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Abstract—Device-to-device (D2D) communications can help in
achieving the higher data rate targets in emerging wireless net-
works. The use of D2D communication imposes certain challenges
such as interference with the cellular and D2D users. A well-
designed joint admission control, network mode selection, and
power allocation technique in a cellular network with D2D capa-
bility can improve overall throughput. The proposed technique
jointly maximizes the total throughput and number of admitted
users in cellular networks under quality-of-service (QoS) and
interference constraints. The joint admission control, mode se-
lection, and power allocation problem (JACMSPA) falls into a
class of mixed-integer nonlinear constraint optimization problems
that are generally NP-hard. Due to the combinatorial nature
of the problem, its optimal solution needs exhaustive search of
integer variables whose complexity increases exponentially with
the number of user pairs. In this paper, we invoke outer approx-
imation approach (OAA)-based linearization technique to solve
the JACMSPA. The proposed method gives guaranteed e-optimal
solution with reasonable computational complexity. Simulation
results verify the effectiveness of the proposed approach method.

Index Terms—Admission control, device-to-device (D2D) com-
munication, mode selection.

I. INTRODUCTION

EMAND for higher data rates in future cellular networks

is being witnessed globally. Data-hungry applications on
mobile devices such as multimedia downloading, video stream-
ing, online gaming, and large file sharing among users are
forcing cellular operators to adopt new technologies. These
technologies allow the operators to satisfy customer demand
for enhanced data rates and increase their revenues. The pol-
icy formulating entities and regulators around the globe are
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also following this trend. Rightly realizing the importance
of higher data rates, the Third-Generation Partnership Project
has stressed the need to increase the bandwidth requirement
of International Mobile Telecommunications-Advanced (IMT-
Advanced)' systems up to 100 MHz by the incorporation of new
technological components [1]. The IMT-Advanced systems
promise to improve local area services through efficient uti-
lization of scarce radio resources. Long-Term Evolution (LTE)
technologies are designed to provide high data rates [2]-[4].
In [1], the concept of D2D communication in LTE Advanced
(LTE-A) was presented to meet higher-data-rate demands.

D2D communication in advanced cellular networks is a very
promising technique wherein user equipment shares the same
radio resources used by cellular users to enhance the throughput
of the cellular systems. According to [5], different techniques
are possible for the controlled management of resources by the
Evolved Node B (eNB). A nonorthogonal frequency sharing
method is more suitable to enhance spectral efficiency. Much
work has been done through wireless local area networks and
wireless personal area networks. Although technologies such
as Bluetooth and ultrawideband provide higher data rates, they
require manual peering and have no control over interference.
However, in D2D communication, due to the controlled as-
signment of radio resources by a base station (BS) or an eNB
in the licensed band, problems such as manual peering and
interference among users are alleviated to a greater extent [1].
According to [5], benefits of D2D communication include:
reduction in end-to-end latency due to a reduced number of
hops, higher bit rates due to proximity of users, low power
consumption thereby enhancing battery life of devices, wireless
cellular networks evolving toward the advanced and intelligent
architectures to achieve better network capacity, and coverage
and quality of service.

The use of D2D communication imposes certain challenges
such as interference with cellular and D2D users while reusing
the same radio resources with the cellular users. To achieve
higher data rate of future wireless networks while simultane-
ously satisfying the quality of service with power constrained
is a challenging task. A well-designed joint admission control,
mode selection,” and power allocation (JACMSPA) technique
in a cellular network with D2D capability can improve overall
throughput of cellular network. Various techniques have been
suggested in the literature to enhance data rates of future

! IMT-Advanced is a requirement issued by the International Telecommuni-
cation Union for future-generation mobile phones and Internet access services.

2Mode selection determines whether the user pair will communicate directly
in a point-to-point fashion or communicate with the help of cellular eNB.
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cellular networks. Currently, local services prefer to reuse the
spectrum to increase the system throughput. Unlike the
traditional cellular network, D2D can establish a direct link
in user equipment by sharing the same resource blocks with
other cellular users, thereby improving spectral efficiency.
However, cellular users experience interference from the D2D
transmitters. To control the interference level efficiently, eNB
will be in charge of assigning the resource blocks to the
D2D devices. A literature review and some design challenges
related to resource allocation and spectrum sharing between
cellular and D2D users to enhance the efficiency of network is
discussed in the following.

II. LITERATURE REVIEW

In [10], a greedy algorithm and successive interference
cancelation (SIC) is proposed, which allows the coexistence
of three pairs of D2D user equipment and cellular users in
a channel. The SIC approach maximizes the performance of
D2D links and reduces the interference from D2D users to
cellular users. Fractional frequency reuse is used to reduce the
interference with cochannel cells [11]. It was suggested that
if user equipment is in the outer cell region, then D2D and
cellular user equipment experiences tolerable interference. In
[22], power allocation and channel allocation are investigated
using a greedy method. In [12], it is suggested that the spectrum
utilization be improved and the performance be optimized by
maximizing the weighted sum rate of D2D and cellular users.
Several efficient algorithms were analyzed based on complexity
and overall performance. To optimize different parameters of
future cellular networks, power control is considered in [13]
and [21], whereas in [14], both admission and power control in
D2D and cellular networks are examined. A distance-dependent
mode selection is investigated in [23]. In orthogonal frequency-
division multiple-access (OFDMA)-based systems, to guar-
antee quality-of-service (QoS), in [24], a resource allocation
scheme is proposed, while considering signal-to-interference-
plus-noise ratio threshold value for cellular users. The scheme
is divided into two steps: In the first step, subcarriers are
assigned under the premise of ensuring the minimum data rate
of the D2D multicast groups, and the second step involves QoS
of cellular users.

Literature review and some design challenges related to
spectrum sharing between cellular and D2D users to enhance
the energy efficiency are discussed in [25]. In [26], a new
spectrum sharing protocol is proposed. It allows the D2D user
equipment to communicate bidirectionally with one another
while supporting two-way communications between the BS
and cellular users. In [27], the resource reusing mechanism is
investigated in more than one D2D pair, allowing to share the
multiple resource blocks to obtain higher sum rates. Mode se-
lection is also performed based on an evolutionary algorithm. In
[28], a distributed implementation is presented. The sum rate of
the D2D system is maximized by maximizing the transmission
rate using game theory. An interference management strategy
is proposed in [29] to increase the overall capacity of cellular
users and the D2D system. A conventional technique is used
that limits maximum transmit power of the D2D transmitter so
that it does not generate harmful interference from the D2D user
to cellular users. In D2D communication, the decision to assign
a part of resource to downlink or uplink is very important. It
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should be done on priority to enable the reuse of resources for
higher system capacity. In [30], interference control in down-
link mode is proposed to limit the BS interference to D2D user
equipment by selecting cellular users that are closer to the BS.
To improve the QoS of both D2D and cellular users, a three-step
scheme is proposed in [31], which involves admission control
and subsequent power allocation for each selected D2D pair
and its potential cellular user partners. D2D needs intelligent
resource sharing as suggested in [32] to optimize the spectrum
utilization. In [33], a resource sharing issue is investigated to
optimize the system performance in D2D communication in
cellular networks from a cooperative and distributive perspec-
tive. In this scheme, the utility function is maximized for each
user and provides incentive to cooperate with other users to
form a strong group to increase the likelihood of winning its
preferred spectrum resource.

A. Contributions

Based on the literature review and a closed look at Table I re-
veal that a joint user and mode selection with power allocation
is an open area of research. Some papers in the literature claim
joint admission control and power allocation, but they always
try to solve the user selection and power allocation separately.
Since user selection and power allocation are not separable and
in addition to joint user selection and power allocation, we are
also jointly determining the mode selection. In [16]-[20], dif-
ferent joint admission and power control schemes for wireless
systems are proposed. All these studies do not include the mode
selection in their formulation. As per the best knowledge of the
authors, the literature review reveals that there is no throughput
maximization scheme in a cellular network with D2D capability
that jointly controls the admission of the users, mode selection
(whether to be in cellular or D2D mode), and power allocation
under QoS and interference constraints. The existing work
focuses on individual aspects, as shown in Table I. The closest
possible existing work is done in [27], where a genetic algo-
rithm (GA) is applied for admission control and mode selection.
The main difference between the formulation in [27] and ours is
joint admission control and mode selection. In [27], a separate
admission control and mode selection scheme is proposed,
whereas in this paper, we propose a joint admission control and
mode selection scheme. For a fair comparison, in this paper, we
also compare the results of GA with our proposed algorithm.
The scope of this paper fills the gap and tries to maximize the
throughput considering the JACMSPA mechanism. The main
contributions of this paper are summarized as follows.

1) We formulate a constrained JACMSPA optimization
problem that maximizes the overall throughput of the
future cellular networks by jointly controlling admission
of the users, satisfying mode selection and power control
constraints of the users and the BS.

2) The JACMSPA is a class of mixed-integer nonlinear con-
straint optimization problems, which are generally NP-
complete. Due to the combinatorial nature of JACMSPA,
the optimal solution needs exhaustive search of integer
variables whose complexity increases exponentially with
the number of user pairs. In this paper, we apply a
linearization technique that uses outer approximation ap-
proach (OAA) to solve this NP-complete JACMSPA. The
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TABLE 1
COMPARISON OF DIFFERENT REFERENCES. AC = ADMISSION CONTROL, MS = MODE SELECTION, PA = POWER ALLOCATION
Ref | Admission | Mode Se- | Power Al- | JACMSPA | Algorithm Remarks
Control lection location
[6] v Heuristic Mode selection without the knowledge of perfect CSI
[9] v Heuristic Graph theory based resource allocation
[10] v Greedy Radio resource allocation based on greedy algorithm
and successive interference cancellation in Device-to-
Device (D2D) communication
[11] v Traditional con- | System throughput maximization for cellular network
vex optimization | with D2D capability.
techniques
[13] v v Greedy scheme Empirical D2D results for underlay WINNNER II
project
[14] v Power optimization for orthogonal amd non-orthogonal
resource sharing modes between cellular and D2D com-
munication.
[15] v Best-effort Successive Interference Cancelation algo-
rithm, canceling interfering signals.
[16] | v v Adaptive This admission control is without mode selection.
Approximation
Algorithms
[17] | v v Robust Utility Maximization and Admission Control for a
optimization MIMO Cognitive Radio Network.
algorithm
[18] v v Linear Program- | This admission control is without mode selection.
ming
[19] | v v Convex Approx- | This admission control is without mode selection.
imation
[21] v v Heuristic Distributed power control and set based admission con-
trol
[22] v v Greedy Channel assignment and mode selection in OFDMA
based cellular network.
[24] v v Heuristic Subcarrier allocation for D2D multicast system with
OFDMA scheme.
[27] | v v v Evolutionary Al- | GA based resource allocation in D2D network.
gorithm
[29] v Coverage analysis and calculation of erotic capacity in
cellular D2D network.
[31] | v v Heuristic A bipartite matching based resource allocation.
[33] v v Heuristic Resource allocation as a coalition formation game.
[35] v v Heuristic Resource allocation in cooperative two-way cellular
D2D network.

proposed OAA gives guaranteed e-optimal results with
finite convergence. In e-optimal solution, for any € > 0,
the c-optimal algorithm guarantee the solution within €
of the optimal. We also compare the OAA algorithm with
the GA. The results show that performance of the OAA is
much better than the GA.

3) The e-optimal solution is analyzed in detail with the help
of simulation results.

Throughout this paper, we use A, a, and a to represent
matrix, vector, and an element of a vector, respectively. This
paper is organized as follows: The system model and problem
statement are described in Section III. In Section IV, we present
the JACMSPA solution technique using the OAA method. The
simulation results are analyzed in Section V, and finally, we
conclude this paper in Section VI.

III. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a cellular network having D2D communication
capability as shown in Fig. 1. There are two possible modes
of communication: 1) cellular mode and 2) D2D mode. We
assume that the users selected for D2D communication use
nonorthogonal sharing mode. In this mode, the D2D users will
reutilize cellular network resources. Let K be the set of user

pairs that want to communicate with one another. We denote
by pil, pl, and p¢, the kth user’s transmitted power in uplink
(to eNB), respectively, the kth user’s transmitted power in
downlink (to the kth receiver), and the kth user power in D2D
mode. The channel gain between the kth user pair is g;. We
denote hy and fj as the channel gains between transmitting
user—eNB link (uplink) and eNB- receiving user (downlink),

respectively. Let the antenna gain be G, and § = 10%/10 pe
the lognormal shadowing, where &, is zero-mean Gaussian
random variable with standard deviation o [36]. The channel
hy, is modeled as [38]

- d, «
hk = hkfao (E)

where d, and d are the antenna far-field reference distance and
the distance between the receiver and transmitter, respectively.
The path-loss exponent is denoted by « and hy, is the Rayleigh
random variable. The channel capacity of the kth user is defined
as Cy, = log(1 + (prhi/No)). A summary of symbol notations
is shown in Table II. In cellular mode, the eNB will act like
a relay, and the communication between the cellular user pair
needs two time slots. The possible rate of the kth user in cellular
mode is Cf = 1/2min(Cy!, C). The rate for the kth pair in
D2D communication is C¢ = log(1 + (pgx/No)). For mode

(1
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Fig. 1. Cellular system with D2D capability.
TABLE II
NOTATIONS
Symbol | Definition
K Set of user pairs
c Cellular mode
d D2D mode
R Radius of D2D transmission
C}gl Capacity of the kth cellular user in uplink
Cgl Capacity of the kth cellular user in downlink
Cy Capacity of the kth cellular wuser pair-ie.,
% min(C, Cdl)
Cg Capacity of the kth D2D users
PIE Maximum power of eNB
Pg?kar Maximum power of the kth user in cellular mode
P(Z",i’” Minimum power threshold of the kth user in D2D mode
outside radius R
pg Power of the kth in D2D mode
pul Power of the kth in uplink cellular mode
p%l Power of the kth in downlink cellular mode
T Binary indicator for D2D or cellular mode
o Minimum rate requirement of the kth user
hi Channel gain between the kth user and eNB link
(uplink)
fr Channel gain between the kth receiver and eNB link
(downlink)
Ik Channel gain between the kth D2D user pair
o2 Set of selected users in cellular mode
¢ Set of selected users in D2D Mode
o) Set of all selected Users-i.e.,¢¢ U ¢?
do Reference distance for the antenna far field
d Distance between secondary transmitter and receiver
Ry, Rayleigh random variable associated with the kth SU
I3 Log normal shadowing
u A utility function to maximize the joint user admission
and throughput
Ug A utility function to maximize the admitted users
Ur A utility function to maximize the throughput
Pe Probability of cross over
Pm Probability of mutation
Ps Probability of selection

selection, we define a binary mode selection indicator as

1, Cellular mode

T =
0, D2D mode.
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To meet the QoS of the kth user pair, the pair must satisfy
its minimum rate C}™. For any power constraint, a wireless
network satisfying every user’s rate requirement is not always
possible.® Traditional admission control schemes generally se-
lect the users that can give higher aggregate throughput. In this
paper, we propose a framework for joint admission control and
mode selection that not only maximizes the throughput but also
maximizes the number of admitted users under the minimum
rate and power constraints. Let ¢ be the set of admitted users.
One admitted user can only be served either in cellular or D2D
mode, and the set of admitted users ¢ is the union of admitted
cellular and D2D users. Mathematically, this is written as

¢ =¢° U’
¢ Ne¢’ =a. 2)

We introduce a utility function that maximizes admitted users
and throughput as

U(g,x,p*,p",p") =Us(¢) > _Ur (zk,pf, P i) (3)
keg

where Us = |¢|/|K| and Up(zg, pl, pit, pil) = 2,CF +
(1 — x1,)C{. The utility function U (¢, z, p%, p*', p') ensures
that if cellular mode is selected for any admitted user, then
the terms related to D2D mode should be zero and vice versa.
Mathematically, we can write the JACMSPA-constrained
optimization problem as

d _ul dl
P U(p, z, p*, p*, p%)
»T,P PP

subject to
Cl: Ur (xk,pg,p};l,pgl) > C,’cnin Vkeo
C2:pf < (1 —ap)R*PIM Vked
C3:pp! <P Vkeo
C4. kapgl < PXE
kep
C5: ¢ = ¢° U ¢?
C6: p°NPl =0

3There are a number of reasons for this, e. g., a channel may be bad, a battery
is low, the increase in power may increase interference to others, etc.
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C7:z,€{0,1} VkeK
C8:pfl > 0,p}! > 0,pf' >0 VkeK. &)
The objective function in (4) is a max/min problem. By intro-

ducing a new variable ¢, k € K, we can rewrite an equivalent
maximization problem as

max ut(t7¢7w7pdaplﬂapdl)
t,¢,xz,p%,p"!,p!
subject to
C1-C8 of (4)
CO:Cl >t YEke o
Clo:C' >t Vke ¢ (5)
where
Z/{t(t7 ¢7 x7pda pUIa pdl) :Z/{S(¢) Z Z/{T,t (t; mk’7pz7p}cll7p%l)
ke
(6)
Ur (t ok, pL o, DY) = 2kte + (1 — 21)C. (7

The utility function in the given optimization problem max-
imizes the admitted users and total throughput. Constraint
C1 is the minimum rate constraint of each user. If any user
cannot meet the rate constraint condition, then that user is not
selected for transmission. Constraints C2—C4 are power con-
straints for D2D, cellular uplink, and cellular downlink modes,
respectively. Constraint C2 ensures that, in the case of D2D
communication, the power experienced by any other cellular or
D2D user beyond radius R should be less than threshold power
Pé“,i,n. Constraint C3 is the uplink power constraint, and C4 is
the downlink sum-power constraint. Constraints C2—C4 ensure
that the respective power should be zero if the respective mode
is not selected. Constraints C5 and C6 ensure that D2D and
cellular users are mutually exclusive.

The formulation in (5) is a nonconvex mixed-integer non-
linear programming problem. To prove the hardness of (5), we
can reduce the multiple-choice multiple-dimensional knapsack
problem (MCMDKP) to the JACMSPA optimization problem.

Theorem 1: JACMSPA for the D2D cellular network is NP-
complete.

Proof: The proof is given in the Appendix.

Due to the NP-complete nature of JACMSPA, determining
the optimal solution in polynomial time is not possible. An
exhaustive search algorithm (ESA) for (5) would enumerate
all the users and mode selection options, which increases its
computational load exponentially with the number of users. The
structure of the optimization problem in (5) is very interesting.
With known discrete variables, the objective function of (5)
is a concave function in power, and all the constraints are
either linear or convex. By exploiting this special structure, in
the following, we will present a branch-and-bound-based OAA
to solve (5).

IV. PROPOSED APPROACH TO A SOLUTION

As mentioned earlier, the coupling of the integer domain,
with the continuous domain and nonlinearities in the problem,
make the class of problem mentioned in (5) very challenging.
As the integer variables (user admission and mode selection in
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our case) increase, the complexity analysis results tend toward
NP-completeness. Despite all these challenges, the optimiza-
tion problem in (5) has a very special structure. By exploiting
this special structure, here, we will present an OAA method to
solve (5). The OAA solves (5) in a finite sequence of alternately
nonlinear programming subproblems (by fixing the discrete
variables ¢ and x) and relaxation of a mixed-integer linear-
programming-based master problem (MILP-MP). The solution
of the subproblem provides a point that will generate supporting
hyperplanes of the objective and constraint functions. The OAA
method adds one linearization for each constraint and the
objective function for every subproblem. These linearizations
of the problem are collected in a MILP-MP. The solution of the
master program determines a new set of discrete variables that
will be used for the succeeding iteration [39].

A. Algorithm Description

Let us denote Uy, as the set of constraints C1 to C10 in (5),
P = {t,p?, p*, pd'}, and © = p Ux. We can easily prove
that (5) satisfies the following propositions.

Proposition 1: P is a compact, nonempty, and convex set,
and the objective function ¢/, and U/, are convex in P for fixed
values of O.

Proposition 2: U; and Uy, are once continually differentiable.

Proposition 3: A constraint qualification holds at the solution
of each nonlinear continuous subproblem obtained by fixing the
values of ©.

Proposition 4: The nonlinear programming problem ob-
tained by fixing O can be solved exactly.

Algorithm 1 OAA

I:j«1 ‘
2: Initialize ©7
3:e+ 1077
4: Convergence < FALSE
5: while Convergence == FALSE do
_ argmin  —U;(©7,P)
6: PJ P _
subjectto Uy (07, P) < 0;
7. UpperBound < U (67, P*)

argminm
©,Pn

subject to

1> —U (07, P)

—VU, (07, P7) (PP

Uy (07, P7)
—VUy(©7,P1) (7)) <0

8 (O, P n") +

9: LowerBound < 7

10:  if UpperBound — LowerBound < ¢ then
11: Convergence <— TRUE

12:  else

13: j—j+1

14: 07 + o

15:  endif

16: end while
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These propositions make the problem in (5) a special class
of problems that can be solved using OAA method [37]. The
convexity of (5) ensures that the linearization of constraint
and objective function produces outer approximation. Although
the algorithm proposed in the later section is also applicable
to nonconvex objectives, it can give a local optimal solution
instead of a global optimal solution. Proposition 3 is useful as
many nonlinear programming solvers use Kuhn-Tucker con-
ditions, which require a constraint qualification to hold. The
OAA uses a sequence of nonincreasing upper and nondecreas-
ing lower bounds for mixed-integer problems that satisfy the
Propositions 1-4. The OAA converges in a finite number of
iterations with e-convergence capability [39]. The sequence of
upper and lower bounds are obtained by solving the primal and
master problems, respectively. The primal problem is obtained
by fixing © variables. At the jth iteration of OAA, let the values
of integer variable be ©7. We can write the primal problem as

_ut (@ja P)
subjectto Uy, (07, P) <0. @

min
P

The solution of this problem will give the P/ that will be
used for the master problem. The primal problem gives the
upper bound, and the master problem will give the lower bound.
The master problem is derived with the help of the primal
solution, i.e., P7, and is based upon the linearization (outer
approximation) of the nonlinear objective /; and constraints
Uy, around the primal solution PJ [40], [41]. The solution of
the master problem provides the information for the next set
of integer variables ©771. As the iteration proceeds, these two
bounds come close to each other. The algorithm will terminate
when the difference between the two bounds is less than €. The
master problem is derived in two steps: In the first step, we need
projection of (5) onto the integer space-©. We can rewrite the
problem (5) as

min min ~Uy (87, P)
subjectto Uy (67, P) <0. )
We can also write (9) as
min —v(0) (10)
where
v(0) = mpin —U; (67, P)
subject to Uy, (07, P) <0. (11)

Problem (10) is the projection of (5) on © space. Since a

constraint qualification holds at the solution of every primal

problem (8) for every ©7, the projection problem has the same
solution as the problem in the following:

o . /p_pi

in mi U (©7,P7) =VU(B,P? ,

min min (©7,P7) = VU ( ,77)(@_@]>

P_P]) <0. (12)

subjectto Uy (67, P7) —Viy (67, P) (@ eY
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By introducing a new variable 7, we can rewrite an equivalent
minimization problem as

min n

O,P.n ]
. . . (P_Ppi
subjectto n>—U (07, P7) —VU (07, P7) 0—0i
P—PI
0-06J
This is the master problem used to generate lower bound.
Under Propositions 1-3, (13) is equivalent to (5). Problem (13)
is now a mixed-integer linear programming problem and can

be solved using an iterative framework. A pseudocode for the
OAA is given in Algorithm 1.

R R AT ] (A ETATE)

B Discussion on Algorithm Optimality and Convergence

If the problem holds all four propositions and the discrete
variables (©) are finite, then the Algorithm 1 terminates in a
finite number of steps at an e-optimal solution [39]. As mention
earlier, in a c-optimal solution, for any e > 0, e-optimal
algorithms guarantee the solution within the e of optimal
solution. Lower values of € mean a high degree of accuracy.
The main reason for the e-optimal solution of OAA is its
branch-and-bound-like architecture. In the branch-and-bound
procedure, any combination of discrete variable (© in our case,
which is the union of users and mode selection variable) will
never be used twice. The optimality of P in (13) implies that
n is greater than U;(©7,P7) for any feasible point in (13). If
the value of 7 is less than (07, P7), it means that the master
problem has no feasible solution for the choice of discrete
variables ©/. If there is no feasible solution for any particular
©7 in (13), then the algorithm excludes that value of ©7 from
any subsequent master problems. It means that the algorithm
is finitely converging. The optimality of the algorithm follows
from the convexity of the objective and constraints for any fixed
values of ©. It is proven in the mixed-integer programming
literature that the convergence rate of OAA is linear [41]. A
detailed convergence proof of a general OAA algorithm is
given in [37]. An ESA for (5) would enumerate all the user
and mode selection options, which increases its computational
load exponentially with the number of users. In this paper, we
have compared the results of the proposed OAA with the ESA
and GA. The simulation results show that the performance of
the OAA is almost the same as the optimal solution obtained
and the ESA and is better than the GA. One more advantage of
the OAA is its guaranteed c-optimal results. The problem with
the GA is that it cannot guarantee any optimal or e-optimal
solution. The GA can give good results, but there is no proven
convergence criterion for the GA, whereas the OAA has proven
convergence to e-optimal solution.

V. SIMULATION RESULTS

Here, we show simulation results to demonstrate the perfor-
mance of the proposed OAA scheme. The results show the effect
of the number of users on the total throughput and analyze the
effectiveness of joint admission control and mode selection util-
ity. The system parameters used in the simulation are shown in
Table III. We use Basic Open-source Nonlinear Mixed INteger
(BONMIN) Programming software for OAA. We compare the
results of the OAA with the standard continuous GA [42].
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TABLE III
SIMULATION PARAMETERS
Parameter Value
P%S};B: {24} Watts
Py {0.5,0.75} Watts
Py 100mW
C’,Z"i" {100,200 }kbs
do 20
eNB coverage | 1000m
d Uniformly distributed distance
o 10dB
Go 50
Ps 0.90
Pm 0.10
Pe 0.50
108 : ; , ,
—i#— OAA
- % —ESA
—~ 107} 1
Y
T} -~
-9 ‘h____——- _ - -
© x - -
DE: 107% F -
S
D 4061 J
107.08
6 6.01 - 6.02 - 6.03
Number of users
105 1 1 1 1 1
2 3 4 5 6 7

Number of users

Fig. 2. Performance of OAA with an ESA for different numbers of users.

In the simulation, the eNB maximum coverage is set to
1000 m. The maximum eNB power P.XF is set to {2,4} W.
The coverage distance for D2D is 20 m. In cellular mode

max = {0.5,0.75} W. In all the simulation results, d, = 20m,
G, = 50, and &, = 10 dB. We assume that distance d is greater
than d,. For convergence, ¢ is set to 0.00001. In all simulations,
for GA, probability of crossover p., probability of mutation
Pm, and probability of selection ps are set to 0.9, 0.1, and
0.5, respectively. Elitist selection and uniform crossover rules
with global best value adaptation are used to get high-quality
GA solutions. We apply GA for discrete variables (user and
mode selection), and for each realization of discrete variables,
a conventional convex optimization algorithm is used to get the
optimal power allocation. In the simulation results, I/ repre-
sents a utility function that jointly maximizes the throughput
and users’ admission considering mode selection, whereas Ur
represents a utility function that only maximizes the throughput
considering mode selection.

In Fig. 2, we compare the results of the optimal solution
obtained by the ESA and OAA for different numbers of users.
For the ESA approach, we need to 2%% enumeration of discrete
variables,* and for each realization of discrete variable, there is
a need to solve one nonlinear convex optimization problem. The
computational complexity of the ESA increases exponentially.
This makes the ESA unsuitable for such kind of problems. The

4K variables for admission control and K variables for mode selection.
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result in Fig. 2 shows that the performance of the OAA is almost
similar to the optimal ESA. To get one result using the ESA
required a lot of time; for brevity, we only present one result of
ESA in this paper.

Fig. 3(a)—(d) investigate the performance of the OAA and the
GA for joint user and throughput maximization on the cellular
network. Fig. 3(a) shows a plot of sum rate versus the number
of users with the parameters {P}RE, Po™} = {4,0.5} and
{20, 2} W, respectively. The results present the comparison of
different rate thresholds for a power-constraint cellular network
with D2D capability using the OAA and GA. As there is an
increase in the rate requirement, for same constraints, the sum-
rate decreases. This is because a fewer number of users are
admitted due to high rate requirement and stringent power con-
straint in D2D mode. In Fig. 3(c), we present the comparison
results of the OAA and GA in terms of spectral efficiency, and
in Fig. 3(d), we show the OAA and GA results for different data
rates. All the results highlight the effectiveness of the OAA over
the GA. This is because of c-optimal nature of the OAA. Due
to the stochastic nature of the GA, there is no guarantee that the
GA will give an optimal solution.

Fig. 4(a)—(c) investigates the effect of joint user and through-
put maximization (in log scale) on the cellular network. These
figures compare the throughput obtained by users using ¢ and
Ur utilities. The straight horizontal line shows the rate re-
quirement. In Fig. 4(a) with parameters PRE =2 W, P57 =
0.75 W and Cgli“ = 200 kb/s, the performance of both utilities
is almost same. The sum rate for ¢/ and Uy is the same. In
the figure, the fifth user is not selected due to bad channel
conditions.

In Fig. 4(b) and (c), we set the parameters as PR =
2W, P =05W, Cmin =100 kb/s, and as P =4 W,
P =05 W, C};’in = 200 kbps, respectively. In Fig. 4(b),
we can see that six users are admitted with U utility, whereas
only two users are selected for U utility. The sum- ate for
U = 1.68 Mb/s and U = 4.33 Mb/s. Similarly for Fig. 4(c),
four users are admitted with / utility, whereas three users
are selected for Uy utility. The sum rate for U = 2.574 Mb/s
and Ur = 3.2 Mb/s. We can see that although the sum rate
for Uy is high, it is at the cost of a low number of admitted
users.

Fig. 5(a)—(c) compare the throughput obtained by users using

U and U7 utilities for 30 users with parameters as PR = 4 W,
Pcrflkax =0.75W, C,‘Cnin =100kb/s, PXE =4 W, Pcrflkax =0.5W,
C-200 kb/s, and as P =20 W, Pg’,fx =2 W, C,Icni“ =

1 Mb/s, respectively. Fig. 6 shows the effect of eNB coverage
area to the throughput. In Fig. 5(a), 21 users are admitted with
U utility, whereas only 18 users are admitted with U7 utility.
With the increase in rate requirement for Fig. 5(b), 17 users
are admitted with U{ utility, whereas only 13 users are admitted
with Ur utility. We can conclude from the results that for the
cellular system with D2D capability, joint admission control
and mode selection add more fairness, as compared with the
sum-rate maximization.

VI. CONCLUSION

In this paper, we have presented a computationally viable so-
lution for solving the JACMSPA in D2D communications. We
made use of the special structure of this problem to propose a
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Fig. 3. Comparison of the OAA and GA. (a) Performance of OAA for different number of users with PIR\S = 4 W, P2% = 0.5 W. (b) Performance of OAA
for different number of users with PR3 = 20 W, P2* = 2 W. (c) Performance of OAA and GA for different number of users. (d) Performance of OAA and

GA for different data rates.

solution based on branch-and-bound OAA. The proposed OAA
method gives guaranteed e-optimal results and has reasonable
computational complexity. We verify the effectiveness of the
proposed approach method by simulations that demonstrated
the effect of number of users on the total throughput and also
analyzed the effectiveness of joint admission control and mode
selection utility.

APPENDIX
PROOF OF THEOREM 1

We prove that, even with known uplink and downlink power,
the joint admission control, network mode selection, and power
allocation is an NP-complete problem. One example of known
power is equal power distribution among selected users. We first
show that the JACMSPA is equivalent to the 0-1 MCMDKP.
We will start by describing the input and output formal descrip-
tion of the decision problem associated with MCMDKP and
JACMSPA.

Problem 1: The MCMDKP problem is to select the items
x4 in disjoint classes to maximize the total profit such that

an item can only be selected by at most one class subject to
satisfaction of W resource constraints.

Instance: We have J disjoint classes, @) items, and W re-
source constraints (capacity of knapsack with W dimensions).
The gth item of class j has profit f; , and weight w; 4 [43].

Output: We have a selection of items X.

Decision Problem Associated Withn MCMDKP: The
MCMDKEP decision problem is to determine, for a given profit
F', whether it is possible to load the multidimensional knapsack
to keep the total weight in each dimension no greater than W,
while making the total profit at least equal to F'.

Problem 2: The JACMSPA problem is to select the disjoint
subsets of users that are either using D2D or eNB for commu-
nication such that 1) the total data rate (sum capacity) of the
system is maximized, and 2) the data rate of each selected user
must be more than or equal to a predefined threshold.

Instance: We have number of users K; rate threshold
Ry, k=1,2,..., K; channel gains hy, f, gi of the kth user;
and arbitrary users’ power.
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Output:
tive mode.

Decision Problem Associated With JACMSPA: The decision
problem associated with the JACMSPA is to determine, for a
given throughput C, whether it is possible to select multiple
users with multiple modes (cellular or D2D) such that the rate
of each selected users with any specific mode is more than R.

Lemma 1: The JACMSPA problem is polynomial-time
verifiable.

Proof: 'We can easily observe that if we are given a set
of selected users that represents the mapping between D2D and
cellular modes, we can verify in polynomial time that the total
throughput of the selected users is at least C' and the rate of each
selected user is more than R. Since the dimension of the matrix
for users and mode selection is 2 x K, therefore, its length is
polynomial in the size of the input. We can write an algorithm
that can verify the result in O(2K) iterations, which shows
polynomial-time verification. |

Lemma 2: MCMDKP is polynomial-time reducible to
JACMSPA.

Proof: We can do reduction by simple equivalence. We
make the K users as disjoint classes and the items as mode.
The Ry rate of selected users is the same as the capacity of
knapsack with W dimensions. The channels hy, fi, and g are
item profit. For any given instance J, Q, W, f; , of MCMDKP,
if there is a matrix X with entries of selected items z; , that
maximizes the total profit such that an item can only be selected
by at most one class subject to satisfaction of W resource
constraints, then there will be a user-mode selection matrix that
maximizes the total data rate (sum capacity) of the system such
that a user can only operate in one mode subject to rate con-
straint. This reduction by simple equivalence means every yes-
instance of MCMDKP implies yes-instance of JACMSPA in
polynomial time. |

Lemmas 1 and 2 imply the NP-completeness of JACMSPA.

We have a selection of users and their respec-

REFERENCES

[1] K. Doppler, M. Rinne, C. Wijting, C. B. Ribeiro, and K. Hugl, “Device-to-
device communication as an underlay to LTE-advanced networks,” IEEE
Commun. Mag., vol. 47, no. 12, pp. 42-49, Dec. 2009.

7331

[2] N. Dan, B. Li, B. Lan, and C. JunRen, “Resource allocation over coop-
eration for cross-cell D2D communication underlaying LTE network,”
in Proc. IEEE TENCON, Oct. 2013, pp. 1-4.

[3] O. Bello and S. Zeadally, “Intelligent device-to-device communication
in the internet of things,” IEEE Syst. J., vol. 10, no. 3, pp. 1172-1182,
Sep. 2016.

[4] S.-H. Lu, L.-C. Wang, T.-T. Chiang, and C.-H. Chou, “Cooperative hier-
archical cellular systems in LTE-A networks,” IEEE Syst. J., vol. 9, no. 3,
pp. 766-774, Sep. 2015.

[5] K. Akkarajitsakul, P. Phunchongharn, E. Hossain, and V. K. Bhargava,
“Mode selection for energy-efficient D2D communications in LTE-
advanced networks: A coalitional game approach,” in Proc. ICCS,
Nov. 2012, pp. 488-492.

[6] J. Gao, X. Liao, J. Deng, and P. Ren, “A mode shifting resource alloca-
tion scheme for device-to-device underlaying cellular network,” in Proc.
AASRI Procedia, vol. 5, 2013, pp. 40-47.

[7] B. Peng, C. Hu, T. Peng, and W. Wang, “Optimal resource allocation for
multi-D2D links underlying OFDMA-based communications,” in Proc.
WiCOM, Sep. 2012, pp. 1-4.

[8] L. Bao Le, “Fair resource allocation for device-to-device communications
in wireless cellular networks,” in Proc. IEEE GLOBECOM, Dec. 2012,
pp. 5451-5456.

[9] H. Zhang, T. Wang, L. Song, and Z. Han, “Graph-based resource allo-
cation for D2D communications underlaying cellular networks,” in Proc.
IEEE Int. Conf. CIC/ICCC, Aug. 2013, pp. 187-192.

[10] Y. Tao, J. Sun, and S. Shao, “Radio resource allocation based on greedy
algorithm and successive interference cancellation in device-to-device
(D2D) communication,” in Proc. IETICT, Apr. 2013, pp. 452-458.

[11] B. Wang, L. Chen, X. Chen, X. Zhang, and D. Yang, “Resource
allocation optimization for device-to-device communication underlay-
ing cellular networks,” in Proc. IEEE Veh. Technol. Conf., May 2011,
pp. 1-6.

[12] J. Wang et al. “Resource optimization for cellular network assisted mul-
tichannel D2D communication,” Signal Process., vol. 100, pp. 23-31,
Jul. 2014.

[13] C. H. Yu, K. Doppler, C. B. Ribeiro, and O. Tirkkonen, “Resource shar-
ing optimization for device-to-device communication underlaying cellular
networks,” IEEE Trans. Wireless Commun., vol. 10, no. 8, pp. 2752-2763,
Aug. 2011.

[14] C.H. Yu, O. Tirkkonen, K. Doppler, and C. Ribeiro, “Power optimization
of device-to-device communication underlaying cellular communication,”
in Proc. IEEE ICC, Jun. 2009, pp. 1-5.

[15] C. H. Yu and O. Tirkkonen, “Device-to-device underlay cellular net-
work based on rate splitting,” in Proc. IEEE WCNC, Apr. 2012,
pp. 262-266.

[16] E. Matskani, N. D. Sidiropoulos, Z.-Q. Luo, and L. Tassiulas, “Efficient
batch and adaptive approximation algorithms for joint multicast beam-
forming and admission control,” IEEE Trans. Signal Process., vol. 57,
no. 12, pp. 4882-4894 Dec. 2009.

[17] H. Du and T. Ratnarajah, “Robust utility maximization and admission
control for a MIMO cognitive radio network,” IEEE Trans. Veh. Technol.,
vol. 62, no. 4, pp. 1707-1718, May 2013.

[18] Y.-F. Liu, Y.-H. Dai, and Z.-Q. Luo, “Joint power and admission control
via linear programming deflation,” IEEE Trans. Signal Process., vol. 61,
no. 6, pp. 1327-1338, Mar., 2013.

[19] X. Gong, S. A. Vorobyov, and C. Tellambura, “Joint bandwidth and
power allocation with admission control in wireless multi-user networks
with and without relaying,” IEEE Trans. Signal Process., vol. 59, no. 4,
pp. 1801-1813, Apr. 2011.

[20] E. Matskani, N. D. Sidiropoulos, Z.-Q. Luo, and L. Tassiulas, “Con-
vex approximation techniques for joint multiuser downlink beamforming
and admission control,” IEEE Trans. Wireless Commun., vol. 7, no. 7,
pp- 2682-2693, Jul. 2008.

[21] P. Liu, C. Hu, T. Peng, R. Qian, and W. Wang, “Admission and power
control for Device-to-Device links with quality of service protection in
spectrum sharing hybrid network,” in Proc. IEEE Pers. Indoor Mobile
Radio Commun., Sep. 2012, pp. 1192-1197.

[22] Y. Cheng, Y. Gu, and X. Lin, “Power and channel allocation for device-
to-device enabled cellular networks,” J. Comput. Inf. Syst., vol. 10, no. 2,
pp. 463-472 Jan. 2014.

[23] S. Xiang, T. Peng, Z. Liu, and W. Wang, “A distance-dependent mode
selection algorithm in heterogeneous D2D and IMT-Advanced network,”
in Proc. IEEE GC Wkshps., Dec. 2012, pp. 416-420.

[24] P. Bo, H. Chunjing, P. Tao, Y. Yang, and W. Wenbo, “A resource allo-
cation scheme for D2D multicast with QoS protection in OFDMA-based



7332

systems,” in Proc. IEEE Pers. Indoor Mobile Radio Commun., Sep. 2013,
pp. 2383-2387.

[25] G. Fodor et al., “Design aspects of network assisted device-to-device
communications,” IEEE Commun. Mag., vol. 50, no. 3, pp. 170-177,
Mar. 2012.

[26] P. Yiyang and L. Y. Chang, “Resource allocation for device-to-device
communication overlaying two-way cellular networks,” in Proc. IEEE
WCNC, Apr. 2013, pp. 3346-3351.

[27] H. Pang, P. Wang, X. Wang, F. Liu, and N. N. Van, “Joint mode selection
and resource allocation using evolutionary algorithm for device-to-device
communication underlaying cellular networks,” J. Commun., vol. 8,
no. 11, pp. 751-757, Nov. 2013.

[28] W. Si, Z. Xiaoyue, L. Zhesheng, Z. Xin, and Y. Dacheng, “Distributed re-
source management for device-to-device (D2D) communication underlay
cellular networks,” in Proc. IEEE Int. Symp. PIMRC, Sep. 2013.

[29] H. Min, J. Lee, S. Park, and D. Hong, “Capacity enhancement us-
ing an interference limited area for device-to-device uplink underlaying
cellular networks,” IEEE Trans. Wireless Commun., vol. 10, no. 12,
pp. 3995-4000, Dec. 2011.

[30] R. Chen, X. Liao, S. Zhu, and Z. Liang, “Capacity analysis of device-
to-device resource reusing modes for cellular networks,” in Proc. IEEE
ComNetSat, Jul. 2012, pp. 64-68.

[31] D. Feng et al., “Device-to-device communications underlaying cellu-
lar networks,” IEEE Trans. Commun., vol. 61, no. 8, pp. 3541-3551,
Aug. 2013.

[32] J. Wang, D. Zhu, C. Zhao, J. C. F. Li, and M. Lei, “Resource sharing of
underlaying device-to-device and uplink cellular communications,” IEEE
Commun. Lett., vol. 17, no. 6, pp. 11481151, Jun. 2013.

[33] R. Zhang, L. Song, Z. Han, X. Cheng, and B. Jiao, “Distributed resource
allocation for device-to-device communications underlaying cellular net-
works,” in Proc. IEEE ICC, Jun. 2013, pp. 138-143.

[34] H. S. Chae, J. Gu, C. Bum-Gon, and M. Chung, ‘“Radio resource allo-
cation scheme for device-to-device communication in cellular networks
using fractional frequency reuse,” in Proc. IEEE APCC, Oct. 2011,
pp. 58-62.

[35] Y. Peiand Y. C. Liang, “Resource allocation for device-to-device commu-
nications overlaying two-way cellular networks,” IEEE Trans. Wireless
Commun., vol. 12, no. 7, pp. 3611-3621, Jul. 2013.

[36] M. F. Hanif and P. J. Smith, “On the statistics of cognitive radio capac-
ity in shadowing and fast fading environments,” IEEE Trans. Wireless
Commun., vol. 9, no. 2, pp. 844-852, Feb. 2010.

[37] M. A. Duran and I. E. Grossmann, “An outer-approximation algorithm
for a class of mixed-integer nonlinear programming,” Math. Program.,
vol. 36, no. 3, pp. 307-339, Dec. 1986.

[38] A. Goldsmith, Wireless Communications.
Cambridge Univ. Press, 2005.

[39] R. Fletcher and S. Leyffer, “Solving mixed integer nonlinear programs
by outer approximation,” Math. Program., vol. 66, no. 1, pp. 327-349,
Aug. 1994.

[40] C. A. Floudas and P. M. Pardalos, Encyclopedia of Optimization, 2nd ed.
New York, NY, USA: Springer-Verlag, 2008.

[41] C. A.Floudas, Nonlinear and Mixed-Integer Optimization: Fundamentals
and Applications.  New York, NY, USA: Oxford Univ. Press, 1995.

[42] A. E. Eiben and J. E. Smith, Introduction to Evolutionary Computing,
Berlin, Germany: Springer-Verlag, 2003

[43] H. Kellerer, U. Pferschy, and D. Pisinger, Knapsack Problems.
Germany: Springer-Verlag, 2004.

New York, NY, USA:

Berlin,

Muhammad Azam received the B.Sc. degree in
electronics engineering from the University of
Engineering and Technology, Taxila, Pakistan, in
2012 and the M.Sc. degree in electrical engineering
from COMSATS Institute of Information Technol-
ogy, Islamabad, Pakistan, in 2015.

He is currently a Laboratory Engineer with the
Department of Electrical Engineering, Foundation
University Rawalpindi, Rawalpindi, Pakistan. His
research interests include wireless communications,
resource allocation in fifth-generation networks, op-
timization in energy-communication systems, smart grid, and related topics.

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 65, NO. 9, SEPTEMBER 2016

Mushtaq Ahmad received the B.Sc. degree in elec-
trical engineering from the University of Engineering
and Technology, Lahore, Pakistan, in 1990; the M.S.
degree in electrical engineering from the University
of Michigan, Ann Arbor, MI, USA, in 1994; and the
Masters of Telecommunication Management degree
from the Institut National Des Telecom France, Evry,
France, in 1999. He is currently working toward the
Ph.D. degree with COMSATS Institute of Informa-
tion Technology, Wah Cantt, Pakistan.

He has served as an Incumbent Operator with
Pakistan Telecommunication Company Limited; as a Regulator with the
Pakistan Telecommunication Authority; as a Member (Telecom) with the
Ministry of Information Technology and Communication, Pakistan; and as
the Chief Executive Officer of reputable public and private institutions. He
is currently a Principal Engineer with COMSATS Institute of Information
Technology, Pakistan. His main research interests include resource allocation
in next-generation networks.

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 University, Burnaby,
BC, Canada, in 2011.

From 2012 to 2013, he was a Postdoctoral
Research Associate with WINCORE Laboratory,
Ryerson University, Toronto, ON, Canada. Since
August 2013, he has been an Assistant Professor with
the Department of Electrical Engineering, COMSATS
Institute of Information Technology, Wah Campus, Wah Cantt, Pakistan, and
a Research Associate with WINCORE Laboratory, Ryerson University. From
2000 to 2005, he was a Senior Design Engineer with Comcept Pvt. Ltd. With
the design department of Comcept Pvt. Ltd., he participated in the design and
development of smart-card-based Global System for Mobile Communications
and code-division multiple-access payphones. He is also a Microsoft Certified
Solution Developer. His research interests include the optimization of wireless
communication systems, nonconvex optimization, and resource allocation in
cognitive radio networks and approximation algorithms for mixed-integer
programming in communication systems.

Dr. Naeem received a Canada Graduate Scholarship from the Natural
Sciences and Engineering Research Council of Canada.

Muhammad Igbal was born on October 15, 1976
in Multan, Pakistan. He received the B.Sc. degree in
electrical engineering from the University of Engi-
neering and Technology, Lahore, Pakistan, in 1999;
the M.S. degree in telecommunication engineering
from the University of Engineering and Technology,
Peshawar, Pakistan, in 2007; and the Ph.D. degree
from Beijing University of Posts and Telecommuni-
cations, Beijing, China, in 2011.

After his undergraduate studies, he was with a
state-owned telecommunication company for more
than seven years. He is currently an Assistant Professor with the Department of
Electrical Engineering, COMSATS Institute of Information Technology, Wah
Campus, Wah Cantt, Pakistan. His research interests include signal and informa-
tion processing, wireless communications, smart grid, and applied optimization.

Ahmed Shaharyar Khwaja (M’13) received the
B.Sc. degree in electronic engineering from Ghulam
Ishaq Khan Institute of Engineering Science and
Technology, Swabi Khabar Pakhtoon Khwa, Pakistan,
and the M.Sc. and Ph.D. degrees in signal process-
ing and telecommunications from the University of
Rennes 1, Rennes, France.

He is currently a Postdoctoral Research Fellow
with WINCORE Laboratory, Ryerson University,
Toronto, ON, Canada. His research interests include
compressed sensing, remote sensing, and optimiza-
tion problems in wireless communication systems.



AZAM et al.: JACMSPA IN D2D COMMUNICATION SYSTEMS

Alagan Anpalagan (SM’04) received the B.A.Sc.,
M.A.Sc., and Ph.D. degrees from the University
of Toronto, Toronto, ON, Canada, all in electrical
engineering.

Since 2001, he has been with the Department
of Electrical and Computer Engineering, Ryerson
University, Toronto, where he was promoted to Full
Professor in 2010. From 2004 to 2009, he served
the department as a Graduate Program Director and,
from 2009 to 2010, as an Interim Electrical En-
gineering Program Director. During his sabbatical
(2010-2011), he was a Visiting Professor with the Asian Institute of Technol-
ogy, Pathumthani, Thailand; and a Visiting Researcher with Kyoto University,
Kyoto, Japan. His industrial experience includes working with Bell Mobility,
Nortel Networks, and IBM Canada. He directs a research group working on
radio resource management and radio access and networking areas within the
WINCORE Laboratory, Ryerson University. He is the author or coauthor of
three edited books: 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). He also completed a course on Project Management for Scientists
and Engineers with the Continuing Professional Development Center, Univer-
sity of Oxford, Oxford, U.K. His current research interests include cognitive
radio resource allocation and management, wireless cross-layer design and op-
timization, cooperative communication, machine-to-machine communications,
small-cell networks, and green communication technologies.

Dr. Anpalagan served as the IEEE Communication Society Toronto Chapter
Chair from 2004 to 2005, the IEEE Toronto Section Chair from 2006 to 2007,
and the IEEE Canada Professional Activities Committee Chair from 2009 to
2011, and the IEEE Canada Central Area Chair from 2013 to 2014. He served
as the Technical Program Committee (TPC) Cochair for the 2005 International
Conference on Wireless Networks, Communications, and Mobile Computing
Symposium on Radio Resource Management; the 2004 and 2008 IEEE Cana-
dian Conference on Electrical and Computer Engineering; the 2011 IEEE
International Wireless Communications and Mobile Computing Conference
Workshop on Cooperative and Cognitive Networks; the Cognitive Radio and
Spectrum Management TPC of the 2011 IEEE International Symposium on
Personal, Indoor, and Mobile Radio Communication; and the Wireless Net-
works TPC of the 2012 IEEE International Symposium on Wireless Personal
Multimedia Communications. He served as an Editor for EURASIP Journal
of Wireless Communications and Networking from 2004 to 2009 and as an
Associate Editor for IEEE COMMUNICATIONS LETTERS from 2010 to 2013
and has been serving as an Associate Editor for Springer Wireless Personal
Communications since 2009 and for IEEE COMMUNICATIONS SURVEYS &
TUTORIALS since 2012. He also served as a Guest Editor for 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 received the Faculty Scholastic, Research, and
Creativity Award and the Faculty Service Award in 2010, as well as the
Dean’s Teaching Award in 2011, from Ryerson University. He is a registered
Professional Engineer in the province of Ontario, Canada.

7333

Saad Qaisar (SM’14) received the Master’s and
Ph.D. degrees in electrical engineering from
Michigan State University, East Lansing, MI,
USA, in 2005 and 2009, respectively, under the
supervision of Dr. H. Radha.

He is currently serving as an Assistant Professor
with the School of Electrical Engineering Computer
Science, National University of Sciences and Tech-
nology (NUST), Karachi, Pakistan. He is the Lead
Researcher and Founding Director of the Research
Laboratory of Communications, Networks and
Multimedia (CoNNekT Lab), NUST. As of September 2011, he has been
the Principal Investigator or Joint Principal Investigator of multiple research
projects spanning cyber—physical systems, applications of wireless sensor
networks, network virtualization, communication and network protocol de-
sign, wireless and video communications, Internet measurements analysis, and
multimedia coding and communications. He is the author of over 50 papers
presented at reputed international venues. He is the Lead Researcher on a joint
Internet performance measurement study in Pakistan with the Georgia Institute
of Technology, the current Head of a core working group for the establishment
of Pakistan IXP, the Technical Consultant to the United Nations Food and
Agriculture Organization, and the Lead Architect for a Pakistan Laboratory
Information Management System project. He is actively engaged with projects
funded by King Abdullah City of Science Technology.

Dr. Qaisar serves as the Chair for the Mobile Computing, Sensing, and Actu-
ation for Cyber Physical Systems (MSA4CPS) Workshop, in conjunction with
the International Conference on Computational Science and Its Applications.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /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 /LeaveColorUnchanged
  /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 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


