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Abstract— Healthcare facilities with intelligent wireless devices
can reduce the workload of the paramedic staff. These devices
include low-power wireless sensors, personal wireless hub (PWH),
and receivers. The PWH can act as a relay in the hospital
network. To help the wireless sensor devices, we use multiple
PWHs to transfer sensor data to the main central controller.
The use of multiple PWHs can increase the performance of the
wireless network in the hospital. It also adds reliability to the
coverage of the wireless network. In this paper, we propose a
framework and low-complexity algorithm for interference aware
joint power control and multiple PWH assignment (IAJPCPA)
in a hospital building with cognitive radio capability. In the
proposed framework, any wireless sensor device can send and
receive data from multiple PWHs. The proposed IAJPCPA
is a nonconvex mixed integer nonlinear optimization problem,
which is generally NP-hard. The main objective of IAJPCPA
is to maximize the total transmission data rate by assigning
PWHs to the wireless sensor devices under the constraint of
acceptable interference to the licensed wireless devices. To this
end, we present an efficient PWH assignment and power control
scheme for IAJPCPA problem by employing an upper bound
on the IAJPCPA that converts the nonconvex problem into a
convex optimization problem. Finally, we examine the effect of
different system parameters on the performance of the proposed
algorithm.

Index Terms— Relays, PWHs, wireless sensor devices,
automated hospitals, interference aware power control.

I. INTRODUCTION

THE use of wireless sensor devices plays important role
in next generation hospitals and healthcare facilities.

These devices are useful for remote and infrastructure-based
healthcare facilities. One such device is SCP-ECG (standard
communications protocol for computer assisted electrocar-
diography) device used to transmit ECG traces, annotations,
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and metadata [1], [2]. The ballistocardiograph (BCG) devices
transmit the ballistic forces on the heart. Zigbee-based real-
time BCG is suggested in [3] and [4]. The authors also
implemented a wireless messaging system that uses spread
spectrum technology to alert the emergency medical staff if
the observed person falls during the wheel chair movement.
A Holter monitoring device transmits continuous heart
activity [5], [6]. Nowadays, this device is also used for
monitoring the brain activity and/or arterial pressure.

The wireless devices in healthcare facilities can be low
power wireless sensor devices, PWHs, central controllers etc.
A typical modern automated hospital with these wireless
devices is shown in Fig. 1. The figure outlines one floor of
the healthcare facility equipped with state-of-the-art wireless
sensor/monitoring devices. The PWH will act as a relay in
the hospital network. The facility has one central monitoring
room that keeps track of vital patient information coming
from the wireless sensor devices. These wireless devices can
be mounted on the patient beds–i.e., pulse monitor, blood
pressure monitor, movement monitoring device etc. A number
of devices can also be attached to the patient’s body–e.g., heart
monitoring, pulse monitoring etc. Due to low power wireless
devices, the data are transmitted to the central monitoring
room with the aid of static PWHs that are installed at different
locations in the facility. Human health monitoring devices that
use body sensor network for mobile health care are proposed
in [7]–[13].

A number of challenges emerge due to the rapid increase in
the use of these wireless devices. Limited wireless spectrum
availability, reduced power usage, demand of high data rate
transmission and reduction in computational complexity of the
algorithms are some of the challenges. In this paper, to assist
the wireless sensor devices, we use multiple PWHs to transfer
wireless sensor device data to the main central controller. The
use of multiple PWHs can increase the performance of the
wireless network in the hospital. It also adds reliability to
the coverage of wireless network.

First, we need to see why cognitive radio (CR) is a critical
need of future healthcare system. Due to rapid growth of
tiny wireless healthcare/monitoring/alarming devices in every
facet of the healthcare facility, the limited frequency spectrum
available for wireless applications will be heavily crowded.
Therefore, wireless device using cognitive radio techniques
are envisioned for future healthcare facilities. The legacy wired
communication is not scalable to meet this massive growth and
demand of electrical equipments in next generation hospitals.
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Fig. 1. A new generation healthcare facility.

Also, the telehealth paradigm forces the researchers to focus
on wireless technologies that are energy efficient, simple
and robust. To cope with the wireless spectrum availability
challenge, in this paper, we use cognitive radio technology.
Formally, a cognitive radio is defined as [14], “a radio that
changes its transmitter parameters based on the interaction
with its environment”. The cognitive radio has been mainly
proposed to improve the spectrum utilization by allowing
(unlicensed) secondary wireless devices (SWDs) to use under-
utilized licensed frequency bands. In this paper, the wireless
sensor devices and PWHs act as SWDs and, all other wireless
and telecommunication equipment are termed as (licensed)
primary wireless devices (PWDs). A well designed multiple
PWH assignment and power control scheme can reduce the
electromagnetic and in-band interference induced to the other
devices in the hospital, where the PWHs act as relays in the
hospital network.

Two kinds of channels are considered in the paper. First one
is the channel between SWDs and the second is between SWD
and PWD. It is well known that for channel between SWD,

pilot symbol mechanism gives very good estimate of channel
coefficients. The main challenging task is to estimate channel
between SWD and PWD. In this paper, we assume that
there is some cooperation between primary and secondary
network. The base station of secondary user knows in advance
the pilot symbol mechanism of the primary users. We also
assume that SWD central controller has access to the location
database. The combination of pilot signal strength and location
give a good knowledge of channels to the central controller.
In this paper, we use the recommendation of IEEE 802.22
WRAN standard which has two schemes for PWD
protection. These are listen-before-talk (spectrum sensing)
and geo-location/database schemes. In the listen-before-talk
scheme, the SWD senses the presence of primary network
signals in order to select the channels that are not in use.
In geo-location/database scheme, the locations of primary and
secondary devices are stored in a central database. The central
controller of the SWDs has the access to the location database.
In this paper, we assume that secondary network’s central
controller gets the location information of each PWD from
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the central database. We also assume that BS knows the active
PWD’s channel gains. The knowledge of PWDs location and
channel gains adds overhead on the CR operations. The knowl-
edge of PUs location and channel gains adds overhead on
the CRS operations. The overhead refers to any extra sensing
time, delay, energy, and operations devoted to cooperative/non-
cooperative spectrum sensing. A number of low overhead
channel sensing methods are in the literature [15]–[18]. In this
paper, we assume that feedback channel is reliable and over-
head communication is much less than actual payload data.

A. Literature Review and Contribution

In the this subsection, we will highlight the existing work
related to the resource allocation in wireless systems that
can be applied to healthcare facilities and hospital. The
idea of using cooperating PWHs (relays) has been much
discussed in the past decade [19]–[22]. In a wireless com-
munication system, relaying techniques can offer significant
benefits in the throughput enhancement as well as in coverage
extension [19], [22]. In the cognitive radio system, relays can
be particularly useful for reducing the transmission power at
the source and thus reducing the interference to the PWDs.

In [23], [24], [26], and [44], the authors use cognitive
radio technology for wireless sensor devices. The relays
play an important role in many real life wireless sensor
network (WSN) applications [27]–[30]. Experimental results
and WSN test-beds for cooperative communication also
provide insight of the relay power and lifetime. In [27],
the authors experimentally show the performance of amplify
and forward (AF) cooperative scheme. The results show
that AF scheme is highly beneficial for power–aware wire-
less sensor devices. In [11], the authors present a relay
assisted human monitoring system in body area network that
uses IEEE 802.15.3/802.15.4 standards for its monitoring
applications. The performance analysis of dual-hop relaying in
cognitive radio sensor network (CRSN) is described in [31].
In [33], the authors present spectrum sensing and communi-
cation protocols for a dual-hop sensor network operating in
VHF-UHF band. An information theoretic data gathering and
effect of relaying in CRSN are described in [32]. In [34],
a cognitive dual-hop relaying based sensing-transmission
protocol is proposed. In [35], the authors present an optimal
solution for source sum-power minimization in multi-sensor
single-relay networks. Subspace-based cooperative spectrum
sensing and correlation-based sensing for CRSN were
proposed in [26] and [36] respectively. One open research
question in CRSN is the per hop throughput optimization.
Increasing the number of hops will increase delay and
complexity [37].

Based on the above literature review, a closer look at Table I
reveals that wireless resource allocation in next generation
healthcare facilities and hospitals is an open area of research.
There are some work in the literature that claim resource
allocation/management in helathcare facilities. As per the
best knowledge of the authors, the literature review reveals
that there is no resource allocation scheme in the literature
that uses multiple PWH assignment using cognitive radio

technology in healthcare facility. The existing research work
on resource allocation in wireless network is not always
applicable to hospital environment. As depicted in Table I,
there are papers that investigate the spectrum reuse in hospital
environment [39]–[51]. The closest possible existing work is
done in [19]–[21]. In [19]–[21], authors suggested multiple
PWH (relay) assignment schemes for wireless network. These
schemes are not applicable to hospital environment. Also, we
can not apply spectrum reuse (cognitive radio capability) due
to lack of interference mitigation capability.

In this paper, we propose a framework and low complex-
ity algorithm for interference-aware joint power control and
multiple PWH assignment (IAJPCPA) in a healthcare facility
with cognitive radio capability. In the proposed framework,
any wireless sensor device can send and receive data from
multiple PWHs. The proposed IAJPCPA is a non-convex
mixed integer non-linear optimization problem (NC-MINLP)
which is generally NP-hard. The main objective of IAJPCPA
is to maximize the total transmission data rate by assigning
multiple PWHs to the wireless sensor devices under the
constraint of acceptable interference to the licensed wireless
devices. The computational complexity of the IAJPCPA grows
exponentially with the number of PWHs and wireless sensor
devices. Therefore, we present an efficient PWH assignment
and power control scheme for IAJPCPA.

Throughout this paper, we use A, a, and a to represent
matrix, vector and an element of a vector respectively. The rest
of the paper is organized as follows. The system model and
problem formulation are presented in section II. In section III,
we present our low complexity interference aware (IAGA)
algorithm and its computational complexity. Simulation results
are presented in section IV. Finally, section V concludes the
paper. Table II presents the notations used in this paper.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a hospital with wireless sensor devices. Each
wireless sensor device can send the data to the central con-
troller with the aid of PWHs as shown in Fig. 1. We use
cognitive radio technology to share the spectrum with the
licensed wireless devices. The transmitting devices that use
cognitive radio technology are known as secondary wireless
devices (SWDs) and the licensed wireless devices are known
as primary wireless devices (PWDs). The hospital may have a
central monitoring room that keeps track of vital patient per-
sonal health information (PHI) coming from different SWDs.
All the SWDs send the PHI data to central monitoring
room with the help of personal wireless hubs (PWHs). The
PWH acts as a wireless relay in the hospital. Cooperation
of PWH can help in extending the lifetime of low power
SWDs and reduce the interference to the PWDs. In this paper,
we use the terminology SWDs and wireless sensor devices
interchangeably. Also we use the terminology PWH and relay
interchangeably.

There are K SWDS, L relay nodes (PWHs) and M PWDs,
for which the transmission power of the transmitting nodes
must be limited. We consider a half-duplex two-hop coopera-
tive protocol for the SWD and PWH transmission. The channel
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TABLE I

COMPARISON OF DIFFERENT APPROACHES FOR WIRELESS RESOURCE ALLOCATION IN HEALTHCARE

gain between kth SWD and central controller, kth SWD and
lth PWH, lth PWH and the central controller, kth SWD and
the mth PWD and lth PWH to the mth PWD are denoted by
hc

k , hl
k , hc

l , gk
m and gl

m respectively. A central controller (CC)
jointly assigns PWHs to the SWDs and decides the PWHs
and power levels. We denote by pl , the transmission power of
the lth PWH and η(pl, l, m) = pl |gl

m|2, the interference power
contributed to the mth PWD from the lth PWH with power pl .
We denote by pk the transmission power of the kth SWD.
A system model with channel gains is shown in Fig. 2.

We consider a two-step shared-band half-duplex amplify
and forward (AF) scheme for PWHs to retransmit the wireless
sensor device data [19]. Table III shows the half-duplex
protocol. In the first time slot, SWDs will transmit, and
central controller and PWH will receive data. In the second
time slot, PWH will retransmit its data to central controller.
We assume that each wireless sensor device operates in its
designated frequency band that does not overlap with other
SWDs’ bands. Each PWH will transmit and receive in the
same frequency band. Each symbol is transmitted in two time
slots. First time slot is for source and the second time slot
for PWHs’ transmission. In the first time slot, the signal

Fig. 2. System Model.

received by the lth PWH (after listening to the kth wireless
sensor devices’s band) can be written as

√
(pk)hc

l s + Zl ,
where complex-valued s represents the transmitted symbol and
Zl represents the complex-valued white Gaussian noise at lth
PWH. In the second time slot, the PWHs amplify the received
signal and re-transmit the amplified signal. We consider
a system in which each PWH can be assigned to only one
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TABLE II

NOTATIONS

TABLE III

HALF-DUPLEX PROTOCOL

SWD while a SWD can receive data from multiple PWHs.
The channel capacity of the kth SWD with L PWHs using
shared band AF cooperative scheme is [19]

Ck = 1

2
log

(
1+ γ 1

k + γ 2
k

)
(1)

where

γ 1
k =

pk|hc
k |2

N
, γ 2

k =
pk

(
∑

l∈Lk

|hc
l hl

k |βl
√

pl

)2

N

(
1+ ∑

l∈Lk

(|hl
k |βl
√

pl
)2

)

and

βl =
(√

pk|hc
l |2 +

N

2

)−1

.

Let K = {1, 2, . . . , K } and L = {1, 2, . . . , L} be the set of
SWDs and available PWHs respectively. We define by Lk ⊆ L,
∀k ∈ K, the subset of PWHs assigned to the kth SWD
such that

⋃
k∈K

Lk = L. Two kinds of PWH assignments

are possible in hospitals with relay assisted wireless sensor
devices. One is the restricted PWH assignment (RPWHS)
and the other is unrestricted PWH assignment (UPWHRS).
In the former, each PWH can only help one wireless sensor
device in one time slot while in the latter a PWH can help
multiple wireless sensor devices. Both schemes have their
own advantages and disadvantages. The RPWHS is useful

for battery limited PWHs with simple electronics circuitry.
In unrestricted PWH assignment, each PWH has a complex
electronics circuitry that can be used for different power levels
and multiple data transfers. In RPWHS, the subsets Lk ⊆ L
are mutually disjoint-i.e.,⋂

k∈K
Lk = ∅. (2)

The interference from the PWHs and wireless sensor devices
can be defined as∑

l∈Lk

εl
k pl |gl

m|2 ≤ I max
m,k , ∀(m, k), (3)

pk |gk
m|2 ≤ I max

m,k , ∀(m, k), (4)

where I max
m,k is the interference threshold for the mth PWD

in the k frequency band. Since SWDs are operating in the
same frequency band as licensed wireless devices, inter-
ference threshold is used to protect the licensed wireless
devices from the harmful interference to the medical devices.
To make wireless sensor devices and PWHs inexpensive and
simple, we assume that each wireless sensor device and
PWH can not transmit any arbitrary power level; instead,
these devices can only transmit at discrete power levels.
Discrete power allocation (DPA) also helps in simplifying
the end-to-end control channel traffic. The assumption of
DPA is also relevant to the networks, which deploy low
cost wireless sensor devices and PWHs that do not have
sophisticated circuitry to support transmissions on arbitrary
power levels. In this work, we consider inexpensive wireless
sensor devices and PWHs that can operate only at a finite
number of transmission power levels. Let PL and PS be
the set of PWH and wireless sensor device power levels
respectively comprising λ + 1 uniformly spaced discrete

power levels -i.e., PL =
{

0,
pmax

l
λ ,

2pmax
l
λ ,

3pmax
l
λ . . . , pmax

l

}
and

PS =
{

0,
pmax

s
λ ,

2pmax
s
λ ,

3pmax
s
λ , . . . , pmax

s

}
. We denote by

|PL | and |PS|, the cardinality of sets PL and PS respectively.
Mathematically, we can write the joint PWH assignment

and power allocation problem as:

max
pk∈PS, pl∈PL

K∑
k=1

Ck

subject to (2), (3) and (4) (5)

The above problem is NP-hard to solve. It means, we can
not get the optimal solution in polynomial time. Also, even
for a given realization of integer variables, the optimization
problem in (5) is not a concave function of the PWH powers.
Thus, even for a given realization of integer variables,
convex optimization techniques cannot be applied to the
resulting optimization problem. For comparison, we provide
an upper bound on the sum-rate capacity. The obtained
upper bound is concave for a given realization of integer
variables. The concave upper bound can be derived by using
the Cauchy-Schwarz inequality on γ 2

k as:
(∑

l |hc
l hl

k |βl
√

pl
)2

1+∑
l

(|hc
l |βl
√

pl
)2 <

(∑
l |hc

l |2
) (∑

l |hl
k |2β2

l pl
)

1+∑
l

(|hl
k |2β2

l pl
) (6)
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Fig. 3. Non-concave capacity functions for different channel conditions. (a) Non-concave Objective function. (b) Non-concave Objective function.
(c) Non-concave Objective function.

Fig. 4. Concave upper bounds for different channel conditions. (a) Concave upper bound for 3(a). (b) Concave upper bound for 3(b). (c) Concave upper
bound for 3(c).

The above upper bound is a concave function of
PWH powers. The proof is given in the Appendix.
Figs. 3 and 4 show exemplary scenario for non-concave
objective function and their respective concave upper
bounds for three different sets of channel gains. For this
example, number of SWDs, K = 1 and number of PWDs,
L = 2. The channel gains for these three scenarios are
set to hc

l = {(0.558, 1.276), (2.45, 0.757), (5.43, 2.54)} and
hl

k = {(1.86, 0.96), (0.65, 1.145), (1.38, 2.2)}. These gains
are chosen randomly. We can easily observe the concavity of
the objective upper-bound in these figures.

We first note a special structure of the optimization prob-
lem in (5). For any choice of PWH assignment and PWH
transmission power, the objective function is an increasing
function of variable pk , the source transmission power.
In addition, the only constraints on variable pk are pk ∈ PS,∀k
and pk|gk

m|2 ≤ I max
m,k ,∀(m, k), which can be simplified to

pk ≤ min

(
pmax

s ,
I max
1,k

|gk
1 |2

, . . . ,
I max
M,k

|gk
M |2

)
, and variable pk does

not appear in any other constraints in (5). Therefore, for
any choice of PWH assignment {εl

k} and PWH transmis-
sion power {p1, p2, . . . , pL}, maximizing source power pk is
equivalent to the nearest lower member of the set PS-i.e.,:⌊

min

(
pmax

s ,
I max
1,k

|gk
1 |2

, . . . ,
I max
M,k

|gk
M |2

)⌋
∈ PS, for each k. Although,

reducing the decision variable pk will help in reducing the
computational time, this problem is still computationally com-
plex due to integer variables. To reduce the computational

complexity, in the next section, we will present a greedy
algorithm for multiple PWH assignment with discrete power
level control.

III. ALGORITHM FOR PWH ASSIGNMENT WITH

DISCRETE POWER ALLOCATION

One of the basic ideas in designing this algorithm is that we
assign a PWH to the SWD k only if the channel between that
PWH and the SWD k is the best among all the SWDs and,
the PWH satisfies the interference constraint at all M PWDs.
In order to make the description of this algorithm clear, we
will first use an example to provide an illustration of the
algorithm description. Algorithm 1 presents the pseudo code
of interference aware greedy assignment (IAGA) and Table IV
presents explanatory example of IAGA at the end of different
iterations.

A. Illustrative Example

In the example, we consider a system comprising three
SWDs (namely K1, K2 and K3), two PWDs (namely M1, M2),
and seven PWHs (namely L1, L2, . . .,L7). The interference
thresholds of PWDs M1 and M2 are 10mW and 20mW in
each SWD’s band respectively.

The IAGA is performed in two stages. At stage 1, the
algorithm determines the transmission power, pl , for each
PWH l and computes some other quantities for stage 2. Let
us denote by η(pl, l, m) = pl |gl

m |2 the interference caused by
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TABLE IV

EXAMPLE OF IAGA

PWH l on PWD m with power pl . In stage 1, the algorithm
sets the transmission power, pl of each PWH l to

p∗l ← max{pl ∈ PL |η(pl, l, m) ≤ I max
m,k ,∀(m, k)}. (7)

Note that pl |gl
m|2 can be interpreted as the interference the

lth PWH would cause on PWD m, if no other PWH were
transmitting at that time. In words, the algorithm at stage 1
sets the transmission power of each PWH as high as possible
with the constraint that the interference it individually causes
on each PWD is within its interference constraint (interference
tolerance level). Note that such a transmission power level
for some PWH can be zero if every positive power value
in set PL individually causes interference on some PWD
above its tolerance level. The PWHs with power level set to
zero are removed from further consideration; it means that
at the end of this stage, the algorithm selects the PWHs
that individually satisfy the interference constraints at all
the PWDs. We denote the set of selected PWHs as � . For each
of these selected PWHs and power levels, the algorithm eval-
uates the individual SNR contribution by each PWH at each
SWD–i.e., the individual SNR that each SWD would have if
it does not receive a signal from the source or other PWHs.

The SNR contributions from the PWHs are stored in
matrix �. Table IV illustrates the values stored in matrix � for
up to six iterations. The algorithm then calculates the aggregate
or sum-interference, 	l =∑M

m=1 η(p∗l , l, m), from each PWH
to the PWDs. Table IV(a) illustrates the transmission power
levels of all the PWHs determined as p∗l , the individual SNRs

in �, and the individual interferences η(p∗l , l, m) computed
in stage 1. Note that PWH L7 is removed from further
consideration for assignment in subsequent steps as its
individual interference contribution violates the interference
constraints. In stage 2, at each iteration, the algorithm
determines the set of PWHs assigned to a SWD in a greedy
manner. A step-by-step description of IAGA is described
in section III-B later.

For clarity of exposition, we now use our example to
illustrate the steps of stage 2. From Table IV(a), for each PWH,
we select the SWD where it generates its maximum individual
SNR -e.g., PWH L1 generates maximum SNR at SWD K1 as
we have �(1, 1) = 8 > 3 = �(1, 2) and �(1, 1) =
8 > 5 = �(1, 3). As mentioned earlier, we assign a PWH to
the SWD k only if that PWH has the best channel to the SWD
k among all the SWDs. Thus, in Table IV(b) for each PWH,
we retain the SNR value of that PWH/SWD pair where the
PWH has the best channel gain. The selection of PWH/SWD
pair from Table IV(a) in this manner results in Table IV(b),
where for PWH L1 the bins for �(1, 2) and �(1, 3) are
blanked. Among these selected PWH/SWD pairs, the pair that
has the highest SNR value is chosen and the corresponding
SWD is denoted as k̃. For illustration, in Table IV(b), �(2, 3)
has the highest individual SNR among all entries of � and
k̃ = K3. The PWHs whose individual SNR contributions are
maximum at SWD k̃ can be potentially assigned to that SWD.
From Table IV(b), these PWHs are L1, L5 and L6 and, they
constitute the set Lk . Then, the algorithm checks whether
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Algorithm 1 : Interference-Aware Greedy Algorithm (IAGA)

1: Initialization:�(l, k)← 0 ∀l ∈ L, k ∈ K, 	l ← 0,∀l ∈ L
2: Define:η(pl, l, m) ≡ pl |gl

m|2
3: Ck ← 0,∀k ∈ K,� = ∅

4: Stage 1:
5: for l = 1to|L| do
6: p∗l ← max{pl ∈ PL |η(pl, l, m) ≤ I max

m,k ,∀(m, k)}
7: if p∗l 
= 0 then

8: �(l, k)← p∗l |hl
k |2

N
9: 	l ←∑M

m=1 η(p∗l , l, m)
10: � ← �

⋃
l

11: else
12: η(p∗l , l, m)← 0
13: end if
14: end for
15: Stage 2:
16: while � 
= ∅ do
17: 
(l)← arg max

k∈K
�(l, k),∀l ∈ �

18: �̄← max{�(1,
(1)), . . . ,�(L,
(L))}
19: k̃ ← {
(l)|�(l,
(l)) = �̄}
20: Lk ← Get the PWHs from 
 that are connected to k̃
21: while Lk 
= ∅ do
22: �m ←∑

l∈Lk
η(p∗l , l, m),∀m

23: if �m,k ≤ I max
m,k̃

, ∀m then
24: Ck̃ ← Apply (1) for Lk

25: �(l, k)← 0 ∀l,� ← � \ R
26: Break
27: else
28: l̃ ← arg max

l∈Lk

	l

29: η(pl̃, l̃, m)← 0, 	l̃ ← 0, Lk ← Lk \ l̃,� ← � \ l̃
30: end if
31: end while
32: �(l, k)← 0∀l
33: end while

the cumulative interference level generated by these three
PWHs at the PWDs is below the required tolerance level.
We observe from Table IV(b) that the cumulative interference
from these three PWHs violates the interference threshold
of M1 -i.e., �1 = η(p∗1, 1, 1) + η(p∗5, 5, 1) + η(p∗6, 6, 1) =
(8 + 1 + 6 > I max

1 (10)). In this algorithm, if the PWHs
during the assignment violates the interference constraints
at any of the PWDs, then the PWH with the highest sum
interference 	l = ∑M

m=1 η(p∗l , l, m) is removed from further
consideration for PWH assignment. From Table IV(b), it is
observed that PWH L6 has the highest sum interference
among the PWHs in set Lk as sum interferences from L2,
L5 and L6 are 8 + 5 = 13, 3 + 1 = 4 and 6 + 10 = 16
respectively. Therefore, PWH L6 is removed from set Lk .
Since the remaining PWHs, L2 and L5, together satisfy
the interference constraints, they are both assigned to SWD
K3 as done in Table IV(c). The PWHs and SWDs that have
already been assigned are no longer considered for the rest
of the algorithm, as illustrated by the blanks in Table IV(c).

These steps are repeated until all the remaining PWHs are
assigned or removed from consideration. The subsequent steps
are illustrated in Table IV(c) to Table IV(f).

B. Step-by-Step Description of IAGA

We now present a step-by-step description of the pseudo
code of stage 2 given in Algorithm 1. In line 17 of stage 2 in
Algorithm 1, for each PWH a SWD, that receives the maxi-
mum SNR from it, is chosen and stored in the variable 
 as:


(l)← arg max
k∈K

�(l, k), ∀l ∈ �. (8)

Line 18 determines the PWH–SWD pair that has the maximum
SNR which is mathematically expressed as,

�̄← max{�(1,
(1)), . . . ,�(L,
(L))}. (9)

In line 19, the SWD k̃ which has the highest SNR is deter-
mined as k̃ ← {
(l)|�(l,
(l)) = �̄}. The PWHs that
generate maximum SNR at SWD k̃ are determined from the
set 
 and stored in the set Lk .

After getting the set Lk in stage 2, the algorithm iterates
over the PWHs in the set Lk . In each iteration, for every
PWD m, the sum of the interference levels generated by the
PWHs in the set Lk (on PWD m) is evaluated as �m ←∑

l∈Lk
η(p∗l , l, m),∀m. If the interference constraints, �m,k ≤

I max
m,k̃

, ∀m are satisfied then the capacity of the SWD k̃ is
calculated for the PWHs in set Lk , and the assigned PWHs are
removed from the sets Lk and � . If the interference constraint
is violated at any PWD, then we choose the PWH l (from
the set Lk) that causes maximum sum interference (as given
by 	l ). The selection of PWH l is mathematically written as
l̃ ← arg max

l∈Lk

	l . The selected PWH l is removed from the set

Lk and � . Note that the retention of PWH l in the set � may
increase the capacity of the system but it also increases the
complexity of our algorithm. By the end of first iteration over
the set � , the SWD k̃ has its assigned PWHs. The process is
repeated till � ← ∅.

C. Complexity Analysis

The main advantage of the above proposed algorithm is
its low implementation complexity. In this section, we will
compare the complexity of the proposed algorithm (IAGA)
with the exhaustive search algorithm (ESA), which achieves an
exactly optimal solution. The complexity of IAGA is measured
in terms of flops and assignment operator take one flop1 [52].

First, we will describe the complexity of the objective
function and the constraints. The term inside the log in (1)
requires approximately 11L flops. The interference constraint
for each PWD requires 2L|PL | flops. The sum interfer-
ence

∑M
m=1 η(p∗l , l, m) for each PWH requires M flops.

IAGA takes approximately L(3M|PL | + 2K + M + 2) flops

1A flop is defined as a real floating-point operation. A real addition, mul-
tiplication or division is counted as one flop. A complex addition is counted
as two flops and a complex multiplication has four flops. The multiplication
of a pq matrix with a qm matrix takes approximately 2pqm flops. Addition
and removal of an element from a set takes one flop. The logical operator
(e.g. comparison etc.) takes one flop.
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for first stage and 11L3 + L2(K + 2M + 2) + L(K + 1) for
second stage. Therefore, the total number of flops required by
IAGA is

Number of flops ≈ 11L3 + L2(K + 2M + 2)

+ L(3M|PL | + 2K + M + 3)

≈ O(L3 + L2 K + L2 M).

From the above complexity analysis, we conclude that
IAGA has a polynomial-time complexity with respect to
number of PWHs and number of SWDs. The computational
complexity of exhaustive search algorithm (ESA) is O(L K ).

IV. SIMULATION RESULTS

In this section, we present some simulation results to
demonstrate the performance and numerical convergence of
the proposed iterative scheme. The impact of network para-
meters is also analyzed.

In all the simulations, the channel gain h is modeled as [53]

h = �Ko

(
do

d

)β

, (10)

where Ko is a constant that depends on the antenna
characteristic and average channel attenuation, do is the
reference distance for the antenna far field, d is the distance
between transmitter and receiver, β is the path loss constant
and � is the Rayleigh random variable. Since this formula
is not valid in the near field, in all the simulation results, we
assume that d is greater than do. In all the results, do = 10m,
Ko = 50, β = 3. The channel gain g is also modeled the
same was as h in the simulation.

We also present the simulation results of the
proposed IAGA. The performance of proposed IAGA
algorithm is compared with (a) exhaustive search with upper
bound (ESA-UB), (b) exhaustive search with discrete power
allocation (ESA-Discrete) and (c) one-to-one exhaustive
search assignment. For ESA-UB, a conventional convex
optimization technique is used to determine the power of
all the PWH assignment subsets. The disadvantage of this
approach is that for ESA, we have to compute power allocation
over all the possible PWH assignments. One-to-one ESA
obtains an optimal solution for one-to-one PWH assignment.
One-to-one PWH assignment is formulated by adding an
additional constraint in (5) where a SWD can only receive
data from one PWH–i.e., and a PWH can send data to only
one SWD. Comparison between IAGA and one-to-one ESA
helps us to show the effect of multiple PWH assignments in
the cognitive radio system. Since the problem in (5) is a non-
convex MINLP NP-hard problem, an exact optimal solution
is unknown. In this paper, we numerically compare the results
of the proposed IAGA scheme with an exhaustive search
algorithm. In all simulations noise variance is assumed to be
one. The system parameters used for simulations are selected
such that we can examine the effect of different system
parameters (e.g., interference threshold level, number of
primary users, number of secondary users, quantize power
levels etc.) on the performance of the proposed schemes.

Fig. 5. Sum-rate capacity versus interference threshold (Watts). The
parameters are L = 6, K = 4, M = 4, λ = 1.

Fig. 6. Sum-rate capacity versus interference threshold (Watts). The
parameters are L = 5, K = 3, M = 4, λ = 2.

In Figs. 5 and 6, we present the plot of sum-capacity versus
interference threshold. We used the scenarios (L, K , M , λ) =
(6, 4, 4, 1) and (5, 3, 4, 2) where L is the number of PWHs,
K is the number of secondary devices, M is the number of
primary devices, and λ is number of discrete power levels.
Bandwidth assigned to each SWD is 1 MHz. We observe that
sum-capacity increases with the interference threshold because
a feasible set of the optimization problem with lower interfer-
ence threshold is a subset of a feasible set of the optimization
problem with higher interference threshold. In other words,
with the increase in the interference threshold, any SWD can
transmit with more power. More power means high data rate.
In both figures, the performance of IAGA is nearly equal
to exhaustive search algorithm. In Figs. 7 and 8, we present
the sum-capacity versus the number of PWHs. We used two
different scenarios (K , M , λ, I max

m,k ) = (4, 1, 1, 10mW) and
(2, 4, 2, 1mW). From these results, we observe that the sum-
capacity increases with the number of PWHs. This is because
more PWHs in the system give more degrees of freedom
in assigning the PWHs to the SWDs. More PWH means,
more opportunities for the PWHs assignment to get less
interference.
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Fig. 7. Sum-rate capacity versus number of PWHs. The parameters are
K = 4, M = 1, λ = 1, I max

m,k = 10mW .

Fig. 8. Sum-rate capacity versus number of PWHs. The parameters are
K = 2, M = 2, λ = 2, I max

m,k = 1mW .

Fig. 9. Sum-rate capacity versus number of PWDs. The parameters are
K = 2, L = 5, λ = 1, I max

m,k = 1mW .

In Fig. 9, we present the sum-capacity versus number of
PWDs. The parameters are (L, K , λ, I max

m,k ) = (5, 2, 1, 1mW).
Fig. 9 illustrates the variation in sum-capacity with the increase
in the number of PWDs. In this result, we observe that

sum-capacity decreases as the number of PWDs increases.
This is because the PWH assignment needs to satisfy more
interference constraints as the number of PWDs increases.
From the numerical results, we can see that IAGA converges to
within 86% of that obtained by ESA-Discrete algorithm at low
interference threshold and 96% percent at high interference
threshold.

V. CONCLUSION

In this paper, we presented an iterative joint PWH
assignment and power allocation (IAGA) algorithm for cogni-
tive radio based systems in hospital buildings. The proposed
iterative algorithm has low computational complexity, and
its performance is close to that of the exhaustive search
algorithm. Simple underlying concept and ease of implemen-
tation with low-complexity make this iterative algorithm a
suitable candidate for multiple PWH assignment and power
allocation problem. In future, we will extend this algorithm
to different channel models and the case where the channel
knowledge is imperfect.

APPENDIX

PROOF OF CONCAVITY OF UPPER BOUND

Proof: We need to establish the concavity of function

f : R
L → R, defined as f (p1, . . . , pl) =

(∑
l |hl

k |2β2
l pl

)

1+∑
l

(|hl
k |2β2

l pl
) =

∑
l xl

1+∑
l xl

, where xl = |hl
k |2β2

l pl . From the definition, function f
is concave if dom f is a convex set and if for all x, y ∈ dom f ,
and λ with 0 ≤ λ ≤ 1, we have

f (λx + (1− λy)) ≥ λ f (x)+ (1− λ) f (y)

Let us define a linear function g : RL → R as g(x1, . . . , xL) =∑
l xl and a concave function h : R→ R as h(z) = z

1+z . We
know that composition of a concave function with an affine
mapping is concave, that is, h(g(x)) is concave. Therefore,

h(g(λx)+ g((1− λy))) ≥ λh(g(x))+ (1− λ)h(g(y))

(11)

Further, we observe that

h(g(λx)+g((1− λy))) = λ
∑

l xl+(1− λ
∑

l yl)

1+ λ
∑

l xl+(1− λ
∑

l yl

= f (λx+(1− λy))

and

λh(g(x))+ (1− λ)h(g(y)) = λ f (x)+ (1− λ) f (y)

Hence, from (11), we conclude that f (λx + (1 − λy)) ≥
λ f (x) + (1 − λ) f (y), which establishes that function is
concave. �

REFERENCES

[1] G. J. Mandellos, M. N. Koukias, I. S. Styliadis, and
D. K. Lymberopoulos, “e-SCP-ECG+ protocol: An expansion on
SCP-ECG protocol for health telemonitoring—Pilot implementation,”
Int. J. Telemed. Appl., vol. 2010, pp. 1–17, 2012, Art. ID 137201.

[2] P. Rubel et al., “Toward personal eHealth in cardiology. Results from
the EPI-MEDICS telemedicine project,” J. Electrocardiol., vol. 38, no. 4,
pp. 100–106, Oct. 2005.



NAEEM et al.: WIRELESS RESOURCE ALLOCATION IN NEXT GENERATION HEALTHCARE FACILITIES 1473

[3] J.-M. Kim, J.-H. Hong, M.-C. Cho, E.-J. Cha, and T.-S. Lee, “Wireless
biomedical signal monitoring device on wheelchair using noncontact
electro-mechanical film sensor,” in Proc. 29th Annu. Int. Conf. IEEE
EMBS, Aug. 2007, pp. 574–577.

[4] J.-H. Hong, N.-J. Kim, E.-J. Cha, and T.-S. Lee, “A PDA-based
wireless ECG monitoring system for u-healthcare,” J. Korean Soc. Med.
Informat., vol. 12, no. 2, pp. 153–160, 2006.

[5] P. K. Gakare, A. M. Patel, J. R. Vaghela, and R. N. Awale, “Real time
feature extraction of ECG signal on Android platform,” in Proc. IEEE
Int. Conf. Commun., Inf., Comput. Technol., Oct. 2012, pp. 1–5.

[6] A. D. Bakhshi, M. A. Maud, K. M. Aamir, and A. Loan, “Aggregate
spectrogram based classification of Holter ECG signals for wireless
sensor networks,” in Proc. IEEE ICET, Oct. 2012, pp. 1–6.

[7] G. Liu and H. Yang, “Multiscale adaptive basis function modeling
of spatiotemporal vectorcardiogram signals,” IEEE J. Biomed. Health
Informat., vol. 17, no. 2, pp. 484–492, Mar. 2013.

[8] D. He, C. Chen, S. Chan, J. Bu, and P. Zhang, “Secure and light-
weight network admission and transmission protocol for body sen-
sor networks,” IEEE J. Biomed. Health Informat., vol. 17, no. 3,
pp. 664–674, May 2013.

[9] E. B. Mazomenos et al., “A low-complexity ECG feature extraction
algorithm for mobile healthcare applications,” IEEE J. Biomed. Health
Informat., vol. 17, no. 2, pp. 459–469, Mar. 2013.

[10] J.-M. Gorce, C. Goursaud, G. Villemaud, R. D’Errico, and L. Ouvry,
“Opportunistic relaying protocols for human monitoring in BAN,” in
Proc. IEEE 20th Int. Symp. PIMRC, Sep. 2009, pp. 732–736.

[11] A. Ehyaie, M. Hashemi, and P. Khadivi, “Using relay network to increase
life time in wireless body area sensor networks,” in Proc. IEEE Int.
Symp. WoWMoM, Jun. 2009, pp. 1–6.

[12] A. Taparugssanagorn, F. Ono, and R. Kohno, “Network coding for non-
invasive wireless body area networks,” in Proc. IEEE 21st Int. Symp.
PIMRC, Sep. 2010, pp. 134–138.

[13] K. Nakatsuka, K. Nakamura, Y. Hirata, and T. Hattori, “A proposal of
the co-existence MAC of IEEE 802.11 b/g and 802.15.4 used for the
wireless sensor network,” in Proc. 5th IEEE Conf. Sensors, Oct. 2006,
pp. 722–725.

[14] I. F. Akyildiz, W.-Y. Lee, M. C. Vuran, and S. Mohanty, “A survey
on spectrum management in cognitive radio networks,” IEEE Commun.
Mag., vol. 46, no. 4, pp. 40–48, Apr. 2008.

[15] B. Wang, K. J. R. Liu, and T. C. Clancy, “Evolutionary cooperative
spectrum sensing game: How to collaborate?” IEEE Trans. Commun.,
vol. 58, no. 3, pp. 890–900, Mar. 2010.

[16] J. Meng, W. Yin, H. Li, E. Hossain, and Z. Han, “Collaborative spectrum
sensing from sparse observations in cognitive radio networks,” IEEE J.
Sel. Areas Commun., vol. 29, no. 2, pp. 327–337, Feb. 2011.

[17] S. Huang, H. Chen, Y. Zhang, and H.-H. Chen, “Sensing-energy tradeoff
in cognitive radio networks with relays,” IEEE Syst. J., vol. 7, no. 1,
pp. 68–76, Mar. 2013.

[18] Z. Khan, J. Lehtomäki, M. Codreanu, M. Latva-Aho, and L. A. DaSilva,
“Throughput-efficient dynamic coalition formation in distributed cogni-
tive radio networks,” EURASIP J. Wireless Commun. Netw., vol. 2010,
Apr. 2010, Art. ID 87.

[19] I. Maric and R. D. Yates, “Bandwidth and power allocation for coop-
erative strategies in Gaussian relay networks,” IEEE Trans. Inf. Theory,
vol. 56, no. 4, pp. 1880–1889, Apr. 2010.

[20] Y. Jing and H. Jafarkhani, “Single and multiple relay selection schemes
and their achievable diversity orders,” IEEE Trans. Wireless Commun.,
vol. 8, no. 3, pp. 1414–1423, Mar. 2009.

[21] S. Kadloor and R. Adve, “Optimal relay assignment and power allo-
cation in selection based cooperative cellular networks,” in Proc. IEEE
ICC, Jun. 2009, pp. 1–5.

[22] Y. Shi, S. Sharma, Y. T. Hou, and S. Kompella, “Optimal relay
assignment for cooperative communications,” in Proc. 9th ACM Int.
Symp. Mobile Ad Hoc Netw. Comput., Hong Kong, 2008, pp. 3–12.

[23] K.-L. A. Yau, P. Komisarczuk, and P. D. Teal, “Cognitive radio-based
wireless sensor networks: Conceptual design and open issues,” in Proc.
IEEE WISE, Oct. 2009, pp. 955–962.

[24] G. Vijay, E. B. A. Bdira, and M. Ibnkahla, “Cognition in wireless sensor
networks: A perspective,” IEEE Sensors J., vol. 11, no. 3, pp. 582–592,
Mar. 2011.

[25] O. B. Akan, O. Karli, and O. Ergul, “Cognitive radio sensor networks,”
IEEE Netw., vol. 23, no. 4, pp. 34–40, Jul./Aug. 2009.

[26] R. Rao, Q. Cheng, and P. K. Varshney, “Subspace-based cooperative
spectrum sensing for cognitive radios,” IEEE Sensors J., vol. 11, no. 3,
pp. 611–620, Mar. 2011.

[27] P. Murphy, A. Sabharwal, and B. Aazhang, “On building a coopera-
tive communication system: Testbed implementation and first results,”
EURASIP J. Wireless Commun. Netw., vol. 2009, Feb. 2009, Art. ID 7.

[28] G. Werner-Allen et al., “Deploying a wireless sensor network on an
active volcano,” IEEE Internet Comput., vol. 10, no. 2, pp. 18–25,
Mar./Apr. 2006.

[29] K. El-Darymli, “Amplify-and-forward cooperative relaying for a linear
wireless sensor network,” in Proc. IEEE Int. Conf. SMC, Oct. 2010,
pp. 106–112.

[30] D. Wang, R. He, J. Han, M. Fattouche, and F. M. Ghannouchi, “Sensor
network based oilwell health monitoring and intelligent control,” IEEE
Sensors J., vol. 12, no. 5, pp. 1326–1339, May 2012.

[31] M. Elsaadany, M. Abdallah, T. Khattab, M. Khairy, and M. Hasna,
“Cognitive relaying in wireless sensor networks: Performance analysis
and optimization,” in Proc. IEEE GLOBECOM, Dec. 2010, pp. 1–6.

[32] B. Gulbahar and O. B. Akan, “Information theoretical optimization
gains in energy adaptive data gathering and relaying in cognitive radio
sensor networks,” IEEE Trans. Wireless Commun., vol. 11, no. 5,
pp. 1788–1796, May 2012.

[33] A. Pandharipande, Y. Han, and Y. Wang, “Sensing and communication
protocols in cognitive sensor relay networks,” in Proc. IEEE Sensors,
Oct. 2008, pp. 617–620.

[34] Y. Han, S. H. Ting, and A. Pandharipande, “Spectrally efficient sensing
protocol in cognitive relay systems,” IET Commun., vol. 5, no. 5,
pp. 709–718, Mar. 2011.

[35] I. Kim and D. Kim, “Source-sum-power minimization in multi-sensor
single-relay networks with direct links,” IEEE Commun. Lett., vol. 16,
no. 7, pp. 1076–1079, Jul. 2012.

[36] R. K. Sharma and J. W. Wallace, “Correlation-based sensing for
cognitive radio networks: Bounds and experimental assessment,” IEEE
Sensors J., vol. 11, no. 3, pp. 657–666, Mar. 2011.

[37] K. Schwieger and G. Fettweis, “Multi-hop transmission: Benefits
and deficits,” in Proc. GI/ITG Fachgespraech Sensornetze, Karlsruhe,
Germany, 2004, pp. 26–27.

[38] P. Phunchongharn, E. Hossain, D. Niyato, and S. Camorlinga, “A cog-
nitive radio system for e-health applications in a hospital environment,”
IEEE Wireless Commun., vol. 17, no. 1, pp. 20–28, Feb. 2010.

[39] A. R. Syed and K.-L. A. Yau, “On cognitive radio-based wireless body
area networks for medical applications,” in Proc. IEEE Symp. CICARE,
Apr. 2013, pp. 51–57.

[40] I. A. Mamoon, A. K. M. M. Islam, S. Baharun, T. Wakabayashi,
and S. Komaki, “A priority aware cognitive radio based hospital sys-
tem architecture, priority management and communication protocols,”
in Proc. 8th Int. Symp. Med. Inf. Commun. Technol., Apr. 2014,
pp. 1–5.

[41] R. Chavez-Santiago and I. Balasingham, “Cognitive radio for medical
wireless body area networks,” in Proc. IEEE 16th Int. Workshop
CAMAD, Jun. 2011, pp. 148–152.

[42] D. Ouattara, M. T. Quach, F. Krief, M. A. Chalouf, and H. Khalife,
“Mitigating the hospital area communication’s interference using
cognitive radio networks,” in Proc. IEEE 15th Int. Conf. Healthcom,
Oct. 2013, pp. 324–328.

[43] R. Doost-Mohammady and K. R. Chowdhury, “Enhancing wireless
medical telemetry through dynamic spectrum access,” in Proc. IEEE
ICC, Jun. 2012, pp. 1603–1608.

[44] K.-D. Lee and A. V. Vasilakos, “Access stratum resource management
for reliable u-healthcare service in LTE networks,” Wireless Netw.,
vol. 17, no. 7, pp. 1667–1678, 2011.

[45] P. Phunchongharn, E. Hossain, and S. Camorlinga, “Electromag-
netic interference-aware transmission scheduling and power control for
dynamic wireless access in hospital environments,” IEEE Trans. Inf.
Technol. Biomed., vol. 15, no. 6, pp. 890–899, Nov. 2011.

[46] P. Phunchongharn, D. Niyato, E. Hossain, and S. Camorlinga,
“An EMI-aware prioritized wireless access scheme for e-health appli-
cations in hospital environments,” IEEE Trans. Inf. Technol. Biomed.,
vol. 14, no. 5, pp. 1247–1258, Sep. 2010.

[47] D. Lin and F. Labeau, “Bandwidth allocation in view of EMI on medical
equipments in healthcare monitoring systems,” in Proc. 13th IEEE Int.
Conf. Healthcom, Jun. 2011, pp. 209–212.

[48] N. Torabi and V. C. M. Leung, “Robust license-free body area network
access for reliable public m-health services,” in Proc. 13th IEEE
Healthcom, Jun. 2011, pp. 312–319.

[49] D. Lin and F. Labeau, “Accelerated genetic algorithm for bandwidth
allocation in view of EMI for wireless healthcare,” in Proc. IEEE WCNC,
Apr. 2012, pp. 3312–3317.



1474 IEEE SENSORS JOURNAL, VOL. 15, NO. 3, MARCH 2015

[50] N. Torabi and V. C. M. Leung, “Realization of public m-health service
in license-free spectrum,” IEEE J. Biomed. Health Informat., vol. 17,
no. 1, pp. 19–29, Jan. 2013.

[51] Z. Alavikia, P. Khadivi, and M. R. Hashemi, “A model for QoS–aware
wireless communication in hospitals,” J. Med. Signals Sensors, vol. 2,
no. 1, pp. 1–10, 2012.

[52] G. H. Golub and C. F. Van Loan, Matrix Computations. Baltimore, MD,
USA: The Johns Hopkins Univ. Press, 1983.

[53] A. Goldsmith, Wireless Communications. Cambridge, U.K.:
Cambridge Univ. Press, 2005.

Muhammad Naeem (S’09–M’12) received the
B.S. and M.S. degrees in electrical engineering
from the University of Engineering and Technology,
Taxila, Pakistan, in 2000 and 2005, respectively,
and the Ph.D. degree from Simon Fraser Univer-
sity, Burnaby, BC, Canada, in 2011. From 2012 to
2013, he was a Post-Doctoral Research Associate
with the Wireless Networks and Communications
Research (WINCORE) Laboratory, Ryerson Uni-
versity, Toronto, ON, Canada. Since 2013, he has
been an Assistant Professor with the Department of

Electrical Engineering, COMSATS Institute of Information Technology-Wah,
Wah, Pakistan, and a Research Associate with the WINCORE Laboratory.
From 2000 to 2005, he was a Senior Design Engineer with Comcept (pvt)
Ltd., Islamabad, Pakistan, where he participated in the design and development
of smart card-based GSM and CDMA pay phones with the Department of
Design. He is also a Microsoft Certified Solution Developer. His research
interests include optimization of wireless communication systems, nonconvex
optimization, resource allocation in cognitive radio networks, and approxima-
tion algorithms for mixed integer programming in communication systems.
He was a recipient of the NSERC CGS Scholarship.

Udit Pareek was born in India in 1986. He received
the bachelor’s degree in electronics and communica-
tion engineering, and the M.E.Sc. degree in 2007 and
2012, respectively. From 2007 to 2009, he was with
Sasken Communications, Bangalore, India, where
he worked on software development and testing
for GSM layer 1. His research interests are in
application of optimization techniques in resource
allocation in wireless networks.

Daniel C. Lee (S’91–M’92–SM’07) received the
Ph.D. and M.S. degrees in electrical engineering and
computer science from the Massachusetts Institute
of Technology, Cambridge, MA, USA, and the
B.S. (Hons.) degree in electrical engineering and the
B.S. degree in mathematics from the University of
Maryland at College Park, College Park, MD, USA.
From 1993 to 1998, he devoted his research to the
systems engineering of networks and communication
systems at the U.S. Naval Research Laboratory,
Washington, DC, USA. He joined the faculty of

the Department of Electrical Engineering, University of Southern California,
Los Angeles, CA, USA, in 1998. He is currently a Professor with the School
of Engineering Science, Simon Fraser University, Burnaby, BC, Canada.
His main research interests have been quality of service and resource allo-
cation issues in communication systems and networks. Applications of his
research include wireless communications and networking, sensor networks,
smart grid, optical networks, broadcasting, and Internet multimedia.

Ahmed Shaharyar Khwaja received the Ph.D. and
M.Sc. degrees in signal processing and telecommu-
nications from the University of Rennes 1, Rennes,
France, and the B.Sc. degree in electronic engi-
neering from the Ghulam Ishaq Khan Institute of
Engineering Science and Technology, Topi, Pakistan.
He is currently a Post-Doctoral Research Fellow
with the Wireless Networks and Communications
Research Laboratory, Ryerson University, Toronto,
ON, Canada. His research interests include com-
pressed sensing, remote sensing, and optimization

problems in wireless communication systems.

Alagan Anpalagan received the B.A.Sc., M.A.Sc.,
and Ph.D. degrees in electrical engineering from the
University of Toronto, ON, Canada. He joined the
Department of Electrical and Computer Engineering
at Ryerson University, Toronto, in 2001, where he
was promoted to Full Professor in 2010. He served
the Department as the Graduate Program Director
(2004–2009) and the Interim Electrical Engineering
Program Director (2009–2010). During his
sabbatical (2010–2011), he was a Visiting Professor
with the Asian Institute of Technology, Bangkok,

Thailand, and a Visiting Researcher with Kyoto University. His industrial
experience includes working at Bell Mobility, Nortel Networks, and IBM
Canada.

He directs a research group working on radio resource management (RRM)
and radio access and networking areas with the Wireless Networks
and Communications Research Laboratory, Ryerson University. His
current research interests include cognitive radio resource allocation and
management, wireless cross-layer design and optimization, cooperative
communication, M2M communication, small cell networks, and green
communications technologies.

He has served as an Associate Editor of the IEEE COMMUNICATIONS

SURVEYS AND TUTORIALS (since 2012), the IEEE COMMUNICATIONS

LETTERS (2010–2013), and Springer’s Wireless Personal Communications
(since 2009), and was an Editor of the EURASIP Journal of Wireless
Communications and Networking (2004–2009). He also served as a Guest
Editor of two EURASIP Special Issues on Radio Resource Management
in 3G+ Systems (2006) and Fairness in Radio Resource Management for
Wireless Networks (2008), and MONET Special Issue on Green Cognitive
and Cooperative Communication and Networking (2012). He co-authored
three edited books entitled Design and Deployment of Small Cell Networks
(Cambridge University Press, 2014), Routing in Opportunistic Networks
(Springer, 2013), and Handbook on Green Information and Communication
Systems (Academic Press, 2012).

Dr. Anpalagan served as the Technical Program Committee Co-Chair of the
IEEE WPMC’12 Wireless Networks, the IEEE PIMRC’11 Cognitive Radio
and Spectrum Management, the IEEE IWCMC’11 Workshop on Cooperative
and Cognitive Networks, the IEEE CCECE’04/08, and WirelessCom’05
Symposium on RRM. He served as the IEEE Canada Central Area Chair
(2013–2014), IEEE Toronto Section Chair (2006-2007), ComSoc Toronto
Chapter Chair (2004–2005), and the IEEE Canada Professional Activities
Committee Chair (2009–2011). He was a recipient of the Dean’s Teaching
Award (2011), the Faculty Scholastic, Research, and Creativity Award
(2010), and the Faculty Service Award (2010) at Ryerson University. He
received the Degree in project management for scientist and engineers from
the Continuing Professional Development Center, University of Oxford,
Oxford, U.K. He is a registered Professional Engineer in the province of
Ontario.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


