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Abstract: A compact flexible multi-frequency antenna for smart portable and flexible devices is
presented. The antenna consists of a coplanar waveguide-fed slotted circular patch connected to
a rectangular secondary resonator (stub). A thin low-loss substrate is used for flexibility, and a
rectangular stub in the feedline is deployed to attain wide operational bandwidth. A rectangular
slot is etched in the middle of the circular patch, and a p-i-n diode is placed at its center. The
frequency reconfigurability is achieved through switching the diode that distributes the current by
changing the antenna’s electrical length. For the ON state, the antenna operates in the UWB region
for —10 dB impedance bandwidth from 2.76 to 8.21 GHz. For the OFF state of the diode, the antenna
operates at the ISM band (2.45/5.8 GHz), WLAN band (5.2 GHz), and lower X-band (8 GHz) with
a minimum gain of 2.49 dBi and a maximum gain of 5.8 dBi at the 8 GHz band. Moreover, the
antenna retains its performance in various bending conditions. The proposed antenna is suitable
for modern miniaturized wireless electronic devices such as wearables, health monitoring sensors,

mobile Internet devices, and laptops that operate at multiple frequency bands.

Keywords: compact antenna; frequency reconfigurable; multiband; conformal antenna

1. Introduction

The advancements in wireless technology and electromagnetic spectrum limitations
have led to the development of multi-standard and multi-application devices. Considering
this, an antenna with the characteristic of adaptability to various practical applications and
standards is necessary. Hence, due to the dynamic characteristics and capability to modify
properties such as polarization, radiation pattern, and frequency, along with system require-
ments, reconfigurable antennas have recently received a large amount of attention [1-8].
In particular, a frequency reconfigurable antenna is beneficial for various applications.
Frequency reconfigurability can be achieved by using electrical switches [9-11], varactor
diodes [12-15], p-i-n diodes [16-19], and radio-frequency micro-electromechanical systems
(RE-MEMS) [20-22]. The electric switching technique has the advantage of lower voltage
requirements, whereas RE-MEMS provide higher switching time. The p-i-n diodes have
been widely used as reconfigurable techniques due to characteristics such as compactness
and good switching time (1 to 100 microseconds) [23].
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Moreover, the increasing requirement of compact, conformal devices, and wearable
gadgets has drawn researchers’ attention towards flexible, low profile, and light-weight
antennas. Thus, in addition to reconfigurability, flexibility is also a significant character-
istic required by modern-day applications such as e-health monitoring, biosensing, and
e-utility [24]. Although frequency reconfigurable antennas have been investigated widely
in recent years, most of these designs have used rigid substrates. By comparison, few
antenna designs have been recently reported in the literature, in which reconfigurability
and flexibility have been integrated [25-29]. The antenna design proposed in [25] is an
inkjet-printed flexible, reconfigurable antenna with overall dimensions of 53 x 31 mm?. In
addition, a p-i-n diode is used for reconfigurability purposes. In another work [26], a recon-
figurable antenna is reported for wearable applications. For this antenna, reconfigurability
is realized using a p-i-n diode. In order to improve the performance of the antenna, an
artificial magnetic conductor (AMC) surface is assimilated with the antenna. The proposed
structure has an overall size of 83 x 89 mm?. Similarly, the work in [27] presented an
inkjet-printed conformal antenna with geometrical dimensions of 30 x 40 mm?2, where
frequency reconfigurability is achieved by employing two diodes. Another reconfigurable
antenna is reported in [28] with a substrate size of 59.8 x 59.8 mm?. In addition to reconfig-
urability, the antenna is flexible, and a conductive fabric is used to design the antenna on
a polydimethylsiloxane (PDMS) substrate. Moreover, the antenna design demonstrated
in [29] is a conformal antenna, and frequency reconfigurability is obtained using two p-i-n
diodes. The geometrical size of the reported structure is 50 x 30 mm?. The works in [30,31]
proposed flexible antennas with frequency reconfigurability. The proposed system pre-
sented in [30] obtains reconfigurability by employing two p-i-n diodes, and the dimensions
of the substrate are 24 x 19 mm? with a thickness of 1.53 mm. It can be observed that,
although the reported antennas discussed here are both flexible and reconfigurable, these
antennas have relatively larger dimensions, which restrict their usage in wearable and
compact devices. In addition, these antennas have a relatively low gain. Thus, it can
be deduced from the aforementioned discussion that a compact, high gain, flexible, and
reconfigurable frequency antenna having a practical demonstration using diodes is still a
challenge for researchers.

In order to overcome the limitations and discrepancies of the earlier reported antenna
designs, this work proposes a compact and flexible antenna design for the ISM, WLAN,
X-band, and UWB frequency bands. In addition, frequency reconfigurability is achieved by
incorporating a p-i-n diode. Hence, the three bands can be merged into a single wideband
(2.81-8.41 GHz) using this p-i-n diode. The omnidirectional radiation pattern and stable
performance over a wide range of frequencies make this antenna desirable for a variety of
applications.

2. Antenna Design Methodology
This section is divided into subsections for the ease of understanding.

2.1. Geometry of the Proposed Design

A circular planar radiator was chosen as the basis of the antenna design due to its
inherent wide bandwidth. A coplanar waveguide (CPW) feed technique is used to excite
a circular radiating patch that has a rectangular slot at its center. The circular patch has a
radius R = 11 mm. The resonant frequency (f) and the corresponding radius of the patch

are estimated using [31]:
1.8412 - ¢

f - 47TR€ff* /geff

where c is the free-space speed of light (3 x 108 m/s), and R, 7 is the effective radius of the
patch whose value is estimated using:

2H 7R
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In (2), R is the physical radius of the patch, H is the thickness of the substrate and ¢
is the effective dielectric constant, which can be calculated by:

e+l g1 H\ H\?
eeff =5+ {<1+12Ax) +0.04(1- -~ 3)

where ¢, and Ay are the dielectric constant and the width of the substrate, respectively.
The schematic of the proposed frequency reconfigurable antenna is shown in Figure 1.
A rectangular stub with dimensions Sx x Sy is also inserted between the patch and feedline.
The stub is employed to enhance the relatively narrow bandwidth of the circular patch.
A rectangular slot is etched on the circular radiator to add additional capacitive load and
allow the p-i-n diode to be inserted at the center of the slot to achieve frequency reconfigura-
bility. The rectangular slot and the p-i-n diode control the amount of current by electrically
connecting and disconnecting the upper part of the radiator with the lower part. With this
arrangement, the diode generates the multiband and UWB modes. A detailed discussion
on the working principle of the proposed antenna is presented in the subsequent sections.

Ax | —He—
Via pad
E—I oap I
G & Diode
! Via r I_R
. 4y I w] I
T S Ve
Sy | X L
— F |+— G,
— Cy — — £1 C
(a) (b) ()

Figure 1. Schematic of proposed frequency reconfigurable antenna: (a) top-view, (b) bottom-view,
and (c) side-view.

The antenna is printed on a thin (# = 0.254 mm) Rogers RT5880LZ substrate with
relative permittivity e, = 2.1 and loss tangent tand = 0.0024 [32] This substrate is made of
polytetrafluoroethylene (PTFE) composites and was chosen for its low-loss and flexible
nature. These attributes make it a desirable substrate for flexible antennas.

2.2. Simulation Setup

The commercial finite element method-based HFSS [33] was used to simulate the
proposed antenna. To avoid unwanted fabrication tolerance errors and effects from the
SMA connector on the antenna, a 3D model of the 50-0) SMA connector was designed and
used to excite the proposed antenna in simulations. To model the real p-i-n diode switches,
the equivalent circuit model of the Infineon model 3 BAR-50C-SC79 [34] was incorporated
using lumped element parallel RLC boundary conditions. The equivalent circuit model
of the diode in ON and OFF states is shown in Figure 2. In the ON state, a 4.5 () resistor
is in series with a 0.15 nH inductor (Figure 2a). In the OFF state, a 0.15 nH inductor is in
series with the parallel combination of a 5 k() resistor and a 0.15 pF capacitor (Figure 2b).
Keeping in mind the practical issues related to measurements i.e., limiting the RF and
DC current flowing towards the diode, an RF choke comprising a 68 nH inductor and a
1-kQ) resistor were utilized, as shown in Figure 2c. In addition, to accommodate biasing
circuitry for the diode during measurements and eliminate any effect of the biasing circuitry
on the radiating patch, two small biasing pads were incorporated on the bottom side of
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the proposed antenna. The optimized design is shown in Figure 1 and has the following
dimensions: Ay =35 mm, Ay =25 mm, H = 0.254 mm, Cx = 5 mm, Cy =11 mm, S, = 6 mm,
Sy=95mm,r =11 mm, F=1mm, G3 =1 mm, G; =1 mm, G, =2.3 mm.

e g ,
: —i¢ :
: = o :
' = ~ o
: = S B!
: % =
g3 ¢ .r. ~
E 2 v = Voc i
@ ® @

Figure 2. Diode equivalent model: (a) ON-state, (b) OFF-state, and (c) biasing circuit.

2.3. UWB Antenna Design

The fundamental CPW fed circular patch antenna was designed using (1)-(3). The
resulting antenna resonates at 2.45 GHz with an impedance bandwidth of 2.25-2.72 GHz.
Figure 3 (blue curve) illustrates the reflection coefficient of the elementary circular radia-
tor. To broaden the narrowband operation, various techniques, including metamaterials,
complex geometrical structures such as DGS, and etching slots, have been adopted [24-27].
Here, a uniplanar rectangular secondary resonator (stub) is introduced between the circular
radiator and the feed. The stub acts as a high-frequency resonator and adds higher resonat-
ing frequencies to the circular radiator, resulting in a more wideband antenna. In other
words, the field distribution of the conventional monopole antenna is altered due to the
insertion of the rectangular stub, which supports multiple higher-order resonances instead
of having only the single matched resonance offered by the circular radiator. The added
bandwidth of the stub-loaded antenna results in a combined 5.8 GHz (2.4-3.8 GHz and
4.8-9.2 GHz) bandwidth, instead of only the 470 MHz (2.25 GHz-2.72 GHz) bandwidth
that was achieved by the circular monopole itself.

S, (B)

Frequency(GHz)

Figure 3. |S;; | comparison among various steps included in the antenna design.
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Although a wideband antenna was achieved, a small portion of the bandwidth was
slightly mismatched. Capacitor loading is a well-known technique to enable lower res-
onances and improve impedance matching [35]. Instead of loading the antenna with a
physical capacitor, here, an electrical method was employed by etching a rectangular slot at
the center of the circular radiator. The slot thickness was optimized so that the mismatched
band could be matched by controlling the capacitance generated by the slot. The impedance
bandwidth of the antenna before and after the insertion of the slot is shown in Figure 3
(black curve). It is observed that the stub-loaded antenna with the slot exhibits an ultrawide
impedance bandwidth of 5.6 GHz, ranging from 2.81 GHz to 8.41 GHz.

2.4. Multiband Antenna Design

The designed UWB antenna was further utilized to develop a tri-band antenna. A
small path is provided for the current to flow from the lower to the upper part of the
radiator through a p-i-n diode in the ON state, as shown in Figure 3 (magenta curve). This
path alters the capacitance of the slot, and the antenna exhibits a tri-band resonance. The
first notch band was expected due to the disturbance in the capacitive load of the antenna.
It is observed from Figure 3 that the antenna with the stub has a notched band inside the
UWB region. The second notched band is due to the presence of two rectangular slots
formed as a result of setting the diode ON. These slots behave like a band stop filter and
thus cause higher band mitigation on the radiator. Moreover, a significantly lower current
is present around the stub, which results in the suppression of the 3.75 and 6.5 GHz bands,
as depicted in Figures 4b and 4d, respectively. The geometric modifications in the resultant
antenna exhibit three passbands having resonances at 2.45, 5.5, and 8 GHz, as shown in
Figure 3 (magenta curve).

Joys (ASm)

L] .

()

Figure 4. Distribution of current density on the surface of antenna at (a) 3.75 GHz [diode-OFF],
(b) 3.75 GHz [diode-ON], (c) 6.5 GHz [diode-OFF], and (d) 6.5 GHz [diode-ON]. Comparison among
the various steps included in the antenna design.

2.5. Parametric Analysis

A parametric study was performed to analyze the effects of the different antenna
parameters on the antenna impedance. For better understanding, the diode OFF state
was parametrically analyzed. It was noticed that the length (Sy) and width (Sx) of the
rectangular patch deployed between the CPW and circular patch plays a key role in
matching the impedance at different frequencies by controlling the amount of current flow
on the antenna geometry. Figure 5a shows the effect of Sy on 1517 |. An increase in the
length of Sy from the optimized value of 9.5 mm results in better matching while disturbing
the operational bandwidth. Conversely, a decrease in Sy results in comparatively better
bandwidth. However, the reflection coefficient increases significantly.
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Figure 5. 1S | analysis for different (a) length of rectangular patch Sy, (b) width of rectangular
patch Sx, and (c) width of slot G3.

Similarly, Figure 5b shows that a reduction in the length of Sx from the optimized
value of 6 mm results in better matching (1511 | < —10 dB) at higher frequencies. Contrarily,
by decreasing the width of the slot G3 from the optimized 1 mm, the reflection coefficient
increases at lower frequencies, whereas an increase in Gj results in a mismatch at higher
frequencies (Figure 5c). Considering these parameters, the optimized values were chosen
to achieve the maximum bandwidth by considering 151 | < —10 dB.

3. Results and Discussion

The simulation results and its comparison with measured results are presented in this
discussion.

3.1. Measurement Setup

To validate the working principle of the antenna, the antenna shown in Figure 1 was
fabricated, and a photograph of the fabricated prototype is shown in Figure 6. Standard
chemical etching was used for the fabrication and the scattering (S) parameters of the
antenna were measured using a calibrated HP 8720D Vector Network Analyzer (VNA). To
practically verify the reconfigurable operation, an Infineon (#BAR-50C SC79) p-i-n diode
was soldered to the top side of the antenna, as depicted in Figure 6a. The biasing circuit
was defined on the backside of the antenna (see Figure 6b) to prevent degradation of the
radiation characteristics of the antenna. Two conducting vias were drilled in the radiating
patches to provide bias voltages for the diode operation. A battery of 3 V was connected for
the flow of current through the resistor and inductor, to turn on the diode, named ON-state.
When the battery was disconnected, no current flowed through the diode and it behaved
like an open circuit, referred to as its OFF-state.

Diode

Figure 6. Fabricated prototype: (a) top-view and (b) bottom view.
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3.2. Scattering Parameters

In Figure 7, the measured and simulated S-parameters are compared. When the
diode is OFF, the antenna exhibits matching less than —10 dB over the 5.34 GHz band
ranging from 2.76 to 8.1 GHz, compared with the simulated 5.6 GHz from 2.81 to 8.41 GHz.
When the diode is switched ON, the antenna resonates at three frequencies: 2.47, 5.25,
and 8.1 GHz, having an impedance bandwidth of 920 MHz (2.12-3.2 GHz), 2170 MHz
(3.95-6.12 GHz), and 1200 MHz (7.71-8.83 GHz), respectively, as depicted in Figure 7b.
The respective simulated values show resonances at 2.45, 5.2, and 8 GHz and with similar

respective bandwidths.
—~~" —_
aa)] aa]
o =
N— SN
A ] %
<28 'l 28
- v !
W !
o0
L ]
-25 ‘.l e Simulated 28 e Simulated
"‘ = = «Measured = = «Measured
-3 ! ! ! ! ! L 1 R T ! ! ! ! i i
2 3 4 5 6 7 8 9 10 3 2 3 4 5 6 7 8 9 10
Frequency(GHz) Frequency(GHz)
(a) (b)

Figure 7. Simulated and measured 1511 |: (a) diode ON and (b) diode OFFE.

3.3. Conformability Analysis

Flexibility and conformability are key requirements of flexible devices and a key ad-
vantage of the proposed antenna. Ideally, the antenna radiation should remain unchanged
under both flat and flexed conditions. The conformability analysis was performed by
bending the antenna on a cylindrical foam along the x- and y-axis, as depicted in Figure 8.
The radius of the foam cylinder was chosen to be 20 mm as a realistic arm radius. With
the diode in the OFF state, the antenna exhibits wide operational bandwidth and good
agreement between simulations and measurements under both bending scenarios.

(®)

Figure 8. Antenna under conformal condition: (a) bending along the x-axis and (b) bending along

the y-axis.

Similarly, Figure 9b illustrates that with the diode ON, the antenna exhibits a tri-band
mode with almost identical |S;; 1. With the overall flat and flexed conditions having
practically similar performance, the application of this antenna for both rigid and flexi-
ble/wearable devices was validated.
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m— n0-bending (sim.)
------ x-bending (meas.)
— = = « y-bending (meas.) /"

ISu| (dB)

Frequency(GHz)
(a)

Figure 9. Conformability analysis of the proposed antenna: (a) diode ON, (b) diode OFF.

3.4. Far-Field Analysis

m— no-bending (sim.)

------ x-bending (meas.)

= = ==« y-bending (meas.)

4 5 6 7 8 9
Frequency(GHz)

(b)

10

To observe the far-field radiation, the antenna was measured in a calibrated anechoic
chamber as shown in Figure 10. The fabricated prototype was placed on a turntable in
front of a broadband double-ridged horn at a far-field distance. Figure 11 shows the
measured radiation patterns of the antenna for p-i-n diode ON and OFF at both E- and
H-planes. The antenna has near-omnidirectional patterns at 2.45, 5.2, and 8 GHz in the
principal H-plane, whereas for the E-plane, a tilted bi-directional pattern is observed, which
is more prominent at higher frequencies (Figure 11a—c). A similar omni-directional H-
plane pattern is observed for the ON state with a slightly tilted bi-directional E-plane at
the selected frequencies of 3.2 and 5.8 GHz (Figure 12a,b). Overall, excellent agreement
between measurements and simulations is observed at all frequencies for the diode’s ON

and OFF states.

Figure 10. Far-field radiation pattern measurement setup.

m= « ==« F-Plane (Simulated) === == == F_Plane (Measured)

Figure 11. Radiation patterns of the proposed antenna for multiband mode: (a) 2.45 GHz, (b) 5.2 GHz,

and (c) 8 GHz.
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==« == = F-Plane (Simulated)

== == == [_Plane (Measured)

H-Plane (Simulated)

H-Plane (Measured)

Figure 12. The proposed antenna’s radiation patterns for UWB mode: (a) 3.2 GHz and (b) 5.8 GHz.

Figure 13a compares the simulated and measured gain in the ON and OFF states. The
antenna exhibits a minimum gain of 2.49 dBi at 2.45 GHz and a maximum gain of 5.8 dBi at
8 GHz for the passband. Moreover, the gain decreases by up to —3 dBi in the band stop
regions, which suffices to reject potential undesired interference in the ON state. Similarly,
the simulated efficiency of the antenna has a minimum value of 80% in the operational
band, whereas in the band stop region it decreases by up to 22%, as shown in Figure 13b.
Thus, the antenna efficiently operates in the UWB and tri-band modes, depending upon
the user requirements, by simply switching a single p-i-n diode.

=
@
e
N
£
<
]
4
‘el 4 Sim. UWB
2r ] o o o o Mea UWB

== === Sim. Tri-band
, ® ° ° ° Mea. Tri-band

2 3 4 5 6 7
Frequency(GHz)

(a)

8

9

10

Radiation Efficiency (%)

100,

80

60|

40

20

Diode Off Sim.
® e o e Diode Off Mea.
== == == Dijode On Sim.
® o o o Djode On Mea.

5 6 7 8 9 10
Frequency(GHz)

(b)

Figure 13. (a) Gain and (b) radiation efficiency of the proposed antenna.

3.5. Performance Comparision

The presented work was compared with the state-of-the-art works reported in liter-
ature, as summarized in Table 1. It can be observed that few works [17,18,27] are recon-
figurable with good impedance bandwidth and significant gain; however, these designs
have been employed on rigid substrates, which limit their effectiveness for various wireless
communication applications. Other works presented in [25,26,28-30], demonstrate the ad-
vantages of reconfigurability and flexibility; however, these antenna structures either have
larger dimensions or exhibit narrow bandwidth and low gain as compared to the proposed
antenna. It is worth noting that this design uses only a single diode to achieve multiple re-
configurable bands. This comparative analysis verifies the usefulness and suitability of the
proposed reconfigurable antenna for various modern-day wireless communication systems.
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Table 1. Performance comparison of the proposed antenna with other frequency reconfigurable
antennas.

Antenna Size

References (mm2)

No. of Reconfigurable Peak Gain

Operating Modes Diodes Flexibility Frequency Range (GHz) (dBi)

[17] 349 x 31

UWB and UWB with

dual or tri narrow bands 4 No 2.13-105 52

88 x 83

UWB and tri-band No 2-6 3.07

31 x 59

Single and dual band Yes 2.27-3.77 1

89 x 83

Single and dual band Yes 2.2-39 6.4

40 x 45

Single and dual band No 1.54 2

51.8 x 59

Single band 2.36-3.9 3.6

50 x 33

Single and dual band Yes 2.18-3.8 3.2

[30] 24 % 19

Single, dual and tri-band Yes 2.3-5.75 3.73

This Work 35 x 25

UWB and tri-band

R ININIDNIDN| PR =]
=
(2}

Yes 2.12-8.91 5.8

References

4. Conclusions

A compact and flexible CPW-fed antenna that consists of a circular patch connected to
a rectangular stub is demonstrated here to operate at three different frequencies, or in the
UWSB region on demand, using frequency reconfigurability enabled by the use of only one
p-i-n diode. The proposed antenna has the combined advantages of compact size, flexibility,
and frequency reconfigurability with stable frequency and radiation pattern responses
under planar and flexed conditions. The antenna operates in the ISM band at 2.45/5.8 GHz,
the WLAN band at 5.2 GHz, and the lower X-band at 8 GHz with 2.49, 3.3, and 5.8 dBi
gain, respectively. When the upper and lower parts of the circular patch are connected
with a p-i-n diode, the three frequencies merge into a single wideband ranging from 2.76 to
8.41 GHz. The compactness, simple structure, and flexibility were studied by comparing
the proposed antenna with current state-of-the-art designs. The stable performance of
the proposed antenna in bending and flat conditions makes it an excellent candidate for
compact wireless electronic devices simultaneously operating at different frequencies in
the ISM, WLAN, and UWB bands such as mobile Internet devices, laptops, smartphones,
health monitoring biosensors, and wearable electronics.
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