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Abstract

Body-centric wireless communications are a hot topic nowadays. These systems employ antennas
in the vicinity of the human body, and cover a wide range of applications, such as in the healthcare
domain, the military one, or even for entertainment. In order to properly function, the antennas must
be robust against the electromagnetic influence of the human body. In light of that, this dissertation
focuses on the construction of a microstrip dual-band patch antenna, that works in the ISM bands of
2.45 and 5.8 GHz, and is quasi-immune to frequency detuning and performance degradation, when in
presence of human body tissues. The proposed antenna is simulated in CSTTMMicrowaveStudio,
printed photolithographically on RogersRT/DuroidTM5880 and measured, both in free-space and
on-body. In parallel, an UWB antenna with CPW feeding is also developed, in order to study different
solutions and draw conclusions from one another. In terms of simulation, the antennas fulfill the
requirements established for the critical parameters, such as return loss, operating bands, radiation
pattern and SAR values. Measurements of the built dual-band antenna prototype have shown a good
agreement with the simulation results, and it was concluded that the antenna is suitable for off-body
applications. On the contrary, the built CPW-fed UWB antenna was found not to be suited for WBAN
communications

Keywords: body centric wireless communications, dual-band antenna, human body electro-
magnetic influence, reflection coefficient, simple phantom models.

1. Introduction
The concept of wireless communication goes back
to 1864, when James Clerk Maxwell showed the
propagation of electromagnetic waves in free space
in theoretical and mathematical form. With the
development of new technologies, such as 4G LTE
or Wi-Fi, which have had its role among society,
have led researchers to deepen studies on wireless
communications. Combined with technological ad-
vances in healthcare and the continuous reduction
in size of electronic devices [1] [2], a growing inter-
est in Wireless Body Area Network (WBAN) has
been noticed. WBANs englobe a wireless network
of wearable computing devices, and this paper fo-
cuses on their applications for off-body communi-
cations [2]. These systems relate to a link between
only one on-body device and equipment that is not
on the human body, but in the surrounding area.
The equipment on-body is generally an antenna,
and it plays a fundamental role among for body-
centric wireless communications (BCWCs). Thus,
the interaction between the human body and those
antennas must be carefully studied, as the antennas

are the components that permit to go further in the
wireless domain.

2. State of the Art
2.1. Antennas used in the vicinity of the human

body
The continuous miniaturization of electronic de-
vices [1] has led researchers to study and develop
numerous devices and systems that can nowadays
be carried by the user, or even be attached to the
body. Thus, wearable devices and on-body equip-
ment have become interesting topics, for different
application fields. As an example for on-body de-
vices, a radio frequency identification (RFID) an-
tenna detects urination for adults, in [3], provid-
ing them a comfortable healthcare environment and
better quality of medical support. In the military
domain, wearable devices can be used in order to
offer support to soldiers, whether to provide com-
munications or to monitor their vital signals in com-
bat conditions. In light of this, body-centric wire-
less communications (BCWCs) started being heav-
ily investigated, concept in which antennas play a
fundamental role. For BCWCs, the design of the
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antennas must be carefully chosen, as one of the ma-
jor challenges for on-body antennas in the WBAN
domain is the interaction of the antenna with the
human body [1][3].

The human body affects tremendously the char-
acteristics of an antenna that is placed in its vicin-
ity, so an understanding of this influence must be
carried out so to provide proper communication sys-
tems for WBAN applications. Many studies have
been conducted in order to evaluate the influence
of the human body on antennas, and mainly shown
a reduction in the antenna efficiency, due to electro-
magnetic absorption in human tissues, as well as ra-
diation patterns deformation. As the human body
is considered a lossy medium, with high loss and
permittivity, the antennas should be compact, small
and robust to de-tuning and performance degrada-
tion. The type of antenna must also be taken into
account, as not all are adjustable to the body dy-
namics.

Therefore, all of the mentioned characteristics
must condition the body-antennas, and can be eval-
uated through numerical analysis and by studying
the electromagnetic fields around the antenna, as
well as its radiation signature. The measurement
setup may be accomplished by using phantoms, as
they serve as a good model of the human body, by
simulating its main biological characteristics, both
numerically and physically. Phantoms have been
broadly used in studies that concern the interac-
tion of electromagnetic fields and the human body.
They can be simple or more complex ones, depend-
ing on the degree of precision needed for the project
at hand.

2.2. Dual-band antenna structure and design
The noticeable rapid growth in WLAN applica-
tions not only has demanded higher data rates,
but also that single devices operate at more than
one frequency band. Antennas that are com-
pact and can be easily integrated into communi-
cation systems, combined with multi-functionality
(whether they are simply transmitting and/or re-
ceiving data, employing redundancy or duplex
modes, or functioning as access points so to trans-
mit wireless signal around them), makes anten-
nas with two or more resonance frequencies an al-
luring subject. Thence, a robust dual-band mi-
crostrip patch antenna for body-centric communica-
tions is designed and developed in this study. The
designed antenna is printed photolithographically
on RogersRT/DuroidTM5880, with thickness h of
1.57 mm, relative permittivity εr of 2.2 and loss
tangent tanδ of 0.0009, and is portrayed in Figure
1.

The antenna is constituted by a feed line, of
bw × bl mm2; a patch of pw × pl mm2; a substrate
with w×l mm2 and a layer of copper with the same

(a) Dual-band antenna (b) Geometry and design
parameters

Figure 1: Dual-band microstrip patch antenna

length and width as the substrate, but with a thick-
ness thcopper = 0.035 mm. The ground plane (and
substrate) extend beyond the edges of the patch,
both in width and length, so the antenna can op-
erate properly [4] [5]. That extension prevents pos-
sible fringing effects and increases the mechanical
stability of the antenna. On the feeding side, a gap
of 1mm was left so to fit the connector and avoid
short-circuits. On the patch two cuts are visible:
the bigger one, that corresponds to the U-slot, and
the smaller one, matching the line slot. The opti-
mized measures are specified in Figure 2.

Figure 2: Parameters values, in mm, of the antenna
presented in Figure 1

2.3. UWB antenna structure and design

Another interesting solution for WBAN applica-
tions is the UWB technology. Antennas that op-
erate within this frequency range benefit from an
immense amount of bandwidth available, which al-
lows for high data rate radio communications. On
top of that, the transmit power is quite low, which is
a desired feature in terms of battery consumption,
regarding devices that are made with the purpose
of being used or carried by an user [6]. On that
note, an UWB antenna was studied with the aim of
providing a complete approach on patch antennas.
To do so, the challenge was to study, optimize (in
terms of physical dimensions and reflection coeffi-
cient magnitude) and evaluate the behaviour of the
antenna portrayed in [7] in the vicinity of the human
body. Then, to study the impact of a CPW solution
(instead of the microstrip one previously assessed).
The UWB antenna is also printed photolithographi-
cally on RogersRT/DuroidTM5880, with the same
characteristics as mentioned in subsection 2.2, and
is presented in Figure 3.
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Figure 3: CPW-fed UWB antenna

The CPW solution is very attractive and is ex-
tensively used for wideband applications [8] [9]. It
exhibits low dispersion, due to the small gap be-
tween the feeding line and the sided ground planes,
enduring small radiation losses, and has also the ad-
vantage of suffering little performance degradation
at higher frequencies.

3. Simulations
3.1. Free-space scenario

The dual-band antenna designed is simulated and
measured for two different scenarios: in free-space
and on-body. For the former case, the main require-
ments are seen to be fulfilled. In Figure 4 it can
be seen the comparison between the simulated and
measured results. In this study the antenna is con-
sidered tuned to a certain frequency band when the
losses are equal or less than 10% of the input power,
which translates into having |S11|dB ≤ 10dB. The
visible good agreement indicates the antenna works
in the ISM bands of 2.45 and 5.8 GHz. The archi-
tecture of the antenna also allows for a radiation in
both frequencies away from the human body (Fig-
ure 5); this is achieved due to the strategic place-
ment of the slots introduced, so to have the current
distribution concentrated in a way that allows the
antenna to transmit perpendicularly to it (Figure
6).

Figure 4: Measured and simulated |S11| parameter

It is clear that the U-slot is responsible for the
characteristics of the lowest frequency, due to the
concentration of current on its edges at that fre-
quency. Any changes on the dimensions of the slot
may detune that band. The same applies for the
highest frequency: the current is concentrated at
the edges of the line-slot, being the latter the ac-

(a) At 2.45 GHz (b) At 5.8 GHz

Figure 5: Three-dimensional radiation pattern

countable for the appearance of that frequency.

(a) Current distribution at
2.45 GHz

(b) Current distribution at
5.8 GHz

Figure 6: Simulated current distribution of the
dual-band microstrip patch antenna

All of the requirements are fulfilled. Figure 5 de-
picts the radiation pattern (in 3D) in the desired
operating bands. The current distribution of Fig-
ure 6 shows a dispersion of current only around the
U-slot, thus making the antenna radiate in the z di-
rection with high directivity (see Figure 5). In the
same Figure, the current is dispersed all over the
patch, with some destructive interferences along the
way. However, they do not occur in the middle, and
the antenna radiates between the line-slot and the
U-slot at 5.8 GHz. Although the antenna seems to
only radiate at 5.8 GHz in directions apart from the
desired one (z direction), by checking the directiv-
ity values one can conclude that the antenna does
in fact radiate away from the front-side.

With this results, the objectives are achieved (in
terms of simulation, so far), with the construction
of a microstrip dual-band antenna that works at the
ISM bands of 2.45 and 5.8 GHz, and radiates away
from the body.

As for the UWB antenna, it is also evaluated un-
der the same conditions as the dual-band antenna
(same scenarios, -10 dB criteria), and the results
are shown in Figure 7. As one can observe from
the measured data, the antenna presents an up-shift
from around 2.9 GHz to approximately 4.9 GHz in
the lower -10 dB frequency edge. Several factors
can be associated to this performance degradation,
amongst them the possible errors in the fabrica-
tion process. The impedance detuning and conse-
quent decrease in the impedance bandwidth repre-
sents a violation of the -10 dB criteria, and thus
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the antenna does not cover the targeted 3.1-10.6
GHz UWB standard. However, depending on the
aimed application for this antenna, one can appeal
to the -6 dB criteria (which means the antenna cov-
ers the optimized communication standard UWB
range only if reflections of around 20 to 25 percent
of the power fed to the antenna are tolerable). If
so, the UWB standard is clearly covered and the an-
tenna satisfies the main performance requirements.

Figure 7: Comparison between the measured and
simulated |S11| parameters for the UWB antenna

3.2. Fabrication Setup
After the optimizations performed to the designed
antennas, the following step is to physically build
and test it. Firstly, the layout of the antennas is
exported from CSTTMMicrowaveStudio to Auto-
CAD, a software application that provides a two-
dimensional computer-aided design of the layout.
In a second approach, the masks are photolito-
graphically printed (with copper) on the substrate.
The following procedure is called ’chemical etching’,
and consists on dissolving away (in a corrosive way)
the parts that do not belong to the layout of the an-
tennas. In order to do that, this fabrication method
uses chemicals (entitled photoresists or etchants),
and is then submitted to a whole process to mini-
mize the effects of the surrounding environment on
it.

The next step of this fabrication method is to
put on each side of the patch an image of the metal
pattern. This allows for separating the parts that
are meant for dissolution from the ones that corre-
spond to the metal pattern. After that, the patch
goes to a controlled environment, with exposure to
UV light, so to harden the pattern. The unexposed
parts of the photoresist are washed away, and the
remaining goes under the etching part of the chem-
ical etching process. Both sides are sprayed with
a specific acid that etches away the portions that
were not subjected to the UV light, leaving nothing
else but the pretended pattern. The patch finally
undergoes a proper alkaline solution to wash away
the rest of the photoresist and the cleaning process
of the beginning is again performed.

After the chemical etching process, the antennas
are ready for testing. A Vector Network Analyzer
(VNA) was employed to carry the measurements,
and was firstly calibrated and defined to a frequency

range that was suitable for the work. A RF cable
was directly connect to the feed line of the antennas,
via the connector.

3.3. On-body scenario
The use of antennas near the human body may have
a completely different behaviour from when per-
forming in free-space. One must take into account
the human body interaction with them, and how
their electromagnetic performances are affected, as
many factors may degrade them. For simulation
purposes, numerical phantoms were employed, in
order to study such electromagnetic influence. The
simplified models illustrated in Figure 8 are used,
and are based on the ones from [7]. As the hu-
man body is a heterogeneous multi-layered medium,
both models comprise the four main tissue layers
that have the most influence in the performance of
antennas: skin (dry), fat, muscle and bone (corti-
cal).

(a) Flat (b) Elliptical

Figure 8: Simplified models of a human arm

Then, the antennas were fabricated (through
chemical etching) and submitted to laboratory ex-
periments. The measurements were preformed on
the arm of a human user, and with the antennas
distanced by 3 and 7 mm. To do so, a latex band
was used to clinch the antennas on the arm, as well
as a strip of polyethylene, so to help simulating the
specified distances. The antennas were firstly sub-
jected to the calculation of the specific absorption
rate (SAR), in order to verify it was safe for the user
to put the antenna on his arm. For an input power
of 1 mW, the maximum SAR value calculated is
11.0e-4 W.kg−1, for the 5.8 GHz band and for the
3 mm case. Since this value is seen to be consid-
erably lower than the limit established by ICNIRP
of 4W.kg−1 [10], the user does not need to worry
about radiation absorption.

The antennas were measured and the results are
displayed in Figures 10 and 11. For the dual-band
case, the simple models are seen to be accurate
enough to predict the behaviour of antennas. It
shows an excellent agreement between the simu-
lated and measured results, and thus should be em-
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Figure 9: Antenna measured on the arm of the hu-
man user

ployed when simulating these types of antennas, as
it allows the user to save time in the computational
process. Also, it is clear that, apart from slight
changes in the |S11| parameter due to factors such as
the influence of the RF cable employed (Figure 1),
which is translated into current leakage and electro-
magnetic scattering [11], or the medium-precision
fabrication process, the antenna is strong against
the presence of the human body.

For the UWB case, it is noteworthy the strong
influence of the tissues of the simple models on the
performance of the antenna. The presence of the
arm of the human user severely affects the oper-
ation band of the designed UWB antenna, and it
is observed that the lower resonance frequency is
down-shifted from 3.6 to 2.1 GHz, and the higher
one is also down-shifted from 9.3 to 6.8 GHz. With
respect to the 3 and 7 mm cases, the correspon-
dent resonance frequencies suffer both an upshift
and a drastic decrement on their magnitudes, which
is more conspicuous in the lower frequencies. In the
higher frequencies the reflection coefficient appears
to endure smaller cuts in the magnitude, and thus
stay quite stable, regarding antenna matching. This
observation is congruent with the one from subsec-
tion 2.3, evidencing one of the advantages to the
CPW feeding, which is a higher resistance to perfor-
mance degradation at higher frequencies. Although
several factors may contribute to the deterioration
of the performance of the CPW-fed UWB antenna
built, such as the introduction of current leakage
and electromagnetic scattering from the RF cable
connected to the antenna[11] or the difference be-
tween simulating an antenna and measuring it in
real conditions, the results are the expected ones.
In order to be used on the human body, the antenna
needs a better electromagnetic shielding. Compar-
ing to the microstrip antenna designed previously
evaluated in this chapter, one can observe the sen-
sitivity of the CPW solution to the proximity of the
human body. Notwithstanding, the CPW feeding
structure was chosen due to its reduced complexity
and easy integration into wearable devices, which is
very attractive for future work with these antennas.

(a) Prediction of the behaviour of the antennas in the
vicinity of the human body by using simple models

(b) Comparison between the simulated and measured re-
turn losses for the cases of free-space and when next to
the human body

Figure 10: Final results

Figure 11: Comparison between the measured |S11|
parameter for different distances of body proximity

4. Discussion and Conclusions

The interaction between the antennas and the hu-
man body is seen as the main challenge, and there-
fore the antennas must be small, compact and ro-
bust to de-tuning and performance degradation, in
order to withstand that influence. Models of the
human body allow the developer of the antennas
not only to evaluate their behaviour in a simulation
environment, but also to ensure that they are un-
der the limits of the SAR parameter established by
the ICNIRP entity, in order to limit the exposure
to time-varying electromagnetic fields and provide
a healthy interaction with the user.

Regarding the proposed dual-band antenna for
this study, the measured results are in agreement
with the simulated ones, showing a decrease in the
magnitude of the return loss in the resonance fre-
quencies, with the main factors being attributed to
the realistic conditions (lossy environment differ-
ent from the simulated one) and the influence of
the RF cable connected to the antenna, that intro-
duces current leakage and electromagnetic scatter-
ing. Nevertheless, the resonance frequencies were
not affected, and so the outcome is a dual-band an-
tenna that works in the ISM operating bands of 2.45
and 5.8 GHz, and is proven robust against the ef-
fect of the electromagnetic properties of the human
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tissues. Thus, it is suitable for WBAN applications.
Regarding the UWB antenna with CPW feed-

ing, the results measured in a free-space scenario
indicate that the antenna only covers the standard
UWB frequency range only if the -6dB is accepted.
The influence of the RF cable is seen to be of great
influence to the performance of the antenna, and the
precision of the fabrication of it must also be taken
into account, since the antenna is much smaller than
the dual-band one and thus requires a certain level
of rigour in its manufacturing. In terms of mea-
surements with the antenna on the human user, the
results show again a severe impact on the operation
band of the UWB antenna. It is seen the sensi-
tivity of the CPW solution to the influence of the
electromagnetic properties of human tissues, and
thus a microstrip solution could be in order. There-
fore, this developed model is not suitable for WBAN
communications.
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