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Abstract

Recently, localization systems have been proved to be very important in the daily lives of a large
number of people. The task of locating a person has become quite relevant to the well-being of each
individual, as well as in areas such as medicine, industry, sports and even politics. The development
of the systems used in this task requires additional research and testing, since it must be taken into
account that they will operate close to the human body.

This work arose due to the importance of the characterization of an antenna that can operate close
to the human body. A tuned antenna was proposed in the 2.45 GHz ISM band. The structure was fed
by a coplanar waveguide and the substrate chosen was the FR-4.

To characterize the antenna, the following parameters were simulated and measured: input reflection
coefficient, operating bandwidth, bandwidth, radiation diagrams and radiation efficiency. In order to
test the antenna in the presence of the human body, the scenarios considered in the simulations were
free space, the presence of a flat, elliptical model, and a voxel model. In laboratory measurements,
the antenna was tested in free space in the presence of a phantom and the human body. In both the
simulations and the laboratory measurements, three distances between the antenna and the model/body
were considered (0, 3 and 7 mm).

The experimental results showed some differences compared to the simulated ones, but in general,
they were satisfactory, and the antenna can operate in the ISM band of 2.45 GHz. In the proximity of
the human body, the antenna is slightly unmatched but maintains the impedance adapted.
Keywords: People localization, coplanar waveguide (CPW) antenna, ISM band (Industrial Scientific
Medical) of 2.45 GHz, proximity of the human body, modelling of the human body.

1. Introduction
Nowadays a significant evolution of technology can
be seen with a close look. Telecommunications have
a critical role in diverse areas of the society, such as
healthcare/medicine, business, military forces, in-
dustries and even politics. With the evolution of
the telecommunications, systems that can locate
someone or something emerged and today almost
every mobile device (smartphone, tablet, and an-
other smart device) can be used in positioning sys-
tems.

To develop a localization system, typically it is
necessary for one or more targets to be localized
and sensors or tags to gather information about the
target, and the position is estimated based on that
information. These systems use antennas to en-
sure the communication between devices and can
be made of different materials, shapes, and sizes,
depending on their purpose.

Many investigations have been made about an-
tennas that have electromagnetic interaction with
the human body because they are relevant to areas
such as sports, medicine and some contributes to in-

creasing the quality of life of the human being. For
these reasons, there is a huge interest in study body
centric communications [1]. These are also known
as wireless body-area networks (WBAN) have a
range of 2-5 meters and uses the body as support
of the communication of one or more devices. The
user’s terminal antennas used in these networks are
called wearable antennas (WA) and ensure all the
communications between the different devices of the
BAN. The operation modes of WBAN can be classi-
fied in three different modes: off-body, on-body and
in-body links [2]. The off-body links operate in the
vicinity of the human body and radiate away from
it. Communications where both antennas are on the
body, and the link is from one part of the body to
another, are on-body links. The in-body links are
used in communications of medical implants and
sensor networks.

The antennas used in body-centric communica-
tions should be little sensitive to the presence of the
human body and that is why they have to be char-
acterized and tested before it real use. The best way
to test/measure these systems is with the presence
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of the human body, but it is critical to ensure its
safety, ethical issues and some require a controlled
environment. For these reasons the human body is
modulated by an artificial tissue-emulating (ATE)
phantom [3]..

2. People Localization Systems
2.1. Localization System Characteristics
Nowadays knowing the position of a person or an
object is very used and relevant to services such as
car security, global positioning, healthcare monitor-
ing, stocks control and inventory localization and
even personal tracking. These services have estab-
lished a need for the Location Awareness that con-
sist of the ability of a mobile host to determine its
current physical location by using a positioning de-
vice [4].

To have a successful localization three major
steps or components are needed. Distance/angle es-
timation, position computation and a localization
algorithm [5]. The systems will start to estimate
all distances and/or angles between two nodes and
then the nodes position is computed using that in-
formation and using positions of reference nodes.
The last step is the main component, and it will
analyze all the collected information and determine
the estimated result.

The parameters to evaluate the performance of a
localization system are accuracy or granularity and
precision. The first one is the distance between the
position calculated by the system and the real po-
sition of the target, and precision is how likely the
estimated position is within an accuracy interval
or above a reference number. Typically for indoor
systems, high accuracy is required (fine granular-
ity) while outdoor, the systems do not have that
requirement.

Localization systems can operate with different
modes. Infrastructure, ad-hoc or autonomous (dead
reckoning) mode [6]

Infrastructure mode needs an infrastructure or
central controller with reference nodes which the
devices are connected to. Direct communications
are established only between the infrastructure and
the devices. As there is no direct communication
between devices, the system will have more flexi-
bility for connection/disconnection of nodes to or
from the infrastructure/network. This advantage is
only possible with complex configuration and equip-
ment. An example of these systems is the cellular
network, where the communication between two de-
vices must pass through the base station even when
devices are close to each other.

Unlike the previous mode, in the ad-hoc mode
the nodes (devices or sensors) can form a network
without an infrastructure or central controller. The
nodes can establish arbitrary communications be-
tween each other and can dynamically self organize

to function like routers to discover and keep routes
to other nodes making the network management
and fault detection a hard work [7]. The nodes
can be pseudo located regarding other nodes and
in an absolute location when the position of the
reference nodes it is known. According to [8], the
IEEE 802.15.4/ZigBee standard is an example of
this mode.

With autonomous or dead reckoning mode, the
device or sensor auto locate it position by knowing
the previous position. The process is possible only if
the node knows the distance, velocity, and direction
made after the last known position. This mode is
mostly used in robots because it is required for them
to compute the location by themselves [9].

Depending on the purpose, there are systems
with different characteristics, hardware used, ac-
curacy and precision and applications. The en-
vironment (indoor or outdoor) is also a feature
that changes everything in the location systems.
The techniques used in these systems are critical
to the purpose intended, and the most used are
Received Signal Strength (RSS), Time of Arrival
(ToA), Time Difference of Arrival (TDoA), Angle
and Direction of Arrival (AoA and DoA) and Round
trip Time of Flight (RToF) [10].

Different types of signals and technologies can be
used to estimate the position of a person wearing a
device. The systems can be divided into two cate-
gories: Contact-based or Contact-less systems. In
this section the properties, techniques, and applica-
tions of these systems are described.

Contactless systems are the most used and are
based on wireless devices or imaging processing.
These can be divided by the type of signal used:
Infrared, acoustic, radio frequency or hybrid. This
report focuses on radio frequency systems. To lo-
cate a person, these can use different technology
(Satellite, Cellular or Wireless Local/Personal Area
Network Positioning) depending on the operation
environment (indoor or outdoor), methods, devices
utilized and accuracy needed for the estimation of
the localization.

3. Antennas for People Localization
3.1. Antennas Characterization
Design an antenna for person localization systems it
is not an easy task because there are many aspects
to be taken into account. The proximity to the hu-
man body, different objects and environments can
be an influence on the antenna performance. It may
occur some interference between multi rays caused
by scattering in the adjacent areas that will cause
fading of radio channels. Besides, the human body
is always moving even if it is laid down and its ge-
ometry can be very diverse. With all these factors
combined, the characterisation of wave propagation
and the antennas radiation pattern will be affected.
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Systems can use antennas on body in different
positions, depending on their purpose and before
designing the transceivers it is crucial to analyze the
characteristics of the channels and communication
paths on the body. Those in the surrounding areas
of the body must be analyzed to so that channel
capacity and power consumption can be optimized
[2].

Antennas used in or on body must be insensitive
to the proximity to the body, and the radiation pat-
tern shape must minimize the link loss. The path
gain is profoundly affected by the antenna geome-
try, type, and position. In [2] there is a study with
a belt-to-chest antenna and, obviously the propaga-
tion it is mainly done on the bodys surface, and it
will have a radiation pattern peak along the body
surface.

In these days, it can be seen a tremendous evo-
lution of wearable antennas with vast applications.
There are a lot of research in this area due to the
importance that some devices have to human life.
For example, the microwave imaging systems will
improve the success of medical exams by detecting
cancer cells in the human body as early as possible.

Antennas are used with different types and pa-
rameters, depending on the purpose. For exam-
ple, monopole antennas are the regarding path gain,
but the shape is not the best choice for wearable
antennas. In terms of mismatch and to improve
the performance, the best option is patch antennas
and other planar antennas due to it low-profile and
light-weight, but the performance of the link is not
as good as other types of antennas. For antennas
used in clothes (textile antennas), flexibility is the
main characteristic because it must resist to bend-
ing or crushes.

3.1.1 Antennas Operating at 2.45 GHz

In [11] four antennas for over-body-surface com-
munication at 2.45 GHz were compared. The
tested geometries are a low profile higher mode
microstrip patch antenna (HMMPA), a microstrip
patch (MPA-F) excited at its fundamental mode
(TM10), a microstrip patch with a shortening wall
(MPA-S) and a quarter-wave monopole antenna.
The HMMPA antenna is made with a substrate
Taconic TLY-3, PTFE woven glass with εr = 2.33,
a groundplane and a patch metallization on the
dielectric. The MPA-F has one single layer of
Taconic TLY-3 dielectric substrate and the MPA-
S has three dielectric layers with the ground plane
and the patch metallization printed on the Taconic
TLY-3 and spaced with Rohacell HF 51 foam with
εr = 1.07 to increase the bandwidth.

The antennas were simulated and measured in
the vicinity of a phantom. The distance between
the antenna and the model was 4 mm to the SMA

connector fit bellow the groundplane. The phantom
chosen was a representation of a muscle tissue with
εr = 2.33 and σ = 1.81S ·m−1. The antennas were
placed on opposite sides of the phantom in order to
have a NLOS path.

The bandwidth for 2.45 GHz was 6.7% and 8.6%
for the HMMPA-5 and HMMPA-10 respectively
which is sufficient for the requirements of the ISM
band. The MPA-S and the monopole also had good
results of bandwith while the MPA-F had 2.8% that
is less than the requirements. These results shows
a good agreement of the simulations with the mea-
surements.

3.1.2 Antennas Operating at UWB Frequencies

Ultra wideband (UWB) antennas can be a good so-
lution for WBAN due to its performance against
multipath fading and interference [12]. In [13] was
discussed the effects of different human tissues and
volumes on matchings of UWB antennas. Two pro-
totypes were made, one dipole and a double loop
patch antenna. These were placed at a distance of
20 mm to give a performance close to the free space
and on different spots of the human body accord-
ing to positions that can be used to place sensors to
collect data from the vital functions of the human
body.

Human tissues have different properties and for
this reason, the author categorized the tissues into
two categories. The first class is divided in torso,
limb, and head and the second class is divided in
bone, fat, and muscle. This classification was based
on the tissue volume for the first group and in the
dominant tissue type under skin ate the antenna
location. The results for the first class (torso, head,
limb) show that the tissues have a larger effect on
the double loop than the dipole. For the class of the
tissue volumes, it can be seen from the results that
the tissues tune the matching to lower frequencies.

3.2. Antennas Operating at Other Frequencies

A CPW antenna was presented in [14] for
biomedical localization applications. The antenna
was based on meandered parallel resonant arm with
the goal of reducing the antenna area. This antenna
has two substrates with high electrical permittivity
to reduce the antenna size and to increase the band-
width. The results presented show that the oper-
ating frequency of 915 MHz the bandwidth was 26
MHz. The author compared the two layers antenna
with a one layer antenna and the results show that
the frequency resonant shifts 263 MHz. The com-
parison of the measurements with the simulations
exhibit a good agreement between each.

Another example of an antenna working in the
proximity of the human body was proposed in [15].
The design of this planar inverted antenna (PIFA)
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considered the objective of isolating the body and
the antenna, and the operating frequency of the
antenna of 2.85 GHz. The substrate chosen was
Polydimethylsiloxane (PDMS) with εr = 2.15 and
a σ = 0.06. The author simulated the return loss
and the SAR, extending the patch structure and the
feeding point of the antenna. The results show that
the return loss decreases with the extension of the
patch structure. In general, this antenna had good
results and can be a good solution for body centric
communications.

3.3. Modelling the Human Body

To develop and investigate devices with EM inter-
action around or inside the body it is imperative to
study the electrical properties of the human body.
Study these properties may be very difficult or im-
possible because the measuring devices must be in
contact with the live tissues. The human body can
be used for measures and tests some devices or sys-
tems, but it cannot be the best way to test these. It
can be dangerous for the human submitted to the
test, unethical and the performance of the tests are
very affected by motion body. To avoid this, the
human body it is modeled by an artificial tissue-
emulating (ATE) phantom. There are three condi-
tions that are expected for an accurate model: re-
alistic anatomy, dielectric precision across the band
of interest, and long lifetime [3].

Knowing the electrical properties of different tis-
sues, it allows to model the human body. The mod-
els can be numerical (Theoretical and Voxels) or
physical (Liquid, Gel, Semisolid or Solid).

3.3.1 Numerical Phantoms

These phantoms are used when it is required a
simulation of wearable antennas and some parame-
ters such as Scattering (S) parameters and specific
absorption rate (SAR). Computational simulations
are used to create the models, and if it is required
more accuracy on the model, more realistic numer-
ical models are needed. These can be divided by
its complexity, in Theoretical Phantoms and Voxel
Phantoms.

Theoretical Phantoms
Theoretical Phantoms are homogeneous, or multi-
layer flat phantoms and are used when it is not
required a long-time simulation. These are very
simple shaped, like spheres or cylinders and it can
be useful to study channel propagation around the
body and in when the EM field distributions inside
the body are not so critical [16]. In Fig. 1 it is rep-
resented a phantom assuming that the body EM
behavior can be modeled by a multilayer numerical
phantom [17].

Figure 1: Multilayer phantom

Voxel Phantoms
When it is required more accuracy on methods of
simulation, it is necessary to develop a more com-
plex and realistic phantom; this is possible with a
large use of computer processing, and the use of
medical imaging technologies, such as Magnetic res-
onance imaging (MRI) and X-ray computed tomog-
raphy (CT) [2]. With these models, it is possible
to take diagnostic or real human data to develop
a voxel. A voxel contains all the electrical proper-
ties of different tissues of the human body Fig. 2
(permittivity, conductivity, magnetic permeability,
etc.) and it can be developed with a lot of soft-
wares, such as CST Microwave StudioTM, ANSYS
HFSS, FEKO - EM Simulation Software, and IE3D,
etc [18].

Figure 2: High-resolution whole-body human voxel

3.3.2 Physical Phantoms

Physical phantoms are made of ATE materials with
properties similar to human tissues. It is possible
to classify these phantoms from multiple points of
view. The classification can be made from the fre-
quency range, the type of tissue that the phantom
represents and the final state of the phantom af-
ter the manufacturing process is completed (solid,
semisolid or Jelly and liquid) [3]. Phantoms are
classified low-water content tissue which features
low permittivity and low loss and they are used to
model bones and fats. For tissues as brain, muscles,
and skin, phantoms are classified high-water con-
tent tissue which has higher permittivity and loss
[2].

In Figure 3(a) it is represented a head solid phan-
tom mainly fabricated to narrowband applications.
Multilayer phantoms are used to develop a more
realistic head phantom, and they represent differ-
ent tissues with different electrical properties (Fig.
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3(b)).

(a) A Solid human-head
phantom

(b) A multilayer stylized head
phantom

Figure 3: Examples of physical phantoms [Adapted
from [3]]

Solid Phantoms
Solid (dry) phantoms are mostly used when it is re-
quired to measure the SAR on the surface of the
body or if the internal structure of several organs
of the body with different dielectric characteristics,
must be preserved in the phantom [19]. To mea-
sure SAR, the method used is the thermography
method. This method consists on illuminating a
phantom by a radio source and then an infrared
sensor measure the surface temperature. The vari-
ation of temperature allows calculating SAR [2].

There are many ways to fabricate a solid phan-
tom and the main materials used are ceramic and
graphite powders which have a wide permittiv-
ity range. In the fabrication process, there are
some problems like some air gaps between the ad-
jacent ceramic pieces and to solve this problem it
is used silicone rubber with carbon fiber or car-
bon nanotubes. These materials allow to produce a
lightweight solid phantom [3].

Semisolid or Jelly Phantoms
To model soft and high-water content tissues like
organs, muscles, skin, and brain, it can be used
semisolid or jelly phantoms. These tissues have lay-
ers with a particular form and pattern [3].

It is possible to fabricate a semisolid phantom
with water, sodium chloride, TX-150 (polyamide
resin), and polyethylene powder. These last two
are used to control the relative permittivity and
conductivity of material. These phantoms adjust
the electrical characteristic over a wide frequency
range, are relatively low-cost, but they have a short
lifetime due to the loss of water [2].

Liquid Phantoms
Liquid phantoms are the easiest and the cheapest
phantoms to fabricate. These are made in a con-
tainer filled with a liquid that, in a very narrow
bandwidth, have the same electrical properties as

the tissues of a human body. The container is typi-
cally made of fiberglass that have a low relative per-
mittivity and conductivity. One disadvantage of liq-
uid phantoms is that some containers are built from
a material of unsuitable electrical properties, that
can result on high scattering in microwave imaging
experiences. There are some materials consistency
problems, and some tend to dehydrate [3].

With these phantoms, it is possible to record a
detailed distribution of the fields inside the phan-
tom, and they are mainly used in SAR measures.
It is not possible to measure SAR close to the body
with liquid phantoms [2].

3.4. Numerical Modelling Methods

These methods solve integral or differential for-
mulations of Maxwells equations and are used to
solve complex electromagnetic wave problems in
3D models and when the antenna size is a few
wavelengths to study the electromagnetic behav-
ior radiated by them. The most known meth-
ods are Method of Moments (MoM), Finite Ele-
ment frequency-domain method (FEM), and Finite-
Difference Time-Domain (FDTD). FDTD is the
most efficient for electromagnetic fields penetration
into biological tissues, and it will be described in
this report.

Finite-Difference Time-Domain Method (FDTD)
The FDTD method is based on the algorithm pro-
posed by Kane S. Yee in 1966 [2], and it consists of
solving Maxwell equations in time domain and in
a determined space that calculates the derivate in
order of time and space, through finite differences.

4. Study of an Antenna in Presence of Hu-
man body Operating at 2.45 GHz

4.1. Proposed Antenna Characterisation

In order to achieve the initial objective of build
and characterize an antenna for a people localiza-
tion system, was chosen the antenna of [20] has a
starting design. In this work, there is no need for a
flexible substrate and so the substrate chosen was
FR-4 due to its usability in CPW antennas and it
cost.

The geometry in reference[20] has been modified
and the proposed antenna has two half cylinder
joined, with radius 18 mm and 6 mm respectively.
The ground plane is also a cylinder (radius 16.8
mm) without the rectangle area of the CPW fed.
In Figure 4 is represented the design of the first
prototype with its dimensions.

4.1.1 Simulations

Using the software CST Microwave StudioTMand
after multiple Parameter Sweeps, it was possible to
reach the intended results for reflection coefficient
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Figure 4: Dimensions of the designed antenna

(S11), frequency range and radiation efficiency. The
tool Optimizer of the Transient Solver Parameters
was used to optimize the results.

To determine the band frequency of the antenna,
usually the reflected power has to be less than or
equal to 10% of the incident power, Pr ≤ 0.1× Pi .
This means |S11|dB ≤ −10dB. To calculate the op-
eration band in terms of percentage bandwidth the
maximum and minimum frequencies values (fmax

and fmin) are used.

The simulated free space return loss of the simu-
lated antenna is represented in Figure 5. By observ-
ing the figure, it is possible to see that this antenna
is tuned from 2.15 GHz to 2.9 GHz. The percentage
bandwidth calculated is 29.7%. Considering |S11|dB
≤ −10dB, the proposed antenna covers the ISM
2.45 GHz band where can operate technologies as
Bluetooth, WLAN e Zigbee.

Figure 5: Simulated return loss of the designed an-
tenna

4.1.2 Radiation Patterns and Efficiency

The radiation patterns represent the radiation spa-
tial distribution of the antenna in a farfield zone.
Usually, in these diagrams are used a spherical coor-
dinates system with the antenna positioned on the
referential origin. For this work, the most relevant
planes are YZ plane (angle Phi = 90◦ and variation
of the angle Theta) and XZ plane (angle Phi = 0◦

and variation of the angle Theta). In Figure 4.1.2
are represented the YZ and XZ planes diagrams.
For the frequency of 2.45 GHz, the radiation pat-
tern of the simulated antenna is similar to a dipole
antenna diagram.

(a)

(b)

Figure 6: Radiation patterns of the the designed
antenna at 2.45 GHz: (a) YZ plane; (b) XZ plane.

4.2. Simulations and Measurements in the Vicinity
of a Human Arm

To use a wearable antenna (WA) it must be chosen
an adequate part of the human body to place the
antenna. The arm is one of the most appropriate
parts to place a WA due to its facility of installation
and its location on the body is an advantage to the
device communications. To study the behaviour of
the antenna in the presence of the human body,
the antenna was simulated in the presence of three
different models. The first two models are based on
[21] and are a flat and an elliptical layered model
that simulate a simplified human arm. The last
model is a more complex model of the human body,
with and a morphology shape including it tissues
layers.

Flat and Elliptical Layered Models The need for
a less computational complexity leads to these two
simplified models (Fig. 7). Like the real human arm,
these models are constituted by skin, fat, muscle
and bone. The thickness of each constituent mate-
rial was taken from [21] and is 2 mm for skin, 4 mm
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for fat, 17.5 mm for muscle and bone. For the flat
model, the dimensions are 115 mm in width and 150
mm in length. The elliptical model is 140 mm long,
the outer skin has 57 and 45 mm major and minor
radius respectively and the bone is centred 4 mm
away from the elliptical shape centre. The elliptical
model is a more realistic model, but to decrease the
processing complexity was considerate also the flat
model. Using the elliptical model there are some
improvements in the comparison of the simulated
with the measured results [21].

There are a lot of different human tissues and con-
sequently with different electric properties. These
properties are frequency dependent and that is why
the relative permittivity and the loss tangent of tis-
sues through the frequency range, must be anal-
ysed. The density of the different tissues used to
simulate the two models were: skin ρ= 1100 kg/m3;
fat ρ = 910 kg/m3; muscle ρ = 1041 kg/m3; bone
ρ = 1850 kg/m3.

Figure 7: Flat and elliptical arm models

Using the CST Mricrowave StudioTMit was possi-
ble to simulate the antenna in the presence of these
two models. Three distances between the back of
antenna and the model (d= 0, d= 3 and d= 7 mm)
have been considered.

In Figures 8 and 9 it can be seen the simulated
results for the flat and elliptical model respectively,
with different distances between the antenna and
the model and with the curve of the simulated free
space return loss. By analysing the curves, it is
possible to say that the models have a substantial
influence on the magnitude and on the resonant
frequency of the antenna. When the distance de-
creases, the magnitude tends to also decrease and
the antenna is matched in lower frequencies.

The results of the two models can be compared
and it is possible to say that the simplified ellip-
tical model is more suitable to model a real arm
than the flat model. In general the return loss has
the same frequency but higher magnitude on the
elliptical model.

Voxel Model As described in section 3.3.1, voxels
are more realist models of the human body. These
require more compute processing but presents re-
sults closer to tests on a real human body. To re-
duce the processing time, it was chosen only the
arm and the rest of the body was not included in

Figure 8: Simulated return loss in the presence of
the flat model

Figure 9: Simulated return loss in the presence of
the elliptical model

the simulation (Fig. 10). The tissues chosen for this
voxel were the same as the simplified models (skin,
fat, muscle and bone). The density of the tissues
used were chosen for the frequency of 2.45 GHz and
it values were: skin ρ = 1100 kg/m3; fat ρ = 1100
kg/m3; muscle ρ = 1040 kg/m3; bone ρ = 1850
kg/m3.

Figure 10: Arm voxel model

The simulations were made as the previously
done with the simplified models, by changing the
distance between the antenna and the voxel (d= 0;
3; 7 mm). This simulations took substantially more
time of processing due to it higher complexity and
the approximation with the real human body.

Figure 11 represents the return loss |S11|dB of
the antenna simulated in CST in the presence of
the voxel. Similar to the other two models, the
magnitude decreases with the presence of the voxel
and when the distance tend to 0 mm, the resonant
frequency tends to decrease to lower frequencies.
For the three distances simulated, the results are
similar to each other but with small differences on
the resonant frequency.
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Figure 11: Simulated return loss in the presence of
the elliptical model

4.2.1 Prototype and Phantom Fabrication

The prototype of the antenna was fabricated by
chemical etching accompanied by photolithography.
This process uses a photo film to minimize the
precision errors due to the small dimensions es-
pecially between the fed and the ground elements
(0.24 mm). The first part of the fabrication process
was the export of the antenna layout from CST to
AutoCAD. This mask of the layout was sent to a
company for print in a photo film and then used to
transfer the layout from the film to the substrate by
using ultraviolet radiation. The area not exposed to
the radiation is removed with several chemical pro-
cesses. The last steps are to cut the antenna with
the final dimensions and soldering the SMA connec-
tor with 50 Ω of impedance. The final prototype
fabricated is represented in Figure 12.

Figure 12: Fabricated prototype

A phantom was fabricated to test the antenna in
presence of the human body. The fabrication was in
the chemistry laboratory of IST and all the proce-
dures were based on a paper from Professor Koichi
Ito and Professor Hiroki Kawai [22]. This phan-
tom is easy to produce, do not require any special
equipment or process. The ingredients were: deion-
ized water,S sodium chloride, polyethylene powder,
TX-151, sodium azide and agar. The agar prevents
the water to separate and so it is possible to have a
self-shape phantom, the polyethylene powder allows
to control the relative permittivity and the conduc-
tivity is adjusted by sodium chloride. Lastly, the
TX-151 is used to give the phantom some viscos-
ity and the sodium azide to help the preservation
of the phantom. The fabricated phantom is shown

in Figure 13. After the fabrication the electrical
conductivity (σ) was measured and it value were
σ = 33.3 + 5.4j [S/m] and tanσ = 0.162.

Figure 13: Fabricated phantom

4.2.2 Measurements

After the prototype and phantom fabrication, all
the measurements started in the laboratory no. 1
of RF of Instituto de Telecomunicaes. The tests
were performed by Vector Network Analyzer (VNA)
that measured the |S11|dB of the antenna in three
different scenarios: in free space, in presence of a
phantom and in presence of a real human arm. The
distance between the antenna and the phantom or
the human arm was archived using some pieces of
sphincter with three thickness’s (0, 3 and 7 mm).
The antenna performance was studied by measuring
the |S11|dB and the operation band. Radiation pat-
terns have not been measured due to unavailability
of the laboratory resources.

Results Analysis
In Figure 4.2.2 are represented the results of the
simulated and measured return loss (|S11|dB) for
the three distances between the antenna and the el-
liptical model (green curve), flat model (red curve),
phantom (rose curve), voxel model (grey curve) and
the real human arm (blue curve). For the distance
of 0 mm, the resonant frequencies are between 1.5
GHz and 2 GHz. The results to the distance equal
to 3 mm show that all the curves have similar reso-
nant frequencies (2.1 GHz) but with different mag-
nitudes. The curve for a distance equal to 7 mm
presents more uniform results between all the sim-
ulations and measurements and the resonant fre-
quencies are centred in 2.3 GHz for the simulated
models, and 2.6 GHz for measurements in the lab-
oratory. These results show that when the distance
between the antenna and the body decreases, the
resonant frequencies shift to lower frequencies and
the magnitude is also affected. These results lead
to conclude that the presence of the human body
influences substantially the antenna behaviour.

The radiation patterns for the three simulated
models and with the distance between the antenna
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Figure 14: Simulated and measured return loss for
the three distances between the antenna and the
models, phantom and the human arm: (a) 0mm;
(b) 3 mm; (c) 7 mm.

and the model of 0, 3 and 7 mm were also compared
and for the YZ and XZ planes, the most of the radi-
ation that is propagated in direction of the elliptical
and the flat model is absorbed but there are some
considerable levels of backward radiation. This ef-
fect occurred due to the high electrical permittivity
(εr) of constituent tissues of the models. For the
voxel model, the radiation in the direction of the
model is more absorbed than the other models.

The results of the simulations of the radiation effi-
ciency and total efficiency for the free space scenario
and with the antenna in the presence of the human
arm model showed that the efficiency increases with
the increase of the distance.

5. Conclusions

Considering the initial scope of the antenna design,
the analysis of antennas characterization parame-
ters was made as well as a review of the state of
the art for antennas in the vicinity of the human
body. The choice of the CPW-fed it was due to
its good performance in body-centric communica-
tions, it low radiation losses and it reduced circuit
size. The design of the antenna was inspired by
previous works with circle patch antennas and with
some tools as the optimizer and parameter sweep of
the CST software, it was possible to propose all the
dimensions and shapes of the structure to be stud-
ied. The substrate chosen was FR-4 with electrical

permittivity, εr, = 4.3, the thickness of 0.8 mm and
a dissipation factor, tan δ, = 0.025.

Using also CST, several simulations were made
to obtain the results for the return loss, band op-
eration and bandwidth, radiation pattern, and ra-
diation efficiency. There were four scenarios for the
simulate the antenna: free space, the presence of
an elliptical, a flat and a voxel model emulating hu-
man tissues. The arm was the spot of the human
body chosen to place the antenna. The simulations
of the three models were very similar to each other.
These simulations took a lot of processing time due
to it dependency of the complexity of the models,
being the voxel the most complex model to com-
pute. After the all the simulations the prototype
was built.

In terms of return loss, the measured results were
compared with the simulated ones and some dis-
crepancies have been observed. Despite this, the ob-
jective of 10 dB for the desired resonant frequency
was reached in all the scenarios and the obtained
results of bandwidth showed a fair agreement with
the simulated ones.

It was possible to conclude that the antenna be-
haviour is significantly affected by the presence of
the human body. The causes of the discrepant re-
sults may be due to the use of inaccurate human
models, imperfections on the fabrication and solder-
ing the SMA connector, the humidity that affected
a lot the Vector Network Analyzer (VNA) and the
currents induced in the power cord due to problems
caused by CPW.
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