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ABSTRACT: This paper presents a simple liquid crystal polymer (LCP) substrate material-based frequency and pattern reconfigurable
antenna for body-centric communication applications. The designed antenna is circular in shape with multiple spars in the radiating
element. PIN diodes are arranged on either side of the lower portion at the concentric circular arc of the feed line for external switching.
The upper portion of the radiating structure is connected with inductor and capacitor for proper impedance matching to attain the desired
band of frequency. The constructed LCP substrate-based antenna is flexible in nature and conformal to the congregation surface in
body area network applications. Frequency reconfigurability with switching between PCS (1.8-1.9 GHz) to WLAN (5.1-5.3 GHz) and
ISM band (5.7-5.8 GHz) makes the model more appropriate for wearable applications with low specific absorption rate (SAR) less than
1.6 w/kg, which is in the standards. Additionally, the projected design demonstrates pattern reconfigurability with a 30-degree tilt at

different switching conditions.

1. INTRODUCTION

he demand for reconfigurable antennas is growing tremen-

dously due to their adaptable nature as per the sponta-
neous requirements in communication systems. Hybrid recon-
figurability is preferred over either one to attain multiple ben-
efits and to switch in accordance with the situation in demand.
Frequency-reconfigurable antennas can provide switching be-
tween operating bands only, but the combination of pattern and
polarization reconfigurability [1,2] makes them more useful
and powerful with multiple advantages. This can be attained
by varying the impedance, dielectric constant of the substrate,
orientation of surface current, etc. [3, 4]. Research is progress-
ing with different substrate materials, diodes, and advanced
switches to attain reconfigurability in the designed antennas.
Several successful models are available in the literature, which
are suitable for commercial communication applications. The
antenna models with flexibility and reconfigurability for oft-
body communication applications need to be analyzed for fu-
ture wearable communication applications [5-7].

A few works that are reported in the literature using PIN
diodes to achieve frequency and pattern reconfigurability
are summarized here. A bowtie antenna with two arms
printed on either side of the substrate to attain the frequency
re-configurability for WiMAX and WLAN applications is
reported in [8—10]. A button-shaped pattern reconfigurable
wearable antenna is presented for industrial, scientific, and
medical (ISM) band applications operating at 2.45 GHz
in [11]. This antenna is loaded with inductance to change the
zeroth order response and provides resonant frequencies at
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two switching conditions. An inkjet printed reconfigurable
antenna printed on a paper substrate operating at 1.9 GHz and
2.4 GHz using PIN diodes is presented in [12]. U-shaped stubs
are employed on either side of the radiating patch to obtain
additional operating bands. A pattern reconfigurable antenna
with four arc-shaped dipoles with broadband feeding network
is presented in [13]. To attain pattern reconfigurability, quarter
wave transformer and broad balun with L-shaped feedline
are introduced with arc dipoles at 90°. By connecting PIN
diode switches in between the arc dipoles, reconfigurability
is achieved with different switching combinations. A planar
reconfigurable antenna with pattern switching is presented
in [14] using a Wilkinson power divider attached to feeding port
and inverted trident at the bottom layer. A dual reconfigurable
monopole antenna for USB dongle applications is presented in
[15] to access 3G/4G networks. To attain frequency switching,
a switch is connected across a mender line and rectangular
strip to vary the electrical length of the antenna. A rectangular
patch antenna with Koch fractal is presented in [16,17] to
obtain the reconfigurable characteristics.

2. ANTENNA DESIGN

The antenna design using a liquid crystalline polymer (LCP)
substrate (Rogers ULTRAM 3850) with different iterations is
shown in Fig. 1. A basic circular monopole antenna is designed
with coplanar waveguide (CPW) feeding and later it has been
modeled to an annular ring structure as shown in Fig. 1(a) and
Fig. 1(b). Vertical strips are arranged around the inner part of
the annular ring as shown in Fig. 1(c), and thereafter central slot
is placed as shown in Fig. 1(d) with a defected ground structure
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FIGURE 1. Antenna modelling. (a) Basic circular patch (Ant 1). (b) Modeled annular ring (Ant 2). (c) Integrated Spokes (Ant 3). (d) Proposed

antenna with DGS.
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FIGURE 2. Proposed antenna with reconfigurability arrangement
(Ws =28, Ly = 40, Wy = 0.2mm, Wy = 3mm, Ly = 17mm,
Ri = 9mm, Ry = 7mm, R3 = 3.5mm, G, = 12.3mm,
G1 = 4mm, G2 = 8 mm).

(DGS). The arrangement is made in such a way that the partial
ground and antenna structure provide a good impedance match-
ing. A detailed structure of the proposed antenna is shown in
Fig. 2 with arrangement for reconfigurability with switches
(Model BAR64-03V), inductors, and capacitor added for the
purpose of DC biasing to the switches.

The radius R; is calculated using the equation

F
Rl - 1/2 (1)
{1+ 2 [in(35) +1.7726] }
where
8.791 x 10?
FP=2""""" 2
NG @

The resonant frequency is ‘ f;.’, relative permittivity ‘e, (2.1),
effective relative permittivity ‘e.4’, and ‘A’ (0.1 mm) is the
thickness of the substrate. The effective outer and inner radii
are Ricpy and Rocyp

gof = 0.5(er +1)+0.5 (e, — 1) /(1 +10t/W) (3)
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Riegp = R1 4+ 0.5 (We(f) — W) 4

Roep = Ry — 0.5 (Weg(f) — W) ®)
where

Weg(f) = W+ (Weg(0) = W)/(L+ (f/fp)?)  (6)

We(0) = 1207#/2'0\/5 (7

fo = 20/(2p0t) ®)

1o is the permeability, and zj is the quasi-static characteristic
impedance of a circular ring.

A CPW feed is carefully designed to ensure proper
impedance matching and efficient signal transmission. The
gap between the signal line and ground planes, which is a
critical parameter in CPW design, was optimized through para-
metric analysis. In the design, the gap dimension is 0.2 mm,
and the signal strip width is 3 mm, which together are chosen to
achieve a characteristic impedance of 50 ohms. These values
were determined based on standard CPW impedance equations
and confirmed through simulation to ensure minimal reflection
and high return loss.

The dimensions mentioned in Fig. 2 are all optimized through
parametric study. The upper portion of the circular ring and
the lower portions near the feed line are cut down with slots.
The upper edges are connected with slits and inductors, and
the upper middle cut is connected with a capacitor. Two PIN
diode switches are connected between lower part junctions at
feedline and attached an additional inductance based slit also to
tune the antenna impedance characteristics. The vertical strips
incorporated within the proposed antenna design are pivotal in
augmenting its electromagnetic attributes. Specifically, these
strips fulfil the following functions:

Impedance Matching: The vertical strips facilitate the
tuning of the antenna’s input impedance, which results in
enhanced impedance matching across the targeted frequency
bands, thereby optimizing return loss and overall operational
efficiency.

Resonance Control: Through the alteration of the current dis-
tribution on the radiating surface, the vertical strips assist in the
establishment of additional resonance modes or the alteration of
existing resonance frequencies. This characteristic is especially
advantageous for realizing multi-band or wideband functional-
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Current Path Extension: The strips effectively augment the
electrical length of the antenna without a substantial increase
in its physical dimensions, which aids in miniaturization and
accommodates lower-frequency operations.

Radiation Pattern Improvement: The incorporation of verti-
cal strips can affect the flow of surface currents and assist in
stabilizing or shaping the radiation pattern, yielding more fa-
vorable directional characteristics or enhanced gain.

The parameters of the inductor (L) and capacitor (C) uti-
lized in conjunction with the PIN diode are meticulously de-
termined in accordance with the operational frequency of the
antenna and requisite biasing conditions. The value of the in-
ductor is specifically selected to yield a high impedance at the
designated operating frequency, thereby efficiently isolating
the radio frequency (RF) signal from the direct current (DC)
bias pathway. In a similar fashion, the value of the capacitor is
chosen to present a low impedance at RFs, thereby facilitating
the transmission of the signal while simultaneously obstructing
DC. These parameters were computed with careful consider-
ation of resonance phenomena, impedance characteristics, and
the practical availability of surface-mount components. The as-
certained impedance values guarantee that the PIN diode oper-
ates effectively without compromising the performance of the
antenna. This arrangement guarantees the requisite switching
characteristics while preserving impedance matching and radi-
ation efficiency. The components selected underwent rigorous
validation through both simulation analyses and experimental
confirmation.

PIN diode ON State Resistance (Rs) = 0.85 to 12, and
OFF State Resistance (R) = 2k to 20k(.

Capacitance (C') = 0.01 pF to 0.5 pF, and Inductance (L) =
0.4nH to 0.7 nH.

To achieve adequate impedance matching throughout the
various reconfigured states, the antenna’s geometric configu-
ration was meticulously optimized, and passive components
(including inductors and capacitors) were judiciously incorpo-
rated. The impedance matching network is composed of a syn-
thesis of these lumped elements alongside the structural compo-
nents of the antenna, collectively ensuring a return loss surpass-
ing —10dB across all operational states. Moreover, compre-
hensive full-wave electromagnetic simulations were executed
to validate the impedance matching across each configuration,
with results affirming consistent and efficient operational per-
formance.

The design under consideration has been developed with
careful attention to a synthesis of performance criteria, domain-
specific requirements, and the benefits conferred by the se-
lected configuration. In particular, the design aspires to attain a
compact form factor, reconfigurability, and superior radiation
characteristics, which are imperative for contemporary wireless
and wearable communication technologies.

The incorporation of attributes such as PIN diode-based
switching, optimized geometric configurations, and ancillary
passive components (inductors and capacitors) facilitates fre-
quency and/or pattern reconfigurability. This adaptability em-
powers the antenna to accommodate various operational fre-
quency bands, thereby rendering it suitable for multiband uti-
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lization. Moreover, the structural framework was deliberately
selected to preserve optimal impedance matching, high effi-
ciency, and acceptable specific absorption rate (SAR) values
in proximity to the human body.

3. RESULT ANALYSIS

Ansys HFSS simulator tool has been used to design and study
the performance characteristics. Fig. 3 shows the simulated re-
flection coefficient (in dB) characteristics of the antenna at dif-
ferent iterations (as shown in Fig. 1) during the development.
The antenna exhibits dual bands and resonates at 2.5 GHz with
bandwidth of 0.9 GHz and at 5.8 GHz with 1.2 GHz bandwidth.
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FIGURE 3. Reflection coefficient characteristics of the antenna at dif-
ferent iterations.

The surface current distribution for the four switching condi-
tions are presented in Fig. 4. When botch switches are in OFF
condition, the surface current is concentrated at feed line and
nearby ground plane. When switches are in OFF, ON (SW7,
SW5) condition, the surface current is concentrated at lower
part of feed line and spokes. When switches are in ON, OFF
(SW1, SW5) condition, the lower part of spokes, feed line,
and circular patch participate in the radiation. When both the
switches are in ON condition, the radiation is little bit low and
concentrated at edges of the feed line.

Figure 5 shows the three-dimensional radiation characteris-
tics of the antenna for the four different switching conditions.
It can be observed that the antenna radiation direction is getting
switched, and hence pattern reconfigurability is achieved.

The fabricated prototype antenna is tested in an anechoic
chamber, and the measurement setup is shown in Fig. 6. Bi-
asing circuit is designed and connected to antenna with power
supply arrangement. The reflection coefficient is measured for
the four switching conditions and recorded. The measurements
very closely agree with the simulation results, thus validating
the design. The change in operating bands and their bandwidths
are shown in Fig. 7 for these four switching conditions, and the
observed values are given in Table 1. The switching combi-
nations thus provide the frequency reconfigurability simultane-
ously.
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FIGURE 4. Surface current at four switching positions. (a) SW; = OFF, SW> = OFF, (b) SW; = OFF, SW> = ON, (c) SW; = ON, SW; = OFF, (d)
SW1 = ON, SWQ =ON.
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FIGURE 5. Three-dimensional pattern reconfigurability for switching positions of ON and OFF in Simulation. (a) SW; = OFF, SW> = OFF (b)
SW1 = OFF, SW3 = ON (c¢) SW1 = ON, SW; = OFF (d) SW1 = ON, SW> = ON.

The radiation efficiency is also measured and presented for 4. SPECIFIC ABSORPTION RATE (SAR) ANALYSIS

all switching conditions in Fig. 8. The results are in very good

agreement with the simulation results providing the experimen- In SAR (Specific Absorption Rate) analysis, a multi-layered
tal validation. The gain is varied between 3.2 and 4.8 dBi in the human tissue model was considered to replicate realistic body
operating bands, and the peak value is 3.5. conditions. The following average anatomical thicknesses were

used based on standard biomedical references:
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FIGURE 7. Reflection coefficient (S11) for different switching condi-

tions.

« Skin thickness: 2 mm
+ Fat layer thickness: 5 mm

* Muscle layer thickness: 20 mm

These values are used in SAR simulations to assess electro-

magnetic absorption accurately in this work.

A human phantom body has been imported to an electromag-
netic tool, and the antenna is placed on the phantom model as
shown in Fig. 9. The compatibility-based testing analysis has
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FIGURE 8. Efficiency of the antenna at different switching positions of
ON and OFF.

been performed, and the results obtained are presented in the
SAR analysis section below.

4.1. SAR Analysis

The specific absorption rate analysis has been carried out with
the antenna operating at different bands under four switching
conditions, and SAR variation is shown in Fig. 10. The results
show the satisfactory values of SAR below 1.6 w/kg as per the
SAR standards.
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FIGURE 9. Position of the proposed antenna on the human phantom
model.
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FIGURE 10. SAR analysis of antenna at different switching condition.
(a) 4.1 GHz, (b) 2.1 GHz, (¢) 1.8 GHz, (d) 5.6 GHz, (e) 1.8 GHz, ()
5.5 GHz.

Far-field radiation pattern analysis is presented in Fig. 11 for
four switching conditions and operating bands. Both XY and

240
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FIGURE 11. Far-field radiation patterns on the human body. (a) SW; =
OFF, SW> = OFF at 4.1 GHz. (b) SW; = OFF, SW2 =ON at 1.8 GHz.
(c) SW1 = OFF, SW3 = ON at 5.6 GHz. (d) SW1 = ON, SW2 = ON at
2.1 GHz.

Y Z planes are considered for radiation pattern studies in po-
lar and 3D views. Monopole like and omnidirectional patterns
are obtained in E- and H-planes. The co-pol pattern exhibits
strong directional lobes, indicating efficient radiation in desired
directions. The cross-pol components are significantly lower in
magnitude than the co-pol one ensuring the polarization purity.
The slight variations noticed in the co-pol and cross-pol patterns
are possibly due to fabrication and measurement tolerances, im-
perfections in the test setup, or environmental reflections. The
radiation pattern shows multiple lobes, suggesting a complex
antenna structure or multi-mode radiation behavior and main-
tains reasonable symmetry, indicating good design and consis-
tent antenna behavior across the measured plane.
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TABLE 1. Operating bands for different switching positions.
Switching Working frequency Impedance bandwidth
condition bands (GHz) (%)
SW; | SW, Sim Meas Sim Meas
OFF | OFF 3.5-5.5 3.5-54 44 43
1.69-1.9 1.7-2.2 16 25
OFF ON
5.2-6.2 5.0-6.6 16 26
1.72-2.10 1.6-2.2 19 31
ON OFF
5.12-6.14 5.1-6.18 18 19.2
ON ON 1.8-2.3 1.7-2.8 26 44
TABLE 2. Comparison with pervious literature.
Dimensions Operating Impedance . .
. No. of Gain . Technique
Ref (mm X mm X mm)/ Frequency Bandwidth X .| Reconfiguration
Diodes used (dBi) used
Substrate GHz (%)
42 x 38 x 1.5 4
[1 1.9-11 165 2.2 Stubs
FR4 HPND-4005
50 x 50 x 1.6 2 Stubs
x 50 x 1.
[2] 1.88-2.5 26 4.54 added
FR4 SMP1304-04LF
on CPW
65 x 60 x 1 5.1-5.5 7.6 7 Parasiti
[4] 52 | Polarization Arastie
NELTECX 5.9-6.1 33 MAA4SPS402 elements
2.2-2.53 13. Added
45 x 50 x 1 6 .
[7] 2.97-3.71 24 2.34 Frequency Bowtie
Rogers 3850 BAR64-02V
4.51-6 28 arms
30 x 40 x 0.44 5 Added
[9] Dimatix 1.5-4 83 2 Frequency L&u
SMP1302-079 .
DMP-2831 radiators
4
75 x 75 x 0.76 Added
[10] 23-32 36 HPND 43 ade
Rogers4305B Dipoles
3002
65 x 65 x 0.508 5 Added
e
[11] Rogers 2.34-2.55 8.7 4.8
SMV-2020 Stubs
4003
(OFF-OFF)
3.5-55
(OFF-ON) 44
40 x 28 x 0.1 1.69-1.99 16 Added
Proposed Rogers 5.26-6.2 16 2 15 Frequency Circular
work ULTRAM (ON-OFF) 19.8 BAR64-03V ) and pattern ring to
3850 1.72-2.10 18 feed
5.12-6.4 26
(ON-ON)
1.8-2.36
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A comparative study with literature with respect to the cur-
rent antenna model has been presented in Table 2. A moder-
ate gain, efficiency, and hybrid reconfigurability are the main
features for the designed antenna with compact dimension on
commercially available material.

5. CONCLUSION

A compact flexible and conformal antenna on a liquid crys-
tal polymer substrate is designed, analyzed, and presented in
this work for off-body communication applications. The de-
signed model is capable of switching with the help of BAR64
PIN diodes at different operating bands in the commercial com-
munication applications of personal communications, wireless
LAN, and industrial scientific and medical bands with mea-
sured impedance bandwidths of 43%, 25%, and 31%, respec-
tively. The antenna shows pattern reconfigurability with a 30-
degree orientation as per the switching conditions, and the ev-
idence is presented and analyzed in this work. The designed
model is flexible in nature and suitable for conformal wearable
applications in the desired bands. The SAR average of 0.4 w/kg
is observed at all switching positions, and the antenna is trust-
worthy as a suitable candidate for body area network applica-
tions. In addition, the proposed design strikes an advantageous
equilibrium among ease of fabrication, cost-effectiveness, and
practical integration into real-world applications. These con-
siderations were pivotal in the assessment and evolution of this
particular antenna configuration.
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