.1 GHz to 1.8 GHz by switching the state of both diodes in OFF
and ON-state, respectively. Moreover, when one diode is in ON-state while keeping the
other in OFF-state, the antenna shows a wide impedance bandwidth of 1.65-2.5 GHz along
with tilted radiation patterns in the E-plane. The strong agreement between simulated and
measured results for both conformal and non-conformal conditions makes the proposed
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work a promising candidate for the applications like wearables and medical related devices
operating in 3G, 4G, LTE, GSM, and ISM bands.
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