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Abstract—This paper discusses path loss measurements and simulations
between two half wavelength dipoles near biological tissue. An empirical
path loss model for wireless communication above brain and muscle tissue,
taking both distance and antenna height above the medium into account,
is presented. The model shows excellent agreement with the measurements
and simulations and is valid for antenna heights up to 5 cm andfor distances
up to 40 cm. For antennas placed closely to the medium, it was found that
the antenna height has a major influence on the path loss.
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I. I NTRODUCTION

A
WIRELESS BODY AREA NETWORK (WBAN) is a net-
work of which the nodes are situated in the clothes, on the

body or under the skin of a person. These nodes are connected
through a wireless communication channel and form a network
that typically expands over the body of a person. According to
the implementation, the nodes consist of sensors and actuators,
placed in a star- or multihop topology [1].

A WBAN offers many promising, new applications in medi-
cine, military, sports and multimedia, all of which make advan-
tage of the unconstrained freedom of movement a WBAN of-
fers. A patient, for example, can be equipped with a WBAN
consisting of sensors that constantly measure specific biological
functions, such as temperature, blood pressure, heart rate, ECG,
EEG, respiration, etc. The advantage for the patient is thathe
doesn’t have to stay in bed, but can move freely across the room
and even leave the hospital for a while. This improves the qual-
ity of life for the patient and reduces hospital costs. In addition,
data collected over a longer period and in the natural environ-
ment of the patient offers more useful information, allowing for
a more accurate and sometimes even faster diagnosis.

An important step in the development of a WBAN is the char-
acterization of the physical layer of the network, including an
estimation of the path loss between two nodes on the body. This
requires a detailed characterization of the electromagnetic wave
propagation and antenna behaviour near the human body. How-
ever, the human body has a very complex shape and intern struc-
ture, making it difficult to render a simple path loss model. In
order to study the influence of the proximity of biological tis-
sue on the path loss, we limit ourselves to a flat, lossy medium,
modelling different kinds of human tissue. The influence of an-
tenna height and distance between the send (Tx) and receive an-
tenna (Rx) is investigated through measurements and simula-
tions. These are performed with two identical half-wavelength
dipoles at 2.4 GHz, situated in the licence free Industrial,Scien-
tific and Medical (ISM) band.
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II. M ETHOD

A. Measurement and simulation setup

The measurement and simulation setup and parameters for the
path loss determination are shown in Fig. 1. The dipoles havea
lengthℓ = 0.46λ = 5.75 cm and a realistic diametert = 1 mm.

Fig. 1. Measurement and simulation setup.

For the simulations, two commercial tools are used. Using
the MoM simulator FEKO [2], we simulate the path loss for dis-
tances between Tx and Rx up to 40 cm and antenna heights from
5 mm up to 50 mm above the biological tissue. Longer distances
are impractical for a multihop WBAN and are therefore not con-
sidered. Both muscle and brain tissue are simulated [3]. In this
specific case, the MoM method allows us to model the biolog-
ical medium by the Green’s function for planar, semi-infinite
substrates, which greatly speeds up computation time.

For verification purposes, identical simulations are performed
for an antenna height of 2 cm using the FDTD simulator
SEMCAD [4]. The biological medium is now modelled by
a rectangular box with a height of 75 mm, which is divided
into cells with a maximum cell dimension well belowλ/10 =

1.25 cm at 2.4 GHz in free space. Due to these small cell sizes,
the fields in a maximum grid size of almost 4 million cells have
to be calculated, leading to long computation times compared to
the MoM method in this case.

To verify the simulation results, we perform measurements
with a network analyser (Rohde & Schwarz ZVR). A rectan-
gular box phantom with a shell thickness of 1 cm (± 1 mm)
is filled with brain simulating tissue. The dipoles are placed at
1 cm under the phantom, thus on a distance of 2 cm from the
tissue simulating medium. The measurements are performed in
a non-anechoic environment, resulting in undesired reflections.
However, these can be mitigated by performing a de-embedding
step, described in [5].

B. Model

The following semi-empirical formula, expressed in dB and
based on the Friis free space formula [6], is used to model the
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path loss:

Prec

Ptrans

(d, h)

∣

∣

∣

dB

= P0(h)|dB − n(h)d|dB = |S21|dB (1)

with Prec andPtrans the received and transmitted power, re-
spectively.P0 is the path loss at a reference distanced0 andn
is the so called path loss exponent, which equals 2 in free space.
Both P0 andn depend on the heighth of both antennas above
the medium. The last part of equation (1) allows us to regard
the setup as a two-port network for which we can determine the
S21-parameter.

III. R ESULTS

A. Influence of distance

Fig. 2 shows the simulation and measurement results for Tx
and Rx both 2 cm above the biological medium and distances
up to 40 cm. We obtain very good agreement between MoM
and FDTD and an average deviation of 1.8 dB between mea-
surements and simulations. Contributing to this deviationis the
difference of 1.4 dB found between the measured (2.8 dB) and
simulated (4.2 dB) gain of the system consisting of both anten-
nas in free space. Also, the effective thickness of the phantom
shell and positional errors cause measurement inaccuracies. The
small deviations between MoM and FDTD allow us to perform
the further investigation in this paper with the faster MoM tool.
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Fig. 2. Influence of distance between Tx and Rx on|S21| (brain tissue).

B. Influence of height

A series of simulations with the MoM tool is performed for
varying antenna heights above the biological medium, from
5 mm up to 50 mm, and distances from 10 cm up to 40 cm. The
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Fig. 3. Influence of antenna height on the path loss for several distances (brain
tissue).

Fig. 4. Results for the fit forn(h) andP0(h)dB as a function of antenna height
(brain tissue).

results for|S21|dB
are shown in Fig. 3 for brain simulating tis-

sue. It is clear that|S21|dB
strongly depends on antenna height

and drops quickly as the height decreases. The path loss model
of (1) is now fitted to the data obtained from these simulations.
The results of these fits are shown in Fig. 4. The following
path loss model is obtained for wave propagation above brain,
respectively, muscle tissue:

nbrain(h) = −25.0h + 4.0

P0,brain(h)
∣

∣

dB
= 7.7 ln(h)− 11.9, h ≤ 0.15λ (2)

= 388.7h− 49.4, h > 0.15λ

and
nmuscle(h) = −25.4h + 4.0

P0,muscle(h)
∣

∣

dB
= 7.7 ln(h)− 12.1, h ≤ 0.15λ (3)

= 404.1h− 49.9, h > 0.15λ

with ln the natural logarithm. In (2) and (3), we use a linear
approximation for the path loss exponentn. For P0 we use a
logarithmic fit for heights below the breakpoint value0.15λ and
a linear fit for heights above this breakpoint (see Fig. 4). Excel-
lent agreement is obtained, with a maximal and average devia-
tion of only 0.24 dB and 0.08 dB, respectively. From (2) and (3)
it can be seen that brain and muscle tissue only result in small
differences and that the antenna height is the determining factor.
Using these models, we are able to make an accurate estimation
of the path loss above a flat phantom.

IV. CONCLUSION

An accurate model for the path loss near homogeneous brain
and muscle tissue at 2.4 GHz is presented. The influence of
the antenna height was characterized and was found to be very
important. The model has been validated using simulations and
measurements for which excellent agreement has been reported.

REFERENCES
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