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Abstract: sensors networks and, more specifically, body area networks (BANSs) are key building blocks of the future
generation networks and the Internet of Things as well. In the last years, research has focused on channel modeling and on
the design of efficient medium access control (MAC) mechanisms. Less attention has been paid to network-level
performance analysis. Thereby, this paper presents a novel analytical framework for network performance analysis with
star (i.e., centralized) topologies. This framework takes into account realistic channel statistics and provides several

insights on BAN design and analysis.
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1. INTRODUCTION

Recent advances in ultra-low powered sensors have
fostered the research in the field of body-centric networks,
also referred to as body area networks (BANSs). In these
networks, a set of nodes (called sensors) are deployed on the
human body. Their objective is to monitor and report several
physiological values: blood pressure, breathing rate, skin
temperature, or heart rate.

Generally, sensing is performed at low rates but in
emergencies, the network load may increase within seconds.
Therefore, an in-depth analysis of the network outage,
throughput, and achievable transmission rate can provide
insight on the maximum supported reporting rate and the
corresponding performance.

The focus of this paper is on link-level performance of
BANs and the integration of the propagation channel
characteristic in a general network-level performance
analysis framework. All considered networks would have
star topologies, meaning the sensor nodes will be directly
connected to a central controller. The modeling of the BAN
channel was recently thoroughly investigated [1-5]. The
main findings on the body-radio propagation channel can be
summarized. First, the average value of power decreases as
an exponential function of the distance; however, unlike
classical propagation models, where the received power P
is a decreasing function of the form distance d"*, in [6], the
authors show that a law of the form 107¢ (y <0) more
accurately characterizes body-radio propagation. Second,
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the propagation channel is subject to distinct propagation
mechanisms with respect to the location of the sensors on the
body. More precisely, on-body propagation and reflections
from the environment combine to create a particular
propagation mechanism that is specific to BANSs.

This paper addresses the development of a specific
framework for accurately evaluating the node throughput for
BANSs, with this metric being a traditional measure of how
much traffic can be delivered, per time unit, by the network
[7, 8]. Therefore, our analysis is practical for understanding
the level of information that could be collected and
processed in body-related applications (e.g., health or fitness
monitoring).

The slotted and asynchronous communications are
designed so that in every time slot, each node independently
transmits with a probability of Q. Indeed, in a generic
scenario, the traffic distribution in a sensor network can be
considered temporally bursty. In other words, body areas
may vary temporally, either with high traffic loads, or with
other areas with little or no traffic, or even with a scheduled
sleep for the nodes. Therefore, in a first approximation, a
random medium access protocol, such as the ALOHA
scheme presented here, could be used to keep the amount of
coordination traffic low and provide a straightforward
implementation suitable for computation-constrained sensor
nodes.

The remainder of this paper is organized as follows. In
Section 2, the models, definitions, and notations related to
propagation mechanisms are introduced. In Section 3, the
conditional success probability of a transmission for a node,
given the transmitter-receiver and interference-receiver
distances, is derived. Section 4 investigates the minimum
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Table 1. Main Mathematical Symbols and Variables in Use

Dricot et al.

Symbol Description Units
X random variable X
E [X ] expectation of the random variable X
P {E } probability of event E
d transmission distance m
P average transmit power w
P instantaneous transmit power W
P(d) average received power at distance ¢/ w
P(d) instantaneous received power at distance df W
int instantaneous total interference power w
env instantaneous interf. power from the environment w
env average interf. power from the environment W
L(d) power loss at distance @ dB
L,ef power loss at reference distance dB
dref reference distance m
Y path loss constant dB/m
SINR instantaneous signal-to-interference-and-noise ratio dB
0 threshold SINR of a communication link dB
Pth threshold link probability of success
by instantaneous transmission state of a node
node probability of transmission
T probabilistic link throughput
Po’ do subscript 0" refers to the link of interest
P, Pj subsrcipts / or J refer to the interferers
d.d

required transmission power and the average link throughput
for centralized topology. Section 5 concludes the paper.

2. PROPAGATION MECHANISMS OF BANS AND
STOCHASTIC CHANNEL MODELING

Recent research results in the field of human body-radio
propagation have highlighted the following three distinct
propagation mechanisms taking place in the context of on-
body communications [9].

First, there is propagation through the body; however,
when high transmission frequencies are considered, the
attenuation undergone by these waves is relevant and the
corresponding contribution can be neglected.

A second mechanism corresponds to guided diffraction
around the body. This mechanism is consistent with surface
wave propagation and its properties depend on the body
specific characteristics.

Finally, the last propagation contribution comes from the
surrounding environment. More precisely, this propagation
mechanism originates from reflections off the body's limbs
(arms and legs) and the surrounding objects (walls, floor,
and ceiling).

The experimental setup used in this manuscript is
presented in Fig. (1) and the main mathematical symbols and
variables in use in the expressions are introduced in Table 1.
We now present accurate statistical models corresponding to
the propagation mechanisms previously described

2.1. On-Body Propagation (Guided Diffraction)

As previously emphasized in [6, 10], the average
received power (in dB scale) is the following linearly
decreasing function of the distance:

E[P()]=P+ Ly +10y(d- dy) d=dy 1)
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Fig. (1). Possible positions of a transmitter-receiver pair in a BAN.

where P(d) is the instantaneous received power (units:
[W]) at distance d (units: [m]), P the initial transmission
power (units: [W]), d,; is a reference distance (units: [m]),
L. is the loss at the reference distance (adimensional, in
dB), and y s a suitable constant ( units: [dB/m]). For
instance, typical experimental values for these parameters
are d,=8 cm, L,=-5742 dB, and y = -124 dB/m
[10].

The average received power, in linear scale, can then be
expressed as follows:

E[P(a)]=P-L(d) d=dy )

where

L@ =107 10% = 1,10% d=d,,

=L,
= 1,10 d=d, 3)

where L; is a function of L, d,and y .* In Fig. (2) (a),
the loss L is shown as a function of the distance,
considering narrowband transmissions at 5 GHz.

More precisely, in Fig. (2) (a) experimental
measurements (circles) and their linear interpolation (solid
line) are shown. Finally, using (3) in (2) one obtains:

E[P(a)]= P- L,107°. &)

While expression (4) characterizes the average value, it
does not provide insights on the instantaneous distribution of
the received power. In [10], it has been experimentally
observed that the on-body propagation channel is
characterized by slow large-scale fading (i.e., shadowing).
More precisely, the instantaneous received power at distance
d can be expressed as follows:

P(d) = PL,107X (5)

where X is a random variable (RV) which depends on the
channel characteristics. It is shown in [11] and confirmed by

'Note that, since (3) holds for d= dref , Lo can be intuitively interpreted
as the (extrapolated) loss (adimensional, linear scale) at distance d= dref .

In other words, Lo takes into account the loss due to antenna emission.
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our measurements that X has a log-normal distribution?
with parameters u and o, where 0 typically ranges from
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Fig. (2). On-body propagation loss as a function of the distance:
experimental results (circles) and linear interpolation (solid line).

4 dB to 10 dB, Uy is the average path loss on the link

*Note that we use the log 1, variant of the log-normal since the widely-used
shadowing model uses an additive Gaussian variation expressed in dB.
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Fig. (3). Generic propagation model (on-body and environment reflection
superimposed)

(units: [dB]). Since the loss is accounted for by the term
L(d), it follows that wus =0 and the_ cumulative
distribution function (cdf) of X ,i.e., P {X < x}, reduces to
the following:®

1

Fx (x.0, G):%—Eerf(

-101log wx) ©)

o2

with the following corresponding probability density
function (pdf):

£ (x0,0)=

_ (20109 %)° } )

(In10) x2xo { 207

2.2. Reflections from the Environment

The second significant propagation mechanism originates
form the multiple reflections from the environment, i.e., the
reflections and the diffractions taking place on the floor, the
ceiling, the walls, and the furnitures, among others. A
substantial measurement campaign conducted by the authors
(and detailed in [6, 9, 10]) has shown that the contribution of
the environment can be considered, on average, as an
additive, constant power when the transmission distance is
significant (i.e., when d> 25 cm). The obtained results are
shown in Fig. (2) (b), the power received by means of
reflections from the surrounding environment is shown as a
function of the distance. It can be observed that when
d> 25 cm, the value of the loss is, on average, around -78
dB. More precisely, for d> 25 cm the average value of the
received power can be expressed, in logarithmic scale, as
follows:

E|:P.;w ]_ Pc.w = P+ L(J“IIV’ (8)

where P is the transmit power and [” =-78dB.
Alternatively, the average received power can be expressed
in linear scale as

®In (6) and (7) , for the sake of clarity the mean and standard deviation are
explicitly indicated at the right-hand sides.
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EPLJp, P L

(9)
where
L(env) =10 L(degv) /10.
Our measurement campaign has shown that the

propagation channel can be accurately characterized as
narrowband Rayleigh block fading. Therefore, the
instantaneous received power Penv has the following
exponential distribution [12]:

env
env ’Denv

(0=, o {X} (10)

2.3. A Unified BAN Propagation Model

The combination of the two effects presented in
Subsection 2.1 and Subsection 2.2 allows to derive a unified
propagation model for a generic BAN. It can be observed
that the degree of importance of each mechanism depends on
the distance between transmitter and receiver. More
precisely, in close proximity, the dominant propagation
mechanism is the on-body propagation described in
Subsection 2.1. Above the cross-over distance . =~ 25
cm, the contribution of the environment becomes dominant
and the second propagation mechanism, presented in
Subsection 2.2, is more accurate.

Therefore, a unified propagation model can be
characterized as follows:
« if d=d_,, the average received power can be

computed using (4) (ie., E[P(d)] x P10") and the
instantaneous received power is determined by the log-
normal fading channel model given by (7);

«if d>d, ., the average received power approximately
is constant (i.e., E[P(d)] = PL*") and the instantaneous
received power, owing to a Rayleigh faded channel model,
has the distribution given by (10).

In Fig. (3), the average path loss is shown as a function
of the distance.

In particular, the overall (unified) path loss can be
expressed as follows:

L(d) = max{L,10" %, L™} (11)

3. LINK-LEVEL NETWORK PERFORMANCE IN A
MULTI-USER SCENARIO

In this paper, we consider multi-user communications---
in a BAN, all sensors need to transmit to a central controller
and, in this sense, the scenario at hand can be interpreted as a
multi-user scenario. The transmission of interest is denoted
with the subscript “0." Depending on their distance to the
receiver, the interfering sensor nodes will be denoted
differently. More precisely:

« the interferers located at distances shorter than @
are referred to as “close-range interferers," their number is
indicated as N, and they are denoted with the subscript
€N ={1,2,, N};
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o the interferers located at distances Ionger than d,. ar
referred to as “far-range interferers,” their number is
indicated as N', and they are denoted with the subscript
JEN ={1,2 N’}_

The transmission state of the a node at time t is
characterized by the following indicator variable:

A(D = 1 ifthe node istransmitting at time t
0 ifthe nodeissilent at time t

Assuming slotted transmissions (i.e., € can assume multiples
of the slot time), a simple random access scheme is such
that, at each time slot, a node transmits with probability q

[13,  p.278]. {Ai(D}e iEN and
{2,(9}2,JEN are sequences of Bernoulli RVs with

P{n(0=1}=P{1,(=1}=qVti, j.

A transmission in a given link is successful if and only if
the signal-to-noise and interference ratio (SINR) at the
receiver is above a certain threshold 6. This threshold value
depends on the receiver characteristics, the modulation
format, and the coding scheme, among other aspects. The
SINR at the receiving node of the link is given by

Therefore,

<INR—. Fatd)
NB+PF,, (12)

where P,(d)) is the received power from the link source
located at distance d,, N, is the power noise spectral
density, B the channel bandwidth, and P,, is the total
interference power at the link receiver, i.e., the sum of the
instantaneous received powers from all the undesired
transmitters:

= i’\ P.d)+ i’\JP (13)
- =

where the variables P; and_ d, refer to the power and the
distance-to-receiver of the /-th node, respectively. Finally,
as typical in the context of BANs, we assume that all nodes
use the same transmit power, i.e., F,(0) = P,(0) = £, (0), Vi, j.

We now provide the reader with the derivations of the
link probability of success in the two propagation
mechanisms observed in BANs and detailed in Subsection
2.1 and Subsection 2.2. We underline that the analytical
framework deriveed in the following subsections is
expedient to grasp a preliminary understanding of the
behaviour of a BAN. As the analytical framework relies on
realistic assumptions, based on an extensive measurement
campaign, the obtained results are meaningful. Experimental
validation of the same framework with a practical BAN
testbed is a relevant research activity and we are currently
working on it.

3.1. Link Probability of Success with Short-range
Transmission

The link probability of success for a required threshold
SINR value 6 in the context of a log-normal faded link is
equal to
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P{SINR>6}=E, [P{SINR>0 R, }]

e [plBtax, , o
[ N B+ P

ey el e |
| P L(a)

=E, 1+£erf imgw(QM) ) (14)
w272 o2 AL(d)

where, in the last passage, we exploited the fact that the
cumulative distribution function of the random variable X,
is given by (6). In the Appendix, it is shown that

101
:(Z,m=l+lcrr(A
2 o

P

) ch"\l’( a2
(0] (15)
where {c},, and {-a}.,, where n is an integer
determined by the expansion accuracy, are suitable
coefficients. By using the function &(;-) and recalling
expressions (13) and (5) for the interference power, the link
probability of success (14) can be written as follows:

S -aoN,B
gckexp( P L(d) )

P {SINR>6} =E

xexp( akGE tgg))XA)XEXp(_angv P%Evd))\,j)]

170

2z _3,0N,B L(d)
- k « x Eex ke Xl)“l
26 exp( R L(d) ) - p( ; EL(do) J

5P
xEexp|-a.0 o3 16
( 2 BLd) ) 16)

where, in the last passage, we have used the fact that the RVs
{A,.A,,P,,.X} are independent and the term G exp(") is

constant. The term in the second line of the expression at the
right-hand side of (16) can be further expressed as

Eexp[ akez t((g)) ,A,.)

N
= EH exp (—ake La) ,A,)
i=1

L(a)
= ﬁE exp (—ak L((ZO)) XA ,) (17)

since the RVs are independent. This total expectation can be
expressed by recalling the definition of the continuous
random variables X (given in (6)) and the discrete indicator
variable A, (given in Section 3). The relation (17) becomes:

N

= H[ P {4, =0}xEexp(0)

i=1
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L(d) y ﬂ
L(d)"’

- l_N[(l- Q)+ qf exp (—akeloy(d”“b) x) £(Xdx. (18)
i=1

+P{a,; = 1}><Eexp(—

Note that, in the last passage, the integral arises from the
definition of the expectation of the random variable X.
Furthermore, since all RVs X, are non-correlated we can
note £,(x)= £ (¥, which is defined in (7). The final integral
expression in (18) can be numerically computed. The term in
the third line of expression  can be expressed by following
the same approach used to compute (17). It yields:

Eexp( akGE PE(nZlO) Aj]

i P
:HEexp(—akH env Aj)
a1 F,L(d)

:ﬁ[ P{2 :O}XEexp(O)

j

P
+P {Aj = 1}xE exp (—ake P EEV%)H

N
X ) 1 ’X/Fénvd :|

= _(1— Q)+ qf, exp (—ake rLa B

7

=(1- Oq

L,107
L(env) +0

(19)

Finally, by using (18) and (19) into (16) the link
probability of success can be given by the expression in (20).

3.2. Link Probability of Success with Long-Range
Transmission

The Rayleigh-faded channel model applies to links with
length d>d,,. In this scenario, E[P(d)]~P, (for both the
intended transmitter and interferers) and the link probability

—a,6N,B

P{SINR>0}=Yc, exp b L 10"

k=1

i=1

x - “exp (2,010 0% ) £ (x)dx +(1-q) [x |1~
[1[af; exp(-a, JiGodx+ (1-g)]
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of success can be expressed as follows:

In the second passage, we exploited the fact that, if the
power of the signal is exponentially distributed, its SINR
also follows an exponential distribution [12]. It can be
observed that the terms in the second and third lines at the
right-hand side of (22) are similar to (18) and (19)
Therefore, by using the same derivation (where P,L(d]) is
suitably replaced by P,L*™), one has

E exp (—92 L(d")X ,A,) =

L I & ]
H{Qfo exp (‘BLOL%T?@XJ f (x)dx+(1- q)J (23)
and
Eex —Gigl —[l— oq ]N/ (24)
p J=1 Penv g _l 1+ QJ .

By inserting (23) and (24) into (22), one obtains the final
expression (21) for the probability of successful transmission
on the link.

4. LINK-LEVEL PERFORMANCE OF BANS
4.1. Minimum Transmit Power

The first terms in the sum at the right-hand side of (20)
and at the right-hand side of (21) correspond the link
probabilities of success in a noise-limited regime, i.e., when
no interferers are present. In fact, setting N=N'=0 (i.e.,
P, =0) in (20) and (21), the probabilities of successful link
transmission reduce to

{P {SINR>0}= S'c, exp (M]
=1

P, L,10"®

= M ifd < dcross
P,L,10"®

P{SINR>6} = exp(—elivOB) ifd= dcross‘}

env

Therefore, if a threshold link probability of success
equal to P, €(0,1) is required, the minimum required transmit

0q (20)
L,10"

Close-rangeinterferers
Backgroundnoise

P {SINR>0} = exp( )x ﬁ

i=1

L 10"
(1f CXp ( ](:(enw

env

x)fx(x)dx +(1- q)] X

e

Far-rangeinterferers

_6q]
[ 1+8] (21)

- -

Backgroundnoise

Close—rangeinterferers

Far—rangeinterferers
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-100 -

Fig. (4). Minimum transmit power as a function of the distance. The dashed
region is the operational region of a BAN.

power can be written as follows:

qui |fd d
P § L010 rd C,I(P‘h ) cross (25)
- HIrI:“P-,B ifd=d,,
th

where N, has been expressed as Tk , with T being the room
temperature (units: [K]) and k =138 x10™* J/K being the
Boltzmann's constant, and B is the transmission bandwidth.

Note also that, with a slight abuse of notation, in (25) we
indicate by ¢'(¢) the inverse of £(zo) with respect to &,
with the implicit assumption that o is fixed. For instance, in
Fig. (4) the minimum transmit power P, for a ZigBee
equipment ( B=5 MHz, =5 dB), operating at 7=300 K
and with log-normal fading characterized by o =4 dB, is
shown as a function of the distance, considering various
values of the required link probability of success of P, .

It can be observed that: (i) the value of P, plays a limited
role on the minimum transmit power; (ii) if the transmit
power is constrained by energy concerns, only short-range

The Open Electrical & Electronic Engineering Journal, 2011, Vol.5 15
communications (some tenths of centimeters) will be
possible: a multi-hop network architecture is therefore the
best choice. Finally, due to the reflections from the
surrounding environment, the minimum transmit power
becomes constant when d=25 cm.

In the following subsection, we will consider only
interfence-limited networks, i.e., scenarios where condition
(25) is satisfied. Formally, this is equivalent to assuming that
N,B=P,

int®

4.2. Probabilistic Link Throughput

A transmission is said to be successful if and only a
transmission link is not in an outage, i.e., if the
(instantaneous) SINR of the link is above the threshold 6.
The probabilistic link throughput [14] (adimensional), in the
context of BANs (where transmissions can typically be
organized in a full-duplex way), corresponds to the product
of (i) the link probability of success and (ii) the probability
q that the source of interest is actually transmitting, i.e.,

T=qxProb {SINR> 0} (26)

The probabilistic link throughput can be interpreted as
the unconditional reception probability which can be
achieved with a simple automatic-repeat-request (ARQ)
scheme with error-free feedback [15].

4.3. Performance of Analysis of a BAN with Star
Topology

In order to apply the proposed framework, we consider
BANs with centralized architectures, where a central node
(called hub or sink) is surrounded by and directly connected
to several sensor nodes. In particular, the following two
topologies are considered:

» 2 sensor nodes located at d=10 cm from the sink and 2
sensor nodes at d=30 cm from the sink;

» 4 sensor nodes located at d=10 cm from the sink and 4
sensor nodes at d=30cm from the sink.

In Fig. (5), an illustrative representation of a BAN with

Fig. (5). Central hub (in red) surrounded by 4 close-range nodes (in blue) and 4 far-range nodes (in orange).

SN0 ey N
/ g \“\ —~— [; { §| I'?,—) 2 '//_.-—- i
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i : *\:: - » "'“\j' o )___/- -~ / -
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Fig. (6). Link throughput, as a function of @, (a) in a scenario with 2 close sensors and 2 far sensors and (b) in a scenario with 4 close sensors and 4 far

sensors. In all cases, 6 =5 dBand o =8 dB.

the second topology is shown---a BAN with the first
topology is simply obtained by dropping two close sensor
nodes and 2 far sensor nodes from the BAN in Fig. (5).

In Fig. (6), the throughput over the link of interest is
shown, as a function of the node probability of transmission
(i.e., g),in (a) in a scenario with 2 (d=10 cm) close sensors
and 2 far (d=30 cm) sensors and (b) in a scenario with 4
close sensors and 4 far sensors.

In both cases, it can be observed that when the link of
interest is short, i.e., the transmitter is close to the sink, the
throughput is higher. This is obvious, as most of the
interfering nodes are far. As expected, when the number of
nodes increases, the maximum throughput achievable by a
sensor node reduces. However, the relative throughput
increase of a close-range node, with respect to a far-range
node, remains the same (around 20%).

Furthermore, it can be observed that, thanks to the
reflections from the environment, the throughput is not
significantly reduced even if the sensors are located at a long
distances on the body. The difference of performance, in
terms of throughput, can even be neglected at low
transmission rate (i.e., when g<02).

Finally, the proposed analytical framework allows to
determine the traffic load at each sensor (in terms of
probability of transmission q) which guarantees the highest

achievable throughput. In particular, from the results in Fig.
(6), the optimized transmission probability can be expressed
as follows:

q... =argmxe.
a 27
In the first scenario (4-node network), it can concluded
that g, =048 (with corresponding throughput = =021) for
the closest nodes and g, =040 (with corresponding
throughput 7=018 ) for the distant nodes. In the second
scenario (8-node network), the following values are
observed: g, =029 (z=0114 ) and g, =024 (z=009 ) for
the closest and farthest nodes, respectively.

5. CONCLUSIONS

In this paper, we have presented an analytical framework
for the evaluation of the link probability of success in
interference-limited BANSs subject to fading. This analytical
derivation is based on novel experimental measurements
which highlight two characteristic propagation mechanisms
in BANs deployed in indoor scenarios: on-body propagation
(within a cross-over distance d,;25 cm) and propagation
through reflections from the environment (limbs and
surrounding objects). The obtained results show that in a
BAN the very specific propagation mechanisms in presence
compensate the impact of the distance. More precisely,
nodes located at very different distances do not exhibit a
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Table 2. Coefficients for the Approximation of the £ Function
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(o} a (o] a, G a, Residual
o=4 0.49 0.75 0.49 0.75 0.03 0.16 4.68107°
o=6 0.38 0.31 0.56 121 0.06 0.07 42310°
o=8 0.59 1.32 0.34 0.18 0.06 0.02 1.04 10°*
o=10 0.29 0.09 0.65 1.17 0.05 0.01 75310
o=12 0.04 0 0.24 0.04 0.70 0.93 35210°°
o=14 0.20 0.01 0.03 0 0.72 0.64 1.0310°°
o0=16 0.18 0.01 0.70 0.49 0.04 0 1.6710°°
different throughput if the transmission rate from the sensors REFERENCES
is low. Provided that a hlgher .complexny IEV.EI can b.e [1] E. Reusens, W. Joseph, G. Vermeeren, and L. Martens, “On-body
tolerated, the BAN performance is expected to improve if measurements and characterization of wireless communication
TDMA-like or FDMA-like MAC protocols are used instead channel for arm and torso of human,” Proceeding. of the 4th
of the considered simple Aloha-like protocoL International Workshop on Wearable and Implantable Body Sensor
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