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Flexible 2.4 GHz Node for Body Area Networks
with a Compact High-Gain Planar Antenna

Mahmoud Wagih, Yang Wei, and Steve Beeby, Senior Member IEEE

Abstract— A flexible 2.4 GHz wireless sensor node with a
bespoke single layer monopole antenna, tuned for on-body
operation for wearable applications, is presented. Multiple
antenna design approaches for tuning on-body antennas have been
investigated. The proposed antennas, patch and meandered,
designed for operation in the insole, exhibit a simulated realised
gain of -3.98 dB and -1.97 dB respectively. The antennas were
fabricated on a 25 pm flexible polyimide substrate, exhibiting up
to 16% lower insertion losses at 20 GHz than FR4 PCBs. The
integrated node incorporates a commercial Bluetooth Low Energy
(BLE) system-on-chip and exhibits 9 dB higher measured gain
than commercial modules with reference antenna design.
Moreover, through functional radio test, it was confirmed that the
designed node passes Bluetooth transmitter certification tests.

Index Terms—Flexible Antenna, Smart Textiles, Human-
Proximity Effects, Body Area Networks (BAN), Internet of Things

[. INTRODUCTION

dvances in electronics fabrication have enabled the

production of flexible circuits on fabric and polymer

substrates for wearable applications. For example,
antennas [ 1, 2], sensors [3] and energy harvesters [4] have been
demonstrated on flexible polymer or fabric-based circuits.
Nevertheless, novel flexible antenna designs were never
integrated in flexible wireless transmitters and tested for
functionality, as well as compliance with the chosen wireless
protocol standards.
Polyimide (i.e. Kapton) copper laminates, have been widely
used in fabricating flexible printed-circuits (FPCs) due to their
high flexibility and dielectric characteristics [1, 5]. Compared
to inkjet printed circuits, they cater for improved reliability and
heat-tolerance; allowing utilisation of existing PCB assembly
and fabrication facilities.
Flexible antennas in the Industrial Scientific Medical (ISM)
band are commonly tested for robustness against bending [6].
Moreover, body area networks (BAN) [7], and body-
implantable antennas [8], operating at 2.4 GHz, were previously
presented. For instance, Mendes et al. presented a dual-mode
antenna with separate feedlines for on and off-body operation
[7]. Jung et al. presented radiator length variation as a tuning
method for body-plantar antennas [9]. The flexible antennas
were fabricated by etching polyimide copper laminates [9], or
3D and inkjet printing of the conductor where the antenna’s
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efficiency is adversely reduced due to the material’s
conductivity [10].

Only the work by Krykpayev et al. and Mihajlovic et al.
demonstrates wireless transmitters realised on a flexible
substrate [11, 12]. However, the utilisation of reference antenna
designs makes the nodes susceptible to detuning by human
proximity [13]. In this letter, an integrated flexible node, with
bespoke antenna design, tuned for on-body operation is
presented. Moreover, implications of different on-body antenna
tuning paradigms have been investigated and evaluated.

II. ANTENNAS DESIGN

Three antenna designs were proposed and further tuned
through simulation, each aiming to achieve optimal on-body
performance using a different design approach, as discussed in
section V. Firstly, a meandered inverted-F, initially designed as
a quarter-wavelength monopole, with a total radiator length of
3.1 cm meandered for compactness and reducing the fringing
capacitance with the ground plane; for improved efficiency in
human proximity. The antenna is tuned to resonate at 2.4 GHz
in foot by changing the radiator length to the dimensions in
figure 1. A single layer patch has been designed based on
design-aid formulae, with a ground shorting line on the same
layer, and resized post simulation to account for the human-
proximity effect observed through simulation.
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Figure 1. Proposed 2.4 GHz antenna designs and dimensions (mm). Clock-
wise from top-left: Meandered PIFA, Patch and Dual-arm PIFA.

A dual arm planar inverted-F antenna (PIFA), with an
additional director arm, inspired by the Yagi antenna, has been
designed based on simulation results of inverted-F antennas.
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The dual radiators aim to increase the bandwidth around 2.4
GHz and hence reduce susceptibility to detuning.

A reference PIFA from Texas Instruments with 3.3 dBi gain
[14], widely utilised in research and industry [11], has been
simulated and fabricated for benchmarking. The designs were
tuned for a 25 pm thick Polyimide substrate with 12 um copper,
and a 12 um epoxy adhesive layer.

III.  FLEXIBLE CIRCUIT DESIGN AND FABRICATION

Although polyimide has been widely adopted in the FPCs
industry, an investigation of the insertion losses through
simulation and measurements has been performed for verifying
the high-speed performance. As the design is aimed at a single
layer fabrication process, the only viable transmission line
structure is a coplanar waveguide (CPW). Given the conductor
thickness, the closest achievable impedance to 50 Q was 83 Q;
due to the natively low capacitance of the structure. The gap
width was not reduced bellow 150 pm to match commercial
board houses design-rules, the line width was capped at 800 pm
to match the size of 0603 passive components’ pads.

The CPW has been simulated in CST Microwave Studio
(CST), a 3D high frequency simulator. Lossy polyimide and
lossy copper models were used for the CPW model.
Furthermore, as skin depth losses are significantly affected by
the surface roughness [15], the roughness of the copper
laminates was set to 1 pm. Figure 2 shows the simulated
forward transmission of Polyimide and FR4 12 cm long CPW,
verified through measurements, up to 4 GHz, of the fabricated
CPW sample, showing lower losses by up to 16% at 20 GHz.
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Figure 2. Forward transmission through a 12cm long CPW on Polyimide, s(2,1)
and FR4, s(4,3), substrate, showing 16% lower insertion losses on Polyimide
compared to FR4 at 20 GHz.

The FPC has been fabricated wusing standard
photolithography techniques commonly wused in PCBs
fabrication. A photomask has been used for UV decomposition
of a photosensitive ink layer prior to etching the copper using a
commercial copper etcher. Figure 3 shows the fabricated circuit
before and after copper etching. The selected 2.4 GHz wireless
System on Chip (SoC) is Texas Instruments’ CC2640R2F,
supporting the latest Bluetooth as well as Bluetooth Low
Energy (BLE) version. The FPC’s layout compromises the
CC2640R2F BLE SoC, associated crystal oscillators and
decoupling capacitors, RF filtering, a 1st order matching
network and the proposed antennas. A power management
circuit, based on Linear’s LTC3588, is also included to allow
powering the system from energy harvesting sources. Figure 4
shows the populated flexible sensor node.

Figure 3. Fabricated flexible circuit housing two system designs and antennas
samples, before (left) and after (right) copper etching.
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Figure 4. Populated flexible wireless sensor node with the proposed meandered
antenna, showing the key system components.

IV. ANTENNAS SIMULATION AND MEASUREMENTS

The proposed antennas were simulated in CST, using the
time-domain solver for improved mesh accuracy. As a wireless
wearable device is most susceptible to detuning and absorption
when placed in the insole, a simplified model of a human foot,
using CST’s Voxel library [16], was designed to model a foot-
plantar device. The separation between the foot and the
antennas was initially set to 1 mm and tuned to 0.5 mm and 3
mm in the insole and in human-proximity respectively, to reach
the maximum accuracy of the simulated Si; and the radiation
patterns, based on the Si; measurements of the meandered
antenna. CPW feed, of 2.2 cm length, was included to observe
its impact on the input impedance of the antenna. An Electric-
field boundary condition has been enforced under the infinitely-
wide soil layer; to disregard the radiation into the earth. The 3D
model of the antenna in foot is shown in figure 5.
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Figure 5. CST model of the designed antenna showing the user's foot, shoe
insole and soil, excited by a S0Q discrete port.

The fabricated antenna samples include a CPW feed of 2.5
cm length. The antenna under test (AUT) was measured using
a Rhode and Schwarz ZVB4 Vector Network Analyser (VNA)
and fed using a 50Q SMA port. The AUTs were measured in
two test conditions: free space, and on-body: where the antenna
is placed at 5 mm beneath the user’s forearm with a layer of
fabric as separation. An additional foot-plantar test, were the
AUT is placed underneath the user’s foot and above a rubber
shoe insole, was performed with the meandered antenna, after



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

tuning it by shortening the radiator length. Figures 6-8 show the
simulated and measured return losses. The resonance shifting
towards lower frequencies in human-proximity is due to the
increase in the antenna’s capacitance, thus the meandered
antenna has been tuned by reducing the radiator length, as
discussed in section V.
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Figure 6. Measured and simulated (dashed) reflection, s(1,1), of the meandered

antenna in space, human contact and in foot, showing ultrawide band in human-

contact and in foot.
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Figure 7. Measured and simulated (dashed) reflection, s(1,1), of the patch
antenna in space and in foot, showing < -6dB reflection under all test conditions.
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Figure 8. Measured and simulated (dashed) reflection, s(1,1), of the dual-arm
PIFA in space and in human-proximity, showing ultra-wide bandwidth in space
due to the dual radiator and resonance at 2.4 GHz in human-proximity.

CST field monitors were used to measure the near and far-
fields of the antennas, in addition to the power losses and the
specific absorption rate (SAR), normalised at 10 gm. Figure 9
show the simulated farfield radiation patterns of the proposed
antennas in free space as well as in a foot-planar device. Table
1 shows the characteristics of each antenna.
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Figure 9. Simulated antennas radiation patterns (A: Meandered, B: Patch and
C: Dual-arm PIFA), in space and in foot, on the xy-plane (left) and xz-plane
(right), showing lower gain on the vertical xz-plane due to absorption.

TABLEI
SIMULATED ANTENNA CHARACTERISTICS (2.42 GHZ)
Gain Gainin  Realised Max. Board
Antenna in foot Gain, in SAR in Area

Space (dB) foot foot

(dB) (dB) (Wkg)  (cm?®)
Patch 2.29 -3.85 -3.96 19.4 1.44
Meandered 1.96 -0.87 -1.97 15.1 0.78
Dual ARM 2.71 -7.04 -10.85 17.5 333
PIFA
TI Reference 2.3 -11.77 -13.13 20.5 2.02
PIFA [14]

V. BODY PROXIMITY EFFECTS

The antenna’s impedance can be simplified into inductance
and capacitance, where the capacitance is composed of the
parallel plate capacitance between the side edges of the radiator
arm and the ground plane, in addition to the fringing
capacitance between the planes’ top surfaces; due to the electric
field above the antenna, where the dielectric properties of the
surroundings significantly affect the fringing and hence the
overall capacitance. The proposed meandered and patch
antenna demonstrate minimal horizontal length and therefore
the fringing capacitance between the radiator and the ground
plane is minimised compared to conventional inverted-F
antennas, this can be verified by observing the simulated
electric field magnitude on top of the antennas, shown in figure
10. The additional capacitance introduced by the higher
dielectric constant of human tissue, compared to air, is less
significant due to the minimised fringing capacitance. To add,



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 4

the reduced electric field reduces the overall SAR of the
proposed meandered antenna compared to the proposed patch
and reference PIFA.
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Figure 10. Electric fields of the antennas (clockwise from top-left: Meandered,
Patch and reference PIFA) showing higher electric field between the PIFA’s
arm and the ground plane compared to the proposed designs, resulting in higher
fringing capacitance and susceptibility to detuning.

The human proximity detuning effect can be overcome by
tuning the antenna through varying the radiator length, this has
been utilised in tuning the designed meandered antenna and in
Jung’s study [9]. The proposed patch is a single-mode antenna,
aiming to operate both on and off-body, for maximum design
portability. Antennas specifically designed for body-plantar
applications, such as the proposed dual-arm PIFA and Kim et
al. PIFA present superior on-body impedance match, to single-
mode antennas (proposed patch), with poor-performance off-
body performance. Mendes et al. antenna demonstrates high
gain on-body, however, the antenna has been kept at 4 mm
above the body model [7]; implying lower impact on the far-
field and on the antenna reactive field at 2.4 GHz. Table 2
shows a comparison of the antennas’ characteristics variation
based on the design tuning methodology. The lower gain of the
proposed antenna is due to the absorption by the 5 cm-thick
human foot inside the antenna’s reactive field.

TABLE II
ON-BODY ANTENNAS COMPARISON
Reson- Return Reson- Return Gain
Antenna: On-body ancein  Lossin anceon Losson on
Tuning Methodology Space Space Body Body Body
(GHz) (dB) (GHz) (dB) (dB)
Patch: Single mode 2.8 -15.2 2.6 -20 -3.96*
Meandered: Length 34 -15.4 2.4 -49 -1.97*
reduction
Dual-arm PIFA: 1.8to -8.4 2.44 -45 -10.9*
Empirical, 3D 2.6
Simulation
Mendes et al [7]: 2.4 -20.5 2.458 -17 4.1%
Dual mode
Jung et al. [9]: 0.7 -22 2.4 -18 0.8
Length variation
Kim et al. [13] 0.470 -2.5 0.443 -7 -0.17

* CST Simulated realised gain 1 Reported body-plantar measured gain
1 Reported measured gain at 4 mm from body phantom

VI. RF FRONTEND TESTING

A. Link Budget Measurements

Broadband link budget measurement of the AUTs was
performed using the VNA, where the AUT is connected to port
1 and an omnidirectional 2.4 GHz antenna is connected to port

2; to quantify the link budget at 50 cm distance, in the main lobe
direction. Figure 12 shows the link budget of the proposed
meandered antenna and the reference PIFA; demonstrating 9
dB and 3.5 dB higher transmitter gain in foot and in space
respectively, compared to the reference at 2.4 GHz, on the
Polyimide substrate.
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Figure 11. Measured Link budget of the meandered antenna, s(2,1) and s(4,3),
and the reference PIFA, s(6,5) and s(8,7), in space and in foot; showing
improved gain of the proposed antenna compared to the reference by up to 9 dB
in foot.

B. Bluetooth Transmitter Test

The transmitter test defined in the Bluetooth certification
standards has been replicated using a spectrum analyser
connected to a 50Q input. The BLE SoC was configured to
transmit continuously at 2 dBm, the maximum specified output
by the manufacturer, in the 2.402 GHz channel. Figure 12
shows the measured received power passing the -20 dBm test
threshold, with -10.4 dBm measured at 2.402 GHz. The
transmitted power test has been repeated using TI’s reference
wireless module in space and human-proximity, where the
flexible transmitter showed equal performance in space and 14
dB higher transmitter gain in human proximity.
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Figure 12. Received power test, using a spectrum analyser, showing transmitter
power complying with Bluetooth transmitter certification standard.

-20 dBm

VII. CONCLUSION

A 2.4 GHz node, for BANs, materialised on a low-cost
flexible substrate with a bespoke compact antenna, tuned for
on-body operation by radiator length shortening, has been
presented. Multiple methodologies for designing high-gain on-
body antenna were compared with factors reducing antennas’
susceptibility to detuning identified and exploited. The
proposed compact meandered antenna exhibits 1.96 dB and -
1.97 dB simulated realised gain in space and in the insole
respectively. The demonstrated node surpasses an industrial
reference antenna design by 9 dB measured gain, in the insole,
and is potentially compliant with Bluetooth transmitter
standards.
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