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Abstract

Wireless Body Area Networks (WBANs) represent one of the most promising approaches

for improving the quality of life, allowing remote patient monitoring and other healthcare

applications. The deployment of a WBAN is a critical issue that impacts both the

network lifetime and the total energy consumed by the network. This work investigates

the optimal design of wireless body area networks by studying the joint data routing

and relay positioning problem, in order to increase the network lifetime. To this end,

we propose an integer linear programming model, the Energy-Aware WBAN Design

model, which optimizes the number and location of relays to be deployed and the data

routing towards the sink, minimizing both the network installation cost and the energy

consumed by wireless sensors and relays. We solve the proposed model in both realistic

WBAN scenarios and general topologies, and compare the model performance to the

most notable approaches proposed in the literature. Numerical results demonstrate that

our model (1) provides a good tradeoff between the energy consumption and the number

of installed relays, and (2) designs energy-efficient and cost-effective WBANs in a short

computing time, thus representing an interesting framework for the dynamic WBAN

design problem.

Keywords: Wireless Body Area Network, network design, relay placement, routing,

optimization, energy-efficiency, performance evaluation.

✩Preliminary results of this work have been presented in [1].
∗Corresponding author
Email address: jocelyne.elias@parisdescartes.fr (Jocelyne Elias)

Preprint submitted to Elsevier Ad Hoc Networks April 2, 2013



1. Introduction

Wireless Body Area Networks (WBANs) have recently emerged as an effective means

to provide several promising applications in different domains, such as remote health-

care [2, 3, 4], athletic performance monitoring [5, 6], military and multimedia [7, 8],

to cite a few. In WBANs, nodes are usually placed in the clothes, on the body or under

the skin [9, 10, 11]. In general, a WBAN topology comprises a set of sensor nodes, which

have to be very simple, cheap and energy efficient, and a sink node. Sensors collect

information about the person and send it through multi-hop wireless paths to the sink,

in order to be processed or relayed to other networks. Special devices, called relay nodes

or relays, can be added to the WBAN to collect all the information from sensors and

send it to the sink, thus improving the WBAN lifetime and reliability [12, 13, 14, 15]. In

fact, relay nodes play an important role in reducing the transmission power of biosensors,

and therefore have the double advantage of (1) protecting human tissue from radiation

and heating effects, and (2) decreasing the energy consumption of such devices. On

the other hand, the introduction of relays (embedded in the clothes or in disposable

coveralls) permits a much easier maintenance of the WBAN, limiting the number of pe-

riodical (medical or surgical) interventions for the replacement of in-vivo biosensors with

exhausted batteries.

Obviously, the deployment of the WBAN is an important issue that impacts the

network lifetime. In general, (bio)sensors1 have predetermined positions; therefore, it is

imperative to optimize the number and positions of relay nodes, along with the traffic

routing, to improve the network lifetime while minimizing at the same time the WBAN

installation cost, which includes the sensors and relay nodes cost.

Few works have considered the topology design problem for Wireless Body Area

Networks [12, 13]. These works, though, assume that the number and/or location of

relay nodes are predetermined, while the relay nodes placement is a critical issue in the

deployment of the WBAN architecture. Furthermore, these works do not impose bounds

on the number of relay nodes (and as a consequence, on the total network installation

cost), and do not take into consideration the comfort of the patient, since they focus

only on the network lifetime issue.

1Biosensor and sensor will be used as synonyms throughout the paper.
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Therefore, as a key innovative feature, in this work we investigate the joint problem of

positioning the relay nodes and designing the wireless mesh network that interconnects

them. More specifically, we propose a novel and effective integer linear programming

formulation of the WBAN topology design problem, which minimizes the network in-

stallation cost while taking accurate account of energetic issues. Our model, named

Energy-Aware WBAN Design (EAWD) model, determines (1) the optimal number and

placement of relay nodes, (2) the optimal assignment of sensors to relays, as well as (3)

the optimal traffic routing.

We solve the EAWD model in realistic WBAN scenarios as well as in more general

topologies, and investigate the impact of different parameters on the WBAN design prob-

lem, such as the number and installation cost of relay nodes as well as traffic demands.

We further compare our model’s performance to the most notable approaches in the

literature, especially in terms of the total energy consumed by the whole network and

by each sensor, as well as the number of relays installed in the network to forward data

to the sink. Numerical results demonstrate that our model (1) provides a very good

compromise between planning energy-efficient WBANs and minimizing the number of

relays deployed on the patient in all the considered scenarios, and (2) can be solved to

the optimum in a very short computing time, thus representing a promising framework

for the dynamic design (and, possibly, on-the-fly reconfiguration) of wireless body area

networks.

The rest of this paper is structured as follows: Section 2 discusses related work.

Section 3 introduces our Energy-aware WBAN design model, and Section 4 presents the

assumptions and parameters’ setting for performance evaluation results. Sections 5 and 6

evaluate the performance of the proposed model considering real WBAN scenarios as well

as general network topologies, comparing it to a set of approaches in terms of energy

consumption, number of installed relays and network cost. Finally, Section 7 concludes

this paper.

2. Related Work

In this section, we first review the most notable surveys on wireless body area net-

works, along with several works related to the network architecture and the peculiar
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communication channel of WBANs. Then, we discuss relevant works that deal with the

WBAN topology design problem, which is the main focus of this paper.

Recent surveys on wireless body area networks are provided in [9, 10, 11], where the

authors evaluate the state-of-the-art research activities, and present challenging issues

that need to be addressed to enhance the quality of life for the elderly, children and

chronically ill people. A comprehensive review and outlook of pioneer WBAN research

projects and enabling technologies is provided in [10], including application scenarios,

sensor/actuator devices, radio technologies, and interconnection of WBANs to the out-

side world. Several open research issues for enabling ubiquitous communications in

WBANs are discussed, such as propagation and channel models, networking and re-

source management schemes, security, authentication and privacy, as well as power sup-

ply issues. In [11], a survey is provided of the recent research on intelligent monitoring

applications from a smart home perspective, and in particular from a healthcare related

perspective. Such survey discusses a number of benefits that will be achieved, and chal-

lenges that will be faced while designing future healthcare applications. Furthermore, it

presents a list of prototypes and commercial applications for pervasive healthcare mon-

itoring. The work in [16] describes the design, implementation and optimization of a

lightweight system based on wireless sensor networks for the automatic supervision of

fragile people with a broad range of pathologies (including cognitive and/or perceptual

disorders, Down’s syndrome, epilepsy), within nursing institutes.

The choice of the network architecture for body sensor networks is an important issue

since it significantly affects the overall system design and performance. This problem

is tackled in [17, 18], where the authors try to define the correct network architecture

for body sensor networks. The main contributions can be summarized as follows: (1)

identifying the design goals and comparing the star and multi-hop network topologies,

(2) conducting experiments to investigate the nature of transmission through and around

the body in a high interference environment, (3) developing a visualization tool to discern

patterns in large data sets, and (4) analyzing channel symmetry and packet delivery ratio

to provide insights about the channel. Finally, by performing a simple optimization on

the obtained results, it is observed that in rich scattering environments with significant

multipath, the star architecture will suffice. However, large gains can be reaped by
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switching to a multi-hop architecture in low-multipath environments.

The problem of characterizing the communication channel on the human body and

designing energy-efficient topologies for wireless body area networks is addressed in [12,

19, 20]. The work in [12] 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 to optimize the energy consumption of different topologies (single-hop and

multi-hop network topologies). In [19], it is shown that for on-body communications,

diversity reception is most effective when the on-body path between transmitter and

diversity receiver crosses from the front to the back of the human body and the user is

mobile in a multipath environment.

Energy-efficient MAC protocols for WBANs are proposed in [21, 22, 23], where the

authors tried to improve energy-efficiency by reducing packet collisions, transmission

times, idle listening, etc. However, the main drawback of these works is that they

assumed that a WBAN is not a dynamic network structure and therefore they cannot

adapt to changes in network topology due to the movement of the person at home or

in hospital (e.g., real-time patient monitoring), while our optimization framework can

straightforwardly take into account person mobility improving simultaneously energy-

efficiency and data reliability.

Topology Design in Wireless Body Area Networks

Few works have appeared in the literature with the purpose of increasing network

lifetime of Wireless Body Area Networks using additional devices called relay nodes [12,

13].

In [12], two mechanisms are considered to improve the network lifetime: relaying and

cooperation. The first solution introduces relay nodes, which only handle traffic relaying

and do not do any sensing themselves, so that more energy is available for communication

purposes. In the second solution, wireless devices cooperate in forwarding the data from

one node towards the central device. However, it is assumed that relay nodes are placed

next to existing nodes, hence their positions are fixed and are not optimized, and the total

energy consumed by each biosensor (and by the whole network) is therefore considerably

higher than the one obtained with our model.
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Relaying for improving the network lifetime in a WBAN is also considered in [13].

This relaying approach is quite similar to the multi-hop approach, in the sense that each

relay at one level forwards the traffic of at most one node at a previous level, and the

number of relays to be deployed at a given level depends directly on the number of nodes

(relays and sensors) at the previous level. The total number of relays is determined based

on the path loss coefficient of the body, the number of sensor nodes and their distance to

the sink. The authors of [13], though, do not take into account the problem of minimizing

the number of relays (and hence the total network cost), but instead assume that relays

will be added to the network until all sensors and relays have at least one relay node in

line of sight. Note that, with this relaying approach, the number of relays is dramatically

high and has a great impact on the comfort and mobility of the patient.

In summary, none of the above reviewed works has introduced an optimization frame-

work for designing the topology of WBANs. The joint problem of determining the opti-

mal number and positions of relays to be installed and the optimal traffic routing in a

WBAN is not taken into account and will be the main focus of this paper.

To our knowledge, we are the first to provide an optimization framework that mini-

mizes installation costs (the number of relays), and maximizes the energy efficiency, while

considering both multi-hop coverage and connectivity constraints in a WBAN scenario.

3. Wireless Body Area Network Design Model

This section illustrates our proposed wireless body area network optimization frame-

work. We first introduce the network model, along with all parameters and optimization

variables; then, we illustrate the radio propagation model as well as the energy model

used to compute the total energy consumed by the WBAN. Finally, we discuss in detail

our proposed optimization framework, which designs energy-efficient and cost-effective

wireless body area networks.

3.1. Network Model

In this work, we consider a WBAN (Stand) scenario where biosensors for data col-

lection are connected to sink nodes through a set of special nodes, called relays. Such
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relays form a wireless backbone network which transports the data collected by biosen-

sors to sinks. Hence, the wireless body area network is composed of three types of nodes:

the biosensors, the sink nodes (which collect and process data from all sensors) and the

relays.

We assume that biosensors can share the same radio spectrum in a time division

multiple access manner, and therefore, there is no interference between such wireless

devices within a single WBAN [22, 24, 25, 26]. Our optimization framework is a key

building block for wireless body area networks, and is complementary to TDMA-based

protocols, like those proposed in [22, 24, 25, 26]. On the other hand, the proposed opti-

mization framework for the Stand scenario represents a starting point for understanding

the impact of the WBAN topology on energy-efficiency and network lifetime, and it can

be easily extended to dynamic scenarios, like those investigated in [14, 15, 27, 28, 29, 30].

We adopt a practical approach to the network design problem, by considering fea-

sible positions where relays can be installed (Candidate Sites, CSs) [31, 32]. On the

other hand, the biosensors and sinks’ positions (e.g., arms, legs, breast, ...) are usu-

ally predetermined and fixed, according to the medical application for which they are

deployed.

Let S = {1, . . . , s} denote the set of sensors, P = {1, . . . , p} the set of CSs, and

N = {1, . . . , n} the set of sinks. The basic notation used in this paper is summarized in

Table 1.

Each relay can establish a wireless link with any other relay/sensor located within

its communication range, Rc. The sensor communication range is denoted by Rs, where

Rc ≥ Rs, in general. For each sensor i, we define the ordered vector ORi of the reachable

wireless relays. These relays are ordered from the closest to the farthest with respect to

sensor i. The j-th and k-th element of ORi are given by ORi(j) and ORi(k), respectively,

and they indicate the relays at the j-th and k-th place in the vector. So, if j < k, then

ORi(j) is closer to sensor i than relay ORi(k). Let us denote by Ii the index set of the

ordered vector ORi.

The cost associated with installing a relay in CS j is denoted by cIj , and its capacity

is denoted by vj , ∀j ∈ P . Furthermore, the traffic generated by sensor i towards the

sink k is given by the parameter wik, i ∈ S, k ∈ N .
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According to sensors, sinks and CSs location, the following connectivity parameters

can be calculated. Let aij , i ∈ S, j ∈ P denote the sensor coverage parameters:

aij =







1 if sensor i can establish a link with a relay installed in CS j

0 otherwise

and ejk, j ∈ P, k ∈ N the sink coverage parameters:

ejk =







1 if a relay node installed in CS j can establish a link with sink k

0 otherwise

Obviously, aij depends on the proximity of sensor i to CS j, as well as on the propagation

conditions between such nodes. Similarly, ejk is related to the distance between CS j

and sink k. Finally, let bjl, j, l ∈ P denote the connectivity parameters between two

different CSs, which may depend on the proximity of the relays j and l in the network:

bjl =







1 if CS j and l can be connected with a wireless link

0 otherwise

Table 1: Basic Notation
S Set of sensors, s = |S|

P Set of Candidate Sites (CSs), p = |P |

N Set of sinks, n = |N |

cIj Cost for installing a relay in CS j

wik Traffic generated by sensor i destined to sink k

vj Maximum capacity of a relay installed in CS j

aij 0-1 connectivity parameter between sensor i and CS j

ejk 0-1 connectivity parameter between CS j and sink k

bjl 0-1 connectivity parameter between CS j and CS l

xij 0-1 variable that indicates if sensor i is covered by CS j

zj 0-1 variable that indicates if a relay is installed in CS j

fk
jl Traffic flow on wireless link (j, l) destined to sink k

f t
jk Traffic flow between the relay in CS j and the sink k

Decision variables of the problem include sensor assignment variables xij , i ∈ S, j ∈ P :
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xij =







1 if sensor i is assigned to a relay installed in CS j

0 otherwise

relays’ installation variables zj, j ∈ P :

zj =







1 if a relay is installed in CS j

0 otherwise

and finally flow variables fk
jl which denote the traffic flow routed on link (j, l) destined

to the sink k ∈ N . The special variables f t
jk denote the total traffic flow between the

relay installed in CS j and the sink k.

3.2. Propagation and Energy Model

In this work, we use the propagation and energy models considered in [12, 13, 33].

This choice is justified by the fact that: (1) the goal of this paper is not to propose a new

propagation model for a WBAN; several scenarios along with their corresponding channel

models can be found in [20], and (2) in Sections 5 and 6, we evaluate and compare the

performance of our WBAN design approach to the one proposed in [12] and [13] (which

use the same propagation and energy model). Furthermore, it is important to point

out that our approach can accommodate any propagation and energy models (like those

presented in [20]).

The mean path loss between the transmitting and the receiving wireless nodes, P ij ,

is modeled as a function of the distance Dij , using the following semi-empirical formula

(expressed in dB), which is based on the Friis formula [34]:

P ij
dB(Dij) = P ij

0,dB + 10nij log(Dij/D0,ij),

where the distance Dij is expressed in cm, P ij
0,dB is the path loss in dB at a reference

distance D0,ij (10 cm in our paper), and nij is the path loss coefficient. According

to [12, 13, 33] the (average) path loss coefficient on the wireless link between nodes i

and j is equal to 3.38 along the human body for line of sight propagation and to 5.9 for

the non line of sight case.
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To calculate the energy consumption in wireless nodes (sensors and relays), we as-

sume, as in [12, 13], that the sensing and processing energy are negligible with respect

to communication energy. Therefore, the total energy consumption is represented by

the total transmission and reception energy of all wireless nodes. The energy the radio

dissipates to run the circuitry for the transmitter and receiver are denoted by ETXelec

and ERXelec, respectively. Eamp(nij) represents the energy for the transmit amplifier,

and Dij is the distance between nodes i and j.

The transmission energy can therefore be computed as w[ETXelec +Eamp(nij)D
nij

ij ],

while the reception energy is wERXelec, where w is the total number of transmit-

ted/received bits.

3.3. Energy-Aware WBAN Design Model

Given the above notations, parameters and variables, we now illustrate our proposed

Energy-Aware WBAN Design model (EAWD), which minimizes at the same time the

total network installation cost and the overall energy consumed by the whole network

and sensors, while ensuring full coverage of all sensors and effective routing of medical

data towards sink nodes.

The EAWD model is defined as follows:

Min

{

∑

j∈P

cIjzj + α
(

∑

i∈S,j∈P,k∈N

wikxij(ETXelec + Eamp(nij)D
nij

ij )+

+
∑

i∈S,j∈P,k∈N

wikxijERXelec +
∑

j,l∈P,k∈N

fk
jl(ETXelec + Eamp(njl)D

njl

jl )+

+
∑

j∈P,k∈N

f t
jk(ETXelec + Eamp(njk)D

njk

jk ) +
∑

j,l∈P,k∈N

fk
jlERXelec

)

}

(1)
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s.t.
∑

j∈P

xij = 1, ∀i ∈ S (2)

xij ≤ zjaij , ∀i ∈ S, j ∈ P (3)
∑

i∈S

wikxij +
∑

l∈P

(fk
lj − fk

jl)− f t
jk = 0, ∀j ∈ P, k ∈ N (4)

fk
jl ≤

∑

i∈S

wikbjlzj , f
k
jl ≤

∑

i∈S

wikbjlzl, ∀j, l ∈ P, k ∈ N (5)

∑

i∈S,k∈N

wikxij +
∑

l∈P,k∈N

fk
lj ≤ vj , ∀j ∈ P (6)

f t
jk ≤

∑

i∈S

wikejkzj , ∀j ∈ P, k ∈ N (7)

zORi(a) +
∑

b∈Ii:b>a

xiORi(b) ≤ 1, ∀i ∈ S, a ∈ Ii (8)

xij , zj ∈ {0, 1}, ∀i ∈ S, j ∈ P. (9)

The objective function (1) accounts for the total installation cost and the total energy

consumption. The first term,
∑

j∈P cIjzj , takes into account the relay nodes installation

cost, while the second term represents the total energy consumed by the network (re-

lays and sensors), including the transmission and reception energy, α being a parameter

that permits to give more weight to one component with respect to the other. For big α

values, the first component becomes negligible and the model minimizes only the energy

consumed by the network. On the other hand, for small α values the model minimizes

the relays’ installation costs. Hence, the α value should be set carefully in order to

guarantee both low energy consumption and small number of installed relays. This is

discussed in detail in the Performance Evaluation sections.

More in detail, the second term of objective function (1) is composed of the fol-

lowing elements:
∑

i∈S,j∈P,k∈N wikxij(ETXelec + Eamp(nij)D
nij

ij ) is the total energy

consumed by all sensors to transmit data to relays, while
∑

i∈S,j∈P,k∈N wikxijERXelec

is the total energy consumed by relays to receive data from all sensors. The terms
∑

j,l∈P,k∈N fk
jl(ETXelec +Eamp(njl)D

njl

jl ) and
∑

j∈P,k∈N f t
jk(ETXelec +Eamp(njk)D

njk

jk )

are the total energy consumed by relays to forward data to other relays and to sinks,

respectively. Finally,
∑

j,l∈P,k∈N fk
jlERXelec is the total energy that relays dissipate for
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receiving data from other relays.

Constraints (2) provide full coverage of all sensors, while constraints (3) are coherence

constraints ensuring that a sensor i can be covered by CS j only if a relay is installed in

j and if i can be connected to j.

Constraints (4) define the flow balance in relay node j for all the traffic destined

towards sink node k. These constraints are similar to those adopted for classical mul-

ticommodity flow problems: the term
∑

i∈S wikxij is the total traffic generated by the

covered sensors destined towards sink node k,
∑

l∈P fk
lj is the total traffic received by

relay j from neighboring nodes,
∑

l∈P fk
jl is the total traffic transmitted by j to neigh-

boring nodes, and f t
jk is the traffic transmitted towards the sink node k. Note that

these constraints define the multi-hop paths (i.e., the routing) for all the traffic that is

transmitted in the WBAN.

Constraints (5) define the existence of a link between CS j and CS l, depending on

the installation of relays in j and l and the connectivity parameters bjl. Constraints (6)

impose, for each relay node j, that the ingress traffic (from all covered sensors and

neighbors) serviced by such network device does not exceed its capacity vj , whilst con-

straints (7) force the flow between relay j and sink k to zero if node j is not connected

to k.

Constraints (8) force each sensor to be assigned to the closest installed relay. Finally,

constraints (9) are the integrality constraints for the binary decision variables.

Note that we can consider alternative formulations to this model. For example, we

might want sensors to be connected to more than one relay, for redundancy. This is

easily accomplished by modifying constraints (2) as:
∑

j∈P xij = η, ∀i ∈ S, where η is

the number of relays that receive the packets from sensor i.

We further observe that our model can be easily extended taking into account sensor

positioning. In fact, if there exist also several candidate sites where to place sensors,

the extended model can decide at the same time the optimal number and positions of

sensors and relays, as well as the traffic routing, in order to minimize further the energy

consumed by the network.

Finally, it is easy to observe that the above model is NP-hard since it includes the

set covering and the multicommodity flow problems as special cases. However, we will
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demonstrate in Sections 5 and 6 that WBAN instances can be solved to the optimum

in a very short computing time; hence our model represents a very effective tool to plan

both energy-efficient and cheap wireless body area networks.

It is worth noting that the structure of our model is quite different from classical

flow models usually adopted for the design of physical networks [35], since it includes

the traffic routing and the placement of wireless relays.

4. Assumptions and Parameters’ Setting for Performance Evaluation Results

In this section, we detail the assumptions and parameters’ setting used to evaluate

the performance of our model.

Since extremely low transmission power in non-invasive WBAN is required to protect

human tissue in practice [11, 21, 36], in the following we limit WBAN devices’ transmis-

sion range (and as a consequence, the power) assuming that each sensor and sink can be

connected to a CS only if the CS is at a distance not greater than 30 cm from the sensor

or the sink (i.e., Rs = 30 cm). If not specified differently, we assume that a CS j can be

directly connected with a wireless link to a CS l (bjl=1), if l is at a distance not greater

than 30 cm from j (i.e., Rc = 30 cm).

We further assume that the relay installation cost is equal to 10 monetary units,

and its maximum capacity is equal to 250 kb/s. The radio dissipates ETXelec = 16.7

and ERXelec = 36.1 nJ/bit to run the transmitter and receiver circuitry, respectively.

The energy for the transmit amplifier Eamp(nij) depends on the path loss coefficient

(nij), which takes either the value 3.38 (line of sight case) or 5.9 (non line of sight

case), as discussed before, and it is equal to 1.97 nJ/bit for nij = 3.38 and 7.99 µJ/bit

for nij = 5.9. These specific parameters’ values correspond to the Nordic nRF2401

transceiver which is commonly used in body sensor networks [12, 33].

We underline that none of the above assumptions affects the proposed model, which

is general and can be applied to any problem instance and network topology.

All the results reported hereafter are the optimal solutions of the considered in-

stances obtained by formalizing the proposed model in AMPL, a modeling language for

mathematical programming [37], and solving them with CPLEX 11, a mathematical

programming solver [38]. The workstations used were equipped with an Intel Pentium
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4 (TM) processor with CPUs operating at 3 GHz, and with 1024 Mbyte of RAM. For

each network scenario, the results are obtained averaging each point on 10 instances.

In the next two sections (5 and 6), we evaluate the EAWD model performance con-

sidering real wireless body area network scenarios and full binary tree topologies, respec-

tively. More specifically, we compare our model performance to a set of approaches, in

terms of the total energy consumed by the whole network, the total energy consumed by

each relay and by each sensor, as well as the number of relays installed in the network,

to route all data collected by sensors towards the sink.

5. Performance Evaluation: Wireless Body Area Network Scenarios

We first evaluate the performance of the EAWD model considering the wireless body

area network topology depicted in Figure 1 [13]. More in detail, we test the sensitivity of

our model to different parameters like the number of candidate sites and biosensors, the

traffic demands, as well as the α value in objective function (1), which permits to express

a trade-off between planning cost-effective and energy-efficient networks. Furthermore,

we compare our model to the single-hop, multi-hop and Relay Network approaches [12,

13], in terms of energy consumption and number of relays installed in the WBAN. The

single-hop approach consists in transmitting all data directly from each sensor to the

sink node. In the multi-hop approach, the traffic is relayed by intermediate sensor nodes

towards the sink. Recall from Section 2 that the Relay Network approach installs relays

in the WBAN until each sensor and relay have at least one relay node in line of sight.

The considered WBAN scenario includes 13 biosensors that are placed on the human

body to capture electrical signals, like electrocardiogram (sensor D), electroencephalo-

gram (sensor K), and electromyogram (sensors A and I), thus providing useful informa-

tion on the physiological state of the patient. In fact, we consider hereafter a complete

(worst-case) WBAN scenario with quite a high number of biosensors (up to 13), since our

goal is to evaluate the proposed optimization framework in a general case, where we can

capture at the same time Heart condition, Temperature, Blood pressure, Pulse, Glucose

and Motion (as illustrated in Figure 1). It is worth noting that our approach can be also

applied to specific scenarios, to measure special electrical signals, like electrocardiograms

or electroencephalograms or electromyograms.
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Figure 1: WBAN topology with 13 sensors, and the corresponding tree topology under the multi-hop
approach.

Table 2: Distances (in meters) between sensors and the sink for the single-hop case, and between sensors
and the nearest node for the multi-hop case.

Sensor A B C D E F G H I J K L M

Single-hop 0.6 0.3 0.2 0.5 1.2 0.6 0.7 0.6 0.8 1.0 0.8 0.8 1.5

Multi-hop 0.6 0.3 0.2 0.5 0.6 0.3 0.2 0.1 0.3 0.6 0.4 0.6 0.6

For the multi-hop approach, we assume that the routes from the sensors to the sink

are those illustrated by straight lines on the left-hand side of Figure 1, and hence the

corresponding tree topology is the one shown on the right-hand side of the figure. The

distances (in meters) between sensors and the sink for the single-hop case, and between

sensors and the nearest node for the multi-hop case are given in Table 2.

We further assume that candidate sites for placing relays are chosen uniformly at

random on the surface of ellipsoidal areas, along the clothes of the patient, as illustrated

in Figure 2. Of course, deciding the number and positions of relays to be installed

depends directly on both the number and positions of sensors and the sink; in fact, when

sensors are farther away from the sink (e.g., sensors E, M and K), more relays are needed

to collect the physiological data.

We first solve the EAWD model minimizing the total energy, neglecting the instal-

lation cost component in objective function (1), by choosing a very large value for the

weighting parameter α. Then, we investigate the impact of the α parameter on the

EAWD model, letting α vary from 0 to ∞, thus ranging from one extreme (minimizing
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Figure 2: Candidate sites for placing relays are chosen uniformly at random on the surface of ellipsoidal
areas, along the clothes of the patient.

only the WBAN installation cost) to another, where the model minimizes exclusively the

total energy consumed by the network.

5.1. Effect of the number of candidate sites

We first evaluate the effect of the number of CSs on the EAWD model, varying p

from 40 to 200. This allows us to compare the characteristics of the optimal solution in

two opposite scenarios: only a limited set of CSs is available for installing relays (p = 40),

and several sites exist (p = 200). Table 3 illustrates the average values of (1) the total

energy consumed by the whole network (Etot, measured in µJ/bit), which includes the

energy consumed by all relays and sensors, (2) the energy ER consumed by each relay, (3)

the number NR of relays installed in the WBAN, and (4) the computing time necessary

to obtain the optimal solution, measured in seconds. On the other hand, Figure 3 shows

both energies Etot and ER as a function of p.

It can be observed that increasing the number of CSs increases the solution space; as

a consequence, the model favors the solutions providing connectivity that have a lower

impact on the energy consumed by the network, which in turn decreases with p. It is

interesting to notice that, on the one hand, the average total energy consumed by the

whole network is approximately 3.9 µJ/bit for p = 40, and decreases consistently to
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Table 3: WBAN scenario: Total energy per bit consumed by (1) the whole network and (2) each relay,
(3) number of relays installed in the WBAN, and (4) computing time (in average), obtained with our
EAWD model, varying the number p of CSs.

p Etot (µJ/bit) ER (µJ/bit) NR Time (s)
40 3.862 0.260 14.0 0.1
50 3.006 0.208 13.4 0.3
60 2.887 0.202 13.2 1.1
80 2.441 0.176 12.6 9.3
100 2.224 0.163 12.3 23.9
150 1.997 0.160 11.2 110.4
200 1.923 0.155 11.0 710.5

attain 1.9 µJ/bit for p = 200. Furthermore, both energies Etot and ER decrease sharply

for small p values (see Figure 3), thus proving the benefit of introducing even a small

number of relays in the WBAN. On the other hand, the number of relays chosen by our

model follows a decreasing trend with the number of CSs, and it is equal to 14 and 11, in

average, for p = 40 and 200, respectively. The computing time necessary to obtain the

optimal solutions is, in average, below 0.1 s for p = 40, and remains below 12 minutes

for p = 200. In all WBAN scenario instances, the total energy per bit consumed by

each sensor (Es) is equal to 16.7 nJ, in average. In fact, Es = ETXelec +Eamp(nij)R
nij

s

= 16.7 + 1.97× 0.033.38 = 16.7 nJ.
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Figure 3: Total energy Etot consumed by the whole network (sensors and relays), and by relays only
(ER), in the network scenario of Figure 1.
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5.2. Effect of the traffic demand

To gauge the effect of the traffic demand on the EAWD model, we consider the same

WBAN scenario, varying p from 40 to 200 and increasing the demand from wik=100 to

200 bit/s. Figure 4 illustrates the total energy (Etot) consumed by the whole network

as a function of p, for wik=100 and 200 bit/s. The optimal solutions are obtained

within a very short computing time, viz., 0.05 s and 40 s in average for p = 40 and 200,

respectively.
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Figure 4: Total energy consumed by the whole network (sensors and relays), in the network scenario of
Figure 1 with wik=100 and 200 bit/s.

It can be seen that the curve corresponding to wik=200 bit/s follows the same decreas-

ing trend as the one with a traffic demand equal to 100 bit/s; for small p values (p < 80),

the gap between the energy Etot for wik=100 bit/s and for wik=200 bit/s is quite large,

and such gap decreases progressively when p increases. This is due to the fact that,

for wik=200 bit/s, the weight in objective function (1) of the second term (which rep-

resents the total energy consumed by the network) with respect to the first term (the

network installation cost) is approximately 2 times higher than the one corresponding

to wik=100 bit/s, and therefore our model tends to install a different subset of relays

and succeeds to find better strategies for routing the medical data when p increases, with

respect to wik=100 bit/s, thus reducing further the total energy consumption.
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5.3. Effect of the weighting parameter (α)

We now investigate the impact of the α parameter on the EAWD model, considering

the same WBAN scenario illustrated in Figure 1, with p = 100 candidate sites. We

assume that α ranges from 0 to ∞, where α = 0 means that the EAWD model minimizes

the network installation cost, neglecting the energy consumption, while with α → ∞

the model minimizes the total energy consumed by the WBAN. Figures 5(a) and 5(b)

show, respectively, the total energy consumed by the whole network (Etot) and the total

installation cost as a function of α.
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Figure 5: (a) Total energy consumed by the whole network and (b) total installation cost as a function
of the weighting parameter α.
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It can be observed that the WBAN installation cost increases when α increases,

ranging from 113 to 182 monetary units (61.1% higher), and the total energy consumed

by the whole network decreases from 3.334 µJ/bit (for α = 0) to stabilize at 2.166 µJ/bit

(35.0% lower) when α → ∞. Moreover, for small α values, the EAWD model plans cheap

WBANs with a small number of relays (≈ 11), but at the cost of quite a high energy

consumption. In particular, for α = 0, NR = 11 relays are necessary to ensure the

connectivity of the WBAN network. On the other hand, when α → ∞ the model plans

an energy-efficient WBAN, reducing the energy by a factor of ≈ 1.5 with respect to the

case of α = 0; the average number of installed relays is approximately 18 in this case.

5.4. Comparison with existing approaches

We now compare the EAWD model with the most notable approaches proposed in the

literature, considering the same WBAN scenario. Table 4 reports the average value of

the total energy (Etot), the energy consumed by each sensor (Es), as well as the number

of relays installed in the WBAN, using the EAWD model (with p = 200) and under the

single-hop, multi-hop and Relay Network [13] approaches.

It can be observed that the proposed model reduces consistently both energies Etot

and Es with respect to the single-hop and multi-hop approaches. This is due to the

beneficial effect of installing relays for reducing the energy consumption: in fact, the

total energy consumed by the network without deploying relays is in average 127.74 and

4.202 µJ/bit for the single and multi-hop approaches, respectively, while the installation

of relays permits to decrease such values significantly. On the other hand, if we focus on

the energy consumed by each sensor to send one bit of traffic to the sink, we can observe

that, with our model, such energy is significantly lower (0.017 µJ) with respect to the

one obtained with the single-hop (9.826 µJ) and multi-hop (0.323 µJ) approaches.

Note that our model chooses in average 11 relays among 200 candidate sites, to route

one bit of traffic from all sensors to the sink, consuming in average 1.923 µJ/bit. As for

the Relay Network approach, 22 relays are installed in the WBAN with a total energy

consumption equal to 1.383 µJ/bit. The number of relays NR with this latter approach

increases dramatically with the number of sensors, and in some WBAN scenarios it is

impractical to have a large NR which may limit the activity or mobility of the patient. For

example, to relay the data of an additional sensor situated far away from the sink (i.e.,
20



Table 4: WBAN scenario: Total energy per bit consumed by (1) the whole network and (2) each sensor,
and (3) number of relays installed in the WBAN (in average), in the single-hop, multi-hop, Relay
Network approaches and with the EAWD model.

model Etot (µJ/bit) Es (µJ/bit) NR

Single-hop 127.740 9.826 -
Multi-hop 4.202 0.323 -

Relay Network 1.383 0.017 22

EAWD (p = 200) 1.923 0.017 11

at 1.5 m from the sink), the Relay Network approach should install 4 additional relays

(obtaining in total 26 relays), thus limiting the patient’s movement; on the contrary, by

using our model we do not need to install additional relays, but of course at the cost of

slightly higher per-relay energy consumption.

Summary. Our model guarantees that all biosensors consume the least possible

energy (0.017 µJ/bit), minimizing at the same time the number of relays (installing 50%

less of relays with respect to the Relay Network approach) at the cost of slightly higher

energy consumption for relays. We can conclude that the EAWD model provides a good

compromise between the energy consumption and the number of relays installed in the

WBAN, thus improving the patient comfort and mobility.

6. Performance Evaluation: Full Binary Tree Topologies

To test the scalability of the proposed EAWD model in large-scale scenarios, we fur-

ther consider the full binary tree topology depicted in Figure 6. Such choice is motivated

by the fact that previously reviewed works, like [12, 13], evaluate their proposed schemes

in the same scenario. Hence, to perform a fair comparison with such works, the same

full binary tree topology will be adopted hereafter.

In a full binary tree topology, all nodes have exactly 2 children nodes. There are

L levels in the network, which are numbered consecutively from level 1, for the nodes

furthest away from the sink, up to level L for the nodes closest to the sink (see Figure 6).

Hence, the binary tree topology with 5 levels contains 62 nodes, excluding the sink. The

distance between the levels is fixed, and we will denote it by d.

Due to the regular structure of this topology, in order to choose candidate sites,
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Figure 6: Full binary tree with L levels and a fixed internode distance d.

we consider the area underlying the full binary tree topology, which is approximately a

(dL)×(2dL) rectangular area, and we extract uniformly at random the position of p CSs.

For the connectivity parameters between different CSs, we assume that each CS can be

directly connected with a wireless link to any other CS (i.e., bjl = 1, ∀j, l ∈ P ); this

allows our model to investigate all possible link configurations to find the optimal binary

tree topology. This also increases the topology complexity (i.e., the number of possible

links) and allows us to test how the proposed model scales with respect to network size.

Other parameters’ settings are the same as those in Section 4.

In the following, we first investigate the impact of the number of CSs on the EAWD

model, and then, we compare its performance to a set of approaches [12, 13], in terms of

energy consumption and number of relays installed in the network.

6.1. Effect of the number of candidate sites

We gauge the effect of the number of candidate sites (p) on the EAWD model consid-

ering the binary tree topology with 5 levels (L=5), d=20 cm, and varying the parameter p

from 50 to 300.

Figure 7 reports an example of the planned network when applying the EAWD model

to such binary tree, with p = 80 candidate sites. Relays, sensors and the sink are

represented respectively by circles, triangles and a square. Note that the disconnected

circles represent the CSs in which no relay has been installed in the optimal solution.

Table 5 analyzes the characteristics of the optimal solutions obtained by EAWD

in such scenarios, in terms of the total energy consumed by the network (Etot), the
22



Figure 7: Sample full binary tree topology planned by the EAWD model, with L=5 levels (62 sensors),
p = 80 CSs and an internode distance d=20 cm. Relays, sensors and the sink are represented respectively
by circles, triangles and a square.

total energy consumed by each relay (ER), the number of chosen relays (NR), and the

computing time (measured in seconds) needed to obtain the optimal solutions.

Table 5: Full Binary Tree Topology: Total energy per bit consumed by the whole network and by each
relay, number of relays installed in the network and computing time, obtained, in average, with our
EAWD model.

p Etot (µJ/bit) ER (µJ/bit) NR Time (s)
50 14.627 0.485 28.0 0.8
60 13.901 0.427 30.1 2.1
80 13.283 0.354 34.6 8.4
100 12.569 0.327 35.3 18.2
150 12.020 0.264 41.6 81.9
200 11.627 0.241 44.0 149.3
250 11.422 0.215 48.3 428.4
300 11.219 0.202 50.4 694.0

In line with what already observed in the WBAN scenarios of the previous section,

it can be seen that the energies Etot and ER decrease when increasing the number of

CSs (p). For instance, for p = 300, EAWD installs on average approximately 50 relays

to cover all sensors and route data to the sink, with a total energy consumption equal

to 11.219 µJ/bit; on the other hand, for p = 80, our model installs less relays (≈ 35

in average), but at the cost of a total energy consumption which is 18.4% higher than
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the one obtained with p = 300, maintaining nevertheless the same per-sensor energy

consumption (0.017 µJ/bit). In fact, there is a tradeoff between minimizing the number

of installed relays and the total energy consumption. The computing time necessary to

obtain the optimal solutions increases with p (while remaining reasonably small), and

ranges from fractions of a second (0.8 s for p = 50) to fractions of an hour (694.0 s for

p = 300). However, note that if we consider the case of 200 CSs, in average 149.3 seconds

are already sufficient for obtaining the solution.

In this scenario, the EAWD model tends to install more relays when the number

of CSs increases, while in the WBAN scenarios the number of installed relays slightly

decreases with p. This is due to the fact that, in the binary tree topology with full con-

nectivity between CSs (Rs = 30 cm and Rc = 500 cm), our model tends to reduce the

distances between installed relays when p increases, in order to decrease the energy con-

sumption. In particular, the results show that the maximum distance between installed

relays is equal to 43.4 cm (on average) for p = 50 and such distance decreases to 38.4 cm

for p = 300. On the other hand, in the WBAN scenarios (where Rc = Rs = 30 cm,

with limited connectivity between CSs), when p increases the model plans WBANs with

less relays and performs better routing choices in order to reduce further the energy

consumption.

6.2. Comparison with existing approaches

We now compare our EAWD model to the following five approaches: (1) the single-

hop and (2) multi-hop approaches, (3) the Relaying and (4) the Cooperation mechanisms

proposed in [12], and (5) the Relay Network approach introduced in [13]. The main

characteristics of these approaches are commented and compared in Table 6.

The results obtained in this scenario are illustrated in Table 7. The row corresponding

to our model (EAWD, p = 200) considers the case where the number of CSs is quite

large, i.e., equal to 200. In this case, the total energy per bit consumed by the network

and by each relay are respectively 11.627 and 0.241 µJ. The average number of relays

chosen by the EAWD model is equal to 44 and the computing time needed to obtain the

optimal solutions is equal to 149.3 seconds.

In this binary tree scenario, the Relaying mechanism places relays at intermediate

levels (i.e., ≈ 48 relays at level 4 in Figure 6) to forward the data from sensors far away
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Table 6: WBAN design approaches [12, 13] (reviewed in Section 2) and their main characteristics.

Approach Main characteristics

Single-hop Data is transmitted directly from each sensor to the sink.

Multi-hop Data is relayed by intermediate sensors towards the sink.

Relaying Relays are placed at intermediate levels.

[12] Relays forward the data of sensors far away from the sink.

Cooperation Sensors cooperate in forwarding data.

[12] Sensors close to the sink forward the data of those far away from the sink.

Relay Network Relays are added until each node has at least one node in line of sight.

[13] Each relay forwards the data of at most one node.

Table 7: Full Binary Tree Topology: Total energy per bit consumed by the whole network, by each sensor
and by each relay, and number of installed relays, in average, in the approaches introduced in [12, 13],
and with our EAWD model.

model Etot (µJ/bit) Es (µJ/bit) ER (µJ/bit) NR

Single-hop 294.266 4.746 - -
Multi-hop 11.386 0.184 - -

Relaying [12] 21.702 0.281 0.089 48
Cooperation [12] 26.831 0.408 0.085 18

Relay Network [13] 11.386 0.017 0.053 196

EAWD (p = 200) 11.627 0.017 0.241 44.0
EAWD (p = 300) 11.219 0.017 0.202 50.4

from the sink (sensors at levels 1 and 2). Under this approach, the total energy per bit

consumed by the whole network and by each sensor are equal to 21.702 and 0.281 µJ,

respectively.

On the other hand, the Cooperation method lets sensors at levels 4 and 5 forward data

from those at levels 1 and 2 to the sink. The number of relays used in the Cooperation

method is 18 in average, and the total energy consumed by the network and by each

sensor are 26.831 and 0.408 µJ/bit, respectively.

Note that with the Relaying mechanism, sensors consume less energy than with Co-

operation, since with this latter sensors at intermediate levels should cooperate with

those farther away from the sink in order to forward their traffic. Therefore, the num-

ber of relays used in Cooperation (NR=18) is smaller than the one used with Relaying

(NR=48).

The Relay Network approach, instead, places at each level l ∈ {2, 3, 4, 5} NR
l relays,

such that NR
l = NR

l−1 + NS
l−1, where N

R
l and NS

l are the number of relays and sensors,
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respectively, at level l. For example, for the full binary tree topology of Figure 6, with 5

levels, 32, 48, 56 and 60 relays are needed respectively at levels 2, 3, 4 and 5, to forward

the traffic to the sink, thus obtaining in total 196 relays.

Let us now compare our model to these approaches. It can be observed that by

using the single-hop approach, we obtain an average total energy consumption equal to

294.266 µJ/bit, and an average per sensor energy consumption equal to 4.746 µJ/bit,

which are extremely high with respect to our model. Sensors farther away from the

sink (i.e., sensors at level 1) consume a significant amount of energy (≈ 8.0µJ/bit) and

consequently will die first. Hence, the single-hop approach performs dramatically worse

with respect to all other approaches, including ours.

As for the multi-hop approach, the total energy per bit consumed by the network

and by each sensor are, in average, equal to 11.386 and 0.184 µJ, respectively. In the

absence of relays, the sensors closest to the sink (i.e., those at level 5 in the binary

tree), consume a large amount of energy (≈ 1.6µJ/bit) since they have to forward all

the data received from other sensors situated far away from the sink; hence they will die

first, causing the failure of the whole network. Similarly to the single-hop approach, the

multi-hop approach performs poorly with respect to our model, and also to the Relaying,

Cooperation and Relay Network approaches.

The results reported in Table 7 further show that our model exhibits better perfor-

mance than the Relaying and Cooperation mechanisms. The energy Etot obtained with

the Relaying and Cooperation approaches are approximately 2 times higher than the one

given by our model, and the energy consumed by each sensor (Es) is approximately 16

(Relaying) and 24 times (Cooperation) higher than the one obtained using the EAWD

model.

Finally, we observe that the EAWD model performs similarly to the Relay Net-

work approach, in terms of both the total energy consumed by each sensor and by the

whole network. However, the major drawback of the Relay Network approach is that

the number of relays (which is equal to 196) is dramatically high with respect to all

other approaches, including our model (where such number is approximately 44), and it

increases exponentially with the number of sensors.

Summary . One key feature of our model is that it permits to improve the net-
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work lifetime minimizing, at the same time, the number of relays. In other words, our

model minimizes the energy consumed by all sensors (each consumes 0.017µJ/bit), while

maintaining both the number of relays and the consumed energy quite low.

7. Conclusion

In this paper we addressed the topology design problem for Wireless Body Area

Networks, considering both cost and energy issues. We proposed a novel and effective

model based on mathematical programming that determines (1) the optimal number and

placement of relay nodes, (2) the optimal assignment of sensors to relays, as well as (3)

the optimal traffic routing. The model minimizes both the total energy consumption and

the network installation cost, while ensuring full coverage and low energy consumption

of all sensors.

We solved the EAWD model in realistic WBAN scenarios as well as in full binary tree

topologies, and investigated the impact of different parameters (i.e., number of sensors

and candidate sites, traffic demands, weighting parameter α) on the WBAN design

problem. We further compared our model’s performance to the most notable approaches

in the literature, in terms of energy consumption and number of relays installed in the

network. The numerical results we gathered illustrate the sensitivity of the optimal

solutions to the main parameters considered in our optimization, and show that our

model provides a very good compromise between the total energy consumed by each

sensor (and the whole network), and the number of relays deployed in the network,

compared to other approaches. Therefore, our optimization framework is very promising

for the design of wireless body area networks.
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