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Abstract—Device-to-device (D2D) communication, which enables di-
rect transmissions between mobile devices to improve spectrum ef-
ficiency, is one of the preferable candidate technologies for the next
generation cellular network. Network coding one 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, which solves the relay
selection and resource allocation problems alternatively to obtain stable
solutions for these two problems. Specifically, a coalition formation game
and a greedy algorithm based game are utilized to solve these two
problems, 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

Demand for mobile Internet access is growing at a tremew-
dous rate. To satisfy this explosive traffic demand, devick®
to-device (D2D) communication has been proposed for Lo
Term Evaluation-Advanced [1]. In D2D communications, us
equipments (UEs) in close proximity set up direct links fo

data transmissions, using licensed cellular spectrunuress,

instead of through base stations (BSs). The benefits of s
proximity communication is manifold [2]. It has the poteaiti
to provide extremely high bit rate as well as low end-to-eed d
lay and power consumption due to short-range transmissions
Since the cellular resources can be simultaneously shad
utilized by D2D UEs, the spectrum efficiency and reuse g
are improved. In addition, D2D communications enable n&bi
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traffic offloading by user cooperations for content downlogd
and sharing, which also benefits cellular (non-D2D) users.
Therefore, D2D communication is expected to be a key feature
supported by the next-generation cellular network [3].
Although D2D communication enhances the system per-
formance in many aspects, it also causes severe interigrenc
which may degrade the transmission rates of both celluldr an
D2D users. To solve this problem, current works focus on
resource allocation [1], [4]-[6] and power control [7], [&u
et al. [1] utilized two stable matching algorithms to optimize
the overall system throughput while simultaneously megtin
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 ressur
for data transmissions. let al. [4] considered a similar system
model to solve the resource allocation problem by a coalitio
formation game based scheme. In the approach of [4], differe
transmission modes, mutual interferences and resourcimgha
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. Yat al. [5] optimized the
roughput over the shared resources for D2D communicztion
) improve local services, while fulfilling prioritized delar
mbinatorial auction as the resource allocation mechatos
?ptimize the system sum rate. Leeal.[7] proposed a random
network model for D2D communications using stochastic
metry and developed centralized and distributed power
control algorithms, while Liet al.[8] analyzed the benefits of
power control in enhancing the transmission capacity regio
Network coding has shown the potential to improve
roughput efficiency [9], [10]. Current studies on network
ding can be divided into two categories: intra-sessiahngp
11], [12], and inter-session coding [13], [14]. Intra-sies
coding usually relies on random linear network coding taaerg

Sgrvice constraints. Xat al. [6] introduced a reverse iterative

(gch12@mails.tsinghua.edu.cmize packets in groups to be linearly combined using rangoml

chosen coefficients from the elements of a finite field. édo
al. [11] introduced dynamic algorithms for multicast routing,
network coding, power allocation, session scheduling ate r
allocation across correlated sources for intra-sessidwank
coding. Caiet al.[12] investigated the problem of selecting the
candidate forwarder set and allocated traffic among catelida
forwarders to achieve optimal routing in opportunisticting
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 communications underlaying cellulagxisting optimization approaches to solve this joint opti-
networks, where each D2D pair is viewed as a flow, and tingization efficiently owing to its extremely high computatio
cooperation among different D2D pairs should be consideremmplexity. Moreover, global network information, such as
Inter-session coding combines the packets from differett nnetwork topology, are required, which either impose high
work flows. Upon identifying sets of nodes that can form aynchronizing overhead or are not available. Thus, we addre
coding region, the packets can be mixed (XORed) in order tioese two problems from a game theory point of view, using a
attain higher spectrum efficiency. Kagt al. [13] proposed coalition formation game and a greedy algorithm based game.
an architecture for wireless mesh networks, where routds$ilizing game theory enables us to obtain the solutions for
mix packets from different sources to increase the infoiwnat the relay selection and resource allocation problems effity,
content of each transmission in addition to forwarding &€k where the nodes only require local network information. &lor
Liu et al. [14] addressed the distributed control problem ispecifically, we propose a two-level optimization apprqach
heterogeneous-service networks with multi-rate multieasl termed NC-D2D, to obtain near-optimal solutions. In our
unicast services, and proposed a decentralized rate tonN@-D2D, relay selection game and resource allocation game
algorithm for inter-session network coding. Some recenk@&o operate alternately, each using the results obtained bythees
combined both intra-session coding and inter-sessionngodgame as inputs, and the alternating optimization procedure
to enhance the system performance [15], [16]. continues until the system reaches a stable state in terms of
Pahlevaniet al. [10] discussed the potential of enablingooth relay selection and resource allocation. Our continbu
network coding in D2D communications to enhance commis three-fold, as summarized in the following.
nication 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 cdde
packets on the fly provides the means of improving D2D com-
munication’s throughput, delay, and energy efficiency. W fe
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, Bhorkaret al. [17] investigated the relay
selection and scheduling problems, while Male¢ral. [18]
utilized idle devices in D2D communications as relay nodes ) ; .
to enable network coding. Wat al. [19] developed a radio res_ults_of relay selecno_n and resource allocation, while
resource management mechanism to optimize power control [@King into account the interference among users.
and subchannel allocation with network coding, while Wei ® Since the joint optimal solution of relay selection and
et al. [20] investigated multi-pair D2D communications with ~ "€SOUrce allocation imposes extremely high complexity,
a multi-antenna relay employing space-time analog network €ndering it impractical for large-scale systems, we pro-
coding. However, in D2D communications underlaying cel- POS€ @ two-level optimization approach, termed NC-D2D,
lular networks, both relay selection and resource allocati to obtain staple solution for the joint or_)tlm|zat|0n, where
have major impact on the achievable performance of network '€/@y selection and resource allocation are performed
coding and, moreover, these two problems are actually cou- 2lternately, utilizing a coalition formation game and a
pled and cannot be solved separately without compromising 9reedy algorithm based game, respectively. In each round,

the overall system performance. Detailed discussions en th the input of one problem 'S provided by the solution_of
coupling of these two problems will be given later. the other problem. In addition, each node only requires

In this paper, we aim to assist the D2D communica- local information to solve the two problems. Through our

tions underlaying cellular network with inter-sessionwertk extensive evaluation, we prove that our NC-D2D is able
coding. Specifically, we consider the scenario where relays (© obtain a stable near-optimal solution with very low
assist nearby D2D pairs, forming coding regions, and perfor ~ cOmputation complexity and in a few rounds.

network coding. In order to achieve high sum capacity, the

problems of relay selection and resource allocation need torne rest of the paper is organized as follows. After pre-
be solved. Firstly, the capacity gain highly depends on thgniing the system model of network coding assisted D2D
locations of the relays and the assisted users. Theref@®, Dcommunications in Section 2, we derive the system capacity
pairs need to select proper relays to assist their tran&mss 4 formulate the joint problem of relay selection and reseu

for maximizing the benefits of network coding. Secondlyjiscation in Section 3. Then we give an overview of the pro-
the spectrum resources shoul_d_ also be aIIocat(_ad W|selyptgsed two-level NC-D2D optimization approach in Section 4,
the D2D pairs and relays to mitigate the severe interferencg,q getail the relay selection coalition formation game and
We formulate a joint problem of relay selection and resour¢gsoyrce allocation game in Sections 5 and 6, respectively.
allocation, where these two problems are optimized jointlyhe performance of our proposed scheme is evaluated through

Theoretically, the joint optimal solution can be obtaingd beytensive simulations in Section 7. Finally, we conclude th
exhaustive search. However, it is very difficult to apply aNY¥aper in Section 8.

o We introduce inter-session coding to assist D2D com-
munications underlaying cellular networks with realistic
multiple D2D pairs, relays, and cellular users, where D2D
pairs select relays and form coding regions to improve
the achievable capacity. Relays XOR the received packets
before multicasting them to the corresponding D2D users.
o We formulate the joint problem of relay selection and
resource allocation to maximize the sum transmission
capacity of all D2D pairs and cellular users. The sum
capacity of the network is derived as a function of the



2 SYSTEM OVERVIEW AND MODEL users and to achieve high sum rates of the network.

2.1 System Overview 2.2 System Model

We focus on the scenario of a single cell involving multipl¥Ve define the binary variables; ., . andya,, to depict the
D2D pairs, relays and cellular users. In D2D communic&elay selection and resource allocation policies for D2Dspa
tions, a pair of UEs in close proximity are able to enjond relays. Specificallyzq, = 1 indicates that D2D paitl
extremely high data rate by setting up a direct link betweétses the uplink resource of cellular useotherwiser ., = 0,
them. However, it is well known that the channel qualityhile z..,, = 1 if relay r shares the spectrum resourcewof
between two users degrades rapidly as the distance betwe#grwisez, , = 0. Similarly, y4, = 1 indicates that relay
the transmitter and receiver increases. When the distaricassists the D2D paid’s transmission, otherwisey; , = 0.
between the D2D transmitter and receiver is too long /e denote the matrices af; ., =, . andyq,, as Xp, Xr
support a direct link, these D2D users will have to switcBndY’, respectively. Each row iXp and X represents the
to cellular mode [21], [22]. Therefore, we enable coopeeati SPectrum resource sharing of the corresponding D2D pair and
relays to assist D2D pairs for data transmissions in order @Jay, respectively, while each row ¥ represents the relay
overcome the long distance between D2D users. Each Dgglection of the corresponding D2D pair. For example, in the
pair can either transmit data via the direct link between tisgenario of Fig. 1, these three matrices can be written as:

two users, or assisted by a cooperative relay, depending on 100

their circumstance. Hence there are two kinds of D2D pairs Xp= |2 L0 (1)
in the system, i.e.(i) ordinary D2D pair. two D2D users 00 1|’

transmit via the direct link between them, arfi) relay 0 01

Assisted D2D pairtwo D2D users are assisted by a relay Xr :[ 0 0 1 } , (2)

which employs network coding aided transmission. We denote y-I110 017 3)
the sets of all D2D pairs, relays and cellular usersDask - [ } '
and U, respectively. D2D pait is denoted byd;, while its 2.3 Network Coding Assisted D2D Transmissions

tragsmﬁte]r and re.ceéver IS ddenoted § by and d;. _Rellayz‘ We adopt an inter-session network coding to assist the-trans
and celluiar usep 1s e_note as; andu;, respectively. We icqinng of D2D pairs. A typical coding region is presented
allow muitiple D2D pairs and_ relays to _share the Spec”“_m Fig. 2, which consists of two relay assisted D2D pairs and
resource of one cellular user in order to increase the PSSR, o re|ay. This scheme is described in [10], [16]. We willtfirs

number of concurrent transmissions. To fully exploit thigeqerine the operation of this scheme in our system. Then
spatial reuse gain, therefore, the interference causediby {e \yil| derive the achievable rate of this coding region, and

spectrpm Sha“”g mu;t be taken inFo consideration. analyze the capacity gain of network coding in Section 3.
As illustrated in Fig.1, D2D pairgl; and d, are relay

assisted D2D pairs, aided by relay, while d; andd, are
ordinary D2D pairs.d; and d, occupy the uplink spectrum
resource of cellular user; andus, respectively, ands shares
its resource withr{, d3 andd,. The interferences betweel
anduy as well as between andds are plotted as examples.
We introduce network coding to aid D2D communications
which utilizes the relay to improve throughput efficiencued
to the spectrum sharing, mutual interferences exist am@ig D
pairs, regular cellular users and cooperative relays. dieroto
achieve high transmission rates for D2D users and cellul
users, both the relay selection for network coding and tt
spectrum resource allocation need to be optimized. In o
system, the D2D pairs can choose different relays to ass
their transmissions by applying network coding. Howevee, t
throughput gain highly depends on the distances and chan
qualities of the links among the D2D users and relays that for
a coding region, as will be analyzed in detail later. Morepve
the relays that are available in the network may not be enou
to assist all the D2D pairs. In this case, they should adsést t
D2D pairs that have long link distance or poor channel guali

<«— > Network coding assisted D2D transmission

to maximize the throughput gain of network coding. Therefor ., Db2p 5 Cellular up-link
the D2D pairs should select proper working modes, name ~ transmission transmission
whether to rely on relays and to select which relays in order t — - — - — Interference

achieve the maximum throughput gain. The limited spectrupg. 1. Iilustration of the network coding aided D2D communi-
resources shared by the cellular users should also be t@thcaations underlaying cellular network, where there are 3 cellular

properly to the D2D pairs and relays to ensure the QoS of &fiers, 4 D2D pairs and 1 cooperative relay.



of di receiving AXORB can be modeled as a two-hop
transmission, wherer receives AXORB from a virtual
source node and then transmits itdfy The transmitting rate
of the second hop is obvioush(r, d}), and the transmitting
rate of the first virtual hop is equivalent to the rate sof
receiving A and B, which is min {c(d},r),c(dy,r)}. For
» B this two-hop transmission, therefore, the achievable mate
equal tomin {c(r,d}), min {c(d}, r), c(dy,r)} }. In addition
) to AXORB, dj also needs to receive packBt from di in
Fig. 2. lllustration of a coding region in network coding assisted  grder to decoded from A XOR B. The rate ofd; receiving
D2D communications. B is c(d, d7). Thus, the rate off] receiving (decodingA
is  min {c(d, d), min {c(r,d?), min {c(d:, r), c(ds, r .
_For an ordinary D2D pair, t_he data is transmitteq via th§imilarly{ tr(weQ’ratle)cQQ rec{ei\(/ir’wgl()o’lecod{ing(;ﬁ’c;’n t(3e275h)o}v5§ to
direct link between the two devices. For the relay assisted D be min {C(dt d5), min {C(T d5) min{c(dt P, e(db T)}}}

. . . . 1,92/ » 2/ IRRAVA 2 .
Fjgi fsa:(??;vnw'ﬁnzlgi Zﬁqzﬁ:liﬁsﬂﬁg'%?;iezeg;Ee;f ©The total achievable capacity of the coding region formed by
Relayr XORs the pacl2<ets received froy andds bit by blit relayr and D2D pairsi, andds is therefore given by
before multicasting them td; andd;. Thend; andd}, are able cer (ryda, dz) =
to decode the packets after receiving the XORed packets froruin{c(ds, d), min {¢(r, d7 ), min {c(df, ), c(dy, ) } } }+
rand the multicasted packets frathandd’, respectively. The  min{c(d}, d5), min {c(r, d5), min {c(d:, ), c(db, )} } }, (4)
assist of relay by applying network coding not only helps to o
overcome the low transmission rate of the direct link betwed/hich can be simplified to
users, caused by long transmitting distance or poor chann&t® (7 di,dz) = min {c(dy, dy), c(r, dy), e(dy, ), c(ds, 7) }
quality, but also improves the spectrum efficiency. + min {c(d}, d5), c(r,d5), c(d,r), c(db, )} (5)

«----—-——--——-
«----—-—--——-

3 PROBLEM FORMULATION With the achievable capacity of network coding assisted

D2D communications in (5), we also need the capacity of

We_ﬁrst derive the achlevgble capacity of ne_two_rk codmg ch link in order to derive the system capacity as a function
assisted D2D communications and compare it with that Xp, Xz andY. The transmission capacity of a link is
ordinary D2D communications without the assist of networ P AR '

: ) : . Pr
coding and cooperative relays, based on which we then obtain ¢ = log, (— + 1), (6)

. . I+ N
the sum capacity of the network as a function6f, X and

Y. Finally, we formulate the optimization problem of relay’h€re F’r is the receiving power at the receiver of the link,
selection and resource allocation with system constrains, While I and N denote the interference and noise powers,
respectively. We assume Rayleigh fading and adopt the Friis

3.1 Network Coding Assisted D2D Capacity transmission equation to calculate the path loss of thestran

. . , . . . itted signal [23]. Theref b itt
We first consider one coding region, which consists of onn(gI ed signal [23] ereforel’z can be written as

A
relay and two relay assisted D2D pairs as shown in Fig. 2, and Pr=Pr+Gr+Gr+20lg (—), )

derive its capacity. Assume thd} wishes to send packet to . - Al
d; andd}, wishes to send packe® to dj. If d;, andd, work WNere Pr is the transmitting power(:y and G, are the

under ordinary mode, i.e., there is no relay to assist thém, Nt€nna gains of the transmitter and receiver, respegtivel
anddt, will transmit A and B via links (d%, dZ) and (d5, d5), while \ is thg signal wavelength andis the link distance.
respectively. Therefore, the achievable capacity of these The transm|tt|nng0W§rs of reLI{ay, D2D user a”P' c;ellular user
D2D pairs isc(dt,d}) + c(ds, d3), wherec(i, j) represents are Iabgled SSDTM’ PTRandDPT, resL;{)ectNer. S|m|larly,_we
the capacity of link(i, j). With the aid of network codingy} have Gy, G, %ig’ G, G and Gy, for these three kinds
multicastsA to d5 andr, andd), multicastsB to df andr, ©f USErs, andGy> for the BS. For simplicity, we denote
Thenr combinesA and B, and multicastsd XORB to ¢ £r = Pr+Gr +Gr in the sequel. _
andd;, who will be able to decodel and B, respectively. For the purpose of relay selectlo.n and resource aIIocaBon a
Since relayr needs to combine the packets from botl/€!l @ deriving the system capacity, we need to know which
d. and d, and then multicasts the result, the rate tmat "0des form coding regions with a given mati. In other
sends AXORB to d; and dj is actually limited by the words, given a relay-;, we want to represent the two D2D

transmitting rates of the four links(d:, r), (db,r), (r,dy) pairs it assisted. We label the D2D pairs assistedrpyas

and (r, d3). Firstly, the maximum rate that is able to send (/) @and/3(j). According to the definition o, ya,;r, =

AXOR B is limited by the lower-rate link of the twadl, r)  Ydsrs = L While ya, ., = 0 Vi # a(j) , (7). Therefore,
and (d, ), which has the ratenin {c(dt, r), c(ds, r)}. The We have the following equation set:
computing time ofr to comb_ingA f_;md B is neglect_ed a(j) + B3) = Zydv% i=a,
compared to packets’ transmission time. ThéiXOR B is i ®)
transmitted through one more hop, link,d}) to dj. For a(j)? + 63 = Zydm 2=

the purpose of deriving the achievable rate, the process



Solving this equation set yields can be expressed respectively as

, a++/2b— a? I(dam i) :szdamw
a(j) = ——5—, o m
~ A
X a—\/2b—a2 *Ldy PT+201g R ) (15)
Bl) = ——5— * ( (4ﬂl<d;,rj>))
. . . . I u
which give the D2D pairg,(;) anddg(;) assisted by relay;. o™ ; kg]xd"(” "
To obtain the capacity of each link, we need considering _ A
the interference. There are three types of links involvirZpD “Trg (PT +201g (W))’ (16)
(re,75)

users in each coding region: the links from D2D transmitters

D2D receivers (linkgd},d;) and (d}, dy) in Fig.2), the links %, =g, (ﬁT 1 201g (#)) 17)
from D2D transmitters to the relay (linkgl,r) and (db, r)), am e ’ ATl (1)

and the links from relay to D2D receivers (links, d}) and Thus we have

(r,d3)). Thus, the interference can be categorized into threg(d ri) =
kinds: the interference from other D2D users, interference a() " ~
from relays, and the interference from cellular users. Pr+20lg (WA))

For the coding region of rela;, first considefd’, () % (j)) log, i TR mn I(JL; E N +11], (18)
and (dfy ;. dy, ;). For (di;).dj ), the mterference from (A gyrd) (o) T )
other D2D transmitters, denoted B%L<J> a5, 1S c(dg(j),rj) -

D — D *

m . k#a(j) log, D ia m IZ” N +11]. (19

t + t . t
(diygyora) T (dhgyori) T T (dpy i)

Ty, um (ﬁT +201g ( )), (20)

Ay a ) Finally, consider(r;, d’, ;) and (r;, d

Ton). For(ri,.dr ),
S B()/; 1 Ca(g)
the three types of interference can be written respectiasly
while the interference from relays, denoted b& ) D o
a(jg)’ B(J) (rj, (;(J)) —szrj U,

can be expressed as

m k
~ A
a(]) 55 Z Z Lda ) tim *Ldy (PT +201g (7))’ (20)
)) WD) I =20

Ly (PT +201g (

GG m k#j
Similarly, the interference from cellular users, denoted b Ty (15T+201g( A ))7 (21)
(d, ) can be expressed as, ' Alryar, )
(J) (j)
~ A
~ A Hop =Y a4, (P +201 7))
U _ (rj,d?l ) da(ysum \ & T g
I(dfxm ro) zm::cda(j),um (PT +201g (47Tl(u - ))) ) - i (47Tl(um,dg(j)) )
(12) (22)
Therefore, we have Thus the link capacities can be expressed as
c(dy gy D) = o1 doy)) =
~ > A
"4 Gy ) log +11], (23)
1Og2 ID I +I +N +1]. 2 (D dar )“1‘1(72 dr )+ (r5,d" )+N
(dta(J) (J‘)) (dr )’ (j)) (d; a(d)’ B(J)) N o) o) o)
(13) c(ry, dﬁ(j)) =
P X
In the same way, the capacity of I|r(klt T( )) is log Pr+20lg (47% a5 )>) 41 (24)
2 D u :
7‘ I 7. N
cdy(jy, dags) = () T uis ar) TG T
Pr +20 lg (W) From (5), the total capacity of the coding region of relay
log, - wn : MI o) & TL| rican be rewritten as
¢ + . " -
(i) Tt ) T G ) cer (T, dag), dps)) = Hlln{C(dtﬁ(j),da(j)),C(Tj,da(j)),
(14) : .
e(dhgysms)seldlyy, ) b+ min {e(dh ) i),
Next consider d’ and(d For(d the "
(dy,5):m5) and(dj ), 7). 7). c(r‘j,dﬁ(j)),c(dfl(j),rj),c(dg(j),rj)}, (25)

interferences from other D2D users, relays and7 ceIIuIarsuse



in which all the link capacities can be calculated according the system performance significantly. However, such benefit
(13), (14), (18), (19), (23) and (24). It is possible that attt highly depend on the network topology. In particular, the
the relays form coding regions with D2D pairs and assist thaiapacity gain of applying network coding relies on selagtin
transmissions. For any relay;, > . vyq,», = 2 if r; assists proper relays to assist the D2D pairs.

the transmissions of two D2D pairs, otherwisg g4, ,, = 0.

Therefore, the sum capacity of all the relay assisted D2BspaB.3 Overall System Capacity

in the whole network labeled as: 4, can be expressed as g gptain the network sum capacity as a functio’h, Xx
CRA= 5 Z Z Ya.,r, cer (15, daci), day).  (26) andY’, we also need the sum capacities of ordinary D2D pairs

J and cellular users. For an ordinary D2D pdjr transmitting
via link (dt, dr'), the interference from other D2D transmitters,
3.2 Network Coding Gain relays and cellular users can be expressed respectively as

To compare the achievable capacities of D2D communications df dr) — Z Z Tdium

with and without relay assisted network coding, we define m k7
the network coding gaiid/ ¢ as the increased sum capacity Ty, (15T 190 1g( A )), (29)
by applying relay aided network coding dividing by the sum Aml gt ar)
capacity achieved without applying network coding. For the IR szd »
scenario in Fig. 2(G ¢ can be expressed as "
CCR(T dl, dg) (dﬁ, dr) (dtQ, dr) A
Gne = = = . (27) ) _
(0, ) + clds, d5) Frun (Pr +201g T ). @9
With the above definition(< yc = 0 means that the capacities U ~ A
with and without network coding are the same, witile - = Tt apy = Zxdh“m (PT +201g (47rl(u _dr)))' (31)
1 means that network coding doubles the capacity. _ m o o
To investigate the benefits of network coding, we evaluaféus the link capacity is
this metric in the typical scenario of Fig.2. The coordisate Pr+20lg (W)
of the four D2D users in the network are as follows t T g ap)
(dzv dz) 10g2 D Ll (32)
di (0,20), dj (30,0), dj (30,20), d3 (0,0).  (28) Tt apy TGt apy T g apy + N

We deploy relayr in different positions. Specifically;’s z- o, ordinary D2D paird; Z Ya
coordinate varies from to 29, while r's y-coordinate varies pop pair dj,, Z Y "
)

from 1 to 19. The setup of the simulation is explained ma" ordinary D2D pai
Section 7, and the simulation parameters can be found in

Table 1. The achieved network coding gaifig;- for these _ t o
29 x 19 network topologies are calculated and plotted in D= Z (1 _Zyd“”) (di di) | - (33)
Fig. 3. As expected, the gain is highly related to the positio

of relay. Specifically, the capacity of relay assisted nekwo Since different cellular users occupy different resource
coding increases as relay moves to the center, where tiHecks, there is no interference among cellular users. iRér |
maximum system capacity is more than doubling that ¢f:, BS), however, the interferences from D2D users and relays
simply transmitting via direct links between D2D usefsyc can be expressed respectively as

drops to around.1 when relay is located near the four D2D D (~ ( A ))
. . ) = o (Pr+201g (——— ) ), 34
users, which corresponds to the four corners in the figure. (u,B5) Zxd“ w\Fr+201g 47l (gt B3) (34)

.., = 0. For relay assisted
r; = L Therefore, the sum capacity of
rs in the system can be expressed as,

%

Network Codlng Galn

I(E,BS) = Z Tri i (ﬁ:r +201g (m) ) (35)

1 7 i
o5 The capacity of link(u, BS) is therefore given by
Pr+201g (72—
0.6 c(u, BS) =log, “PIZ 1], (36)
Ig Bs) T I(u,BS) +N
0.4
and the sum capacity of all cellular users can be expressed as
0.2

cu = Zc(u, BS). (37)
5 25 u
X Coordlnate of Relay . . .

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

Based on the above results we can derive the conclusion
that relay assisted network coding is capable of enhancing

0 O N

Y Coordinate of Relay
e O =
[ (=2} S N o

Fig. 3. Network coding gain Gnc with relay deployed in
different locations.

Csum (XD, XR,Y) = cra +cp + cu. (38)



3.4 Relay Selection & Resource Allocation Problem Initial Xp, Xz

The joint optimization problem of relay selection and reseu
allocation can be formulated as the one that maximizes the Relay
sum capacityes,m (Xp, X®r,Y) with the decision variables Y, Selection
Y and Xp, X, 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 | Resource Relay Selection
either assists two D2D pairs to form a coding region or does_Allocation g Nash-stanie?

not take part in any D2D pair's transmissions. Therefore, t
constrains for relay selection are specified by

lP:ig. 4. lllustration of two-level optimization approach of NC-

D2D.
ydiﬂ“' S {07 1} V’L,], (39) .
! also changes the solution of the other problem. For example,
D Yo, <1V, (40) if two ordinary D2D pairs switch to relay assisted mode and
i form a coding region with a relay, that is, the solution of
Z Yd,.r; €10,2} Vi. (41) relay selection changes. In this case, even though the asdrs
J relays remain at the same locations, the interference fitbero

For resource allocation, each D2D pair or relay is onlySers and relays actually changes. Th_erefore, once theosolu
allowed to share the spectrum of a single cellular user. IAf relay selectior” changes, the solution for resource alloca-
addition, the relay is not allowed to share the same spectrlig’» X and X, need to be altered accordingly. Resource
resource with the D2D pairs it assisted due to half dupl@llocation impacts relay selection in a similar way.
assumption. In the senario of Fig. 2, for exampleyill not In order to solve the relay selection and resource allo-
be able to transmit t@} and d; as well as to receive from Cation problems jointly while maintaining low computation
di andd} at the same time if it occupies the same spectruf@MPplexity, our NC-D2D utilizes a de-centralized two-leve
resource agl! or ds. The two relay assisted D2D pairs in Loptimization approach, where relay selection and resource

coding region are allowed to share the same spectrum ressoufi0cation take place alternately. Fig. 4 shows the opemati
The constrains for resource allocation are thus given by ~©f NC-D2D. Solving the relay selection problem to obtain
requires the solutions of resource allocati®i and X as

Zazu € {01} VZ,’ k, (42) inputs, because the link capacities cannot be calculatidabuti
Zryu, € {0,1} Vi, K, (43) allocating spectrum resources to users and relays. Shyilar
dei,uk =1 VEk, (44) optimizing Xp and X% also requiresY” as an input. The

P operations of NC-D2D can be summarized as follows:

Zmr" =1 Vk, (45) (a) Resource allocation matriceXp and X are randomly

r o generated under the constrains (42) to (45) to serve as the

(46) initial input values for relay selection.

(b) Given Xp and X, the relay selection is solved by a
Therefore, the optimal relay selection and resource allogzpalition formation game, where each coding region coingjst
tion is formulated as the following optimization problem: a relay and two related D2D pairs is a coalition, while all the

max csum (Xp, Xr,Y) @) qrdlnary D2D pairs form_ a coalition. D2D pairs swap cogl_l-
s.t. constraint€39) to (46) hold. tion ac_cordmg a pre-_deflned preference_ metrlc. _T_he coaliti
formation game continues until the coalition partitionaleas
The above problem is NP-hard. Specifically, it is a nonline@{ash-stablestate, and it outputs the relay selection maiix
0-1 programming problem [24]. The optimization objectivgc) Given Y, the resource allocation is solved with a greedy
(38) also has no obvious convex or concave properties Wilyorithm based game. All the D2D users and relays take turn
the decision variable¥”, Xp and X, and we cannot derive to choose a cellular user to share its uplink spectrum resour
the optimal solution by gradient descent. The problem c@Rat achieves highest transmitting capacity, until thecpss
only be solved by exhaustive search, which takes extrem@kynverges tdNash-stablestate, with the outputXp and X %.
long time. Moreover, we hope to achieve de-centralizedrobnt  (d) NC-D2D checks if the relay selection’s coalition parti-
in our system while still maintaining high performancesisThtion is alsoNash-stableat this point. If it is, NC-D2D outputs
motives us to introduce a two-level de-centralized optamm the currentY’, Xp and X as the joint solution, since the
approach from the view point of game theory, termed NGuhole system has reached stable state. Otherwise, if thg rel
D2D, which employs coalition formation game and greedyelection is no longer stable due to resource allocation, NC

(Edi,uk‘rrj,ukydi,rj =0 VZ,],I{Z

algorithm to solve the problem efficiently. D2D repeats step®), (c) and(d), until both the relay selection
and resource allocation convergeNash-stablestate.
4 NC-D2D OVERVIEW Each time NC-D2D execute stefis) and(c) is called one

Since relay selection and resource allocation are closaly cround. Our NC-D2D achieves de-centralized control, where
pled, the optimal solutions for the two problems must beach D2D pair and relay only requires local information & th
solved jointly, as in the joint optimization (47). This isdaise network. This reduces the overhead significantly compaved t
changing the solution of relay selection or resource atlona centralized control, where all the nodes need to be updated



with the information and topology of the whole networkSpecifically,d; only needs to know the capacities of its relay
These two games and their definitions ésh-stabilitywill — assisted coding region and its direct link, whileonly need to

be introduced in detail in Sections 5 and 6, respectively. know the capacities of its direct link and the potential caodi
region involving relayr; and D2D paird,,.

5 RELAY SELECTION COALITION FORMATION In the case that the condition (48) is not satisfied, which
GAME means that the two D2D pairs prefer to stay in their current
In a coalition game, the players form coalitions to improveoalitions, a chance for swapping should also be considered
the system utility. Since there are two kinds of D2D pairkor this chance, we design an acceptance probabilityifor

in our system, relay assisted D2D pairs and ordinary D2&ndd,, to swap coalitions, which is specified as

pairs, we consider two kinds of coalitions in the coalition¢r, . (Tn) =

formation game. The first kin_d of coalition_ is formed by relay o J cer (1, di,dim) +e(df,d) —cer (r,di,dm) —c(dj, d})

and corresponding relay assisted D2D pairs. Egtrepresent xp ( )’

the coalition of the coding region where is in, which also if a, u®r; wYd,r; =0, Yu, (49)
consists of D2D pairsl, ;) anddg;). The number of first- 0, otherwise

kind coalitions equals to the number of relays in the networ{x/here Ty = Ty/log(N — 1) with T, a constant andV

WE!CE IS f|xe_dt. Thfe Tlet%ond I;md of gozalljlltlor! IS _cietrrl10tectt\NI§1§, kthe current iteration index. The reason for allowing users t
which consists ot all the ordinary pairs in the networ wap coalitions by chance is that the coalition formatioselola

ali?sthsljvgoacl:l(t)lglri]tir)orgni?wtlg? dg?rt]:)e(’)t:?ﬂ%':ﬁirj’or\zgﬁly’ th n maximizing the sum capacity is guaranteed to converge
paurs, P P SH5L 0 a local optimal solution, which may deviate from the

performance. The decision of whether to swap coalition ar nglobal optimal solution, since the optimization problem is

should be made according to a pre-defined preference order . : o .
that applies to all the players. For the sake of achieving hi%_8n convex. This swapping coalitions by chance provides

itV th tric. that defi th ; d mechanism for the system to escape from local optimal
sum capactty, the metric that detines the prelerence oraetyly, iong he acceptance probability gradually appreach

glljrrncggl'gg; fovrvrr?ﬁ‘é'oer;gﬁrgg dsehgrle(l)dultc)jebflgﬁs ttg é@fa?,ﬁe ro as the number of iterations increases, which ensuags th
pacity, e system is able to form stable coalitions.

relying only on local network information.
_ Two D2D pairs in_ different coalitions may swap coalition%'z Swapping Among Relay Assisted D2D Pairs

if the system metriccsynm (Xp, X®=,Y) can be improved. ] e - )
Since there are two kinds of D2D pairs as well as two kind<" relay assisted D2D pairg; in coalition 7, and dxin
of coalitions in the system, there are two kinds of coalitioy:» Wherej # [, they swap their coalitions and form coding
swapping among D2D pairs: swapping among ordinary D2{§910ns with the other relays,, andd,, if doing so increases

pairs and relay assisted D2D pairs, as well as swapping amdig System sum capacity, whew, and d,, are the other
relay assisted D2D pairs. two D2D pairs in coalitions?,.; and ¥, respectively. More

specifically,d; andd will leave their current coalitions and
5.1 Swapping Among Ordinary D2D Pairs and Relay join F,, and 7, , respectively, if
Assisted D2D Pairs cer (15, di, dm) + cor (11, di, dn) > cer(rj, diy dm)
Given an initialized coalition partition, for D2D paidf; in )., + cer(r1, dy, dy), andzg, w2, wYa,,r; =0, Yu,
anddy, in Fp, if the system sum capacity can be increased after
d; anddy, swap their coalitions, thed) should leave the coding
region ofr; to switch to ordinary D2D mode whilé;, should Similarly, a chance fod; andd; to swap coalitions should be
switch to relay assisted mode and form coding region wjth considered even if the new coalitions are not preferredringe
The system sum capacity defines the preference orders of tfi¢he system metric. The acceptance probability is given by
players in terms of swapping coalition. It should be notext th¢ﬂl,ﬂ_ (Tn) =
we do not need to compute the system sum capacity when (J

N

andzq, wTr, wYd;,r, = 0, Vu. (50)

trying to determining the preference order. For fixed reseur | €XP cer iyt beer bt oen (.t o) CCR(mden))’
allocation matricesXp and X%, such a coalition swapping if T, wZr; wYd,,r; = 0, Vu,

does not change the transmission capacities of other linéts 8 0, otherwise

coding regions except the capacitiesfof anddy., due to the (51)

fact that the interferences to the rest of the links remadues t
same. Therefore]; andd; should swap coalition if

cer (1, iy d) + o(d, d7) = e (1, di d) + o(dy., )
andzq, v Tr, wYdy.r; =0, Vu, (48)

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

whered,,, is the other D2D pair assisted by. Sinc the system 53 Nash-SFablllty of Coalition Formation Game in
Relay Selection

constraints must be maintained, the swapping of coalitions
cannot take place if any of the constraints is violated. tt calhe iterative procedure of coalition swapping ends when
be seen that this Swapping process is Comp|ete|y decm“the coalition partition converges to Mash-stablestate. The
and on|y local network information is required by the userﬁeﬁnition of Nash—stabilityfor relay selection is as follows.



Algorithm 1: Coalition Formation Algorithm for Relay

Selection
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Initialize the system by a random partitioN, = 0;
while Partition does not converge to Nash-stable state

SetN =N + 1, Ty = Tp/ log(N — 1);
Uniformly randomly selectl; from all relay assisted
D2D pairs, and denote its coalition & ;
Uniformly randomly selectl;, from Fp;
if 24, wTr; wYa,,r; =0, Yu then
if CCR(’I’J‘, dk, dm) + C(di, d:) >
CCR(’I’J‘, d;, dm) + C(d};, dZ) then
dy andd; swap coalitions;
Update the current partition as follows
Frj \ {d’L} U {dk} - Frj;
| Fo \{dr} U{di} — Fp;
else
Draw a random numbes uniformly
distributed in(0, 1];
if 0 < ¢rp 7, (T) then
d;, andd; switch coalitions;
Update the current partition as follows
Fry \Adi} U{dr} — Fo)s
Fp \ {dk} U {dl} — Fp;

Uniformly randomly selectl; andd,. from all relay
assisted D2D pairs, and denote their coalitions~as
and F,,, respectively, wherg # [;
if Ldy ulr; uwYdy,r;y = 0& Ld;iulryulYd;,ry = 07 Yu
then
if CCR(T‘j, dg, dm) + cer(r1, dis dn) >
cer(rj, di, dm) + cer (1, di, d,) then
d, andd; swap coalitions;
Update the current partition as follows
Frj \ {d’L} U {dk} - Frj;
L '7:Tz \{dk}u{dZ} _>]:TL;
else
Draw a random numbes uniformly
distributed in(0, 1];
if o< ¢'7:7‘L7'7:7‘j (T'v) then
d andd; swap coalitions;
Update the current partition as follows
Fry \{di} U{dr} — Fry
]:TL \ {d/k} U {dl} - ]:TL;

Obtain the outpuly” according toF, and Fp.

5.4 Stability Analysis

According to the concept from the hedonic games [26], the
stability of the final partition depends on weathemash-
stablesolution exists for the coalition game. Let us denote the
final partition obtained by the coalition game &S$;,. The
stability of our proposed game is guaranteed by Theorem 1.

Theorem 1:Starting from any initial coalition partition, our
coalition formation algorithm always convergesNash-stable
partition F;, 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 pairsBdbs
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 system converges
to the final stable partitiony;,. Suppose that the final
partition F¢;, is not Nash-stable Then the system capacity
will increases if certain D2D paid; in coalition F;, and d,
in F; swap coalitions, according to the definition Nfsh-
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 thaky,, is the final partition.
This proves that the final coalition partitiofi;,, obtained by
Algorithm 1 is Nash-stable O

6 RESOURCE ALLOCATION GAME

Given a relay selection coalition partitiddi, we use a greedy
algorithm based game to solve the resource allocation @nobl
Similar to relay selection, our resource allocation game ha
a very low computational complexity and it is capable of
converging to a stable local optimal solution.

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 sequencedsman
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 spactru
resource that achieves the higheapacity contributionlf the
resource allocation does not converg&lmsh-stabletate after

all the D2D pairs and relays have been allocated with the
spectrum resource, a hew sequence is generated, accarding t
which each node select the spectrum resource that achieves
the highestapacity contributioragain. The nodes may select
different resources due to the fact that other nodes maypyccu
different spectrum resources and the interference isrdiffe
which leads to variations in link capacities. This process i

Definition 1: The coalition partition for relay selection isrepeated until the resource allocationNash-stable
Nash-stablef the sum capacity decreases aftglandd; swap

The capacity contributionof a node is the contribution of

their coalitions for any two D2D pairg; andd; in the system this node to the sum capacity of the network. In selecting-spe

[25].
Since our optimization problem is non-convédash-stable contributionby only utilizing local network information.

trum resource, each D2D pair or relay computescapacity

partition only guarantees a local optimal solution. The eom Definition 2: For an ordinary D2D paird;, itf c?pacity
plete algorithm of coalition formation game for relay seiee contributionis the capacity of its direct link(d;, d7). For
is summarized in Algorithm 1.

a relay assisted D2D pait; in the coding region of relay



Algorithm 2: Resource Allocation Game

1 Initialize sets? = RUD, T = 0);
2 while Resource allocation does not converge to
Nash-stable stateo
SetN =N + 1,
if ¥ =0 then
L Setv =RUD, T =0

Uniformly randomly select a nodiefrom V;

capacity contributiorfor 7 while satisfying constraint
(46);

8 Denote the cellular user to whom the selected
spectrum resource belongs to @s

9 UpdateV = U\ {i}, T =T U {i};

10 Update resource allocation matricdsp and X
accordingly;

11 Output Xp and X .

with the other D2D pair;, the capacity contributiorof d; is
min {c(d}, dj), c(d},r)}. For relayr, its capacity contribution
is min {c(r, d ), c(r, d)}.

Definition 3: The resource allocatioXp and X % is Nash-

10

TABLE 1
Simulation Parameters.

Parameter Symbol Value
Uplink Bandwidth W 15 kHz
Gaussian noise power N -132 dBm
D2D, relay transmission power ~ PF, PR 0 dBm
Cellular transmission power P% 23 dBm
User transmitter antenna gain Gg, G:&, Gg 0 dBi
User receiver antenna gain G, GL%, GG 0 dBi
BS receiver antenna gain G3 14 dBi

Select the spectrum resource that achieves the highest

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 trans-
mission equation to calculate the path loss of the transthitt
signal [23]. We set the uplink bandwidth of each cellularruse
to be 15kHz. We assume Gaussian noise with the power of
132dBm for all channels. The transmission power is assumed
to be 0dBm for all relays and D2D users, and 23dBm for all
cellular users. The antenna gains of all relays, D2D useds an
cellular users are set to be identical to 0dBi, 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

stableif the capacity contributiorof any noded or r decreases gnq cellular users are uniformly randomly distributed ie th
after it changes to share a different cellular user's spettr .o \We simply assume that when two users are within the

resource.

proximity of (10, 100) m, they are able to form a D2D pair.

The complete algorithm of our resource allocation game {§,¢ relays are uniformly randomly deployed on a circle with

summarized in Algorithm 2.

6.2 Stability Analysis

Similar to the relay selection game, the stability of theotese
allocation game as given in Algorithm 2 is guaranteed.

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 setups
1 to 4 are identical, which are 12 and 5, respectively. The

Theorem 2:The proposed resource allocation game cofiUmbers of relays in network setups 1 to 4 are set to 3, 4, 5

verges toNash-stablestate with probability 1.

and 6, respectively. The locations of D2D pairs and cellular

Proof: Although the resource allocation game is not HSers in setups 1 to 4 are identical. That is, we only charge th
coalition game, the basic idea of proving its convergencBgmbers of relays and relays’ locations in network setups 1 t
is similar to that for the relay selection game. For each The network topology of setup 5 is different from setups 1
D2D pair or relay, the maximum number of choices fot0 4, with 6 relays, 18 D2D pairs, and 8 cellular users.
spectrum resource iS, which is the number of cellular users. Since neither the relay selection problem nor the resource
Therefore, the solution space of resource allocation igefiniallocation problem is convex, NC-D2D only guarantees stabl
This guarantees that the convergence probability is 1. &sgplocal optimal solutions, which is partially determined et
that the final solution of the resource allocation is Natsh- initial value. Hence we simulate 100 times for each topology
stable Then there exists some D2D paiy or relay r; that and scenario, and evaluate the mean value and the cumulative
is able to increase the system capacity by changing to shdigtribution function (CDF).
another cellular user’s spectrum resource. Based on our
algorithm, the probability ofd; or relay r; to selectuy’s
spectrum resource is 1, which contradicts to the fact that th
current solution is the final stable solution. This proves th
Nash-stabilityof Algorithm 2. 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-efdft
schemes. We start by introducing our simulation setup. Then 0 2 3 7
the performance of our relay selection coalition formation Network Setup
game and resource allocation game as well as the ovefFll. 5. Comparison of sum capacities in relay selection coali-
performance of NC-D2D are investigated, respectively. ~ tion game under network setups 1 to 5.

20
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= = Capacity Wo NC ===FCS1 - -=-FC S2 FCS3 ---FC sS4 ICS1 —ICS2 ——ICS3 —ICS4

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ to achieve near-optimal performance. The optimal solstion
only outperform our proposed game by 0.23%, 5.99%, 7.80%,
5.55%, and 5.47%, respectively, under 5 network setups. As

1

éo-s’ expected, the achievable capacity increases with the numbe

E of relays, since more relays in the network means that more

A O Y D2D pairs are able to utilize relay assisted network coding t

204l assist their transmissions. Although our relay selectiamg

@ only guarantees stable local optimal solutions, we find that
0.2

it achieves the global optimal solutions in 62%, 71%, 61%,
42% and 41% of all the 100 simulations under network setups
0 11 1 to 5, respectively. The high probability of obtaining the
global optimal solution further indicates the effectivesef

our proposed scheme.

0

3 4 5 6 7 8
Sum Capacity (kbps)
Fig. 6. Comparison of sum-capacity CDFs in relay selection
coalition game under network setups 1 to 4.

1000
£ so0f
7.2 Relay Selection Coalition Formation Game Per- i
formance Evaluation £ 600
The mean values and variances of the system sum capacities ; 400¢
under network setups 1 to 5 are plotted in Fig. 5, while the E
CDFs of sum capacity under network setups 1 to 4 are plotted z 200
in Fig. 6, and the CDFs of sum capacity under network setup ob— ‘ ‘ ‘ ‘
5 are depicted in Fig. 7. In these figures, ‘Capacity Wo NC’ ! 2 etwors Setup4 >

indicates the system sum capacity achieved by standard DRfg. 8. Number of iterations required by the relay selection
communications without the assistant of either relay nodesalition game in network setups 1 to 5.

or network coding, and ‘Final Capacity’ or ‘FC’ indicates _ . : . .

the system sum capacity obtained after the relay selectio We also investigate the number of iterations required by the

coalition game converges tdash-stablestate. The ‘Capacity relay selection game o converge to stable solutions inethes
Wo NC’ acts as a reference to indicate the performance g e setu_ps, and (;:'g'. 8 plots tk|1e average"va;:ues_ asl w_eII as
achievable by relay selection and network coding. In Alg(;-e maximum and minimum values over al the simulations.
rithm 1, the coalition game needs an initial coalition o, As expected, the average numbe_r .Of lterations _mcr_easdes wit
which is randomly generated. The system sum capacity of tltirﬂs,e scale of the netwprk. MOSt striking observation is “f"“_“
randomly generated initial coalition partition is denotey average numbers of iterations are very close to the minimum
‘Initial Capacity’ or ‘IC’ in these figures. ‘Optimal Solui’ values under all the five setups. This indicates that only in
in Fig. 5 is the true optimal solution of the relay selectio®"Y few sm_wulatlons it costs high num_ber of |terat|ons_kIEt
problem, obtained by exhaustive search. Also, labels ‘61’ Eelay selection game to converge, while most of the time the
‘S4" in F,ig 6 represent network setups 1 to 4 ' game is able obtain stable solutions very quickly.

From the results, we observe that the relay selection game ,
increases the sum capacity significantly, compared to the Resource Allocation Game Performance Evalua-
‘Initial Capacity’ and the ‘Capacity Wo NC’, which indicate 110N
that the relay selection game helps the system evolving e next evaluate the performance of the resource allocation
the local optimal state that achieves higher system capacgame in these five setups. The mean values of the system sum
The average capacities after the relay selection game inderapacities under different network setups are plotted gn #i
network setups outperform those of the ‘Capacity Wo NC’ blg can be seen that our resource allocation game outperforms
44.83%, 52.33%, 64.82%, 74.28% and 70.52%, respectivatpnsiderably the random allocation, where each D2D pair and
The results also show that the relay selection game is able

25=—= : z
— ——Resource Game
1 a 201" Random Allocation
LDL ‘‘‘‘‘ FC Setup 5 g Optimal Solution
o —IC Setup 5
2 Capacity Wo NC % 15;
g4zl S| i
305 a 10 Caa
(8] - ] PP
0 H . HPSRRROS NP 2 . 0 . . H H ;
6 8 10 12 14 16 1 2 3 4 5
Sum Capacity (kbps) Network Setup

Fig. 7. Comparison of sum-capacity CDFs in relay selection Fig. 9. Comparison of sum capacities in resource allocation
coalition game under network setup 5. game under network setups 1 to 5.
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relay uniformly and randomly select one cellular user tashaboth the relay selection game alone and the resource atiocat
its uplink resource. Specifically, the sum capacities agde game alone outperform the ‘Capcity Wo NC’, which is just
by the resource allocation game are 74.79%, 73.25%, 71.68%¢ confirmation of the previous evaluation results. As temn
75.45% and 75.32% higher than those of the random allocatiout previously, the solutions of the relay selection gameé an
under network setups 1 to 5, respectively. Also our resourttee resource allocation game are inter-dependent of e&ein. ot
allocation game attains near-optimal solution, as can ka sy iterating the two games for multiple times until both the
from Fig. 9. In particular, the optimal solutions obtaineg brelay selection and resource allocation convergddsh stable
exhaustive search in these five setups only outperform time ssolutions in a two-level optimization, the proposed NC-D2D
capacities achieved by our resource allocation game byA,. 94ignificantly outperforms the results of applying these two
2.21%, 4.55%, 4.29% and 8.22%, respectively. As expecteg@mes separately. For example, from the CDFs of Fig. 11,
the sum capacity achieved by the resource allocation game observe that the NC-D2D outperforms the relay selection
increases with the network scale. alone by 135% in 88% of the simulations.

200 : : : : To quantify the benefits of this two level-optimization, we
define the capacity gain of the NC-D2D in rounés

Capacity gain of round i =

=
a
o

Capacity of round i — Capacity of round ¢ — 1

Capacity of round i — 1 » (52)

where theCapacity of round 0 is the system sum capacity
with a random selection of relays and the associated a#dcat

Number of Iterations
=
o
o

50(
resources. Obviously, for different network setups anficiht
ol ‘ ‘ ‘ ‘ initial values for the two games, the NC-D2D may take
1 2Networ?( Setu 4 5 different numbers of rounds to obtain the final stable sotuti
. . ) P In all our simulations, the NC-D2D obtains the final stable
Fig. 10. Number of iterations required by the resource alloca- . . . .
tion game in network setups 1 to 5. solutions with no more than three rounds. Fig. 12 depicts

the average capacity gain of the NC-D2 in each round. As a
Fig. 10 depicts the average number as well as the maxim@w@mmon feature of iterative procedure, the capacity irezea
and minimum numbers of iterations for the resource allocati more slowly as the system converges to the final stable state.
game to converge. As expected, the number of iteratioksen so, round 3 increases the sum capacity by an average of
required increases with the network scale but the maximw% over the sum capacity attained in round 2.

numbers of iterations required in all the setups are all fewe 1

then 200. Observe that the average number of iterations is
only around 50 for the largest network setup 5. Moreover, the 0.8
average numbers of iterations are very close to the minimum £ A N
values under all the five setups. Thus, the resource altotati 30-6' i
game converges fast, and it is able to achieve near-optimal § Tteea
solution with very low computation cost. §°'4’
. 0.2
7.4 NC-D2D Performance Evaluation
We now ready to evaluate the performance of the NC-D2D 85 1 15 2 25 3 35
scheme. Fig. 11 plots the CDF of the sum capacity achieved by Round

the NC-D2D under network setup 2, in comparison with thoddd. 12. Average capacity gain of NC-D2D in each round.

of the relay selection game alone and the resource alloratio Next we plot the average sum capacities and the variances of
game alone as well as the sum-capacity CDF obtained withgyg NC-D2D in Fig. 13 for network setups 1 to 5, in compari-

Other network setups are omitted since the results areagimil

to those of Fig. 11. From Fig. 11, it can clearly be seen tha 50

=~=NC-D2D
-0 =-Only Relay Selection
=0- Only Resource Allocation
~ 40/} -o—~Random Allocation
o e & Optimal Solution
g
i ---NC-— =
3ol NC-D2D . > 30t
(She ---Relay Selection S
Z 06 Resource Allocation | g
§ -~ Capacity Wo NC § 20-
‘é 0.4 g
E @ 10
D 0.2
et FIAA ‘ ‘ 0 ; : ‘ :
0 5 1 2 30 1 2 4 5

0 15 20 3
Sum Capacity (kbps/Hz) Network Setup
Fig. 11. Sum-capacity CDFs under network setup 2. Fig. 13. Sum capacity in network setup 1 to 5.
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TABLE 2

o ) ] the network coding assisted D2D communications underlying
Average running times by the NC-D2D and the optimal solution.

cellular network. Since this optimization is NP-hard, werédna
Algorithm ~ Setup 1 Setup 2 Setup 3 Setup 4 Setup 5 proposed a highly efficient near-optimal scheme to solve thi
NC-D2D 28s 31s 39s 45s 7.3s  joint optimization, referred to as the NC-D2D, which is a two
Optimal ~ 3686s 416.0s 677.3s 9435s 2757.1s |evel de-centralized optimization scheme that solves ¢hayr
selection game and the resource allocation game alteehativ
selection, only applying resource allocation, and rangomin particular, the relay selection problem is solved wittoale
selecting relays and allocating resources as well as thmapt tion formation game, where D2D pairs and relays form and
solution. As expected the NC-D2D outperforms both the relsyvap coalitions for the purpose of enhancing system capacit
selection game alone and the resource allocation game aldie resource allocation game is based on a greedy algorithm
significantly on all the five setups. Moreover, the perforoento allocate the spectral resource of cellular users to thB D2
of the NC-D2D is very closed to those of the optimal solutiorpairs and relays appropriately. Our extensive simulatione
Specifically, the optimal solution only outperforms the NCverified that the proposed NC-D2D scheme attains a near-
D2D by 2.4%, 9.6%, 10.2%, 6.2%, and 5.3%, respectivelgptimal system sum capacity, while only imposing a fractéén
for network setups 1 to 5. the computational complexity required by the optimal Solut
In the simulation, the optimal solution is obtained by sotyi The results thus have demonstrated that the NC-D2D can
the optimization problem (47) based on exhaustive seartth weasily be implemented in practical cellular systems. A reitu
pruning. Our simulations were run on Matlab, in a laptop withtudy is to extend the NC-D2D to dynamic networks, where
Mac OS X Yosemite, 2.3 GHz Intel Core i7 processor and IBe mobility patterns of users may be utilized.
GB 1600 MHz DDR3 RAM. Table 2 lists the average times
consumed by the NC-D2D and the optimal solution in networ
setups 1 to 5. Although the sum capacity achieved by the N EFERENCES
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