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The energy efficiency (EE) of Device-to-Device (D2D) communication underlay
cellular networks has become a significant issue because of increasing the resource utili-
zation and extending the battery life of user equipment. However, the interference caused
by sharing the same resources with the cellular users will descend the performance of the
system. Therefore, D2D users should be allocated reasonable sub-carrier and suitable
power to improve the performance of the cellular networks. In this paper, D2D commu-
nication can directly transmit information or transmit dates through an assisted relay
based on the outage probability of D2D users. Meanwhile, we propose an algorithm to
study the problem of EE of D2D communication under the condition of the required QoS
(Quality of Services) of both cellular users and D2D users and the maximum transmis-
sion power threshold of D2D users. To solve the problem efficiency, we divide the algo-
rithm into two stages to allocate sub-carrier and optimize power, respectively. By numer-
ical simulation, we also prove the good performance of the proposed algorithm.

Keywords: energy efficiency, device-to-device communication, relay selection, outage
probability, resource allocation

1. INTRODUCTION

Device-to-Device (D2D) communication [1, 2], where the users in close proximity
transmit information with each other directly, has gained much attention because of its
potential for improving the spectrum efficiency and reducing the power consumption of
the cellular networks. These D2D users (DUEs) reuse the radio resources of cellular us-
ers (CUEs) under the careful control of the evolved NodeB (eNB) [3]. However, DUEs
communication underlay cellular networks will cause the interference for sharing the
resources of CUEs. Therefore, the reasonable resources occupied by the CUEs should be
allocated to DUEs to decrease the interference and improve the performance.

To improve the performance of cellular networks, various techniques have been put
forward to cope with the above mentioned problem. In LTE-A cellular networks, sub-
carrier allocation and power control schemes are the two widely used interference man-
agement techniques [4, 5]. Furthermore, energy efficiency of D2D communication in
cellular networks is an increasing concern [6-8] for its reducing power consumption of
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the cellular networks. However, when D2D communication reuse the sub-carrier occu-
pied by a CUE, the CUE will increase the transmission power to guarantee its QoS (Qua-
lity of Services). In [6], authors investigate a system model of multi-hop D2D communi-
cations where one UE may help other one potential D2D pair to exchange information.
They also analyze the average energy efficiency and spectral efficiency of the multi-hop
D2D communications and get close analytical approximations through Taylor-series ex-
pansion. In [7], energy-efficient resource allocation problem for D2D communication
underlaying cellular networks is studied. Authors aim to maximize the minimum
weighted energy efficiency of D2D links while guaranteeing minimum data rates for
cellular links. Extensive numerical studies demonstrate that the proposed algorithm
achieve superior performance and significantly outperform a conventional algorithm. A
joint resource allocation and power control for energy-efficient D2D communications
underlaying cellular networks are investigated in [8], which proposes an efficient itera-
tive resource allocation and power control scheme to find the optimum at each iteration.
Simulation results demonstrate the remarkable improvements in terms of energy-efficient
by using the proposed scheme. However, the literature [6] assumes the situation of one
cellular user or one D2D pair. And the papers [7, 8] do not consider joint optimization of
energy efficiency and mode selection of users.

In this paper, we consider the situation of multiple D2D users sharing the multiple
sub-carriers occupied by cellular users. And a selection communication mode [9] and
resource assignment algorithm is proposed to optimize the energy efficiency of DUEs
under the condition of guaranteeing the QoS of original CUEs and DUEs. And when
DUEs intend to exchange information with each other, there are two different communi-
cation modes that can be considered: Mode A (Direct D2D communication) and Mode B
(Two-hop D2D communication through idle CUE). Meanwhile, the main contributions
of this paper are summarized as follows:

(1) We take the outage probability of CUEs and DUEs into consideration to manage the
interference between CUEs and DUEs. And based on the outage probability, DUEs
that intend to exchange information could select Mode A or Mode B. However, if
one DUE can’t meet the conditions of above communication modes, the DUE do not
transmit information in the point.

(2) We construct an analysis model of EE of DUEs underlaying the cellular networks,
where the advantages in spectrum utilization, the energy saving, the diverse QoS re-
quirements of users, and both transmission power and the circuit power consumption
are characterized quantitatively.

(3) We put forward a novel algorithm for solving the resource distribution problem. We
design a two-stage scheme, the first stage copes with sub-carrier allocation, and the
second stage copes with power control. Meanwhile, the properties of the proposed
algorithm influenced by the system parameters are discussed.

The remainder of this paper is organized as follows. In Section 2, we briefly intro-
duce the network model and energy efficiency analysis. In section 3, the sub-carrier al-
location and power control problem as an optimal problem are formulated. We also pro-
pose a two-steps algorithm and analyze its important properties. In Section 4, simulation
results are provided. Finally, we conclude this paper with a summary in Section 5.
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2. SYSTEM MODEL AND OUTAGE PROBABILITY ANALYSIS
2.1 System Model

We consider a single cell that contains two types of users in Fig. 1, which are the
cellular users (CUEs) and the D2D users (DUEs). And the CUEs only can communicate
with the cellular communication mode, where CUEs communicate through the BS (base
station). However, the DUEs have two different communication modes. One is the Mode
A, where the DUE (one D2D pair) communicate with each other directly. The other is
the Mode B, where D2D communication with relay selected from idle CUEs is used for
the outage probability of DUE going beyond the threshold defined by the system. We
only consider the intra-cell interference for a single cell system model. Meanwhile, in the
system model, we also assume a fully loaded cellular network [10], where all the sub-
carriers are allocated to CUEs. And M active CUEs occupy M orthogonal uplink sub-car-
riers and there is no additional uplink sub-carrier for N DUEs in the cell, where DUE
communicates by reusing the uplink (UL) spectrum resources of an active CUE, which is
called paired CUE. The sets ®, = {CUE;},i=1,2,...,Mand Q= {DUE;},i=1,2, ...,
N donate the M active CUEs and N DUE:s in the cell, respectively. From Fig. 1, we as-
sume that there are K idle CUEs as the candidate relay of DUEs with Mode B. Further-
more, we employ the set ©; to indicate the idle CUEs within the cell.

DUE

Fig. 1. Network model of DUE communication underlaying cellular network where one CUE and
one DUE share UL resources.

In Mode A, the paired CUE causes interference to the receiver of DUE and the
transmitter of DUE causes interference to BS. In Mode B, relay (RN) is selected from
idle CUEs, which do not transmit information in this period. Besides, the transmitter of
DUE communicates with RN directly, and it is the same as RN communicates with the
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receiver of DUE. The relay lies close to both the transmitter and the receiver of DUEs.
The transmitter of DUEs exchanges information with the relay through reusing the sub-
carrier of CUEs, which is the same as the relay and the receiver of DUEs. We also as-
sume the system UL frequency resources have been allocated to the active CUEs uni-
formly, and the transmission power of CUEs is constant, which is denoted as P.. We
consider the extreme case that all of the DUEs communicate with Mode B. Thus, addi-
tional N idle CUEs at least are required to serve as the relay. Therefore, we assume there
are K idle CUEs in the system and K > N.

2.2 Outage Probability Analysis

For Mode A, DUE will exchange information through direct one-hop communica-
tion. The paired CUE i transmits a signal x| to BS, and a signal x, is the transmission
signal between DUE j. Thus, the received signal of BS and the receiver of DUE can be
formulated as

Vs = VPCgi,Bxli + })jégj,Bxg +n, (1)
Yaj = P,-‘T,-gj‘xg +VPCgi,jxli +n,. )

In above expressions, P‘.{i denotes the transmission power of DUE j reusing the
channel of CUE i. The channel gain between BS and the CUE i can be written as g;3 = k
. d[,: . |h,-|2, where d, ; is the distance between CUE i and BS, x and « are the path loss
constant and the path loss exponent, respectively. 4; represents the fading coefficients
with CUE i. Similarly, the channel gain between the BS and DUE j is g; 5, g; is the chan-
nel gain between the transmitter and receiver of DUE j and g;; is the channel gain be-
tween the active CUE i and DUE j. n; and n, indicate the additive white Gaussian noise
(AWGN) for BS and the receiver of DUE, respectively. Without loss of generality, we
assume that all communication links receive the same AWGN power V,. We assume the
DUE j reuse the subcarrier of CUE i to transmit the information. And then, the Signal-
to-Interference-and-Noise-Ratio (SINR) of paired CUE i and DUE j can be formulated as

P.-g
M= 3
N, +Pj,[ ‘88
d
oo L8 )
o N, +F, "8

The rate of DUE j sharing the sub-carrier of CUE i can be formulated as Eq. (5),
which can be got by Shannon capacity formula.

T = log, (1+ Fj"_i) (5)

The energy efficiency (EE) of DUE link can be defined as the ratio between
throughput and total power of DUE. As mentioned in [11], transmission power and av-
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erage circuit power are important of energy efficiency. Therefore, the EE of DUE ; reus-
ing the sub-carrier of CUE i can be expressed as

ModeA rfsi
ulodt = 1 6
" 13]‘,11 + })cir ( )
Where le‘ and P, are the transmission power and the average circuit power, respective-
ly.
Similar to [11, 12], the EE of the total DUEs underlay cellular network can be de-
fined as

Jst

N
ModeA M
ee oded _ Zu : {)(IeA (7)
=)

The outage probability of paired CUE i, which equals the Cumulative Distribution
Function (CDF) of T'; , can be formulated as

PL =Pr{r, <nf=[" S (T8, TS, = F (). (8)

ij

Where 7 indicates the SINR threshold of paired CUE i, and frf;j(l"f,,) is the Probabil-
ity Density Function (PDF). We can get the expression of outage probability of CUE i
according to the Lemma 1 in [11]

o P.g. N,
Pol=1- Cg"Bd exp| — T, 9
P85 +11P,8, 5 Fegis

Similarly, the outage probability expression of DUE j is written as

. Plo.
P . exP[_ r ] (10)

Where 9 is the SINR threshold of DUE j, and the proof of Egs. (9) and (10) are
presented in Appendix A.

Comparing with Mode A, Mode B is an extension of Mode A, i.e. two hops of
Mode A. And we assume the idle CUE £ as the relay of DUE j, where the transmitter of
DUE j and the relay RN reuse the sub-carrier of paired CUE i in two time slots. In the
first time slot, the transmitter of DUE j communicates with RN;. In the second time slot,
RN, communicates with the receiver of DUE j. Therefore, the outage probabilities of
DUE j with Mode B related to every hop are similar to Egs. (9) and (10).

3. PROBLEM FORMULATION AND RESOURCE ALLOCATION
ALGORITHM

3.1 Construction of Optimization Problem

The priority of CUE is high than the DUE, that is to say, the QoS of paired CUE
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should be guaranteed. Based on the section 2, when the outage probability of the paired
CUE or the DUE oversteps the threshold defined by the system, Mode B intend to be
used. Hence, we can divide the DUEs into different parts according to the following ex-
pression

Py <
P2y (11)

out
Where £ and ¢ are the outage probability thresholds of paired CUE and DUE, respec-
tively.

The DUE j communicate with Mode A when it satisfies Eq. (11). Otherwise, the
DUE ; will communicate with Mode B. Hence, the DUE need a relay to realize the
communication. For all idle CUE k€@, if there is any idle CUE as relay of DUE making
both the DUE j and the relay meeting the condition (11), the DUE j transmit with Mode
B. Otherwise, the DUE j can’t transmit at this period. Therefore, the set Q can be divided
into Qy, Qp and Qp according to the following expression

Q,, P <E&P <, Fie0®,

out —

Q=20,,(P; <E&PL <) &(Py <E&PL <£),3i€0,,ne0, (12)

out — out — out — ut

Q,,,other

The DUEs in sets Q4, Qp and Q) correspond to the communication mode of Mode
A, Mode B and Mode O, respectively. Where the DUE with Mode O donates the DUE
can’t transmit information since there is no more sub-carrier for the DUE communicating
with original cellular mode. We also define 7;; to indicate the sub-carrier reuse exponent,
where 7;; = 1 expresses the DUE j reuse the sub-carrier of CUE i, and 7;; = 0 indicates
the DUE j can’t reuse the sub-carrier of CUE i. We also assume that each DUE can reuse
the only one sub-carrier of CUEs and each sub-carrier of CUEs can be reused by one
DUE. Thus, the total EE of DUEs can be achieved as follows

ee = eeMgdeA + eeMaa'eB

log, (1+1°¢ 1 log, (1+T%, log, 1+1"d (13)
syl ey i), ),

jeQ, ico, cir jeQy icO, k<O, P P, ’ P +P,

cir

i

Where i is the CUE sharing the sub-carrier with the DUE and relay in two different
time slots. And k donates the relay selected from the idle CUEs. The main work is se-
lecting the reasonable paired CUE for DUE with Mode A and the reasonable paired CUE
and relay for DUE with Mode B. Therefore, we establish the following optimal problem:

max | 2, 2w 2 > Y Sl (14)

{ (M /’ JjeQ, i€®, jeQp i€®, ke®;
Subject to
>ox, <1 (15)

i€®,
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>, <1 (16)

JjeQ '

0<P <P, (17)
log, (1+T¢,) log,(1+T4,

Where 1% = 2< b )+ 2( A ) and object function indicates maximi-

Uk pd 4P, P! +P,
k.i cir i cir
zing the EE of total DUEs. Egs. (15) and (16) guarantee each DUE can reuse the only one
sub-carrier of DUE and each sub-carrier of active CUE can be reused by only one DUE.
Eq. (17) restricts the transmission power of DUE to guarantee the QoS of paired CUE.
From the constraints, we find the optimal problem can be considered as an as-
signment problem, which contains one more constraint (17) compared to the standard
assignment problem. Meanwhile, the above optimal problem is non-convex, which can’t
be solved by the general methods. Therefore, the original optimal problem is divided into
two sub-problems. To begin with, we use the Hungarian algorithm to allocate the rea-
sonable sub-carrier of CUEs to DUEs. And then, we optimize the transmission power of
DUE to improve the EE of the total DUEs.

3.2 Sub-carrier Allocation for DUE

Fig. 2 illustrates the sub-carrier allocation problem in Eq. (14) with the constraints
(15) and (16). In this figure, the set of DUEs with Mode A and Mode B and the reuse
candidate sub-carrier set are the two groups of vertices in the bipartite graph. If the

sub-carrier of CUE i is a reuse candidate for DUE j, and the vertex j connects to vertex i
ModeB

(k)i

ModeA

by an edge i, j. Meanwhile, u;
Mode A and Mode B, respectively.

and u is the weight of edge i, j of DUEs with

Reuse candidate

Fig. 2. Bipartite graph for DUEs and the reuse candidates matching problem.

We employ Hungarian algorithm [12] to solve this problem. The algorithm is an ef-
ficient bipartite allocation scheme. In general N < M, but the Hungarian algorithm de-
mands the bipartite graph to be perfectly symmetric. To meet this requirement, we add M
— N virtual vertices to the set of D2D pairs in the original graph. The object function of
optimal problem maximizes the EE of total DUEs. However, the standard Hungarian
algorithm is used to solve the minimum weighted matching problem on the transformed
bipartite graph. Therefore, we transform the original object function to be minimizing the
EE through using a sufficiently large constant subtract the EE of each DUE. And the
transformed optimal problem is equivalent to the original problem. The detail steps are
presented in Table 1.



426 BAO-ZHOU YU AND QI ZHU

Table 1. Optimal sub-carrier allocation algorithm.

Algorithm 1: Optimal Sub-carrier Allocation Algorithm

Input: The sets of active and idle CUEs in the cell ®, and ©;
The set of DUEs Q, the distance between DUEs Rd
The set of DUEs with Mode A and Mode B Q= and Qz =&
The set of relay candidates of DUEs RN = &
The set of distance between the CUEs and DUESs Z = [dist; ., dist; jr.]
Output: The set of sub-carrier reuse exponent 7= [ 7]
1. Step 1
2. For all ie®, and jeQ) do
3. Calculate the outage probability P

out

"and Pou, by Eqgs. (9) and (10)

4 IfPOM[ < g && P‘jllt - é’

5. Then put j 11]1&(319/1 Q=Q,u {j}

6. Calculate u;; by Eq. (6)

7 Else

8. For all ie®, do

9. Calculate dist; jr, dist; s

10. If (dist; jr + dist; jry) < 2Rd

1. Then RN; = {k|k=1i} and ©®; = ©/i

12. Forallie®,do

13. If P, < & Pl < (&& Py <&, PLF <

14. Then put j and lgwlnto QB QB =Qp U {j, k}
15. Calculate u;, ded uk, " by Eq. (6) to get uM"deB
16. Else Q= u {}

17. End if

18. End for

19. End if

20. End for

21. End if

22.  End for

23. Step 2

24. Forallie®, and jeQ) do

25. If |Q4] # 0 or |Qp % 0

26. Construct symmetric bipartite graph by V,, —u;;, which V,, is a enough large value
27. Use the Hungarian algorithm to obtain 7;;

28. Else

29. There is no sub-carrier for DUE and the algorithm ends
30. End if

31. End for

3.3 Optimal Power Control for DUE

The sub-carrier occupied by the paired CUEs has been allocated to the DUEs, so we
can simplify optimal problem (14) as the following optimal problem

max Y > ule+ N Z%u(j‘ff’;’;’f (18)

/k JjeQ, i€®, k,jeQp i€®,
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Subjectto 0< P, <P, (19)

— & Thus, the EE of DUE j with
N, ot F, c&i;
Mode A and Mode B can be respectively donated as

For simplification, we donate 4;; as 4,, =

_ log, (1 +4, P! )

ModeA
M , 20
vy (20)
d d
uModeB _ l 10g2 (l + A/»iP/ ) + 10g2 (1 + Akvipk ) —l(uMOdEA +uModeA) (21)
O =Y s )

P +P, 2

J cir k cir

The form of Egs. (20) and (21) are similar to the function of f{a, x), which can be

1 1
defined as f(a,x) :Lzax)
X+

DUE:s are independent, the solutions of Eq. (18) is the same as the sum of maximum EE
of each DUE. That is to say, if we achieve the maximum value of f{a, x), we get the op-
timal solutions of Eq. (18). Therefore, we briefly analysis the characteristic of f{a, x).

To begin with, seeking the derivative of f{a, x) corresponding to the variable x.

o (a,x) 1 a(x+b) o
ox _(x+b)2.[ln2(1+ax)_log2(1+ax)j_m'g(a’x) (22)

, where b is a constant. The sub-carriers reusing by

And then, seeking the derivative of g(a, x) corresponding to the variable x

g (a.x) _ a’(x+b) 23)
ox 1n2(1-|—ax)2 .

According to Eq. (23), we know that g(a, )? is a monotonically decreasing function

a x+b)

in x and g(a,0) = % >0, g(a, o) = lim —log, (1+ax) | =—o0 < 0. There-
n

>+ In2(1+ ax)
fore, with the increasing of x, there is a xy, making g(a, x). And g(a, x) is greater than zero

on the interval (0, x) and less than zero on the interval (xo, +o0). So the function f{a, x) is
monotonically decreasing on the interval (0, x;) and monotonically ascending on the in-
terval (xz, +00). That is to say, Xp is the maximum value point of function f{a, x).

Bisection method is used to solve the maximum of function fla, x) with the con-
straint of maximum transmission power P, and the detailed steps are illustrated in Ta-
ble 2.

Table 2. Bisection method for optimal power of DUE.

Algorithm 2: Bisection method for optimal power of DUE

Input: given the maximum transmission power P, the tolerance £ > 0 and sufficiently
small value / = 0 and sufficiently large value v = 10°.

Output: the optimal transmission power P~ of DUE.

1. forj=1toj=N

2. if jeQy; then
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3. while |v; - [| > ¢
4. 4=+ v)2

6uModeA
S. A =—2

e,
6. if A;>0,[=t;elsev,=¢
7. end if
8. end while
9. Pi=(+v)/2
10. if Pj > P P; = P €lse end
11. else if jeQp; then
12. for j and corresponding relay £, execute steps 3-10. And then getting the
optimal power of D2D users j(P;) and k(Pj)

13. end if
14. end for

4. SIMULATION RESULTS

In this section, we present the simulation results of the proposed sub-carrier alloca-
tion and power control algorithm, and analyze the EE performance of DUEs with the
different communication mode of the DUEs, the distance between DUEs, and the maxi-
mum transmission power of DUEs.

We consider a single isolated circular cell and the radius is fixed. The location of
eNB is in the center of the cell, where CUEs are uniformly distributed and each trans-
mitter and receiver of DUEs are located in a uniformly distributed within a radius Rd . In
this section, we present extensive simulation of EE for DUEs of different transmission
mode. Table 3 summarizes the list of simulation parameters and their default value.

Table 3. Simulation parameters.

Parameter Values
Cell radius (R) 500m
AWGN power (Ny) —114dBm
Path-loss constant () 0.01
Path-loss exponent (&) 4
Active CUE transmit power (P°) 24dBm
Max. DUE transmit power (Ppya) 21dBm
UE circuit power (P.;,) 17dBm
Req. SINR of CUE (7) 3dB
Reg. SINR of DUE (6) 3dB
The distance between DUE (Rd) 20, 30, ..., 100m
Number of active CUEs (M) 20, 40
Number of idle CUEs (K) 40
Number of DUEs (N) 10%, 20%, ..., 100% of active CUEs
Outage probability threshold of CUE (&) 0.001
Outage probability threshold of DUE (&) 0.001
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We will show the capacity of DUEs and CUEs, and the EE of DUEs in the follow-
ing Fig. 3-6. As a comparison, we compare the performance of our proposed algorithm
to the location-based algorithm (LBA) in [13]. The authors of [13] prove that the EE of
the D2D link is mainly determined by the location of the CUE that shares sub-carrier
with the DUE. On this basis, a LBA is proposed to maximize the sum EE of DUEs.
Since the LBA gets the transmission power by conversion formula of SINR, the trans-
mission power may not be the optimal. However, the proposed algorithm optimize the
transmission power of DUEs. Specifically, when a DUE has been allocated sub-carrier
occupied by CUE, the transmission power of DUEs on the sub-carrier is optimized using
Bisection methods. We also investigate the performance of our algorithm with fixed
transmission power at 17dBm.

250 T T T T T T
i i i i i i i i
I S I I I I I I I
e | | | | |
| [ o T | | |
N200F ——+——4 - — d - — |- "@ma ot — — 4 — — - — —
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Fig. 3. The capacity of DUEs and CUEs with the increasing number of DUEs, where R=500m.

Fig. 3 shows the capacity of total DUEs and CUEs with the increasing number of
DUESs. The number of active CUEs is 20. Note that we assume the number of CUEs
equals the number of sub-carriers, since each sub-carrier is occupied by one CUE. With
the increasing number of DUEs, the capacity of total DUEs increase, while the capacity
of total CUEs descend. This is because the more DUEs will reuse the more sub-carriers
of active CUEs and cause more interference to the active CUEs. From Fig. 3, we can see
that the capacity of DUEs of our proposed algorithm is less than the LBA in [13], while
the capacity of CUEs is much higher than the LBA in [13]. Since the LBA does not con-
sider the QoS of the CUEs, which causes more interference to the CUEs and descends
the capacity of total CUEs.

We present the EE of DUEs with the different number of DUEs in Fig. 4. We can
see that EE improves with the increasing number of DUEs, which indicates that with
joining of more DUEs, more DUEs can exchange information through sharing sub-car-
riers occupied by active CUEs. Therefore, the EE of total DUEs is increased. Meanwhile,
our proposed algorithm behaves better than the algorithm in [13]. Since the algorithm in
[13] achieves transmission power by conversion formula of SINR, which could not be
the optimal. However, the transmission power of our proposed algorithm is optimal. The
proposed algorithm with fixed power achieves a lower EE for it transmits more power.
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Fig. 4. Energy efficiency of total DUEs with the increasing number of DUEs, where R=500m,
M=20.
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Fig. 5. Energy efficiency of total DUEs with the increasing number of CUEs, where R=500m.

In Fig. 5, we present the EE of DUEs with the number of active CUEs (sub-carriers).
And the number of DUE is 10. We observe that with the increasing number of sub-car-
riers, the EE of DUEs increase slowly. With more sub-carriers, DUEs have more sub-
carriers to choose from, and thus the performance is improved. However, the increase of
EE of DUEs is slow, which implies that the DUE can reuse only one sub-carrier occu-
pied by CUE and the CUEs do not have major impact on the performance of DUEs.

Fig. 6 shows the EE of total DUEs with the circuit power of the DUE. It can be seen
that our proposed algorithm offers better performance than the other two algorithms. For
small circuit power, the EE of the proposed algorithm is about 25% higher than the algo-
rithm in [13] and about 400% higher than the proposed algorithm with fixed power, re-
spectively. However, when circuit power increases, the performance gap between the
proposed algorithm and the other two schemes is reduced since the total consumed pow-
er is dominated by the circuit power.
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Fig. 6. Energy efficiency of total DUEs with circuit power of DUEs.

5. CONCLUSIONS

In this paper, we analyze the sub-carrier allocation and power control under the
condition of maximum transmission power constraint of DUEs to optimize the EE of
different communication mode of DUEs underlaying cellular networks. We apply the
relay selected from the idle CUEs to D2D communication when the outage probabilities
of CUE and DUE, which share the same sub-carrier, exceed the threshold defined by the
system. Numerical simulations show the EE of different types of communication modes,
and reveal the advantage of DUE with relay mode in average by comparing with directly
D2D communication mode.
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APPENDIX
With the help of [14, Eq. (5)-(18)], the PDFs of x and y are expressed as f{x) = Cllexp

(—ijU(x) and f, (y) = iexp[—l+L]U(y—lj , respectively. Next, the PDF of z
a

B B B )
= x/y can be evaluated as follows: [14, Eq. (6)-(59)]
N . _ 1 af _z
fz(z)_J.l/gyfxy(y ’y)dy La+ﬁ2)5+(a+ﬂ2)2]exp( aéj (24)

From Eq. (24), the CDF can be expressed as
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x X

)= e ape d 25
O s e gy | (25)

Using the integration by parts, the right term in Eq. (25) can be evaluated as

e tlee Yo )
*(a+ Bx) 0 a+ fx

- jo ( dx (26)

a z
Fz(z):l—a+ﬂzexp(—$). 27)

Letx=Pcgip y=No+ Pzi - g;p and §=NL. The desired result in Eq. (9) can be ob-
tained. Similarly, the desired Eq. (10) can be obotained.
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