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Abstract—Device-to-device (D2D) communication, which enables direct transmissions between mobile devices to improve spectrum
efficiency, is one of the preferable candidate technologies for the next generation cellular network. Network coding, on the other hand,
is widely used to improve throughput in ad hoc networks. Thus, the performance of D2D communications in cellular networks can
potentially benefit from network coding. Aiming to improve the achievable capacity of D2D communications, we propose a system with
inter-session network coding enabled to assist D2D transmissions. We formulate the joint problem of relay selection and resource
allocation in network coding assisted D2D communications, and obtain the overall capacity of the network under complex interference
conditions as a function of the relay selection and resource allocation. To solve the formulated problem, we propose a two-level de-
centralized approach termed NC-D2D, which solves the relay selection and resource allocation problems alternatively to obtain stable
solutions for these two problems. Specifically, a coalition formation game associates relays with D2D pairs to enable network coding
aided transmissions, and a greedy algorithm based game allocates limited cellular resources to D2D pairs and relays in NC-D2D,
respectively. The performances of the proposed scheme is evaluated through extensive simulations to prove its superiority.

Index Terms—Device-to-device communication, network coding, relay selection, resource allocation, game theory

1 INTRODUCTION

EMAND for mobile Internet access is growing at a tre-

mendous rate. To satisfy this explosive traffic demand,
device-to-device (D2D) communication has been proposed
for Long-Term Evaluation-Advanced [1]. In D2D communi-
cations, user equipment (UE) in close proximity set up
direct links for data transmissions with licensed cellular
spectrum resources, instead of through base stations (BSs).
The benefits of such proximity communication is manifold
[2]. It has the potential to provide extremely high bit rate as
well as low end-to-end delay and power consumption due
to short-range transmissions. Since the cellular resources
can be simultaneously shared and utilized by D2D UEs, the
spectrum efficiency and reuse gain are improved. In addi-
tion, D2D communications enable mobile traffic offloading
by user cooperations for content downloading and sharing,
which also benefits cellular (non-D2D) users. Therefore,
D2D communication is expected to be a key feature sup-
ported by the next-generation cellular network [3].
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Although D2D communication enhances the system per-
formance in many aspects, it also causes severe interference,
which may degrade the transmission rates of both cellular
and D2D users. To solve this problem, current works focus
on resource allocation [1], [4], [5], [6] and power control [7],
[8]. Gu et al. [1] utilized two stable matching algorithms to
optimize the overall system throughput while simulta-
neously meeting the quality of service (QoS) requirements
for cellular and D2D users. In the model of [1], D2D users
seek channel reuse partners from cellular users to share their
spectrum resources for data transmissions. Li et al. [4] con-
sidered a similar system model to solve the resource alloca-
tion problem by a coalition formation game based scheme. In
the approach of [4], different transmission modes, mutual
interferences and resource sharing policy are combined in a
utility function, which is used by D2D users to determine the
spectrum resource reuse partners in the coalition formation
game. Yu et al. [5] optimized the throughput over the shared
resources for D2D communications to improve local serv-
ices, while fulfilling prioritized cellular service constraints.
Xu et al. [6] introduced a reverse iterative combinatorial auc-
tion as the resource allocation mechanism to optimize the
system sum rate. Lee et al. [7] proposed a random network
model for D2D communications using stochastic geometry
and developed centralized and distributed power control
algorithms, while Liu et al. [8] analyzed the benefits of power
control in enhancing the transmission capacity region.

Network coding has the potential to improve throughput
efficiency [9], [10]. Current studies on network coding can
be divided into two categories: intra-session coding [11],
[12], and inter-session coding [13], [14]. Intra-session coding
usually relies on random linear network coding to organize
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packets in groups to be linearly combined using randomly
chosen coefficients from the elements of a finite field. Ho et
al. [11] introduced dynamic algorithms for multicast rout-
ing, network coding, power allocation, session scheduling
and rate allocation across correlated sources for intra-ses-
sion network coding. Cai et al. [12] investigated the problem
of selecting the candidate forwarder set and allocated traffic
among candidate forwarders to achieve optimal routing in
opportunistic routing with intra-session network coding.
Since only packets from the same flow are combined in
intra-session coding, it is not a good fit for D2D communica-
tions underlaying cellular networks, where each D2D pair is
viewed as a flow, and the cooperation among different D2D
pairs should be considered. Inter-session coding combines
the packets from different network flows. Upon identifying
sets of nodes that can form a coding region, the packets can
be mixed (XORed) in order to attain higher spectrum effi-
ciency. Katti et al. [13] proposed an architecture for wireless
mesh networks, where routers mix packets from different
sources to increase the information content of each trans-
mission in addition to forwarding packets. Liu et al. [14]
addressed the distributed control problem in heteroge-
neous-service networks with multi-rate multicast and uni-
cast services, and proposed a decentralized rate control
algorithm for inter-session network coding. Some recent
works combined both intra-session coding and inter-session
coding to enhance the system performance [15], [16].

Pahlevani et al. [10] discussed the potential of enabling
network coding in D2D communications to enhance com-
munication efficiency and security. In the scenario where a
D2D community is composed of multiple devices connected
in a multi-hop fashion, network coding’s ability to recode
coded packets on the fly provides the means of improving
D2D communication’s throughput, delay, and energy effi-
ciency. A few schemes that enable network coding in D2D
communications have been proposed so far, and they can
be categorized into two types: either studying the relay
selection problem [17], [18], or investigating the resource
allocation problem [19], [20]. Specifically, Bhorkar et al. [17]
investigated the relay selection and scheduling problems,
while Maher et al. [18] utilized idle devices in D2D commu-
nications as relay nodes to enable network coding. Wu et al.
[19] developed a radio resource management mechanism to
optimize power control and subchannel allocation with net-
work coding, while Wei et al. [20] investigated multi-pair
D2D communications with a multi-antenna relay employ-
ing space-time analog network coding. However, in D2D
communications underlaying cellular networks, both relay
selection and resource allocation have major impact on the
achievable performance of network coding and, moreover,
these two problems are actually coupled and cannot be
solved separately without compromising the overall system
performance. Detailed discussions on the coupling of these
two problems will be given later.

In this paper, we aim to assist the D2D communications
underlaying cellular network with inter-session network
coding. Specifically, we consider the scenario where relays
assist nearby D2D pairs, forming coding regions, and per-
form network coding. In order to achieve high sum capac-
ity, the problems of relay selection and resource allocation
need to be solved. First, the capacity gain highly depends
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on the locations of the relays and the assisted users. There-
fore, D2D pairs need to select proper relays to assist their
transmissions for maximizing the benefits of network cod-
ing. Second, the spectrum resources should also be allocated
wisely to the D2D pairs and relays to mitigate the severe
interference. We formulate a joint problem of relay selection
and resource allocation, where these two problems are opti-
mized jointly. Theoretically, the joint optimal solution can
be obtained by exhaustive search. However, it is very diffi-
cult to apply any existing optimization approaches to solve
this joint optimization efficiently owing to its extremely
high computation complexity. Moreover, global network
information, such as network topology, are required, which
either impose high synchronizing overhead or are not avail-
able. Thus, we address these two problems from a game the-
ory point of view, using a coalition formation game and a
greedy algorithm based game. Utilizing game theory ena-
bles us to obtain the solutions for the relay selection and
resource allocation problems efficiently, where the nodes
only require local network information. More specifically,
we propose a two-level optimization approach, termed NC-
D2D, to obtain near-optimal solutions. In our NC-D2D,
relay selection game and resource allocation game operate
alternately, each using the results obtained by the other
game as inputs, and the alternating optimization procedure
continues until the system reaches a stable state in terms of
both relay selection and resource allocation. Our contribu-
tion is three-fold, as summarized in the following.

e We introduce inter-session coding to assist D2D
communications underlaying cellular networks with
realistic multiple D2D pairs, relays, and cellular
users, where D2D pairs select relays and form cod-
ing regions to improve the achievable capacity.
Relays XOR the received packets before multicasting
them to the corresponding D2D users.

e We formulate the joint problem of relay selection
and resource allocation to maximize the sum trans-
mission capacity of all D2D pairs and cellular users.
The sum capacity of the network is derived as a func-
tion of the results of relay selection and resource allo-
cation, while taking into account the interference
among users.

e Since the joint optimal solution of relay selection and
resource allocation imposes extremely high complex-
ity, rendering it impractical for large-scale systems, we
propose a two-level optimization approach, termed
NC-D2D, to obtain stable solution for the joint optimi-
zation, where relay selection and resource allocation
are performed alternately, utilizing a coalition forma-
tion game and a greedy algorithm based game, respec-
tively. In each round, the input of one problem is
provided by the solution of the other problem. In addi-
tion, each node only requires local information to solve
the two problems. Through our extensive evaluation,
we prove that our NC-D2D is able to obtain a stable
near-optimal solution with very low computation
complexity in a few rounds.

The rest of the paper is organized as follows. After pre-

senting the system model of network coding assisted D2D
communications in Section 2, we derive the system capacity
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Fig. 1. lllustration of the network coding aided D2D communications
underlaying cellular network, where there are three cellular users, four
D2D pairs, and one cooperative relay.

and formulate the joint problem of relay selection and
resource allocation in Section 3. Then we give an overview
of the proposed two-level NC-D2D optimization approach
in Section 4, and detail the relay selection coalition forma-
tion game and resource allocation game in Sections 5 and 6,
respectively. The performance of our proposed scheme is
evaluated through extensive simulations in Section 7.
Finally, we conclude this paper in Section 8.

2 SYSTEM OVERVIEW AND MODEL

2.1 System Overview

We focus on the scenario of a single cell involving multiple
D2D pairs, relays and cellular users. In D2D communica-
tions, a pair of UEs in close proximity are able to enjoy
extremely high data rate by setting up a direct link between
them. However, it is well known that the channel quality
between two users degrades rapidly as the distance
between the transmitter and receiver increases. When the
distance between the D2D transmitter and receiver is too
long to support a direct link, these D2D users will have to
switch to cellular mode [21], [22]. Therefore, we enable
cooperative relays to assist D2D pairs for data transmissions
in order to overcome the long distance between D2D users.
Each D2D pair can either transmit data via the direct link
between the two users, or assisted by a cooperative relay,
depending on their circumstance. Hence there are two kinds
of D2D pairs in the system, i.e., (i) ordinary D2D pair: two
D2D users transmit via the direct link between them, and
(ii) relay Assisted D2D pair: two D2D users are assisted by a
relay which employs network coding aided transmission.
We denote the sets of all D2D pairs, relays and cellular users
as D, R and U, respectively. D2D pair 7 is denoted by d;,
while its transmitter and receiver is denoted by d! and d!.
Relay i and cellular user j is denoted as 7, and uj,
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respectively. We allow multiple D2D pairs and relays to
share the spectrum resource of one cellular user in order to
increase the possible number of concurrent transmissions.
Each cellular spectrum resource can be shared by multiple
D2D users at the same time as well. To fully exploit this spa-
tial reuse gain, therefore, the interference caused by this
spectrum sharing must be taken into consideration.

As illustrated in Fig. 1, D2D pairs d; and d, are relay
assisted D2D pairs, aided by relay 71, while d3 and d, are
ordinary D2D pairs. d; and dy occupy the uplink spectrum
resource of cellular user u; and us, respectively, and wus;
shares its resource with 7, d3 and d,;. The interferences
between d; and uy as well as between r and d3 are plotted as
examples.

We introduce network coding to aid D2D communications,
which utilizes the relay to improve throughput efficiency.
Due to the spectrum sharing, mutual interferences exist
among D2D pairs, regular cellular users and cooperative
relays. In order to achieve high transmission rates for D2D
users and cellular users, both the relay selection for network
coding and the spectrum resource allocation need to be opti-
mized. In our system, the D2D pairs can choose different
relays to assist their transmissions by applying network cod-
ing. However, the throughput gain highly depends on the dis-
tances and channel qualities of the links among the D2D users
and relays that form a coding region, as will be analyzed in
detail later. Moreover, the relays that are available in the net-
work may not be enough to assist all the D2D pairs. In this
case, they should assist the D2D pairs that have long link dis-
tance or poor channel quality to maximize the throughput
gain of network coding. Therefore, the D2D pairs should
select proper working modes, namely, whether to rely on
relays and to select which relays in order to achieve the maxi-
mum throughput gain. In our system, decode-and-forward is
adopted as the relay strategy by all relay nodes, instead of
amplify-and-forward. The limited spectrum resources shared
by the cellular users should also be allocated properly to the
D2D pairs and relays to ensure the QoS of all users and to
achieve high sum rates of the network.

Although the selfishness of D2D users are addressed and
discussed in previous works, we assume operator con-
trolled D2D communications in our system, where the
behavior pattern of the terminals is defined and controlled
by the service provider or operator. Operator controlled
D2D communication is also adopted by the 3GPP standard.

2.2 System Model

We define the binary variables z,,, «,, and y,, to depict the
relay selection and resource allocation policies for D2D
pairs and relays. Specifically, x,, =1 indicates that D2D
pair d uses the uplink resource of cellular user u, otherwise
24, =0, while z,, =1 if relay r shares the spectrum
resource of u, otherwise z,,, = 0. Similarly, y,, = 1 indicates
that relay r assists the D2D pair d’s transmission, otherwise,
ya, = 0. We denote the matrices of z4,, z,, and y4, as Xp,
Xz and Y, respectively. Each row in Xp and X% represents
the spectrum resource sharing of the corresponding D2D
pair and relay, respectively, while each row in Y represents
the relay selection of the corresponding D2D pair. For exam-
ple, in the scenario of Fig. 1, these three matrices can be
written as
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Fig. 2. lllustration of a coding region in network coding assisted D2D
communications.
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2.3 Network Coding Assisted D2D Transmissions
We adopt an inter-session network coding to assist the trans-
missions of D2D pairs. A typical coding region is presented
in Fig. 2, which consists of two relay assisted D2D pairs and
one relay. This scheme is described in [10], [16]. We will first
describe the operation of this scheme in our system. Then we
will derive the achievable rate of this coding region, and ana-
lyze the capacity gain of network coding in Section 3.

For an ordinary D2D pair, the data is transmitted via the
direct link between the two devices. For the relay assisted
D2D pairs as shown in Fig. 2, sender d} multicasts the pack-
ets to relay r and dj, while d), multicasts the packets to r and
d;. Relay r XORs the packets received from d} and d} bit by
bit before multicasting them to d} and dj. Then d} and d; are
able to decode the packets after receiving the XORed pack-
ets from r and the multicasted packets from d) and d!,
respectively. The assist of relay by applying network coding
not only helps to overcome the low transmission rate of the
direct link between users, caused by long transmitting dis-
tance or poor channel quality, but also improves the spec-
trum efficiency.

It should be noted that the optimal coding region may
consist arbitrary number of relays and D2D pairs. We adopt
this simple model to achieve efficient optimization. In such
a large scale network as we investigated in this paper,
jointly optimizing the coding region formation of all the
relays and D2D pairs could be extremely difficult and time
consuming. Since optimizing relay selection and resource
allocation would require solving these two problems itera-
tively, the low efficiency might make the overall scheme
impractical in cellular systems.

3 PROBLEM FORMULATION

We first derive the achievable capacity of network coding
assisted D2D communications and compare it with that of
ordinary D2D communications without the assist of net-
work coding and cooperative relays, based on which we
then obtain the sum capacity of the network as a function of
Xp, Xg and Y. Finally, we formulate the optimization prob-
lem of relay selection and resource allocation with system
constrains.

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL.16, NO.10, OCTOBER 2017

3.1 Network Coding Assisted D2D Capacity

We first consider one coding region, which consists of one
relay and two relay assisted D2D pairs as shown in Fig. 2,
and derive its capacity. Assume that d| wishes to send
packet A to d; and d, wishes to send packet B to db. If d;
and dy work under ordinary mode, i.e., there is no relay to
assist them, d} and d}, will transmit A and B via links (d}, d})
and (dj, d}), respectively. Therefore, the achievable capacity
of these two D2D pairs is c¢(d}, d}) + c(db, dy), where c(i, j)
represents the capacity of link (z, 7). With the aid of network
coding, d} multicasts A to dj and r, and d}, multicasts B to d;
and 7. Then r combines A and B, and multicasts A XOR B
to di and dj, who will be able to decode A and B,
respectively.

Since relay r needs to combine the packets from both d!
and db and then multicasts the result, the rate that r sends
AXOR B to di and dj is actually limited by the transmitting
rates of the four links: (d},r), (d,r), (r,d;) and (r,d). First,
the maximum rate that r is able to send A XOR Bis limited by
the lower-rate link of the two, (d}, ) and (d}, r), which has the
rate min{c(d},r),c(ds,7)}. The computing time of r to com-
bine A and B is neglected compared to packets” transmission
time. Then AXOR B is transmitted through one more hop,
link (r,d}) to dj. For the purpose of deriving the achievable
rate, the process of df receiving A XOR B can be modeled as a
two-hop transmission, where r receives A XOR B from a vir-
tual source node and then transmits it to di. The transmitting
rate of the second hop is obviously ¢(r,d}), and the transmit-
ting rate of the first virtual hop is equivalent to the rate of r
receiving A and B, which is min{c(d,r), c(d},r)}. For this
two-hop transmission, therefore, the achievable rate is
equal to min{c(r,d}), min{c(d},r),c(d,,7)}}. In addition to
AXOR B, dj also needs to receive packet B from d, in order to
decode A from AXORB. The rate of df receiving B is
c(dy,dy). Thus, the rate of dj receiving (decoding) A is
min{c(dy, d}), min{c(r,d}), min{c(d},r),c(ds, )} } }. Similarly,
the rate dj receiving (decoding) B can be shown to be
min{c(d, dy), min{c(r,dy), min{c(d}, r), c(ds,r) } } }. The total
achievable capacity of the coding region formed by relay r
and D2D pairs d; and d is therefore given by

cer(r, di, d2)
= min{c(ds, di), min{c(r, d}), min{c(d},r), c(dy, ) } } } (4D
+min{e(dy, dy), min{e(r, dy), min{e(dy, r), e(dy, ) } } ,

which can be simplified to

cer(r,dy, dz) = min{c(dy, dy), c(r, dy), c(dy,r), c(dy,r) } ®)
+min{c(dy, dy), c(r, dy), c(dy, ), e(dy, 7) }-
With the achievable capacity of network coding assisted
D2D communications in (5), we also need the capacity of
each link in order to derive the system capacity as a function
of Xp, Xg and Y. The transmission capacity of a link is

P,
c:log2<1+—RN+1), (6)

where P, is the receiving power at the receiver of the link,
while I and N denote the interference and noise powers,
respectively. We assume Rayleigh fading and adopt the
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Friis transmission equation to calculate the path loss of the
transmitted signal [23]. Therefore, Pr can be written as

A
PR—PT+GT+GR+201g(4 l) )

where Pr is the transmitting power, Gr and Gp are the
antenna gains of the transmitter and receiver, respectively,
while X is the signal wavelength and [ is the link distance.
The transmitting powers of relay, D2D user and cellular
user are labeled as PF, PP and PY, respectively. Similarly,
we have GF, G2, G4, G%, GL and GY for these three kinds
of users, and G5 for the BS. For simplicity, we denote
Pr = Pr + Gp + Gp in the sequel. Under the Rayleigh fad-
ing channel model, although the instantaneous channel taps
are the function of time and spatial locations, the statistical
characteristic of the channels, is constant within the BSs cov-
erage area.

For the purpose of relay selection and resource allocation
as well as deriving the system capacity, we need to know
which nodes form coding regions with a given matrix Y. In
other words, given a relay r;, we want to represent the two
D2D pairs it assisted. We label the D2D pairs assisted by 7;
as «(j) and pB(j). According to the definition of Y,
Ydyjyir; = Ydgiyyr; = 1 while yg, ,, = 0Vi # a(j) , B(j). There-
fore, a(j) and ,3( ) can be obtained by,

{ o(j) = mini | yi,, = 1},
B(j) = max{i|y.,, = 1}.

Representing the index of the relay assisted D2D pairs
with ¥ would make it possible to optimize Y to maximize
sum capacity. In other words, we apply this step to make
the math in the problem formulation and optimization
more clearly.

To obtain the capacity of each link, we need considering
the interference. There are three types of links involving
D2D users in each coding region: the links from D2D trans-
mitters to D2D receivers (links (d}, d3) and (db, d}) in Fig. 2),
the links from D2D transmitters to the relay (links (d!,r)
and (d‘z, 7)), and the links from relay to D2D receivers (links
(r,d}) and (r,d})). Thus, the interference can be categorized
into three kinds: the interference from other D2D users,
interference from relays, and the interference from cellular
users.

For the coding region of relay r;, first consider (. dj ;)
and (dy ), d,

Bi)’ Talh)

®)

) For (d;w di ) the interference from other

D2D transmitters, denoted by I PR 1
(o T
P B DE
m k#a(j)
_ A 9)
i (pT 20 1g(w)),
it T
()
while the interference from relays, denoted by I% (&)
can be expressed as 0
IR = z Unl
(i) =2 2T
(10)

- A
~%HW(PF+20@(——————))
' Al )
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Similarly, the interference from cellular users, denoted by

m

IZ’;t o canbe expressed as,
( a(j)’ ﬂ(j))
A
U
I(dtu(j . Zl‘d u7n<PT+2O lg(m)) (1].)
(um i)

Therefore, we have

(d' dr )
2 A
=logs| 5 : +
ro o rIE +I AN
Gy oy Tap)  ay T
In the same way, the capacity of link (dtﬂ(w dy;)) is
t T
cldy(y) da)
PT+201g(4ﬂ]<d,/.d, )) (13)
— log BG)" o) +
|1 v, I +N
Gyt i) oy ey
Next consider (d, ) and (d 6 74)- For (d, () Ti), the

interferences from ot er D2D users, relays and cellular
users can be expressed respectively as

) =22 iy

m k#i

14)
_ N (
Ldy, um PT + 20 lg s
(i)
) =D D Ty
m k;&] (15)
© L, ﬁ 201 ( ))7
xk“' m( T+ O & 47Tlrkr
= A
u = -
‘Q%OVU>—-EZ:x@mymn(F&—¥201g(4nluArv)). (16)
m ( ms j)
Thus we have
o(dy(j),75)
Py 2m(—__ﬁ
. T + g /hrl( t o ) N . (17)
= log 9 D R ,
I I I N
(’lg(]‘)v"'j) + (dZ(J)‘ j) + df( ) ) +
c(dj;)75)
P zm(—__»
1 T+ g 4111( t L ) . (18)
= log, D R 7
T T T N
(i) * G * (i) *

Finally, consider (r;,d e ]>) and (r;, d, 50) ) For (r;,d, e ) the
three types of interference can be written respectlvely as

r],[lr : § x’ sUm

- A 19)
T (Pr+2018( 1) )
4ﬂl(d2,dr( v))
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]Zii*dg(j)) - Z Z ir"j»“m

m k#j

B A (20)
T (PT +20 1g(7)),
47Tl(7'1wd2(j))
~ A
U _ A
I(Tj‘dg(j)) - zm: xd“(i)‘w” (PT +20 lg( 47Tl(u,,l,dr( )) )) ' (21)
o]
Thus the link capacities can be expressed as
c(rj, dyy)) =
D A
Pr+20 lg(w(rﬁd,,( ) ) (22)
log, — +1
P o +IF .+, +N ’
(o) i) T i)
c(rj, dyy) =
> A
Pr+20 lg( Tl a ) ) (23)
logg ID IR Iulg(]) N + 1
oI AT+
ridygy) — i) i)

From (5), the total capacity of the coding region of relay
r; can be rewritten as

er (1), dutys ) = min{ e(dy . di), el ).
c(dgyy 1) ey TJ)} + mm{c(dio)v dg5);

C('f']‘, djS(J))a C(d;(})7 711)7 C(d2(1>7 71/) }a

(24)

in which all the link capacities can be calculated according to
(12), (13), (17), (18), (22), and (23). It is possible that not all the
relays form coding regions with D2D pairs and assist their
transmissions. For any relay r;, >, y4,», = 2 if r; assists the
transmissions of two D2D pairs, otherwise ), yq, s =0.
Therefore, the sum capacity of all the relay assisted D2D pairs
in the whole network, labeled as cz 4, can be expressed as

CRA = %Z D Yo, Cer (77, iy dy))- (25)
J 2

In our system, the uplink transmission of D2D users are
not included for simplicity. However, adding it does not
change the nature of the problem and can be fully sup-
ported by the above formulation by simply adding the links
from D2D users to the BS. Thus, it is also fully supported by
our proposed scheme.

3.2 Network Coding Gain

To compare the achievable capacities of D2D communica-
tions with and without relay assisted network coding, we
define the network coding gain G'n¢ as the increased sum
capacity by applying relay aided network coding dividing
by the sum capacity achieved without applying network
coding. For the scenario in Fig. 2, G ¢ can be expressed as

cer(rydy, dy) — e(dl, dy) — c(db, db)
c(dy, dy) + c(d, dy) '

With the above definition, Gyc = 0 means that the capac-
ities with and without network coding are the same,

Gne = (26)
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Fig. 3. Network coding gain G y¢ with relay deployed in different locations.

while Gyc =1 means that network coding doubles the
capacity.

To investigate the benefits of network coding, we evalu-
ate this metric in the typical scenario of Fig. 2. The coordi-
nates of the four D2D users in the network are as follows:

di (0,20), d; (30,0), db (30,20), d (0,0). (27

We deploy relay r in different positions. Specifically, r’s
z-coordinate varies from 1 to 29, while »’s y-coordinate varies
from 1 to 19. The setup of the simulation is explained in Sec-
tion 7, and the simulation parameters can be found in Table 1.
The achieved network coding gains G y¢ for these 29 x 19
network topologies are calculated and plotted in Fig. 3. As
expected, the gain is highly related to the position of relay.
Specifically, the capacity of relay assisted network coding
increases as relay moves to the center, where the maximum
system capacity is more than doubling that of simply trans-
mitting via direct links between D2D users. Gn¢ drops to
around 0.1 when relay is located near the four D2D users,
which corresponds to the four corners in the figure.

Based on the above results we can derive the conclusion
that relay assisted network coding is capable of enhancing
the system performance significantly. However, such bene-
fits highly depend on the network topology. In particular,
the capacity gain of applying network coding relies on
selecting proper relays to assist the D2D pairs.

3.3 Overall System Capacity

To obtain the network sum capacity as a function of Xp, Xz
and Y, we also need the sum capacities of ordinary D2D
pairs and cellular users. For an ordinary D2D pair d; trans-
mitting via link (d},d), the interference from other D2D
transmitters, relays and cellular users can be expressed
respectively as

D _
I(dé,d;‘) - Z Z Idi-“m

m ki

. A (28)
’ wdk«'“/m (PT + 20 lg(i))7
' Arclgt ar
Ty = 22> i
m k
(29)

~ A
ity (Pr+201 ( 7))
Z ksUm ( T + g 47Tl(7kd:”)
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M, o (Pr+20lg(=>—)). @30
() ;xdwrm T+ 201g Il ) (30
Thus the link capacity is
Pr+20g( 52— )
o(d,d’) = log CEESY RE VD)
(R} D Uu ]
LG any P G ary VN

For ordinary D2D pair d;, }_;ya,,; = 0. For relay assisted
D2D pair dy, »; ya,r; = 1. Therefore, the sum capacity of all
ordinary D2D pairs in the system can be expressed as,

o= Z((l —zyd,,,.j)cw;,d:)).

Since different cellular users occupy different resource
blocks, there is no interference among cellular users. For
link (u, BS), however, the interferences from D2D users and
relays can be expressed, respectively, as

(32)

A
Iu :Z:d 1L771(PT+20 lg(7)>7 (33)
55) Z 4m l(d;,BS)

A
Iub’S Zfr,u,n(PT+20 lg(%))- (34)
The capacity of link (u, BS) is therefore given by
Pr+201g( 5= )
c(u, BS) = log, +11, (35)

I&BS) + I(u,BS) +N

and the sum capacity of all cellular users can be expressed as

u= Z c(u, BS).

u

(36)

The sum capacity Cg,, of the network, involving all relay
assisted D2D users, ordinary D2D users and cellular users,
can therefore be obtained as

Csum(XD; X’R,7 Y) =CrA tcp +cy- (37)
3.4 Relay Selection & Resource Allocation Problem
The joint optimization problem of relay selection and
resource allocation can be formulated as the one that maxi-
mizes the sum capacity ¢, (Xp, X%,Y) with the decision
variables Y and Xp, Xg, subject to certain system
constrains.

A D2D pair can only be assisted by one relay or transmit
through direct link as an ordinary D2D pair, while a relay
either assists two D2D pairs to form a coding region or does
not take part in any D2D pair’s transmissions. Therefore,
the constrains for relay selection are specified by

yd/‘,v"j € {07 1} Vivjv (38)
> yaa, <1V, (39)
> i, €{0,2} Vi. (40)

J
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For resource allocation, each D2D pair or relay is only
allowed to share the spectrum of a single cellular user. In
addition, the relay is not allowed to share the same spec-
trum resource with the D2D pairs it assisted due to half
duplex assumption. In the senario of Fig. 2, for example, r
will not be able to transmit to dj and d} as well as to receive
from d! and d}, at the same time if it occupies the same spec-
trum resource as d or dj. The two relay assisted D2D pairs
in a coding region are allowed to share the same spectrum
resource. The constrains for resource allocation are thus
given by

Ly, € {0,1} Vi, k, (41)
Irj,uk € {0’ 1} VJ, ka (42)
> w4 =1 Vk, (43)
Zmrjxu,k =1 Vk, (44)

J
mdjllerj‘ukydi,rj = 0 Vi7j7 k (45)

Therefore, the optimal relay selection and resource allo-
cation is formulated as the following optimization problem:

max Csum(XD: XR7 Y)7

(46)
s.t. constraints (38) to (45

) hold.

The above problem is NP-hard. Specifically, it is a nonlin-
ear 0-1 programming problem [24]. The optimization objec-
tive (37) also has no obvious convex or concave properties
with the decision variables Y, Xp and Xz, and we cannot
derive the optimal solution by gradient descent. Solving
such a nonlinear and non-convex problem with numerical
approximation algorithms or exhaustive search has
extremely high computation complexity and may therefore
be infeasible for practical cellular systems. Moreover, we
hope to achieve de-centralized control in our system while
still maintaining high performances. This motives us to
introduce a two-level de-centralized optimization approach
from the view point of game theory, termed NC-D2D,
which employs coalition formation game and greedy algo-
rithm to solve the problem efficiently.

In our system we assume that the transmitting power of
all the nodes are constant. In fact, power control has the
potential to improve the system performance of D2D net-
work as well, and is able to be interrogated in the scheme
we proposed. Specifically, power control will determine the
achievable transmission rate of each link. Currently, we are
optimizing the system from two aspects, relay selection and
resource allocation. By calculating the link transmission rate
under different power controls and formulating power con-
trol into the system model, it can be optimized together
with relay selection and resource allocation. However,
power control is beyond the scope of this paper and we
only investigate the optimization of relay selection and
resource allocation due to limited space.

4 NC-D2D OVERVIEW

Since relay selection and resource allocation are closely cou-
pled, the optimal solutions for the two problems must be
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Fig. 4. lllustration of two-level optimization approach of NC-D2D.

solved jointly, as in the joint optimization (46). This is
because changing the solution of relay selection or resource
allocation also changes the solution of the other problem.
For example, if two ordinary D2D pairs switch to relay
assisted mode and form a coding region with a relay, that
is, the solution of relay selection changes. In this case, even
though the users and relays remain at the same locations,
the interference from other users and relays actually
changes. Therefore, once the solution for relay selection Y’
changes, the solution for resource allocation, Xp and X%,
need to be altered accordingly. Resource allocation impacts
relay selection in a similar way.

In order to solve the relay selection and resource alloca-
tion problems jointly while maintaining low computation
complexity, our NC-D2D utilizes a de-centralized two-level
optimization approach, where relay selection and resource
allocation take place alternately. It should be noted that relay
selection game is performed based on the link capacities,
which requires the spectrum resources allocated to nodes.
Similarly, the interference in resource allocation game is
determined by the results of relay selections. In other words,
these two games each requires the results of the other game
as an input. Therefore, we perform these two games alterna-
tively. Fig. 4 shows the operations of NC-D2D. Solving the
relay selection problem to obtain Y requires the solutions of
resource allocation Xp and Xg as inputs, because the link
capacities cannot be calculated without allocating spectrum
resources to users and relays. Similarly, optimizing Xp and
Xg also requires Y as an input. The operations of NC-D2D
can be summarized as follows:

a) Resource allocation matrices Xp and Xz are ran-
domly generated under the constrains (41) to (44) to
serve as the initial input values for relay selection.

b) Given Xp and X%, the relay selection is solved by a
coalition formation game, where each coding region
consisting a relay and two related D2D pairs is a coa-
lition, while all the ordinary D2D pairs form a coali-
tion. D2D pairs swap coalition according a pre-
defined preference metric. The coalition formation
game continues until the coalition partition reaches
Nash-stable state, and it outputs the relay selection
matrix Y.

c¢) Given Y, the resource allocation is solved with a
greedy algorithm based game. All the D2D users
and relays take turn to choose a cellular user to share
its uplink spectrum resource that achieves highest
transmitting capacity, until the process converges to
Nash-stable state, with the outputs Xp and Xz.
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d) NC-D2D checks if the relay selection’s coalition par-
tition is also Nash-stableat this point. If it is, NC-D2D
outputs the current Y, Xp and X3 as the joint solu-
tion, since the whole system has reached stable state.
Otherwise, if the relay selection is no longer stable
due to resource allocation, NC-D2D repeats steps (b),
(c) and (d), until both the relay selection and resource
allocation converge to Nash-stable state.

Each time NC-D2D execute steps (b) and (c) is called one
round. Our NC-D2D achieves de-centralized control, where
each D2D pair and relay only requires local information of
the network. This reduces the overhead significantly com-
pared to centralized control, where all the nodes need to be
updated with the information and topology of the whole
network. These two games and their definitions of Nash-sta-
bility will be introduced in detail in Sections 5 and 6,
respectively.

5 RELAY SELECTION COALITION FORMATION
GAME

In a coalition game, the players form coalitions to improve
the system utility. Since there are two kinds of D2D pairs in
our system, relay assisted D2D pairs and ordinary D2D
pairs, we consider two kinds of coalitions in the coalition
formation game. The first kind of coalition is formed by
relay and corresponding relay assisted D2D pairs. Let
represent the coalition of the coding region where r; is in,
which also consists of D2D pairs dy(;, and dpg;. The number
of first-kind coalitions equals to the number of relays in the
network, which is fixed. The second kind of coalition is
denoted by Fp, which consists of all the ordinary D2D pairs
in the network.

In this coalition formation game, the players, namely,
D2D pairs, swap coalitions in order to optimize the overall
system performance. The decision of whether to swap coali-
tion or not should be made according to a pre-defined pref-
erence order that applies to all the players. For the sake of
achieving high sum capacity, the metric that defines the
preference order in our coalition formation game should be
related to the system sum capacity, while each node should
be able to obtain it by relying only on local network
information.

Two D2D pairs in different coalitions may swap coali-
tions if the system metric ¢y, (Xp, Xg,Y') can be improved.
Since there are two kinds of D2D pairs as well as two kinds
of coalitions in the system, there are two kinds of coalition
swapping among D2D pairs: swapping among ordinary
D2D pairs and relay assisted D2D pairs, as well as swap-
ping among relay assisted D2D pairs.

5.1 Swapping among Ordinary D2D Pairs and Relay
Assisted D2D Pairs

Given an initialized coalition partition, for D2D pair d; in Frj
and dj, in Fp, if the system sum capacity can be increased
after d; and d;, swap their coalitions, then d; should leave
the coding region of r; to switch to ordinary D2D mode
while dj, should switch to relay assisted mode and form cod-
ing region with 7;. The system sum capacity defines the
preference orders of the players in terms of swapping coali-
tion. It should be noted that we do not need to compute the
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system sum capacity when trying to determining the prefer-
ence order. For fixed resource allocation matrices Xp and
X=g, such a coalition swapping does not change the trans-
mission capacities of other links and coding regions except
the capacities of F,.J. and d;,, due to the fact that the interfer-
ences to the rest of the links remains the same. Therefore, d;
and dj, should swap coalition if

CCR(ij dk,7 dm) + C(dt d’) Z CCR(TJ'7 div dm) + C(d?w dl:)

177

(47
and Tdy ulr; wYdyr; = 07 vuv

where d,, is the other D2D pair assisted by ;. Since the sys-
tem constraints must be maintained, the swapping of coali-
tions cannot take place if any of the constraints is violated.
It can be seen that this swapping process is completely
decentralized and only local network information is
required by the users. Specifically, d; only needs to know
the capacities of its relay assisted coding region and its
direct link, while dj, only need to know the capacities of its
direct link and the potential coding region involving relay
rjand D2D pair d,,,.

In the case that the condition (47) is not satisfied, which
means that the two D2D pairs prefer to stay in their current
coalitions, a chance for swapping should also be considered.
For this chance, we design an acceptance probability for d;
and dj, to swap coalitions, which is specified as

brpr,, (In) =
C,CR('r'j,dk,[l,,,,)-%—c(dg,d{)—(tCR(rj,[li.d,,,,)—c(di,d%)
P Tn ’ (48)
if Ldy,ulrjulYdy,r; = 0, Vu,

0, otherwise,

where Ty = Ty /log (N — 1) with Tj a constant and N the
current iteration index. The reason for allowing users to
swap coalitions by chance is that the coalition formation
based on maximizing the sum capacity is guaranteed to
converge to a local optimal solution, which may deviate
from the global optimal solution, since the optimization
problem is non-convex. This swapping coalitions by
chance provides a mechanism for the system to escape
from local optimal solutions. The acceptance probability
gradually approaches to zero as the number of iterations
increases, which ensures that the system is able to form
stable coalitions.

5.2 Swapping among Relay Assisted D2D Pairs
For relay assisted D2D pairs d; in coalition F r; and dyin F,,,
where j # [, they swap their coalitions and form coding
regions with the other relays d,, and d,, if doing so increases
the system sum capacity, where d,, and d,, are the other two
D2D pairs in coalitions 7, and F,,, respectively. More spe-
cifically, d; and dj, will leave their current coalitions and join
F, and F v respectively, if
CCR(Tj7 dka dm) + CCR(TZ: dia dn) 2 CCR(rja dia dm)
+ cer(ri, i, dy), and g, ur; wYar; = 0, Vu, (49)
and xq, T uYd;ry = 0, V.
Similarly, a chance for d; and d), to swap coalitions should
be considered even if the new coalitions are not preferred in
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terms of the system metric. The acceptance probability is
given by

b7, (In) =

- ccr (15,dgdm) +cer (r1,di dn) —cer (r5.di dm) —cer (11, di-dn)
Xp Tn ©(50)

lf xdk,'tL-’Erjuydk,rj - O,VU,

0, otherwise,

with Ty = T /log (N — 1). Again only local network infor-
mation is used to decide whether to swap coalitions or not.

5.3 Switching from Network Coding to Ordinary
D2D Transmissions

It should be noted that network coding might not be the bet-
ter option over ordinary D2D transmissions for all D2D pairs
at all time. In some particular cases, the capacity gain of net-
work coding might be negative for some D2D pairs, which
means they should switch to ordinary D2D mode. To avoid
negative network coding gain, all relay assisted D2D pairs
compare the capacity achieved by network coding with the
capacity by ordinary D2D transmission at the end of the relay
selection coalition formation game. If the latter one is higher
for any coalition, then the two D2D pairs should switch back
to ordinary D2D mode and the corresponding relay switch
to idle mode. For example, for d,; and dpg; assisted by r;,
if (J(d‘tx(/), d:)[(])) + C(dfﬂ(/>, d:f?(j)) > CCR(7J, da<])7 dﬂ(j))’ then d()((])
and dyg;) switch back to ordinary D2D mode.

5.4 Nash-Stability of Coalition Formation Game

in Relay Selection
The iterative procedure of coalition swapping ends when
the coalition partition converges to a Nash-stable state. The
definition of Nash-stability for relay selection is as follows.

Definition 1. The coalition partition for relay selection is Nash-
stable if the sum capacity decreases after d; and d; swap their
coalitions for any two D2D pairs d; and d; in the system [25].

Since our optimization problem is non-convex, Nash-sta-
ble partition only guarantees a local optimal solution. The
complete algorithm of coalition formation game for relay
selection is summarized in Algorithm 1.

5.5 Stability Analysis

According to the concept from the hedonic games [26], the
stability of the final partition depends on weather a Nash-
stable solution exists for the coalition game. Let us denote
the final partition obtained by the coalition game as F j,.
The stability of our proposed game is guaranteed by
Theorem 1.

Theorem 1. Starting from any initial coalition partition, our
coalition formation algorithm always converges to Nash-stable
partition F g, with probability 1.

Proof. The maximum number of partitions in the game is
R+ 1, where R is the number of relays in the network.
Therefore, the number of partitions for the D2D pairs set
D is the Bell number in the coalition formation game [27].
Thus, the swapping operations of the D2D pairs will
terminate in a finite time with probability 1, where the
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system converges to the final stable partition F;,. Sup-
pose that the final partition F;, is not Nash-stable. Then
the system capacity will increases if certain D2D pair d; in
coalition F, and d; in F; swap coalitions, according to the
definition of Nash-stable. In this case, our algorithm will
be able to perform a swap operation for these two D2D
pairs with probability 1, which contradicts to the fact that
Fjin is the final partition. This proves that the final
coalition partition F s, obtained by Algorithm 5.4 is Nash-
stable. 0

Algorithm 1. Coalition Formation Algorithm for Relay
Selection

1 Initialize the system by a random partition, N = 0;

2 while Partition does not converge to Nash-stable state do

3 Set N=N+1,Ty =Ty/log (N —1);

4 Uniformly randomly select d; from all relay assisted
D2D pairs, and denote its coalition as F vy Uniformly
randomly select dj, from Fp;

5 if Tdyulrjuldyr; = 0, Vu then
6 if cop (1, dyy din) + c(dly dY) > cor(rjy diy d) + c(dL, d)
then
7 dj. and d; swap coalitions;
8 Update the current partition as follows
]:7‘]' \ {dl} U {dk} - ]:7‘];
9 fp\{dk}U{dl}H]:D,
10 else
11 Draw a random number ¢ uniformly distributed
in (0,1];
12 if o < brp.F, (Tn) then
13 d;, and d; switch coalitions;
14 Update the current partition as follows
‘7:"_/‘ \ {dl} U {dk} - ‘7:"_/';
15 fp\{dk}U{d,}H]:D,
16 Uniformly randomly select d; and d. from all relay

assisted D2D pairs, and denote their coalitions as F r;
and F,,, respectively, where j # [;

17 if Ty ulr;uldyr; =0 & TjiuTryuld;r = 0, Vu then
18 if CCR(T'J', dy, dm) + CCR(TI, d;, d,,,) >
CCR(T]', d;, dm) + CCR(TI, dy;, dn) then

19 di, and d; swap coalitions;

20 Update the current partition as follows
-7:7“] \ {dz} ) {dk} - ]:rj/'

21 Fo\{d} u{di} = F.;

22 else

23 Draw a random number p uniformly distributed
in (0,1];

24 ifo < ¢r, Fr, (Tw) then

25 dj. and d; swap coalitions;

26 Update the current partition as follows

27 Fri\ {d;} u{d;} — Fris

-7:7“] \ {dk} U {dz} - -7:71.;
28 Obtain the output Y according to F, and Fp.

6 RESOURCE ALLOCATION GAME

Given a relay selection coalition partition Y, we use a
greedy algorithm based game to solve the resource alloca-
tion problem. Similar to relay selection, our resource alloca-
tion game has a very low computational complexity and it
is capable of converging to a stable local optimal solution.
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6.1 Greedy Algorithm Based Resource Allocation
Game

In the resource allocation game, all the relays and D2D pairs
select which spectrum resource to utilize in sequence. To
ensure fairness in resource allocation, the sequence is ran-
dom. Each time a relay or a D2D pair is randomly selected
from all the relays and D2D pairs to choose a cellular user
to share its spectrum. The selected relay or D2D pair selects
the spectrum resource that achieves the highest capacity con-
tribution. If the resource allocation does not converge to
Nash-stable state after all the D2D pairs and relays have been
allocated with the spectrum resource, a new sequence is
generated, according to which each node select the spec-
trum resource that achieves the highest capacity contribution
again. The nodes may select different resources due to the
fact that other nodes may occupy different spectrum resour-
ces and the interference is different, which leads to varia-
tions in link capacities. This process is repeated until the
resource allocation is Nash-stable.

The capacity contribution of a node is the contribution of
this node to the sum capacity of the network. In selecting
spectrum resource, each D2D pair or relay computes its capac-
ity contribution by only utilizing local network information.

Definition 2. For an ordinary D2D pair d;, its capacity contri-
bution is the capacity of its direct link c(d.,d}). For a relay
assisted D2D pair d; in the coding region of relay r with the
other D2D pair d;, the capacity contribution of d; is
min{c(d}, d;), c(d;,r)}. For relay r, its capacity contribution
is min{c(r, d}), c(r, d;)}

Definition 3. The resource allocation Xp and Xg is Nash-sta-
ble if the capacity contribution of any node d or r decreases
after it changes to share a different cellular user’s spectrum
resource.

The complete algorithm of our resource allocation game
is summarized in Algorithm 2.

Algorithm 2. Resource Allocation Game

1 Initialize sets ¥ = RUD, T = (;
2 while Resource allocation does not converge to Nash-stable state
do
Set N =N +1;
if ¥ = () then
Set¥ =RUD, T =0;
Uniformly randomly select a node i from V;
Select the spectrum resource that achieves the highest
capacity contribution for i while satisfying constraint (45);
8 Denote the cellular user to whom the selected spectrum
resource belongs to as u;
9 Update ¥ =W\ {i}, T =T U {i};
10 Update resource allocation matrices Xp and Xz
accordingly;
11 Output Xp and Xz.

N OO s W

6.2 Stability Analysis
Similar to the relay selection game, the stability of the resource
allocation game as given in Algorithm 6.1 is guaranteed.

Theorem 2. The proposed resource allocation game converges to
Nash-stable state with probability 1.
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TABLE 1
Simulation Parameters

Parameter Symbol Value
Uplink Bandwidth w 15 kHz
Gaussian noise power N —132dBm
D2D, relay transmission power PP, P} 0dBm
Cellular transmission power P4 23 dBm
User transmitter antenna gain GP,GF, G4 0 dBi
User receiver antenna gain G%, GR, GY% 0 dBi
BS receiver antenna gain GBS 14 dBi

Proof. Although the resource allocation game is not a coali-
tion game, the basic idea of proving its convergences is
similar to that for the relay selection game. For each D2D
pair or relay, the maximum number of choices for spec-
trum resource is C, which is the number of cellular users.
Therefore, the solution space of resource allocation is
finite. This guarantees that the convergence probability is
1. Suppose that the final solution of the resource alloca-
tion is not Nash-stable. Then there exists some D2D pair d;
or relay 7; that is able to increase the system capacity by
changing to share another cellular user u;’s spectrum
resource. Based on our algorithm, the probability of d; or
relay r; to select u;’s spectrum resource is 1, which contra-
dicts to the fact that the current solution is the final stable
solution. This proves the Nash-stability of Algorithm 6.1. O

7 PERFORMANCE EVALUATION

In this section, we evaluate the performance of our NC-D2D
to demonstrate that it is capable of achieving high system
sum capacity and outperforming other existing state-of-the-
art schemes. We start by introducing our simulation setup.
Then the performance of our relay selection coalition forma-
tion game and resource allocation game as well as the over-
all performance of NC-D2D are investigated, respectively.

7.1 Simulation Setup

In our simulations, the relays, D2D pairs and cellular users
are deployed in a cell, covering a circle area with a radius of
500 m, and the BS is located in the cell center. As mentioned
in Section 3, we assume Rayleigh fading, and adopt Friis
transmission equation to calculate the path loss of the trans-
mitted signal [23]. We set the uplink bandwidth of each cel-
lular user to be 15 kHz. We assume Gaussian noise with the
power of 132 dBm for all channels. The transmission power
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Fig. 5. Comparison of sum capacities in relay selection coalition game
under network setups 1to 5.
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Fig. 6. Comparison of sum-capacity CDFs in relay selection coalition
game under network setups 1 to 4.

is assumed to be 0 dBm for all relays and D2D users, and
23 dBm for all cellular users. The antenna gains of all relays,
D2D users and cellular users are set to be identical to 0 dB;i,
while the BS’s antenna gain is set to be 14 dBi [6]. The
parameters of the simulated system are also listed in Table 1.
The D2D pairs and cellular users are uniformly randomly
distributed in the cell. We simply assume that when two
users are within the proximity of (10, 100) m, they are able
to form a D2D pair. The relays are uniformly randomly
deployed on a circle with radius 250 m, centered at the BS.

We evaluate our scheme in five different network setups.
The numbers of D2D pairs and cellular users in network set-
ups 1 to 4 are identical, which are 12 and 5, respectively. The
numbers of relays in network setups 1 to 4 are set to 3,4, 5 and
6, respectively. The locations of D2D pairs and cellular users
in setups 1 to 4 are identical. That is, we only change the num-
bers of relays and relays’ locations in network setups 1 to 4.
The network topology of setup 5 is different from setups 1 to
4, with six relays, 18 D2D pairs, and eight cellular users.

Since neither the relay selection problem nor the resource
allocation problem is convex, NC-D2D only guarantees sta-
ble local optimal solutions, which is partially determined by
the initial value. Hence we simulate 100 times for each
topology and scenario, and evaluate the mean value and the
cumulative distribution function (CDF).

7.2 Relay Selection Coalition Formation Game
Performance Evaluation

The mean values and variances of the system sum capacities

under network setups 1 to 5 are plotted in Fig. 5, while the

CDFs of sum capacity under network setups 1 to 4 are plotted

in Fig. 6, and the CDFs of sum capacity under network setup 5

are depicted in Fig. 7. In these figures, ‘Capacity Wo NC’
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Fig. 7. Comparison of sum-capacity CDFs in relay selection coalition
game under network setup 5.
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TABLE 2
Number of Iterations Required by the Relay
Selection Coalition Game in Network Setups 1to 5

Network Setup Setup1 Setup2 Setup3 Setup4 Setup5

Average 715 75.3 104.0 1774  226.6
Maximum 383 312 415 780 933
Minimum 70 67 87 144 209

indicates the system sum capacity achieved by standard D2D
communications without the assistant of either relay nodes or
network coding, and ‘Final Capacity” or ‘FC’ indicates the sys-
tem sum capacity obtained after the relay selection coalition
game converges to Nash-stable state. The ‘Capacity Wo NC’
acts as a reference to indicate the performance gain achievable
by relay selection and network coding. In Algorithm 5.4, the
coalition game needs an initial coalition partition, which is
randomly generated. The system sum capacity of this ran-
domly generated initial coalition partition is denoted by
‘Initial Capacity” or ‘IC’ in these figures. ‘Optimal Solution” in
Fig. 5 is the true optimal solution of the relay selection prob-
lem, obtained by exhaustive search. Also, labels ‘S1’ to ‘54" in
Fig. 6 represent network setups 1 to 4.

From the results, we observe that the relay selection game
increases the sum capacity significantly, compared to the
‘Initial Capacity” and the ‘Capacity Wo NC’, which indicates
that the relay selection game helps the system evolving to
the local optimal state that achieves higher system capacity.
The average capacities after the relay selection game under
five network setups outperform those of the ‘Capacity Wo
NC’ by 44.83, 52.33, 64.82, 74.28, and 70.52 percent, respec-
tively. The results also show that the relay selection game is
able to achieve near-optimal performance. The optimal solu-
tions only outperform our proposed game by 0.23, 5.99, 7.80,
5.55, and 5.47 percent, respectively, under five network set-
ups. As expected, the achievable capacity increases with the
number of relays, since more relays in the network means
that more D2D pairs are able to utilize relay assisted network
coding to assist their transmissions. Although our relay
selection game only guarantees stable local optimal solu-
tions, we find that it achieves the global optimal solutions in
62,71, 61,42 and 41 percent of all the 100 simulations under
network setups 1 to 5, respectively. The high probability of
obtaining the global optimal solution further indicates the
effectiveness of our proposed scheme.

We also investigate the number of iterations required by
the relay selection game to converge to stable solutions in
these five setups, and Table 2 shows the average values as
well as the maximum and minimum values over all the simu-
lations. As expected, the average number of iterations
increases with the scale of the network. Most striking observa-
tion is that the average numbers of iterations are very close to
the minimum values under all the five setups. This indicates
that only in very few simulations it costs high number of itera-
tions for the relay selection game to converge, while most of
the time the game is able obtain stable solutions very quickly.

7.3 Resource Allocation Game Performance
Evaluation

We next evaluate the performance of the resource allocation

game in these five setups. The mean values of the system
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Fig. 8. Comparison of sum capacities in resource allocation game under
network setups 1 to 5.

sum capacities under different network setups are plotted
in Fig. 8. Since we focus on the performance of resource allo-
cation in this part, we omit the capacity achieved without
network coding. It can be seen that our resource allocation
game outperforms considerably the random allocation,
where each D2D pair and relay uniformly and randomly
select one cellular user to share its uplink resource. Specifi-
cally, the sum capacities achieved by the resource allocation
game are 74.79, 73.25, 71.68, 75.45 and 75.32 percent higher
than those of the random allocation under network setups 1
to 5, respectively. Also our resource allocation game attains
near-optimal solution, as can be seen from Fig. 8. In particu-
lar, the optimal solutions obtained by exhaustive search in
these five setups only outperform the sum capacities
achieved by our resource allocation game by 1.94, 2.21, 4.55,
4.29 and 8.22 percent, respectively. As expected, the sum
capacity achieved by the resource allocation game increases
with the network scale.

Table 3 depicts the average number as well as the maxi-
mum and minimum numbers of iterations for the resource
allocation game to converge. As expected, the number of iter-
ations required increases with the network scale but the max-
imum numbers of iterations required in all the setups are all
fewer then 200. Observe that the average number of itera-
tions is only around 50 for the largest network setup 5. More-
over, the average numbers of iterations are very close to the
minimum values under all the five setups. Thus, the resource
allocation game converges fast, and it is able to achieve near-
optimal solution with very low computation cost.

7.4 NC-D2D Performance Evaluation

We now ready to evaluate the performance of the NC-D2D
scheme. Fig. 9 plots the CDF of the sum capacity achieved
by the NC-D2D under network setup 2, in comparison with
those of the relay selection game alone and the resource
allocation game alone as well as the sum-capacity CDF
obtained without enabling relay assisted network coding,
i.e., ‘Capcity Wo NC’. Other network setups are omitted

TABLE 3
Number of Iterations Required by the Resource
Allocation Game in Network Setups 1to0 5

Network Setup Setup1 Setup2 Setup3 Setup4 Setup5

Average 29.3 31.2 32.8 48.0 52.2
Maximum 92 114 123 169 175
Minimum 26 26 24 30 28
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Fig. 9. Sum-capacity CDFs under network setup 2.

since the results are similar to those of Fig. 9. From Fig. 9, it
can clearly be seen that both the relay selection game alone
and the resource allocation game alone outperform the
‘Capcity Wo NC’, which is just the confirmation of the pre-
vious evaluation results. As pointed out previously, the sol-
utions of the relay selection game and the resource
allocation game are inter-dependent of each other. By iterat-
ing the two games for multiple times until both the relay
selection and resource allocation converge to Nash stable sol-
utions in a two-level optimization, the proposed NC-D2D
significantly outperforms the results of applying these two
games separately. For example, from the CDFs of Fig. 9, we
observe that the NC-D2D outperforms the relay selection
alone by 135 percent in 88 percent of the simulations.

To quantify the benefits of this two level-optimization,
we define the capacity gain of the NC-D2D in round 7 as

Capacity gain of round i

~ Capacity of round i — Capacity of round i —1  (51)

I

Capacity of round i — 1

where the Capacity of round 0 is the system sum capacity
with a random selection of relays and the associated allo-
cated resources. Obviously, for different network setups
and different initial values for the two games, the NC-D2D
may take different numbers of rounds to obtain the final sta-
ble solution. In all our simulations, the NC-D2D obtains the
final stable solutions with no more than three rounds.
Fig. 10 depicts the average capacity gain of the NC-D2 in
each round. As a common feature of iterative procedure,
the capacity increases more slowly as the system converges
to the final stable state. Even so, round three increases the
sum capacity by an average of 40 percent over the sum
capacity attained in round 2.
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Fig. 10. Average capacity gain of NC-D2D in each round.
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Fig. 11. Sum capacity in network setup 1 to 5.

Next we plot the average sum capacities and the varian-
ces of the NC-D2D in Fig. 11 for network setups 1 to 5, in
comparison with the average sum capacities of only apply-
ing relay selection, only applying resource allocation, ran-
domly selecting relays and allocating resources, the optimal
solution, and the capacity without network coding. As
expected the NC-D2D outperforms both the relay selection
game alone and the resource allocation game alone signifi-
cantly on all the five setups. Moreover, the performance of
the NC-D2D is very closed to those of the optimal solution.
Specifically, the optimal solution only outperforms the NC-
D2D by 2.4, 9.6, 10.2, 6.2, and 5.3 percent, respectively, for
network setups 1 to 5. Compared with the capacity without
network coding, NC-D2D achieves the capacity gain of 270,
351, 457, 456, and 374 percent.

In the simulation, the optimal solution is obtained by
solving the optimization problem (46) based on exhaus-
tive search with pruning. Our simulations were run on
Matlab, in a laptop with Mac OS X Yosemite, 2.3 GHz
Intel Core i7 processor and 16 GB 1600 MHz DDR3 RAM.
Table 4 lists the average times consumed by the NC-D2D
and the optimal solution in network setups 1 to 5.
Although the sum capacity achieved by the NC-D2D is
slightly lower than the optimal solution, the computing
time required by the optimal solution is 1,000 folds higher
that required by the NC-D2D. We also observe that the
running time of the NC-D2D scales up linearly with the
number of nodes in the network, while the running time
of the optimal solution increases exponentially with the
network scale. A key reason for the NC-D2D’s high effi-
ciency is that it obtains the final solution with only a few
rounds. In all our simulations, the NC-D2D converges
with no more than three rounds. The percentages of num-
bers of rounds for the NC-D2D to converge in setups 1 to
5 are plotted in Fig. 12. We can see that about 80 percent
of the simulations in network setups 1 to 4, the NC-D2D
converges in two rounds, while in setup 5, it converges in
two rounds for around 57 percent of the simulations.

TABLE 4
Average Running Times by the NC-D2D
and the Optimal Solution

Algorithm Setup1 Setup2 Setup3 Setup4  Setup5
NC-D2D 28s 3.1s 39s 45s 73s
Optimal 368.6s 416.0s 6773s 9435s 2,757.1s
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Fig. 12. Percentages of numbers of rounds for the NC-D2D to converge
in network setups 1 to 5.

8 CONCLUSION

In this paper, we have introduced network coding to
enhance the performance of D2D communications under-
lying cellular networks, where one relay aids two D2D
pairs’ transmissions by performing inter-session network
coding. Specifically, we have first formulated the joint
problem of relay selection and resource allocation under
realistic system constraints for the network coding
assisted D2D communications underlying cellular net-
work. Since this optimization is NP-hard, we have pro-
posed a highly efficient near-optimal scheme to solve this
joint optimization, referred to as the NC-D2D, which is a
two-level de-centralized optimization scheme that solves
the relay selection game and the resource allocation game
alternatively. In particular, the relay selection problem is
solved with a coalition formation game, where D2D pairs
and relays form and swap coalitions for the purpose of
enhancing system capacity. The resource allocation game
is based on a greedy algorithm to allocate the spectral
resource of cellular users to the D2D pairs and relays
appropriately. Our extensive simulations have verified
that the proposed NC-D2D scheme attains a near-optimal
system sum capacity, while only imposing a fraction of
the computational complexity required by the optimal
solution. The results thus have demonstrated that the
NC-D2D can easily be implemented in practical cellular
systems. A future study is to extend the NC-D2D to
dynamic networks, where the mobility patterns of users
may be utilized. Future work may include optimizing
power control and the formation of coding region to fur-
ther improve the system utility.
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