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SUMMARY Wireless body area network for sensing and monitoring of
vital signs is the one of most rapidly growing wireless communication sys-
tem and Ultra Wide-Band (UWB) is a favorable technology for wearable
medical sensors. The wireless body area networks promise to revolution-
ize health monitoring. However, designers of such systems face a number
of challenging tasks. Efficient transceiver design requires in-depth under-
standing of the propagation media which in this case is the human body sur-
face. The human body is not an ideal medium for RF wave transmission; it
is partially conductive and consists of materials of different dielectric con-
stants, thickness and characteristic impedance. The results of the few mea-
surement experiments in recent publications point to varying conclusions in
the derived parameters of the channel model. As obtaining large amount of
data for many scenarios and use-cases is difficult for this channel, a detailed
simulation platform can be extremely beneficial in highlighting the propa-
gation behavior of the body surface and determining the best scenarios for
limited physical measurements. In this paper, an immersive visualization
environment is presented, which is used as a scientific instrument that gives
us the ability to observe three-dimensional RF propagation from wearable
medical sensors around a human body. We have used this virtual environ-
ment to further study UWB channels over the surface of a human body.
Parameters of a simple statistical path-loss model and their sensitivity to
frequency and the location of the sensors on the body are discussed.
key words: UWB antenna, immersive visualization system, channel model,
body area network

1. Introduction

The range of medical devices that are being used on or in-
side the human body is expected to significantly increase
in the near future. Recent advances in microelectronics in-
dicate that the technology to achieve ultra-small and ultra
low power wearable devices is mostly available. The wire-
less body area network is of special interest in for sensing
and monitoring applications in healthcare. Communications
from in-body implants and on-body sensors will allow for
better diagnoses and improvement in therapy. However, nu-
merous challenges including size, cost, energy source, sens-
ing/actuator technology, transceiver design still need to be
resolved [1]. RF-enabled wearable sensor nodes offer an
attractive set of applications, among which we can point
to Electrocardiogram (ECG), various medical monitoring
applications such as Temperature, Respiration, Heart rate,
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Blood pressure and pH.
The Ultra-Wideband (UWB) technology with its ad-

vantages over narrow-band systems is a possible candi-
date technology for body area network [2] having a radio
spectrum that is almost universally available. A success-
ful design in body area networks should accommodate mo-
bility, sensitivity [3], compact size and light weight. Al-
though, factors such as interference and co-existence with
other wireless technologies are extremely important in the
choice for BAN operating frequency, worldwide availability
and also the opportunity to have reasonable sized antennas
make UWB an attractive candidate for wearable BAN appli-
cations.

A key component of wireless body area network is
an antenna. It must meet both biocompatible and size-
limitation requirements. Therefore, designing proper anten-
nas for wireless body area network is a challenging task.
Also, compare to the traditional antennas, it is more compli-
cated to provide the typical parameters such as bandwidth,
efficiency and gain within the limited antenna volume. So,
the antenna design becomes even more critical at UWB fre-
quencies. Moreover, such antennas for the UWB system
should have linear polarization, omni-directional patterns,
and constant gain. Therefore, UWB antenna for wireless
body area network should be designed carefully to avoid
unnecessary distortions [4]. Consideration of the antenna
characteristics influenced by the human body is very impor-
tant for the antenna design [5].

Efficient transceiver design requires in-depth under-
standing of the propagation medium which in this case is
human body surface. The results of the few measurement
experiments in recent publications point to varying con-
clusions in the derived parameters of the channel model.
For example, authors in [6] perform measurement between
a receiver node located on the stomach and 9 transmitter
nodes that are placed around the front-upper side of the
body. Their obtained average path loss exponent for UWB
is around 0.84. Authors in [7] conduct measurement around
the human torso in various parallel planes and obtain a path-
loss exponent of around 5.8. Path loss exponents of around 3
have also been reported when measurements are performed
in front of the torso [8], [9]. These discrepancies simply
point to the need for more detailed studies in order to un-
derstand the behavior of Radio Frequency (RF) waves over
the human body surface.

As obtaining large amount of data for many scenarios
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and use-cases for this channel is difficult, a platform that can
emulate physical experiments in a three-dimensional (3D)
virtual reality environment can be extremely beneficial in
highlighting the propagation behavior of the body surface;
and also determining the best scenarios for limited physical
measurements. Lack of a detailed human body model and a
realistic wearable antenna are usually among the shortcom-
ings of previous simulation studies in this area.

In this paper, we use a state of the art 3D virtual re-
ality simulation platform to study electromagnetic propaga-
tion from wearable sensors. Communication with a wear-
able device can be done from any direction inside, outside
or over the surface of the body due to various body pos-
tures and human motion. Consequently, a true 3D environ-
ment is needed to better capture, visualize and understand
RF propagation for such devices. In the following sections,
we describe such a platform and show how it can be used to
extract a simple statistical path-loss model for body surface
communication.

The rest of this paper is as follows. The antennas used
in our simulations are discussed in Sect. 2. Section 3 will de-
scribe the immersive 3D platform that we have constructed
to study RF propagation from wearable sensors. Then, de-
scription of the simulated scenarios and our results are pro-
vided in Sect. 4. Finally concluding remarks are expressed
in Sect. 5.

2. UWB Antenna

Printed monopole and dipole antennas are extensively used
in different wireless applications due to their many advan-
tages, such as low profile, light weight, easy to fabricate and
low cost [10], [11].

The loop antennas also can be used for wireless com-
munications [12]–[14]. However, a conventional wire loop
antenna shows less than 10% bandwidth for a 2:1VSWR.
Therefore, conventional loop antenna has went under differ-
ent modifications to increase the bandwidth. A broadband
loop antenna introduced in [12], has a small gap in the wire
loop. This small gap increases the impedance bandwidth to
more than 24%.

In our study we used a loop antenna whose left and
upper arms together introduce an L-shape [15]. However,
the L-shape antenna itself is a class of broadband planar
antenna, which allows the broad impedance bandwidth and
less cross-polarization radiation [16], [17].

The structure of L-loop antenna is illustrated in Fig. 1.
To have a linearly polarized radiation the total length of
outer limits of the square loop antenna should be equal to
one wavelength [18].

The wavelength λ0 for an antenna designed at 3.1 GHz
is 96.77 mm. Our proposed antenna is composed of a single
metallic layer and is printed on a side of a FR4 substrate with
dielectric constant of εr = 4.4, loss tangent of tan δ = 0.02,
and thickness of 1 mm. A coupled tapered transmission line
is printed in the same side with similar metallic layer. A
copper of 0.018 mm thickness has been used as a metallic

Fig. 1 (a) Top view, (b) Side view, (c) Prototype of the antenna structure
(Unit: mm).

layer. As shown in Fig. 1 the size of the proposed antenna
is 24 × 25 × 1 mm, which is quite appropriate for wireless
system. The rectangular loop has 98 mm length, which is
fairly close to one wavelength of designed antenna. In this
work we used taper transmission line for impedance match-
ing, and we modified the shape of conventional loop antenna
with introducing an L portion to its arms, as shown in Fig. 1,
to reduce the antenna internal reflections at its discontinu-
ities and make gradual transition between the metal surface
of the antenna and free space. The broadband characteris-
tics of the proposed antenna can be understood by its current
distribution as the current is relatively more distributed over
the antenna L portion.

The antenna is fed from a 50 Ohms connector through
a coupled tapered transmission line. The tapered trans-
mission lines have shown good impedance matching over
a wide range of frequency [19]–[24]. The geometry of
the taper is chosen to minimize the reflection and optimize
impedance matching and bandwidth. A tapered structure in
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Fig. 2 Measured S11 of the antenna.

Fig. 3 Antenna on the proximity of body tissues.

the feed area creates low current standing wave ratios, there-
fore more magnitude of pulse near to the feed point. The
measured S11 of antenna is shown in Fig. 2.

In order for an antenna to be suitable for wearable body
area applications, it should be placed near to the body with
a sufficient separation from the surface. The simulation re-
sults are shown that a minimum separation of 14 mm is nec-
essary to reduce the effect of the human body on the antenna
characteristics [25]. Therefore, in our work we added a sec-
ond layer substrate i.e. RH-5 [26] with thickness of 14 mm,
εr = 1.09 and tan δ = 0.0004, as shown in Fig. 3. This sub-
strate is chosen due to its relative permittivity, which is close
to air and therefore it will not affect the antenna parameters.
As a result the same antenna can be used for on-body and
away from body as well.

A model of a human body consisting of three layers
(i.e. skin, fat, and muscle) has been used to study the effects
of human body on antenna characteristics as shown in Fig. 3.
The dimensions are 134×125×33 mm. The total thickness is
33 mm, which consists of three layers: 1 mm skin, 2 mm fat,
and 30 mm muscle. The effect of blood vessels, sweat gland,
and any form of water-content tissues are not considered in
this simulation.

The electrical properties of human body tissues i.e.
skin, fat, and muscle at 4.1 GHz are shown in Table 1. The

Fig. 4 The antenna VSWR close to the human body.

Table 1 Electrical properties of the human body tissues at 4.1 GHz.

Fig. 5 The antenna VSWR with second substrate layer close to the
human body.

calculation of electrical properties is based on the work of
[27]–[29].

The antenna VSWR in the proximity of the above tis-
sue layers and with the appropriate gap from the tissues are
shown in Figs. 4 and 5 respectively. It can be seen that in the
case of direct contact with tissues, the impedance bandwidth
is reduced to 1.4 GHz and the lower frequency is shifted to
2.6 GHz. However, the VSWR of the antenna in proximity
of human body with second substrate layer shows the same
level of measured VSWR.

3. A 3D Visualization Platform for Wearable and Im-
plantable Sensor

Virtual environments have been previously developed to
support a wide range of collaborative activities such as gam-
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ing, and few multi-dimensional engineering designs. Here,
we present a state of art immersive platform that is appli-
cable for RF propagation study in wireless body area net-
works.

Figure 6 shows the block diagram of our simulation
system. As observed, the main components of this sys-
tem include: a three-dimensional human body model, the
propagation engine which is a three-dimensional full-wave
electromagnetic field simulator (i.e., HFSS: High Frequency
Structure Simulator) and the 3D immersive & visualization
platform. The 3D human body model includes frequency
dependent dielectric properties of more than 300 parts in a
male human body. These properties are also user-definable
if custom changes or modifications are desired. The human
body model has a resolution of 2 mm. The HFSS propa-
gation engine enables us to compute a variety of different
electromagnetic quantities such as the magnitude of electric
and magnetic fields Poynting vectors, and Specific Absorp-
tion Rate (SAR).

The 3D immersive platform [30] as shown in Fig. 7 in-
cludes several components: three orthogonal screens that
provide the visual display, the motion tracked stereoscope
glasses, and the hand-held motion tracked input device. The
screens are large projection video displays that are placed
edge-to-edge in a corner configuration. These three screens
are used to display a single three-dimensional stereo scene.
The scene is updated based on the position of the user as
determined by the motion tracker. This allows the system to

Fig. 6 System block diagram.

Fig. 7 A user at the immersive visualization environment.

present to the user a 3D virtual world within which the user
can move and interact with the virtual objects. The main in-
teraction device is a hand-held three button motion-tracked
wand with a joystick.

4. Simulation Scenarios and Results

The relative positions of the receivers and transmitters are
shown in Fig. 8. The receiver positions are marked with cir-
cles while the transmitter positions are marked with a box.
The receiver locations have been chosen accordingly to their
potential medical application as suggested in [31]. They are
left lower arm, left upper arm, left ear, head, right ear, shoul-
der, chest, right rib and left waist.

The transmitter locations have been chosen according
to potential placement of a gateway node such as a cell
phone, Personal Digital Assistant (PDA) or a smart watch.
They are stomach, right waist and left wrist. In all cases the
transmitter antennas were located about 14 mm away from
the body surface as shown in Fig. 3.

For each receiver location, the frequency response of
the channel was calculated across the UWB frequency range
of 3.1 to 5.1 GHz with a step size of 10 MHz. Figure 9 dis-
plays all 9 frequency responses corresponding to the 9 re-
ceiver locations in Fig. 8(a).

As observed, all channel responses are highly fre-
quency dependent. Using Inverse Fast Fourier Transform
(IFFT) with appropriate hamming window, we can obtain
the temporal response of the channel.

Figure 10 represents the normalized impulse response
of the channel when the receiver is located on the right
shoulder. The delay of the first arrival corresponds to the
distance traveled by the UWB pulse. To calculate the dis-
tance based on the time of arrival, the exact speed of RF
waves is needed. In this case, the velocity of RF wave is
lower than that of free space (i.e. 3 × 108 m/s). The velocity
is reduced by the square root of the permittivity of the body
surface since relative permeability is close to 1. For exam-
ple, for skin (i.e. dielectric permittivity of 36.5 at 4.1 GHz),

Fig. 8 Various receivers locations for path loss calculation (a) transmitter
on stomach (b) transmitter on right-side waist (c) transmitter on the left
wrist.
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Fig. 9 Channel response in frequency domain for the 9 receive locations.

Fig. 10 Impulse response: Stomach to right shoulder.

Fig. 11 Impulse response: left wrist to left waist.

the velocity of RF waves is approximately reduced by a fac-
tor of 6. As shown in Fig. 10, this translates to a distance of
about 40 cm (i.e. 8 ns × (3 × 108 m/s)/6) which happens to
match the physical straight-line distance (i.e. 40.9 cm) be-
tween the transmitter and receiver in this case. In general,
derivation of the distance based the arrival times is compli-
cated as the exact speed of RF waves is hard to estimate for
body surface propagation.

Figure 11 shows the normalized impulse response of
the channel when the receiver is located on the left wrist

Fig. 12 Path loss versus distance for the 9 points averaged over 3.1–
5.1 GHz.

Table 2 Parameters for the statistical path loss model for different
transmitter locations.

and the transmitter is located on the left waist. The two
arrival components for this scenario possibly correspond to
propagation through the air and propagation over the body
surface.

The path-loss is calculated between each receiver and
the transmitter in Fig. 8(a) at each frequency in the range
3.1–5.1 GHz. The path-loss simply denotes the difference
between the transmitted and received power; and therefore,
it includes the antenna gains on both side. This is usually not
the case for channel models corresponding to most wireless
systems, but for BAN, the antenna gains are considered to
be part of the channel [1]. This is due to the effect of the
body tissues on the antenna characteristics which makes its
separation almost impossible.

The path-loss has been characterized by the following
statistical model.

PL (d)=PL (d0)+10n log10

(
d
d0

)
+S (dB), d≥d0 (1)

where d0 is the reference distance (i.e., 50 mm), and n is
the path-loss exponent which heavily depends on the envi-
ronment where RF signal is propagating through. S is the
random scatter around the mean and represents deviation in
dB caused by different receiver/transmitter positions on the
body and their antenna gains in different directions.

The path-loss exponent varies from 0.95 to 5.25 across
the frequency band of 3.1–5.1 GHz. The average path-loss
for each receiver location and the linear regression line for
scenario ‘a’ of Fig. 8 are shown in Fig. 12.

The random scatters around the mean exhibit a Normal
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Fig. 13 Path-loss over the body surface when the transmitter is located
on the stomach.

Fig. 14 Scatter plot of the path-loss versus distance for body surface at
4.1 GHz when transmitter is located on the stomach.

distribution with a standard deviation (σs) of about 2.4 dB,
(i.e. S ∼ N(0, σ2

s)).
The obtained average path-loss exponent is 2.83 which

is roughly in agreement with the physical experiment results
reported in [8], [9]. The slight difference could be due to the
different antennas used in those studies and the UWB an-
tenna that we have used in our simulation. We repeated our
analyses for cases where transmitter was located at different
positions (i.e. scenarios ‘b’ and ‘c’ of Fig. 8). The extracted
path-loss parameters are shown in Table 2. No significant
variation in the average path-loss exponent is observed.

In the above process, the derivation of the path-loss pa-

Fig. 15 Path-loss over the body surface when the transmitter is located
near the left wrist.

Fig. 16 Sample points that reside on the left-side of the body.
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rameters only involved 9 sample points. It is interesting to
find out whether more number of sample points affect the
resulting parameters. This could be generally difficult to as-
certain with more physical experiment as it involves human
subjects that have to stand still while participating in the ex-
periment. However, we can easily consider the entire body
surface and obtain a comprehensive scatter plot.

Figure 13 shows the path-loss over the entire body sur-
face in the virtual reality platform when the transmitter is
located on top of the stomach area.

To obtain the path-loss parameters, here, we have only
considered the front side of the body. Since distance should
denote over the body-surface distance as opposed to the
straight line distance. This is because, at high frequencies,
such as UWB, the through-body propagation is almost neg-
ligible; and therefore, we only need to consider over-the-
surface propagation. This corresponds to over-the-surface
distance between a transmitter and a receiver. As measur-
ing the distance between two points over the surface of the
body (i.e. a 3D manifold) is not a trivial task, we have fil-
tered out the sample points that are located in the back side
of the body and used the approximation of straight-line dis-
tance for all sample points that are in the front side of the
body.

Figure 14 shows the scatter plot for the path-loss at
4.1 GHz as a function of TX-RX separation for the case
when the transmitter is located on the stomach.

The mean value of the random path-loss has been dis-
played by a solid line. This is obtained by fitting a least
squares linear regression line through the scatter of mea-
sured path-loss sample points in dB such that the root mean
square deviation of sample points about the regression line
is minimized. As shown in Fig. 12, this random scatters
around the mean still shows a normal distribution with zero
mean and standard deviation of about 8.34 dB. The path loss
exponent has been reduced to 1.87.

We repeated our analyses for the scenarios ‘b’ and ‘c’
where transmitter was located at different positions. Fig-
ure 15 shows the path-loss on the body surface when the
transmitter is located near the left wrist.

Keeping in mind that in order to have the right estima-
tion for sample point distances, only the points that reside on
the left side of the body has been used, as shown in Fig. 16.

The extracted path-loss parameters for the scenarios
where transmitter is located on the right waist and left wrist
are shown in Table 3.

As shown in Table 4, the path-loss exponent is lower
in all cases compared to the case with 9 sample points. The
reason could be due to existence of creeping waves around
the body surface. With help of 3D immersive platform we
have observed that the directions of the Poynting vectors
which represent the direction of energy flux of an electro-
magnetic field are mostly parallel to the body surface. This
creeping wave phenomenon could facilitate the propagation
of RF waves over the body surface; and therefore, lead to a
better loss exponent for on-body channels.

Table 3 Parameters for the statistical path loss model for different
transmitter locations at 4.1 GHz.

Table 4 Parameters for the statistical path loss model for different
frequencies.

5. Conclusion

A 3D virtual reality simulation environment has been used
for investigation of body-surface propagation for body area
network. In particular, the parameters of statistical path-
loss model and how they are affected when the number or
location of the sample points changed.

One difficulty in comparing the results of such simula-
tions with actual measurements or even comparing the re-
sults of two sets of measurements data obtained by two dif-
ferent sources is the inclusion of the antenna characteristics
in the channel model.

In general, studying body surface propagation for spe-
cific scenarios such as people wearing medical implant is
also possible with this platform. Also, evaluating the effi-
ciency of custom made antennas and comparing the results
with other antennas can be easily done in our system.

More in-depth research on this subject is undoubtedly
required to further understand the characteristics of radio
frequency propagation for wearable sensors. The authors
hope that the virtual reality environment introduced here
would create a flexible platform to visualize and understand
body surface propagation without the need for extensive
measurement campaign.
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