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Abstract—This paper aims at investigating the tradeoff between
ergodic energy efficiency (EE) and spectral efficiency (SE) for
device-to-device (D2D) communications underlaying cellular net-
works. Assuming average-based resource allocation, we propose
a multiobjective optimization problem (MOOP) approach to deal
with the EE and SE maximization problem. Specifically, the formu-
lated MOOP results in the maximization of the total ergodic sum
rate of the D2D users and the minimization of the total average
transmit power of the D2D transmitters. Two practical scenarios
are considered, i.e., a limited interference scenario, which includes
the sparsely deployed scenario, and a densely deployed scenario,
where for each scenario the maximum achievable EE and SE are
derived. Specifically, considering the limited interference scenario,
an upper bound is imposed on the received interference across
different D2D communications, and closed-form expressions for
the optimal power allocation, ergodic sum rate, and maximum EE
are obtained. In the general, densely deployed scenario, however,
the cross D2D network interference needs to be taken into account.
We provide an optimal solution for the power control based on
sequential fractional programming to tradeoff between complexity
and performance gain. Simulation results unveil an interesting
tradeoff to strike a balance between EE and SE.

Index Terms—Device-to-device (D2D) communications, energy
efficiency, spectral efficiency, multiobjective optimization, tradeoff.
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I. INTRODUCTION

N RECENT years, the rapid growth of smart devices and
I new applications leads to an increasing demand for high data
transmission rate in mobile wireless networks. The traditional
architecture of cellular systems will not be able to sufficiently
support the upcoming increase in mobile data traffic [1]. Device-
to-device (D2D) communications have emerged as a promising
technology to increase the overall spectral efficiency of cellular
networks and improve the connectivity of devices without extra
construction and maintenance costs. This technology offers the
possibility to setup a direct link between two users within the
cellular coverage without the help of the base station, enabling
to offload the data traffic between the base station and users [2],
[3]. Also, D2D communication with a software defined network
can enhance user quality of experience by improving the success
probability of internet access [4]. D2D communication works
either in overlay or underlay mode with cellular users. In the
overlay mode, a dedicated spectrum is utilized for D2D users,
whereas in the underlay mode, the spectrum is shared between
the D2D users and cellular users [5]. In the underlay mode,
higher spectral efficiency and total rate can be obtained. How-
ever, mutual interference, due to reusing the resources between
D2D links and cellular users, occurs and needs to be managed,
as it affects the performance of both types of users. Furthermore,
D2D communication can be considered as a crucial enabler of
the Internet of Things (IoT), where devices are able to com-
municate with each other directly. In D2D based IoT network,
ultra-reliable low latency communication is a vital aspect of
wireless connectivity. As a result, the application of D2D for
ToT was discussed in [6]-[10].

Future generation wireless networks not only struggle with
limited spectrum resources, but also face the challenge to op-
erate with limited batteries. Recently, energy-efficient com-
munication systems, or the well-known Green Radios, have
been attracting growing attention from the research commu-
nity due to their ability to improve the system performance
while simultaneously reducing the energy consumption of the
communication devices. Limiting the energy consumption of
wireless networks is important not only to prolong battery lives,
but also because of environmental concerns. Information and
communication technology (ICT) is responsible for more than
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2% of the whole world CO, gas emission [11]. To minimize the
carbon footprint of ICT, thus its environmental impact [14], we
need new and efficient communication techniques. In the recent
literature, energy efficiency (EE), that measures the number of
bits communicated per unit of energy consumed, has emerged
as the performance metric to evaluate the communication sys-
tem energy consumption [12]—[17]. For instance the problem
of bandwidth allocation, relay selection, and power allocation
was investigated in [18] to enhance the weighted sum energy
efficiency while guaranteeing the minimum data rate for cellu-
lar users. By exploiting the theory of fractional programming,
the considered problem was transformed into a more tractable
equivalent problem where a solution based on the Lagrange dual
method was developed. In [19], the performance tradeoff in relay
aided D2D-cellular networks was investigated, where the opti-
mal transmit powers of both source and relay users were derived.
The work in [20] studied the tradeoff between EE and spectral
efficiency (SE) for underlaying mobile D2D communications,
where two power allocation schemes were proposed to charac-
terize the impact of vehicular environments on both EE and SE.
The geometric water-filling approach was adopted in [21] to op-
timize the transmission rate of the D2D users in terms of through-
put maximization, while an adaptive subcarrier allocation was
proposed. In [22], subchannel allocation and power optimization
were considered, where the queuing delay was flexibly managed
to optimize the EE-SE maximization in D2D communications
underlaying cellular networks. Furthermore, power allocation
for D2D communication was investigated to mitigate cross-tier
interference arising from co-channels based on the stochastic
geometry [23]-[25]. In this regard, the works [23], [24] took
into account minimum received power, relative deployment
density, transmit power control, and channel allocation. In these
works, a stochastic geometry based theoretical framework to an-
alyze the coverage probability and ergodic rate for respectively
the uplink and downlink of a D2D overlaying multi-channel
was considered. In [23], a framework based on the stochastic
geometry for D2D multi-cell overlaying uplink cellular network
is presented to characterize the coverage probability and ergodic
rate of D2D overlaying multi-channel uplink cellular networks
with minimum received power and channel allocation. On the
other hand, [24] proposed a new scheme for a D2D overlaying
multi-channel downlink in which two users communicate with
each other in either one-hop or two-hop mode. In [25], the
authors derived the spatial average rate, success probability, and
area spectral efficiency performances for both cellular users and
D2D users under Rician fading, specifically employing stochas-
tic geometry as an analysis framework. In [26], the joint power
and channel allocation problem for D2D over Rician fading D2D
channels was investigated while maximizing the sum rate of
cellular users subject to the rate constraints for cellular users as
well as the outage probability and latency constraints for D2D
users.

Current system design problems are mostly dealing with
conflicting requirements, e.g., the need to increase the sys-
tem throughput, while at the same time limiting the energy

9751

consumption and the end-to-end delay. A multi-objective op-
timization problem (MOOP) formulation, which focuses on the
simultaneous optimization of two or more conflicting objec-
tive functions for which the most preferred solution needs to
be chosen in the presence of tradeoffs between them [27], is
one way to deal with such problems. Recently, several MOOP
solutions have been proposed to observe the correlation between
different objectives in wireless communications [28]—[37]. In
this regard, a multi-objective cell association optimization for
arranging a number of D2D links in a multi-cell network based
on the fractional frequency reuse scheme was considered in
[29]. In [33], interference efficiency as a new performance
metric in underlay cognitive radio networks was introduced
and then optimized by formulating a MOOP. In [35], a MOOP
formulation was used to maximize the EE of a single-cell wire-
less network. Since EE is a key parameter in designing future
wireless networks, energy-aware system design as an immediate
challenge is necessary in industry and academia. Bandwidth ex-
pansion improves the EE but decreases the spectral efficiency, so
it is vital to achieve a balance between EE and SE as conflicting
objectives. Recently, the tradeoff between EE and SE of wireless
communications as a MOOP is investigated in [37]-[38]. The
authors in [37] formulated a MOOP to maximize simultaneously
the global EE and SE while guaranteeing individual operator
constraints, e.g. quality of service and energy consumption in a
network where radio resources were shared among multiple op-
erators. A MOOP tradeoff in D2D communications underlaying
heterogeneous networks was studied in [38] to strike a balance
between EE and SE. This problem was transformed into a single
objective optimization problem (SOOP) via an epsilon method
and a two-stage iterative solution was proposed. Optimizing the
resource allocation of D2D communications for multicell envi-
ronments with intercell interference, while taking into account
multi-cell interference and long term channel information, has
been proved challenging in the literature e.g. [14]-[17], [35]-
[38]. To our best knowledge, the tradeoff between ergodic EE
and SE in D2D communications has never been discussed.
Therefore, in this paper, we focus on jointly maximizing the EE
and ergodic sum rate in underlay D2D communications. To this
end, we formulate a MOOP that jointly maximizes the ergodic
sum rate of the D2D links and minimizes the total average
power of the D2D transmitters under an average received power
constraint (at the cellular receivers) and per-D2D-user transmit
power constraints. In detail, we provide a framework for the
optimal power allocation in D2D communications underlaying a
multicellular network, where cellular users (CUs) communicate
with the base stations using an orthogonal frequency division
multiple access (OFDMA) technique. The D2D users, operating
within the coverage area of the base stations, share the radio
spectrum with the CUs and communicate with each other.

In summary, the main goal of this paper is to optimize the
ergodic EE and SE in multicell D2D communications. The main
contributions of our paper are summarized as follows:

® We aim to investigate the tradeoff between the ergodic EE

and SE maximization in D2D communications underlaying
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with a cellular downlink network, taking into account the
constraints on the average interference power received at
the CUs and transmit power of each D2D user. To this
end, we transform the EE-SE maximization objectives into
a MOOP that jointly maximizes the ergodic sum rate of
the D2D links and minimizes the total average power of
D2D transmitters, and solve the obtained MOOP via the
weighted Tchebycheff method.

e Starting from this MOOP, we further develop the power
allocation for two types of practical D2D network models,
namely, a limited interference case, including the sparsely
deployed scenario, and the general case corresponding to
a densely deployed scenario. For the first case, an upper
bound is imposed on the interference across different D2D
communications, and in the case of a sparsely deployed
scenario, this cross-interference even is neglected. A new
closed-form expression for the power allocation is ob-
tained. In the densely deployed scenario, cross interference
is not upper limited and may significantly affect the system
performance. For this case, we propose an iterative tech-
nique to solve the non-convex MOOP suboptimally. Fur-
thermore, the computational complexity of the proposed
solution method is investigated.

® We provide an optimal power allocation via sequential
fraction programming and compare the results obtained
via the MOOP and sequential fractional programming to
strike a balance between computational complexity and
optimality.

e With the aid of numerical simulations, we analyze the
tradeoff between EE and SE D2D communications under-
laying cellular downlink networks. Besides, we study the
system performance in both Rician fading channels and
Rayleigh fading channels and analyze the differences.

The paper is organized as follows. Section II describes the

system model. Section III formulates the MOOP. Section IV
proposes the closed-form expressions for the limited interfer-
ence scenario, while Section V considers a solution for the
densely deployed scenario. Section VI discusses a power alloca-
tion solution based on sequential fractional programming. The
computational complexity of the given methods is studied in
Section VII. Numerical results are presented in Section VIII,
followed by some concluding remarks in Section IX.

II. SYSTEM MODEL

We consider D2D communications underlaying a multicellu-
lar downlink network with C cells denoted by C = {1,2...,C},
i.e., multiple D2D pairs and CUs share the same frequency
bands in each cell. Each cell has one base station and multiple
CUs, and each subchannel is used by one CU within each cell
only. D2D users in each cell communicate with each other
through a point-to-point link and compete for the set of available
subchannels. We assume that in this cellular network, there are
K CUs that operate in the presence of M = Zle M. D2D
links, where M. is the number of D2D links in cell ¢. The total
available bandwidth Br Hz is divided into N non-overlapping
subchannels, each comprising a bandwidth B = By /N Hz, and
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indexed by n € N ={1,2,..., N}. In order to avoid harmful
interference to the CUs, D2D transmitters must control their
transmit power so that the interference constraint imposed by the
CUs s satisfied. The D2D transmitter 7 sends a signal with power
Pi(") over subchannel n. The macro-BS has perfect channel
state information (CSI) of all links and can schedule proper
power allocation. In fact, the CSI of all users is assumed to be
perfectly known at the macro-BS so as to unveil the performance
upper bound of the system. In this system, the instantaneous
received signal-to-interference-plus-noise ratio (SINR) at the
D2D receiver ¢ on subchannel n can be obtained using the
following formula:'

PR

(n)

SINR!™ =
‘ c n M n )
NoB+ Y5, g + Z;Z pj( 1>h§?)

e))

where h;") represents the instantaneous channel power gain of
the link between the ith D2D transmitter and receiver, which is
assumed to be flat fading with additive white Gaussian noise
(AWGN) with distribution C'N (0, Ny) (zero-mean circularly
symmetric complex Gaussian noise with variance Nj). The
transmit power of the base station ¢ on subchannel 7 is denoted
by p™. g is an intercell interference channel power gain
between the base station and the D2D receiver i. The chan-
nel power gain h§?) denotes an intercell interference channel
power gain between another D2D transmitter 7 and the D2D
receiver 7, all on the same subchannel n. The interference terms

P((,*T;J),z' =Y, gn)g((:;z) and ng,i =YL Pj(n)h;?) collect
i

all interference contributions from the bage stations and other
D2D links, respectively. To simplify the notation, we define
NI = NoB+ PSY), + PSY and NISY . = NoB + P52 .
The key notations are summarized in Table 1. 7

Note that the above model for direct D2D links also can be
used to characterize vehicle-to-vehicle (V2V) communication
links. Similarly, as D2D, V2V communication is intended for
short-range communication. Important aspects in V2V are low
latency and high reliability. As in the above model, information
is exchanged using a single hop, this latency can be kept small.
Further, due to the short range, the D2D link enables high bit
rates and low power consumption.

III. JOINTLY MAXIMIZING EE AND SE

In this section, following a similar approach as used in [19]-
[22] to manage interference between CUs and D2D links, we
jointly maximize the EE and SE? of the D2D communications
in a fading environment, while satisfying a target on each D2D
user average transmit power and received power constraints at
the CUs. We define the ergodic sum rate for transmitter 7 as

N
Rpui = 3 X\ E[ln(1 + SINR{™)]. ®))

n=1

I'We note that in the expressions, the time index has been omitted for ease of
notation.

2In this paper we define the system SE (bit/s/Hz) as the sum rate of all D2D
users.
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TABLE I
TABLE OF NOTATIONS
Notation | Description
C Set of cellular BS
K Number of cellular users
M Number of D2D links
N Set of subchannels
Prax(%) | Maximum allowable transmit power of each D2D user
Pi(n) Transmit power of D2D user ¢ over subchannel n
xE.") Subchannel assignment variable
p§"> Transmit power of BS ¢ over subchannel n
hZ Channel power gain of the link between the i-th
D2D transmitter and receiver.
h;?i Intercell interference channel power gain
from another D2D transmitter j to D2D receiver ¢
f Z(:*) Channel power gain of the link between the ith
D2D transmitter and the k*th CU over subchannel n
Rmin Minimum data rate requirement for D2D users
Qk* max | Average interference power caused
by the D2D users towards CU k on each subchannel
Ppu, iy, Maximum interference arising from D2D links
Pc Total circuit power consumption

Then, the EE and SE maximization problem is formulated as

SE

Hfl’%i{ EE= Protal’ G

max SE = ;RDU i (3b)
s.t.: Zx(n)E P(n) < Prax (1),

Vie{l,2,...,M}, (3c)

Q= Zx(")]E M) < Que maxs Y €N, (3d)

i=1

RDU,i szin» Vze{l,Z,,M} (36)

M.
S xM <1 vnenNveec, (3f)

1=1
"M e {01}, Vne N, Vie {1,2,.... M}, (g

where
M N

Prow = 3 3 i\ VE[P] + P¢ )

i=1 n=1

is the total transmission power of the D2D transmitters, in
which ¢; is the power amplifier efficiency of the i-th D2D
user. Further, Pc is the total circuit power consumption which is
calculated as Pc = Zz_l , in which P(, is a constant value
denoting the circuit power consumption of D2D user i. The
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parameters to be determined in this optimization problem are the
matrix P € RM*N  containing the power allocation variables
P™i=1,...,M,n=1,...,N,andthe matrix x € Z*N,
containing the subchannel assignment variables for the D2D
users. In (3), E[.] denotes the averaging operator. To find the
optimum P and x, the EE (3a) and ergodic sum rate SE (3b) are
maximized subject to the condition that the average power P (7)
of the ith D2D user is upper limited by Py,ax () (3¢), the total
average interference power caused by the D2D users towards
CU k on each subchannel must be smaller than Q- ax With
k* = argming Q max (3d),> and the ergodic sum rate Rpy,; of
each D2D user must exceed the minimum rate R,,;, (3¢). The

last two conditions are related to the subchannel assignment

(n ), which are binary variables where Xl(-") =1if

subchannel n is allocated to D2D user 7, and X( ") — 0 otherwise.
Condition (3f) indicates that in each cell, each subchannel n is
allocated to at most a single D2D user. In (3d), fi(;) denotes the
channel power gain of the link between the 7th D2D transmitter
and the k£*th CU over subchannel n.

To find the optimal power allocation in a subchannel, the EE
and ergodic sum rate maximization problem will be solved in
two steps. In the first step, we convert the EE maximization
objective, given in (3a), into two objectives. In the second
step, the formulated MOOP is solved by converting it into an
equivalent SOOP by using the weighted Tchebycheff method.
In the following, we explain these steps in detail.

First, we reformulate the objective function (3a) into the
following objectives that jointly maximize the total ergodic sum
rate SE of the D2D communications (which also equals the
objective (3b)) and minimize the total transmission power P
as

variables x;

III%(?;?( SE (5a)
min PTotal . (Sb)

)

A well known technique to solve a MOOP is the weighted
Tchebycheff method [27]-[32], which introduces an additional
auxiliary optimization variable 1) given as follows:

i (6)
stk (Cy — SE) — 1 < 0, (6b)
Co
1 _
(Pn) (Prow — Po) — ¢ <0, (6¢)
0

(30)-(3g).

where C and P, are the optimal objective values with respect
to each objective i.e., the maximum of the total ergodic sum rate
of the D2D communications and the minimum of the total trans-
mission power of D2D transmitters, respectively. Moreover, n

3The inequality constraint (3d) on the interference power imposes Q =
wal X(")E[P<")f(n)] < Qk max, Where Qg max is the maximum tolerable
interference power frorn the D2D users to the k-th CU Vk. However, due to the
high computational complexity involved with this constraint, we tighten the
constraint by imposing @ < Qg+ max Where k*=arg minyg Qg max [39].
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and (1 —n) denote the weighting coefficients indicating the
importance of the different objectives. The closer 7 gets to one,
the more weight the ergodic sum rate gets in the optimization,
and for small n, the total transmission power is more important.
By changing n from O to 1, all points on the Pareto bound are
obtained. It is worth mentioning that the weighted Tchebycheff
method guarantees to generate a set of Pareto-optimal solutions
by varying the weights, even if the MOOP is non-convex [27],
[28].

Note that even though the power is minimized in (5) as
part of the MOOP objectives, constraining the power (3c) is
still required. Although the optimal operational power level
will change depending on the level of priority allocated to the
different objectives in the MOOP, this optimum not necessarily
is a small value. As a result, the MOOP optimum operational
power may settle for a level that is beyond the battery limit of
the transmitters. By constraining the maximum power in (3c),
we prevent this to happen.

The ergodic sum rate (2) will be affected by the presence of
interference from both the CU and other D2D links. Depending
on the level of the interference, different solution methods must
be considered. In the next two sections, we consider two scenar-
ios, i.e. the scenario with limited interference and the densely
deployed scenario.

IV. OPTIMIZATION PROBLEM FOR THE CASE WITH
LIMITED INTERFERENCE

In this scenario, we assume that the interference between D2D
users is limited, i.e.,

M
Py = Pl < Ppyp,, Vi, (6e)

j=1

J#F
where Ppy . r,, is the maximum interference arising from D2D
links, which is also known as interference temperature. This
scenario can be used in several practical scenarios, e.g. in a
sparsely deployed scenario, where the interference can safely
be ignored, implying PI(DnU)’i = 0% and in a dense urban high
rise scenario. Although in this latter scenario the density of sub-
scribers is high, the interference between D2D users is limited
due to the presence of tall buildings, causing a strong attenuation
of D2D signals that are not nearby. The amount of interference
can be controlled in each subchannel n, by varying the value of
Ppu, 1, This flexibility leads to an improvement of the system
performance.

In this scenario, we impose constraint (6e) to the optimization
problem (6). Hence, the lower bound on the received SINR
in subchannel n at D2D receiver ¢ can be expressed using the
following equation:

(n) ()
(n Pi hii
SINR(yer = —5 : )
NICU,i + Ppu,m,

4This implies the channel gains between D2D links are assumed to be zero,
due to the large distance between D2D users in the sparse scenario.
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By replacing the SINR value in (1) with SINRile)ower given in
(7), the data rate function becomes concave with respect to
the optimization variables. However, the optimization problem
(6) is still non-convex, due to the binary subchannel allocation
variables x. Hence it is computationally prohibitive to give
an optimal solution. To solve this issue, we relax the binary
constraint of the subchannel assignment indicator in (3g) into a
continuous one in the interval [0,1], which allows us to derive
a computationally efficient power and subchannel allocation.
Hence, in the new definition, XE”) can represent the fraction of
time that subchannel 7 is allocated to the ¢th D2D link. As a
result of the time sharing condition discussed in [40] and [41],
strong duality holds in multicarrier systems despite of the non-
convexity of the optimization problem. Moreover, although we
apply binary constraint relaxation to the subchannel allocation
variables, the optimal subchannel allocation for the constraint
relaxed problem is still binary, i.e., the constraint relaxation
is tight. We further introduce a new variable P{™ = p{™y{™
representing the actual amount of allocated power to the D2D
transmitter ¢ on subchannel n. Consequently, (6) is transformed
into

min ¢ (8a)
P.x.v
M N
s.tim <C’0 - Z ngn)E In(1+
i=1 n=1
PR
OISR —v=0, (8b)
Xi (NICU,i + PDU.,ITh)
M N
(1-n) (Z > GE[P™M] +Pc — Po> ~$ <0, (8)
i=1 n=1
N
n=1
M
ZE[PZ(H) fz(]::‘)] < Qk* maxs Vn € N, (8e)
i=1
N A1) (n)
STXE ([ 1+ By e hii
n=1 i (NICU,i + PDUJTh)
> Rmin7 (8f)

(3D, (3g), (6e)

where P € RM*N s the matrix containing the power allocation
variables pi(n)’ i1=1,...M,n=1,...,N.Now, (8) is a convex
optimization problem, for which a unique optimal solution can
be obtained using the Lagrange dual function. Forming the La-
grangian, taking the derivative of the Lagrangian with respect to

E(n) and setting the derivative equal to zero, the transmit power

}51;(") is obtained [42]. After some straightforward computations,
we find
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p _ B -t wi
' X L+ v =)+ f i+ di bl

n +
NI((H}Z +PDUITh] ©)

p{m)

where A, v, v = (v, 1n, ..., Va1 ), i, w, and ¢ are non-negative
Lagrangian dual variables corresponding to the constraints (8b),
(8c), (8d), (8e), (8f), and (6e), respectively, and [-]* stands

for max{0,.}. Note that the power allocation P™ e, the

K]
instantaneous power at the ith D2D transmitter in subchannel

n, is a function of hgl), fi(,?) and g(l) fork=1,..,K.In(9),

(n

by considering the constraint ;" ) >0, we get

h(n) > ngll},i + Ppu, i,
o= ?7)» + w;

X <Vi +v— nv + f,k* 1% + ¢znh_§7)) é hthresv
(10)

(n)

i.e., the constraint P} > 0 also imposes a constraint on the

required channel gain hgz ), which in turn will have its impact on
the integral limits in the expectation over the channel statistics.
Further, in this scenario, the optimal subchannel allocation

. of the ith D2D link should satisfy the following criterion

K2

[43]:

wny 1, 0™ < Hyp,

where o(™ is the Lagrange multiplier associated to (3g), and

pp
H;, = In (1 + (n; i
N[CU,i + Ppu, i,
P e
EORO ) + il
Pi hu‘ +NICU2 + PDUITh

(12)

To find the optimum subchannel allocation (11), we first need to
determine the threshold H;,,, which depends on the Lagrangian
variables through the solution of f’l-(n). To compute the optimal
values of the Lagrangian variables, we use the subgradient
method:

A(t+1) = [A(t) + o (1 (Co — SE) — )], (13)
v(t+1) = [v(t) + ay (1= 1) Prow — Po) — ¥)] T,
(14)
vi(t+1) = [1(t) + o (P(i) = Puax()] ",
Vie{1,2,..., M}, (15)
f (1) = [ (t) + 0 (Q = Qi max)] (16)
Wi (t + 1) = [Wi(t) + o (Rmin - RDU,Z')}Jr 5 a7

9755
+
M
Sin(t+1) = |din(t) + s> PIRY — Ppup,)|
=1
=
(18)

where o, oy, u, €y, (i are positive gradient-search step-
sizes, and A(t), v(t),v(t), u(t), w(t), and ¢p(t) are the values of
A, v, V, 1, w, and ¢ in iteration ¢, respectively. The subgradient
algorithm converges to the best value within some range of the
optimal value, provided that the step-sizes are sufficiently small
[44]-[45].

Now, we restrict our attention to the case of Rician fading
channels, and we study the effect of the fading characteris-
tics on the gain of spectrum sharing by evaluating Rpy and
P(i) = SN '™ E[P™] under Rician fading.3 Furthermore,
we assume that f (k* , hgf), and g( ™ have non-unit means and are
mutually independent, and each channel follows a Rician fading
distribution with different variances. The PDF of the channel
power gain X with mean Q (i.e., = E[X]) is given by

(1 J)e’
frxla) = =5
X exp (—(1—1—({]>x> Iy (2\5 Jx) , (19)

where J is the Rician factor and Iy(2\/z) is the modified
Bessel function of the first kind and zeroth order. The scattered
component of fx (z) is modeled as a Gaussian random variable
with variance 1/2, thus Q = 1 + J [25].

In the case of a Rician fading channel, the expression for SE
from (3b) can be modified as follows:

i=1 n=1
(LT D)L+ T3 (14 Jy)e BB
qragal o

Sirr
him W M1+
% In i exp | — & ( (")' 1) Y ( (_')— 2)
hthres th ng

_hg‘?)(l + J3) f(,?)(l +Jy)

_ 2./ J
(n) (n) ( ( ) )
QhJLL ink* }:LLL

1+, (n) oA 1+ J3 (n)
(2 & o 7 Io{2 Q) Jars

L. flm

1+J4

><() 2\/7

R | dnSPdglanlar). 20

h“-

SRician fading is commonly used to model propagation paths consisting of one
strong direct line-of-sight component and many weaker random components.
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Similarly, for the Rician fading channel, the expression
P(i) =N x™E[P™)] can be expressed as

P (n) NICnl}z + Ppu, o
(") (”) (n) (”)
e QIQEIQLIQL

X <hfhl7% - h(ln)> (T+ )+ L) (14 J3)(1 + Jg)

i

WP +0) g1+ h)
") fr)

x e i exp (

WP+ D) 00+ 0
- (n) - W To {2V
thq‘ ink*

1+ 14+ J35 .(n
Io | 2v/ %y | =295 | 1o | 2V/ T, | = i)
Qgcli Qflk*

XO 2\/* 1+J4

h("

dhP g anVary. @1

i
h]i

Proposition 1: For general values of K, closed-form expres-
sions for (20) and (21) do not exist and (20) and (21) need to
be calculated numerically. However, closed-form results can be
obtained for K = 1and J = 0.

Proof: Please see Appendix A. ]

Finally, the maximum ergodic sum rate (SE) and EE of the
D2D links can be obtained using (20) and (21), respectively.
For ng’i =0 Vi, i.e., the sparsely deployed scenario, this
simplified model was for example used to design a simple power
allocation in [31], [40]. In the numerical results section, we
will study the tradeoff between EE and SE, and compare the
results for the sparsely deployed scenario with the more general

scenario with Pj(gn&i # 0 Vi.

V. OPTIMIZATION PROBLEM FOR A GENERAL CASE
(DENSELY DEPLOYED SCENARIO)

In urban scenarios with medium or high user density, the mu-
tual interference between D2D links in different cells cannot be
ignored. In this general case, which we call the densely deployed
scenario, a closed-form expression for the power allocation is
not obtainable, in contrast to the case with limited interference,
as discussed in the previous section.

To find the resource allocation, we consider an iterative pro-
cedure, where in each iteration, we first update the subchan-

™

nel assignment x and then compute the power allocation

e

Pi(")[ t]. The subchannel allocation x is determined based

on the power allocation Pi(n)[ — 1] in the previous iteration:

Xi

(1 ifi = arg max E[ln(1 + SINR{™[t — 1])],
0, otherwise.

(22)
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where SINRZ(-”) [t — 1] is computed using (1). To initialize the
iterative algorithm, i.e., to find XZ(-") [0], we start with the closed-
form expression (9).

In each iteration, we need to determine the optimal power
allocation P{"™[t] based on the subchannel allocation '™ [¢].
However, finding the optimal power allocation is a non-convex
problem. As in non-convex problems, the simple approach of
using the dual problem is not suitable due to the non-zero duality
gap [47], we apply the successive convex approximation method
to the problem at hand. In this method, instead of dealing with the
highly non-concave rate function terms in (6b)—(6c), we employ
a technique based on “difference of two convex functions/sets”
(DC) programming6 [48], [54]. This converts the non-convex
function into the difference of two convex functions and the
discounted term is approximated by its first order Taylor series.
Applying this method to the optimization problem, the non-
convex sum rate function included in (6b) is expressed in DC
form as:

[i(P) — qi(P),

where f;(P) and ¢;(P) forVi € {1,2,...,
functions defined as

(23)

M} are two concave

N M
Si®) =3 | | NIgh + 3P L e
n=1 j=1
N
=3 [ (¥2)]. (25)

n=1

To convexify the sum rate function (23), we apply the first
order approximation of (25) at point P(*):
¢(P) ~ i(PY) + (Vgi(PY), (P —PW)),  (26)
where (X, Y) denotes the standard inner product on R™>*¥ and
P® is the power allocation matrix at iteration ¢. The gradient
Vq;(P®) is given by
, Rt
8q7,(P) o ji
(n)
oP;

Vai(P) = 27)

NIKTL)

Combining (23)—(27), the sum rate function Rpy ; is approxi-
mated by the following concave function with respect to P :

— (Vg (PW), (P

By using this approximation, we can change (6) into a sequence
of convex optimization subproblems [49], where the optimal
solution P(*) and 1" at iteration ¢ > 0 is obtained by solving the

fi(P) — ¢;(P™) —PW). (28

SNote that in this paper, we actually approximate the non-convex function
by a difference of two concave functions. However, as maximizing a convex
function f(z) is equivalent with minimizing the concave function — f(z), we
use in this paper the terminology “convex.”
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following convex optimization program:

st
min
Pyt v

M
s.Li7 <CO - ZE KfZ(P) — qi(PUD) — (Vg (PUD)
i=1

(29a)

(P-PE])—v <0, @)
(1 =n) (Prowas — Po) =% <0, (29¢)
E [(/i(P) = (P D) = (Vg:(P1)

(P=PUN] > R, (290)

(30), (3d).

From (29), it follows that the DC programming generates a
sequence of solutions P(*), where in iteration ¢, the optimization
depends on the solution of the previous iteration ¢ — 1 only. The
convexified function S [f;(P®) — ¢;(P®)] in the different
iterations is increasing and converges to a locally optimal so-
lution. In general, DC programming obtains a close to optimal
solution [48].

Let us take a closer look at the computational complexity of
the optimization problem (29). The main computational cost is
related to the computation of E[f;(P)], which requires at least
M x N nested numerical integrations because of the M x N
random variables appearing in the argument of the In-function
inside the expectation (24). To reduce the complexity, we rewrite
(24) using Frullani’s integral [50, p. 6], i.e.,

—S

In(1+x) = /00(1 - e’”)e—ds.

0 8

(30)

By applying (30), the expression E[f;(P)] can be written as

Bl =3 ([ (1-8 [t

n=1

x E {e B it IP“”h“”D e: (NOB)>, 31)

which is equivalent to

N 00 c
z n) (n
E[fi(P)] = Z (/ <1 _E lH o WEPe g;’]
n=1 0 =1
et (n) (ﬂ e *
X E H e NoB P] h 7dz + ln (NOB) (32)
z
J=1

Using the fact that g( ") Ve, and also R

ct Ji
independent, the expression in (32) becomes:

E[fi(P)]:iV:</ooo (1—1‘[1@{6

n=1 c=1

V7, are mutually

(n) _(n)
NOBPr 9ei ]

(NoB) (33)

(n) <n>
<ITefemn]
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= () ()
Now, we focus on evaluating E[e” ™Z”¢ %< ], Since ggl) is
modeled by the Rician distribution from (19) and upon invoking

[46], we have

E {e NoB /’ﬁn)gg)}

(n)

; (+7)g,
_ o -
_ (] + {))6 / e, z pgn)g(")e QEJ’ZZ

Qq..; 0

s g ) dgm — NoB(1 +J)

Gt ) T NGBt ) + 20k
J zp(TL)SZSn)
x e NoBUHIF z,,<")n(:7? . (34)
(n) py(m)

Then, we can compute Ele” mB L i | in a similar manner
as (34). As a result, the expression (33) can be simplified to a
single integration

E[ﬂ@)]-i(/j(l—ﬁ

n=1 c=1

( n) g S

Iei

NoB(+.J)+ zp£ Jo ()
e 'u,

o NoB(1+J)
NoB(1+J) + p™

28 (n
gii)

(n)
JzP; Qh(f")
M

NoB(1
XH oB( +E{L))
=1 NoB(1L+J) + P2 o)
Jji

_ ji
NoB(4J)+ zP;”)ng:f)

(NoB) (35)

After substituting (35) into the main problem (29), we can
formulate the Lagrangian dual problem in each iteration and
then the optimal power allocation can be obtained using the
steepest gradient descent method. Specifically, the Lagrangian
for the optimization problem (29) becomes (36), shown at the
bottom of the next page, where A, v, v=(vy, 12, ..., V), g and
w are (vectors of) Lagrangian dual variables.

The Lagrangian dual problem as an unconstrained maximiza-
tion can be solved in an iterative way by the steepest gradient
descent method

0

sr 4 ) =alr) < 5 (oL (Purvwinw)) . G

where () is the value of z at iteration 7 and [ is the step size,
andx € {PZ-(”) , A, v, v, i, win order to find the optimum power
allocation.

To end this section, our iterative algorithm under the densely
deployed scenario, that jointly allocates subchannels and power
in our system model, is summarized in Algorithm 1. This algo-
rithm starts with obtaining a feasible solution for the subchannel
(11) and transmit power (9) allocation from the sparsely de-
ployed scenario. In each iteration, the algorithm alternatively
assigns subchannels and allocates power to D2D users. The
iterations continue until no further improvement is made. The
proposed DC programming as well as MOOP optimization
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Algorithm 1: Proposed Iterative Subchannel and Power Al-
location Algorithm Based on MOOP and DC Programming.
1: Input: Initializet =0,¢ =
weighting factor
2: Calculate P[0] and x[0] using the solution of (9)
and (11), respectively.

Thnax» set approprlate

3:  Repeat.
4:  Compute the subchannel allocation x[t] using (22)
with P[t — 1]

5:  Compute the transmit power P[¢] using (29) with x[t].
and store intermediate resource allocation P|t]
Sett=t+1land P[t] =P

Until convergence or t = Thax

Output: x* = x[t], P* = PJt]

End

R A

based resource allocation algorithm provides a sub-optimal solu-
tion in a finite number of iterations from both a joint optimization
as well as power allocation point of view. In the following,
we propose an optimal power allocation based on the sequen-
tial fractional programming [53] resource allocation algorithm,
which has a polynomial time computational complexity to find
a compromise between the complexity and performance of the
proposed scheme.

VI. POWER ALLOCATION SOLUTION: SEQUENTIAL
FRACTIONAL PROGRAMMING

The proposed framework based on the MOOP optimization
for the resource allocation algorithm provides a systematic
procedure to achieve suboptimal solutions with a lower
complexity. However, it is desirable to provide a solution for
benchmarking, which is often difficult without the knowledge
of the true optimal point. In the following, we propose

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 69, NO. 9, SEPTEMBER 2020

higher complexity than that of the suboptimal solution proposed
in Section V. In this section, we aim at finding an optimal power
allocation policy for the given subchannel assignment based on
the equation (22) to strike a balance between EE and SE for
D2D users. First, we transform problem (3) to a mathematically
tractable problem as follows

SE
Zfil EnNzl eiXEH)E[Pi(n)] + ZzAil Fe,
s.t: (3¢)—(32).

max EE =
P

(38)

In order to solve the optimization problem (38), we employ frac-
tional programming, which is combined with the sequential op-
timization points fulfilling the Karush-Kuhn-Tucker (KKT) first
order optimality condition of the EE maximization. It is worth
mentioning that the sequential fractional programming approach
actually obtains global optimality [53]. Now, we rewrite the
numerator of the objective function (38), which is not a concave
function in general, as the difference of concave functions

S M E[fi(P) — ¢:i(P)]
SN e VEIR ™M+ o P,
s.t: (30)_(3g)aE[fL(P) - QZ(P)] 2 Rmin-

To find a convex approximation for the rate function, we employ

the first order Taylor approximation of ¢;(P) at point P(*) as in
(39). After the convexification of the rate function, the problem
reduces to

SSHLE [£i(P) — q:(P®) — (Vg (PD), (P P(t))ﬂ
S SN L exMEPM]+ M,
(PUD) — (Vg (PUY)

max EE =
P

(39)

max
P

st E[(fi(P)—a
(P =P )] > Ry,

an close-to-optimal method for the power allocation having a (Be)-(g). (40)
L (Pi,k,v,u,f(” w) =t 4
[ M N c T=piM o)
x |n|co- ZZ / 1 — H NoB(1 + *(]73) = NoB(1+J>+zp£”)Q(") dg((jn)
i=ln=I c:lNOB(1+J)+pC ZQQm‘,
J zP;")SZh(n)
[ M  NgBO+)+ szZ”Q n —z
X H NoB(1+ {ZL) Ok ’ ! h;i> ‘ dz
=i NoB(1+J) + P2 o
+In (NoB) - ZE [(4:(PD) + (Va,(P), (P — PO)))] )) — | + v (1 =) (Prouw = ) =19)
N
+ v Z (E [‘Pj,(n)] — Prax(i )) +tu (Q Q- max)
n=1
N
+ w; <Rmm -> E [(fl-(P) —q(PU) = (Vg (PU), (P - P<“>)>)]> (36)
n=1
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The optimization problem (40) belongs to the class of fractional
programming, which can be globally solved by means of
fractional programming theory [53]. Therefore, we adopt
an iterative approach known as Dinkelbach’s algorithm
[52], [55]. At iteration ¢;:

M
mgx DB £(P) — 4:(PY) - (T (PV). (P - P)

— A, (PTotal(P)>

st B {(fi(P) —q(PUV) = (Vg (PUD)

(P =P > R,

(3¢)-(39). @n
The power control policy obtains the optimal EE, i.e., A, =
(P if and only if
M
g 3B [4(P) — 0 (P) - (Va(P), (P P

M N

~ ( YoS axMER

i=1 n=1

Iy
) 4 ;Pci>
= ZE{L )~ (P )] — <PW(P*)) 0.

(42)

Theorem 1: Optimization problem (41) is monotonically in-
creasing and converges to a P* (optimal solution) provided that

P®) = P*(*=1) which results a globally optimal solution of
(42).
Proof: The proof is given in Appendix B. |

As the problem in (41) is a monotonically increasing con-
vex optimization problem at each iteration, it can be solved
efficiently using optimization packages including interior point
methods such as CVX. The detailed scheme of the proposed
method is provided in Algorithm 2. It is worth mentioning that
by fixing the subchannel assignment, Algorithm 2 converges to
the maximum energy efficiency optimized with respect to the
power allocation variables only.

VII. COMPUTATIONAL COMPLEXITY

In this section, we aim atinvestigating the computational com-
plexity of the proposed algorithms for the different scenarios.
The complexity of computation for the case with limited inter-
ference is O(NM (L)), where e is the threshold value between
two consecutive iterations of sub-gradient approach [56]. For the
densely deployed scenario, it is obvious that the algorithm pro-
posed in Section V consists of two steps. Assigning the best sub-
channel for each D2D transmitter is determined from (22) and
then, for the chosen subchannel, the optimal power allocation is
obtained based on the DC programming using (29). For the opti-
mal subchannel assignment, the order of complexity is O(N M),
while for the power allocation, the complexity of computation

9759

Algorithm 2: Iterative Resource Allocation Algorithm
Based on Sequential Fractional Programming.
I:  Input: 7;"*= the maximum number of iterations and
0= the maximum error tolerance
2:  Set A, = 0 and iteration index ¢; = 0

3: while;, — Xy, , > do

4:  Solve the optimization problem (42) for a given A, to
obtain optimal power control P*

52 Set ti = tz' —+ 1

6 Sets, = p e

7:  end while

8: Output: Set {P*} = {P; }

TABLE I
COMPLEXITY ORDER OF THE PROPOSED SCENARIOS

Scenario Order
Case with
Limited Interference (’)(NM(C%))

Densely Deployed
Algorithm 1:
Densely Deployed:

O((NM + NM3(%))s)

Algorithm 2

(@] (TDinkelbach TDC(NM)4> +O(NM)

is of order O(NM?3(%)). Therefore, the total computation
complexity for the general scenario is O((NM + NM?3(1))é)
where § is the number of iterations required for the proposed
suboptimal algorithm. Finally, we obtain the complexity order
of sequential fraction programming from Section VI. The opti-
mization problem (41) includes N M variables and 2M + N
linear convex constraints. Hence, the asymptotically compu-

tational complexity is of order O { Tpinketach Tbc(NM)* | +

O(N M), where Tpinkelbach and Tpc are the number of iterations
required for reaching convergence in the Dinkelbach and DC
methods, respectively [55]. The order of computational com-
plexity of the different methods is summarized in Table II.

VIII. SIMULATION RESULTS

In this section, we present numerical results for the ergodic
EE and SE of D2D communications for the case with limited
interference and the densely deployed scenario. We assume a
multi-cellular network with C' = 2 each with radius 250 m and
M = 4 D2D links with maximum distance 30 m. Furthermore,
we assume that there are N = 8 subchannels. Without loss of
generality, we assume that an equal power allocation is adopted
for the cellular users. The rest of the main simulation parameters
are given in Table III.

A. Energy Efficiency Versus Maximum Interference
Level Temperature

In this section, we focus on the impact of the interference tem-
perature (Q,.x from D2D users to CU on the ergodic EE. We as-
sume that for each of the CUs the interference level is equal, i.e.,
Qi max = Qmax- Fig. 1 illustrates the EE versus different levels
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TABLE III
SIMULATION PARAMETERS

Parameter [ Value
Cell diameter 250 m
Distance between D2D link 30m
Number of BS (C) 2
Number of sub-carriers (V) 8
Noise power —120 dBm
Sub-carrier bandwidth 180 kHz

Path-loss model for cellular links
Path-loss model for D2D links
Fading distribution
Power amplifier efficiency of the ith

128.1 + 37.6 log(d)
148.1 + 401og(d)
Rician fading 3 dB

D2D user (¢€;) 20%
Constant power consumed by the

ith D2D user (Pg;) 20 dBm
Maximum transmit power of the cellular 40 dBm
Maximum transmit power of the D2D users 23 dBm
Minimum data rate requirement (R, ) 1 bps/Hz
PDU Ity —70 dBm
Qmax —60 dBm

n for the limited interference scenarios 0.7

n for densely scenario 0.4

~ @

o o
T T

. Rayteigh (P

N
T
o
=1
o
2
2
=
51 4+ DU,IT:'m dBm)
513 _n Rician (PDU‘ =-70 dBm)
Q "Th
101 _o- Rayleigh (PDU,IT:O)
>
=2 ... Rician (P =0)
o ouL,,
T AWGN Channel
o 10r - - Rician Algorithm 2 (P, =70 dBm)
I
g 9 ~#Method from [19]
z 8 ‘ . |>-Upper bound
90 -80 -60 -50

-70
Q__(dBm)

max

Fig. 1. Average energy efficiency of the D2D users versus the interference
temperature limit (QQmax) dBm for the limited interference scenario.

of the interference temperature for different types of fading chan-
nels in the limited interference scenario. In this figure, we ob-
serve that the EE increases when the allowable interference level
Qmax increases and saturates for larger (Qy,ax. This can be ex-
plained as follows. When ..« is small, the power allocation is
restricted by constraint (3d). By increasing Q,ax, this constraint
becomes less stringent implying that we have more degrees of
freedom to allocate the power. This results in an improvement
of the EE. When Q). becomes large, however, the power
allocation is no longer restricted by the constraint on )y ax,
but now it is restricted by the maximum average power (3c). As
the total power may not exceed Pp,.x, the power allocation will
become independent of Q.. resulting in the saturation of the
EE. The figure also illustrates the effect of different channel
distributions. Note that, if we set J = 0 in (19), the Rician
channel reduces to a Rayleigh channel. We observe that the
EE of the Rician channel is higher than that of the Rayleigh
channel, which in turn is higher than the EE of the AWGN
channel. The higher EE of the Rician channel can be explained
by the higher SE for a given system power consumption due to
the presence of the LoS component facilitating efficient com-
munication. Further, we obtain the higher EE of the Rician and
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=)

-0-Algorithm 1 with Rayleigh Fading
-a-Algorithm 1 with Rician Fading
-G Algorithm 2 with Rayleigh Fading
5 ‘ ‘ =&-Algorithm 2 with Rician Fading

90 -80 -70 -60 -50
Q__ (dBm)

max

Average Energy Efficiency (bits/Joule/Hz)

Fig. 2. Average energy efficiency of the D2D users versus the interference
temperature limit ((Qmax) dBm for densely deployed scenario.

Rayleigh channel compared to the AWGN channel. In particular,
the D2D network can benefit from opportunistically increasing
its transmission power where the interference channel from the
D2D users toward the CUs is in deep fading. A similar behavior
was observed for the throughputin [51]. Comparing the different
scenarios, we see that the average EE for the sparsely deployed

scenario with (Pgb)’i = 0) is larger than that of the general
limited interference scenario with Ppy 1, = —70 dBm. This
is expected as the interference between D2D co-channels can
be ignored in the sparse scenario, leading to an enhancement of
the SE. For comparison, we also compare the performance of
our proposed algorithm with the method in [19]. Although the
algorithm in [19] and sparsely deployed scenario have the same
system model, our solution reaches a higher EE than that of the
method in [19]. For comparison, we also evaluate the EE for the
limited interference scenario using Algorithm 2. This algorithm
will approximate the close-to-optimal solution closer than Algo-
rithm 1, at the expense of a higher complexity. Furthermore, an
upper bound on the EE can be obtained by applying Algorithm 2
to the sparsely deployed scenario. Both results are givenin Fig. 1.
We observe that applying Algorithm 2 to the limited interference
scenario yields 92% of the upper bound performance, while
Algorithm 1 only obtain 84% of the upper bound.

Fig. 2 shows the average EE versus interference threshold
(Qmax for the densely deployed scenario. We compare the results
from Algorithm 1 and Algorithm 2. Similar to the limited inter-
ference scenario, the average system EE first increases when
Qmax grows larger. Further, the EE for the Rayleigh fading
channel is lower than that for the Rician channel, which is in
agreement with the results from Fig. 1. In particular, the Rayleigh
fading channel achieves a lower average system EE compared
to the Rician fading channel since the LoS link of Rician fading
facilitates an efficient communication. Comparing the results
of the two algorithms, we see Algorithm 2 has a substantial
better performance than that of Algorithm 1 due to obtaining
the optimal solution for the power control.

B. Convergence of Iterative Algorithms

Fig. 3 depicts the average system EE of the proposed itera-
tive algorithms versus the number of iterations for the densely

Authorized licensed use limited to: University of Gent. Downloaded on February 01,2021 at 17:46:59 UTC from IEEE Xplore. Restrictions apply.



MILI et al.: TRADEOFF BETWEEN ERGODIC ENERGY EFFICIENCY AND SPECTRAL EFFICIENCY

S

(_A; N
>
.
:
,
:
'S
1
:
:
:
B
i
,
'
:
1
B>
f
:
:
,
'S
1
1
:
1
s
:
:
:
|
>
1
1
:
:
\
I's
1
:
:
:
&

~

©

-e-Algorithm 1

<

-&-Algorithm 2

Average System EE (bits/Joule/Hz)

A Upper bound performance|

o
.
w
~
o
o

7 8 9
Number of iterations

Fig. 3. Average system EE of the D2D users versus the number of iterations
for densely deployed scenario.

30 T T T

n
153
T

n
>
T

o
=
T

n
>

A-Algorithm 1 (=1) with J= 5 dB|
> Algorithm 1 (=1) with J= 3 dB
-0-Algorithm 2 with J=5 dB
<+ Algorithm 1 with J= 0 dB
-&-Algorithm 2 with J= 3 dB
| -7 Algorithm 2 with J= 0 dB

35 40

Average Ergodic SE (bit/Sec/Hz)
no
S

=3

=

20 25 30
P (dBm)

max

Fig. 4. Average ergodic SE of the D2D users versus the maximum D2D
transmit power with Rician fading channel for densely deployed scenario.

deployed scenario in a Rician fading channel. We also plot
the upper bound performance of the system to demonstrate the
suboptimality of the proposed method. It can be observed from
this figure that the iterative algorithm converges to 92% and 84%
of the upper bound’ performance for Algorithm 2 and Algorithm
1, respectively. This figure also demonstrates that even though
the speed of convergence differs from one case to another, in
both scenarios our algorithm converge after a small number of
iterations.

C. Performance Gain Versus Maximum D2D Transmit Power

In this section, we investigate the average system ergodic SE
and average system ergodic EE versus the maximum allowable
D2D transmit power Py ax.

In Fig. 4, we present the average ergodic SE versus Py ax. AS
can be observed from Fig. 4, the average system ergodic SE for
the resource allocation schemes of Algorithm 1 and Algorithm
2, increases monotonically with the maximum D2D transmit
power. This is because the received SINR at the D2D users can
be improved by optimally allocating the additional available
transmit power via the solution of the problem in (3), which
leads to an improvement of the system ergodic SE. However,

"The upper bound in Fig. 3 is obtained by removing constraints (3d) and (3g)
from the optimization problem in (3) for the case of the Rician fading channel.
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there is a diminishing return in the average system throughput
when Py, is higher than 35 dBm. In fact, as the D2D transmit
power increases, the interference power arising from co-channel
users becomes more severe, which degrades the received D2D
signals. As a result, the throughput of the D2D transmission
will decrease. We also observe that Algorithm 1 for weight
factor n = 1 has a better performance compared to Algorithm
2. This is because for nn = 1, Algorithm 1 only focuses on
the throughput maximization. In other words, this case ignores
power minimization for SE maximization. We also observe that
when the Rician factor increases, the system throughput for D2D
users increases as well, as the LoS link becomes stronger.

In Fig. 5, we investigate the average ergodic EE versus
Phax- It can be observed that the average system EE of the
proposed Algorithm 2 is a monotonically non-decreasing func-
tion of Ppax. In particular, by increasing the value of Ppax,
the system EE first quickly increases and then saturates when
Phax > 30 dBm since the resource allocator is not willing to
consume more power when the maximum EE is obtained.

D. Average Ergodic EE Versus Different Values of Weight

In this section, we present the average ergodic EE versus
different values of weight 7 for different scenarios.

Limited Interference Scenario: Fig. 6 shows the curves of the
EE versus 7 for different values of the interference threshold
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Ppu, 1, for the limited interference scenario. The EE plot fol-
lows a bell-shaped curve of which the value and position of
the maximum is a function of the value of Ppy, r,,. Decreasing
Ppuy, 1, will result in a reduction of the EE, and the position of
the maximum will shift towards larger values of 7). The shape
of the curve can be explained as follows. When 7 is small, the
EE increases with 7, because an increase of 7 increases the
preference given to the rate. In this case, the growth in the SE is
more significant than the increase of the total power consumption
Protal, making the EE ratio increase. When 7 increases towards
1, the increase in the power will dominate the increase in the
ergodic SE, causing a decrease of the EE.

Densely Deployed Scenario: Fig. 7 shows the EE against the
weighting factor 7 for varying fading channels for a densely
deployed scenario. As expected, this figure illustrates that the EE
is higher for a Rician channel compared to a Rayleigh channel,
which is expected as the LoS link facilitates the communication.
Furthermore, by increasing 7, the EE first increases and then
decreases until it achieves its minimum value. As can be seen
from this figure, we observe that the peak value of EE occurs at
a lower value of 7. The shape of the curve can be explained as
follows. When 7 is small, the EE increases with 7, because an
increase of 1) increases the preference given to the rate gain. In
this case, the growth in the sum rate is more significant than the
increase of the total power consumption making the EE ratio
increase. When 7 increases towards 1, the increase in the power
consumption will dominate the system performance, the gain in
ergodic sum-rate results in a decrease of the EE. Note that by
comparing Fig. 6 and Fig. 7, it can be concluded that the value
of 7 has a large effect on the obtainable EE in the considered
scenarios. For example, in the limited interference scenario, the
SINR will be larger than in the densely deployed scenario for a
given transmit power. As a consequence, the limited interference
scenario will achieve higher data rate, and the weight factor 1) for
which the maximum EE is attained, leans toward higher values.

E. Tradeoff Between EE and SE

Limited Interference Scenario: The results displayed in Fig. 8
represent the tradeoff between EE and SE for different values of
fading channels, by changing the weighting coefficient 7 from
0 to 1. This figure, which follows a bell-shaped curve, shows
that when the ergodic SE increases, the EE first increases very
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sharply to reach a maximum and then starts to decrease. This can
be explained as follows. To achieve higher values of SE, the D2D
user needs to transmit more power. However, the gain in SE (in
the numerator of the EE) by increasing the power is smaller than
the increase of the power (in the denominator of the EE), leading
to this reduction of the EE. Another interesting observation is
that the maximum value of the EE depends on the Rician factor
i.e., higher J will result in higher EE. The reason for this trend is
that when J increases, the stronger LoS significantly improves
the performance of communication links.

Densely deployed scenario: In Fig. 9, the behavior of the
maximum EE versus the maximum ergodic SE is studied for
different fading channels. This figure shows the tradeoff between
EE and ergodic SE in densely deployed networks. Similar to
the limited interference scenario, the maximum value of the
EE depends on the Rician factor J. This observation can be
explained that by increasing the Rician factor, the data rate in-
creases while consuming less power due to having good channel
quality.

Fig. 10 illustrates the average ergodic SE versus the average
total power for Rician and Rayleigh fading channels for the
densely deployed scenario. As can be seen from this figure, when
the value of the transmission power increases, the value of the
SE increases as well. The figure also shows that the maximized
SE for the Rician fading channels is consistently higher than for
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Rayleigh fading channels. We also observe that due to having
LoS communication, the quality of the communication link
significantly improves and the users are able to achieve a higher
data rate for the same transmit power.

In Fig. 11, the ergodic SE versus (. is shown for different
values of 77 when the minimum required energy efficiency is
4 (bits/Joule/Hz). In this figure, we also compare the results
obtained from the proposed solution in the limited interference
scenario and the solution in [19] for the sake of fair comparison.
As can be seen, for n = 0.6, the SE in [19] is slightly better than
that of our solution, however this trend is reversed for > 0.8.
The reason is straightforward as the SE totally depends on the
value of 7. In fact, when more weight is given to the SE, this
value of n results in a higher SE. Hence, the balancing parameter
1 allows us to balance SE and EE.

IX. CONCLUSION

In this paper, we investigated the tradeoff between ergodic
EE and SE for mobile D2D communication as an underlay
to cellular networks for two different types of practical D2D
communication models, namely a limited interference and a
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densely deployed scenario. In particular, we obtained the max-
imum joint EE and ergodic sum rate of the D2D network for
the two scenarios by formulating a MOOP that maximizes
the ergodic sum rate and simultaneously minimizes the total
transmit power of D2D users. This MOOP is constrained for an
average received interference power at the CUs and a transmit
power at each D2D user. Besides, an optimal power allocation
based on the sequential fractional programming algorithm with
polynomial time computational complexity was developed. The
computational complexity of the given methods is discussed.
Our results showed a tradeoff between the achievable EE and
ergodic sum rate, where the maximum EE occurs for small
values of the rate and then the EE decreases when the rate is
increased. Another interesting point from the simulation results
is that the performance of the system under Rician fading chan-
nels is always higher than that under Rayleigh fading channel
as the LoS link facilitates efficient communication.

APPENDIX
A. CLOSED-FORM EXPRESSIONS FOR SE AND P (i)

Here, we derive the closed-form expressions for SE and P (7)
from (20) and (21) when K = 1 and J = 0. Upon invoking [46],
(20) transforms into
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in Wthh 1 = (v; + v — )l = (N1 + w;) and Ei(z) =
I: moo €-dt is the exponential integral function. Similarly, (21)
changes to the result in equation (49), shown at the top of this
page. Note that when J = 0, the channel reduces to a Rayleigh
fading channel.

B. PROOF OF THEOREM 1

. M
Proof: We first prove that the expression 3 ;" | [f;(P(®)) —
¢;(P®)] is either unchanged or improved after iteration ¢ when
the algorithm converges:

The second inequality follows from the fact that P(~1) at iter-
ation (¢ — 1) is the optimal solution of the convex optimization
problem. The iterative process will terminate as soon as the
difference between P*) and P(*~!) becomes smaller than a
predefined threshold € > 0, i.e., for all elements |(R(”))(t) -
(P"YtED| < ¢ i=1,..,M, n=1,.., N. So, the DC ap-
proach converges to a locally optimal solution P* of (6), and
a local maximum is obtained [57], [58]. Since the lower bound
in (41) is tight when evaluated in P®1_ it can be concluded
that (41) is equal to (39) for P = P~V As a result, (41) is
a monotonic increasing function, which can be solved globally
using Dinkelbach’s algorithm.
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