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1 Centre Tecnològic de Telecomunicacions de Catalunya, Communications Subsystems Area, 08860 Castelldefels, Spain
2 Department of Information Technology, Ghent University, 9000 Ghent, Belgium
3 School of Electrical and Computer Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA

Correspondence should be addressed to Carles Fernández-Prades, carles.fernandez@cttc.cat

Received 27 June 2012; Accepted 27 June 2012

Copyright © 2012 Carles Fernández-Prades et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Flexible electronics can currently be considered a well-
established technology that has reached a certain degree of
maturity in meeting the requirements of tightly assembled
electronic packages, providing reliable electrical connections
where the assembly is required to flex during its normal use
or where board thickness, weight, or space constraints are
driving factors.

In this context, flexible substrate antennas (FSAs) play
a key role in the integration and packaging of wire-
less communication devices and sensor networks. Those
antennas, which are designed such that the resonant peak
frequency remains unaffected after bending, stretching, or
twisting, are currently being embedded into materials such
as textile fabrics, bandages, stickers, and bendable displays.
FSAs are rapidly emerging as a popular choice for radio
frequency identification (RFID) tags, multisystem wireless
communication gadgets, wearable computer systems, and
smart clothing and spurring new applications in wireless
sensing such as monitoring of civil construction, health care
supervision, or the integration in search and rescue satellite
systems.

The introduction of new design concepts, new materials
and new fabrication processes is adding momentum and
interest to the development of flexible antennas for consumer
electronics. Researchers are continuingly relying on flexible
antenna technology to solve the problems of efficiency,
reliability, cost, weight, shape, and reproducibility. There is
also the need of using environmentally friendly and low-
cost materials and production processes, in order to allow
for the easy disposal of a massive number of those devices.
This special issue aims at reflecting current research trends

and new approaches in FSAs, collecting 13 peer-reviewed
articles (with an acceptance ratio of 52%) reporting original
research coming from 46 authors of 19 institutions of 14
countries.

Authors of this special issue used a variety of materials
such as silver nanoparticle ink printed on Kapton polyimide
film, ceramic-polymer and carbon-epoxy composites, con-
ductive polymers such as PEDOT or PPy, metamaterial-
based artificial magnetic conductor structures, or a copper-
plated nylon fabric that acts as a conductive electrotextile
material. They addressed a number of technologies located
in different frequency bands, including near field commu-
nications (13,56 MHz), UHF RFID tag antennas (860 MHz),
global navigation satellite systems (L2 band at 1.227 GHz and
L1 band at 1.575 GHz), L-band DVB-H (1452–1492 MHz),
GSM1800 (1710–1880 MHz), PCS1900 (1859–1990 MHz),
UMTS (1900–2170 MHz), wireless local area networks such
as WiFi and WiMAX (2.4-, 3.6-, and 5-GHz), Bluetooth
(2.4 GHz), ultra-wideband (3.1 to 10.6 GHz), and even
scientific applications at the Ku-band (12–18 GHz). This
diversity reflects the lively momentum that research of FSAs
is experiencing, as corroborated by the number of scientific
publications on the topic shown in Figure 1.
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ference Proceedings Citation Index-Science (CPCI-S) databases.
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A novel flexible uniplanar AMC design is presented. An AMC prototype is manufactured using laser micromachining and it is
characterized under flat and bent conditions by measuring its reflection coefficient phase in an anechoic chamber. The designed
prototype shows broad AMC operation bandwidth (6.96% and higher) and polarization angle independency. Its angular stability
margin, when operating under oblique incidence, is also tested obtaining ±8◦ as limit for a 14.4 cm× 14.4 cm prototype.

1. Introduction

Metamaterials have attracted a lot of attention in the
recent years due to their unique properties in controlling
the propagation of electromagnetic waves, which makes
them able to solve some antennas and microwave circuits’
problems. Between the metamaterial structures Artificial
Magnetic Conductor (AMC) structures [1–10] are especially
interesting in the design of highly efficient and low-profile
antennas [11–17], due to their inherent in-phase reflection
properties which in addition reduces the radiation to the
body [18] in wearable applications [19–23].

Perfect Magnetic Conductors (PMCs) do not exist in
nature. AMCs are synthesized PMCs and are dual to a Perfect
Electric Conductor (PEC) from an electromagnetic point of
view. AMCs exhibit a reflection coefficient with a magnitude
value of 1 and a phase value of 0◦ in the ideal lossless
case. It is considered [1–3] that AMCs behave as PMCs
over a certain frequency band, the so-called bandwidth of
AMC performance or AMC operation bandwidth, which is
generally defined in the range from +90◦ to −90◦, since
in this range, the phase values would not cause destructive
interference between direct and reflected waves.

AMCs are often implemented using two-dimensional
periodic metallic lattices patterned on a conductor-backed
dielectric surface. The research efforts recently focus on the

development of low-cost AMCs that can be easily integrated
in microwave and millimeter wave circuits. This requires the
use of geometries without via holes [2, 4–9] (in contrast
to designs consisting in patches with via holes [1]) as
well as the use of a unilayer periodic Frequency Selective
Surface (FSS) over a metallic ground plane (in contrast
to multilayered FSSs [10]). In the unilayer case, the main
drawback is the very narrow AMC operation bandwidth.
By optimizing the unit cell geometry design and using
a low relative dielectric permittivity substrate, which in
addition reduces the cost, this can be overcome to some
extent.

The interest in flexible AMCs is growing since it would
be desirable to have AMC being object-shape-adapted for
many applications as Radio Frequency Identification (RFID)
tags over metallic objects [24], wearable antennas [19–23],
and RCS reduction [25]. This would require the AMC to be
flexible (especially in the case of objects with curved surfaces)
but without losing its functionality.

In this paper, a novel compact uniplanar AMC design
without via holes is presented and manufactured using a
bendable dielectric substrate, which adds the advantage of
flexibility to the resulting AMC structure, preserving its
remarked features. In addition, the novel AMC exhibits other
advantages as broad AMC operation bandwidth and high
angular stability.
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Figure 1: AMC unit-cell design: (a) unit-cell geometry top view and (b) simulation setup.

2. AMC Desing

In an AMC structure each unit cell implements a distributed
parallel LC network having one or more resonant frequen-
cies. The resonance frequency is where the high impedance
and AMC conditions occur and for a parallel LC circuit is
equal to 1/(2π

√
LC), while in-phase reflection bandwidth is

proportional to
√
L/C. In order to achieve an AMC structure

at a certain frequency and with the desired bandwidth
a designer can modify the unit cell geometry together
with substrate’s relative dielectric permittivity and thickness.
The thicker the dielectric substrate is, the wider the AMC
bandwidth is. The higher the dielectric substrate relative
permittivity, the lower the resonance frequency but also, the
lower the AMC bandwidth [6]. Finally, by changing the unit
cell geometry the equivalent LC resonant circuit is modified.
In order to obtain a wider AMC operation bandwidth, it
is necessary to increase L and reduce C. L can be increased
using a thicker dielectric substrate and also including in the
geometry narrow and long strips (lines). C can be reduced
by reducing substrate’s relative dielectric permittivity εr and
increasing the gap between the metallization edge and the
unit-cell edge (and so the gap between adjacent unit cells). In
order to obtain both compact size and broad AMC operation
bandwidth, a trade-off solution regarding εr and substrate
thickness has to be adopted.

Taking all these considerations into account, a novel uni-
planar AMC at 6 GHz has been designed using ROGER3003
substrate with a thickness h = 0.762 mm, relative dielectric
permittivity εr = 3.0, and loss tangent tgδ = 0.0013.

Finite Element Method (FEM) together with the Bloch-
Floquet theory is used in simulation to search for the
frequency band in which the periodic structure behaves as an
AMC. The AMC reflection coefficient for a uniform incident
plane wave is simulated using HFSS of Ansoft, modeling a

single cell of the structure with periodic boundary conditions
(PBC) on its sides and resembling the modeling of an infinite
structure [1, 6, 7, 9]. The periodic structure is illuminated,
launching normal plane waves using a waveport positioned
a half-wavelength above it (see Figure 1(b)). The phase
reference plane is taken on the periodic surface. The phase
of the reflection coefficient of the AMC plane is compared to
that of a PEC plane taken as reference and placed in identical
position, in the same way as in [1].

The geometry of the AMC unit cell is shown in
Figure 1(a). Its design has taken into account that the AMC
will be subsequently bent. When defining “h,” the thickness
of the substrate is taken into account that it is desired to be
as thin as possible considering the thickness commercially
available and to be bendable. Also the thinner the dielectric
substrate, the higher the AMC’s angular stability under
oblique incidence. Very narrow strips have been avoided
since they may break when the AMC is bent, despite the long
and narrow strips increasing the bandwidth of operation as
AMC. Internal gaps in the geometry are used to modify the
equivalent C and thus adjust the frequency and bandwidth,
as desired (in addition to what has been explained earlier in
this section). The final optimized dimensions for operation
at 6 GHz are detailed in Table 1. From the simulated
reflection coefficient phase of the designed AMC structure
(see Figure 2), it can be concluded that the resonance
frequency is 6 GHz with an AMC operation bandwidth of
500 MHz (8.33% with respect to the central frequency)
which is a broad bandwidth for a low-profile AMC (λ0/65.6
at 6 GHz).

The AMC performance under different polarization of
the electrical incident field (under normal incidence) and
under oblique incidence is very important in some of the
AMC intended applications as for example RFID tags, or
wearable antennas. In the case of RFID tags when combining
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Figure 2: Simulated reflection phase of the AMC surface for
different incident field (Einc) polarization angles = 0◦, 15◦, 30◦, 45◦,
60◦, and 90◦.

Table 1: Unit-cell dimensions.

Dimensions (mm)

W a b c d e f g1 g2 i

12.0 6.456 1.646 1.827 0.609 0.945 0.730 0.032 0.154 0.522

the AMC with the antenna, the angular stability of the AMC
will influence the antenna radiation performance, and this
will have direct impact on the angular reading range of the
final RFID tag depending on the position of the reader with
respect to the tagged object. Following this, an AMC design
with as higher angular stability as possible is desirable.

Aiming to study the angular stability margin [26] of the
presented structure, the reflection coefficient phase versus
frequency for different incident angles θinc between 0◦

and 60◦ has been simulated for transverse-electric- (TE-)
polarized waves. The absolute and relative deviations of the
resonant frequency which are, respectively, 50 MHz, 0.82%
for θinc = 40◦ and 100 MHz, 1.6% for θinc = 60◦ can be
obtained from Figure 3. The AMC operation bandwidth is
slightly reduced from θinc = 40◦. From these obtained results,
it can be concluded that the presented AMC design is highly
stable as its angular margin ranges from 0◦ to 60◦ preserving
an AMC operation bandwidth of 260 MHz in which the
operation frequency of 6 GHz is always included.

3. Flexible AMC’s Characterization

In order to validate the simulation results, a 12 × 12 cells
planar AMC prototype has been manufactured using laser
micromachining to be measured.

There are many arbitrary ways of bending a flexible
AMC. Two typical different bending patterns have been
selected and tested (see Figure 4): a “creeping” pattern
(henceforth referred to as creeping prototype) which can be
caused in textile AMC integrated in the garment, for example

−180

−135

−90

−45

45

0

90

135

180

R
efl

ec
ti

on
 p

h
as

e 
(d

eg
)

5 5.5 6 6.5 7 7.5
Frequency (GHz)

0◦

20◦
40◦

60◦

Figure 3: Simulated reflection phase of the AMC surface for TE
polarizations for different incident angles θinc = 0◦, 15◦, 30◦, 45◦,
and 60◦.

when the arm is bent at the elbow, and a “smooth” pattern
(henceforth referred as smooth prototype) which can be
caused in the torso or in the shoulder.

3.1. Measurement Setup in Anechoic Chamber. Two-horn
antenna probes working in the band 5–7 GHz have been
chosen as Tx and Rx (see Figure 5) in the measurement setup
(similar to the one used in [7, 9]), being 3 m the separation
between each probe and the object under test. The measured
prototypes physical size is 14.4 cm× 14.4 cm (PEC and AMC
have the same size). For the upper frequency ( f = 7 GHz),
the far field distance (RFF = 2D2/λ) is RFF,7 GHz ∼ 0.97 m,
whereas for the lower frequency ( f = 5 GHz) it decreases
until RFF,5 GHz ∼ 0.69 m. Thus, the prototypes have been
measured in far field conditions.

3.2. Reflection Phase Measurement for AMC Band Determina-
tion. To calculate the reflection coefficient of the AMC struc-
ture the same methodology as for the full-wave simulation,
based on the utilization of a reference measurement (metallic
plate) [1, 7], is followed.

Firstly the flat AMC has been characterized and then the
prototype has been bent and measured.

The measured reflection phase of the flat and bent
manufactured prototypes for normal incidence conditions is
shown in Figure 6. The flat prototype has the resonance at
6.178 GHz which means a 2.9% deviation with respect to the
simulation (6.0 GHz), very probably due to under-etching in
the laser micromachining.

From Table 2 and Figure 6, it can be observed that almost
there is no frequency shift for the manufactured creeping
bent prototype with respect to the flat prototype resonance,
whereas the smooth bent prototype has its resonance at
6.208 GHz, which means just a 1.69% deviation with respect
to the flat prototype. The flat prototype shows a 430 MHz
(6.96%) AMC operation bandwidth in good agreement with
the simulated value (8.33%) (see Figure 2), whereas the
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(b)(a) (c)

hs

hc1 hc2Ws
Wc1 Wc2

Figure 4: (a) Flat manufactured prototype and bending patters: (b) smooth prototype with Ws = 125 mm and hs = 30 mm; (c) creeping
prototype with Wc1 = 60 mm, Wc2 = 52 mm, hc1 = 18 mm, and hc2 = 15 mm.

Tx horn antenna

Rx horn antenna

Tx horn antenna

Rx horn antenna

Figure 5: Reflection coefficient measurement setup in anechoic chamber.

Table 2: Prototypes comparison.

Prototype
Resonance

frequency (GHz)

Frequency deviation
with respect to flat

(%)

Measured
bandwidth

(%)

Flat 6.178 0 6.96

Smooth 6.073 1.69 8.02

Creeping 6.208 0.48 10.07

creeping bent prototype exhibits 625 MHz (10.07%) and the
smooth bent AMC shows 487 MHz (8.02%), even slightly
wider than that of the flat prototype.

3.3. Reflection Phase Characterization for Different Field Polar-
ization Angles. The reflection phase stability of the man-
ufactured AMC prototypes with respect to the incident

field polarization angle (ϕ) has been also tested through
measurements.

It has been proved that under normal incidence (θinc =
0◦) the flat prototype presents the same reflection phase for
any polarization due to the unit cell symmetry (see Figure 7).
In the case of the bent prototype, this invariance with respect
to the polarization angle is also present.

3.4. Reflection Phase Characterization for Different Incidence
Angles. The angular stability under oblique incidence has
been analyzed for both the smooth and the creeping
prototypes. The reflection coefficient phase versus frequency,
for different incident angles θinc, has been measured. For
the flat prototype, resonance conditions are met within an
angular margin of θinc = ±10◦ (see Figure 8), whereas
for the smooth and creeping bent prototypes the obtained
angular margin is θinc = ±8◦ (see Figures 9 and 10). The
differences between simulation and measurements can be
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Figure 6: Measured reflection coefficient phase of the flat and bent
prototypes versus frequency.
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Figure 7: Reflection phase of the manufactured prototype for
different incident field (Einc) polarization angles (ϕ).

attributed to the small and finite size of the manufactured
prototype, which leads to some nulls in the scattered field
amplitude, depending on the incident angle and the distance
between the prototype and the antennas. This also happens
when characterizing a finite-size PEC following the same
procedure.

The presented results show that it is possible to obtain
a flexible AMC without reducing the bandwidth of AMC
performance with respect to a rigid AMC that uses the same
unit-cell design and preserving its angular stability under
oblique incidence.
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Figure 8: Reflection phase of the manufactured flat prototype for
different incident angles (θinc).
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Figure 9: Reflection phase of the manufactured smooth prototype
for different incident angles (θinc).

4. Conclusions

A novel flexible uniplanar AMC design based on FEM
simulations has been presented. A prototype has been
manufactured using a bendable dielectric substrate and it has
been characterized by means of reflection coefficient phase
measurements in anechoic chamber under flat and bent
conditions. Broad AMC operation bandwidth, polarization
angle independency under normal incidence, and high
angular stability under oblique incidence have been found.

The presented uniplanar low-profile design without via
holes, together with the flexible characteristic, low cost,
simple fabrication, and integration, makes it very attractive
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Figure 10: Reflection phase of the manufactured creeping proto-
type for different incident angles (θinc).

for applications involving antennas in RFID tags, wearable
systems, and RCS reduction. Also it could be used as part of
Microwave Integrated Circuits (MICs).
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This paper presents a novel design of fractal antenna on a flexible substrate that operates in UMTS band (universal mobile
telecommunication system, 1.92–2.17 GHz). The antenna consists of a Sierpinski carpet fractal radiator, which reduces the overall
size of the antenna, and it is realized on top of a Hilbert slot in the ground layer, to achieve required impedance matching. The
antenna is compact with the overall dimensions equal to 70 mm × 31 mm × 0.075 mm. Influence that folding has on the initial
planar topology is investigated in detail. The obtained results show that the proposed antenna is more tolerant to folding than the
conventional patch and that it exhibits relatively stable radiation patterns even when folded in complex manners.

1. Introduction

Designing a small antenna with good bandwidth perfor-
mance presents a challenge for modern communication
devices, such as Bluetooth or WLAN devices. To minimize
the size of the antenna or to improve its characteristics,
various solutions based on fractal geometry have recently
been proposed [1–8]. Different fractal geometries, such as
Peano, Hilbert, or Sierpinski curves, have been used to bring
forth the benefits of small size [2, 4, 6–8], wide bandwidth
[5], or multiband operation [3, 5, 6]. This paper presents a
fractal topology that is tolerant to folding.

Fractal curves are unique for their self-similarity and
space-filling properties. Due to the self-similarity, a fractal
antenna being made up of many differently scaled copies
of itself is likely to maintain similar radiation parameters
in different bands proportional to the wavelengths. On
the other hand, the space-filling property of fractals allows
theoretically the design of infinite-length lines on finite
substrate areas, thus leading to compact antennas.

Flexible electronics are becoming more viable with the
recent technological developments opening up possibilities
to integrate wireless functions into clothing, moving objects,
or into animals to monitor various parameters of interest.

Although flexible technology offers components that can
bend together with the host medium (e.g., textile) with
practically no disturbance to the subject wearing it, bending
can significantly deteriorate the performances of the wireless
components, most notably the antenna. Significant research
efforts are currently focused on study and analyzing the
viability of these flexible substrate materials. Several exper-
imental studies have been carried out recently to investigate
the effects of antenna bending on its characteristics such as
resonant frequency, return loss, impedance bandwidth, gain,
and radiation patterns [8–13].

In this paper, we propose a novel flexible antenna based
on the Sierpinski carpet fractal curve of the third order,
realized on a Hilbert slotted ground. The proposed antenna
was simulated using CST Microwave Studio and compared
with the conventional patch antenna. Impact of folding
on both antennas was analyzed in details. To validate the
simulation results, the proposed antenna was fabricated and
measured.

2. Fractal Antenna

The proposed antenna consists of a Sierpinski carpet radiator
realized on the top side of the flexible substrate with
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Figure 1: (a) Proposed fractal antenna on a Hilbert slot patterned ground (black: top metallic layer, dark gray: bottom metallic layer); (b)
magnified detail of the patterned ground under the feed line (black: bottom metallic layer).

a Hilbert slot on the bottom side (Figure 1). The Sierpinski
carpet antenna is in essence a square metallic patch divided
into 9 congruent subsquares in a 3-by-3 grid, in which the
metallization of the middle square section is removed. The
same procedure is then applied recursively to the remaining
8 subsquares and again to the resulting elements. In that
manner, the third-order fractal antenna is obtained with the
dimensions of the radiator equal to 20 mm × 20 mm. The
antenna is fed by a 2.6 mm wide and 10 mm long microstrip
line.

In order to match the antenna to a 50Ω SMA connector,
four serially connected slots in the shape of the Hilbert
fractal curve of the second order were printed in the ground
plane (Figure 1(b)). The position and line width and spacing
of the Hilbert slot are the most important parameters
for the impedance matching as well as for obtaining a
good radiation pattern and reflection coefficient of the
antenna. The position x and the line width and spacing,
denoted wH and gH , respectively, were optimized with the
following values obtained: x = 0.6 mm, wH = gH = 0.5 mm.
The total length of the Hilbert slot is 6 mm. As can be
seen from Figure 1(b), there is no ground plane under
the radiator. The existing ground plane is split into two
sections by the Hilbert slot, generating some electromagnetic
coupling. As a consequence, apart from the reduction of
the ground plane area, a decrease of the antenna resonant
frequency is obtained, which additionally contributes to
antenna miniaturization.

The antenna was designed using a 0.075 mm thick
Kapton substrate with relative permittivity εr = 3.2 and
dissipation factor equal to 0.0019. All simulations were
performed using CST Microwave Studio.

Various ways of bending the antenna were analyzed,
shown in Figure 2. In Figure 2(a) the antenna is folded along
one-third of its length in the y-direction, and two-thirds in
Figure 1(b). In the cases shown in Figures 1(c) and 1(d) more
demanding modifications are made: the antenna was folded
twice, along the one and two third of its length, resulting
in structures with a cross-section similar to letters C and
Z, respectively. In that way, the dimensions of the antenna
were significantly changed: its length was decreased while its
height was increased.

Figure 3 compares the simulated return loss of the
initial planar fractal antenna with the return losses of its
folded modifications. More detailed results are presented
in Table 1, where the proposed fractal antenna is also
compared to the conventional patch antenna realized on
a partial ground plane and tuned to the same frequency,
as well as to the patch’s folded modifications obtained by
bending the patch antenna in the same manner as shown in
Figure 2. Final dimensions of the patch radiator are 24 mm×
24 mm, while the length of the partial ground is 2.1 mm. To
facilitate the comparison, frequency shifts and variations in
the bandwidth are also listed in Table 1, relative to the planar
versions of the antenna in question.

As expected, it can be seen that any folding of the
antenna directly impacts on its performances. However, this
impact is significantly reduced in the case of the proposed
fractal antenna: the frequency shift of the patch antenna
due to bending ranges between 2.42 and 6.81%, while
it is equal to 3.4% for the worst-case fractal antenna.
Fractional bandwidth of the fractal antenna changes up
to 25.14%, while conventional one exhibits 34.49%. The
average frequency shift for the patch antenna is 4.09% while
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Table 1: Detailed comparison between performances of the proposed fractal and the conventional patch antenna, for both the planar and
the folded cases.

Antenna type Modification f r [GHz] Δf r [%] FBW [%] ΔFBW [%] S11 [dB]

Fractal

Planar 1.9850 — 5.37 — −25.7
1 2.0120 1.36 4.02 −25.14 −14.7
2 2.0120 1.36 5.13 −4.47 −20.8
3 2.0525 3.40 n/a n/a −9.4

4 2.0255 2.04 4.42 −17.69 −16.3

Patch

Planar 1.9445 — 9.8 — −34.4
1 1.9985 2.78 8.1 −17.35 −18.4
2 1.9915 2.42 8.35 −14.80 −22.5
3 2.0770 6.81 6.42 −34.49 −23.6
4 2.0295 4.37 7.83 −20.10 −33.5

(a) (b)

(c) (d)

Figure 2: Different ways of folding the antenna: (a) modification 1, (b) modification 2, (c) modification 3, and (d) modification 4.

it is only 2.04% for the proposed fractal antenna. The same
holds for the average variation of the fractional bandwidth:
21.7% for the conventional antenna versus only 15.3% for
the fractal antenna. Inspecting the tabulated results, it can
be concluded that the deterioration of performance observed
for simple modifications of the patch antenna (modifications
1 and 2) is similar to the case of complex modifications of
the fractal antenna (modifications 3 and 4). This illustrates
the robustness to folding that the proposed fractal antenna
exhibits over the conventional patch. In the same time, the
fractal antenna occupies 30% smaller substrate area than the
patch, and it is less sensitive to mechanical strain.

In Figures 4 and 5 radiation patterns in E-plane and H-
plane for the planar fractal and patch antennas and their
modifications relative to the flat antennas are shown. The
patterns are omnidirectional in H-plane. The average gain

reduction in the case of conventional antenna is 46%, while
the fractal antenna exhibits 41%. It can be seen that the
change of the main lobe directivity is similar for both
antennas and equal to 40%.

3. Fabrication and Measurement

The proposed fractal antenna was fabricated using a
Dimatix [14] material deposition printer DMP-3000, which
is cartridge-based piezo inkjet printing system which enables
direct deposition of fluids (functional materials). The res-
olution of the inkjet process is mainly governed by the
nozzle diameter (approximately the droplet diameter) and
the statistical variation of the droplet flight and spreading
on the substrate. Resolution can be modified by adjusting
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Figure 3: Simulated return loss for the proposed planar fractal antenna and its folded modifications.
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Figure 4: Radiations patterns for the proposed fractal antenna: (a) radiation pattern in E-plane, (b) radiation pattern in H-plane.

the angle of the printhead during printing. In the case of
printing with silver nanoparticle ink (Suntronic Jet Silver
U6503, [15]), the minimum droplet diameter was around
50 μm and drop spacing was 25 μm (center to center) which
has obtained by changing the printhead angle. 16 nozzle
printhead with the capacity of 1.5 mL was used. Spacing
between each nozzle is 254 microns; nozzle diameter is
around 25 μm with average drop sizes of 10 pl. The voltage
waveform amplitude used for piezoelement actuation was
27 V, with a firing frequency of 4 kHz. The proposed antenna
was printed on 75 μm thick Kapton film substrate with

dielectric constant of 3.2 and dissipation factor of 0.0019
[16]. After printing the pattern, silver nanoparticles were
sintered on at 200◦C for 45 minutes in order to get a uniform
conductive structure of the fabricated antenna and the SMA
connector was mounted using silver paste. Photographs of
the fabricated fractal antennas are shown in Figure 6, while
Figure 7 shows comparison of simulated and measured
return loss for the planar fractal antenna and its measured
gain.

Good agreement is observed, and the fundamental reso-
nance occurs at 1.990 GHz as predicted, with reflection better
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Figure 5: Radiations patterns for the conventional patch antenna: (a) radiation pattern in E-plane, (b) radiation pattern in H-plane.
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Figure 6: Photographs of the fabricated fractal antenna: (a) top layer, (b) bottom layer.
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Figure 7: Comparison of simulated and measured return losses for the planar fractal antenna and the measured gain.



6 International Journal of Antennas and Propagation

0 60 120 180

0

R
el

at
iv

e 
am

pl
it

u
de

 (
dB

)

Angle (deg)

Measured
Simulated

−10

−20

−30

−40

−5

−15

−25

−35

−180 −120 −60 0 60 120 180

0

R
el

at
iv

e 
am

pl
it

u
de

 (
dB

)

Angle (deg)

Measured
Simulated

−10

−20

−30

−40

−5

−15

−25

−35

−180 −120 −60

(a)

0 60 120 180

0

R
el

at
iv

e 
am

pl
it

u
de

 (
dB

)

Angle (deg)

−10

−20

−30

−40

−5

−15

−25

−35

−180 −120 −60

Measured modification 2
Measured modification 3
Simulated modification 2
Simulated modification 3

0 60 120 180

0

R
el

at
iv

e 
am

pl
it

u
de

 (
dB

)

Angle (deg)

−10

−20

−30

−40

−5

−15

−25

−35

−180 −120 −60

Measured modification 2
Measured modification 3
Simulated modification 2
Simulated modification 3

(b)

Figure 8: Comparison of simulated and measured radiations patterns in E-plane and H-plane for: (a) the planar fractal antenna and (b)
modification 2 and modification 3 of the fractal antenna.

than −15 dB. The −10 dB bandwidth is contained between
1.93 GHz and 2.043 GHz, yielding 113 MHz bandwidth, that
is, 5.7%.

Figure 8 shows the comparison of simulated and mea-
sured radiation patterns for the planar fractal antenna and its
two modifications: modification 2 and modification 3. The
pattern measurements were taken in an anechoic chamber
using a vector network analyzer, and the measured patterns
agree well with the simulated ones bar for some ripple that is
ascribed to reflections in the chamber.

4. Conclusion

A flexible Sierpinski carpet fractal antenna has been pre-
sented, more tolerant to folding than its conventional
patch counterpart. The proposed antenna achieves improved
performance such as the smaller influence of folding to the
resonant frequency and the smaller variation of the gain,
while the main lobe directivity changes similarly for both the
fractal and the conventional antennas. The average frequency
shift induced by folding of the patch antenna is 4.09% while
it is only 2.04% for the proposed fractal antenna. The same
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holds for the average variation of the fractional bandwidth:
21.7% for the conventional antenna versus only 15.3% for
the fractal antenna. Moreover, the proposed fractal antenna
occupies 30% smaller surface than the patch, and it is less
sensitive to mechanical strain.
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A high-permittivity ceramic-polymer composite substrate is fabricated and proposed for its potential use in UHF RFID tags.
The substrate is developed using high-permittivity Barium Titanate (BaTiO3) ceramic powder mixed with polydimethylsiloxane
(PDMS) polymer. The resulting composite achieves a soft, hydrophobic, heat resistant, low loss, and flexible material with high
dielectric constant. The percentage of the ceramic powder in the composite helps in achieving variable permittivity values. When
this material is used as a substrate for a tag antenna, it will help the tag to be reduced in size, to conform to uneven or rough
surface, and to be less vulnerable to breakage or other environmental damages. A small passive UHF RFID tag antenna is designed,
fabricated, and attached to this type of composite substrate, to demonstrate the performance of this composite material.

1. Introduction

There have been a growing demand and progress in the
field of wireless communication and identification in recent
years. The use of Radio frequency identification (RFID)
technology as an effective and reliable way of tracking and
sensing various objects is gaining much importance recently.
An RFID system is composed of two main components, the
reader and the tag. A commonly used passive RFID tag is
composed of an IC chip and an antenna, which contains its
own unique identification code (ID) [1]. The identification
code is sent back to the reader when the tag is interrogated or
energized through backscattered modulation of the incident
continuous wave [2]. The input impedance of a passive
UHF RFID tag antenna and reflectivity rely on the physical
properties of the substrate or material it is attached to and on
the antenna’s geometry. The permittivity of the substrate has
a great impact on the size of the tag antenna. Using higher-
permittivity substrate can be useful in reducing the size of the
tag antenna.

Substrates play a vital role in the development and use
of electronic devices. Flexible substrates have gained much

importance in recent years. Different techniques and types of
materials have been used to develop flexible electronic sub-
strates [3–6]. One of the most commonly used flexible plastic
substrates is polyester, PEEK (polyaryletheretherketone) and
polyimides [7, 8]. Several techniques are being studied and
used to embed and integrate electronic components with
these flexible substrate materials [9, 10]. There has been
a growing interest in the development of flexible antennas
using flexible substrates. This gives the advantage of having
conformal antennas being placed and attached to uneven
shaped structures and surfaces. It is more desirable to use
flexible substrate materials that are less vulnerable to heat,
water, and other damaging effects.

The size of the RFID tag antenna is also one of the major
concerns for RFID applications. Reducing the size of the tag
antenna comes at the cost of its performance, such as gain
and efficiency of the antenna. Therefore, achieving a small
RFID tag antenna, with improved efficiency is an important
and challenging task for antenna designers. Using high-
permittivity substrates is considered for reducing the overall
size and for having compact antenna structures. Several com-
mercially available substrates, with high permittivity values,
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have hard and rigid structures. They are more breakable, less
conformal, and not suitable for uneven surfaces.

In this paper, new high-permittivity substrates have been
developed and tested for RFID tag antenna designs. The
substrates are soft and flexible in nature, resistant to water,
heat, breaking, and other damaging effects. The substrates
have been fabricated by mixing a ceramic powder known
as barium titanate (BaTiO3) with polydimethylsiloxane
(PDMS) polymer. Barium titanate is a ferroelectric material,
with high dielectric constant values. The dielectric properties
of the substrates depend on the fabrication process, the ratio
and the type of ceramic powder used in the composite.
The permittivity value of the substrates can be changed by
changing the percentage of ceramic powder in PDMS. This
provides the flexibility to achieve desired high permittivity
values of the substrates.

To demonstrate the performance of the composite sub-
strate for an RFID tag, a small passive UHF RFID tag antenna
is designed and fabricated on a thin sheet of FR4. It is then
attached to the ceramic-polymer substrate. This was useful
to accurately fabricate the small tag antenna and analyze
the performance of the substrate. The antenna is designed
using miniaturization techniques to reduce the size of the tag
antenna and make it more compact and suitable for various
objects. The substrate of the antenna makes it possible to
place and attach the tag on irregular surfaces and rough
terrains. This type of high permittivity composite substrate
allows the possibility of achieving small flexible thin tags for
future applications which may include the design of fully
flexible on-metal, thin, conformal, and embedded tags using
inkjet printing.

The rest of the paper is organized as follows. In Section 2,
properties of the ceramic and polymer will be discussed.
This will be followed by the fabrication process of the
composite substrate in Section 3. Section 4 will focus on the
design and development of the tag antenna. Simulations and
measurements results are discussed and shown in Section 5,
followed by the conclusions in Section 6.

2. Properties of Ceramic and Polymer

In this section, the properties and characteristics of both the
ceramic powder and the polymer used in this experiment
will be discussed. The ceramic powder used in the composite
substrate is a ferroelectric material known as barium titanate
(BaTiO3). Polydimethylsiloxane (PDMS) polymer is mixed
with the ceramic powder and fabricated, to make it a soft and
flexible solid composite substrate.

2.1. Characteristics of PDMS. PDMS is most widely used type
of a silicon-based organic polymer, belonging to a group of
siloxanes. It is available in fluid, elastomer, and resin form
[11]. The chemical structure of PDMS is stated in [11].

PDMS materials have high thermal stability, low surface
tension, characteristic pressure and bulk viscosity. They are
transparent, hydrophobic in nature and durable at high
temperatures. Other PDMS properties include lubricity,

shear stability, high dielectric strength, antifriction, and good
resistance to UV radiations [11, 12].

In the elastomer form, PDMS is suitable for flexible
substrates. Elastomeric PDMS structures are typically fabri-
cated using viscous liquid and a liquid cross-linking agent.
Among other factors such as curing time and temperature,
the bending stiffness depends on the amount of cross-linking
agent used. Larger amounts of PDMS result in more rigid
structures [12].

The most common applications of PDMS include rubber
molds, surfactants, water repellents, adhesives, personal care
and cosmetics, dielectric encapsulation, hydraulic fluids,
lubricants, fuser oil, and protectants. It can also be used in
various other applications such as contact lenses, medical
and microfluidic devices, and applications [11–14].

2.2. Characteristics of BaTiO3. Barium titanate (BaTiO3) is a
ferroelectric ceramic powder, with piezoelectric properties
[15]. It is insoluble in water and alkalis, whereas soluble in
some acids such as sulfuric, hydrofluoric, and hydrochloric
acids. It usually has very high permittivity values. It can
acquire four different shapes of crystals, cubic, tetragonal,
orthorhombic, and rhombohedral. However, the permittiv-
ity depends on many factors, such as the grain size, shape and
size of the crystals, impurities, and on processing techniques
[16]. Ferroelectric ceramics can be used in several applica-
tions, such as capacitors, thermostatic devices, light switches,
current controllers and to generate ultrasonic energy [15].
Similarly, barium titanate is used to manufacture many
electronic components, such as multilayer capacitors [17],
positive temperature coefficient (PTC) thermistors, trans-
ducers, and tunable phase shifters [18, 19].

Due to recent advances in electronics, much attention has
been focused on small and miniaturized electronic devices.
Growing interest is targeting the use of high permittivity
material in electronics industry to decrease the size of elec-
tronic and wireless components and devices.

3. Fabrication Technique Used
for Ceramic-Polymer Composite
Substrate Material

In this section, design and fabrication technique of the
composite substrate is discussed. A stepwise approach is used
to explain the fabrication process of PDMS-BaTiO3 (barium
titanate) composite substrate. A similar approach has also
been used in [20]. The PDMS used is Sylgard-184, which
is supplied as a two component Kit containing a “base pre-
polymer” (the viscous liquid) and a “curing agent” (the liq-
uid cross-linking agent) manufactured by Dow Corning [21].

Following are the steps to make the ceramic-polymer
composite substrate.

(1) First, the base prepolymer is mixed with the curing
agent in a mass ratio of 10 (pre-polymer): 1 (curing
agent). The mixture is then mixed vigorously for 5–10
minutes in a plastic container, which enables uniform
cross-linking.
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Figure 1: Degassing chambers used to degas the samples.

(2) After mixing PDMS (the base pre-polymer with the
curing agent), it is left for degassing in a degassing
chamber for 15–20 minutes. This helps in extracting
possible air bubbles formed during the process of
mixing. The degassing chambers used for degassing
of the samples are shown in Figure 1. In this step, the
samples are placed in the bigger degassing chamber,
to accommodate the plastic glass used for mixing.

(3) The degassed mixture of PDMS is mixed with BaTiO3

ceramic powder. The ceramic powder is provided
from Sachtleben Pigments [22]. The percentage of
ceramic powder mixed with PDMS is on a volume-
based ratio, as defined in (1) [20]:

v% = Cm/Cρ

Cm/Cρ + Pm/Pρ
× 100%. (1)

In the previous equation Cm and Cρ refer to the mass
and density of the ceramic (BaTiO3), respectively,
whereas, Pm and Pρ are the mass and density of the
polymer (PDMS).

In this experiment, 15% and 25% of BaTiO3 ceramic
powder are mixed with PDMS. The BaTiO3 ceramic powder
provided by Sachtleben Pigments has a grain size equal to
80 nm. The density of BaTiO3 is equal to 6.02 g/cm3, whereas
the density of PDMS is equal to 1.05 gm/cm3.

(4) After adding PDMS with the ceramic powder, vigor-
ous stirring is done for about 15–20 min, as shown
in Figure 2. The mixture is stirred until it transforms
into a smooth paste. A smooth white paste without
any lumps is a good indicator of a good mixture.

(5) The mixture is then poured into a small Petri dish
on a flat surface, to have an even distribution of the
thick paste inside the container. This mixture can be
poured into different types of molds, depending on
the desired shape, as shown in Figure 3.

(6) After pouring the mixture into the Petri dish, it is
again left for degassing for a continuous time period
of 5-6 hours, to remove excessive air bubbles. The
first 5-6 hours are considered crucial, as they help in
removing the maximum amount of air bubbles. It has
been observed that, even after 5-6 hours of degassing,

Figure 2: Vigorous mixing of PDMS ceramic powder with PDMS
mixture.

Figure 3: Pouring the well-mixed paste into a Petri dish.

few air bubbles are still popping out of the mixture.
Therefore, to ensure that the mixture has no air
bubbles left, it is kept under vacuum pressure for 30
hours, as shown in Figure 4. Usually a solid structure
is achieved within 24 hours of curing. This process
can be made faster, by heating the mixture after
degassing. However, the heating of the composite can
make the substrate structure more rigid, depending
on the applied temperature.

(7) After curing, the composite substrate is carefully
taken out of the Petri dish.

As shown in Figure 5, the final composite substrate is soft and
flexible with a smooth surface. The substrate can be softer
and more flexible by changing the thickness of the substrate.
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(a) (b)

Figure 4: (a) Small degassing chamber, to degas the final composite mixture in room temperature. (b) Extraction of air bubbles from the
surface of the composite mixture during degassing.

(a) (b)

Figure 5: Final solid shape of the flexible composite substrate.

4. Antenna Design Technique

In this section, UHF RFID tag antenna design techniques are
discussed. The tag antenna is designed using Ansoft HFSS
v.12 [23]. A multilayer substrate approach is used to design
and fabricate the tag antenna. The tag antenna is first fabri-
cated on a thin sheet of FR4 substrate layer of 0.16 mm thick-
ness, using milling machine. Later the tag is attached to the
ceramic-polymer composite substrate, as stated in Section 3.

Alien Higgs 3 IC with −18 dBm sensitivity is used in the
tag antenna [24]. The IC provided by the manufacture comes
with a strap attachment. In order to take the effect of the
strap into account, 0.2 pF of parasitic capacitance is added
in parallel to the nominal IC impedance. The tag is matched
at 860 MHz.

Figure 6 shows the tag antenna in a form of a round sym-
metric dipole structure. The IC strap of the tag is attached
between the two feeding pads with dimensions represented
by a and b. Line d connects the two feeding pads with the
two symmetric halves of the dipole structure along the x-axis,
as shown in Figure 6. The two halves of the dipole structure
are shorted or T-matched along the x-axis using line “g”. The
edge “n” of the two sides of the dipole structure is kept at a
distance of 1 mm from each side. Table 1 lists the dimensions
of the geometrical parameters of the tag, shown in Figure 6.

a

b c
d

e f
g

h

m

n

0

0

40◦

72.6◦
X

Y

Z

o

k

Figure 6: Geometrical parameters of the designed tag antenna.

Miniaturization techniques are used to reduce the overall
size of the tag. T-matching technique is useful in reducing
the overall size of the tag, by increasing the inductance of
the antenna. T-matching works as an impedance transformer
[25]. The length and width of the shorted line are of
considerable importance in tuning the antenna. The tuning
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Table 1: Geometrical parameters of the tag.

Line Length (mm) Width (mm)

a 3.25 —

b 2.5 —

c 0.75 —

d 3.55 2

e 3.75 2

f 1 —

g 14.5 0.5

h 4.15 —

k 6.75 —

m 7.5 —

n 16.6 —

o 26.5 —

Antenna’s copper part
(thickness = 0.035 mm)

FR4 substrate
(thickness = 0.16 mm)

2.5 mm Ceramic-polymer composite layer

Figure 7: Side view of the tag antenna substrate.

and matching of the tag antenna to the desired frequency can
also be done by changing the distance “f ” of the shorted line
“g” from the feeding pads.

A round-shaped tag with a feeding point aligned in the
x-axis of the tag antenna provides a longer current path. This
helps in reducing the overall size of the tag antenna and in
achieving a compact shape of the tag. The tag antenna can be
tuned further by increasing or decreasing the gap between
the two “n” edges or by adjusting the separation distance
between the two halves of the tag. Figure 7 shows the side
view of the tag, demonstrating a multilayer structure of the
tag’s substrate.

Figure 7 illustrates two main layers of the substrate. First
the tag is fabricated on a thin sheet of FR4, with 35 μm copper
cladding, using milling machine. This is attached to the
custom made composite substrate layer of 2.5 mm thickness.
The two layers were attached using commercially available
adhesive glue. The effect of the glue is considered negligibly
small to affect the tag antennas performance. The two layers
are attached carefully, to avoid any air gap in between, as
it can alter the effective permittivity of the substrate. The
relative permittivity value of the ceramic-polymer composite
layer in this experiment is approximately equal to 10.5 and
8 for 25% and 15% of BaTiO3 mixtures, respectively. This
is measured by agilent dielectric probe and verified by the
experimental results presented in [26, 27].

5. Simulation and Measurement Results

This section focuses on the simulation and measurement
results of the tag, on a multilayer substrate. Section 5.1
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Figure 8: Simulated power reflection coefficient of the RFID
tag antenna with 25% and 15% of BaTiO3 concentration in the
composite substrate material.

demonstrates the simulated power reflection coefficient and
conjugate impedance matching of the designed tag antenna.
In Section 5.2, measured results of the tag are discussed.

5.1. Simulation Results of the Tag Antenna. The transfer of
power between the complex load (IC) impedance and the
complex source (tag antenna) impedance is analyzed using
(2). The power reflection coefficient can be analyzed by
considering the ratio of the incident power on the tag anten-
na (Ptag) and the power reflected back (Prfl), as defined in
[28, 29] such that

Prfl

Ptag
=

∣∣∣∣ZIC − Z∗a
ZIC + Za

∣∣∣∣2

. (2)

In the previous equation Za = Ra + jXa is the impedance of
the tag antenna, whereas ZIC = RIC+ jXIC is the impedance of
the chip. The superscript (∗) denotes the complex conjugate.
Lower value of the power reflection coefficient at the desired
operating frequency indicates an optimal power transfer. An
optimal power transfer enables the maximum achievable
realized gain and read range of the tag.

The simulated power reflection coefficient of the tag is
shown in Figure 8. The tag is matched to 860 MHz with a
substrate having 25% of BaTiO3 and to 915 MHz with 15%
of BaTiO3 composite substrate.

Figure 9 shows the input impedance of the tag antenna
and the chip, on top of a 25% ceramic composite substrate,
illustrating a good conjugate matching of the tag antenna
with the chip, at 860 MHz. This is essential to minimize
the reflection loss at this junction and improve the power
transmission and maximize the read range.

5.2. Measurement Results of the Tag Antenna. The tag anten-
na is measured using Tagformance RFID measurements
device in an anechoic chamber by Voyantic Ltd., [30]. The
anechoic chamber is designed to measure the UHF RFID
tag antennas. The chamber consists of a rotating table and
a linearly polarized reader antenna. The linearly polarized
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Figure 9: Simulated chip and antenna impedance of the UHF RFID
tag on top of a 25% ceramic-polymer composite.
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Figure 10: Calculated read range [dtag] in +z direction of the
tag antenna, with 15% and 25% of BaTiO3 concentration in the
composite substrates, based on measured results and (3).

reader antenna is connected to the Tagformance measure-
ment equipment.

Read range of the tag is calculated using the measured
results from the Tagformance, using [31].

dtag = λ

4π

√
1.64PERP

LfwdPth
. (3)

In (3), “dtag” represents the read range of the tag antenna.
“Lfwd” is the measured path loss from the generator’s output
port to the input port of a hypothetic isotropic antenna
placed at the tag’s location. The forward path loss is achieved
from the measured calibration data obtained from Tagfor-
mance measurement device. The European effective radiated
power “PERP” is considered to be equal to 2 W (33 dBm), as
stated in [32]. “Pth” represents the measured threshold power
in the forward direction, from the transmitter to the tag
antenna. The threshold power is the minimum continuous
wave power from the transmitter, required to turn on the IC
and enable the tag to send a response to EPC Gen 2 protocol’s
query command. The read range of the tag antenna with 15%
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Figure 11: Measured threshold transmitted power in +z direction
of the tag antenna, with 15% and 25% of BaTiO3 concentration in
the composite substrates.
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and 25% of BaTiO3 composite substrates, calculated using
the measured results from (3), is shown in Figure 10.

According to Figure 10, the maximum read range achiev-
ed is between 5 and 6 meters at 860 MHz and 915 MHz.
Figure 11 shows the threshold power of the tag required to
turn on the IC, with 15% and 25% BaTiO3 composite sub-
strates.

The measured realized gain of the tag antenna is analyzed
using the path loss measurement data from the Tagformance
measuring equipment. This can be described as [31]

Gr = PIC

Lfwd · Pth
. (4)

In the previous equation “PIC” refers to the sensitivity of the
IC. “Lfwd” is the forward path loss from the transmitter to
the tag antenna, and “Pth” represents the threshold power,
as defined in (3). The maximum simulated and measured
realized gain of the tag antenna with 15% and 25% BaTiO3

composite substrate is shown in Figure 12.
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Figure 13: Measured and simulated E-plane (yz-plane) of the tags
radiation pattern, using normalized gain (dB) values, at 860 MHz.

In Figure 12, the measured and simulated realized gains
at 860 MHz and 915 MHz show a good agreement with each
other. The maximum realized gain achieved at 860 MHz and
915 MHz frequency bands, shows a reasonable performance
of such a small tag antenna. Figures 13 and 14 show the
simulated and measured normalized gain radiation patterns
of the tag at 860 MHz.

In Figures 13 and 14, E and H planes of the normalized
gain radiation pattern are shown. The measured and sim-
ulated radiation patterns show dipole like omnidirectional
radiation pattern.

6. Conclusions

A ceramic-polymer composite substrate is fabricated and
studied for use in UHF RFID tag antennas application. To
achieve such a high dielectric substrate, ceramic (BaTiO3)
powder is fabricated with a polymer known as polydimethyl-
siloxane. The composite achieves a high permittivity and low
loss substrate material. The low-loss nature of the substrate
enhances the realized gain and read range of the tag antenna.
Various permittivity values can be achieved by changing the
percentage of the ceramic in the substrate. To demonstrate
this phenomenon, two substrates with 15% and 25% of
BaTiO3 ceramic were fabricated with the polymer. The com-
posite substrate materials are flexible, low loss, hydrophobic
in nature, and heat resistant. This gives the advantage to the
tag to conform to several uneven surfaces, without bearing
the risk of breaking and possible environmental damages.
To demonstrate the performance of the two substrates, a
small UHF RFID tag antenna is designed and fabricated
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Figure 14: Measured and simulated H-plane (xz-plane) of the tags
radiation pattern, using normalized gain (dB) values, at 860 MHz.

on top of a thin FR4 sheet and then glued to the custom
made substrate. The measured and simulated results show
that the tag antenna has a good performance with respect
to its size. This type of small tag antennas can be useful in
several applications, due to its small size with respect to its
read range and omnidirectional radiation pattern properties.
Possible future work may include fabricating thin high per-
mittivity flexible substrates for embedded and on metal tags.
To make the thin low-loss substrates fully flexible in nature,
the tag antennas can also be printed directly on top of the
composite substrate using inkjet printer.
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[12] J. Kuncová-Kallio and P. J. Kallio, “PDMS and its suitability
for analytical microfluidic devices,” in Proceedings of the 28th
Annual International Conference of the IEEE Engineering in
Medicine and Biology Society (EMBS ’06), pp. 2486–2489,
September 2006.

[13] H. S. El-Zaim and J. P. Heggers, “Silicones for pharmaceu-
tical and biomedical applications,” in Polymeric Biomaterials,
Revised and Expanded, pp. 79–88, Marcel Dekker, New York,
NY, USA, 2001.

[14] A. Mata, A. J. Fleischman, and S. Roy, “Characterization
of polydimethylsiloxane (PDMS) properties for biomedical
micro/nanosystems.,” Biomedical Microdevices, vol. 7, no. 4,
pp. 281–293, 2005.

[15] A. J. Moulson and J. M. Herbert, Electroceramics: Materials,
Properties, Applications, John Wiley & Sons, 2003.

[16] L. Guo, H. Luo, J. Gao, L. Guo, and J. Yang, “Microwave
hydrothermal synthesis of barium titanate powders,” Materials
Letters, vol. 60, no. 24, pp. 3011–3014, 2006.

[17] H. Saito, H. Chazono, H. Kishi, and N. Yamaoka, “X7R
multilayer ceramic capacitors with nickel electrodes,” Japanese
Journal of Applied Physics, vol. 30, no. 9, pp. 2307–2310, 1991.

[18] S. Chatterjee and H. S. Maiti, “Novel method of doping PTC
thermistor sensor elements during sintering through diffusion
by vapour phase,” Materials Chemistry and Physics, vol. 67, no.
1–3, pp. 294–297, 2001.

[19] B. Huybrechts, K. Ishizaki, and M. Takata, “The positive tem-
perature coefficient of resistivity in barium titanate,” Journal of
Materials Science, vol. 30, no. 10, pp. 2463–2474, 1995.

[20] S. Koulouridis, G. Kiziltas, Y. Zhou, D. J. Hansford, and
J. L. Volakis, “Polymer-ceramic composites for microwave
applications: fabrication and performance assessment,” IEEE
Transactions on Microwave Theory and Techniques, vol. 54, no.
12, pp. 4202–4208, 2006.

[21] Dow Corning Corporation, “Sylgard 184, material properties,”
http://www.dowcorning.com/.

[22] Sachtleben Pigments, Pori, Finland, http://www.sachtleben
.com/.

[23] Ansoft HFSS, http://www.ansoft.com/products/hf/hfss/.

[24] Alien Technology. Higgs 2 product overview, http://www
.alientechnology.com/docs/products/DS H2.pdf.

[25] G. Marrocco, “The art of UHF RFID antenna design: impe-
dance-matching and size-reduction techniques,” IEEE Anten-
nas and Propagation Magazine, vol. 50, no. 1, pp. 66–79, 2008.

[26] Agilent Technologies, “85070E Dielectric Probe Kit,” http://
www.agilent.com/.

[27] S. Sankaralingam and B. Gupta, “Determination of dielectric
constant of fabric materials and their use as substrates for
design and development of antennas for wearable applica-
tions,” IEEE Transactions on Instrumentation and Measure-
ment, vol. 59, no. 12, pp. 3122–3130, 2010.

[28] K. Kurokawa, “Power waves and the scattering matrix,” IEEE
Transactions on Microwave Theory and Techniques, vol. 13, no.
2, pp. 194–202, 1965.

[29] P. V. Nikitin, K. V. S. Rao, S. F. Lam, V. Pillai, R. Martinez, and
H. Heinrich, “Power reflection coefficient analysis for complex
impedances in RFID tag design,” IEEE Transactions on Micro-
wave Theory and Techniques, vol. 53, no. 9, pp. 2721–2725,
2005.

[30] Voyantic, “RFID measurements solutions,” http://www.voyan-
tic.com/.

[31] J. Virtanen, T. Björninen, L. Ukkonen, and L. Sydänheimo,
“Passive UHF inkjet-printed narrow-line RFID tags,” IEEE An-
tennas and Wireless Propagation Letters, vol. 9, pp. 440–443,
2010.

[32] EPC frequency regulations UHF.



Hindawi Publishing Corporation
International Journal of Antennas and Propagation
Volume 2012, Article ID 972696, 11 pages
doi:10.1155/2012/972696

Research Article

Efficiency of a Compact Elliptical Planar Ultra-Wideband
Antenna Based on Conductive Polymers

Thomas Kaufmann,1 Akhilesh Verma,1 Van-Tan Truong,2

Bo Weng,3 Roderick Shepherd,4 and Christophe Fumeaux1

1 The University of Adelaide, Adelaide, SA 5005, Australia
2 Defence Science and Technology Organisation (DSTO) Melbourne, Fischermans Bend, VIC 3207, Australia
3 University of Wollongong, Wollongong, NSW 2522, Australia
4 The University of Sydney, Sydney, NSW 2006, Australia

Correspondence should be addressed to Thomas Kaufmann, thomaska@eleceng.adelaide.edu.au

Received 14 December 2011; Revised 5 April 2012; Accepted 5 April 2012

Academic Editor: Carles Fernández-Prades

Copyright © 2012 Thomas Kaufmann et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

A planar antenna for ultra-wideband (UWB) applications covering the 3.1–10.6 GHz range has been designed as a test bed for
efficiency measurements of antennas manufactured using polymer conductors. Two types of conductive polymers, PEDOT and
PPy (polypyrrole), with very different thicknesses and conductivities have been selected as conductors for the radiating elements.
A comparison between measured radiation patterns of the conductive polymers and a copper reference antenna allows to estimate
the conductor losses of the two types of conductive polymers. For a 158 μm thick PPy polymer, an efficiency of almost 80% can be
observed over the whole UWB spectrum. For a 7 μm thick PEDOT layer, an average efficiency of 26.6% demonstrates, considering
the room for improvement, the potential of this type of versatile materials as flexible printable alternative to conductive metallic
paints. The paper demonstrates that, even though the PEDOT conductivity is an order of magnitude larger than that of PPy, the
thicker PPy layer leads to much higher efficiency over the whole UWB frequency range. This result highlights that high efficiency
can be achieved not only through high conductivity, but also through a sufficiently thick layer of conductive polymers.

1. Introduction

Recent advances in material research have enabled the syn-
thesis of a wide range of conductive polymers with char-
acteristics that make them interesting for electromagnetic
applications. Increasingly high electrical conductivity and
mechanical elasticity, combined with the potential of low-
cost mass production, make these types of materials highly
interesting for the manufacture of antennas as integrated
components for emerging all-polymer electronic devices.
Additionally, some electroactive conductive polymers have
the ability to change their properties through the application
of a bias voltage, suggesting applicability for future designs
of reconfigurable antennas. In this perspective, conductive
polymers appear as an increasingly relevant type of materials
with the potential to allow the creation of mechanically

flexible, electrically reconfigurable antennas at a low cost.
Conductive polymer films can be manufactured and pat-
terned with conventional inkjet printing or screening tech-
nology. It is expected that through the progress in composite
polymers, a further increase in the present conductivities at
room temperature will be achieved.

Previous work on conductive polymers includes numer-
ous implementations from UHF to mm-waves. Often these
antennas have been designed as proof of concept, whereas
quantitative studies on the efficiency are less common. The
following selection of publications on antennas constructed
with less conductive materials illustrates the status of
research, with some of the contributions providing efficiency
estimations. Regarding the electromagnetic properties of
conductive polymer for use in antenna design, previously
published work at microwave frequencies has considered
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Figure 1: Schematic of the antenna. In all manufactured antennas,
the feeding section was produced in copper, and the radiating
elements have been manufactured alternatively in copper, PEDOT,
or PPy.

narrowband microstrip patch antennas in [1–3]. In par-
ticular, the latter two references estimated the efficiency
degradation due to the use of a top patch manufactured
from different conductive polymers. Using a very promising
type of conductive polymers, a carbon-nanotube- (CNT-)
based textile microstrip patch antenna has been presented
in [4], where the efficiency has been estimated at −2 dB
compared to an ideal patch antenna. The application of a
CNT ground plane for microstrip antennas, rather than for
the resonant element, has been investigated in [5]. Another
implementation of conducting textiles as a building block of
antennas has been presented in [6] at the high VHF/low UHF
range with conductive polymer-coated fibres. In a real-word
application, the performance of a MIMO ad hoc network
with transparent conductive polymer antennas [7] has been
estimated at 2.5 GHz with promising results. At a lower
frequency range, conductive polymer-based RFID antennas
have been introduced in [8, 9] with evaluation of radiation
performance. For these lower frequencies, the conductivity
and thickness of the materials is often still quite low, leading
to rather small efficiencies. In the realm of flexible, printed
antennas, an inkjet-printed ultra-wideband (UWB) antenna
based on conductive (metallic) ink with a paper substrate
has been introduced in [10]. Also, a new printing process
for metallic conductors has been introduced in [11] for
2.4 GHz applications, implemented on printed microstrip
patch antenna with a plastic substrate. In the millimeter
range, an extensive range of studies on the efficiency of CNT
monopole antennas have been performed [12].

The characterization of conductive polymer antennas for
high-frequency applications is in its infancy, and this paper
explores the impact of losses in a practical antenna setup,
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Figure 2: Simulated input reflections for different values of the
sheet resistance of the conductive polymer antenna section. For PPy,
the estimated sheet resistance is RS = 2.3Ω/sq, and, for PEDOT, it
is calculated as RS = 9Ω/sq.

due to the use of nonideal conductors with thickness below
requirement. Especially the relevant comparison between a
conductor with low conductivity/large thickness (PPy) and
high conductivity/small thickness (PEDOT) will shed some
light of the efficiency of these conductors in relation to the
skin depth in the UWB spectrum.

Two types of these conductors, PEDOT and polypyrrole
(PPy), have been selected for the manufacture of the
antennas presented in this paper. The PEDOT exhibits the
highest conductivity and has the ability to directly be inkjet-
printed on a carrier substrate, however with a feasible
thickness presently limited to a few micrometers. PPy on the
other side has lower electrical conductivity but can be pro-
duced in significantly thicker films. In the present form,
PPy requires manual manufacture for small-scale prototype
production.

The goal of this paper is to estimate the efficiency of
antennas based on conductive polymers over a large fre-
quency range. Therefore, a planar UWB antenna has been
designed for operation from 3.1 to 10.6 GHz. This design
acts as a test bed for the two different conductive polymers.
By comparison with the same design built in copper for
reference, the efficiency of the polymer conductors at various
frequencies can be experimentally evaluated. The results
show different performance for the two conductive polymer
approaches explored here. With the knowledge of the present
limitations in terms of conductivity and layer thickness, more
elaborate antennas based on conductive polymers can be
designed in the future.
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(a) Copper, upper plane (b) PPy, upper plane (c) PEDOT, upper plane

(d) Copper, lower plane (e) PPy, lower plane (f) PEDOT, lower plane

Figure 3: Upper and lower planes of the three antennas.
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2. Conductive Polymers

Polymers are large organic molecules that are omnipresent
in nature, for example, in DNA and proteins. They are also
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(d) PEDOT, xy-plane
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(e) PEDOT, yz-plane
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(f) PEDOT, xz-plane
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(g) PPy, xy-plane
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(h) PPy, yz-plane
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Figure 6: Radiation patterns for the antennas with the three different conductors at a frequency of 3.1 GHz. The solid line represents the
copolarization and the dotted line the cross-polarization.

very important synthetic materials, including the class of
plastic materials. Polymers are composed of large chains
of carbon-based molecules linked by covalent bonds. Since
the original demonstration of electrical conductivity in
synthesized polymer materials [13], research efforts have
resulted in a steady increase of the dc-conductivity of
conductive polymers through improvement in their intrinsic
properties or through the use of composite and doped
polymers [14]. Long-term predictions arguably state that
doped polymers or composites could approach metals in
terms of dc-conductivity at room temperature. But beyond
the promise in terms of electrical conductivity, conductive
polymers such as PEDOT or PPy are very attractive materials

because of the possibility to pattern them as thin films
through low-cost printing (screen or inkjet) and because of
their flexibility.

The rapid developments in conductive polymer science
provide a strong motivation for using these materials as
alternatives to classical metallic conductors in the design
and fabrication of electromagnetic devices as components
in flexible electronics. Despite the fact that the conductivity
of these polymers remains below that of metals, it has
been proven to be high enough to build antennas [11, 15].
Clearly, antenna technology can strongly benefit from the
exploitation of low-cost, flexible, light-weight plastic-like
electrical conductors with suitable processing and patterning
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(d) PEDOT, xy-plane
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(e) PEDOT, yz-plane
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(f) PEDOT, xz-plane
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(g) PPy, xy-plane
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(h) PPy, yz-plane
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Figure 7: Radiation patterns for the antennas with the three different conductors at a frequency of 5 GHz. The solid line represents the
copolarization and the dotted line the cross-polarization.

technology. But beyond these particular properties, there are
also the promises of three other unique characteristics that
are potentially realizable with conductive polymer materials.
The first one is the optical transparency, which could allow
the integration of antennas onto windshields, solar panels
or displays. The second one is the biocompatibility and
biodegradability, which, when combined to the flexibility,
opens the door to wearable and biodegradable implantable
devices [16]. The third one is the possibility of dynamically
controlling the electrical properties of polymers in electro-
active cells, which suggests the possibility of low-cost flex-
ible reconfigurability in antenna applications. Such devices
would be able to adapt to multiple functional requirements,

that is, work at multiple frequencies and/or dynamically
adapt to their environment through polarization or space
diversity.

The two different polymer materials employed in the
present investigation are described in the following. They
are representative of very different approaches, with different
strengths and challenges.

2.1. PEDOT. PEDOT:PSS is a stable conductive polymer
available as an aqueous dispersion for a variety of coating and
printing methods including inkjet, flexographic, gravure, slot
die, and screen. DC conductivities as high as 100, 000 S/m
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(c) Copper, xz-plane
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(d) PEDOT, xy-plane
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(e) PEDOT, yz-plane
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(f) PEDOT, xz-plane
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(g) PPy, xy-plane
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(h) PPy, yz-plane
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Figure 8: Radiation patterns for the antennas with the three different conductors at a frequency of 7 GHz. The solid line represents the
copolarization and the dotted line the cross-polarization.

are achievable from commercial formulations, and, after
low-temperature annealing, very stable films are produced.
Film thicknesses are very much dependent on the processing
method and typically range from 50 nm to 100 μm. In this
work, we employ inkjet printing as this method provides
greatest design flexibility when optimizing device geometry
and allows for printing complex patterns.

A Dimatix DMP2800 inkjet printer was used to process
a commercial PEDOT ink Clevios P Jet HCv2 [17] and
pattern a film of 7μm thickness on a 100μm polyethylene
terephthalate (PET) substrate. The printed PEDOT film has
a dc-conductivity of 16, 000 S/m. The inkjet system employed

is capable of printing very thin films (50 nm) of PEDOT.
However, for antenna applications, film thicknesses of the
order of micrometers are required, and therefore multiple
layers were printed consecutively on top of each other. After
heat annealing, the thickness of the final multilayer printed
film was measured using a Dektak contact profiler. The inkjet
system employed uses printheads with only 16 jets (0.6–
0.8 mm print swathe width), and, as a result, the fabrication
process is currently quite time consuming. Using wider
format printheads with increased print swathe width would
significantly reduce fabrication time even with multilayer
patterning. Also, as PEDOT:PSS is available for a wide



International Journal of Antennas and Propagation 7

0◦
30◦

60◦

90◦

120◦

150◦
180◦

240◦

270◦

300◦

330◦

−30

−20

−10

0210◦

(a) Copper, xy-plane

0◦
30◦

60◦

90◦

120◦

150◦
180◦

240◦

270◦

300◦

330◦

−30

−20

−10

0210◦

(b) Copper, yz-plane

0◦
30◦

60◦

90◦

120◦

150◦
180◦

240◦

270◦

300◦

330◦

−30

−20

−10

0210◦

(c) Copper, xz-plane
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(d) PEDOT, xy-plane
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(e) PEDOT, yz-plane
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(f) PEDOT, xz-plane
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(g) PPy, xy-plane
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Figure 9: Radiation patterns for the antennas with the three different conductors at a frequency of 9 GHz. The solid line represents the
copolarization and the dotted line the cross-polarization.

range of processing methods, once final antenna designs
are chosen, other approaches can be employed to scale the
fabrication process for industrial applications.

2.2. Polypyrrole (PPy) Conducting Polymers. PPy is one of
the most popular conducting polymers used in applications
owing to its thermal/environmental stability. Depending on
the method of polymerization, PPy can be synthesized as
free-standing films or powder. In the current form, free-
standing film samples are used and must be patterned
manually. In this case, the simple shapes have been carved
out using a scalpel.

The PPy samples are obtained from the Defence Sci-
ence and Technology Organization (DSTO) in Melbourne,
Australia. The polymer was prepared in accordance with
the procedure indicated by Truong and Ternan [18]; that
is, through electrochemical polymerization in an aqueous
solution. Sodium p-toluene sulphonate (p-TS) was used as
the dopant. Electrodes of stainless steel were used for growing
the film in a nitrogen environment. The films obtained by
the above procedure are between 57 and 158 μm thick and
have been washed in acetonitrile/water (1 : 1 solution) to
remove excess dopant. The films were then allowed to dry.
In the present investigation, a free-standing sample with a



8 International Journal of Antennas and Propagation

Table 1: DC conductivity and skin depths of the applied conduct-
ing materials at the lower and upper margins of the UWB spectrum.

Copper PEDOT PPy

σ 5.8 · 107 S/m 16, 000 S/m 2, 720 S/m

δ (3.1GHz) 1.2μm 71.5 μm 173.3 μm

δ (10.6 GHz) 0.6μm 38.6 μm 93.7 μm

thickness of 158μm is used. Using the four-probe technique,
the dc-conductivity of the film sample could be measured
as 2, 720 S/m, that is, roughly one order of magnitude below
the conductivity of the PEDOT sample. The thickness of the
PPy film was accurately measured using a Scanning Electron
Microscope (SEM) Philips XL 30.

3. UWB Antenna

The antenna design presented in this paper is an adaptation
of a circular UWB dipole antenna [19]. The most important
criteria for this layout is established by the availability
of conductive polymer samples: due to the limited areas
of free-standing PPy samples and the long printing times
for patterned PEDOT films, the conductive area of the
designed antenna has been minimized. Additionally, simple
shapes were favoured to facilitate the manual cutting of
PPy films. As low-loss substrate, Rogers Ultralam 2000
with a thickness of 1.5 mm (60 mil) has been selected as it
exhibits accurately specified permittivity (εr = 2.5 ± 0.1)
and allows for milling of the copper reference antenna as
well as the contacting structure of the polymer antennas.
A short feeding microstrip line section built in copper has
been included in the present design to allow soldering of
an SMA connector. The antenna starts after this launching
section and is then manufactured using the two mentioned
conductive polymers.

All numerical simulations for optimization of the
present design have been performed using the finite-element
frequency-domain solver of HFSS. The copper layers can be
simulated using the traditional model with finite conductiv-
ities. The polymer conductors however are in the range of
or much thinner than a skin depth (as shown in Table 1) in
the chosen frequency range; therefore, the finite conductivity
model is not applicable. Instead, the conductive polymers
have been modeled as a thin layer of finite impedance with
the sheet resistanceRS estimated through the dc-conductivity
σ as [20]

RS = 1
σd

, (1)

where d designates the thickness of the conductor film. For
the printed PEDOT conductor, a thickness of d = 7μm and
conductivity of σ = 16 kS/m lead to a sheet resistance of
RS = 9Ω/sq. For the PPy sample, the sheet resistance could
be estimated as RS = 2.3Ω/sq (d = 158μm, σ = 2, 720 S/m).

3.1. Design. After consideration of several design options, a
microstrip line fed structure on two planes has been selected
as shown in Figure 1 with a shape adapted from [21, 22]. This

arrangement minimizes the impact of production tolerances,
in comparison to a coplanar waveguide feed.

On the upper plane, the microstrip line is connected to
an elliptically shaped conductor. On the lower plane, the
ground plane evolves into a half-ellipse (Figure 1). The width
of the ground plane has also been minimized to reduce
the amount of conducting material required. The opening
slot between the ellipsoidal shapes on the two planes acts
as a broadband radiating structure with a predominantly
vertical linear polarization. The microstrip line is fed through
a coaxial SMA connector, which is soldered onto a copper
feeding structure.

The dimensions of the antenna have been optimized
to give acceptable input reflections (|S11| < −10 dB) for
all different conductivities of the radiating elements while
retaining a minimal size. For the antenna as shown in
Figure 1, the ellipse with an axial ratio of AR = 0.5 has a
major axis of OA = 44 mm and a minor axis of OB = 22 mm.
The feeding structure has a length of l f = 11 mm to allow
the feeding microstrip mode to establish after the transition
from the coaxial SMA connector. For a 50Ω impedance, the
width of the microstrip line has been kept constant as wMS =
4 mm to facilitate the manufacturing process. A short taper
(2 mm) at the transition between the coaxial connector and
the microstrip line avoids coupling effects from the metallic
connector case. The size of the substrate has been chosen
sufficiently large to accommodate the antenna with a width
of wsubstrate = 60 mm and a length of lsubstrate = 52 mm.

The simulated input reflections for a variation of sheet
resistances RS = [2.3, 9, 20]Ω/sq and the metallic copper
conductor are shown in Figure 2. The following observations
can be made for increasing conductor losses. At first, the
input reflections decrease with increasing sheet resistance.
This happens up to a point where the mismatch between the
copper and polymer microstrip line becomes too large (i.e.,
towards RS = 20Ω/sq), which manifests in generally larger
reflections. Additionally, a shift of the first resonance to lower
frequencies can be observed.

3.2. Manufacture. Three separate antennas have been man-
ufactured. First, an all-copper antenna has been built for
verification of the design and to provide a reference for
efficiency estimations. Using classical milling technology, the
shapes were cut from an all-copper layer on the Ultralam
substrate.

For the second antenna, the antenna part in Figure 1
has been realized with a printed PEDOT layer. The initial
transition from the coaxial SMA connector to the feed
section remains in copper. Conductive epoxy has been used
to establish a permanent galvanic connection between the
feeding line/ground plane and the radiating elements. The
thin PET substrate is facing away from the substrate so that
the conductor can be directly connected to the feeding line.
Due to the low dielectric constant (εr < 3), low losses, and
thin dimension, the effect of the PET layer can be neglected.

For the third antenna, the radiating part of the antenna
has been manufactured in PPy. Using a prefabricated tem-
plate, the shapes have been cut with a scalpel from the flexible
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free-standing PPy sample. The conductive polymer has then
been fixed onto the substrate with a few dots of regular epoxy,
and an electrical connection to the copper microstrip feeding
line has been established through a small area of conductive
epoxy at the feed/antenna transition. Due to the manual
production process, deviation from the original design must
be expected. Also, slight discrepancies in the alignment could
not be avoided. Figure 3 shows the manufactured antennas.

4. Measurements

To characterize the antennas, the input reflections (S11

parameter) and radiation patterns of all three antennas have
been measured. The absolute gain patterns provides the
basis for the estimation of the polymer antennas’ efficiency
by comparing their radiation performance with that of the
reference copper device.

4.1. Input Reflections. The maximum acceptable input reflec-
tions correspond to |S11| = −10 dB. As shown in Figure 4,
this has been nearly fulfilled for all antennas. The copper
antenna shows a good correspondence with the simulated
results. For the polymer antennas, the results somewhat
deviate from the simulated values. This is attributed to tol-
erances in the manufacture, misalignment of the conductors
and a nonideal transition using conductive glue from the
microstrip feeding line to the polymer layers. Nevertheless,
a shift of the resonances towards lower frequencies can
be observed demonstrating consistency with the simulated
results.

4.2. Patterns. The radiation patterns are shown in Figures 6,
7, 8, and 9 at the end of this paper for the frequencies f =
[3.1, 5, 7, 9] GHz in form of the total realized gain.

A dipole-like behavior is expected, which should trans-
late as an omnidirectional pattern in the xy-plane (subfig-
ures (a), (d), and (g)). This is indeed observed at lower
frequencies, while the omnidirectional characteristics slightly
deteriorates towards the upper end of the UWB spectrum.
As anticipated, the patterns in the xz- and yz-plane exhibit a
zero along the dipole axis, that is, towards 0◦ and 180◦. Again,
the patterns deteriorate towards higher frequencies, where
deviations in manufacturing quality have a larger impact.

It can generally be observed that all patterns exhibit
similar characteristics. The xz-plane patterns offer the best
similarity between the different conductors, and the patterns
in the yz-plane show largest discrepancies between all
antennas at all frequencies.

4.3. Efficiency. The efficiency ecd of an antenna is included in
the definition of the gain G in terms of its directivity D as

G = ecdD, ecd = eced, (2)

where the efficiency ec is related to conductor losses and ed
to dielectric losses. In this paper, the goal is to estimate the
losses that occur because of the relatively low conductivity of
the conductive polymer, that is, to characterize the efficiency

ec at microwave frequencies. A straightforward method is to
directly compare the radiation performance of the copper
and polymer antennas. The dielectric substrate materials
are identical and therefore show identical dielectric losses
and associated dielectric efficiencies ed. The losses of the
copper can be assumed negligible, that is, ec ≈ 1. Therefore,
the difference of the gains between the copper and the
two polymer antennas is an indicator of the losses in the
respective conductive polymer.

The efficiency is estimated here based on the perfor-
mance in the xz-plane pattern where the patterns have
the same shape, that is, the same directivity. The averaged
total received power over all azimuthal angles is used as a
measure of the average gain, and the efficiency can then be
approximated as

ec ≈
∑

φ GPolymer
(
θ = 90◦,φ

)
Δφ∑

φ GCu
(
θ = 90◦,φ

)
Δφ

. (3)

This simplified approach avoids performing measurements
with a Wheeler Cap notoriously difficult through the UWB
range or carrying out involved measurements of the whole
three-dimensional pattern for a gain/directivity comparison
[23, 24].

Figure 5 shows the resulting conductor efficiencies as
a function of the frequency for the antennas based on
PEDOT and PPy. The average efficiency over the whole UWB
frequency band is ec = 26.6% for the PEDOT and ec = 79.2%
for the PPy antenna. This is in good agreement with the
results based on a microstrip patch antenna for the same two
materials at 6 GHz in [3].

The same observation can be done with the patterns in
the xy- and yz-plane, but, due to a divergence of the patterns
towards higher frequencies (especially for the yz-plane), the
curves are more noisy and the results are less reliable above
7 GHz. Nevertheless, these results are highly encouraging in
a demonstration of the general feasibility of using these types
of materials as conductor in microwave antenna structures.

5. Conclusion

Conductive polymers are promising materials for the man-
ufacture of low-cost and mechanically flexible antennas
with potentially complex geometries. In this paper a planar
antenna design realized with conducting polymer for ultra-
wideband applications has been presented. The design has
been simplified to minimize the area of polymer samples
required and allow for manual manufacture. A tapered
elliptical aperture acts as radiating element between the two
conductors.

Three antennas have been manufactured with a short
feeding structure made out of copper for easy connection.
The body of the radiating structure is built, respectively, in
copper, PEDOT, or PPy conductive polymers. A reasonably
omnidirectional dipole-like radiation pattern over a large
frequency bandwidth with low-input reflections has been
observed for all three antennas. The similarity of the patterns
allowed to estimate the conductor losses by comparing the
gain patterns.
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For the PPy antenna, a very satisfying efficiency of
ec = 79.2% averaged over the whole UWB spectrum
could be measured. This good performance is due to the
large thickness of the free-standing conductive polymer
film. The disadvantage of this arrangement is however
the (currently) manual manufacture of the geometry. The
PEDOT technology allows for the direct printing of complex
geometries onto a carrier substrate. However, the process
is still presently limited in terms of achievable thicknesses,
and, therefore, despite a higher conductivity compared to the
PPy, less satisfactory performances were achieved. For this
antenna, an efficiency of ec = 26.6% has been measured,
which nevertheless encourages further investigation in this
type of material given its potential.

It has been demonstrated in the present study that even
though the PPy conductor exhibits a conductivity lower by
an order of magnitude compared to PEDOT, this drawback
can be compensated by increasing substantially the film
conductor thickness to reach values close to the skin depth.
This approach has resulted in an efficiency loss of only
around 1 dB for the PPy antenna compared to a copper
antenna. As for the PEDOT antenna, the currently achieved
thickness of 7μm in inkjet printing needs to be increased as
it is well below skin depth.

The research on the material side currently mainly focus
on increasing conductivity, for example, in composite form
with carbon nanotubes or graphene. The present results
demonstrate the need for further research on improving
the processability for achieving thicker layer thicknesses, as
complementary path.

The degradation of efficiency coming about through the
use of conducting polymers in the fabrication of antennas
has to be put into the perspective of the attractive properties
of the materials, such as plastic-like mechanical flexibil-
ity, processability, and potential for low-cost patterning.
Potential designs will also benefit from the biocompatibility
and biodegradability for medical applications and from the
electroactivity for reconfigurable designs. Finally, polymer
antennas could be seamlessly integrated in low-cost all-
polymer electronic devices.
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It is aimed that a new ultrathin shell composite reflector is developed considering different design options to optimize the
stiffness/mass ratio, cost, and manufacturing. The reflector is an offset parabolic reflector with a diameter of 6 m, a focal length of
4.8 m, and an offset of 0.3 m and has the ability of folding and self-deploying. For Ku-band missions a full-scale offset parabolic
reflector antenna is designed by considering different concepts of stiffening: (i) reflective surface and skirt, (ii) reflective surface
and radial ribs, and (iii) reflective surface, skirt, and radial ribs. In a preliminary study, the options are modeled using ABAQUS
finite element program and compared with respect to their mass, fundamental frequency, and thermal surface errors. It is found
that the option of reflective surface and skirt is more advantageous. The option is further analyzed to optimize the stiffness/mass
ratio considering the design parameters of material thickness, width of the skirt, and ply angles. Using the TOPSIS method is
determined the best reflector concept among thirty different designs. Accordingly, new design can be said to have some advantages
in terms of mass, natural frequency, number of parts, production, and assembly than both SSBR and AstroMesh reflectors.

1. Introduction

There have been extensive studies on spaceborne reflectors
to increase the performance with a reduced cost. There are
a number of reflector concepts; selection of the best concept
depends on application and size of the reflectors. The main
requirement for large reflectors is that they must be packaged
in the limited volume of the launch vehicle, and they must be
deployed to required shape in orbit. In order to compactly
package a large reflector, the structure is to be folded or
bent; the smaller packaged volume is required to lower the
launch cost [1, 2]. Folding and self-deploying shell reflector
has a thin reflective surface and some reinforcements to
stiffen the structure, which are designed to allow folding [3].
Tan et al. studied the stiffened spring-back reflector (SSBR),
showing the feasibility, folding, and self-deploying capability
of a 0.8 scaled demonstrator. The full-size high-accuracy
offset reflector of 6 m diameter met the requirements for Ku-
band application [4]. Datashvili et al. studied the technical
assessment of the high-accuracy large-spaceborne reflector
antenna concepts for Ku-band. Thin shell reflector antenna

(SSBR) was selected as one of the best options. The SSBR
concept has several advantages over the current state-of-the-
art AstroMesh reflector, namely, simplicity, relatively lower
manufacturing costs, a lower surface error, and a simpler
folding. On the other hand, the main advantages of Astro-
Mesh are its lower mass and its small packaged volume [1, 5].

In this study, it is aimed that a new ultrathin shell
composite reflector is developed considering different design
options to optimize the stiffness/mass ratio, cost, and manu-
facturing. SSBR is taken as reference reflector with a diameter
ofD = 6 m, a focal length of F = 4.8 m, and an offset distance
of 0.3 m. The concepts of stiffening the reflector structure
include (i) reflective surface and skirt, (ii) reflective surface
and radial ribs, and (iii) reflective surface, skirt, and radial
ribs. In a preliminary study, the options are modeled using
the ABAQUS finite element program [6] and compared in
terms of their mass and fundamental frequencies. It is found
the concept of reflective surface and skirt is more advanta-
geous over the other options. The concept is further analyzed
to optimize the stiffness/mass ratio considering the design
parameters of thickness of the skirt, width of the skirt, and
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ply angles. Using the TOPSIS method will be determined the
best reflector design among thirty different designs. Then,
new design will be compared with SSBR and AstroMesh
reflectors.

2. Preliminary Design

The full-scale reflector is an offset parabolic reflector with a
diameter of D = 6 m, a focal length of F = 4.8 m, and an off-
set of XA = 0.3 m. The reflector is modeled in the ABAQUS
finite element software; first, the main paraboloid is created;
next the offset reflector surface is obtained by a cut using a
cylinder with its axis z being parallel to the axis Z of the
paraboloid. Figure 1 shows the details of the modeling, where
offset distance XA = 0.3 m and diameter of the reflector D =
XB −XA = 6 m. There is also flat skirt with a width of 0.15 m
around the rim of the reflector. The SSBR used a triaxial
carbon fiber/epoxy for the reflector, but there are thermal
distortion problems in the triaxial material; hence, a plain
weave carbon/epoxy is chosen instead for the new reflector.
The reflector is assumed to be made of plain weave carbon
T300B/L160 epoxy, with an areal density of dry cloth of
94 g/m2 and a ply thickness of 0.11 mm. Material properties
of a single ply are obtained for a fiber volume fraction of
Vf = 0.485 as E1 = E2 = 60.2 GPa, G12 = 2.94 GPa, v12 =
0.031, and ρ = 1.440 kg/m3, which is based on the analytical
approach developed for plain-woven composite materials
[7].

The three concepts of stiffening the reflector structure
include (i) reflective surface and skirt, (ii) reflective surface
and radial ribs, and (iii) reflective surface, skirt, and radial
ribs. The reflector surface is modeled as a laminated compos-
ite shell, using S4R quadratic elements, with a total number
of elements of 14250. The concepts are compared in terms of
mass and fundamental frequency.

2.1. The Concept of Reflective Surface and Skirt. It is envisaged
that a reflector with much simpler design and significantly
lower mass and lower cost is possible by considering some
design changes on SSBR. First, several stiffening elements
including radial, spiral, central, and rim reinforcements and
a skirt were used in the original SSBR. All reinforcing

Y

XZ

Reflective surface Skirt

Figure 2: Reflective surface with flat skirt, case E.

elements except the skirt are removed in the new reflector
in order to simplify the structure and to reduce its mass.
Second, there were circumferential slits on the skirt near the
rim that was introduced to reduce the stress and/or strain in
the structure during folding. All slits are removed in the new
concept. Hence, we consider only reflective surface with a flat
skirt to investigate full advantage of stiffening.

The concept is modeled in ABAQUS as seen in Figure 2.
It consists of two parts: reflective surface and skirt that are
connected to each other by tie constraints. The skirt is made
of three plies (0/45/0) and a width of 0.15 m, whereas the
reflective surface is made of either three plies (0/45/0) or two
plies (0/45). The case of reflective surface and skirt is denoted
as case E.

2.2. The Concept of Reflective Surface and Rib. Composite
tape springs are commonly used for deployable structures for
stiffening the structure. The tape springs exhibit high initial
stiffness in deployed configuration and folds and deploys
elastically (can be seen in Figure 7).

Therefore, it can be a good choice to stiffen the reflective
surface as a rib. Figures 3 and 4 show the modeled reflector
with initially curved large tape springs. Two options are
considered: (i) the tape springs are attached to the back of
the reflective surface and subject to opposite sense bending
during folding of the reflector denoted as case T and (ii)
the tape springs are attached to the back of the reflective
surface and subject to equal sense bending during folding of
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Table 1: Comparison of different design cases.

Designs
Frequency, (Hz)

mass (kg)
Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6 Mode 7 Mode 8

case Ea 1.025 1.124 3.362 3.385 6.735 6.775 9.282 9.734 15.91

case Eb 1.110 1.212 3.632 3.654 6.920 6.942 7.712 7.725 11.08

case Ta 0.254 0.274 0.328 0.395 0.407 1.018 1.092 1.097 17.69

case Tb 0.232 0.277 0.295 0.351 0.356 0.796 0.905 1.065 12.86

case Da 1.515 1.536 2.262 2.475 2.605 3.251 3.612 3.674 17.69

case Db 1.448 1.461 2.078 2.290 2.328 2.681 2.865 2.914 12.86

case ETa 1.102 1.190 3.516 3.531 6.789 7.145 9.680 9.796 19.15

case ETb 1.178 1.260 3.712 3.722 6.925 7.353 8.288 8.479 14.32

case EDa 2.254 2.314 5.077 5.089 8.306 8.476 9.990 10.18 19.15

case EDb 2.293 2.342 5.160 5.182 7.972 8.136 8.426 8.635 14.32
a
: reflective surface with three plies, b: reflective surface with two plies.
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Figure 3: Reflective surface with tape springs, case T.
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Figure 4: Reflective surface with tape spring, case D.

the reflector denoted as case D. For case T, the tape springs
have the same longitudinal curvature as the reflective surface
and are connected to the reflective surface tangentially. For
case D, the tape springs have the same longitudinal curvature
as the reflective surface, but are connected to the reflective
surface through their edges. For both cases, eight tape springs
are considered and connected to reflective surface by tie
constraints. The tape springs have a subtended angle of
60 deg and transverse radius of 0.3 m and are made of three
ply (0/45/0) composites of the same material. Again the
reflective surface is assumed to be made of either three plies
(0/45/0) or two plies (0/45).

2.3. Concept of Reflective Surface with Skirt and Ribs. In this
concept the reflective surface is stiffened by both skirt and
ribs. Flat skirt is added to the models shown in Figures 3
and 4 by tie constraints. The skirt and ribs are assumed to
have three plies (0/45/0). The cases of reflective surface with
skirt and ribs are denoted as case ED and case ET.

2.4. Results of Preliminary Analysis. The modal analysis is
carried out for each reflector under free boundary condi-
tions; the natural frequencies, mass, and the mode shapes are
obtained. The results are given in Table 1. The cases of E, D,
and ED with reflective surface of two plies are better when
high fundamental frequency with low mass is considered.
The reflective surface with two plies is advantageous due to
less thickness and material cost.

The reflective surface with skirt, case E, has the lowest
mass, and it also satisfies the requirement of a minimum
fundamental frequency of 1 Hz. It can be manufactured as
a single piece. It allows folding and self-deploying. Hence, it
is the best option compared to the other cases.

The reflective surface with rib, case D, has a slightly
higher mass and a higher fundamental frequency. However,
the other modes except mode two have less natural frequen-
cies than that of case E. The reflective surface and the ribs
must be manufactured separately. Attachment of the ribs to
the reflective surface is another issue that must be further
studied. 3D folding behavior of the ribs or the reflective
surface with ribs should be investigated.

The reflective surface with skirt and ribs, case ED, has the
highest fundamental frequency but with a higher mass. This
makes manufacturing even more difficult, and it has still the
same drawbacks of case D.

The mode shapes of the options are given in Figure 5. In
all cases mode shapes have circumferential sine waves along
the rim of the reflector. Two consecutive natural frequencies
are close to each other; corresponding modes are similar but
with a phase angle.

2.5. Thermal Analysis. Structural parts that work in space
environment are subject to great temperature variance. So,
the structural parts need to be made of materials with low
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Figure 5: First four modes of the cases E, T, D, ET, and ED with three-ply reflective surface, from top to down.

coefficient of thermal expansion (CTE). Thermal changes
that occur in orbit cause surface errors and reductions in
performance. Thermal analysis is carried out under thermal
loads for the best three designs of case Eb, case Db, and
case EDb, and then the surface error is estimated, which can
be used to estimate the electrical performance. In order to
measure the surface accuracy, root mean square error (RMS)
is considered. The surface accuracy of reflective surface can
be obtained by considering the ideal design surface and the
best-fit paraboloid surface. The best-fit paraboloid is defined
in XYZ coordinate system as Z = (X2 + Y 2)/(4F), and it
is obtained by minimizing the RMS error using parameters
of Euler rotation angles (θ, φ, ϕ) and the parameters of
translations (x0, y0, z0) from the xyz coordinate system as
follows: ⎡⎢⎢⎢⎣

X

Y

Z
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⎤⎥⎥⎥⎦.
(1)

RMS error in Z direction is calculated for all the nodes as
follows:

δrms =

√√√√∑(
Ẑi − Zi

)2

n
, (2)

where Ẑi is the coordinate of a point of distorted surface and
Zi is the corresponding coordinate of the best-fit paraboloid.

The woven carbon/epoxy composite, which is used for
the reflective surface and the ribs, has a CTE of between 2 ×
10−6/◦C and 6× 10−6/◦C. However, a lower CTE is obtained
when special resin for the space applications is used; hence
a CTE of 0.5 × 10−6/◦C is taken for the analysis. Thermal
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Figure 6: Displacement magnitudes due to LC3 thermal loading (units in mm), case Eb (a), case Db, (b), and case EDb (c).

Table 2: RMS errors for thermal loads.

Thermal loads
Eb Db EDb

RMS (mm) F (mm) RMS (mm) F (mm) RMS (mm) F (mm)

LC1 0.003 4800.25 0.06 4800.36 0.045 4800.16

LC2 0.050 4802.52 0.08 4800.75 0.055 4800.90

LC3 0.035 4800.40 0.04 4800.20 0.032 4800.25

loading conditions are as follows [1, 8]:

LC1: a gradient along the x-direction of 100◦C over the
total length of the reflector,

LC2: uniform absolute temperature −150◦C,

LC3: uniform absolute temperature 170◦C.

The thermal loads are applied to the finite element
model of three concepts using initial temperature of 20◦C.
The displacement contours are shown in Figure 6 for each
concept. The focal length and RMS error for each concept
are given in Table 2. The worst loading is LC2 for both RMS
and the focal length. All concepts yield similar results of
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a low RMS error and small variation in the design focal
length; hence they all are acceptable.

3. Optimization of the Reflector with Skirt

The preliminary study showed that the option of reflective
surface with skirt suits better for low cost, low mass, and
sufficient stiffness. Therefore, it is chosen as the best concept
for the new thin shell reflector. In order to increase stiffness
while keeping low mass the structure is optimized consider-
ing design changes. During the optimization the following
is considered for the design. First the reflective surface is
to have a continuous surface; no discontinuity is allowed.
Next the reflector mass should be less than 14 kg. Then the
reflector has the minimum number of parts with manufac-
turing ease and low cost. Last but not least the reflector must
be foldable.

The design parameters are the thickness of the skirt,
t2, width of the skirt, w, and composite ply angles of the
skirt. Three different widths, 150 mm, 200 mm, and 250 mm,
for the skirt and a maximum of six plies for the skirt are
considered. The reflective surface has the plies 0/45 with a
thickness of 0.22 mm, which are taken to be constant. The
mass and fundamental frequencies are given in Table 3.

Adding 45 deg plies to the skirt increases the frequency.
Increasing the width of the skirt increases both the mass
and the frequency of the structure. The design with a
skirt of 0/45/45/0 and a width of 250 mm has the highest
frequency/mass ratio. However, the frequency is not critical;
the design with a skirt of 0/45/0 and a width of 250 mm has
the second highest frequency/mass ratio but has a lower mass
and frequency.

3.1. Determination of the Best Offset Reflector Model Using
TOPSIS Method. The TOPSIS method developed by Hwang
and Yoon is one of the multicriteria decision-making tech-
niques. The basis of the method is the decision points based
on the proximity of the ideal solution. With this method,
the maximum and minimum values can be compared to

Table 3: Comparison of different designs of reflective surface with
skirt.

Design no.
Skirt with plies 0n, w = 150 mm

n t2 (mm) mass (kg) Freq. (Hz)

1 2 0.22 10.600 0.768

2 3 0.33 11.085 0.850

3 4 0.44 11.550 0.912

4 5 0.55 12.020 0.954

5 6 0.66 12.500 0.988

Skirt with plies 0n, w = 200 mm

n t2 (mm) mass (kg) Freq. (Hz)

6 2 0.22 10.930 1.025

7 3 0.33 11.560 1.127

8 4 0.44 12.200 1.199

9 5 0.55 12.840 1.245

10 6 0.66 13.475 1.278

Skirt with plies 0n, w = 250 mm

n t2 (mm) mass (kg) Freq. (Hz)

11 2 0.22 11.260 1.330

12 3 0.33 12.060 1.469

13 4 0.44 12.860 1.533

14 5 0.55 13.660 1.569

15 6 0.66 14.460 1.585

Skirt with plies 0/45n/0, w = 150 mm

n t2 (mm) mass (kg) Freq. (Hz)

16 0 0.22 10.600 1.070

17 1 0.33 11.085 1.195

18 2 0.44 11.550 1.350

19 3 0.55 12.020 1.388

20 4 0.66 12.500 1.399

Skirt with plies 0/45n/0, w = 200 mm

n t2 (mm) mass (kg) Freq. (Hz)

21 0 0.22 10.930 1.470

22 1 0.33 11.560 1.620

23 2 0.44 12.200 1.829

24 3 0.55 12.840 1.851

25 4 0.66 13.475 1.852

Skirt with plies 0/45n/0, w = 250 mm

n t2 (mm) mass (kg) Freq. (Hz)

26 0 0.22 11.260 1.702

27 1 0.33 12.060 1.990

28 2 0.44 12.860 2.145

29 3 0.55 13.660 2.135

30 4 0.66 14.460 2.105

the ideal state [9–13]. The TOPSIS method consists of six
steps. The TOPSIS method steps are described below.
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Table 4: Reflector designs.

Weight coefficients w1 w2 w3 w4 Value of proximity to decision C∗i
Designs Mass, (kg) Fundamental frequency (Hz) Manufacturing cost Packing volume

1 10.60 0.768 1 5 0.405

2 11.08 0.850 2 4 0.355

3 11.55 0.912 3 3 0.286

4 12.02 0.954 4 2 0.223

5 12.50 0.988 5 1 0.214

6 10.93 1.025 1 5 0.458

7 11.56 1.127 2 4 0.430

8 12.20 1.199 3 3 0.388

9 12.84 1.245 4 2 0.351

10 13.47 1.278 5 1 0.340

11 11.26 1.330 1 5 0.549

12 12.06 1.469 2 4 0.564

13 12.86 1.533 3 3 0.539

14 13.66 1.569 4 2 0.498

15 14.46 1.585 5 1 0.464

16 10.60 1.070 1 5 0.465

17 11.08 1.195 2 4 0.444

18 11.55 1.350 3 3 0.435

19 12.02 1.388 4 2 0.391

20 12.50 1.399 5 1 0.361

21 10.93 1.470 1 5 0.587

22 11.56 1.620 2 4 0.612

23 12.20 1.829 3 3 0.636

24 12.84 1.851 4 2 0.578

25 13.47 1.852 5 1 0.525

26 11.26 1.702 1 5 0.672

27 12.06 1.990 2 4 0.750

28 12.86 2.145 3 3 0.725

29 13.66 2.135 4 2 0.654

30 14.46 2.105 5 1 0.588

Step 1 (creating the decision matrix). The decision matrix
consists of rows of decision point located in the lines. Factors
in the evaluation takes place in the columns. The decision
matrix is shown as follows:

Ai j =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

a11 a12 · · · a1n

a21 a22 · · · a2n

...
...

am1 am2 · · · amn

⎤⎥⎥⎥⎥⎥⎥⎥⎦, (3)

Ai j is the matrix, m the number of decision point, and n the
number of assessment factor.

Step 2 (creating standard decision matrix (R)). Standard
decision matrix is calculated using the following formula:

ri j =
ai j√∑m
k=1 a

2
k j

. (4)

Thus, the R matrix is obtained as follows:

Rij =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

r11 r12 . . . r1n

r21 r22 . . . r2n

...
...

rm1 rm2 . . . rmn

⎤⎥⎥⎥⎥⎥⎥⎥⎦. (5)

Step 3 (constructing the weighted normalized decision
matrix (V)). Weight values are determined according to
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Table 5: Comparison of new design, SSBR, and AstroMesh.

New Design SSBR [1–4] AstroMesh [15]

Aperture Diameter, m 6 6 6

F/D 0.8 0.8 0.64

Offset, m 0.3 0.3 0.75

Mass, kg 12.06 23.6 14.50

Fundamental frequency, Hz 1.99 1.87 2.00

Number of parts Monolithic Monolithic Many (nets, meshes, ring truss, etc.)

Manufacturing and assembly Easier Easy Difficult

purpose (ωi j : i : 1, 2, . . . N). Then each column of the R
matrix elements multiplying with ωi j value and V matrix is
created:

Vij =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

w1r11 w2r12 . . . wnr1n

w1r21 w2r22 . . . wnr2n

...
...

w1rm1 w2rm2 . . . wnrmn

⎤⎥⎥⎥⎥⎥⎥⎥⎦. (6)

Step 4 (ideal (A∗) and negative ideal (A−) creating solutions).
For creating the ideal solution set, the elders of column values
of V matrix are selected. Finding the ideal solution set is
shown in the following formula:

A∗ =
{(

max
i
vi j | j ∈ J

)
,
(

min
i
vi j | j ∈ J ′

)}
. (7)

Here, A∗ = {v∗1 , v∗2 , . . . , v∗n } and J is maximization and
J ′ minimization of the value negative ideal.

For creating the negative ideal solution set, the smaller of
column values of V matrix are selected. Finding the negative
ideal solution set is shown in the following formula:

A− =
{(

min
i
vi j | j ∈ J

)
,
(

max
i

vi j | j ∈ J ′
)}

. (8)

Here, A− = {v−1 , v−2 , . . . , v−n } is shown.

Step 5 (calculating the separation measure). For finding the
deviations of solution set the Euclidian distance approach is
utilized. Here, the obtained deviation values are called ideal
(S∗i ) and negative ideal separation (S−i ) measures. Ideal and
negative ideal separation are calculated using the following
formula:

S∗i =
√√√√√ n∑
j=1

(vi j − v∗j )2,

S−i =
√√√√√ n∑
j=1

(vi j − v−j )2
.

(9)

Step 6 (calculating the relative closeness for the ideal
solution). To calculate the ideal solution proximity (C∗i ),

the ideal and negative ideal separation measure is used.
Calculation of the relative proximity to the ideal solution is
shown in the following formula:

C∗i =
S−i

S−i + S∗i
. (10)

Here, C∗i value gets the range of 0 ≤ C∗i ≤ 1 [14].

3.2. Determining the Best Reflector Design. The natural fre-
quency and mass constitute the first two-column decision
matrix of values in Table 4. The other two columns are man-
ufacturing costs and packaging volume. While skirt thickness
and skirt width increase, the manufacturing cost increases.
The same situation is valid for packing volume. The package
volume increases with the skirt thickness. This is due to the
fact that the minimum bend radius increases with the thick-
ness of material. For these reasons, these criteria are taken
into account using scores from 1 to 5. Weight coefficients
of decision matrix are determined as w1 = 0.4, w2 = 0.35,
w3 = 0.05, and w4 = 0.20.

The decision-making process is evaluated with the
TOPSIS method by taking into account four different criteria
and thirty different designs. Value of proximity to decision
is seen in Table 4. The ideal design is obtained when value
of proximity to decision is the highest. According to this,
the best design is the twenty-seventh design. The optimized
results are compared with SSBR and Astromesh reflector
as given in Table 5. The new design has some advantages in
terms of lower mass, number of parts, ease of manufacturing
and assembly. The 1/3 scale predesign reflector is accom-
plished and a part of ground tests such as folding, modal, and
deploying have been completed. Predesign reflector made of
three-ply (0/45/0) plain weave carbon/epoxy can be seen in
Figure 8.

4. Conclusions

A new ultrathin shell composite reflector is developed
considering different design options to optimize the stiff-
ness/mass ratio, cost, and manufacturing. The stiffened
spring-back reflector is taken as reference reflector. Prelim-
inary design study shows that the reflective surface with only
a skirt has simpler design with high stiffness/mass ratio. This
option is further analyzed to optimize the stiffness/mass ratio
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1/3 scale reflector Folded reflector from one point

Figure 8

considering the design parameters of material thickness,
width of the skirt, and ply angles. The optimized reflector has
a mass of 12.06 kg and a fundamental frequency of 1.99 Hz.
The new design has some advantages compared with pre-
vious design of both the stiffened spring-back reflector and
AstroMesh reflector.
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A novel high-gain textile antenna array system, fully integrated into a rescue-worker’s vest and operating in the Industrial,
Scientific, and Medical wireless band (2.4–2.4835 GHz), is presented. The system comprises an array consisting of four tip-
truncated equilateral triangular microstrip patch antennas (ETMPAs), a power divider, line stretchers, and coaxial cables. The array
is vertically positioned on the human torso to produce a narrow beam in elevation, as such reducing fading and allowing to steer
the maximum gain in a small angular sector centered around the broadside direction. To allow simple low-cost beam steering, we
specifically minimize mutual coupling by using a relative large distance between the patches and by selecting the ETMPA element
as the most suited topology from three potential patch geometries. Moreover, we investigate the stability of return loss and mutual
coupling characteristics under different relative humidity conditions, when bending the array, when placing the system on-body,
and when covering it by different textile layers. Reflection coefficient and gain patterns are simulated and measured for the antenna
system in free space and placed on the human body.

1. Introduction

Garments present a large platform for deploying smart textile
systems combining textiles, electronics, and antennas. Being
flexible, light weight, and conformable to the wearer, a
communication system based on textile antennas can be fully
integrated into clothing [1–5]. For example, one type of
application for wearable antenna systems involves monitor-
ing the activity and life signs of rescue workers active in the
field, with the electronics being integrated into protective
garments, setting up the off-body wireless communication
link between the wearer and the closest base station [6]. In
the literature, much research has been published about textile
antennas based on a single radiating element, operating
in the 2.45 GHz Industrial, Scientific, and Medical (ISM)
band (2.4–2.4835 GHz) [7–10], achieving good performance
in terms of reflection coefficients and gain. The state of
the art of research in wearable antenna arrays shows that
a 3 × 3 fabric Electromagnetic Band Gap (EBG) antenna
array with an overall thickness of 4.48 mm and size of

120 × 120 mm2 can cover the 2.45 GHz ISM band, with a
maximum measured gain of 6.4 dBi at 2.45 GHz in free
space [11]. In [12] a four-element microstrip array on a 3D
woven composite, operating at 1.54 GHz, is presented, but
its gain is really low, and even not indicated. In [13], a two-
element microstrip parallel array on a 3D orthogonal woven
composite is studied, operating at 1.5 GHz with a gain equal
to 6.4 dBi.

In [11–13], the mutual coupling between the adjacent
elements of the array is not studied, whereas in this paper,
we present the design and characterization of a 4-port textile
antenna array system, able to operate in a wireless body and
personal area network, in the 2.45 GHz ISM band. For the
first time in the literature, a complete study of the mutual
coupling between the adjacent elements of the wearable
array is performed when the array is in planar and bent
state. The presented textile array is able to provide more
reliable wireless off-body links, thanks to its array gain and
its steerable narrow main beam. This is realized by deploying
the array vertically on the human torso, allowing to steer
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the main beam in elevation within a narrow angular sector
around the broadside direction, that is, away from the rescue
worker and with the main beam pointing towards the closest
base station, as requested by its intended application. The
large aperture of the array leads to beam confinement, which
in turn results in a smaller number of propagation paths and
thereby less fading.

To achieve simple low-cost beam steering, we adopt a
Uniform Linear Array (ULA) topology, composed of four-
patch antennas. Three different patch topologies are inves-
tigated in order to choose the one yielding the lowest
mutual coupling between two adjacent elements. The sim-
ulated topologies are tip-truncated Equilateral Triangular
Microstrip Patch Antenna (ETMPA), square ring patch an-
tenna, and rhomboidal ring patch antenna. First, the distance
between patches is chosen to be 3/4 λ, where λ is the free-
space wavelength, to minimize mutual coupling between two
adjacent elements, while allowing beamsteering within an
angle of 20◦ around broadside without grating lobes. Second,
it is decided to adopt the ETMPA topology—for the first
time in the literature chosen as radiating element for a
textile antenna array system—since the ETMPA exhibits
lower mutual coupling between adjacent elements than the
other two patch topologies. Third, when deploying the
system on-body, it is verified by real-life measurements that
mutual coupling levels remain low under different adverse
conditions: bending, varying relative humidity conditions,
coverage by different textile layers, and proximity effects due
to the body of the wearer.

Section 2 presents the design of the textile array. First, the
choice of the array topology is explained, then a comparison
between three different patch topologies is performed by
means of full-wave simulations performed on the different
array topologies. This comparison results in the optimal
topology to be adopted as antenna element for the array in
the remainder of the paper. Next, an accurate study of the
textile array with the chosen patch topology is performed.
In this section, it is also shown that the design choices lead
to reliable off-body communication links, thanks to reduced
fading. In Section 3, we show the simulations and measure-
ments performed on the complete system, being a ULA
connected by four coaxial cables to four line stretchers—
providing the phase shifts necessary for beam steering—and
a commercial four-way power divider. The influence of the
relative humidity (rH) on the reflection coefficient of the
antenna array is discussed based on reliable and reproducible
measurements in a controlled environment. Reflection coef-
ficients and gain of the array are simulated by means of CST
Microwave Studio and measured in free space and on the
human body. Additional measurements of gain are carried
out when the array is operating in other reproducible, but
potentially adverse, conditions, demonstrating the array’s
functionality while being placed inside a firefighter jacket.
For the evaluation of performance and safety issues, the 10-
g averaged Specific Absorption Rate (SAR) is calculated and
compared to the ICNIRP [14] and FCC guidelines [15].
A comprehensive study of the mutual coupling between
each patch of the antenna and the other three elements is
carried out when the antenna is in planar and bent state, and
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Figure 1: Top view of the textile antenna array and its position on
the human body. (Note that in this figure, for illustrative purposes,
the array is shown exposed on top of the garment. In reality,
however, it is integrated into the garment.).

under different rH conditions. In Section 4, conclusions are
summarized.

2. Design of the Textile Antenna Array

We now present a textile array providing a higher gain and
offering more reliable communication links in a multipath
environment than a single textile patch antenna. Therefore,
we carefully chose the array and antenna element topology
with the aim of maximizing the antenna aperture and min-
imizing the mutual coupling between two adjacent elements
of the array.

2.1. Choice of Array Topology. We adopted a ULA topology,
composed of four single patch antennas. The textile array is
meant to be worn by a person, and it is vertically positioned
on the human torso, as shown in Figure 1, in between two
layers of garment, to avoid being directly in touch with the
skin of the person. The array aperture was chosen in order
to fully exploit the large platform presented by the garment.
Deploying a vertical array allows to confine the energy within
a narrow beam, centered around the azimuth plane. The
vertical array offers limited steering capabilities of the beam
maximum in a narrow angular sector, centered around the
broadside direction. The total size of the array is 480 ×
180 mm2 and the distance between the four patches is 3/4λ,
where λ is the free-space wavelength, being approximately
122 mm, as shown in Figure 1. The choice of 92 mm between
two consecutive feeding points is a convenient choice as the
complete array should be fit vertically on the human torso.
Also the rather large spacing between two elements is chosen
to minimize mutual coupling, while still allowing limited
steering, and to yield a low-cost array with a large aperture.
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Figure 2: ETMPA.
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Figure 3: Square ring patch antenna.

2.2. Choice of Antenna Element Topology. In order to obtain
the optimal performance from the chosen antenna array
topology, we carefully investigated three antenna element
topologies: tip-truncated ETMPA, square ring patch, and
rhomboidal ring patch. Each single radiating element is
shown in Figures 2, 3, and 4, and their dimensions are
listed in Table 1. Four equal radiating elements are part of
one ULA. Both the patch and ground plane of the array
are made of Flectron, a breathable and highly conductive
electrotextile material, being a copper-plated nylon fabric
with a surface resistivity of less than 0.10Ω/sq. The three
ULAs are simulated on a polyurethane protective foam,
called “Azzurri”, manufactured by Brunet Lion [16], whose
thickness is 3.55 mm and which is typically used in firefight-
ers jackets. The dielectric characteristics of the substrate are
εr = 1.19 and tan δ = 0.003.
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Figure 4: Rhomboidal ring patch antenna.

Table 1: Patch dimensions of the three antenna element topologies
on Azzurri foam, used in the simulation study.

ETMPA (mm) Square (mm) Rhombus (mm)

a 60.1 8.4 8.4

b 69 9.5 9.5

c 8 51.52 51.93

d 52.8 48.44 48.85

Xf 27.5 8.29 10.03

Yf 10 5.56 −2.24

The substrate and patch dimensions were chosen to sat-
isfy the following design criteria within the entire 2.45 GHz
ISM band: ∣∣∣Si j∣∣∣ < −10 dB for i = j, (1)∣∣∣Si j∣∣∣ < −25 dB for i /= j, (2)

i, j = 1, 2, 3, 4, (3)

where i and j indicate the port numbers of the antenna array
(Figure 1) and the Si j denote the pertinent S-parameters. In
Figure 5, the simulated return loss of one patch of each one
of the three ULAs is indicated and, in correspondence to (1),
the ISM band is completely covered for the three topologies.
Figure 6 shows the mutual coupling level between the first
and the second antenna element obtained for each of the
three arrays and it is seen that (2) is satisfied. The lowest
mutual coupling value, however, is obtained for the ULA
with the tip-truncated ETMPA elements. Using this topology,
|S12| remains below−30 dB within the entire ISM band. This
margin of 5 dB with respect to constraint (2) is necessary as
Figure 6 is the result of a simulation, and it can be expected
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Figure 5: Simulated reflection coefficients of one port of the ULA
array: tip-truncated ETMPA (full line), square ring patch (dashed
line), and rhomboidal ring patch (dotted and dashed line).
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Figure 6: Simulated mutual coupling between the first and second
port of the ULA array: tip-truncated ETMPA (full line), square ring
patch (dashed line), and rhomboidal ring patch (dotted and dashed
line).

that actual measured mutual coupling values of the man-
ufactured array will be higher (see Section 3.4). Therefore,
we proceed our study with ULAs consisting of tip-truncated
ETMPA elements. The triangular patch, used as antenna
element, not only guarantees low mutual coupling between
adjacent elements, it also provides radiation characteristics
similar to a rectangular microstrip antenna while occupying
a smaller area. It is frequently used as a microstrip element,
microstrip radiator or for array design on rigid substrates
[17], but never before on a textile substrate. By cutting off

Table 2: Patch dimensions of the tip-truncated ETMPA on the
Azzurri and cotton substrates, used as antenna elements in the array
prototypes.

Azzurri (mm) Cotton (mm)

a 60.1 51.3

b 69 53

c 8 6.6

d 52.8 45.8

Xf 27.5 20.8

Yf 10 7.7

a triangle from one of the tips of the patch [18, 19], the size
of the ETMPA was further reduced.

2.3. Antenna Array Design and Prototyping. The complete
array was hand cut and glued. The four tip-truncated
ETMPAs are fed by means of 50Ω coaxial SMA connectors,
which are manually soldered. To be able to study the stability
of the array characteristics in different relative humidity
conditions (Section 3), the optimal array topology is imple-
mented on two different nonconductive textile substrates,
having very different Moisture Regains (MR), that is, the
above introduced polyurethane protective foam, “Azzurri,”
and a cotton fabric. The characteristics of the Azzurri foam
are of course the ones presented in Section 2.2. The cotton
substrate, composed of four thin layers of cotton fabric to
provide a large enough bandwidth, has a total thickness of
2.27 mm and its dielectric characteristics are εr = 1.94 and
tan δ = 0.02. Geometrical parameters of the patches are
listed in Table 2 and indicated in Figure 2. Obviously, also
for the implementation on cotton, the patch dimensions
and choice of substrate material and thickness are chosen
to satisfy (1) and (2). When deployed, both textile array
implementations—on cotton and on Azzurri—result to be
light weight, conformal to the body, and easy to bend.

2.4. Benefit of the Array in a Multipath Environment. It is
now demonstrated that the above design choices indeed
lead to more reliable off-body communication links. In a
line-of-sight scenario in absence of multipath, the use of
a vertical array is expected to provide 6 dB of array gain
compared to a single textile patch, thanks to the confinement
of the beam in elevation. In the receive case, an extra 6 dB
of gain is obtained as the signal is received by the four
antenna elements of the array. When deploying the array
in a multipath environment, the beam confinement along
the elevation direction will reduce the number of paths
contributing to fading, and it is expected that fluctuations
due to fading will be smaller compared to the single textile
antenna case. This statement was validated by means of the
ray tracer Winprop V7.40 of AWE Communications. We
considered a wireless link in an office building of Ghent
University, of which the floor plan is shown in Figure 7. A
2.45 GHz ISM band access point is located at one end of the
corridor, being position C in Figure 7. A firefighter equipped
with a textile antenna system as shown in Figure 1 walks
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A

B

C

Figure 7: Plan of the indoor environment: the person wearing the
firefighter jacket walks for 21 m from the position A to B, while the
transmitting access point antenna is positioned in location C.

towards the access point from position A to position B, for
a total distance of 21 m. Figure 8 displays the amplitudes
of the signal received by a single textile patch and by the
vertical textile array after beamforming, taking into account
the antenna’s gain patterns shown in Figures 12 and 13. This
clearly demonstrates the benefits of beam confinement in
elevation by the textile array. First, for the receive case, we
clearly observe an array gain thanks to beamforming (Note
that, for the transmit case, the full line will decrease by 6 dB,
since the available power must be equally distributed over the
four antenna elements). Second, the large fading dips seen
in the dotted curve for the single textile antenna are clearly
reduced by the narrow beam generated by the vertical array
(full curve). Hence, both in outdoor and indoor scenarios,
the proposed system will provide more reliable links than a
single textile patch.

3. Simulation and Measurements

To feed the array in the system, a commercially available
conventional four-way power divider is used, attached to the
array by means of four thin flexible coaxial cables containing
four line stretchers, as shown in Figure 9, to guarantee that
(i) the same power is injected at each port of the array and
(ii) beamsteering is implemented by manipulating the phases
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Figure 8: Amplitude of the signal received by the array after
beamforming (full line) versus the amplitude of the signal received
by a single patch antenna (dotted line), as a function of distance to
the transmit antenna.

Network
Analyzer

4-way

power

divider

4 coaxial cables
4 line stretchers

Figure 9: Entire antenna system, consisting of a four-way power
divider, four cables, four line stretchers, and the textile antenna
array.

of the line stretchers. We now evaluate the performance of
the complete textile array system by means of simulations
and measurements. The simulations are all performed using
the 3D simulator CST Microwave Studio. First, the reflection
coefficient of the array system is measured for varying rH
conditions created in a controlled environment. Second, the
array is placed in the anechoic chamber for the measurement
of gain in free space and when being deployed on the human
torso. Third, a comprehensive mutual coupling study is
carried out when the antenna is in planar and bent state and
while varying the rH conditions.

3.1. Reflection Coefficient Measurement under Varying Rela-
tive Humidity Conditions. Environmental changes, such as
humidity, can influence the performance of textile antennas.
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Figure 10: Array on Azzurri: reflection coefficients, simulation (full
line) versus measurements (dashed line).

For example, as fire fighters are subjected to heat and heavy
physical exertion, there is an increase of thermal sweating,
substantially changing the rH. Therefore, in this paper, the
influence of rH on the performance of the array system
is studied. The choice of Azzurri foam and cotton fabric,
as nonconductive antenna substrates, is made as these are
textile materials characterized by a small and a large moisture
regain (MR), respectively: MR of Azzurri is 1.7%, whereas
the MR of cotton is 6.9%. To obtain reproducible and reliable
measurements, the two implementations of the array were
conditioned for 24 hours in a climate test cabinet (WK 350
from Weiss Technik) at a temperature of 23◦C and the rH
was varied each day. At the end of each day, they were
taken out of the test cabinet, one by one, and immediately
measured with an Agilent RF Network Analyzer placed in the
nonanechoic lab environment where the climate test cabinet
is located to prevent any possible change in the conditions
of the antenna. Note that, to cover the complete ISM band,
the required −10 dB impedance bandwidth of the antenna is
83.5 MHz in the [2.4–2.4835] GHz ISM band. The reflection
coefficient of the entire antenna system, consisting of the
four-way power divider, the four line stretchers, and the four
coaxial cables (Figure 9), attached to the array implemented
on either of the two substrates, were measured for an rH
equal to 10%, 30%, 50%, 70%, and 90%. Figures 10 and
11 show the measured reflection coefficient of the array
on Azzurri and on cotton, respectively, in comparison with
the simulated reflection coefficient. The difference between
simulated and measured results in Figures 10 and 11 stems
from the losses that are present in the complete system. The
insertion loss (IL) of the power divider is approximately
6 dB, the IL of each cable is 0.76 dB and the IL of each line
stretcher is 0.2 dB. In the simulations, the IL of the cables
and line stretchers were not considered. On the one hand,
the antenna on Azzurri exhibits a very stable performance,
fully covering the ISM band. On the other hand, for the
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Figure 11: Array on cotton: reflection coefficients, simulation (full
line) versus measurements (dashed line).
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Figure 12: Array on Azzurri: gain pattern at 2.45 GHz, in the
azimuth plane (yz-plane), simulation versus measurement of the
entire array and of one single patch.

antenna on cotton, the resonance frequency decreases with
increasing rH, and the ISM band is no longer covered
when the rH is 90%. This is related to the MR value of
the two nonconductive substrates: in fact, when choosing a
textile material as a substrate for a textile antenna suitable
for integration into garment, the MR value of the textile
must be taken into account, as indicated in [20]. When
varying the rH, the antenna efficiency of the array fabricated
on Azzurri substrate remains nearly constant, whereas for
the antenna elements of the array produced on the cotton
substrate, the radiation efficiency decreases with increasing
rH [21]. Predicting the change of the dielectric constant
of substrates, due to changes in rH, and predicting the
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Figure 13: Array on Azzurri: gain pattern at 2.45 GHz, in the
elevation plane (xz-plane), simulation versus measurement of the
entire array and of one single patch.

variation of the thickness of the substrates, due to swelling
of, for example, the cotton fibers, would be possible by
using techniques described in [22]. However, in this paper,
we opted to skip this step and to immediately implement
two designs, validating directly the end results by means of
reliable measurements in a controlled environment. Given
the lack of stability in the reflection coefficient of the array
on the cotton substrate under varying humidity conditions,
we decided to continue the study for the textile array
implemented on Azzurri foam only.

3.2. Free-Space Measurements. To check if the present array
on Azzurri is a better solution in terms of gain with respect
to the single patch antenna, we performed measurements
and simulations comparing the configuration where the four
ports are equally fed by the four-way power divider to the one
where only one of the four patches is excited, while the other
three patches are connected to a 50Ω load. Figure 12 shows
the gain pattern of the array at 2.45 GHz, in the azimuth
plane (yz-plane). The array’s simulated gain is 6 dB larger
than the simulated gain of the single patch antenna. This
is a predictable result because the array is a four-port array,
gaining 6 dB with respect to the single patch. In reality, this
value cannot be achieved. The entire system, as illustrated
in Figure 9, encompasses different elements, such as line
stretchers, cables, and a power divider, which generate losses
that are hard to avoid. Consequently, the measured gain is
4 dB larger than the gain of a single patch antenna. The
simulated gain pattern has the beam steered along φm = 0◦,
with φm indicating the angle φ in the yz-plane where the gain
is maximum. The measured gain pattern exhibits a beam
steered along φm = −4◦. This deviation is due to the difficulty
to position the entire antenna system (Figure 9) in the
anechoic chamber for measurements. Nonetheless, this small
positioning error does not result in major degradation of the

Woven aramid

Goretex and
nonwoven aramid

Aramid and viscose

Textile array

Figure 14: Antenna between textile layers composing the firefighter
suit.

PNA-X
2 1

SGH

Figure 15: Entire antenna system placed on the human body: port
2 of the Agilent N5242A PNA-X Network Analyzer is connected to
the Standard Gain Horn (SGH) and port 1 is connected to the 4-
port power divider.

array performance, given the sufficiently large beamwidth
of the array. Figure 13 shows the gain pattern of the array
at 2.45 GHz in the elevation plane (xz-plane). The array’s
measured 3 dB beam width is equal to 18◦ and similar
conclusions concerning the difference between measured and
simulated gain, as for Figure 12, can be drawn.

3.3. On-Body Measurements. In real-life applications, the
antenna is positioned vertically on the torso of the human
body, to steer the beam poviding the maximum gain in a
narrow angular sector in the broadside direction, where the
base station is located. The array may be deployed in a
firefighter jacket, whose composing textile layers are shown
in Figure 14. The first layer on top of the array is a
combined moisture and thermal barrier, made of Goretex
and nonwoven aramid, and above it there is an outer shell
fabric layer made out of woven aramid. Below the ground
plane there is a third layer, composing the jacket liner,
made out of aramid and viscose. The resulting effect on the
gain was investigated by means of simulations, with the 3D
simulator CST Microwave Studio, and by measurements.

During measurements, the layout shown in Figure 15 is
adopted to place the entire antenna system on the human
body: the array is integrated into the firefighter jacket, in
front of the human torso, between the textile layers combined
the suit. Four line stretchers are placed between the four SMA
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Antenna
Air gap d= 2 mm
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Muscle 18 mm

r= 38
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Figure 16: The textile array is placed on top of the model of a
human body used for the simulations [23]. The dielectric values of
three different human tissues, at 2.45 GHz, are those reported in
[24–26].
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Figure 17: Gain pattern in the azimuth plane (yz-plane) at
2.45 GHz in open space and when the antenna is placed on-body
in a firefighter jacket: simulations (full line) versus measurements
(dashed line).

connectors and the four coaxial cables that are routed along
the side of the chest to reach the back of the shoulder where
the four-way power divider is located.

As for simulations, we rely on the model [23] depicted
in Figure 16 to simulate the on-body situation: we use a
thickness of 1 mm for the skin layer, 3 mm for the fat layer,
and 18 mm for the muscle layer, together with the dielectric
values of the three human tissues specified in Figure 16.

Figure 17 shows the simulated and measured gain pat-
terns of the array in the azimuth plane (yz-plane) when
located in free space and when deployed on the human body.
The two situations present similar gain patterns, indicating
that the presence of the body does not degrade the per-
formance of the array. For the on-body case, we obtain a
maximum simulated gain of 14.7 dBi versus 10.2 dBi of
maximum measured gain. This should be compared to
14.8 dBi of simulated gain versus 10.3 dBi of measured gain
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Figure 18: Measured reflection coefficients in three different
situations: array in open space (full line), array placed between
textile layers (dashed line), and array placed on-body in a firefighter
jacket (dotted line).
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Figure 19: Measured gain pattern in the azimuth plane (yz-plane)
at 2.45 GHz in three different situations: array in open space (full
line), array placed between textile layers (dashed line), and array
placed on-body in a firefighter jacket (dotted line).

in the free-space case. Note that, although here the pattern
is steered along broadside, in the actual application, the
steering capabilities of the array allow to adjust the direction
of the main lobe.

Due to mechanical limitations of the measurement sys-
tem in the anechoic chamber, on-body gain patterns in the
elevation plane cannot be measured. Figures 18 and 19 show
the measured reflection coefficient and the gain pattern in the
azimuth plane (yz-plane), respectively, of the textile array in
three situations: open space, placed between the textile layers
shown in Figure 14, and integrated into the firefighter jacket
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Figure 20: SAR distribution.

worn by a person. In all the three cases, the ISM band is fully
covered and the gain patterns exhibit the same trend.

The human body has a very complex structure in terms
of electrical parameters of each tissue, thus the energy of high
frequency electromagnetic waves is absorbed by the human
body with various intensity, depending on the part of the
body and on the wave frequency. To analyze this problem
and to guarantee that the antenna in this paper does not
harm the person wearing it, the Specific Absorption Rate
(SAR) is calculated, using the 3D simulator CST Microwave
Studio, which computes the amount of energy absorbed
by the human body. The human body model used for the
simulations is shown in Figure 16. Figure 20 presents the
SAR distribution in the xy-plane of the array at z = 0 when
the input power at each port is 0.5 W. The 10-g averaged SAR
peak value is 0.0124 W/Kg. This value fulfills the ICNIRP
[14] and FCC [15] guidelines for general public exposure.

3.4. Mutual Coupling Measurements . To assess the sensitivity
of the mutual coupling in the array w.r.t. environmental
conditions, more specifically, w.r.t. to changes in the relative
humidity, two types of measurements are performed in a real
nonanechoic lab environment after 24 h of conditioning in
the climate test cabinet and the results are verified against
the conditions (1) and (2): first, the reflection coefficient of
each individual array element is measured, while terminating
the other three elements with a 50Ω load; second, the mutual

coupling between each pair of antenna elements is measured,
while terminating the other two elements with a 50Ω load.
Figure 21(a) shows the measured reflection coefficient at
port 1 of the array, and Figures 21(b), 21(c), and 21(d) show
the mutual coupling between port 1 of the antenna array
and the other three ports, setting rH to be 20%, 40%, 60%,
and 80%. It is observed that the array is rather insensitive
w.r.t. to environmental conditions, always satisfying (1). For
the other antenna elements (ports 2–4) a similar behavior is
observed. Thanks to the careful design, the mutual coupling
between the individual radiators remains low enough and (2)
is always satisfied. Similar characteristics are obtained for the
other combinations of port pairs, being 2 and 3; 2 and 4; 3
and 4.

Next, the mutual coupling between each pair of ports of
the array was measured when the array—in flat condition—
is positioned in our anechoic chamber in three conditions,
being in open space, between the textile layers composing
the firefighter suit shown in Figure 14, and when it is fully
integrated inside the firefighter jacket. Results are shown
in Figures 22(a), 22(c), and 22(e). We note that, given the
fact that the measurements are now performed in anechoic
conditions, the mutual coupling levels are lower than the
ones found in Figures 21(b), 21(c), 21(d) and that they
vary little for the different setups. To verify the effects
of bending on the mutual coupling between each pair of
antenna elements, the array is bent around a plastic cylinder
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(d) Mutual coupling between port 1 and 4

Figure 21: S-parameter measurements after acclimatization of the array, measured in a nonanechoic environment: reflection coefficients at
port 1 of the array and mutual coupling between port 1 of the array and the other three ports.

with a diameter of 15 cm, oriented vertically, that is, along
the y-axis, representing an extreme case where the array is
bent around an arm. The mutual coupling was measured
when the array is in open space and between the textile layers,
composing the firefighter suit, shown in Figure 14. It is found
that mutual coupling is not significantly affected by bending
the textile array. Finally, we observe that both in planar and
bent state, (2) is always satisfied. Similar characteristics are
obtained for the other combinations of port pairs, that is, 2
and 3; 2 and 4; 3 and 4.

4. Conclusion

The design, manufacturing, and measurements were dis-
cussed of a wearable system composed of a four-way power
divider and line stretchers interconnecting a four-element
ULA textile array consisting of tip-truncated ETMPAs imple-
mented on two different nonconductive textile substrates,
that is, cotton fabric and Azzurri foam, operating in the
2.45 GHz ISM band. Thanks to the exclusive use of isolating

and conductive textiles, the array is breathable, flexible and
may be fully integrated into garments, worn by rescue work-
ers or fire fighters, active in a disaster area. The array should
be placed vertically on the human torso, to steer the beam
providing the maximum gain in elevation angle within a
narrow angular sector around the broadside direction, en-
suring that the main beam points towards the base station.
Thereto, a four-patch ULA was chosen with a relatively large
spacing between the individual elements. This leads to a low-
cost design with a large antenna aperture and low mutual
coupling between the patches, allowing easy steering. The
narrow antenna beam also results in less fading and, hence,
reliable communication. Under reproducible rH conditions,
realized in the climate test cabinet, measurements of the
reflection coefficient of the array system were performed:
the implementation of the array on Azzurri foam exhibits
perfectly stable characteristics. For the implementation on
cotton, however, the resonance frequency decreases with
increasing rH, and the ISM band is no longer covered when
the rH is 90%. Hence, when choosing a textile material as



International Journal of Antennas and Propagation 11

−30

−40

−50

−60

−70

−80

(d
B

)

2 2.2 2.4 2.6 2.8 3

Frequency (GHz)

|S 1
2
|

(a) Planar: mutual coupling between port 1 and 2

−35

−40

−45

−50

−55

−60

−65

(d
B

)

2 2.2 2.4 2.6 2.8 3

Frequency (GHz)

|S 1
2
|

(b) Bent: mutual coupling between port 1 and 2

−50

−55

−60

−65

−70

−75

−80

(d
B

)

2 2.2 2.4 2.6 2.8 3

Frequency (GHz)

|S 1
3
|

(c) Planar: mutual coupling between port 1 and 3

−40

−50

−60

−70

−80

(d
B

)

−90
2 2.2 2.4 2.6 2.8 3

Frequency (GHz)

|S 1
3
|

(d) Bent: mutual coupling between port 1 and 3

−50

−60

−70

−80

(d
B

)

−90

−100
2 2.2 2.4 2.6 2.8 3

Frequency (GHz)

Open space
Between textile layers
Into jacket

|S 1
4
|

(e) Planar: mutual coupling between port 1 and 4
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(f) Bent: mutual coupling between port 1 and 4

Figure 22: Mutual coupling between port 1 of the array and the other three ports, when the array is in planar and bent state.

a substrate for a textile antenna array to integrate into a
garment, the MR value of the textile material must be taken
into account. Consequently, a comprehensive study of the
performance of the array system was carried out for the
textile implementation on the Azzurri foam substrate only.
Measurements of the reflection coefficient in the 2.45 GHz

ISM band demonstrate a large bandwidth, providing full
coverage of the ISM band, both when the array system is
operating in free space and when it is deployed on a human
body. Simulations and measurements of the gain patterns
in free space and on-body show very good correspondence,
demonstrating that the human body does not degrade the
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performance of the textile antenna system. Injecting an input
power of 0.5 W at each port of the array, the calculated SAR
values averaged in 10-g tissue show that the textile antenna
array respects the ICNIRP and FCC guidelines for general
public exposure. Next, the mutual coupling between the four
ports of the array was measured for varying rH levels, to
check the sensitivity of the array to environmental changes.
Moreover, a careful study of the mutual coupling between
the four ports of the array was carried out with the array
in planar and bent state, for different setups: in open space,
between textile layers composing the firefighter suit, and
inside the firefighter jacket. Thanks to the ETMPA topology
of the individual patches and the rather large spacing of 3/4 λ
between them, the mutual coupling is always low.

In summary, thanks to a careful design and a thorough
study of mutual coupling effects, we managed to present
a low-cost textile antenna array system functioning in the
2.45 GHz ISM band, with low-cost steering capabilities,
significantly higher gain than a single patch antenna, tolerant
to being placed on the body and resistant to environmental
changes, and resulting in reliable off-body communication
links thanks to reduced fading.
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The vision and ideas of wearable computing systems describe future electronic systems as an integral part of our everyday
clothing that provides the wearer with such intelligent personal assistants. Recently, there has been growing interest in the antenna
community to merge between wearable systems technology, ultrawideband (UWB) technology and textile technology. This work
aimed to make closer steps towards real wearability by investigating the possibilities of designing wearable UWB antenna where
textile materials are used for the substrate as well as the conducting parts of the designed antenna. Two types of conducting
materials have been used for conducting parts, while a nonconducting fabric has been used as antenna substrate material. A set
of comparative results of the proposed design were presented and discussed. Moreover, effects on the return loss by means of
measurements for each fabricated antenna prototype under bent and fully wet conditions were discussed in more details.

1. Introduction

Portable electronic devices have become part of everyday
human life acting as mobile phones that are quite often
carried throughout the day and allow not just telephone
calls alone but also provide internet access, multimedia,
and personal digital assistant. This form of “always on”
and constantly connected status can be considered as a step
towards the pervasive computing paradigm. According to
that, extensive worldwide research has been carried out on
new wearable devices where wearable computers will be
capable to perform as ancestors to smart clothes. In that
sense, smart clothes will ensure the ability of wearable devices
to escape from the confines of the rigid box and hence
merge with textile technology. This kind of incorporation
of antennas into uniform will add the benefit of eliminating
clumsy devices that can be entangled to some extent [1–3].
However, as technologies advances, new and a vast number

of potential applications emerged, such as: wireless trans-
actions, general network connections, navigation support,
location-based services, tourism, security, emergency, child
protection, intelligent transportation system, military appli-
cations, smart suits, backpack radar, battlefield personnel
care, medical monitoring, smart diagnosis, aging care,
biosensors, space applications, and astronaut monitoring.

On the other hand, the key considerations for wearable
electronics are to be lightweight, flexible, small size, inexpen-
sive, able to withstand damage from obstacles (robust), and
comfortable to wear [4–6]. Since the Federal Communica-
tions Commission (FCC) in 2002 approved the commercial
use of frequency bands from 3.1 to 10.6 GHz for Ultraw-
ideband(UWB) systems, UWB antennas received more and
more attention with the advancement of communication
technology [7–9]. The attractive features of UWB antennas,
such as low profile, low cost, and radiation properties, do
not need to transmit a high-power signal to the receiver, can
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Figure 1: CST model along with the geometry and dimensions in millimetre of the current paper design; (a) front view and (b) back view
of the proposed antenna design.
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Figure 2: The fabricated wearable UWB antenna prototypes using flannel fabric with: (a) copper conducting sheet, (b) Shieldit conducting
fabric.

have a longer battery life, and the compact size enhanced
the possibilities of reducing the wearable devices size and
therefore ease the fabrication process [9, 10].

Since 1997, wearable telecommunication systems have
become popular topics in research institutions. Numerous
papers have been published about the design, fabrication and
applications of wearable antennas and systems. Some of these
developments are highlighted below. Several researches have
taken quantum leaps in utilizing textile materials as antenna
substrate [10–12]. Wearable antennas have been developed in
the form of flexible metal patches on textile substrates [13–
15]. A dual-band wearable antenna was discussed in detail
[16, 17]. Furthermore, another investigation of using elec-
trotextile materials for designing microstrip patch antenna as
well as UWB antenna were reported in [18, 19]. In addition,
UWB sensors and their suitability for medical applications
were also considered [20–22]. With all these mentioned
findings, markets opened up to a wide range of potential

requirements and investigations for these novel materials
considering UWB antenna designs and applications. Con-
sistent with all these facts mentioned above, authors of
the current paper aimed to make closer steps towards real
wearability. Moreover, full success can be achieved only
when the antenna and all related components are entirely
converted into 100% textile materials where the use of
embedded textile components guarantees washing of the
electronic suit and accordingly reuse of it. In this work, a fully
textile UWB antenna is presented with detailed discussion
about the concept, simulation, as well as manufacturing
process. Two types of conducting materials have been used
for conducting parts, while a nonconducting fabric has
been used as antenna substrate material. In the following
sections, materials that have been used to accomplish the
wearable antenna design, successive design steps, and a
set of comparative results of the proposed design shall be
presented. Moreover, effects on the return loss by means of
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Figure 3: Snapshot of (|S11|) measurement environment of both antenna prototypes using (a) copper conducting tape and (b) Shieldit
conducting fabric.
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Figure 4: Comparison between simulated and measured (|S11|)
results of the proposed wearable textile UWB antenna design.

measurements for each fabricated antenna prototype under
bent and fully wet conditions will be discussed in more
details.

2. Material Selection

The most important properties of textile materials that are
mobilized in wearable applications are flexibility to conform
to the body, comfort to touch, and softness. Applications also
need to be cost-effective, widely available, allow easy inter-
pretation, and provide consistent results. The terms textile

and fabric antenna are used interchangeably here. However,
in most cases, textile antenna refers to an antenna, whereas
the term fabric relates to the substrate material. In this
paper, a fully textile UWB wearable antenna is designed
and analyzed. The proposed antenna designs are made from
flannel fabric substrate material along with two types of
conducting materials that will be discussed in more details
in the following sections.

2.1. Substrate Material. For flexible antennas, textile materi-
als form interesting substrates because fabric antennas can
be easily integrated into clothes. Textile materials generally
have a very low dielectric constant which reduces surface
wave losses and improves antenna’s impedance bandwidth
[19, 20]. In this work, our study focuses on using flannel
fabric as substrate material. Flannel fabric is a kind of 100%
cotton material with smooth, firm, and fluffy surface that
made the fabric suitable for wearable applications. Moreover,
fabric substrate material features might aid in maintaining
the distance to remain constant between the radiating patch
and the ground plane in order to control antenna’s electrical
characteristics. In fact, the smooth and firm surface of fabric
substrate material is required to allow conductive sheets
to be fastened evenly and stoutly on fabric surface. If the
copper sheet detaches merely from one corner and the space
between the metal layers varies, the resonant frequency of
the proposed antenna changes. The thickness of this fabric
is almost 1 mm, but in order to characterize the effect of
textile materials accurately, it is important to know its relative
permittivity. Thus, using the commercial dielectric probe
(reflected method), the measured relative permittivity of
flannel fabric covering the frequency range from 300 MHz
up to 20 GHz is approximately 1.7 while the loss tangent is
about 0.025.
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Figure 5: Comparison between simulated and measured results of the input impedance locus using smith chart. (a) Simulated antenna
using copper conducting sheet, (b) measured results of copper conducting sheet, and (c) measured results of Shieldit conducting fabric.

2.2. Conducting Materials. A systematic study was demon-
strated using two types of conducting materials. Firstly,
copper conducting sheet with a thickness of 0.03 mm is
used in UWB antenna design and numerical analyses for the
sake of preliminary design investigation. After that, another
type of conducting material (Shieldit conducting fabric) with
a thickness of 0.17 mm is proposed for investigation. The
proposed conducting material which is so called “electro-
textile material” seems to be most suitable and convenient
for textile wearable antenna applications when compared
with the unfeasible features of copper conducting sheet (not
possible to be washed, not attractive to the wearer, unable to
withstand multiple deformation processes, etc.).

Shieldit conducting fabric is made from strong polyester
substrate that is plated with nickel and copper, hence it can
perform as high quality flame retardant fabric. The fabric is
coated on one side with nonconductive hot melt adhesive
which make the attachment process easier by ironing the
conducting fabric on to the surface of flannel fabric substrate
material. The proposed conducting fabric can be washed as
well as its ability to resist temperature up to 200◦C.

3. Design Consideration

In general, the design and construction of the UWB planer
monopole antenna consist of a circular parch to be placed at
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Figure 6: Snapshot of measured radiation pattern environment of
the UWB textile antenna using copper conducting sheet.

the top of flannel fabric substrate material—a microstrip feed
line and a partial ground plane beneath the fabric substrate
material. At the starting point in designing UWB fabric
antenna, the main patch is initially calculated using (1) below
in order to create circular patch at the centre frequency of
the UWB spectrum at 7.85 GHz. Where a is the radius of
the circular patch antenna in millimetre, fr is the resonance
frequency in GHz, and εr is the relative permittivity of the
textile substrate material:

a = 87.94
fr
√
εr
. (1)

The transmission line feeding technique is introduced in
order to connect the main radiating circular patch to the
50Ω Sub Miniature Version (SMA) connector. Moreover,
the partial ground plane was implemented for the proposed
antenna design; hence such types of truncated ground
plane play an important role in broadband and wideband
characteristics of the designed antennas. In particular, the
process of ground plane truncation acts as an impedance
matching element that controls the impedance bandwidth
of the circular patch. Thus, it creates a capacitive load that
neutralizes the inductive nature of the patch to produce
nearly pure resistive input impedance. According to that,
ground plane truncation is achieved by slicing the top
portion of the ground plane that covers the radiating patch
element to less than half and covers the transmission line
section only.

Using CST microwave office software simulation pack-
age, the UWB fabric antenna design with copper conduct-
ing sheet was initially proposed and numerically analyzed
based on the characterization information of flannel fabric
substrate material mentioned before. On the contrary, no
numerical analysis has been performed for the UWB antenna
using Shieldit fabric due to software limitation which allows
the setting of copper conducting material only. For further
optimizations, one slit at the top of the circular patch and
two slits at the bottom of both sides of the main radiating
patch are introduced. In addition, a rotated square hole (slot)
at the centre of the circular patch is also needed to fine tune

the impedance bandwidth at certain frequencies. Thus, with
the incorporation of these slits and even the centre slot,
the impedance bandwidth throughout the spectrum of the
UWB antenna frequencies is well-matched below the level of
−10 dB. A 50 ohm microstrip feed line was provided for the
antenna feed; hence the position was determined according
to [23, 24].

Pursuing the simulation process, both UWB antenna
prototypes are fabricated utilizing copper conducting sheet
for the first antenna prototype and Shieldit conducting
fabric for the second antenna prototype. Figure 1 below
demonstrates the CST model along with the geometry and
dimensions in millimetre of the current paper design after
optimization considering that the design of this antenna has
been conducted in air space. The size of the substrate is set
to 60 mm × 60 mm while the patch radius is set to 15 mm
for both proposed and fabricated antenna prototypes and
the ground plane size is set to 50 mm × 27 mm. Yet, all
these dimensions are shown in Figure 1. Measured results of
both fabricated prototypes are compared with the simulated
results of copper conducting sheet antenna design.

4. Textile Antenna Fabrication

Fabrication process of the wearable textile UWB antenna has
been achieved using flannel fabric as substrate material. The
copper conducting sheet and Shieldit conducting fabric are
used as the conducting materials for the radiating element
(front side). However, the ground metal (back side) of both
antenna prototypes is made from copper conducting sheet
in order to study the effect of conducting materials in more
comparable and accurate manner. Moreover, direct metal
soldering is used to connect the feed line of the top radiating
patch and the ground plane to the SMA coaxial connector in
both fabricated antenna prototypes as illustrated in Figure 2.
On the other hand, the process of cutting both types of
conducting materials turns out to be very critical, hence only
a simple cutting tool (scalpel) is used. Thus, the process
of making conducting materials edges precise and accurate
was essential. On the contrary, the attachment process of
both types of conducting materials seemed to be easy,
hence the copper conducting sheet which is backed by self-
adhesive has been pressed easily and nicely over flannel
fabric substrate material. Besides that, Shieldit conducting
fabric that is coated on one side with a nonconductive
hot melt adhesive has been attached to flannel fabric by
ironing and pressing it firmly and easily. Thus, both types
of conducting materials turned out to be good solutions as
both have been evenly placed and fastened over flannel fabric
substrate material. Figures 2(a) and 2(b) demonstrate the
fabricated antenna prototypes using copper conducting sheet
and Shieldit conducting fabric, respectively.

5. Results and Discussions

In order to provide better investigation, this section shall
firstly present the simulated and measured reflection coef-
ficient (|S11|) and bandwidth results of the UWB antenna
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(a) E-Co polar horizontal plane of simulated copper sheet results.
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(b) E-Co polar vertical plane of simulated copper sheet results.
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(c) E-Co polar horizontal plane of measured copper sheet results.
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Figure 7: The behaviour of simulated and measured 2D radiation pattern results of the wearable textile UWB antenna design using copper
conducting sheet considering three different selected frequency samples that represent the overall achieved bandwidth.

design and then briefly discuss and compare between
measured results obtained by both antenna prototypes. After
that, simulated and measured radiation patterns results will
be considered and briefly discussed. Moreover, effects on the
return loss by means of measurements on each fabricated
antenna prototype under bent and fully wet conditions will
be addressed at the end of this section.

5.1. Simulated and Measured Return Loss Results. The wear-
able textile UWB antenna simulated design produced good
impedance matching with reflection coefficient being below
−10 dB. The bandwidth expands from the lower frequency
of 2 GHz till the upper frequency of 15 GHz and thus
resulted in BW of 7.5% over the intended UWB frequency
range. According to that, a network analyzer was used to
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Figure 8: Snapshots of measurement environment of UWB antenna prototype using copper conducting sheet.
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Figure 9: Measured (|S11|) bending results of UWB antenna
prototype using copper conducting sheet.

measure the return loss of both antenna prototypes as
a function of frequency. Figure 3 demonstrates snapshots
of (|S11|) measurement environment of the current paper
antenna prototypes, while Figure 4 made a clear verification
and comparison between simulated (|S11|) results of copper
conducting sheet antenna design and measured (|S11|)
results of both antenna prototypes considering each type of
conducting material.

The black solid line demonstrates the simulated (|S11|)
and bandwidth results of the UWB antenna design using
copper conducting sheet, while the blue long dashed line
shows the measured (|S11|) and bandwidth results of the
antenna prototype with copper conducting sheet as well.
Moreover, the red dash-dotted line shows the measured
return loss and bandwidth results of the UWB antenna
prototype utilizing Shieldit conducting fabric.

Although the slight deviation between the presented
results, Figure 4 exhibited that (|S11|) results were compa-
rable; hence each of the proposed antenna design achieved
more than 12 GHz BW within the UWB intended frequency
range. Moreover, All UWB antenna prototypes maintained
return loss results below the level of 10 dB with an acceptable
and reasonable variation in resonance frequencies depths due
to fabrication and measurement tolerances as well as the
variation in conductivity related to each conducting material
involved in the current investigation. Results indicated that
the measured values of flannel fabric dielectric properties
were valid enough to provide design information, since the
targeted UWB range of frequency is reasonably well met and
hence produced comparable measured results.

In addition, Figure 5 expresses the comparison between
simulated and measured results of the input impedance
locus using smith chart. Figure 5(a) represents the simulated
results of the antenna prototype using copper conducting
sheet where several loops can be observed on the smith
chart within the VSWR = 2 circles. Conveniently, these
loops correspond to locations on smith chart where the
antenna’s impedance locus crosses the real axis and hence
indicated that resonance frequencies are those at which
the input impedance is purely real. Similar performances
have been achieved for the input impedance measured
results for the fabricated antennas utilizing copper con-
ducting sheet, and Shieldit conducting fabric as shown
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in Figures 5(b) and 5(c), respectively. Although the slight
deviations between simulated and measured results are
visible to some extent, Figure 5 exhibited that all fabricated
antennas input impedance results were comparable.

5.2. Simulated and Measured Radiation Pattern Results.
Although the limitation of measurement equipments used,
the behaviour of 2D simulated and measured radiation pat-
tern components of UWB antenna using copper conducting
sheet only is presented, measured and discussed. A snapshot
of measured, radiation pattern environment is depicted
in Figure 6 where the antenna is located in an anechoic
chamber. Furthermore, Figure 7 clarifies the 2D simulated
and measured copolar radiation pattern components in the
horizontal and vertical planes with three different frequency
samples at 5 GHz, 8 GHz, and 12 GHz achieved by copper
conducting sheet UWB antenna design of the current paper,
where measurement process has been conducted in air space.
However, for the sake of better comparison, the measured
radiation pattern results were plotted in the range between
−90◦ and +90◦. Moreover, the magnitude of the radiation
pattern has been normalized to simplify the viewing of
measured results.

Figures 7(a) and 7(b) represent the simulated horizontal
and vertical planes copolar radiation pattern components
respectively of UWB antenna design using copper conduct-
ing sheet. On the other hand, the measured copolar radiation
pattern components of the fabricated antenna prototype
using copper conducting sheet representing the horizontal
and vertical planes respectively are demonstrated in Figures
7(c) and 7(d).

From Figures 7(a) and 7(b), it can be noticed that the
antenna resembles omnidirectional radiation pattern com-
ponents in the vertical plane whatever the frequency under
analysis, while two nulls are visible along the horizontal
plane for each frequency under analysis. Moreover, from
Figures 7(c) and 7(d), one can observe the slight difference
between simulated and measured radiation pattern results in
the horizontal and vertical planes. This slight difference can
be related to fabrication tolerance and misalignment during
measurement setup. However, both results correlate well to
each other hence the patterns are similar. Although the other
antenna prototype using Shieldit conducting fabric was not
measured due to limitations in measurement equipments,
the expectation of producing omni directional radiation pat-
tern are high. Thus, these results claimed that future antenna
designers need to ensure that wearable telecommunication
devices operate properly in the vicinity of human body. In
particular, even though UWB antennas known by its low-
power operation and extremely low radiated power, special
attention must be paid to the specific absorption rate (SAR)
in order to avoid harm to human body.

5.3. Simulated Gain and Efficiency Results. The variations
of frequencies versus the gain of the wearable textile UWB
antenna design are all demonstrated in Table 1. The maxi-
mum gain achieved was about 4.8 dB at 10 GHz. In contrast,
the highest percentage of efficiency reached 95% at 6 GHz

Table 1: Gain and efficiency simulated results of textile uwb
antenna design.

Frequency
(GHz)

Gain (dB)
Efficiency

(%)

2 2.6 92

3 3.6 93

4 3.0 93

5 2.8 94

6 3.4 95

7 4.2 94

8 4.0 92

9 4.2 95

10 4.8 91

11 4.3 89

12 3.9 91

13 4.0 92

14 4.0 91

15 4.0 85

and 9 GHz. However, the lowest efficiency was about 85% at
15 GHz. Consequently, results showed that this present paper
design has low power consumption due to the achievement
of gain results that was less than 5 dB in most range of
frequencies between 3 GHz and 15 GHz. In addition, the
efficiency of the antenna could be considered vast compared
to commercial antennas.

5.4. Effects of Antenna Bending on Measured Return Loss . In
a realistic on-body application, the antenna is supposed to
be integrated into a suit, and accordingly it will be subject
to bending and wetness. Therefore, the effects of bending by
means of measurements on both proposed UWB antenna
prototypes are investigated. Both antenna prototypes are
tested on polystyrene cylinder with a diameter of 80 mm
that corresponds approximately to the typical size of human
adult arm. Moreover, each antenna is studied in conven-
tional planer form (as discussed previously) and at four
bending positions: horizontal convex, horizontal concave,
vertical convex, and vertical concave. Figure 8 demonstrates
snapshots of measurement environment of UWB antenna
prototype using copper conducting sheet, while Figure 9
illustrates measured (|S11|) bending results of copper sheet
antenna prototype.

The impedance performances of UWB antenna with
copper sheet considering all bent positions are nearly the
same with slight fluctuations in return loss when compared
with measured planer position. According to that, results
indicated that UWB antenna with copper conducting sheet
functions satisfactorily under most bending conditions.
However, further investigations need to be performed in
order to study the effect of severe bending angles as well as
crumbling effect on antenna performances.

On the other hand, similar investigations have been
performed on the UWB antenna prototype using Shieldit
conducting fabric. Figure 10 demonstrates snapshots of
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(a) H-convex (b) H-concave (c) H-convex (d) H-concave

Figure 10: Snapshots of measurement environment of UWB antenna prototype using Shieldit conducting fabric.
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Figure 11: Measured (|S11|) bending results of UWB antenna
prototype using Shieldit conducting fabric.

measurement environment of UWB antenna prototype using
Shieldit conducting fabric, while Figure 11 illustrates the
measured bending results of Shieldit conducting fabric
antenna prototype. The impedance performances of UWB
antenna with Shieldit conducting fabric considering all bent
positions are almost identical with slight fluctuations in
return loss when compared with the measured flat position.
According to that, results indicated that UWB antenna
with Shieldit conducting fabric functions satisfactorily under
most bending conditions. However, further investigations

need to be performed in order to study the effect of severe
bending angles as well as crumbling effect on the proposed
antenna performances.

5.5. Antenna Performance on Wet Conditions. Water has got
a very high dielectric constant as compared to any fabric
substrate material. Thus, when an antenna absorbs water, the
moisture might change the antenna performance parameters
significantly. The higher dielectric constant of water dom-
inates the antenna performance by changing the resonant
frequency. According to that, wearable antennas need to be
measured considering wetness aspects.

In the current paper, measured results of four different
states considering wetness, dampness and even when fully
dried again for the UWB antenna prototype using copper
conducting sheet and Shieldit conducting fabric are depicted
in Figures 12 and 13, respectively.

Moreover, Figures 14 and 15 illustrate, the measured
(|S11|) results of UWB antenna prototypes using copper
conducting sheet and Shieldit conducting fabric, respectively.
Firstly, the textile antenna prototype was kept under water
for more than three hours and measured inside water. After
that, antenna under test was taken out of the water and
measured immediately. Then, the antenna has been dried up
using dry towel and measured; hence this state is recalled as
approximately dry condition. Finally, the performance of the
integrated antenna was tested when fully dried again.

From Figures 14 and 15, the blue solid line demonstrates
the planner antenna performance when it was dry (before
putting the antenna inside water) and after completely dried,
while the dotted line shows the antenna performance inside
water (completely wet). On the other hand, the short dashed
line represents the immediately wet antenna state; hence the
antenna was measured when it has been taken immediately
out of water. Moreover, the dash-dotted line illustrates the
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(a) Inside water (b) Immediately wet (c) Approximately dried (d) Completely dry

Figure 12: Snapshots of measured results of UWB antenna prototype using copper conducting sheet considering different states of wetness,
dampness, and fully dried.

(a) Inside water (b) Immediately wet (c) Approximately dried (d) Completely dry

Figure 13: Snapshots of measured results of UWB antenna prototype using Shieldit conducting fabric considering different states of wetness,
dampness, and fully dried.

performance of the antenna after it has been dried (using dry
towel) and measured.

In the case of copper sheet antenna prototype, the inside
water and immediately wet measurements indicated that the
antenna was able to resonate with an expected degradation in
resonance frequency while the frequency depth maintained
to be below −8 dB in all UWB frequency range. After drying
the antenna with dry towel, measured results (approximately
dry) indicated that the antenna showed good impedance
matching performances from 2 GHz up to 15 GHz with
some negligible effect of water and moisture on antenna
performance. Finally, results reported that the performance
before and after wetness as the antenna has been fully dried
remained unchanged.

However, Shieldit fabric antenna prototype is measured
inside water and hence results indicated that the antenna is
able to resonate with an expected degradation in resonance

frequency while the frequency depth maintained to be
below −8 dB in all UWB frequency range. Although the
slight deviation, measured results of immediately wet state,
approximately dry state, and fully dried condition showed
that the antenna performances remained unchanged when
compared with measured results of planer state before
wetness. Results indicated that the minor effect of water
and moisture on antenna performance makes the proposed
antenna suitable for humid conditions as well.

6. Conclusion

Fully textile antennas and specially electrotextile materials
themselves have strong potential to be used as antennas
for transmission purposes in garments. In the current
manuscript, UWB wearable antenna using fully textile mate-
rials are proposed and presented. The proposed antenna
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Figure 14: Measured (|S11|) results of UWB antenna prototype
using copper conducting sheet considering several wet conditions.
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Figure 15: Measured (|S11|) results of UWB antenna prototype
using Shieldit conducting fabric considering several wet conditions.

design provides more than 12 GHz bandwidth with such
compact size and flexible materials and showed good
measured return loss (|S11|) characteristics, omnidirectional
patterns, as well as adequate gain and efficiency results.
Moreover, effects of bending and wetness by means of mea-
surements on both proposed UWB antenna performances
are investigated. Results indicated that flannel fabric can
act and perform as good candidate for textile wearable
applications and possible to replace rigid board substrate
materials. Besides that, the fabricated antennas using textile

conducting materials complied wearable antennas require-
ments by providing the wearer with compact antenna
prototypes, flexible materials, ease of washing as well as
ensuring the attractiveness of wearable devices. However,
washable packaging of the electronics and durable inter-
connections remain major challenges to be tackled for all
wearable electronics. Consequently, evaluation of long-term
behaviour, durability and system performance after repeated
wetness and laundering should invariably be considered in
research tasks.
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Some results on embedded antennas for medical wireless communication systems are presented. Medical telemetry can advanta-
geously assist medical diagnostics. For example, you can better locate a diseased area by monitoring temperature inside the human
body. In order to establish efficient wireless links in such an environment, a special attention should be paid to the antenna design.
It is required to be of a low profile, very small regardless of the working frequency—434 MHz in the ISM band, safe, and cost
effective. Design of the as-considered antenna is proposed based on a simple model. The approach has been demonstrated for a
compact flexible antenna with a factor of 10 with respect to the half-wave antenna, rolling up inside an ingestible pill. Measured and
calculated impedance behaviour and radiation characteristics of the modified patch are determined. Excellent agreement was
found between experiment and theory.

1. Introduction

Medical applications benefited from recent research in
the field of miniaturized wireless communication systems.
Depending on the working frequencies, one of the main chal-
lenges is to design very small antennas; that would be to make
these communication systems implantable or ingestible in
the human body. Various types of compact antennas have
been investigated [1–7]. Nevertheless, it is sometimes quite
difficult to design the same kind of proposed antennas when
the working frequency or the available space is different.
Indeed, no design rules have been given to help the engineers.

In the case of digestive monitoring system, an ingestible
capsule with a small size is required. Therefore, all monitor-
ing systems must be implemented inside the desired pill.

For example, we can retain a classical used pill as shown
in Figure 1. The space allowed is very limited. This is espe-
cially true when not only the antenna but also other active
parts (batteries, sensors, etc.) of the communication system
are embedded within a pill.

Moreover, these parts have to be shielded from a radi-
ation that can interfere with the sensor and generate erro-
neous data.

The dimensions of the selected pill are 7 mm diameter
and 17 mm height. So, we propose to investigate a microstrip

patch antenna for which a particular effort in terms of mini-
aturization must be done. Two main points support this deci-
sion. Firstly, this kind of antenna presents a ground plane
on its bottom face which can advantageously be used for
shielding the electronic part of the module from radiation.
Secondly, if this antenna is manufactured on a flexible sub-
strate, it can easily be rolled up inside the pill.

The retained frequency for this specific application is
from the ISM bandwidth (433.05; 434.79 MHz) in which
equivalent isotropic radiated power (EIRP) must be lower
than 14 dBm. So the main challenge is to reduce the size of
the antenna for about a factor of 90% compared with clas-
sical half-wavelength patch antenna and to ensure the con-
formability inside the pill.

Herewith, we will start by presenting the antenna geome-
try and the design rules to obtain an initial structure close to
the optimal one. Our aim is to provide a very simple model
in order to limit the optimization effort.

This approach proves its efficiency because the length of
the proposed antenna for first estimation and final solution
is slightly modified.

A first didactic example of low-cost antenna in free
space on FR4 dielectric (εr = 4.4 and height = 1.58 mm) is
proposed.
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Figure 1: Example of possible pill.

This structure has been optimised with CAD simulation
tool like Ansoft HFSS. Scattering parameter (S11) shows a
good agreement between simulation and measurement. The
input impedance of the antenna can take any value between
0 and a maximum value fixed by the geometry. To illustrate
this concept, an example of 25Ω input impedance antenna
is proposed. This input impedance can be easily changed by
choosing an appropriate position of the feeding point along
the structure. Finally, the dimensions of a medical folding
antenna is proposed and investigated. All are within an envi-
ronment whose properties are close to those of the human
body with concluding results.

The preliminary design method will be described in
detail below.

2. Theoretical Considerations

2.1. Physical Analysis of Field Distributions. Patch antennas
(Figure 2) are very common structures, but their size is one
of the main drawbacks (half guided wavelength size). As long
as the patch antenna works on its TM01 mode, it is possible
to state that the electrical field has constant amplitude along
its width (W) and varies in cosine along its length (L). A
common technique to reduce the overall size of a microstrip
patch antenna is to use only half part of this antenna placing
some shorting points on the null electric field plane. The field
distribution remains unchanged in both the cases. In this
configuration (Figure 2(b)), the antenna length corresponds
approximately to a quarter guided wavelength [8].

Introducing one or more impedance steps in the struc-
ture (Stepped Impedance Resonator, SIR Concept, Figure 3)
will lead to either one of the following: a nonperiodic fre-
quency behaviour with nonharmonic values resonant fre-
quencies [9, 10] or smaller structures without changing their
fundamental working frequency. One typical example for
this is the H-antenna [11, 12] obtained from a half-wave
structure. An example to reduce the overall size of such an-
tenna would be to combine the two previous techniques as
shown in Figure 4.

Finally, if the smallest line width is long enough in this
last structure, it is possible to further reduce the length of the
antenna by meandering it. The concept of using these three
miniaturization techniques is very appealing in terms of
compactness. However, it would be more interesting if one

can determine approximate dimension of such a structure in
a simple way.

2.2. Design Method. It is well known that resonance condi-
tions are achieved when the imaginary part of the equivalent
input impedance of a resonator is null. In case of short-ended
SIR antenna, by neglecting the discontinuity effects, it is pos-
sible to propose a simple model for this kind of structure. The
SIR antenna is now reduced to two transmission lines with
different characteristic impedances, ended with one part by
a short circuit and the other part by an open circuit. This
model is presented in Figure 5.

The impedance Zinput at a distance L from a given im-
pedance load through a lossless transmission line with an
homogeneous characteristic impedance Zc and a wave num-
ber β is given below

Zinput = Zc · Zload + j · Zc · tan
(
β · L)

Zc + j · Zload · tan
(
β · L) . (1)

This equation can be applied to both sections of the proposed
design. So, for the structure described in Figures 3 and 4, the
equivalent impedance Zr1 presented at the end of the first
line section (W1, L1) loaded by an open circuit is given as
follows:

Zr1 = − j · Zc1
tan

(
β1 · L1

) . (2)

Through the second line (W2, L2), the equivalent impedance
can be calculated by substituting Zr2 equal to zero on the
short cut plane (short circuit) at the working frequency:

Zr2 = Zc2 · Zr1 + j · Zc2 · tan
(
β2 · L2

)
Zc2 + j · Zr1 · tan

(
β2 · L2

) = 0. (3)

We can get the condition of resonance (4) by solving (2) and
(3) which will lead us to a two-equation system given by (5).

Zc2 · − j · Zc1 + j · Zc2 · tan
(
β2 · L2

) · tan
(
β1 · L1

)
Zc2 · tan

(
β1 · L1

)
+ Zc1 · tan

(
β2 · L2

) = 0,

(4)

− Zc1 + Zc2 · tan
(
β2 · L2

) · tan
(
β1 · L1

) = 0,

Zc2 · tan
(
β1 · L1

)
+ Zc1 · tan

(
β2 · L2

)
/= 0.

(5)

Here, we have to find the optimal value of the quadruplet
(Zc1, Zc2, L1, L2) which satisfies the conditions given by (5).
Equation (5) represents an overdefined system. This leads
designers to choose which variable should be fixed first.

Since the problem is related to compactness, the width
and the length of the first part have to be first chosen.

An important effort of miniaturization is made by mean-
dering the high impedance line. To improve this effect, the
second line width has to be compatible with meandering, and
it also should be fixed.

By setting the values of W1, W2, and L1, it is possible to
determine the length L2 for which the given operating fre-
quency is achieved. For example, if we choose W1 = 18 mm,
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Figure 4: Short-circuited SIR antenna.

L1 = 3 mm, and W2 = 0.2 mm, then L2 can be calculated as
67 mm for the resonant frequency of 434 MHz.

As the difference in width goes higher, more importance
will be placed on compactness.

To further increase the compactness, the second line
section can be meandered according to the width of the first
section line (Figure 6). The gap between meandered lines has
to be adjusted to have a capacitive coupling between arms
as low as possible. Thus, the chosen gap will be five times
greater than its width. The feeding point along the antenna is
dependent on the input impedance chosen for the antenna.
Indeed, the antenna can be matched directly on any real im-
pedance under a maximum value determined by the geome-
try. An HFSS simulation is also required using L2 as the only
optimization parameter.

Open 
circuit

W 2

W 1

Zc1
Zc2

Zr1 Zr2

L1 L2

Figure 5: Description of the structure.

H-plane

E-plane

H-pla

E-plane

Figure 6: Final antenna.

3. Results

3.1. First Realization on Rigid and Low-Cost Substrate. Accor-
ding to the design rules previously presented, a free space an-
tenna built on FR4 substrate is fabricated. A gap between
two meandered lines is chosen equal to 1 mm as mentioned
before. This structure is simulated and optimized using
Ansoft HFSS. Optimal dimensions are 18 mm × 9 mm with
the first line section dimension of 3 × 18 mm2 and for the
second one 0.2×75 mm2. The L2 length is shifted 8 mm from
formula compared with simulations and measurements re-
sults. This could be explained by discontinuities effects along
the antenna which are not taken into account in the simple
used model.
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Figure 8: Radiation pattern Gϕ (dot dash) and Gθ (solid) at
434 MHz and 25Ω access as simulated.

The design of the proposed antenna is given in Figure 6.
The input impedance chosen for the antenna is, for example,
25Ω, but it can vary from 0 up to 6 kΩ in this topology.

Measurements of scattering parameter S11 are in a good
agreement with simulations as shown in Figure 7.

Radiation pattern is given in Figure 8 in two characteris-
tic planes. Maximum radiation gain is around −33 dBi, with
a radiation pattern quite omnidirectional in the ϕ = 0 plane.
The gain can be improved by increasing the length of the L1

section but at the expense of compactness.
We have proposed an antenna design method with strong

constraint in terms of compactness. This method is based
on the prior knowledge of characteristic impedance and pro-
pagation constant values of the two line sections. This infor-
mation could be evaluated by the formula given by [13]. The
length of L2 is then evaluated using (5) to fix the resonant
frequency. This method has been applied to design a con-
formal antenna for medical application in an environment
whose properties are close to those of the human body. In
this type of application, a flexible substrate is suitable to roll
in the antenna inside a pill.

3.2. Realization on Flexible Substrate. To ensure compactness
constraints of ingestible pills, the design has been carried
out on a 50 μm thickness flexible substrate (AP8525 from
DuPont Pyralux) with a metal thickness of 18 μm and a rela-
tive permittivity of 3.4.

Antenna dimensions are evaluated based on the previous
design rules.

As stated before, the method is based on the prior knowl-
edge of characteristic impedance and propagation constant
values for each line sections. These values are thus computed
by HFSS modelling each line cross-section. Fixing the width
and the length of the first line section (18 × 3 mm2) and the
width of the second one (0.2 mm), the length L2 could be
calculated according to (5). The computed length L2 is found
equal to 22.5 mm. As in the case of the first studied antenna,
a shift of 6.5 mm from formula compared with simulation
and measurement results is observed. The second line section
dimensions are therefore 0.2 × 16 mm2. Dimensions of the
antenna built on flex are 18 × 5.4 mm2 which is completely
compatible with the dimensions of the selected pill.

A prototype of the antenna has been fabricated and
investigated according to the measurement setup described
in Figure 9. This consists of the antenna under test (1)
immersed in a 20 cm diameter container (2) full of specific
human tissue equivalent liquid material with a dielectric
constant of 49.6 and a conductivity of 0.51 S/m. The receiver
(3), 80 cm aside from the container, consists of a half-
wave vertical polarized patch antenna (5 dBi gain) associated
with low noise amplifier (LNA) to be as close as possible
to the target application. The reflection and transmission
coefficients were measured by a vector network analyzer
(VNA) (4) operating over the range of 300 kHz–20 GHz with
50Ω RF input impedance.

Measurement results show a good matching with simula-
tion in terms of frequency setting and scattering parameters
(Figure 10). The link budget (transmission coefficient) has
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Figure 9: Structure of the system.
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Figure 10: Measured scattering parameter of the antenna deep in
tissue-equivalent liquid material.

been measured when the antenna is rolled in or not in the
pill. No major change has been observed between the two
configurations. Moreover, the radiation of the proposed an-
tenna is quite omnidirectional. Different configurations have
been tested, and the budget link is slightly modified (less than
3 dB over 360◦ range).

To improve the link budget, one can actually imagine a
receiver placed on the human body interface. In this case,
the received antenna should be designed properly taking into
consideration the human body impact.

A first prototype of the final system is presented in
Figure 11. The antenna is rolling up inside the capsule, and
therefore the active part is shielded by the ground plane of
the antenna.

4. Conclusion

In this paper, we have demonstrated that a very compact
antenna (λg/20) can be obtained using several miniaturiza-
tion techniques. The dimensions of the design have been cal-
culated from a simple theoretical model. The difference bet-
ween first estimation and final solution is minimal which
proves the approach efficiency. To illustrate this concept, we
have designed an antenna working around 434 MHz fre-
quency. An antenna of size 18 mm × 9 mm is designed com-
pared with classical half guided wavelength patch antenna
(20 cm on FR4 substrate). A size reduction of the overall an-
tenna of about 90% is achieved. Any arbitrary real input
impedance from 0 up to few kΩ can be chosen by finding
appropriate position of the feeding point along the structure.
Simulations and measurements match well whereas radia-
tion pattern is quite omnidirectional in one plane. This an-
tenna has also been designed on a flex substrate to be in terms
embedded as a conformal antenna in different applications
like ingestible medical wireless capsule. An example of this
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(a)

(b)

Figure 11: Structure of the system.

antenna has been achieved showing the interest of such
an approach. A good quality link from pill embedding con-
formal antenna to a receiver shows the feasibility of this kind
of antenna.
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In this paper, two different methods for fabric characterization are presented: a single frequency method and a broadband
method. Felt and denim fabrics are characterized, and patch antennas are designed using these substrates to test both methods.
Prototypes of the antennas on felt and denim are manufactured using conductive textile (called electrotextile) aiming to obtain
fully flexible antennas. The prototypes are characterized in anechoic chamber to be compared and obtain conclusions related to the
characterization methods. A new dual-band hexagonal AMC reflector combinable with antennas is also proposed to improve their
performance and reduce the backward radiation to the human body. A novel broadband CPW-fed monopole antenna is designed
to be combined with the AMC. The resulted prototype is characterized and compared with the performance of the CPW-fed
antenna alone.

1. Introduction

In recent years, flexible and textile antennas have taken a lot
of attention due to their application in wearable systems.
A review of wearable textile antennas is presented in [1],
whereas, in [2], a GPS textile antenna is tested in real-
work conditions. A Bluetooth textile antenna under bending
conditions is presented in [3] and has also been combined
with artificial magnetic conductors (AMCs [4–7]) aiming to
improve their radiation properties [8], reduce the backward
scattered radiation to the body [9, 10], or cover dual-band
applications [9].

Nowadays, research efforts focus on both the design of
new antennas and the development of novel textiles to be
used as antenna substrates. Wearable antennas need to be
integrated within everyday clothing, be low profile, and be
hidden as much as possible. There are also other challenging
works to maintain the critical antenna parameters at an
acceptable level in all “normal” operation condition and
environment. For example, stress (bending) can affect the
axial ratio, operating frequency, and efficiency; humidity
can affect the conductive textiles, by rusting them and
changing their conductivity, as well as the dielectric textiles
by changing their relative dielectric permittivity [11].

Bearing in mind all these facts, the selection of a proper
conductive textile and a substrate for the antenna design

are key points. The electrical parameters of garments are
generally not available in literature. Therefore, the first step
to accomplish is the characterization of the fabric in terms of
dielectric permittivity and loss tangent.

In this paper, two methods for fabric characterization are
presented. Two well-known fabrics, felt and denim, are char-
acterized to test the methods, and prototypes of patch anten-
nas on these fabrics are manufactured using electrotextiles
as conductive parts. Then, these manufactured prototypes
are characterized through return loss and radiation pattern
measurements in order to obtain some conclusions regarding
the characterization methods. In addition, the design of a
novel hexagonal dual-band textile AMC to be combined with
antennas in order to improve their performance and protect
the human body from radiation is presented. A broadband
CPW-fed broadband antenna on felt is proposed to be
combined with the dual-band AMC. Finally, a prototype
of CPW-fed monopole antenna over AMC using felt is
manufactured and characterized. It shows the enhancement
of the antenna performance when combined with AMC.

2. Methods of Fabric Characterization

In order to perform the electrical characterization (dielectric
constant εr and loss tangent tan δ) of the fabrics, two
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(a) (b)

(c) (d)

Figure 1: Fabric characterization setup: microstrip line ((a) and (c)) for calibration and open stub ((b) and (d)) for permittivity
measurement using denim (up) and felt (down).

different methods were used: the method of stub resonator
[12] which is valid for a single frequency and a broadband
method based on a stripline cell [13]. Both methods are
applied to denim and felt fabrics, and their results will be
compared.

2.1. Single Frequency Method. The procedure used in the
method of stub resonator [12] to perform the electrical
characterization (dielectric constant εr and loss tangent
tan δ) of the fabric is as follows: first, the set-up calibration is
carried out by measuring the S21 parameter for a microstrip
line (see Figures 1(a) and 1(c)) on the fabric. Then, the
S21 parameter for λ/4 stub (see Figures 1(b) and 1(d)) is
measured. After this step, simulation of the S21 parameter
for the λ/4 stub is carried out using HFSS software [14]. The
dielectric constant εr is then adjusted in simulations in order
to match the simulated curve of the S21 parameter to the
measured one.

This method of characterization is applied to two
commonly used fabrics: denim and felt. Cupper tape is used
for the metallic parts (ground plane and lines). The line
width and stub length are, respectively, 3.6 mm and 25 mm
for denim, and 4 mm and 26.5 mm for felt. For denim, the
best match for the resonant frequency is obtained using εr =

1.6 (Figure 2). Concerning the loss tangent (tan δ), we
obtained 0.05. The estimated values for felt are, respectively,
εr = 1.22, and tan δ = 0.016. These estimated values will be
used for antennas simulations.

Compared to other characterization methods [13], the
advantages of this one are simplicity, rapidity, no need for
specific equipment, and, finally, applicability to all types of
fabrics.

This method is well suited to textile whose characteristics
are not highly variable with frequency (i.e., the textile
that is not dispersive). If the textiles are dispersive, that is
permittivity varies versus frequency, a broadband method is
preferable [13]. However, it needs some specific setup and
software.

2.2. Broadband Method. Suitable for measuring the complex
permittivity and permeability of isotropic solid materials,
this method is based on a stripline topology (see Figure 3).
The samples come in the form of rectangular plates or thin
films deposited on a dielectric support.

The electromagnetic analysis of the cell is based on a
quasistatic approach. This approach represents the cross-
section of the stripline containing the tested sample by
an equivalent cross-section consisting of a homogeneous
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Figure 2: Simulation and measurement of S21 parameter for the open stub on denim (a) and on felt (b).
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Figure 3: Stripline used for measurements.

medium of effective permittivity and permeability εeff and
μeff. The measurement parameters Si j are traced back to the
actual parameters of the material. The frequency range is
typically 300 kHz–8 GHz. The accuracy of the results is high,
with a relative error less than 5% [15]. This method has been
used to characterize denim and felt samples to compare the
obtained results with those of the single frequency method.

According to this method applied between 1 GHz and
6 GHz, the measured values for relative dielectric constant εr
vary from 1.215 to 1.225 for felt (Figure 4) and from 1.6 to
1.65 for denim (Figure 5). Regarding the loss tangent tan δ,
the values are 0.016 for felt and 0.05 for denim and relative
magnetic permeability μr = 1 for both felt and denim fabrics.

Comparing the obtained results using the two methods,
it can be observed that both of them estimate the same values
for felt, but there are slight differences for denim.

3. Electrotextiles

The manufacturing of antennas integrable into clothing has
become possible through the use of electrotextile, which

1 2 3 4 5 6
1.2

1.21

1.22

1.23

Frequency (GHz)

r

Figure 4: Measured permittivity versus frequency for felt.

are conductive fabrics [16] obtained by interleaving normal
fabrics with conductive metal/polymer threads. The selection
of an appropriate electrotextile is an important step in the
design of a textile antenna. In order to ensure the optimum
characteristics for a definite application, the electrotextile
for textile antennas should exhibit the following properties:
low electrical resistance to minimize losses, flexible to be
able to be deformed when worn, inelastic and tear resistant
to preserve its electrical properties, and light weight to be
comfortable.

Bearing in mind all these facts, two different electro-
textiles have been selected in this paper: “Pure Copper
Taffeta Fabric” and “Shieldit Super.” Properties of such
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Figure 5: Measured permittivity versus frequency for denim.

electrotextiles, provided by supplier are given in Table 1.
Photographs taken through a microscope are presented in
Figure 6. Moreover, the resistivity of both electrotextiles has
been measured in our laboratory IETR, using the “4-probe
setup.”

“Pure Copper Taffeta Fabric” is made using pure copper
and has the advantages of being smooth, flexible, light
weight, easy to be cut and sewn.

An additional adhesive layer is unfortunately needed to
fix the electrotextile to the fabric, thus increasing the losses.

“Shieldit Super” is made of polyester substrate conduc-
tive nickel and copper plated then backed with nonconduc-
tive hot melt adhesive. It has the advantages of excellent
shielding and low corrosion, it is also easy to be cut and
sewn, and, additionally, its adhesiveness is activated at 130◦C
= 266◦F. It can be ironed on to cotton or another fabric.
The use of polyester substrate instead of nylon (as in another
electrotextile) makes it better for moisture management as
it is more hydrophobic and (more difficult it to become
wet) which allow to better conserve its electromagnetic
properties. For these reasons, Shieldit Super will be used
in next section. As a drawback, it can cause skin irritation
because of containing nickel, but this is not a major concern
in the design presented here as an additional fabric layer can
be used to isolate the electrotextile from the body.

4. Antennas on Textile

Two patch antennas at 2.45 GHz using denim and felt fabrics
as substrate are designed and characterized. Both use Shieldit
Super as electrotextile.

Figure 7 shows the manufactured prototypes. The patch
dimensions as well as the return loss and realized gain are
given in Figure 8 and Figure 9 for felt and denim fabrics.

Figure 10 shows the setup for measuring the radiation
pattern of the prototypes using Satimo stargate SG 32.

There is a good agreement between the measurement and
the simulation results both for felt and denim substrates.
A slight frequency shift between the simulation and exper-
imental results is observed both for S11 and gain parameters.
It can be attributed to the manufacturing tolerances.

Regarding the radiation patterns (see Figure 11), one
observes a good agreement between the measured and simu-
lated curves for the principal polarization and a satisfactory
one for the cross polarization.

5. Artificial Magnetic Conductor
(AMC) on Textile

The textile antennas usable in wearable applications can be
combined with artificial magnetic conductors (AMCs) with
the aim of improving the antenna’s radiation properties and
reducing their backward radiation to the human body [4–7].
These performances are achieved due to the AMC in-phase
reflection property. Here, a dual-band AMC, resonating at
2.4 GHz and 5.5 GHz, is designed to be combined with the
dual-band CPW-fed antenna on felt.

The resonance frequency and the bandwidth of an AMC
reflectors are determined by the unit-cell geometry, the
dielectric permittivity, and the substrate thickness. Thus,
for a given dielectric substrate, the unit-cell design plays an
important role to obtain dual-band behavior and to ensure
sufficient bandwidth at each subband.

Figure 12 shows the geometry of the proposed AMC
for dual-band operation. The unit-cell consists of an inner
hexagonal patch surrounded by a concentric hexagonal loop.
The hexagonal shape offers a rotational symmetry for the
wave propagation and the best filling factor which allows the
maximum metallic size and consequently the best bandwidth
results. Dual-band behavior is due to the fact that the central
patch and the surrounding ring have two different resonance
frequencies.

Shieldit electrotextile is used for the metallic elements
(hexagon unit-cells and the ground plane under the dielectric
substrate) and felt fabric with h = 4 mm (thickness), εr =
1.22, and loss tangent tan δ ∼= 0.016.

To find the frequency band in which the periodic struc-
ture exhibits AMC behavior, we have studied by simulation
its reflection coefficient for a uniform plane wave, using
commercial software HFSS V.13 of Ansoft [14].

A single cell of the structure has been investigated
with periodic boundary conditions (PBCs) on its sides,
modeling an infinite structure. Normal incidence plane
waves are launched to illuminate the periodic structure using
a waveport placed a half-wavelength above it. Following [4],
the reflection coefficient phase on the AMC is obtained. The
phase reference plane is taken on the periodic surface.

Simulation has shown that the inner hexagon mainly
determines the higher resonant frequency. Increasing the
elements size, Hex out and Hex in, lowers the resonant
frequency, while increasing the gap 2 dL between unit cells
raises the lower frequency. Hex cut can be used to control the
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Figure 6: Microphotographs of (a) Pure Cooper Taffeta Fabric. (b) Schieldit Super.
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Figure 7: Patch antenna on denim (a) and felt (b) using Shieldit Super electrotextile.
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Figure 8: Prototype geometry description and characterization results for patch antenna on felt: return loss (a) and realized gain (b).
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Table 1: Properties of electrotextiles.

Electrotextile Pure Copper Taffeta Fabric Shieldit Super

Measured resistance (IETR) 0.031 Ohm/sq 0.025 Ohm/sq

Surface resistance 0.05 Ohm/sq <0.1 Ohm/sq

Conductivity 2.5 × 105 S/m 6.67 × 105 S/m

Thread pitch 0.232 mm 0.146 mm

Conductive element Cu Ni and Cu

Adhesive backing No Yes

Thickness 0.08 mm 0.17 mm

Weight 80 g/m2 230 g/m2
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Figure 9: Prototype geometry description and characterization results for patch antenna on denim: return loss (a) and realized gain (b).

Figure 10: Antenna’s measurement setup in Satimo stargate SG 32
anechoic chamber.

lower frequency and the upper band bandwidth. To achieve
dual-band operation at the intended frequencies, the unit-
cell dimensions are optimized. The optimized values are
given in Table 2.

According to simulation results shown in Figure 13 and
detailed on Table 3, the AMC behavior of the structure

Table 2: Unit-cell dimensions for dual hexagonal AMC.

Dimensions (mm)

Hex out Hex cut Hex in dL h

15.7 12 11.5 0.8 4.0

Table 3: Frequency bands and bandwidths for dual-band hexagonal
AMC.

Frequencies (GHz) Bandwidth

fLow fr fUp Total (MHz) %

Lower band 2.40 2.55 2.70 300 11.76

Upper band 5.04 5.50 6.04 1000 18.18

takes place from 2.4 GHz to 2.7 GHz and from 5.04 GHz to
6.04 GHz covering all the WiFi bands.

6. Design of a Novel Broadband Textile Antenna

To show the capabilities of the AMC reflector announced in
the previous section in terms of dual-band operation and
backward radiation reduction, a novel CPW-fed broadband
antenna is designed to be placed over it.
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Figure 12: Dual-band textile hexagonal AMC-manufactured pro-
totype: top view and unit-cell detail.

The geometry of the proposed CPW-fed broadband
antenna is shown in Figure 15. The antenna consists of a
rectangular radiating element with two slots and fed by a
CPW line. Shieldit Super electrotextile is used to implement
these conductive parts which are adhered onto the same side
of a 2 mm thick felt substrate.
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Figure 13: Simulated reflection phase of the AMC surface.

The antenna geometry has been optimized to cover
the S11 bandwidth from 2 GHz to 6 GHz. The resulting
optimized dimensions are given in Figure 14.

In Figure 15 is presented the measured and simu-
lated return loss of the manufactured CPW-fed broadband
antenna. The measurement results yielding a bandwidth
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Figure 14: CPW-fed broadband antenna geometry and prototype.
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monopole antenna without (blue) and with (red) AMC reflector, manufactured on felt substrate.

from 2.1 GHz to 5.7 GHz agree quite well with simulation
ones exhibiting proper matching from 2 GHz to 5.9 GHz.
A slight shift in frequency mainly due to manufacturing
tolerances can be observed.

E-plane and H-plane normalized radiation pattern are
depicted in Figure 19 at 2.7 GHz and 5.3 GHz. As it is
expected for a monopole antenna alone (in free space), the
H-plane pattern is almost omnidirectional. The realized gain
versus frequency is shown in Figure 20.

7. Antenna over AMC on Textile

Figure 16 shows the manufactured prototype of CPW-fed
antenna on AMC using felt and electrotextile. Between the
antenna and the AMC, there is a 2 mm foam layer (see
Figure 17). The prototype dimensions are 87 mm × 77 mm.

In Figure 18, the measured return loss for the CPW-
fed antenna on AMC and for CPW-fed antenna alone is
presented for comparison. It can be observed that a dual-
band performance is obtained for the combined structure
due to the AMC dual-band behavior. A slight frequency
shift to lower frequencies also appears due to capacitive
effects when placing the antenna over the AMC. Finally,
the radiation patterns for both prototypes are shown in
Figure 19, whereas the gain has been depicted in Figure 20.
As it could be expected, the backward radiation of the
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Figure 20: Measured realized gain for the CPW-fed monopole
antenna alone and for the CPW-fed monopole antenna over AMC.

antenna is reduced by the AMC reflector and the gain is
considerably improved.

8. Conclusions

Two methods for fabric characterization are presented in this
paper: one working at a single frequency and the other on a
broadband range. They allowed to retrieve the permittivity
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of felt and denim materials. Based on these data, two patch
antennas are realized on these materials. We obtained a very
good agreement between the simulation and experimental
results for return loss, as well as for the gain parameters,
confirming the reliability of the retrieved data.

One of the major contributions of this paper is the design
of a textile AMC of original shape. This reflector has been
designed to be combined with the textile antennas in order
to protect the human body from radiation in one hand and
to improve the antenna performance in the other hand. AMC
structure has a dual-band behavior and is intended to cover
both of the Wifi bands.

To examine the validity of the AMC properties, we
introduced a novel CPW-fed broadband antenna (working
on the whole frequency range from low Wifi band to
high Wifi band), realized it on felt substrate, and placed
it over the AMC. A remarkable enhancement is obtained
for the backward radiation and the gain of the combined
structure compared to those of the CPW-fed antenna alone,
concluding to the necessity of AMC reflectors for the on-
body applications.
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Textile patch antennas are well known as basic components for wearable systems that allow communication between a human body
and the external world. Due to their flexibility, textile antennas are subjected to bending when worn, causing a variation in reso-
nance frequency and radiation pattern with respect to the flat state in which their nominal design is performed. Hence, it is impor-
tant for textile antenna engineers to be able to predict these performance parameters as a function of the bending radius. Therefore,
we propose a comprehensive analytical model that extends the cylindrical cavity model for conformal rigid patch antennas by
incorporating the effects of patch stretching and substrate compression. It allows to predict the resonance frequency and the
radiation pattern as a function of the bending radius. Its validity has been verified experimentally. Unlike previous contributions,
which concerned only qualitative studies by means of measurements and numerical full-wave simulations, the proposed model
offers advantages in terms of physical insight, accuracy, speed, and cost.

1. Introduction

Textile antennas emerged during the last decade as a new
promising class of antennas that are particularly suitable for
use in wearable applications [1–5]. These antennas can be
fully integrated into intelligent garments, known as wearable
electronic systems [6], enabling the transmission of data col-
lected by wearable sensors or the reception of signals sent to
wearable actuators integrated into clothing. The applications
of wearable systems and textile antennas are numerous, rang-
ing from rescue workers interventions’ coordination to mon-
itoring of dependent patients in hospital and sports appli-
cations.

In order to allow an optimal integration into garments
without hindering the wearer’s movements and comfort, the
most suitable topology for a textile antenna is the planar
patch. This flexible patch may be subjected to bending when
the garment is worn, conforming its shape to the surface on
which it is placed. As a result, stretching of the patch (resul-
ting in an elongation of the resonant length) and substrate
compression (leading to a variation of the dielectric permit-
tivity as a function of the bending radius) can occur.

Since the beginning of textile antenna design, these ef-
fects have been taken into account, however, they were not
well known and were compensated for by increasing the
antenna bandwidth and validating the design afterwards by
experiments [4]. Hence, it is essential to model the behaviour
of the antenna under bent conditions and to predict the
influence of bending on the resonance frequency and the
radiation pattern. Full-wave simulation approaches are a
potential solution, but most available commercial software
tools do not offer the possibility of building a conformal
mesh for bent structures, which results in inaccuracies in the
obtained results. Moreover, these simulations do not offer
physical insight into the bending mechanisms and may re-
quire high computational effort and time. Therefore, we pro-
pose analytical formulas that help the designer to assess a
priori the effects of bending, stretching, and compression.
The work described in this paper focuses on cylindrical
bending in particular, since, for wearable applications, textile
antennas are usually deployed on cylindrical surfaces such as
a human arm, a leg, or a torso.

This study starts from past research efforts on rigid
conformal antennas attached to cylindrical surfaces, of which
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several contributions can be found in literature. Krowne star-
ted by extending the popular cavity model for the rectangular
patch antenna (introduced by Lo et al. in 1979 [7]) to
the cylindrical case [8]. Resonance frequencies for the TEz

and TMz modes were theoretically derived, though radia-
tion patterns were not calculated in this model. A more
comprehensive study was performed by Dahele et al. [9] and
Luk et al. [10]. Their cavity model is only valid for patch
antennas with a very thin substrate, but resonance frequen-
cies, far fields, input impedances, and Q-factors were derived
analytically. Other analytical approaches were also intro-
duced, which allow to calculate radiation patterns of anten-
nas with patches of arbitrary shape [11–13]. However, they
are based on an electric surface current model and assume
the surface current distribution to be known on the patch.

Cylindrical bending of deformable textile antennas has
been an important subject in recent papers, but exclusively
from an experimental point of view [4, 5, 14–16]. The general
conclusions drawn from these contributions are that bending
causes an upward shift of the resonance frequency, a
broadening of the radiation pattern, a decrease in gain along
broadside, and an alteration of the polarisation (in case of
a circularly polarised antenna). Yet, these studies are rather
qualitative and do not provide physical insight into the com-
plex mechanisms occurring due to antenna bending.

The present work tries to overcome all drawbacks of the
previous analysis methods by proposing a comprehensive
study on cylindrical bending of rectangular textile patch
antennas. An analytical model based on the cylindrical cavity
model for conformal antennas, which allows to calculate
both the resonance frequency and the radiation pattern, is
constructed. This offers the advantage of requiring only
small computational effort for calculating the main antenna
performance parameters.

In order to model deformable textile patch antennas,
some novel extensions to rigid conformal antenna models are
proposed:

(1) Wearable textile antennas are usually realised with
electrotextiles as conductive patch materials, which
are subjected to stretching when the antenna is bent.
This causes an elongation of the patch along one
direction and shifts the resonance frequency [17].
This behaviour is integrated into the model by intro-
ducing a factor that determines the location of the
original patch width.

(2) Textile antennas are subjected to compression when
bent, which causes a variation of its dielectric permit-
tivity. This can be tackled by proposing an expression
for the compressed permittivity εr,comp as a function
of the bending radius.

The model is validated by means of

(1) theoretical validation for large curvature radii using
Debye’s expansion for large-order Bessel functions;

(2) experimental validation by measuring five prototypes
based on different substrates with different thick-
nesses, patch materials, and operation frequencies.

The organisation of the paper is as follows. First, the cav-
ity model for cylindrical-rectangular antennas is described in
Section 2. The expressions for the resonant fields inside the
cavity are calculated, from which the resonance frequencies
and radiation patterns are derived. In Section 3, the cavity
model is verified for large curvature radii by comparing the
obtained dispersion relations with the expression for reso-
nance frequencies in rectangular cavities. Section 4 presents
the experimental results. The proposed model is verified by
means of five textile antenna prototypes with different geo-
metries and material characteristics. Both resonance fre-
quencies and radiation patterns are compared. Finally, the
general conclusions are summarised in Section 5.

2. Theory

The geometry of the cylindrical cavity representing the textile
antenna is shown in Figure 1. The length and width of the
wearable antenna are denoted by L and W , and the flexible
dielectric substrate has a height h and relative permittivity εr .
The curvature radius is a, and the angle formed by the edges
of the patch is β.

In order to obtain a relationship between W , a, and β,
one has to take into account whether the antenna patch is
stretchable or not. According to [17], the following relations
exist for stretchable patches:

ΔW

W
= h

2a + h
, (1a)

β(a + h) =W + ΔW , (1b)

with W + ΔW the width of the bent patch. This is shown in
Figure 2. Combining (1a) and (1b) leads to

β

(
a +

h

2

)
=W. (2)

This means that the original patch width is located at ρ =
a+h/2 due to patch elongation. If the patch is nonstretchable,
the patch length does not vary when bending the antenna
and groundplane crumpling occurs. The original width W is
then still located at ρ = a + h.

Because textile antennas can be constructed using both
stretchable and nonstretchable patches, we introduce a factor
d (Figure 2) that determines the location of the original
width:

W = β(a + hd). (3)

This factor d can take values between 0.5 and 1. For perfectly
stretchable patches we find that d = 0.5 and for perfectly
nonstretchable patches d = 1.

2.1. The Cavity Model. We now proceed with the derivation
of the cylindrical cavity model [8]. The cavity is bounded by
electric walls at ρ = a and ρ = a + h and magnetic walls at
φ = ±β/2 and z = ±L/2.
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Figure 1: Geometry of the cavity: top view (a) and side view (b).
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The electric and magnetic fields inside the cavity are
given by

E = −∇× F− jωμA +
1
jωε

∇(∇ · A), (4a)

H = ∇× A− jωεF +
1
jωμ

∇(∇ · F), (4b)

where, given the translation invariance of the structure, the
vector potentials are defined by

A = Azuz,

F = Fzuz.
(5)

The scalar wave functions Az and Fz obey the scalar
Helmholtz equation

∇2ψ + k2ψ = 0, (6)

with k2 = εrk2
0.

After separation of variables in cylindrical coordinates,
the TEz solution is found by choosing A = 0. Applying the
boundary conditions leads to

ψ = Rkφ

(
kρρ

)
sin

(
mπ

β
φ +

mπ

2

)
cos

(
nπ

z
z +

nπ

2

)
, (7)

where

Rkφ

(
kρρ

)
= cTE

(
Y ′kφ

(
kρa

)
Jkφ

(
kρρ

)
− J ′kφ

(
kρa

)
Ykφ

(
kρρ

))
,

kφ = mπ

β
,

kz = nπ

L
,

kρ =
√
k2 − k2

z .

(8)

The TMz solution can be found by choosing F = 0. Ap-
plying the boundary conditions leads to

ψ = Rkφ

(
kρρ

)
cos

(
mπ

β
φ +

mπ

2

)
sin

(
nπ

z
z +

nπ

2

)
, (9)

where

Rkφ

(
kρρ

)
= cTM

(
Ykφ

(
kρa

)
Jkφ

(
kρρ

)
− Jkφ

(
kρa

)
Ykφ

(
kρρ

))
.

(10)
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The constants cTE and cTM are proportionality coeffi-
cients for the TEz and the TMz modes, respectively. Further
in this paper, the TEz and TMz modes will also be referred to
as the TEmn and the TMmn modes.

2.2. Resonance Frequency. The dispersion relations are found
by imposing all boundary conditions. For the TEz modes, the
dispersion relation becomes

J ′kφ
(
kρa

)
Y ′kφ

(
kρ(a + h)

)
= J ′kφ

(
kρ(a + h)

)
Y ′kφ

(
kρa

)
. (11)

For the TMz modes, one finds

Jkφ

(
kρa

)
Ykφ

(
kρ(a + h)

)
= Jkφ

(
kρ(a + h)

)
Ykφ

(
kρa

)
. (12)

The resonance frequencies are found as zeros of these
equations.

2.3. Radiation Pattern. The radiation pattern can be calcu-
lated from the equivalent magnetic currents M = Eρuρ × un

along the edges of the curved patch [10, 18].
In general, Eρ can be written as

Eρ = λ
(
ρ
)

cos

(
mπ

β
φ +

mπ

2

)
cos

(
nπ

L
z +

nπ

2

)
, (13)

where λ(ρ) is a mode-dependent factor. For the TEz modes,
λ(ρ) is defined as

λTE
(
ρ
) = −1

ρ

mπ

β
Rmπ/β

⎛⎝√
k2 −

(
nπ

L

)2

ρ

⎞⎠. (14)

For the TMz modes, λ(ρ) becomes

λTM
(
ρ
) = − jω

ε
nπ

L

√
k2 −

(
nπ

L

)2

R′mπ/β

⎛⎝√
k2 −

(
nπ

L

)2

ρ

⎞⎠.
(15)

After some calculations, the following far-field compo-
nents are found:

Eθ = λ(a + h)
2π2 sin θ

e− jk0r

r
σ(n,−Lk0 cos θ)

·
+∞∑

p=−∞

e jpφ j p+1I
(
m, p,β

)
H

(2)
p ((a + h)k0 sin θ)

,

(16a)

Eφ = j
λ(a + h)

2π2

e− jk0r

r

·
+∞∑

p=−∞

e jpφ j p+1

H
(2)′
p ((a + h)k0 sin θ)

×
(
σ
(
m, pβ

)
I(n,−k0 cos θ,L)

− p cos θ σ(n,−Lk0 cos θ)I
(
m, p,β

)
(a + h)k0sin2θ

)
(16b)

with

σ
(
q, a

) = (−1)qe− ja/2 − e ja/2,

I
(
q, a, b

) = ∫ b/2

−b/2
cos

(
qπ

b
x +

qπ

2

)
e− jaxdx,

= j
ab2 σ

(
q, ab

)
a2b2 − q2π2

.

(17)

3. Validation of the Model for
Large Curvature Radii

Now, the analytical model will be verified for the limit case
where the curvature radius a tends to∞. A rectangular cavity
is then obtained, and the following relation should be found:

k2 =
(
mπ

W

)2

+
(
nπ

L

)2

+
(
lπ

h

)2

. (18)

By rewriting (11) and (12) using the substitutions

ν = mπ

β
, (19a)

secα =
√
k2 −

(
nπ

L

)2W − βhd
mπ

, (19b)

sec γ =
√
k2 −

(
nπ

L

)2W − βh(d − 1)
mπ

, (19c)

we obtain

Jν(ν secα)Yν

(
ν sec γ

) = Jν
(
ν sec γ

)
Yν(ν secα), (20a)

J ′ν(ν secα)Y ′ν
(
ν sec γ

) = J ′ν
(
ν sec γ

)
Y ′ν(ν secα). (20b)

When taking the limit for a to ∞, ν also goes to ∞, while
α and γ remain constant. Debye’s asymptotic expansion for
large-order Bessel functions can then be utilised for ν → ∞
[19]:

Jν
(

ν sec χ
)
∼

√
2

πν tan χ

⎛⎝cos ξ
∞∑
k=0

U2k

(
jcotχ

)
ν2k

− j sin ξ
∞∑
k=0

U2k+1

(
jcotχ

)
ν2k+1

⎞⎠,

(21a)
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Yν

(
ν sec χ

)
∼

√
2

πν tan χ

⎛⎝sin ξ
∞∑
k=0

U2k

(
jcotχ

)
ν2k

+ j cos ξ
∞∑
k=0

U2k+1

(
jcotχ

)
ν2k+1

⎞⎠,

(21b)

J ′ν
(

ν sec χ
)
∼

√
sin 2χ
πν

⎛⎝− sin ξ
∞∑
k=0

V2k

(
jcotχ

)
ν2k

− j cos ξ
∞∑
k=0

V2k+1

(
jcotχ

)
ν2k+1

⎞⎠,

(21c)

Y ′ν
(

ν sec χ
)
∼

√
sin 2χ
πν

⎛⎝cos ξ
∞∑
k=0

V2k

(
jcotχ

)
ν2k

− j sin ξ
∞∑
k=0

V2k+1

(
jcotχ

)
ν2k+1

⎞⎠,

(21d)

with

ξ = ν
(

tan χ − χ
)
− π

4
, (22)

and Uk(p) andVk(p) polynomials in p of degree 3k, given by
U0(p) = V0(p) = 1, and

Uk+1
(
p
) = 1

2
p2(1− p2)U ′

k

(
p
)

+
1
8

∫ p

0

(
1− 5t2

)
Uk(t) dt,

Vk+1
(
p
) = Uk+1

(
p
)− 1

2
p
(
1− p2)Uk

(
p
)

− p2(1− p2)U ′
k

(
p
)
.

(23)

Using the lowest-order Debye’s expression, one finds for
both the dispersion relations:

sin ξ cos ξ′ = sin ξ′ cos ξ (24)

with

ξ = ν(tanα− α)− π

4
,

ξ′ = ν
(
tan γ − γ)− π

4
.

(25)

This leads to

tan γ − γ = tanα− α +
l

n
β. (26)

Assuming that h� λ, a first-order Taylor expansion can
be performed on tan γ(h)−γ(h) and tanα(h)−α(h) for h →
0. Expression (26) then becomes

sinα(0) = lπ

h

1√
k2 − (nπ/L)2

. (27)

Combining (19b) and (27) results in√√√√1− 1(
k2 − (nπ/L)2

)
(W/(mπ))2

= lπ

h

1√
k2 − (nπ/L)2

,

(28)

which finally leads to (18) and verifies the transition to a
rectangular cavity.

4. Comparison of Experimental and
Theoretical Results

Using this model, the resonance frequencies and radiation
patterns of flexible textile antennas can be calculated ana-
lytically. However, when comparing the measured resonance
frequencies of a fabricated textile antenna with the frequen-
cies obtained from our model for different bending radii,
a discrepancy is noticed. This is due to the fact that textile
antennas are subjected to compression when bent. Conse-
quently, the substrate permittivity will change as a function
of the bending radius. This effect needs to be incorporated
in our model in order to provide a good prediction of the
resonance frequency. In other words, an expression for the
permittivity εr,comp of a substrate subjected to compression
needs to be found.

4.1. Experimental Setup. By measuring five prototypes with
different specifications and constructed on different flexible
materials, the effect of several parameters on εr,comp is inves-
tigated. Their geometry is displayed in Figure 3. All proto-
types are fed by a probe feed structure, with the probe located
on the perpendicular bisector of the Lp edge.

Prototypes 1 and 2 are both fabricated on aramid sub-
strates and are designed for the 1.57 GHz GPS band. The
patch material of prototype 1 is the stretchable electro-textile
Flectron, whereas nonstretchable copper foil is used for pro-
totype 2. Prototypes 3, 4, and 5 are fabricated on cotton
substrates and have copper foil as patch material. Prototypes
3 and 5 are designed for the 1.57 GHz GPS band, whereas
prototype 4 operates in the 2.45 GHz ISM band. The differ-
ence between prototype 3 and 5 is the thickness of the sub-
strate. The parameters of the prototypes are shown in
Table 1, where the substrate height h is determined based on
the ISO 5084 standard [20].

For these prototypes, the resonance frequencies in flat
and bent state are measured by means of a PNA-X vector net-
work analyser. The bent states are realised by attaching the
antennas to plastic cylinders with different radii ranging
from 31.5 mm to 90 mm. These radii resemble typical cur-
vatures of human body parts.

When the antennas are bent in the Wp direction, the
model is used by setting L = Lp and W = Wp. According to
the model, the TE10 mode is then excited and (11) needs to
be solved in order to determine the resonance frequency.
Similarly, when bending the antennas in the Lp direction, one
has to set L = Wp and W = Lp. According to the model,
the TM01 mode is then excited, and the resonance frequency
follows from (12).
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Table 1: Parameters of the prototypes.

Prototype 1 2 3 4 5

Lp [mm] 81.2 81.2 78.5 52.5 78.5

Wp [mm] 69.25 69.25 69.3 43.7 68.3

h [mm] 2 2 2.7 2.7 4.05

y f [mm] 16 16 17 11 16.8

εr 1.75 1.75 1.715 1.715 1.715

d 0.5 1 1 1 1

W p

h εr

Lp

yf

Figure 3: Geometry of a prototype.

4.2. Compression Effects on the Permittivity. After comparing
the measured resonance frequencies of the prototypes for the
different bending radii, the following observations are made:

(1) The εr,comp is inversely proportional to the bending
radius a, since compression becomes stronger as the
curvature radius decreases.

(2) The part of the substrate that undergoes the largest
compression has a height h(d − 0.5), and εr,comp is
directly proportional to this.

(3) The compression is not frequency dependent.

Based on these observations, an empirical formula for
εr,comp can be found:

εr,comp = εr,flat

(
1 + η

h(d − 0.5)
a

)
. (29)

The permittivity εr,flat is obtained by evaluating (18) after
measuring the antenna in flat state under well-defined envi-
ronmental conditions. It therefore captures effects such as
humidity, temperature, and fringing effects, while the second
term in (29) isolates the effect of bending. The parameter h
is the height of the flexible substrate in flat state, measured

Table 2: Proportionality factors η for the compression correction
term.

Prototype 2 3 4 5

TE10 mode 1 589 1 497 1 472 1 485

TM01 mode 380 214 592 654

Table 3: Relative mean error between the modeled and measured
resonance frequencies of the bent prototypes for the TE10 mode.

Prototype 1 2 3 4 5

τ(0) [%] 0.09 1.56 1.97 1.94 2.91

τ(η) [%] 0.09 0.03 0.09 0.07 0.12

Table 4: Relative mean error between the modeled and measured
resonance frequencies of the bent prototypes for the TM01 mode.

Prototype 1 2 3 4 5

τ(0) [%] 0.04 0.37 0.23 0.76 1.28

τ(η) [%] 0.04 0.03 0.07 0.10 0.07

according to the ISO 5084 standard. This simplifies the work
of the designer, since he does not need to measure the height
of the substrates for each bending radius.

Expression (29) also takes into account the following
remarks:

(1) When a tends to ∞, the antenna becomes planar and
εr,flat is found.

(2) For perfectly stretchable antennas, εr,comp = εr,flat.
Hence, the resonance frequency will not change when
the antenna is bent.

The proportionality factor η can be found for each pro-
totype with a nonstretchable patch by minimising an error
function τ(η), defined by

τ
(
η
) = 1

N

N∑
i=1

∣∣ f mod ,i
(
η
)− fmeas,i

∣∣
fmeas,i

. (30)

This function represents the relative mean error between
the modeled and measured resonance frequencies of a bent
prototype, with N being the number of cylinders.

The calculation of η is carried out iteratively by combin-
ing MATLAB’s minimisation function fminsearch with our
analytical model in Maple. The obtained values for both the
TE10 and the TM01 modes are shown in Table 2. The η-values
for the TE10 modes are quite similar, whereas the values
for the TM01 mode exhibit larger differences. Also, there is
a significant difference between the values for the TE10 mode
and the TM01 mode. This is due to the geometry and feeding
structure of the prototypes. The solid feed points are not
located in the center of the patches and thus produce diffe-
rent compression effects, depending on whether the proto-
types are bent in the Wp direction or the Lp direction.

Tables 3 and 4 display the error values when using εr =
εr,flat (shown as τ(0)) and εr = εr,comp (shown as τ(η)) for
the TE10 mode and the TM01 mode, respectively. A constant
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small error of ca. 0.1% can be found for all prototypes when
using the ideal proportionality factor η, validating the use of
(29).

4.3. Resonance Frequency. Figure 4 shows the modeled and
measured resonance frequencies of prototypes 1 and 3 as a
function of the bending radius when the antennas are bent
in the Wp direction. Prototype 1 has a stretchable patch, so
patch elongation occurs and the substrate will not be com-
pressed (εr,comp = εr,flat). Consequently, the resonance fre-
quency almost does not change when the antenna is bent.
Prototype 3 has a nonstretchable patch, therefore the reso-
nance frequency will change with varying curvature radii.
The resonance frequencies obtained from the model with
and without compression correction are displayed, where
the model without compression correction can be seen as if
the antenna would be conformally attached to the cylinders.
Since the prototypes are flexible deformable antennas, the
measured curve follows the curve obtained from the model
with compression correction. One also notices that the in-
crease in resonance frequency for smaller bending radii is not
as distinct as compared to the conformal case. This behaviour
is also observed for the other prototypes.

In Figure 5, the modeled and measured resonance fre-
quencies of prototypes 1 and 3 are displayed as a function of
the bending radius when the antennas are bent in the Lp

direction. According to the model, the resonance frequency
of prototype 1 does not vary since no compression occurs
and the resonant length is not bent in TMz mode. For pro-
totype 3, a decrease in resonance frequency now occurs for
smaller bending radii. This effect is purely due to compres-
sion of the substrate, which can also be noticed by compa-
rison with the curve obtained from the model without com-
pression correction, where the resonance frequency does not
change. Again, this result is also observed for the other pro-
totypes.

As a footnote, we like to point out the difference in reso-
nance frequency for the flat state between Figures 4 and 5.
The measurements for the TMz case were performed later in
time than those for the TEz case. As a result, the resonance
frequencies of the prototypes have changed due to humidity
effects. This effect is larger for prototype 3 than for prototype
1, since the cotton substrate suffers more from this effect than
the aramid substrate [21]. However, the model still remains
accurate, since it only takes into account bending effects. In
other words, using this formulation, the effect of bending on
the behaviour of deformable antennas can be isolated.

4.4. Radiation Pattern. Figure 6 shows the modeled and
measured radiation patterns in the XY plane (as defined in
Figure 1) of the stretchable prototype 1 for curvature radii of
90 mm and 31.5 mm at a frequency of 1.567 GHz (the reso-
nance frequency of the planar antenna) when the antenna is
bent in the Wp direction. The radiation pattern calculated by
the model is normalised with respect to the measured gain in
broadside direction, since only its shape can be predicted. For
a curvature radius of 90 mm, the measured 3 dB beamwidth
is 75◦, and the modeled 3 dB beamwidth is 80◦. For a bending
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Figure 4: Resonance frequencies of prototypes 1 and 3 as a function
of the bending radius when the antennas are bent along the Wp

direction.
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Figure 5: Resonance frequencies of prototypes 1 and 3 as a function
of the bending radius when the antennas are bent along the Lp

direction.

radius of 31.5 mm, the measured 3 dB beamwidth is 86◦, and
the modeled 3 dB beamwidth is 84◦.

On Figure 7, the modeled and measured radiation pat-
terns in the XY plane of the nonstretchable prototype 2
are displayed for curvature radii of 90 mm and 31.5 mm
at a frequency of 1.573 GHz (the resonance frequency of
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Figure 6: Radiation pattern in XY plane of prototype 1 for 1.567 GHz when bent in the Wp direction. The bending radii are 90 mm (a) and
31.5 mm (b).
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Figure 7: Radiation pattern in XY plane of prototype 2 for 1.573 GHz when bent in the Wp direction. The bending radii are 90 mm (a) and
31.5 mm (b).
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Figure 8: Radiation pattern in XY plane of prototype 2 for 1.573 GHz when bent in the Lp direction. The bending radii are 90 mm (a) and
40 mm (b).
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Figure 9: Measured gain and 3 dB beamwidth of prototypes 1 and
2 when the antennas are bent in the Wp direction. The solid lines
indicate the gain along broadside, and the dashed lines show the
3 dB beamwidths.

the planar antenna) when the antenna is bent in the Wp

direction. For a curvature radius of 90 mm, the measured
3 dB beamwidth is 70◦, and the modeled 3 dB beamwidth
is 80◦. For a bending radius of 31.5 mm, the measured 3 dB
beamwidth is 88◦, and the modeled 3 dB beamwidth is 86◦.

There is no distinct difference between the shape of the
radiation patterns of prototype 1 and 2. Hence, stretching has
almost no influence on the radiation pattern of bent flexible
antennas. Also, from the model we conclude that the use of
the corrected permittivity due to compression has almost no
influence on the radiation pattern.

Figure 8 shows the modeled and measured radiation pat-
terns in the XY plane of prototype 2 for curvature radii of
90 mm and 40 mm at a frequency of 1.573 GHz when the
antenna is bent in the Lp direction. For a curvature radius
of 90 mm, the measured 3 dB beamwidth is 85◦, and the
modeled 3 dB beamwidth is 82◦. For a bending radius of
40 mm, the measured 3 dB beamwidth is 94◦, and the mode-
led 3 dB beamwidth is 94◦.

The influence of bending on the gain along broadside
direction and the 3 dB beamwidth is shown in Figure 9. The
measured gain and 3 dB beamwidth of prototype 1 and 2
when the antennas are bent in theWp direction are displayed.
For smaller bending radii, a decrease of the maximum gain
and an increase of the 3 dB beamwidth are noticed. This ef-
fect is stronger for antennas with nonstretchable patches. The
same results can be found when bending the antennas along
the Lp direction.

5. Conclusion

In this paper, a novel analytical model for cylindrically bent
textile patch antennas was proposed. The starting point was
the existing analytical model for conformal cylindrical-rec-
tangular patch antennas, in which additional effects due to
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stretching and compression were incorporated. The model
allows to calculate textile antenna performance parameters,
such as resonance frequency and radiation pattern, as a func-
tion of the bending radius. Moreover, it answers the need for
a fast and accurate prediction tool for bent textile patch
antennas, in contrast to previously proposed measurement-
or simulation-based analysis methods, which are time con-
suming, expensive, and do not provide physical insight into
the mechanisms of bending. The resonance frequencies as a
function of the bending radius can be obtained by numer-
ically solving the cavity’s dispersion relations, while the far-
field patterns are given in closed-form expressions. Two main
novelties were introduced in the proposed model, dedicated
to the particular case of textile antennas:

(1) The patch elongation due to stretching has been
derived by geometrical considerations and has been
taken into account in the model.

(2) An expression for the substrate permittivity as a func-
tion of the bending radius has been proposed, which
isolates the effect of bending from all other external
effects.

The validity of the proposed model has been successfully
verified in two ways. First, it was analytically demonstrated
that for large curvature radii (i.e., for a → ∞) the dispersion
relations converge to the one valid for the flat state. Secondly,
an experimental verification of the model was performed by
means of a measurement campaign in which the resonance
frequencies and the radiation patterns of five different tex-
tile patch antenna prototypes were measured for different
bending radii. In particular, the new model now captures the
following two effects:

(1) Concerning the resonance frequency, the measure-
ments showed a significant variation for antennas
with a nonstretchable patch and a nearly constant res-
onance frequency for antennas with a perfectly stret-
chable patch.

(2) Regarding the radiation patterns, the experiments
demonstrated that stretching has almost no influence
on the radiation pattern of bent flexible antennas.

In summary, an excellent agreement is now obtained
between measured results and the new model.

Based on the obtained results, it can be concluded that
the proposed model represents a valuable tool for textile
antenna design engineers, allowing performance prediction
and analysis of bent textile antennas. The model shows clear
advantages with respect to previously employed methods,
such as measurements and simulations, in terms of accuracy
and computational cost. Moreover, it provides physical in-
sight into bending mechanisms of textile patch antennas.
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A triple-band flexible loop antenna is proposed for WLAN/WiMAX applications in this paper. The proposed antenna is formed
by the third-order Hilbert-curve and bending type structure which provides flexible characteristics. Even though the radius of the
curvature for bending antennas is changed, a triple-band feature still remains in the proposed antenna. Moreover, the antenna
exhibits the characteristics of omnidirectional radiation pattern and circular polarization. To verify the receiving performance of
antenna, a simulation on the antenna factor was conducted by an EM simulator. Based on these results, the suggested antenna
makes a noteworthy performance over typical loop antennas.

1. Introduction

Recently, the proliferation of radio devices in diverse shapes
and rapid progress in flexible technology require the anten-
nas mounted on wireless devices to be manufactured in
various shapes. Furthermore, vibrant studies of wearable sys-
tems, RFID tags, and flexible displays have spurred on much
attention to the flexible antenna technology. Especially, there
are increasing requirements of flexible antennas with low-
profile, compact size, and multiband including the wireless
local area network (WLAN) band 2.4/5.2/5.8 GHz and the
world interoperability for microwave access (WiMAX) band
3.5 GHz due to the explosive growth of demand for wireless
data communication. The antennas operating for wearable
systems and RFID tags are prone to the proximity effect by
the material itself so that they usually suffer from degrading
performance due to the resonating currents on the ground
plane and their compact size. Particularly, these weaknesses
mainly occur in the antennas used for data communications.
Once encountered, to mitigate the performance degradation,
a loop antenna has been an alternative since the current
induced on the ground surface becomes small in magnitude
[1–3]. Consequently, the loop antenna is regarded as a
reference antenna in this paper.

This paper presents a flexible Hilbert curve loop antenna
endorsing the Hilbert curve over the typical rectangular

loop, which is aimed for WLAN/WiMAX applications. The
suggested antenna possesses the flexible bending structure
and shows triple-band characteristics at 2.4/3.5/5.5 GHz op-
erating bands. In addition, the antenna exhibits the omnidi-
rectional pattern without null in comparison to a traditional
loop antenna. In order to check the receiving performance of
antenna, the antenna factor K is examined with an EM
simulator. The structure of our proposed antenna is dif-
ferent from conventional flexible antennas such as spiral
curve-shaped monopole antenna [4], conventional patch-
shaped antenna [5], meander line antenna [6, 7], comb-
shaped monopole antenna [8], inverted-F-shaped antenna
[9], ultra-wideband (UWB) antenna [10], the zeroth-order
resonant (ZOR) antenna [11–13], coplanar waveguide-
(CPW-) fed monopole antenna [14], and folded slot dipole
antenna [15]. Moreover, this is the first time the Hilbert-cur-
ve geometry to a loop antenna has been applied to such an
application.

2. Description of the Antenna

In this study, the Hilbert curve, first proposed by Hilbert in
1891, was used as the space-filling curve structure. The Hil-
bert-curve geometry in antenna design has been explored to
reduce the antenna size and to make it operate at multiple
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Figure 1: The Hilbert curves with increasing iteration order number n. (a) First order, (b) Second order, and (c) Third order.
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Figure 2: Geometry and dimensions of the proposed Hilbert-curve loop antenna.

frequencies [16–22]. In addition, recent research has shown
the use of this curve in the designs of the circular polarized
antennas, metamaterial resonators, and high impedance
frequency-selective structures (FSSs) [23–26]. The issue on
the Hilbert-curve geometry is to find the most effective way
to fill the lines in the fixed space. The Hilbert antenna has
shown to be an effective structure to obtain small antennas
[27]. The performance of the meander line is similar to
the Hilbert curve. But unlike the meander line, the Hilbert-
curve takes the advantage of tagging the iteration order
number associated with geometries and providing other
performances such as circular polarization. Figure 1 shows
the first few iterations order of Hilbert curve geometry. It
is self-evident that as the iteration order increases, the total
length of the line segment is increased thereafter. The sum of
line segment S is given by [18, 24]

S = (
22n − 1

)
d = (2n + 1)L,

d = L

2n − 1
,

(1)

where L is the side dimension of the Hilbert curve, d is the
length of each line segment, and n indicates the order of
iteration. Namely, as the iteration order is increased, the total
length of the line segment is increased while its footprint
size is kept fixed. From the electrical resonance length point
of view, this property is what allows the Hilbert curve to
possess a relatively low resonant frequency, which could lead
to the miniaturization of structure. In this paper, the Hilbert
curve with the third-order (n = 3) iteration was fit into a
loop antenna forming a closed-loop configuration. Figure 2
shows the configuration and dimensions of the flat Hilbert
curve loop antenna in a flat shape without bending. The
proposed antenna consists of only a copper film without
the dielectric substrate. The top part of the antenna is the
third-order Hilbert curve where the bottom part of antenna
reaches to the feeding point as shown in Figure 1(c). The
matching plane to tune the input impedance of the antenna
is embedded in the feeding part. With adjustment of the
length g and s sizing the matching plane, the impedance
matching is accomplished. Also, the aggregated structure
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Figure 3: Geometry of the flexible Hilbert-curve loop antenna and
radius of its curvature.
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Figure 4: S11 results of the flexible Hilbert-curve loop antenna.

maintains its symmetry about the center line. All of the geo-
metrical parameters of the antenna were optimized by Mi-
crowave Studio of CST. Figure 3 shows the radius of cur-
vature of the bending structure and the geometry bent to the
flexible Hilbert-curve loop antenna as shown in Figure 2. The
antenna of the bending structure with the fixed width W has
the radius of curvature r with a corresponding bending level.
The degree of bending is measured by the radius of curvature
by

r = 180 ·W
πθ

. (2)

3. Results and Discussion

Figure 4 shows the simulated S11 plots of the finalized fle-
xible Hilbert-curve loop antenna with 55 mm radius of
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Figure 5: S11 results of the proposed antenna in terms of the radius
of curvature.

curvature. As depicted by the simulation result, this loop
antenna operates at a frequency of WLAN band 2.45 GHz,
WiMAX band 3.35 GHz. Moreover, the antenna covers the
entire 5 GHz WLAN bands. In here, the side dimension L of
the Hilbert curve can be put to about 0.2 λ (at 2.45 GHz),
0.3 λ (at 3.45 GHz), and 0.5 λ (at 5.5 GHz). The simulated S11

plots of the antennas bent with different radii of curvature
are shown in Figure 5. This figure reveals that the return
loss result of the antenna is changed by the adjustment of
the bending level of the proposed antenna. Although the
resonant frequencies were marginally shifted to adjacent fre-
quency owing to antenna bending, the operating frequencies
of the antenna were still maintained in the targeted band
within the limit of the partial radius of curvature. From this
result, the proposed antenna can be adaptable to bending
structures and finds its way to flexible applications.

Figure 6 shows the simulated omnidirectional radiation
pattern of the proposed flexible Hilbert-curve loop antenna.
The radiation pattern in Figure 6 is suitable for the con-
ventional WLAN/WiMAX communication system requiring
the omnidirectional pattern. In addition, its most notable
distinction of radiation pattern is a uniform pattern without
nulling. The maximum gains and radiation efficiencies of
antenna are 3.96 dBi (0.88) at 2.45 GHz, 2.88 dBi (0.96) at
3.35 GHz, and 3.84 dBi (0.92) at 5.5 GHz (parenthesis desig-
nates the radiation efficiency). Figure 7 shows the simulated
surface current distributions at each resonance frequency.
The applied power to each antenna is 1 Watt. The large cur-
rent distribution is indicated in dark color, and the small one
is in light color. It is seen that the resonant surface currents
concentrated on the Hilbert curve at 2.4 GHz and 3.5 GHz
are higher than the case of 5.5 GHz. This means that many
segments of the Hilbert curve at 5.5 GHz could not con-
tribute effectively to the working role of the individual
antenna segment.
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Figure 6: Simulated radiation patterns of the proposed antenna at 2.45/3.35/5.5 GHz. (a) xz-plane, (b) yz-plane, and (c) xy-plane.

To demonstrate the superiority of the radiation pattern
and receiving performance of the proposed antenna, the
conventional rectangular loop antennas operating at each
triple band were introduced as a reference antenna in this
study. This was rooted in the idea that the operation mecha-
nism and characteristics of the rectangular loop antenna are
similar to that of classical circular loop antenna; thus, this
rectangular antenna could be a representative of the whole

loop antenna group. Further, the rectangular loop antenna
can be analogized with the primitive structure of the pro-
posed Hilbert-curve loop antenna. The geometry and dim-
ensions of the imposed rectangular loop antennas are shown
in Figure 8 and tabulated in Table 1. The feeding structure of
this antenna is the same as one of the Hilbert-curve loop an-
tennas. For fair comparison between the flexible Hilbert-cur-
ve loop antenna and the rectangular loop antenna, three
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Figure 7: Surface current distribution of the proposed antenna at resonance frequencies. (a) 2.45 GHz, (b) 3.35 GHz, and (c) 5.5 GHz.
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Figure 8: Geometry of the reference rectangular loop antenna.

Table 1: Dimensions of the reference rectangular loop antenna.

Dimension A B C

Size (mm) for 2.45 GHz 48.8 26 2.5

Size (mm) for 3.35 GHz 37 19.1 2.5

Size (mm) for 5.5 GHz 22 11.8 1.5

rectangular loop antennas corresponding to each operating
band 2.45/3.35/5.5 GHz were designed since the rectangular
loop antenna has generally a single operating frequency. The
simulated return loss results of the designed rectangular loop
antennas are plotted in Figure 9. Note that the size of the
Hilbert-curve loop is only 26.6 mm�26.6 mm compared to
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Figure 9: S11 results of the rectangular loop antennas with each
operating band.

48.8 mm�26 mm of the rectangular loop, that is, a reduction
of two times the area. Figure 10 shows the radiation pattern
of the rectangular loop antenna at 2.45 GHz. This pattern is
the general radiation pattern of a loop antenna, so other
bands such as 3.35 GHz and 5.5 GHz are similar to the pat-
tern of Figure 10. In comparing Figures 6 and 10, in this re-
gard, it is observed that the proposed flexible Hilbert-curve
loop antenna achieved an even radiation pattern without
null, which indicates that the pattern of the proposed anten-
na is superior to the pattern of the conventional loop anten-
na.

To confirm the omnidirectional receiving performance of
the proposed antenna, the antenna factor K was used in this
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Figure 11: Simulation setup of the incident plane wave to obtain
the antenna factor K.

paper. The antenna factor is an important antenna parameter
to determine the receiving sensitivity of a radio communica-
tion system, which becomes one of the significant parameters
directly affecting the performance of the WLAN/WiMAX
communication system. To calculate the antenna factor, a
load resistor of 50Ω was connected to the feeding point
of the proposed Hilbert loop antenna and rectangular loop
antenna. Then, the induced voltage across a load resistor was
developed for the incident plane wave. With the obtained
voltage, the antenna factor K was calculated through the
following equation [28]:

K = Ei

VA

[
m−1], (3)

where VA is the voltage induced on the loaded loop antenna
and Ei is the amplitude of the electric field of the incident
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Figure 12: Variation of the antenna factorK at φ = 0◦ (xz-plane) for
the proposed flexible Hilbert-curve loop antenna and rectangular
loop antenna. (a) 2.45 GHz, (b) 3.35 GHz, and (c) 5.5 GHz.
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plane wave. Based on the aforementioned simulation, the
resultant antenna factor for the various directions of the in-
cident plane wave could be obtained for the proposed an-
tenna and rectangular loop antenna. Figure 11 depicts the
simulation configuration of the antenna factor. The ampli-
tude of the incident electric field is the stationary 1 [V/m],
and an incident plane wave is propagating toward the center
of the antenna. The incident angle of plane wave has two cas-
es: one with φ = 0◦ (xz-plane) and the other with φ = 90◦

(yz-plane) for all of the rotated angle θ in this simulation.
The polarization of the incident wave kept its direction as
shown in Figure 11. The simulation in Figure 11 was per-
formed for the proposed flexible Hilbert-curve loop antenna
at each operating band and for the three rectangular loop
antennas. The outcomes are indicated in Figures 12 and 13.

The relative variation of the antenna factor is given in
Figures 12 and 13 because the proposed and the reference
antenna do have their own physical length for respective res-
onances. As seen in Figure 12, the deviations of the antenna
factor of the proposed flexible Hilbert-curve antenna for
φ = 0◦ (xz-plane) and all operating bands are within 10∼20
[dB/m], whereas the rectangular loop antennas are in range
of 40∼50 [dB/m]. It was observed that the shape of the
curve in Figure 12 was also in good agreement with the ra-
diation pattern of the antenna in Figures 6 and 10. In other
words, the peaking angles of the antenna factor observed at
θ = 90◦ and θ = 270◦ correspond to that of the null angle
appeared in the radiation pattern. Moreover, the antenna
factor at φ = 90◦ (yz-plane) of the proposed antenna was
2.8∼3.3 [dB/m], while the rectangular loop antennas were
4.4∼4.7 [dB/m] as shown in Figure 13. As seen in Figures
12 and 13, a big difference in the antenna factor between
the two antennas was observed at φ = 0◦ whereas a small
difference was observed at φ = 90◦. To sum up, the proposed
antenna reveals more omnidirectional characteristics than
the conventional loop antenna. This feature values the prop-
osed antenna for wireless communication applications. We
have addressed the usefulness of the antenna factor together
with the radiation pattern to evaluate the receiving perfor-
mance. However, most papers treating similar topics only
adhere to the radiation pattern rarely mentioning the an-
tenna factor.

Figure 14 represents a degree of circular polarization in
terms of axial ratio (AR) with respect to the angle θ at φ = 0◦

for the proposed and the reference antenna. In general, the
conventional loop antennas have a linear polarization with a
very high value of axial ratio. However, the proposed flexible
Hilbert-curve loop antenna reveals a circular polarization
performance (AR < 4 dB) as shown in Figure 14. This
circular polarization property was observed at 2.45 GHz and
3.35 GHz bands since all the segments of the Hilbert cur
ve were cooperative in their phases and magnitudes in these
bands. This phenomenon agrees with the result in Figure 7.
In recent years, there has been some research on generating
the circular polarization from the Hilbert-curve antennas
[23, 29]. Though not appeared toward a boresight, the ob-
served circular polarization may find its usefulness in some
applications.
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Figure 13: Variation of the antenna factor K at φ = 90◦(yz-
plane) for the proposed flexible Hilbert-curve loop antenna and
rectangular loop antenna. (a) 2.45 GHz, (b) 3.35 GHz, and (c)
5.5 GHz.
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4. Conclusion

In this paper, the Hilbert-curve loop antenna with an om-
nidirectional radiation pattern was proposed, and the sim-
ulation results are discussed focusing on the flexibility. The
finalized antenna possesses the triple-band performance for
the WLAN/WiMAX communication system. To compare
with the proposed antenna performance, the rectangular
loop antenna was used as a reference antenna. On the basis of
the far-field characteristics and the result of antenna factor,
it was seen that the proposed antenna achieved good om-
nidirectional radiation pattern and circular polarization
performance. The presented results in this paper will be help-
ful for designing and constructing a flexible Hilbert-curve
loop antenna. Furthermore, the proposed antenna could be
suitable for the application in WLAN/WiMAX communica-
tion systems.
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The aim of this paper is to examine the potential of inkjet printing technology for the fabrication of Near Field Communication
(NFC) coil antennas. As inkjet printing technology enables deposition of a different number of layers, an accurate adjustment
of the printed conductive tracks thickness is possible. As a consequence, input resistance and Q factor can be finely tuned as
long as skin depth is not surpassed while keeping the same inductance levels. This allows the removal of the typical damping
resistance present in current NFC inductors. A general methodology including design, simulation, fabrication, and measurement
is presented for rectangular, planar-spiral inductors working at 13.56 MHz. Analytical formulas, computed numerical models, and
measured results for antenna input impedance are compared. Reflection coefficient is designated as a figure of merit to analyze the
correlation among them, which is found to be below −10 dB. The obtained results demonstrate the suitability of this technology
in the fabrication of low cost, environmentally friendly NFC coils on flexible substrates.

1. Introduction

Near Field Communication (NFC) is a recent wireless tech-
nology working on HF band that enables the exchange of
data in a short range. It is an ideal solution where reliable
exchange of data is paramount to quality user operations
such as mobile payments. It is estimated that this system
will be used in more than 1.2 billion smartphones by 2015
[1]. Therefore, it is necessary to reduce the cost of the
manufacturing process keeping at the same time an environ-
mentally friendly approach to pave the way for this promising
technology.

In this context, there are a number of approaches to
implement an NFC antenna layout onto a selected sub-
strate. The earliest and most cumbersome method of anten-
na fabrication has been subtractive etching on a metal-
plated laminate (e.g., FR4). Subtractive etching has matured
to the point where it has become a low-tech process re-
quiring inexpensive off-the-shelf materials and equipment.
However, for larger production runs, etching creates signif-

icant amounts of metal salt and chemical waste products,
incurring increased costs due to regulatory fees.

Contrary to the traditional etching technique, inkjet
printing technology is a direct-write technology by which
the designed pattern is transferred directly to the substrate
[2]. This technology has become a major topic in scientific
research, especially drop-on-demand (DOD) inkjet printing
systems [3]. With these systems, the production costs of
electronic devices are dramatically reduced, as material can
be deposited on demand.

It has been estimated that there are about 1500 world-
wide research units working on various aspects of flexible
electronics [4]. The fabrication of thin conductive tracks by
methods of inkjet printing has been recently investigated
extensively [5, 6].

Up to date, inks made of silver conductive nanoparticles
have been used to produce printed electronic circuits on
flexible surfaces. Metallic nanoparticle inks typically consist
of silver or gold nanoparticles with diameters ranging from
just 2 nm to over 50 nm, encapsulated by a protective shell
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and dispersed in a liquid solvent [7, 8]. Once printed, a
continuous conducting structure can be obtained by sinter-
ing, that is, by increasing the temperature of the structure so
that the separate nanoparticles melt together.

In the fabrication process, several parameters are involv-
ed, such as, size of ink nanoparticles, substrate, surface ten-
sion of the particle and of the substrate, time and temper-
ature of the ink sintering, among others [9], which provide
a wide range of degree of freedom for circuit designs, and
particularly for antennas, on flexible substrates. Future ter-
minals, such as smartphones, are envisaged to be completely
flexible in the near future [10–12]. The antenna has a con-
siderable size in the system; therefore, its flexibility is crucial
if a flexible terminal is desired.

The usage of inkjet technology for NFC implementation
on flexible terminals stills finds another motivation for the
antennas involved. The Q factor required for the antenna
is directly related to the read range to be achieved by the
technology. For example, in a typical RFID system, for a dis-
tance of 38 cm, Q factors close to 40 are required [13, 14].
As NFC allows for shorter distances motivated for a whole
sort of reasons, as, for example, security and privacy of users,
restrictions on tag Q factors are relaxed to get the same
voltage to energize the RFID tag integrated circuit.

As long as a decreasing of Q factor can be tolerated by
performing antennas with tracks thinner than their skin
depth, the input resistance can be increased to make up a
possible removal of the damping resistance. With copper-
etched antennas, Q-factors of more than 100 could be real-
ized [13, 15]. In this technology, the conductive track thick-
ness is fixed and longer than the skin depth of the cop-
per (18 μm at 13.56 MHz). However, inkjet printing tech-
nology allows to vary the thickness of the printed layers
with approximately 1 μm resolution all the way from 0 μm to
the skin depth. Thus, typical coil antenna manufactured by
inkjet printing technology exhibits small Q factors of around
4–10 [5].

Therefore, an exploration of the potentials and limita-
tions of inkjet printing technology for NFC flexible terminals
should be addressed in this context since it provides a low
cost, environmentally friendly manufacturing process on
flexible materials with no damping resistance involved.

This paper provides a rigorous approach, involving anal-
ytical and computational models, for rectangular planar spi-
ral coils at 13,56 MHz with subsequent experimental verifi-
cation on flexible substrates. It is divided into four parts. The
second section deals with the methodology, where a gene-
ral method for the design, fabrication, simulation, and meas-
urement of inkjet printed loop antennas for NFC systems on
a flexible substrate is explained. The third part includes the
implementation and obtained results. Lastly, the fourth part
states the conclusions.

2. Methodology

2.1. Analytical Approach. In this section, all the necessary
equations to analytically calculate the total inductance, Q
factor, and resistance of a rectangular planar spiral inductor
(Figure 1) will be shown.
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Figure 1: Rectangular planar spiral inductor.

2.1.1. Inductance Calculation. The total inductance of an N-
turn planar spiral inductor coil (Figure 1) can be calculated
as follows:

LT = L0 +M+ −M−
[
μm

]
, (1)

where LT is the total inductance, L0 is the sum of self
inductances of all straight segments, M+ is the sum of posi-
tive mutual inductances, andM− is the sum of negative ones.

The self inductances of a rectangular cross-section con-
ductor can be obtained using the following equation [14]:

L = 0, 002l
{

ln
(

2l
w + t

)
+ 0.50049 +

w + t

3l

} [
μm

]
, (2)

where w, t, and l are the segment’s width, thickness, and
length in cm, respectively.

The mutual inductance is the inductance that results
from the magnetic fields produced by adjacent conductors.
The mutual inductance is positive when the directions of
the current along the conductors are in the same direction,
and negative when the directions of currents are in opposite
directions. The mutual inductance between two parallel con-
ductors of equal length is a function of the length of the
conductors and of the geometric mean distance d between
them. It is calculated by [16]

M = 2lF[nH], (3)

where F can be calculated as
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Figure 2: Two conductor segments for mutual inductance calcula-
tion.

The geometric mean distance d is approximately equal
to the distance between the track centres of the conductors
involved. When the two segments are not equal in length, (5)
should be applied according to Figure 2:

Mk,p = 1
2

{(
Mk+p +Mk+q

)
−

(
Mp +Mq

)}
, (5)

where
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2.1.2. Resistance and Quality Factor Calculation. The thick-
ness of the conductive track deposited by inkjet printing
technology can be adjusted by the number of layers micron
by micron. Provided that skin effect at 13,56 MHz is
approximately 47 μm for the silver conductive ink, the input
resistance varies inversely with the thickness t according to
the following expression:

R = 1
σ
· L
S
= 1
σ
· L

t ·w , (7)

where R is the electrical resistance, σ is the ink’s conductivity,
L is the longitude, S is the track cross section, t is the thick-
ness, and w is the width of the track.

The spiral inductor Q factor is then calculated as:

Q = Lω

R
. (8)

2.2. Numerical Computation. Frequency domain solver im-
plemented by CST MICROWAVE STUDIO simulation soft-
ware has been selected to make the numerical computation
of the design. Adaptative hexahedral mesh is used and local
mesh refinement strategy is adopted within the coil con-
ductive track.

2.3. Implementation. The material used as substrate is Du-
pont Kapton polyimide film 127 μm thick. It can remain
stable in a wide range of temperatures, from−269 to +400◦C.

Figure 3: Cartridge and Printer Dimatix 2831 [17].

Heating

Dispersing agent
Conductive particles
Substrate

Figure 4: Sintering process [9].

SunTronic Jettable Silver U5714 ink by Sunjet has been
used as conductive ink. It is a solvent-based silver nano-
particle inkjet ink and 20% of its weight is due to silver par-
ticles.

The printer that has been used is the Dimatix Materials
Printer DMP-2831 (Figure 3). The platen temperature can be
varied from 28◦C to 60◦C. In the fabricated prototypes, 60◦C
is chosen as it prevents the ink from spreading out.

DMC-11610 cartridge which has 16 nozzles, 254 μm
spaced with a nominal opening of 21 μm, and a 10 pL drop
volume capacity has been employed. Only two nozzles with
16-17 v applied voltage, 40◦C of temperature and a meniscus
vacuum of 4,5 inches H2O have been used at a height of
0,5 mm with a drop spacing of 20 μm.

Once the prototypes have been printed, a sintering
process is required to improve the conductivity of the ink.
The manufacturer recommends a range of temperature and
time to sinter the silver ink and this depends on the amount
of solid material present in the ink. In general, the lower the
sintering time or temperature, the higher the electric resis-
tance since a larger gap between the nanoparticles occurs.
This process (Figure 4) determines the final performance
of the ink. A sintering process of 30 min@200◦C has been
selected for all the prototypes.

2.4. Measurements

2.4.1. Thickness of Printed Traces. Once the methodology to
print is defined, some traces are printed into a substrate to
study the corresponding thickness depending on the number
of layers.

A KLA-Tencor P-16+ Profiler has been used to measure
the overall thickness of the printed traces and estimate the
one of each layer by average. In Figure 5, the obtained profile
of the printed traces is shown for different number of layers.
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Figure 5: Obtained profiles for different number of printed layers.

Table 1: Obtained conductivity values with 30 min@200◦C sinter-
ing process.

Material: silver
Conductivity

(Ωm)−1

Conductivity
with respect to
pure silver (%)

Pure 63.01 · 106 100

One layer 8 · 106 12.6

Two layers 9 · 106 14.3

Three layers 7.9 · 106 12.5

Six layers 8.5 · 106 13.5

A thickness of 0.8 μm for each layer can be assumed
when considering the obtained profiles and the measured
thickness.

2.4.2. Characterization of the Conductivity of the Ink. Once
the thickness of the printed layers is found, conductivity is
characterized.

Although conductivity is independent of the number
of printed layers, the conductivity study has been done in
samples with different number of layers, which correspond to
different electrical resistance and thickness pairs for compar-
ison purposes. The electrical resistance of the structure has
been measured using a Keithley 6517B Electrometer/High
Resistance Meter.

The conductivity can be calculated using (7). Table 1
shows averaged results collected from various samples.

The obtained results by this method are in accordance
with the ones found in bibliography [9, 18]. As an indicative
value, a 10% or 20% of the conductivity of the pure silver can
be considered. In this work, a conductivity of 8 ·106 (Ωm)−1

has been considered as representative of ink performance.

Antenna

FTB-1-6
balun

VNA

Figure 6: Measurement set up.

2.4.3. Input Impedance and Q Factor. Once the antenna has
been printed, its impedance can be measured by a standard
VNA according to the setup shown in Figure 6 and the
corresponding Q factor can be calculated. A FTB-1-6 balun
by Mini-Circuits is employed between the feeding cable and
the fabricated prototype. The flexibility of the substrate and
the ink do not allow the use of typical soldering methods.
Therefore, pad connections are implemented by conductive
adhesive tape.

2.5. Methodology Validation. The reflection coefficient will
be used as figure of merit to estimate the correlation between
the results obtained by analytical formulas, computed
numerical models, and measurements.

The amplitude of the reflection coefficient between two
different complex impedances can be calculated as [19]

|Γ| = 20 log
(∣∣∣∣Z1 − Z∗2

Z1 + Z2

∣∣∣∣), (9)

where Z1 and Z2 are the complex impedances. The method-
ology is based on this equation by substituting Z1 and Z2 for
pairs chosen among analytically calculated, simulated, and
measured results referred to the same coil layout. The only
consideration to apply this equation is that for the correct
calculation one of the impedances must be conjugated (e.g.,
Z2 = Z∗ant2). In that way, if |Γ| ≤ −10 dB, a good correlation
is achieved.

3. Implementation and Results

An analytical study of the effect of the thickness for a 5
turn rectangular (80 mm × 50 mm) planar spiral inductor
with w = s = 1 mm has been realized. These dimensions
have been selected to fulfil the ISO7810 standard [20]. This
standard defines the physical characteristics of identification
cards (Table 2).

The analytically obtained inductance for the presented
antenna is 2.82 μH according to expressions (1)–(7), and it
remains unchanged with thickness t. However, this param-
eter has a strong impact on the input impedance (as the
damping resistance is changed) and therefore on the coil
quality factor. The obtained results are shown in Figure 7
where expressions (7) and (8) are used.

A Q value up to 90 can be theoretically achieved by this
technology as long as the thickness is kept below the skin
depth (47 microns). For thicknesses deeper than skin depth,
input resistance and Q factor is no longer adjustable by this
degree of freedom.
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Table 2: Nominal dimensions of ID-1 card type.

Width (mm) Height (mm) Thickness (mm)

85.6 53.98 0.76
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Figure 7: Calculation of R and Q for different thickness.

Table 3: Obtained results of the two prototypes: analytical (A),
simulation (S), and measured (M).

A S M

4 layers
R [Ω] 46,58 51,13 50,25

L [μH] 2,82 2,79 2,9

Q 5,16 4,64 4,91

6 layers
R [Ω] 31 35,118 32,35

L [μH] 2,82 2,79 2,947

Q 7,75 6,77 7,76

In practice, it is not feasible to fabricate coil antennas
with such a high thicknesses due to the ink spilling over the
track when too many layers are mounted on it. Two different
prototypes have been implemented; one with 4 layers and
another one with 6 layers (Figure 8) to validate the proposed
methodology. The obtained results are shown in Table 3.

The correlation between the three outcomes (analytical,
simulated, and measured) is studied as explained in the
methodology validation section. The obtained values are
summarized in Table 4.

All the correlations are below −10 dB; therefore, it can be
concluded that the obtained results are reliable. In order to
explore inkjet printing technology limits once the procedure
is validated, a prototype with 10 layers has been fabricated.
This represents a reasonable trade off between delivered
performance in terms of Q values and complexity of the
manufacturing process due to the number of layers. A
measured inductance value of 2.9 μH, a resistance of 23.5Ω
and aQ factor of 10.5 are obtained in perfect accordance with
the aforementioned results.

4. Conclusions

The potential of using inkjet printing technology to fabricate
NFC antennas has been investigated. A general methodology

Table 4: Results validation.

Comparison |Γ| [dB]

4 layers
A S −25.16

A M −21.94

S M −20.35

6 layers
A S −22.78

A M −15.39

S M −14.08

Figure 8: Printed prototype (6 layers).

for the design, simulation, fabrication, and measurement
process has been explained.

The ink conductivity is shown to be around 8 ·
106 (Ωm)−1 and the approximate thickness of each deposited
layer 0.8 μm. The resistance can be controlled by the capabil-
ity of this technology of varying the track thickness, which
prevents from extra damping resistor implementations. With
the aforementioned resolution,Q values ranging from 4 to 10
can be obtained while keeping the same inductance value.

Inkjet printing technology is therefore a promising tech-
nique for the fabrication of NFC coil antennas. Moreover,
due to its low cost manufacturing process and substrate
flexibility, it is a perfect candidate for the implementation
of environmentally friendly NFC terminals into flexible
substrates.

Acknowledgment
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Low-interference dual resonant antenna configurations are developed for multistandard multifunction mobile handsets and
portable computers. Only two wideband resonant antennas can cover most of the important wireless applications in portable
communication equipment. The frequency bands of the dual antenna configuration can be adjusted according to the wireless
applications that are required to be covered. The bandwidth that can be covered by each antenna is about 80% without using
matching or tuning circuits. Three sample dual antenna configurations with different frequency bands are presented. The
interference between the low-band and high-band antennas of these three configurations is investigated, and the ways of reducing
this interference are studied. The most effective factor on the interference between the low-band and high-band antennas is their
relative orientations. When the low-band and high-band antennas of each configuration are perpendicular to each other, the
isolation between them significantly increases. This eliminates the need for any special tools or techniques to suppress the mutual
coupling between them. The new antennas have very small cross-sectional areas, and they are made of a flexible material. They do
not require any additional components or ground planes. They can be used as internal, external, or partially internal and partially
external antennas.

1. Introduction

The number of mobile wireless applications is continu-
ously increasing. Furthermore, most wireless applications
have different standards with different frequency allocations
worldwide. Hence, it is desirable to have multistandard
multifunction handsets and portable computers. In order to
cover the frequency bands of all applications, several anten-
nas have to be used. The problem is that the frequency bands
of some applications are very close to each other or even
overlapping as in GSM (824–894 MHz) and UHF mobile TV
“DVB-H” (470–862 MHz) [1]. As a result, there will be a
severe interference between their antennas. In this research,
low-interference dual resonant antenna configurations are
developed for multistandard multifunction mobile handsets
and portable computers. Only two wideband antennas can
cover most of the important wireless applications in portable
communication equipment. The frequency bands of the
dual antenna configuration can be adjusted according to the

wireless applications that are required to be covered. The
maximum bandwidth that can be covered by each antenna
is about 80% without using matching or tuning circuits.

Three sample dual antenna configurations will be pre-
sented. The first configuration covers a frequency band
from 470 MHz to 2.7 GHz, which is divided into two
subbands; 470–960 MHz and 1.2–2.7 GHz. Each subband is
covered by a wideband resonant antenna. Since the low-band
antenna resonates from 470 to 960 MHz, it can cover the
bands of UHF mobile digital TV “DVB-H” (470–862 MHz),
700 MHz WiMax, CDMA/TDMA/GSM800 (824–894 MHz)
and E-GSM900 (880–960 MHz) [2]. The high-band antenna
resonates from 1.2 to 2.7 GHz, and it can cover the bands
of low L band GPS (1.2 GHz), L-band DVB-H (1452–
1492 MHz), GPS (1575 MHz), GSM1800 (1710–1880 MHz),
PCS1900 (1859–1990 MHz), UMTS (1900–2170 MHz), Blu-
etooth/WiFi (2.4 GHz), WiMax (2.3–2.5 GHz), and IMT-
2000 WiMax (2.5–2.69 GHz). The bandwidths of these two
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Figure 1: Geometry of the new wideband resonant antenna.

Figure 2: The antennas of the first dual antenna configuration.

antennas are 69% and 77%, respectively. There is a frequency
gap between the two subbands which is not utilized by
any important application. This frequency gap helps in
increasing the isolation between the low-band and high-
band antennas, which means reducing the mutual coupling
and the interference between them. It should be noted that
linearly polarized antennas can be used with all the above
applications including GPS, which is circularly polarized.
This is because the advantages of using circularly polarized
GPS antennas disappear in heavy multipath environments as
it was experimentally verified in [3].

In another dual antenna configuration, the high-band
antenna is modified to resonate from 1.575 to 3.6 GHz (with
78% bandwidth) instead of resonating from 1.2 to 2.7 GHz in
order to cover the 3.5 GHz WiMax band. This also increases
the frequency gap between the low and high subbands which
further reduces the mutual coupling between their antennas.
A third dual antenna configuration covers the frequency
bands; 750 MHz–1.65 GHz and 1.71–3.9 GHz. The antennas
of this configuration are much shorter than the antennas
of the other two configurations. The interference between
the low-band and high-band antennas of the above three
configurations are investigated, and the ways of reducing this
interference will be presented.

2. Results

Figure 1 shows the geometry of the new wideband resonant
antennas [2]. They consist of two narrow printed metallic
arms connected together by a shorting metallic strip. The
two arms may be parallel to each other or may have any
angle between them. The length of the short arm is L1 and
its width is W1, while the length of the long arm is L2 and

its width is W2 and the antenna is fed with a coaxial feed
line at a distance F from the shorted edge. The two arms of
the antenna can have equal or unequal widths W1 and W2.
Furthermore, the two arms can be shaped in different ways
in order to optimize the antenna performance. As shown,
each arm has a set of slots having different configurations.
These slots can be circular, rectangular, square, triangular, or
other shapes. The arm lengths of the new antenna, especially
the length of the short arm, are the main parameters that
determine the operating frequency of the antenna. The feed
location is adjusted in each configuration in order to improve
the return loss as much as possible. The bandwidth, the
peak gain, and the efficiency of the antenna are mainly
determined by the widths of the two arms, the angle between
them, the thickness of the antenna, and the configurations
of the slots, which are all optimized together in order to
enhance the antenna performance, especially the bandwidth.
The antennas are completely self-contained and do not
need extended ground planes or any additional components.
Thus, the new antenna can be mounted anywhere, inside or
outside any handset, because the antenna does not use a part
of the handset as an extended ground plane, which usually
happens with most available internal antennas. Furthermore,
the antenna is made of a flexible printed material and can
be bent and/or folded in different forms in order to fit any
available space inside or outside the handset. Actually, it can
be used as an internal, external, or partially internal and
partially external antenna. Moreover, the overall size of the
antenna is small and its manufacturing costs are low.

Different prototypes of the new antennas have been
designed, manufactured, and tested. Figure 2 shows the low-
band and the high-band antennas of the first configuration
that covers a frequency band from 470 MHz to 2.7 GHz,
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Table 1: The distance between the successive slots in the arms of
the high-band antenna.

D1 D2 D3 D4

5 mm 5 mm 10 mm 45 mm

which is divided into two subbands; 470–960 MHz and 1.2–
2.7 GHz. The antennas are made of a flexible printed material
“PET” with a dielectric constant εr = 3.5 and a tangent
loss δ = 0.015. The dimensions and the results of this low-
band antenna were presented in [2]. The dimensions of the
high-band antenna are L1 = 4 cm, L2 = 9 cm, W1 = 2.6 mm,
W2 = 3.5 mm, and T = 2 mm. Hence, the overall size of the
high-band antenna is 9× 0.35× 0.2 = 0.63 cm3. It should be
noted that this is the overall volume of the antenna because it
does not require additional ground planes, matching circuits,
or any other additional components. All slots in both arms
of the antenna are selected to be rectangular in shape. The
length of each slot is 5 mm, and its width is 2 mm. The
distance between the shorted edge and the first slot and the
distances between the successive slots are shown in Table 1.
The locations of the slots in the short arm are exactly
repeated in the long arm. However, since the long arm is
wider than the short arm, the slots are positioned close to the
middle of the long arm forming rings while they are located
at the edge of the short arm as shown in Figure 1.

The return loss and the radiation patterns of the new
antennas are numerically calculated by a software package
that uses the moment method. They were also measured
at IMST antenna labs in Germany [4]. Figure 3 shows the
calculated and the measured return loss of the high-band
antenna. The agreement between the numerical and the
measured results is within the acceptable limits. The return
loss is less than −5 dB over most of the band, which has
more than 77% bandwidth. The calculated and the measured
radiation patterns of the high-band antenna at a sample
frequency of 2.4 GHz are shown in Figures 4(a) and 4(b),
respectively. The agreement between them is very good.
The coaxial feed connection was included in the simulation
model. Figure 5 shows the calculated and the measured
efficiency of the high-band antenna from 1200 MHz to
2700 MHz. The average efficiency is about 50%. The antenna
efficiency was measured using the radiation pattern method.

3. Adjusting the Frequency Bands of Dual
Antenna Configurations

The frequency band of the above dual antenna configuration
can be adjusted according to the wireless applications that
are needed to be covered by a mobile handset or a portable
computer. However, the maximum bandwidth that can be
covered by each antenna is about 80%. For example, if L2-
GPS (1227.6 MHz) and L-band DVB-H (1452–1492 MHz)
are not required to be added to a mobile handset or a
portable computer while the 3.5 GHz WiMax is needed, the
high-band antenna can be modified to resonate from 1575 to
3.6 GHz (with 78% bandwidth) instead of resonating from
1.2 to 2.7 GHz. This also increases the frequency gap between
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Figure 3: Calculated and measured return loss of the high-band
antenna of the first dual antenna configuration.

the low-band and the high-band antennas from 240 MHz
(960 MHz –1.2 GHz) to 600 MHz (960 MHz–1.56 GHz),
which results in increasing the isolation between them. The
length of the modified high-band antenna is reduced from
9 cm to 6.5 cm. The modified high-band antenna and the
original low-band antenna form a second sample of dual
antenna configurations, which ranges from 470 MHz to
3.6 GHz. The measured return loss of the modified high-
band antenna is shown in Figure 6. The return loss is better
than −7 dB over most of the band.

On the other hand, if the L-band mobile TV “DVB-H”
is used instead of the UHF DVB-H, the length of the low-
band antenna can be significantly reduced [5]. In a third
sample dual antenna configuration, the low-band antenna
is designed to resonate from 750 MHz to 1.65 GHz while
the high-band antenna resonates from 1.71 to 3.9 GHz. The
length of the low-band antenna is reduced from 25 cm in
the first configuration to 14 cm in the third configuration,
while the length of the high-band antenna is reduced to 6 cm.
The calculated and measured return loss of the low-band and
high-band antennas of the third configuration are shown in
Figures 7 and 8, respectively. The third configuration covers
an overall bandwidth ranges from 750 MHz to 3.9 GHz.
Thus, although it still covers the 750 MHz WiMax, it can also
cover more WiMax standards (3.7–3.9 GHz).

4. The Isolation between the Low-Band and
High-Band Antennas

It is important to increase the isolation between the low-band
and high-band antennas in dual antenna configurations as
much as possible in order to reduce the mutual coupling and
the interference between them. Usually, special techniques
have to be used in order to suppress or reduce the mutual
coupling between adjacent antennas in multiantenna config-
urations [6–11]. The isolation between the two antennas of
the above three dual antenna configurations is investigated.
The isolation between the low-band and high-band antennas
depends on the distance and the frequency gap between
them as well as their relative orientations. The isolation is
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at 2.4 GHz.
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Figure 5: Calculated and measured efficiency of the high-band
antenna of the first dual antenna configuration.
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Figure 6: Calculated and measured return loss of the high-band
antenna of the second dual configuration.

also significantly affected by the harmonics of the low-band
antenna [12]. For example, the low-band and high-band
antennas are oriented parallel to each other and separated
by 5 cm. In this case, the measured maximum isolation in
the three configurations is −21 dB, −25 dB, and −16 dB,
respectively. Thus, for a fixed distance between the low-
band and high-band antennas, the second configuration has
the highest isolation because it has the widest frequency
gap between the low and high bands while the third
configuration has the lowest isolation because it has the
narrowest frequency gap.

On the other hand, the calculated and the measured
mutual coupling S12 between the low-band and high-band
antennas of the above three configurations while the two
antennas are perpendicular to each other is shown in Figures
9, 10, and 11, respectively. In the measurement setup, a
piece of foam was used to fix the distance between the
antennas under test. In the first configuration, the maximum
isolation is increased from −21 dB when the two antennas
were parallel to each other to −32 dB when they were
perpendicular to each other. In the second configuration,
the maximum isolation is increased from −25 dB to −38 dB
while for the third configuration it is increased from −16 dB
to −36 dB. It should be noted that, although the third
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Figure 7: Calculated and measured return loss of the low-band
antenna of the third dual antenna configuration.
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Figure 8: Calculated and measured return loss of the high-band
antenna of the third configuration.
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Figure 9: Mutual coupling (S12) between the antennas of the first
configuration while the antennas are perpendicular to each other.

dual antenna configuration has the smallest frequency gap
between the low-band and the high-band, it has a higher
isolation than the first configuration when the low-band and
high-band antennas are perpendicular to each other. This
is because with such high isolation levels, the effect of the
harmonics on the isolation level is more dominant than the
effect of the width of the frequency gap.
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Figure 10: Mutual coupling (S12) between the antennas of the
second configuration while the antennas are perpendicular to each
other.
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Figure 11: Mutual coupling (S12) between the antennas of the third
configuration while the antennas are perpendicular to each other.

The isolation between the low-band and high-band
antennas is also affected by the objects and components
located between them, which are usually parts of a handset
or a portable computer. Locating the two antennas of the
dual antenna configuration on handsets is always more
challenging than portable computers because of the small
size of handset. The positions and orientations of the two
antennas on the handset have to be optimized according
to the available space in order to increase the isolation
between them as much as possible. Figure 12 shows a sample
handset with the two antennas of the third configuration
positioned perpendicular to each other. The space on the
handset does not allow the two antennas to be located
away enough from each other. Furthermore, a small part
of the low-band antenna is folded in order to reduce the
length of the antenna without causing any significant effect
on its performance [2]. Figure 13 shows the calculated
and measured mutual coupling between the two antennas
with a maximum isolation of about –31 dB. Since portable
computers do not suffer from such size limitations, the
locations of the low-band and high-band antennas can be
easily optimized in order to reduce the isolation between
them as shown in Figure 14. The calculated and the measured
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Figure 12: The third dual antenna configuration on a handset.
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Figure 13: Mutual coupling (S12) between the antennas of the third
configuration on a handset.

Low-band antenna

High-band 
antenna

Figure 14: The third dual antenna configuration on a laptop
computer.

mutual coupling are shown in Figure 15 with about −53 dB
isolation. In the numerical EM software, an ABS plastic
material was used to simulate the parts of the handset and the
portable computer on which the antennas were mounted.
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Figure 15: Mutual coupling (S12) between the antennas of the third
configuration on a laptop computer.

5. Conclusions

Low-interference dual resonant antenna configurations were
developed for multistandard multifunction mobile handsets
and portable computers. Only two wideband antennas could
cover most of the important wireless applications in portable
communication equipment. The frequency bands of the dual
antenna configuration could be adjusted according to the
wireless applications that were required to be covered. The
maximum bandwidth that could be covered by each antenna
was about 80% without using matching or tuning circuits.
Three sample dual antenna configurations were presented.
The first configuration was designed to cover a frequency
band from 470 MHz to 2.7 GHz, which was divided into two
subbands; 470–960 MHz and 1.2–2.7 GHz. Each subband
was covered by a wideband resonant antenna. There was a
frequency gap between these two subbands which was not
utilized by any important application. This frequency gap
helped in reducing the coupling between the low-band and
high-band antennas. In another dual antenna configuration,
the high-band antenna was modified to resonate from 1.575
to 3.6 GHz instead of resonating from 1.2 to 2.7 GHz in order
to cover the 3.5 GHz WiMax band. This also increased the
frequency gap between the low and high subbands which
further reduced the mutual coupling between their antennas.
A third dual antenna configuration was designed to cover the
frequency bands; 750 MHz–1.65 GHz and 1.71–3.9 GHz. The
antennas of this configuration were much shorter than the
antennas of the other two configurations.

The isolation between the two antennas of the above
three configurations was investigated. The isolation between
the low-band and high-band antennas depended on the
distance and the frequency gap between them as well as
their relative orientations. The isolation was also significantly
affected by the harmonics of the low-band antenna. The
mutual coupling S12 between the low-band and the high-
band antennas of the above three configurations while the
two antennas were parallel to each other and separated
by 5 cm was measured. The second configuration had the
highest isolation because it had the widest frequency gap
between the low and high bands. The third configuration

had the lowest isolation because it had the narrowest
frequency gap. On the other hand, when the low-band and
high-band antennas of the above three configurations were
perpendicular to each other, the isolation between them
significantly increased. This eliminated the need for any
special tools or techniques to suppress the mutual coupling
between them.
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