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Abstract

Wireless Body Area Networks (WBAN) offer many promising new applications in the area of remote
health monitoring. An important element in the development of a WBAN is the characterization of the
physical layer of the network, including an estimation of the delay spread and the path loss between two
nodes on the body. This paper discusses the propagation channel between two half-wavelength dipoles at
2.45 GHz, placed near a human body and presents an application for cross-layer design in order to optimize
the energy consumption of different topologies. Propagation measurements are performed on real humans
in a multipath environment, considering different parts of the body separately. In addition, path loss has
been numerically investigated with an anatomically correct model of the human body in free space using
a 3D electromagnetic solver. Path loss parameters and time domain channel characteristics are extracted
from the measurement and simulation data. A semi-empirical path loss model is presented for an antenna

height above the body of 5 mm and antenna separations from 5 cm up to 40 cm. A time domain analysis



is performed and models are presented for the mean excess delay and the delay spread. As a cross-layer
application, the proposed path loss models are used to evaluate the energy efficiency of single-hop and

multi-hop network topologies.

Index Terms

Propagation channel, human body, wireless body area network (WBAN), path loss, delay spread, dipole antenna,

cross-layer design, energy consumption, single-hop, multi-hop, topology design.

I. INTRODUCTION

A Wireless Body Area Network (WBAN) connects independent nodes (e.g. sensors and actuators) that
are situated in the clothes, on the body or under the skin of a person. The network typically extends
over the whole human body and the nodes are connected through a wireless communication channel.
According to the implementation, these nodes are placed in a star or multi-hop topology [1]. A WBAN
offers many promising, new applications in home/health care, medicine, sports, multimedia, and many
other areas, all of which make advantage of the unconstrained freedom of movement a WBAN offers.

The wireless connection between the devices of a WBAN can occur at different frequencies. Most
published models use the ISM (Industrial, Scientific and Medical) frequency bands or UWB (Ultra Wide-
band). The characterization of the physical layer of the network is an important step in the development
of a WBAN, including an estimation of the delay spread and the path loss between two nodes on the
body. Propagation near flat, homogeneous and layered phantoms has been investigated in [2], [3]. In [4],
a transmission model at 2.4 GHz is proposed for different heights above a flat phantom and for different
dielectric properties of the medium. Papers [5]-[11] characterize the wireless on-body channel for some
specific configurations of the transmitter and receiver and provide physical-layer models. Moreover [12]
and papers [13]-[19] present important research concerning the on-body wireless propagation and antennas.

This paper characterizes the physical layer in terms of path loss, delay spread, and mean excess delay
for narrow band communication at 2.45 GHz between two half wavelength dipoles near a realistic human
body. A total of 583 measurements are performed in a multipath environment on real humans considering
different parts of the human body: arms, leg, torso, and back. In addition, the path-loss in free space has
been investigated numerically using a realistic human body model. The 2.4 GHz band is selected because

it is freely available and most practical existing technology for WBANs works in this band.



Based on this characterization and the physical-layer models, profound decisions can be made regarding
the most optimal network architecture in terms of energy efficiency [11], [20]. They indicate that multi-
hop wireless networks are required and single-hop networks are very difficult to realize. In [21], [22] the
physical-layer models are used for designing and testing energy efficient and reliable cross-layer protocols,
i.e. combining the MAC layer and network layer. As an application, the propagation models of this paper
are used to evaluate the energy consumption of single-hop and multi-hop topologies in short range wireless
networks on the human body. This is the first paper where the physical propagation analysis is used to
investigate thoroughly the impact on the energy consumption on protocol level (cross-layer research) in
order to determine the most optimal network topology in terms of energy efficiency. The analysis of this
research can be used by manufacturers to design and validate the performance of their WBAN systems
using well specified setups.

The outline of this paper is as follows. In Section II, the measurement and simulation setup and the
different configurations that were investigated, are described. Section III discusses the statistical charac-
terization of the on-body path loss in a multipath environment using measurements on real persons. The
path loss in free space has been investigated on a realistic human body model using a 3D electromagnetic
solver. In Section IV, a time domain analysis is executed and the mean excess delay and delay spread
are studied. In Section V, the proposed path loss models are used to examine the energy performance

of single-hop and multi-hop network topologies. Finally, Section VI summarizes the conclusions of this

paper.

II. MEASUREMENT AND SIMULATION SETUP
A. Configuration

Two identical half-wavelength dipoles at 2.45 GHz [4], with a length of 5.7 cm and a diameter of
1 mm, are placed at various positions on the human body, which is stationary. The gain in free space of
these dipoles is 2.15 dBi, and the -10 dB bandwidth of |S;| is about 300 MHz at 2.45 GHz if placed at
a distance of 5 mm from the body. In all measurements and simulations the dipoles are placed parallel to
each other and are lined up for maximal power transfer. The propagation channel characteristics depend
strongly on the height of the antenna above the body [2]. In this paper we investigate the wireless channel
for a separation of 5 mm between the body and the antennas. We examine the wireless on-body channel

for line-of-sight narrow band communication at 2.45 GHz along the arm, the back, the torso, and the leg.



The various antenna positions on the body are shown in Fig. 1(a). Tx and Rx represent the transmitting and
receiving antenna, respectively. The selection of the measurement points is made for typical WBAN sensor
locations on different body parts. The next paragraphs describe the different measurement configurations
along the stretched arm, the back, the torso, and the leg. The same configurations are used in the
simulations.

For the measurements along the stretched arm, the transmitting antenna Tx is placed at a fixed position
on the wrist and the receiving antenna Rx is moved along various positions towards the shoulder, see
Fig. 1(a). In total 583 different antenna positions are investigated. The distance between the antennas
varies from 5 cm up to 40 cm in steps of 1 cm. These measurements are performed on two persons: a
man (height 1.73 m, weight 73 kg, BMI (body mass index) 24.4 kg/m?) and a woman (height 1.69 m,
weight 61 kg, BMI 21.4 kg/m?), both 23 years old. A total of 214 measurements are carried out to extract
the propagation statistics.

For the back and the torso, the configuration is similar. The measurements are performed on the male
person lying on a table with the arms along the body. Tx is placed at approximately shoulder height at
one of three different positions (left, middle, or right, see Fig. 1(a)). Rx is placed directly below Tx and
is moved along a straight line in steps of 2 cm. The antenna separation varies from 5 cm up to 30 cm.
A total of 132 and 102 measurements are performed on the back and the torso, respectively.

For the measurements on the leg, Tx is placed at the ankle and Rx is moved towards the knee, see
Fig. 1(a). Because the surface of the leg is very different along the shin, the calf, or the side, 3 lines are
taken under consideration: the front, the side and the back. The distance between the antennas varies from

S cm up to 30 cm in steps of 2 cm. A total of 135 measurements are performed on the male person.

B. Measurement setup

The measurements are performed in a modern office. The dipoles are balanced for radiation near the
human body using a A\/4-bazooka balun [23]. Fig. 1(b) shows a picture of the measurements along the
arm.

A vector network analyzer (Rohde & Schwarz ZVR) is used to determine the Sy (f)-parameter (with
respect to 50 2) between Tx and Rx for the different positions in the frequency range from 300 kHz to
4 GHz. This frequency range is necessary to be able to distinguish the direct and the reflected waves in the

time domain. Here, we obtain a resolution of 0.25 ns. Time domain analysis is performed by calculating



the channel impulse responses so;(t) using the Inverse Fast Fourier Transform (IFFT) of the measured

So1( f)-parameters.

C. Simulation setup

The path loss along the arm and the leg is investigated by FDTD simulations in SEMCADX, using
an anatomically correct model of the human body in free space (length 1.81 m, 98 kg, and BMI
29.9 kg/m?), the NIH Visible Man model, provided by the Visible Human project of the National Library
of Medicine [24], [25]. The dielectric properties of the human body tissues have been obtained from [26].
The FDTD solver SEMCADX uses a non-uniform gridding scheme. The maximum grid step in the human
body model was 2 mm. The FDTD simulation domain has been determined with uniaxial perfectly matched
layers with a thickness of six layers. Fig. 2 shows the simulation setup along (a) the arm and (b) the leg
of the Visual Human in SEMCADX. In order to make a good comparison with the measurements, the
same configurations are used in the simulations. The antenna models have equal dimensions as the \/2-
dipoles used for the measurements, and are placed 5 mm above the body. In SEMCADX, the Tx dipole is
attached to an edge source. The Rx-dipole is terminated by a load of 50 €). The simulations were checked
if steady-state was reached. Nevertheless, we have to take under consideration that the simulations are
performed in a perfect free space environment, so the reflections caused by the office environment in the
measurements will be absent, and that the simulation model does not fully represent the real persons in

the measurements.

ITI. PATH LOSS
A. Analysis of propagation near the body

To model the path loss between the transmitting and the receiving antenna as a function of the distance,

we use the following semi-empirical formula, expressed in dB and based on the Friis formula [23]:
PdB(d> = PO,dB + 10n lOg(d/d()) = _|S21|dB (1)

where the antenna separation d is expressed in cm, Fp 4p is the path loss in dB at a reference distance
dy (10 cm in this paper), and n [-] is the path loss exponent, which equals 2 in free space. The path loss
is defined as —|S51 |45 When the generator at Tx has an input impedance of 50 €2 and Rx is terminated

with 50 2, which allows us to regard the setup as a two-port network for which we determine So;.



Since the body is within the near field of the antenna, charges on both the antenna and body surfaces
interact to create a single radiating system. In this case, it is no longer possible to separate the influence
of the antenna from the influence of the body. Therefore, we include the antenna as a part of the channel
model throughout this analysis [27]. The values and models that are determined in this measurement
campaign are specific to our particular antenna, human bodies of the 2 persons, and office environment.

In the following we present the path loss models for the different human body parts that were investigated.

B. Path loss model: measurements

1) Body parts:

Fig. 3 shows the measured path loss versus Tx-Rx separation along the arm (a), the leg (b), the back (c)
and the torso (d). The markers indicate the individual measurements, while the lines represent the path
loss models obtained through fitting of the measurement data. Fig. 4 shows the fitted path loss models
for all investigated body parts. Table I lists the parameter values of the fitted path loss models according
to equation (1), and the variations of the measurement results around the model.

The path loss increases with antenna separation as expected (Figs. 3 and 4). The path loss along the
arm and the leg are very similar, see Table I and Fig. 4. The reference path loss and the path loss exponent
of both models are almost the same: I 4 ~ 32.4 dB and n =~ 3.4. For the measured path loss along the
leg, we observe a slightly higher variation around the path loss model (standard deviation ¢ = 5.3 dB)
compared with the measurements along the arm (0 = 4.1 dB). This is because the measurements along
the leg were performed on three different lines (front, side, and back), while along the arm only one line
was investigated.

The path loss model of (1) assumes that the coupling between Tx and Rx antenna is neglected for short
seperations between the antennas. For a seperation of down to 5 cm the coupling between the antennas
close to the body is still acceptable as no clear deviation between model and measurements is observed
in Fig. 3, 4, and 5.

The path loss along the torso follows the same course as the path loss along the arm, but the path loss
along the torso is the highest of the investigated body parts. This is probably due to the higher absorption
in the larger volume of the trunk, and because the surface of the trunk is less flat than the surfaces of the
other investigated body parts. The path loss exponent of the model along the torso is almost the same as

along the arm and leg (n ~ 3.3). For the measured path loss along the torso, we observe a high variation



around the path loss model (¢ = 6.1 dB), because the measurements along the torso were performed on
three different lines: left, middle, and right. The reference path loss F 45 and the path loss exponent n
obtained in this paper for the model along the torso, are consistent with previous results: in [28], a path
loss exponent of n = 3.1 and a path loss value of P 5 = 44.6 dB at a reference distance dy = 10 cm

were measured in a large empty room for waves traveling along the front of the torso.

The path loss along the back follows a different course than the other three models. The path loss
exponent is much lower (n ~ 2.18). This is because the surface of the back is more flat than the surface
of the torso. When we take a closer look at Fig. 3(c), we can see that the path loss along the back is
suddenly higher for separations between 17 cm and 23 cm, and again lower in the last part of the graph.
This phenomenon is a consequence of the curvature of the spine. At waist height, the receiver will be
slightly below the direct line-of-sight (LOS) path from the transmitter placed at shoulder height, which
results in a higher loss. When the separation increases, the receiver comes again in a LOS situation and
the path loss decreases slightly. We also see that the variation around the path loss model is relatively
high (o = 5.6 dB). This is because the measurements along the back were performed on three different

lines: left, middle, and right.

The disparity in tissue compositions and in tissue thicknesses are another explanation for the variation
between the path loss models for the different body parts. Due to different tissue compositions and
thicknesses, the absorption in the specific body parts will vary, and thus the path loss along the body parts

will differ.

2) Whole body:

Instead of investigating the different parts of the body separately, we can also define an average path
loss model for the whole human body. For this purpose we consider a path loss model obtained through
fitting of all measurement data. Fig. 4 shows the path loss models for the investigated body parts and
for the measurements all together (full line). This curve lies between the previously derived path loss
models. The parameter values of this model are also shown in Table I. The model is valid for line-of-sight
communication, for the specified ranges 5 to 40 cm (Section II-A), and the investigated body parts (torso,

back, arm, leg). Moreover the models are valid for the investigated subjects and the simulation model.



C. Path loss model: simulations

The path loss along the arm and the leg are numerically investigated using SEMCADX. Fig. 5 shows
the path loss values and the fitted models versus Tx-Rx separation for the measurements and simulations
along (a) the arm and (b) the leg. The parameter values of the fitted simulation models according to
formula (1) are the following (for a reference distance dy = 10 cm), along the arm: 45 = 32.6 dB,
n = 3.39, and the variation o of the simulation results around the model equals 0.7 dB, and along the
leg: Py4p = 33.6 dB, n = 3.70, and 0 = 2.7 dB.

In Figs. 5(a) and 5(b), the simulated path loss values (squares) are all situated within the set of measure-
ments (crosses). Also, the parameters of the fitted path loss models derived from the simulations and the
models obtained from the measurements (see columns for arm and leg in Table I) show good agreement,
despite differences in the configurations for the human body, the environment, and the positioning of the

antennas.

D. Cumulative distribution function

The model in equation (1) only represents the mean path loss [29]. In practice, there will be variations
with respect to the nominal value. This variation is taken into account in the propagation model used in
Section V-B.

Fig. 6 shows the cumulative distribution function (CDF) of the deviation between the measured path loss
and the model along the arm. This CDF is obtained using the measurement data described in Section II-A.
For the measurements along the other body parts, similar results are obtained. It was shown in [30] that
the variation around the mean path loss is well described by a lognormal distribution (see lognormal fit
in Fig. 6).

The mean values ;4 and the standard deviations o of the lognormal distributions for the different body
parts, fitted using a least-square error method, are provided in Table II. The values of these CDF parameters
indicate that the path loss models show very good correspondence with the measurement results. The mean
values of the fitted CDFs of the deviation is close to O dB and the standard deviations differ less than 1 dB
from the standard deviation of the measured values (0.7 dB, 0.6 dB, 0.4 dB, and 0.6 dB difference for arm,
leg, back, and torso, respectively). Moreover, the different data sets also passed a Kolmogorov-Smirnov
(K-S) test for normality at significance level 5 %, indicating that the deviation of measured path loss and

model (in dB) is normally distributed [31].



IV. DELAY SPREAD

A. Definitions

Time domain analysis is performed by calculating the channel impulse responses h(t) = s9;(¢) using the
Inverse Fast Fourier Transform (IFFT) of the measured frequency transfer functions Sy (f) from 300 kHz
to 4 GHz. Fig. 7 shows the normalized impulse response from 0 ns to 40 ns for a measurement along the
arm for an antenna separation of 5 cm, on a logarithmic scale. It can be seen that most energy is received
via the direct path with different multipath reflections after some time.

Power delay profiles (PDP) were calculated for all the measurement positions. For the following analysis
only peaks (see Fig. 7) of less than 35 dB below the maximum value of the PDP are taken under
consideration. The points in time where the peaks in the PDP occur, are indicated by 7; withi =1, 2, ..., N,
where N is the number of peaks taken under consideration varying for each measurement. The PDP is
characterized by the first central moment (mean excess delay 7y), and the square root of the second
moment (RMS delay spread 7,.,s). The RMS delay spread is a measure of multipath spread within the
channel, an important parameter for characterizing time dispersion or frequency selectivity, and provides
a figure of merit for estimating data rates for multipath channels [29]. The delay spread 7,,,s and mean

excess delay 7, are defined in [10], [29].

B. Delay spread model

Figs. 8(a) and 9(a) show the mean excess delay 7, and the RMS delay spread 7,,,s versus antenna

separation along the arm. For the measurements along the other body parts, similar results are obtained.

The values of 7y and 7,.,,,s; increase with antenna separation. The mean excess delay 7 follows a linear

course as a function of the antenna separation and is modeled as follows [8]:

7(d) = A-d+ B [ns] 2)

with the distance d between Tx and Rx in cm and A [ns/cm] and B [ns] the parameters of the model.
Fig. 8(b) shows the fitted 7y models, derived from the measurements, using a least-square error method.
The course of the RMS delay spread 7,.,,s versus antenna separation is divided into two parts with a

breakpoint dy,. The first part is modeled by an exponential fit and the second part by a logarithmic fit,



with the following equations:

Toms(d) = C(eP"*—=1) [ns] for d < dy, 3)

= E+ Fin(d/dy,) [ns] for d> dy “4)

with the breakpoint d, and the distance d between Tx and Rx in cm and C' [ns], D [1/cm], E [ns] and
F' [ns] the parameters of the model. Fig. 9(b) shows the fitted 7,.,,,s models, derived from the measurements,
using a least-square error method.

The parameter values of the fits and the variations of the measurement results around the model, are
shown in Table III. The 79 models along the back and along the torso are very similar. Also along the
arm and the leg, the difference between the 7y models is small. The lowest values occur along the arm
and the leg, because the limbs have a much smaller volume and surface, which results in less multipath
reflections. As a consequence, the 7,,,s values are the lowest along the arm and the highest along the

torso.

C. Cumulative distribution function

In this section we verify whether 7y and 7,.,,,; follow a lognormal distribution. Other different empirical
distributions were applied, however, lognormal proved to be the best fit. We investigate the deviation of the
measured values and the models, see equations (2)-(4). The mean values and the standard deviations of the
fits of the CDFs for all measurements, fitted using a least-square error method, are provided in Table II.
These parameters indicate that both models show very good correspondence with the measurement results.
The mean values are close to O dB and the standard deviations differ less than 1 dB from the variation
of the measured values discussed in Section IV-B. Moreover, the different data sets along each body part
separately also passed a Kolmogorov-Smirnov (K-S) test for normality at significance level 5 %, indicating
that the deviation of the measured values of 75 and 7,,,,; and the models (in dB) is normally distributed

[31].

V. IMPACT ON ENERGY EFFICIENT NETWORK TOPOLOGY
A. Background

The radios that are used in WBANS are very small, which leaves only limited space for a battery while

recharging is not always possible. Furthermore, an important requirement for WBANSs is a large lifetime
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of the network (e.g. implanted devices should last for at least a year). Therefore, energy efficiency is of
uttermost importance in order to increase the lifetime of the network and to meet the requirements.

Regular ad-hoc and sensor networks mostly use multi-hop communication where nodes in the network
act as routers for other nodes to help guarantee connectivity. Current implementations in a WBAN,
however, assume single-hop communication where all information is sent directly to the receiver. The
work of Zasowski [11] was a first attempt to justify the use of multi-hop in a WBAN, where intermediate
hops are used for reaching the receiver. They use an energy model that is only applicable to UWB
communication and conclude that the criteria whether to use a multi-hop strategy depend on the ratio
of the energy consumption needed for decoding/coding and receiving/generating a UWB-pulse. In [32]
reliability is experimentally investigated by measuring the packet delivery ratio without imposing a MAC-
protocol. A multi-hop strategy turns out the most reliable.

In this section, we evaluate the energy consumption for narrowband communication at 2.4 GHz based on
a commercial available radio. First, a propagation model and an appropriate energy model are selected.
Then, this energy model is subsequently used for analyzing the energy consumption. The goal is to
investigate which topology is the most energy efficient in WBANS: single-hop or multi-hop communication.

A preliminary study has been done in [22] where only a line topology and binary tree was considered.

B. Selection of Propagation and Energy Model

When determining an energy model of the radio, it is important to notice that the channel model
derived in the previous section only accounts for line of sight (LOS) propagation and does not consider,
for example, the communication between the back and torso nor does it take into account the curvature
effects of the body. In [33], the path loss is modeled in non-line of sight (NLOS) situations around the
torso for UWB-communication in a band of 3 to 6 GHz. This model can be used for a narrowband system
around 2.4 GHz as it is relatively close to the band of 3 GHz. Further, their definition of the path loss is
the same as ours. We selected this model because it is the best NLOS model available and moreover the
path loss exponents and model parameters correspond well with the ones of our model for LOS. Both
models use (1), but with different parameters. For the LOS propagation, the parameters can be found
in Table I (we use the whole body model). The NLOS propagation has the following parameter values:
dp =10 cm, Py 4p = 48.8 dB, n = 5.9, and o = 5.0 dB [33]. It can be remarked that a higher path loss

and a higher path loss exponent along the NLOS channel than along the LOS channel is observed due to



diffraction around the human body and absorption of a large amount of radiation by the body.

The model in (1) only represents the mean path loss [29]. We also have to take the variations with
respect to the nominal value into consideration. Therefore, a variation component (see Section III-D) is
included in propagation model. It is crucial to account for this, in order to provide a certain reliability of
communications. The received signal strength M 4p At a node j from a node ¢ sending with transmitting

power p. 5 over a distance d; ; between the nodes, can be written as

Pap(diy) = piap — Pap(dij) — Xoap [dBW] (5)

where P, is the value predicted by the path loss model in equation (1) and the variation component X, ;5
is a zero-mean Gaussian random variable with standard deviation o (specified by the path loss model).
The condition for communication is that pi 4p 1s higher than a certain threshold py, at the receiver. As a

result, the probability C'on(i, j) that two nodes 7 and j are connected can be formulated as:

Con(i,j) = Prplp(dis) > pu ©)

= Pr [Xg,dB - p;dB + PdB(di,j) + i < 0} (7)

_ lerf _pé,dB + Pup(di ;) + pin
2 2 \V2To

If a reliable WBAN is desired, for example, a connection probability C'on(i, j) of 99% can be demanded.

®)

An important element in analyzing the energy efficiency of a network, is to have a good energy model
of the radio at one’s disposal. As we are only interested in the energy consumption of the communication,
which is much larger than the energy used for sensing [34], we ignore the latter in this paper. Different
energy models can be found in the literature. We have adapted the first-order model described in [35].
This model assumes a d? energy loss due to channel transmission with d the distance between Tx and
Rx. Here, we transform the model in a more general one by changing d? to d", where n represents the
path loss coefficient (n = 3.11 for the LOS channel and n = 5.9 for the NLOS channel). Doing so, the

energy model becomes the following:
Et:p(ka d; n) = ETXelec -k + Eamp (TL) k- d” [J] (9)
Era:(k) = ERXelec -k [']] (10)

In these formulas, E;, [J] represents the transmission energy, F,, [J] the receiver energy, Frxeie. [nJ/bit]

and Egrxce. [nJ/bit] the energy dissipated by the radio to run the circuitry for the transmitter and receiver
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respectively, Eym,(n) [J/(bit- m™)] the energy for the transmit amplifier, and & [bit] the number of bits
sent. The radios are presumed to have power control and consume the minimal energy needed to reach
the receiver. The specific values of these parameters are hardware dependent. We have determined these
parameters for two commercially available transceivers which are frequently used in sensor networks:
the Nordic nRF2401 low power single chip transceiver [36] and the Chipcon CC2420 transceiver [37]
used in Telos-B motes. Both transceivers work in the 2.4-2.4835 GHz band and have a very low power
consumption. The appropriate values for the parameters above were obtained by fitting equations (9) and
(10) to the actual power consumption of the devices which can be found in the datasheets. The distance
used in equation (9) is the maximal distance that can be reached between Tx and Rx. If the receiver is
positioned a little bit further, it is no longer within the receive range of the sender and the received signal
is below the sensitivity of the radio. This maximal distance is calculated for each output power level (p;;)
using equations (1) and (5) and the assumption that the maximal path loss (F;p) equals the difference
between the sensitivity of the radio and p;,. A reliability of 99% is assumed. Table IV shows the results
for both radios for the different values of the path loss exponent n for the LOS and the NLOS channel.
It can be seen that the Nordic radio has a lower energy consumption per bit. This can be explained by
the higher bitrate that can be obtained by the Nordic transceiver. Hence, we will use the parameters of

the Nordic radios in our further calculations.

C. Studied scenario

In this paper, it is not our intention to develop a routing protocol for a WBAN. We merely want to
show that a multi-hop approach is inevitable in a WBAN when evaluating the energy efficiency. Therefor,
we consider a regular tree network as it allows a more generic way of approaching the problem. More
specifically, we assume a (-balanced tree, i.e. a tree where all the children have exactly ¢ children. In
Fig. 10, a balanced tree with ( = 2 is depicted. There are L levels in the network that are numbered
consecutively from level 1 for the nodes that are the furthest away from the sink up to level L for the
nodes closest to the sink. We assume that the distance between the levels is fixed at an inter-node distance
d;,. The spacing between the nodes is uniform in order to make the analysis more general. If a scenario
was used with predetermined test locations of the nodes on the body, the results would only be applicable
to that specific scenario. Indeed, it would be interesting to see how this scenario would behave, but this

information can also be derived from our more general analysis with uniform spacing. As mentioned in



Section V-B, we distinguish between LOS and NLOS communication. The links between neighboring
nodes is modeled as a LOS situation. In other situations, the path loss for NLOS is used. By using both
LOS and NLOS, communication from one side of the body to the opposite is considered. Further, by
changing the distance d;,,, communication between a leg or arm can be modeled.

We assume that all nodes in the tree network generate packets at the same rate, so during each duty
cycle each node wants to send one packet to the sink. Moreover, a perfect duty cycle is assumed, i.e. a
sensor only turns on its radio when it sends or receives data. The main purpose of this approach is to
orthogonalize the results from this study and the properties of specific MAC-protocols.

As the energy efficiency is considered as one of the most important performance issues of WBANs, we
use the network lifetime as metric, which we define as the time for the first node to die. In order to have
a high network lifetime, the most consuming node should be made more energy efficient. This metric
forces us to consider all nodes to be equally important, which corresponds to the fact that a WBAN has
no redundant nodes.

We will try to improve the energy performance for this topology. In a first instance, we use a very
simple type of multi-hop routing where the data is sent to the nearest neighbor. In a second instance, the

multi-hop routing is made more complex by adding relay devices and by letting the nodes cooperate.

D. Single-hop versus Multi-hop

In the tree network of Fig. 10, the energy usage per bit for a node at level y when using single-hop

(Esy) can be written as:
ESH(yv dm) - ETXelec + Eamp(n) ((L -y + 1) : dzn)n [J/blt] (11)

Whereas the energy usage for a node at level y in a multi-hop network (£,;5) with the tree topology of

Fig. 10 is given by:

y—2 y—1
EMH(ya dm) = C Z CZ : ERXelec -k + Z CZ k- (ETXelec + Eamp(ﬂ) : d?n) [J/bZt] (12)
=0 =0

Due to the (-balanced tree, each node has ( children, what explains the factor ¢ at the receiver part.
Fig. 11 shows the energy usage ratio Fyp/Fgsy [-] of multi-hop versus single-hop scenario, in a tree
network for ( = 2 with 4, 5 or 6 levels and d;;, = 20 cm or 30 cm. If Fy;y/FEsy < 1, then multi-hop is

better and if F);y/FEsy > 1, then single-hop is better.
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The results show that the nodes closest to the sink (at level 6) perform really bad when using multi-hop:
they become hotspots using more than 100 times the energy of the single-hop scenario because they are
relaying a lot of data from the nodes at the other levels. However, far away from the sink, at level 1 in
Fig. 11, the single-hop scenario performs up to 1000 times worse than the multi-hop scenario because
of the much higher path loss. It is clear that distance plays an important role in these results. When the
distance between the nodes increases, the high path loss in the single-hop scenario has a dramatical impact

on the performance, resulting in a higher energy usage.

E. Improving the Energy Efficiency

The results obtained in the previous section are used to improve the energy efficiency of communication
taking place in WBANSs. The network lifetime can be improved by tackling the energy usage at the nodes
consuming the most energy.

We observe that in the single-hop scenario, there is clearly room for energy saving at the nodes further
away from the sink (see Fig. 11). These nodes consume the most energy and consequently will die first.
However, we also see that in the multi-hop scenario more energy is consumed by the nodes closest to
the sink (see Fig. 11), as they have to forward the data received from nodes further away. Based on these
observations, we will consider two mechanisms that can be used in order to improve the network lifetime
considerably: relaying and cooperation.

A first solution encompasses the introduction of dedicated relay devices. These are special nodes which
only handle traffic relaying and do not do any sensing themselves, thus more energy is available for
communication purposes. The main idea is that proper placement of relay nodes can bridge the performance
gap for the nodes far away from the sink in the case of single-hop traffic and distribute the load from the
nodes closer to the sink in the case of multi-hop traffic. In this study, we assume that the relay nodes are
placed next to existing nodes, so the inter-node distance d;,, remains the same.

For a node relaying traffic from z nodes, the energy usage per bit Ei is similar to the energy usage
of a regular node in a multi-hop tree network, see equation (12), minus the cost of transmitting its own

packets:
ER(Z, dm) = Z- (ERXelec + (ETXelec + Eamp(n) ' d:Ln)> [J/bZt] (13)

When properly placed, relay nodes can considerably improve the lifetime of the network, as we inject



more energy in the network. However, it is not always feasible to use relay nodes. Specifically in the case
of WBAN:S, placing more sensors on users does not really improve comfort. Hence, other methods need
to be used.

Another solution to improve the network lifetime, is cooperation, i.e. the nodes cooperate in forwarding
the data from one node toward the central device. When we compare the energy usage [J/bit] in a single-
hop topology to the energy usage in a multi-hop topology in Fig. 12, it is obvious that there is a lot
of residual energy available at higher levels, i.e. the nodes the closest to the central device. Indeed, by
using this energy supply, the lifetime of the network will be bounded by the energy usage of the nodes
on level 3. The data of the nodes on level 1 and 2 will be forwarded to level 4 and level 5, respectively.
This will lower the energy consumption of these nodes, as was the case with the relay devices. Hence,
the network lifetime can be improved without the addition of extra relay devices.

The following formula is used to calculate the number of nodes that can be relayed by the nodes at

level k£ when the energy consumption is limited by the nodes at level [:

ESH(la dzn) - ESH<k7 dzn)

Fr(l (L — ki + 1) - dun) 14

#nodes supported = {

with | | representing the floor function. Using this formula, it can be calculated that, e.g., for a network
with an inter-node distance d;,, = 20 cm, the data of up to 4 nodes can be relayed by the nodes at level 4.

Fig. 12 shows an example of the results when using the cooperation approach in a tree network with
¢ =2 and d;;,, = 20 cm. The almost horizontal line of energy usage in the cooperating network demonstrates
a good trade off between single-hop and multi-hop network setups, using a smart combination of both.
We can also see that the energy consumption of a node at level 4 or 5 in the cooperating network (sending
its own data and relaying the data of the other nodes) still remains slightly below the energy consumption
of nodes at level 3. The maximal energy usage in the cooperating network (see Fig. 12) is a lot lower

compared to the single-hop or multi-hop approaches, resulting in a higher network lifetime

VI. CONCLUSIONS

Transmission between two half-wavelength dipoles near the human body is studied at 2.45 GHz.
Propagation measurements are performed on two real humans, considering different parts of the human
body separately. In total, 583 measurements are performed, enabling a statistical approach. We characterize

in this paper the path loss for different parts of the human body (arm, back, torso, and leg) obtained
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by measurements on actual humans and by simulations with a realistic human body phantom. For the
investigated subjects in a multipath environment and a realistic phantom in free space, the path loss
exponent is about 3.1 for line-of-sight communication. Path loss along arm and leg is similar. The path
loss along the torso is the highest of the investigated body parts. The path loss models obtained from the
simulations show a good agreement with the models derived from the measurements, despite dissimilarities
in the configurations with respect to human body and environment. The cumulative distribution functions
of the deviation of measured path loss and models are well described by a lognormal distribution. The
mean values and the standard deviations of the fits indicate the lognormal behaviour and show that the

models agree excellently with the measurements.

The mean excess delay 7y and the RMS delay spread 7,,,s are also studied. These parameters increase
with antenna separation. Models are determined for 7y and 7,.,,s and show excellent correspondence with
the measurement results. The cumulative distribution functions of the deviation of 7y and 7., and the

derived models are well described by a lognormal distribution.

The physical propagation analysis is used to investigate thoroughly a detailed application on protocol
level (cross-layer research) in order to determine the most optimal network topology in terms of energy
efficiency. We showed for the considered subjects, that single-hop communication is difficult in terms of
energy consumption and multi-hop communication would be a better choice. If single-hop communication
does not provide satisfying results for these investigated cases, then this means that single hop will not
work for all people. Doing so, we show that multi-hop communication is needed.

We have shown that using relay devices, or a more cooperative approach, can improve energy consumption
largely, as this distributes the transmission load over the entire network. This study should be seen as
a first step towards a highly energy efficient WBAN. Based on the results carried out from this paper,
new communication protocols can be developed or existing ones can be adapted. They should be based
on a smart combination of single and multi-hop networking. Metrics and algorithms should be developed
that can decide which node to forward to and that allow a node to communicate whether it is capable
of cooperating. The contributions of this paper should be considered a source of inspiration for WBAN

protocol developers.

This analysis is performed for two subjects and a realistic heterogeneous phantom model and as there

are many differences among people (age, height, figure, physical condition, ...), more future research is



needed. Movement is not taken into account in this paper. This can also be part of future research both

for measurements and simulations.
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MEASUREMENTS: PARAMETER VALUES OF THE PATH LOSS MODELS.

TABLE I

parameter | arm | leg | back | torso | whole body
do [cm] 10 10 10 10 10
Py ap [dB] | 32.2 | 325 | 36.8 | 412 352
n [-] 335 | 345 | 2.18 | 3.23 3.11
o [dB] 4.1 53 5.6 6.1 6.1




TABLE II

23

CDF OF THE DEVIATION OF MEASURED PATH LOSS P;5, MEAN EXCESS DELAY 7o, AND RMS DELAY SPREAD Tyms WITH RESPECT TO

THE MODELS: LOGNORMAL DISTRIBUTION FIT.

parameter | arm leg | back | torso

Pip o [dB] 34 59 52 55
w1 [dB] -02 | -03 0.0 -0.7

To o [ns] 1.12 | 203 | 1.89 | 191
1 [ns] -0.05 | 0.00 | -0.06 | 0.00

Trms o [ns] 098 | 253 | 1.34 | 1.39
4 [ns] -0.04 | 0.25 | 0.01 | 0.00




TABLE III

PARAMETER VALUES OF THE MODELS FOR THE MEAN EXCESS DELAY 7o AND THE RMS DELAY SPREAD Tyms-

model parameter | arm leg back | torso | whole body
To(d)=A-d+ B A [ns/cm] 0.35 0.41 0.72 0.76 0.54
B [ns] -1.11 | -1.81 | -1.96 | -2.71 -1.82
07, [ns] 1.14 2.65 1.93 1.97 3.70
Trms(d) = C - (eP "% — 1) C [ns] 141 | 067 | 1.88 | 0.58 0.69
for d < dy, D [l/em] | 0.09 | 0.15 | 0.15 | 0.23 0.20
Trms(d) = E + F -In(d/dbp) E [ns] 9.97 | 640 | 13.01 | 1223 8.68
for d > dyp F [ns] 5.88 | 16.72 | 3.03 6.13 9.11
dpp [cm] 223 | 162 | 140 | 132 13.3
Orems [08] | 1.06 | 3.18 1.36 | 1.44 3.07




TABLE 1V

PARAMETER VALUES FOR THE NORDIC NRF2401 AND CHIPCON CC2420 TRANSCEIVERS.

parameter nRF2401 | CC2420
Erxeiec [nJ/bit] 16.7 96.9
Erxeiee [nI/bit] 36.1 172.8
Eamp(n = 3.11) [J/(bit-m™)] 1.97e-9 | 2.71e-7
Eamp(n =5.9) [J/(bit-m™)] 7.99¢-6 | 9.18e-4

25
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Tx positions

Rx positions

(@ (b)
Fig. 1. Measurement setup: (a) Antenna positions on the body (B = Tx and x = Rx), (b) Measurement setup: picture of measurements on

the arm.



(a)

Fig. 2. Simulation setup: (a) arm and (b) leg of Visual Human in SEMCADX.

(b)
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Fig. 3. Measured path loss and fitted models versus antenna separation along (a) the arm, (b) the leg, (c) the back, and (d) the torso.
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Fig. 5. Simulated and measured path loss values and fitted models versus antenna separation along (a) the arm and (b) the leg.
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Fig. 6. Cumulative distribution function and lognormal distribution fit of the deviation of the measured path loss and model along the arm.
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Fig. 7. Measured normalized impulse response along the arm for an antenna separation of 5 cm on a logarithmic scale.
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fitted models.



Sink

Fig. 10. Full binary tree topology (¢ = 2) with L levels and a fixed inter-node distance d;n,.
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Fig. 11.

inter-node distance d;, = 20 cm or 30 cm.
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Cooperation effects (L =5, n=3.11/5.9, d;, = 0.2, tree)
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Fig. 12. Energy usage for a tree topology with { = 2 and inter-node distance d;, = 20 cm: comparison between cooperating, a single-hop

scenario and a multi-hop scenario.





