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Abstract

This paper considers the power allocation problem in device-to-device (D2D) communication underlaying a cellular network
and investigates the impact of different transmitting and interference power constraints on the energy efficiency and spectral
efficiency of the network. We formulate the power allocation problem in D2D communication as a nonlinear fractional
programming problem with an objective to maximize the energy efficiency of a D2D communication link subject to
four different combinations of transmitting and interference power constraints. To solve the original formulated nonlinear
fractional programming problem, we first convert it into a dual nonlinear parametric programming problem, and then
decouple the dual problem into several solvable concave problems. Further, a closed-form solution is derived to each dual
problem and an efficient power allocation algorithm is proposed to find a numerical solution to the formulated problem.
Simulation results show that the proposed power allocation algorithm outperforms an ergodic capacity maximization
algorithm and a uniform power distribution algorithm in terms of the energy efficiency of a D2D link, and can efficiently
improve the overall ergodic capacity of a cellular network.

Keywords D2D communication - Ergodic capacity - Energy efficiency - Power allocation

1 Introduction

D2D communication has widely been considered as a
promising technology for improving the performance of
future mobile cellular networks [1, 2].In D2D communi-
cation, a couple of adjacent mobile users communicate
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directly by sharing the spectrum resources of cellular users
under the control of a base station (BS) and thus can effi-
ciently improve the spectral efficiency and energy efficiency
of a cellular network. Due to spectrum resource sharing,
D2D communication may cause severe interference on cel-
lular communication, which would largely degrade the per-
formance of a cellular network. To improve the network per-
formance, it is imperative to perform efficient spectrum and
power resource allocation for D2D communication. In this
context, considerable work has been conducted and a vari-
ety of resource allocation algorithms have been proposed
for spectrum and power allocation in D2D communication,
aiming at maximizing the spectral efficiency and energy
efficiency of a cellular network [3—13]. Regardless of the
existing work, however, there are still many issues remain-
ing to be resolved to make D2D communication applicable
to a real cellular network.

In this paper, we consider the power allocation problem
in D2D communication underlaying a cellular network
and investigate the impact of different transmitting and
interference power constraints on the energy efficiency
and spectral efficiency of the network. We formulate
the power allocation problem in D2D communication
as a nonlinear fractional programming problem with an
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objective to maximize the energy efficiency of a D2D
communication link subject to four different combinations
of transmitting and interference power constraints. To solve
the original formulated nonlinear fractional programming
problem, we first convert it into a dual nonlinear parametric
programming problem, and then decouple the dual problem
into several solvable concave problems. Further, a closed-
form solution is derived to each dual problem and an
efficient power allocation algorithm is proposed to find a
numerical solution to the formulated problem. Simulation
results are shown to evaluate the performance of the
proposed power allocation algorithm.

The rest of the paper is organized as follows. Section 2
describes the network model and formulates the power
allocation problem considered in this paper. Section 3
transforms the original formulated problem into solvable
concave problems and presents an efficient power allocation
algorithm to solve the problems. Section 4 shows simulation
results to evaluate the performance of the proposed power
allocation algorithm. Section 5 concludes the paper.

2 Network model and problem formulation

In this section, we describe the network model and formu-
late the power allocation problem in D2D communication
considered in this paper.

2.1 Network model

We consider a cellular network with one base station (BS),
multiple cellular users (CUs), and multiple D2D user (DU)
communication links, as illustrated in Fig. 1. In the network,
D2D communication shares the spectrum resource blocks
(RBs) with cellular communication under the control of the
BS. Let R and J represent a set of cellular links and a set
of D2D links in the network, respectively. Each cellular

Fig. 1 Network model
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link k&, k € R(k = 1,---,|R]), is allocated one dedicated
RB for communication with the BS. The RB allocated to a
cellular communication link can only be shared by one D2D
communication link j, j e J(j =1, ---,|J]) [4, 6,7, 9].

2.2 Problem formulation

Consider that D2D link j shares a spectrum RB with cellular
link k, as shown in Fig. 1. Let d; denote the distance
between the transmitter and receiver of D2D link j, and
d; denote the distance between the transmitter and receiver
of cellular link k. Let d; denote the distance between the
transmitter of D2D link j and the receiver of cellular link
k, and di; denote the distance between the transmitter of
cellular link £ and the receiver of D2D link j. We assume
that the desired transmission channel gains of the cellular
link and the D2D link are respectively denoted by /h(v)
and A j(v), where v denotes a fading state. The interference
channel gain from the cellular link to the D2D link is
denoted by gi; (v), and that from the D2D link to the cellular
link is denoted by gk (v). All the channel gains are random
variables that are independently and identically distributed
(i.i.d.). Since D2D link j shares one spectrum RB with
cellular link &, the achievable rate on D2D link j in a fading
state v is given by

piWh;©) } | 0

R (p; (v)) = log, |: + 1+ pr(v) gk (v)

where p;(v) and pi(v) denote the transmitting power of
D2D link j and that of cellular link k, respectively. Let /;
and /i; denote the path-loss factor of D2D link j and that
from cellular link & to D2D link j, respectively; Let 8? and
(S,f denote the variances of the white Gaussian noise of the
D2D link and the cellular link, respectively. Considering
both the path-loss and the noise, the transmission channel
gain of D2D link j and the interference channel gain from
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cellular link £ to D2D link j can respectively be normalized =~ Obviously, we have
as

E{pj} = P}, Vu. ™

~ 2

hj) =1;|h;@)]|" /83,

and

~ 2

81 (W) = I | g )| /8¢,

where £ (v) follows a Rayleigh or Rice distribution, and
gkj(v) follows a Rayleigh distribution.

We assume that the cellular link & always transmits with
the available power, i.e.,

pr(v) = PS, Vo. )

Thus, the energy efficiency of D2D link j only depends on
the transmitting power of the D2D link in an ergodic fading
state and can be defined as

E{RP(p;0))]

E{PP ;)

i(Wh;(v
E {logz <1 + %)}

= , 3)

E{p;j)/¢ + PP)
where E {-} is an expectation operator over an ergodic
fading state, P].D (pj(v)) is the power consumption of D2D
link j in the fading state v, ¢ € (0, 1] is an amplifier factor,
and PP is the constant circuit power consumption of D2D

link j.

Based on the above assumptions and definition, the
objective of the power allocation problem considered in this
paper is to allocate optimal power for a D2D link in different
fading states so that the energy efficiency of the D2D link is
maximized, which can be formulated as

max 7
st. F 4)

where § denotes a set of transmitting and interference
power constraints. Since we have assumed that a cellular
link transmits with the available power, the transmitting
power of the D2D link and the interference power from the
D2D link to the cellular link are the primary focus of this
paper. To meet different application requirements, we need
to solve the above formulated optimization problem under
different condition sets §, corresponding to different power
constraints.

Firstly, the default nonnegative condition for the trans-
mitting power of a D2D link should be satisfied:

pj(w) =0, V. %)

Let Pﬁf denote the power threshold of a D2D link. Thus,
the instantaneous transmitting power of a D2D link in each
fading state should meet the following condition:

pj(v) < PP V. (6)

If we do not consider the interference constraint from a D2D
link to a cellular link, we can optimize the energy efficiency
of a D2D link only under the transmitting power constraints
of a D2D link. However, D2D communication generally has
a lower priority than cellular communication in a cellular
network, and thus should not largely affect the performance
of cellular communication.

Let yIC denote the instantaneous interference to noise
power ratio (INR) at the receiver of a cellular link. Thus,
the instantaneous interference power at the receiver of a
cellular link in each fading state should meet the following
condition:

piWEi) <y, Vo, 8)

Obviously, we have

E{p;jgix)} <y, Vo, )

3 Problem Transformation and Solution

Let n* denote the maximum value of 7, i.e.,

E{RP(p; o))}

E{PPpion} "

n* = max

Since the denominator of n* is non-negative with constraint
PP(pj(v)) > PP, the fractional optimization objective
function in Eq. 4 can be converted into a corresponding
subtractive form, i.e.,

(Wi (v)
max E {lo 1 4 2R
(P (0)<3) { gz( Prigkf(””l)}
—n*E {p;(v)/¢ + PP}. (11)

It is obvious that Eqs. 10 and 11 are equivalent for pjf(v)
with the corresponding maximum value n*. According to
the Dinkelbach method [15], the fractional programming
problem with a concave numerator and a convex denomina-
tor can obtain a numerical solution with an efficient itera-
tive algorithm. However, considering multiple couplings of
multi-group channels and ergodic channel states, the prob-
lem formulated in Eq. 11 is very challenging. To address the
problem, we further convert the problem into the following
equivalent form:

(v), 1), 12
{p%a;ég}f(p,(v) n) (12)
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where

p,-(v)fz (v)
PSa(v) +1

—nE {pj(v)/§ + PCD}.

f(pjv),n) = E Ilog2 (1 +

It is easy to prove that the subtractive mixed integer
programming problem formulated in Eq. 12 is a convex
problem, to which a globally optimal solution is achievable
[16]. Moreover, it is obvious that the problem formulated
in Eq. 12 satisfies the Slaters condition. Therefore, strong
duality holds for the problem formulated in Eq. 11 and that
in Eq. 12. In the following subsections, we will use the
Lagrange duality method to solve the problem formulated
in Eq. 12 under different combinations of transmitting and
interference power constraints.

3.1 Average Transmitting Power and Average
Interference Power Constraints

In this subsection, we discuss the case when the average
transmitting power constraint and average interference
power constraint need to be satisfied in each fading state. In
this case, the condition set § is a combination of Eq. 5, 7
and 9. We introduce the non-negative Lagrange multipliers
A and p for Egs. 7 and 9, respectively. Then, we express the
partial Lagrangian of the problem formulated in Eq. 12 as
L(pj), &, 1)

—E {logz <1 /00N )}
PSa() +1
—-nE {pj(v)/': + PCD] - {E {pi} - Pﬁ?}
—u{E{p;manw} - i} (13)
Thus, we have the corresponding Lagrange dual function, i.e.,

F(p;(), s ) = max L (p;(v), 4, ). (14)
0<p;(v)

By substituting (13) into (14) and reorganizing (14), we can
rewrite F(p;(v), A, ) as

Fpj(), 2 ) = E{F(p; ) |-nPP+A P40y (15)

where

,hgkj (U) +1
—npj)/¢ —Apj(v) —

F(pj(v)) = ommax log, (1 +
upj(gjr(). (16)

If an optimal power allocation solution to the problem
formulated in Eq. 13 is found, the three terms after

@ Springer

E{Fp;)
the optimal solution to the problem formulated in Eq. 13
is equivalent to that to the dual maximization problem
formulated in Eq. 16.

Since the channel gain in a fading state v is ii.d.,
the maximization problem formulated in Eq. 16 has the
same structure in respect to the fading state v. For concise
expression, we can drop the state v in Eq. 16 and thus obtain
the following form:

] in Eq. 15 are determined values. Thus,

F(p;) = maxlog, 14 2"
pj) = snax logy { 1+ PCan + 1
=Vj j

—npj/¢ —Apj — Up;8jk- (17)

This problem has a closed-form solution, which is proved in
the following proposition.

Proposition 1 The optimization problem formulated in
Eq. 17 has a quasi-water-filling form solution, i.e.,

+
PSg +1
th 8] } Vo, (18)

p;= : -
Pl (/e + A+ g k) In2 hj

where [a]t = max(a,0), and max (a,0) denotes the
maximum between a and 0.

Proof The problem formulated in Eq. 17 has a concave
objective function and linear constraints. We take derivative
of Eq. 17 with respect to p; and obtain the following
Karush-Kuhn-Tucker (KKT) condition:

1 hj

—————————(/t+r+ugjix) + 9" =0,
ln2Phgk]+1+th ( J)

p; =0, (19

where 9 and p? denote the primal and dual optimal
solutions, respectively. To find the solution, we discuss the
following two condition states:

1. If 9* # 0, we have

pi=0. (20)
2. If 9* = 0, we have

1 PSei+1
_ _Cm8it 1 Q21
(n/¢ + A+ ngjx)in2 hi

pj=

To satisfy the KKT condition, p}f and 9 are supposed to be
nonnegative, i.e., p;f > 0 and ©* > 0. Thus, by combining
Egs. 20 and 21, we can obtain (18). O
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3.2 Average Transmitting Power and Instantaneous
Interference Power Constraints

In this subsection, we discuss the case when the average
transmitting power constraint and the instantaneous inter-
ference power constraint need to be satisfied in each fading
state. In this case, the condition set § is a combination of
Egs. 5, 7 and 8. Only one Lagrange multiplier X is needed
for Eq. 7. We modify the partial Lagrangian of the problem
formulated in Eq. 12 as

L(pj),»)

pj(@h;v)
— E{log, [ 1+ L1207
{ o < P8 () + 1>}
—nE{p;w/s+ PP} —{E{p; 0} - PR} @

Let B denote the constraint set of p;(v) specified by the
instantaneous power constraints in Egs. 5 and 8, i.e.,

B = ;@) | p;) 2 0, p; W= vf W0}

Thus, the corresponding Lagrange dual function can be
expressed as

F(pi(v),A)= max L(p;(v), 7). 23
(pj(v), A) P (0)eB (Pj( ) (23)
By substituting (22) into (23) and reorganizing (23), we can
rewrite F(p;(v), A) as

F(pj),2) = E{F(p;op} —nPP +2pR, @4

where

i pj(h;(v)
F(pi(v)) = max lo 1+ =
b piren 22 ( PC g (v) + 1

—npj()/¢ — Ap;(v). (25)

If an optimal power allocation solution to the problem
formulated in Eq. 24 is found, the two terms after

E {F(pj (v))} in Eq. 24 are determined values. Thus, the

optimal solution to the problem formulated in Eq. 22 is
equivalent to that to the dual problem formulated in Eq. 25.
Similarly, we can drop the state v in Eq. 25 and obtain the
following form:

- pihj

F(pj) = max logy | 1 + —=———)—np;/{—=2p;. (26)
P e 2 Pz(i; P J J

This problem has a closed-form solution, which is proved in

the following proposition.

Proposition 2 The optimization problem formulated in
Eq. 26 has a quasi-water-filling form solution, i.e.,

C ~ +
P =min ! — Pin8i + 1 i 27
J wicAmnin2z . k| ax )

where min (a, b) denotes the minimum value between a and
b.

Proof The problem formulated in Eq. 26 has a concave
objective function and linear constraints. We take derivative
of Eq. 26 with respect to p; and obtain the following
Karush-Kuhn-Tucker (KKT) condition:

1 hj

In2 Ptigkj—i-p;fﬁj +1

(/¢ +M)—p g+ =0, (28)
* ok
vrp i = 0,

s (p}*g;k — V1C> =0.
Since p*, v* and p;f are strictly non-negative, the mutual
constraint among them leads to the solution. With non-
negative condition p}‘ > 0, it follows that * = 0. Unlike in
Eq. 19 where u* is a determined parameter, ™ in Eq. 28 is
a variable parameter for each fading state.

To find the solution, we discuss the following two
condition states:
1. If u* = 0, for ¥* > 0, the following inequality must be
satisfied:
1 hj
In2 PS & + phhj + 1

-/t +xr) <0.

Thus, we have

~ +
p= | fafu L 29)
I In2 (/¢ +A) h;

2.1If u* > 0, the following inequality must be satisfied:

C
* = ?L (30)
8jk
and
1 PCoi+1
Pt < V11 Ay 31)
T n2(n/c + 1) hj

By combining Egs. 29, 30 and 31, we can obtain (27). [

3.3 Instantaneous Transmitting Power and Average
Interference Power Constraints

In this subsection, we discuss the case when the instanta-

neous transmitting power constraint and the average inter-
ference power constraint need to be satisfied in each fading
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state. In this case, the condition set § is a combination of
Egs. 5,6 and 9.

Proposition 3 The energy efficiency optimization problem
formulated in Eq. 4 under the instantaneous transmitting
power constraint and the average interference power
constraint has the following solution:

+
1 PSgi+1
P’ =min _ _Z8ET O pp) (32
(n/¢+ugjx) In2 hj

The proof of Proposition 3 is similar to that of
Proposition 1 or Proposition 2, and thus will not be repeated
here. In Proposition 3, only u is required to be updated. In
an extreme case of u = 0, the ergodic capacity of the D2D
link is achieved with the available transmitting power and is
consistent with that under no interference power constraint,
ie., Eq. 9.

3.4 Instantaneous transmitting power and
instantaneous interference power constraints

In this subsection, we discuss the case when both the
transmitting power constraint and the interference power
constraint are instantaneous. In this case, the condition set §
is a combination of Egs. 5, 6 and 8.

Proposition 4 The energy efficiency optimization problem
formulated in Eq. 4 under the instantaneous transmitting
power constraint and the instantaneous interference power
constraint has the following solution:

+
1 PSoi +1 c
pj = min BRE IR A RS
In2n/¢ /’lj 8jk

The proof of Proposition 4 is similar to that of Propo-
sition 1 or Proposition 2, and thus will not be repeated here.

3.5 Energy efficient power allocation algorithm

In the previous subsections, we have transformed the
original formulated problem into several solvable concave
problems and derived a closed-form solution to each
concave problem. Next we present a double iterative
power allocation algorithm to find a numerical solution
to the original problem using the Dinkelbach method,
which is a typical efficient method for solving a fractional
programming problem. The pseudo codes of the double
iterative algorithm are described as follow.

@ Springer

Algorithm 1 The double iterative algorithm.

Initialize:
the energy efficiency 7.
the stepsizes s; and s,,.
the Dinkelbach iteration index m = 0.
Repeat (the Dinkelbach iteration)
the sub-gradient method iteration index n = 0.
the dual variables A" = Ag, u"* = uo.
Repeat (the sub-gradient iteration)
update A" Tland ! according to (34) and (35).
n=n+4+1.
Until:
duality gap of A and p tend to zero,
End (the sub-gradient iteration)
calculate f (pj (v), 77).
m=m+ 1.
Until:
f (pj(v), n) tends to zero.
End (the Dinkelbach iteration)

In the double iterative algorithm, the Dinkelbach method
is used in an outer loop to update the energy efficiency
1 iteratively, until f (pj(v),n) = 0. In each Dinkelbach
iteration, a sub-gradient method is used to update the
dual variables iteratively, until convergence is reached for
the optimization problem. Each sub-gradient iteration is
updated as follows

+
= W — (PR = E(p; )] (34)
and
n+1 n C = +
W= [0 = s f — E{pmz@n] . 69)

respectively, where sy and s, are the step sizes. For different
constraint combinations, the dual variables A or w, or both
of them are updated until the duality gap tends to zero
according to Egs. 7 and 9.

4 Numerical results

In this section, we present simulation results to evaluate
the performance of the proposed power allocation algo-
rithm under different combinations of power constraints.
The simulation experiments were conducted using a Matlab
simulator. In the simulation experiments, the radio propa-
gation path loss follows L = 32.45 4+ 201g f. + «201gd,
where f. is the carrier frequency in GHz, ; is a path loss
factor, and d is the distance between the transmitter and
receiver of a transmission link in meters. The carrier fre-
quency f. is set to 2 GHz. The cell radius is set to 500 m.
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The path loss factor «; of a cellular link is set to 1.75, which
is a typical value for urban environments. The path loss
factor o7 of a D2D link is set to 1.5 because a D2D link usu-
ally uses a Line-of-Sight path. The Log-Normal Shadowing
standard deviation is set to 4 dB, and the noise variances of
different links are set to -120 dBm uniformly. The channel
of a D2D link follows the Rician fading while the channels
of other links follow the Rayleigh fading. The threshold of
the BS transmitting power and that of the D2D transmission
power are set to 43 dBm and 20 dBm, respectively. For per-
formance evaluation, we use the energy efficiency of a D2D
link and the ergodic capacity of a link as the performance
metrics.

Figure 2 shows the energy efficiency of a D2D link
versus the INR at the receiver of a cellular link with
the proposed algorithm under Proposition 1 (max EE),
an ergodic capacity maximization (max EC) algorithm,
and a uniform power distribution (uniform PD) algorithm,
respectively. For the max EC algorithm, we actually
implemented an improved one of that proposed in [14], in
which not only the interference from a D2D link to a cellular
link but also the interference from a cellular link to a D2D
link are considered. Moreover, we consider the impact of
Rician fading (K =3, 0, —3 dB) and Rayleigh fading on the
energy efficiency of the D2D link. In this experiment, we set
¢ =1, PP =800 mW, dj =20m, dy =200 m, d; = 300
m, dj; = 400 m. It is seen that the energy efficiency of the
D2D link increases with the increase of the INR, and tends
to a stable value. This is because the INR actually reflects
the allowed power interference of a D2D link on a cellular
link. According to Eq. 9, a larger value of the INR allows
a larger transmitting power (i.e., pj(v)) to be allocated to
the D2D link. Thus, as the INR increases from a small
value, p;(v) also increases correspondingly. According to

8.5 T T

7.5

uniform PD

—*— Rician 3dB | |
—+— Rician 0dB
-------- Rician -3dB |
—<%— Rayleigh

Energy efficiency of a D2D link(bits/Hz/Joule)

I I
0.5 1 1.5 2 25 3 3.5 4 4.5 5

Average Interference to Noise Power Ratio

Fig.2 Energy efficiency vs. INR at the receiver of a cellular link

Eq. 3, the energy efficiency of the D2D link increases as
well. As the INR increases beyond a certain value, p;(v)
may also further increase. But according to Eq. 3 the energy
efficiency of the D2D link would not infinitely increase
but tends to a stable value. On the other hand, the energy
efficiency with the proposed algorithm is better than that of
the max EC algorithm and that of the uniform PD algorithm.
In addition, the energy efficiency under Racian fading is
larger than that under Rayleigh fading, and a larger Racian
fading may lead to a higher energy efficiency.

Figure 3 shows the ergodic capacity increment of a
D2D link and the ergodic capacity reduction of a cellular
link with the proposed power allocation algorithm under
Proposition 1, respectively. It is seen that there is a gap
between the increment of the D2D link and the reduction
of the cellular link in terms of ergodic capacity. This means
that the increment of the D2D link is much larger than
the reduction of the cellular link. The proposed power
allocation algorithm can efficiently improve the overall
ergodic capacity of a cellular network.

Figure 4 shows the energy efficiency of a D2D link
with the proposed power allocation algorithm under Propo-
sition 1, Proposition 2, Proposition 3, and Proposition 4,
respectively, where the real black lines and the dotted blue
lines represents the energy efficiency of the D2D link with
Rician (K = 3 dB) and Rayleigh channels, respectively. It
is seen that the energy efficiency of the D2D link increases
with the increase of the INR, and tends to a stable value
under all four propositions. On the other hand, the proposed
power allocation algorithm under Proposition 1 can achieve
the best energy efficiency among all four propositions. This
is because the power constraints with Proposition 1 are the
most relaxed.

5
451 k
4l
E 35F D2D rate increment
2]
'\'2 3 —%*—Rician 3dB | |
EREE —+— Rician 0dB
& s e Rician -3dB| |
; ' —%— Rayleigh
el
% 2 b
L
1.5
1 cellular rate reduction

0.5 1 1.5 2 25 3 3.5 4 45 5
Average Interference to Noise Power Ratio

Fig. 3 Ergodic capacity increment on a D2D link/reduction on a
cellular link vs. INR at the receiver of a cellular link
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Rician D2D,K=3dB

6.5

55

! —¥v— Prop1

%/ —&— Prop2(AvrgP+Instantl)
44 —&— Prop3(InstantP+Avrgl) 1
—&A— Prop4(InstantP+Instantl)

Energy efficiency of a D2D link(bits/Hz/Joule)

(AvrgP+Avrgl)
(

35 I I I I I I I I
0.5 1 15 2 25 3 3.5 4 4.5 5

Average Interference to Noise Power Ratio

Fig.4 Energy efficiency vs. INR at the receiver of a cellular link

Figure 5 shows the energy efficiency of a D2D link
versus the distance between the transmitter and receiver of
a D2D link (i.e., d;) or the distance between the transmitter
of a D2D link and the receiver of a cellular link (i.e., djx),
respectively, with the proposed power allocation algorithm
under Proposition 1. It is seen that both d; and d;; have
an obvious impact on the energy efficiency of the D2D
link. The smaller the value of d;, the smaller the D2D
transmitting power required to meet the transmitting power
constraint in Eq. 7 and thus the higher energy efficiency of

Energy efficiency of a D2D link(bps/Hz/J)

10 200

Fig. 5 Energy efficiency of a D2D link vs. the distances (d;, dj),
yf =3, K=3dB
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Ergodic capacity reduction of a cellular link(bps/Hz)

Fig. 6 Ergodic capacity reduction of a cellular link vs. the distances
(dj,djp), yF =3,K =3dB

the D2D link. Meanwhile, the larger the value of d i, the
smaller the D2D transmitting power required to meet the
interference power constraint in Eq. 9 and thus the higher
energy efficiency of the D2D link.

Figure 6 shows the ergodic capacity reduction of a
cellular link versus the distance between the transmitter and
receiver of a D2D link (i.e., d;) or the distance between the
transmitter of a D2D link and the receiver of a cellular link
(i.e., dji), respectively, with the proposed power allocation
algorithm under Proposition 1. It is seen in Fig. 6 that both
dj and dj; also have an obvious impact on the ergodic
capacity of the cellular link. Moreover, the impact on the
cellular link is more complicated than that on the D2D link.
The change of either d; or d j; does not resultin a monotonic
change of the ergodic capacity of the cellular link, but more
diverse. Therefore, when sharing the spectrum resources of
cellular link under the control of a BS, we should consider
not only the ergodic capacity or energy efficiency of a D2D
link but also that of a cellular link. Combining the results
shown in Figs. 5 and 6, the smaller the value of d; and the
larger the value of dj, the better performance achieved on
both the D2D link and the cellular link. In other words, the
higher the capacity and energy efficiency of the D2D link,
the smaller the ergodic capacity reduction of the cellular
link.

5 Conclusions

In this paper, we considered the power allocation problem
in D2D communication underlaying a cellular network. We
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formulated the power allocation problem in D2D communi-
cation as a nonlinear fractional programming problem with
an objective to maximize the energy efficiency of a D2D
communication link subject to four different combinations
of transmitting and interference power constraints. To solve
the original formulated nonlinear fractional programming
problem, we first converted it into a dual nonlinear para-
metric programming problem, and then decoupled the dual
problem into several solvable concave problems. Further-
more, we derived a closed-form solution to each dual prob-
lem and proposed an efficient power allocation algorithm
to find a numerical solution to the formulated problem.
Simulation results show that the proposed power allocation
algorithm outperforms the max EC algorithm and the uni-
form PD algorithm in terms of the energy efficiency of a
D2D link, and can efficiently improve the overall ergodic
capacity of a cellular network.
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