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Abstract—In this paper, we investigate the joint signal to > . The first stage of D2D transmission

interference plus noise ratio (SINR) thresholds optimization and
resource allocation to maximize the sum-rate of Device-to-Device BS BS
(D2D) communications while still retaining the rate requirements cu @ /é cu /é
for active cellular users (CUs), when the inactive CUs are

used as opportunistic relays under three operational modes:

without using network-coding (NNC), using traditional high-layer

network-coding (HNC), and using physical-layer network-coding 6 [a—— >8 = - -

rrrrrrrrr » : The second stage of D2D transmission

. . . I T e & e »
(PNC). Under Rayleigh fading, we show that, given the selections oD Db Dab bab
. . . . . ]
afNr(e:Iays,dtrlgilcs:um-ratet) m_a;glmlzlatlon |kr]1 no-relay st():hefme, I\lll\thd nodel node 2 nodel relay node 2
n rtunistic r m n rm
! a. d int opportu -|$ C relay sche ?S Ca’\/”NiPo Lll"laﬁ (a) D2D transmission without (b) D2D transmission with
as a mixed integer non-linear programming ( ), whic relay and PNC relay and PNC

is NP-hard in general. To find the solution to the MINLP, we
propose a two-step approach to solve the problem: 1) for each
possible pairing of a D2D pair and a CU, we derive the optimal
SINR thresholds to obtain the maximum transmission rate of
the D2D pair while satisfying the rate requirement of the CU; .
2) based on the maximum transmission rates of D2D pairs for through base stations (BSs), have been proposed to further
each possible pairing in the first step, we develop a bipartite- enhance the capacity of cellular networks [2]-[6]. Moreover,
matching method to find the optimal pairing CUs for D2D pairs.  physical-layer network coding (PNC) has been considered
Finally, according to the solution to the MINLP, we propose an  54"gne of the promising physical-layer technologies that can
iterative relay selection algorithm to find out the relays that can . L 2 . .
further improve the sum-rate of D2D communications. Extensive greatly improve the transmission efficiency [7]. An .mtgrestmg
simulation results demonstrate that, compared with the scenario idea emerges: what happens when D2D transmissions meet
without relaying, the NNC, HNC, and PNC opportunistic relay PNC? Fig. 1 shows the cases of D2D transmissions with and
schemes achieve a maximum performance enhancement of 106%.without adopting relay and PNC. From Fig. 1, we can see that
138%, and 168%, respectively. when we introduce a relay node in a D2D transmission and
Index Terms—Device-to-Device communication, opportunistic adopt PNC, only two stages of transmission are needed. In the
relay, physical-layer network coding, Rayleigh fading channel.  first stage, the two D2D nodes transmit packets concurrently
to the relay node, and the relay node extracts network coding

|. INTRODUCTION packets from the superimposed EM waves. In the second stage,

As smart mobile phones become more and more popul%kE relay node broadcasts_ the network coding (NC) _packets to
mobile data traffic grows exponentially fast [1]. To meet such'® W0 D2D nodes. Obviously, due to the shortening of the

a massive consumer demand for mobile data access, Devignsmission distance, the data rate of each transmission stage

to-Device (D2D) communications, which allow devices t3‘"th relay and PNC is much higher than the case without

communicate with each other directly without having to g{)elay and PNC. Therefore, the average transmission rate of

D2D transmissions can be increased by adopting relays and
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resource allocations focus on the scenarios without cellular
relaying and network coding (i.e. [8]-[11]). In [8], Li et al.
investigated the resource allocation of D2D networks by a
coalition game. In [9], [10], the authors focused on the sum-
rate maximization in the resource-abundant scenario where
the number of CUs is more than that of D2D pairs. In [11],
Liu et al. studied the outage probability of D2D-enabled
multi-channel cellular networks from a general threshold- 2)
based perspective. However, what is less understood is how
much performance gain we can obtain by introducing relays
and adopting PNC in the centralized D2D underlaying cellular
networks, especially under a time-varying channel.

Recently, some works started to consider optimizing the per-
formance of D2D networks under the assist of relays without
adopting NC schemes [14]—-[20]. In [14], Hasan et al. studied
the optimization of network throughput when D2D pairs and 3)
CUs share some common relays. In [15], [16], the authors dis-
cussed the relay selection schemes in D2D networks. In [17],
Zhang et al. proposed a source-relay joint power allocation
scheme for the relay aided D2D networks. In [18], Ebrahimi
et al. investigated the D2D data transfer through multihop relay
links. In [19], [20], the authors proposed stochastic-geometry-
based analytical frameworks for the relay-assisted D2D over-
laying multi-channel cellular network. The performance of
D2D communications with relay and NC was discussed in
[21]-[24]. However, in [21], Bai et al. considered a D2D
overlaid network scenario with multiple BSs. In [22], Wei

relay scheme, NNC, HNC, and PNC opportunistic relay
schemes can be formulated as a mixed integer non-linear
programming (MINLP). We propose a transmit power
adjusting method to make sure that in PNC scheme,
the relay node can extract an NC packet from the
superposition of two received signals in time-varying
channel.

We propose a two-step approach to obtain the solution
to the formulated MINLP by first deriving the optimal
SINR thresholds to maximize the transmission rates
under different transmission schemes for each possible
pairing of D2D pair and CU. Based on the maximum
transmission rates of D2D pairs for each possible pairing
in the first step, a bipartite-matching method is further
proposed to optimize the CU-D2D pairing.

According to the solution to the MINLP, we develop an
iterative relay selection algorithm to find out the relays
that can further improve the sum-rate of D2D commu-
nications. We show that compared with the no-relay
scheme, the NNC, HNC, and PNC opportunistic relay
schemes achieve a maximum performance enhancement
of 106%, 138%, and 168%, respectively. Furthermore,
when three percent of time is used for the transmit
power adjustment, the performance gains of the PNC
opportunistic relay scheme versus the no-relay scheme,
the NNC and HNC opportunistic relay schemes reach
241%, 150%, and 126%, respectively.

et al. discussed the energy efficiency and spectrum efficiencyrhe rest of this paper is organized as follows. Section II
of multihop D2D networks with PNC. In [23] and [24], thepresents the system model. In Section Ill, we formulate the
authors focused on the time-invariant channel. Furthermoggm-rate maximization problem of D2D pairs in different
in [21]-{24], the authors only considered how to analyze @chemes as an MINLP, given the selections of relays. In
optimize the performance of the D2D networks when thgection IV, we propose a two-step solution to the formulated
signal to interference plus noise ratio (SINR) threshold igINLP. In Section V, we develop an iterative relay selection
given. They neglected the fact that if the SINR threshold f@figorithm to find out the relays that can further improve the
each transmission link can be properly selected, the overglim-rate of D2D communications. In Section VI, we carry
network performance can be further improved. out simulations to evaluate the performance of the proposed

In this paper, we maximize the sum-rate of D2D pairso|ution. Finally, Section VII concludes this paper.
for the D2D communications underlaying cellular networks

while still retaining the rate requirements of active CUs. The
inactive CUs are used as opportunistic relays under three
operational modes: without using network-coding (NNC), us-
ing traditional high-layer network-coding (HNC), and using
PNC. We adopt the Rayleigh fading channel model where
the powers of the signals and interferences at the receiving
nodes are exponentially distributed [25], and consider the
joint optimization of the SINR threshold for each transmission
link, the cellular resource allocation, and opportunistic relay Infggve@
selection. The proposed solution in this paper is fast since
we theoretica”y derive the 0pt|ma| SINR thresholds, adopt —> : CU transmission < : bidirectional D2D transmission - -» : interference
the Hungarian (Kuhn-Munkres) algorithm for the bipartite-
matching problem, and propose a low-complexity algorithr'%I
for relay selection. That is, it can be used in the scenarios
with user mobility, i.e. internet of vehicles (IOV) in urban
environments.

The main contributions of this paper are summarized &s Network model
follows: We consider a cellular network that contains a BS, a set of

1) We show that, given the selections of relays, thiactive CUs, inactive CUs, and two-way D2D pairs randomly

sum-rate maximization under Rayleigh fading in nolocated in the coverage area of the BS, as shown in Fig. 2.

Active CU

D2D pair
ith relay

D2D p;i; ‘8

without rela;

g. 2. The considered D2D communications underlaying kzellnetworks.

Il. SYSTEM DESCRIPTION
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The roles of the mobile devices have been defined accordidg Transmission rate of wireless devices in LTE standard

to some rules when they join in thg network. (_:onsi.dering that|y | TE standard, each device has a rate adaption module,
the relay nodes do not always exist, two devices in the safgich changes the modulation scheme and coding rate accord-
cell can be defined as one D2D pair only when they have di@ to the channel condition [30]. Each configuration of the
each other. The devices that communicate with the devigegimum SINR for ensuring a given bit error rate, which is
in another cell or the devices in the same cell but out @hjled the SINR threshold. That s, the transmission is success-
the transmission range must be defined as active CUs sifgeonly when the SINR at the receiving device is bigger than
they need the help of BS. The idle devices that are willing {@e specified SINR threshold; otherwise, transmission failure
serve as relays for the D2D pairs are defined as inactive Cldgcyrs and the current packet needs to be retransmitted [31].
We neglect the idle devices that are not willing to serve &§hen the channel condition is good, the transmitting device
relays since they are irrelevant to this work. From the analysj| use a higher-order modulation scheme and a higher coding
above, we know that the numbers of D2D pairs and active Cllge o achieve higher transmission rate, which corresponds
in the network are indeed determined by the communicatigh 5 higher SINR threshold. In this paper, we use Shannon’s
requirements and locations of the devices. Thus, there eghacity formula to approximate the relationship between the
some scenarios in which the number of D2D pairs is less thgRtantaneous transmission ratg,, and the specified SINR
the number of active CUs. Usually, these scenarios are callgfasholdy,. That is,zma. = Wlog( (1 + o). Here, the unit of
"resource-abundant" scenarios and have been inves’tigateqrilr;X is "nats/s" since natural logarithm is used. Considering
many existing works, i.e. [9], [10], [26]-[28]. In this paper, wenat the channel is time-varying, the SINR at the receiving
focus on the resource-abundant scenarios where the D2D pagge might be lower than the specified SINR threshold,

share the uplink resource of the active CUs. Similar t [Sjyhich leads to transmission failure. Therefore, statistically, the
[10], [26]—[28], to avoid mutual interferences between Dz%verage rate of a transmissian,, equals

pairs, reduce the impact of D2D transmissions on the cellular

transmissions, and simplify the theoretical analysis, we assume Tavg = Tmax@ = QW log (1 + 7o), (1)

that the uplink resource of each active C?U can be shared ereQ is the successful probability of the considered trans-

at most one D2D pair, and each D2D pair can only share t ssion.

resource of one active CU. For each D2D pair, it can choose a

relay node from the inactive CUs to assist its communication o ]

if its average end-to-end transmission rate can be furttfer Transmission schemes of D2D pairs

improved; otherwise, it communicates directly without going To identify the performance gain achieved by the assist of

through a relay node. When a D2D pair communicates vialays and PNC scheme, we consider four kinds of trans-

a relay node, we consider three transmission schemes: NNsion schemes for D2D pairs, namely, no-relay scheme,

scheme, HNC scheme, and PNC scheme. To protect privadiyC opportunistic relay scheme, HNC opportunistic relay

the data packets of D2D pairs via the relay nodes need to diheme, and PNC opportunistic relay scheme. In no-relay

encrypted. When a relay node receives data signals, it osigheme, the two nodes of each D2D pair communicate directly

decodes the signals and corrects the errors caused by wirelegsout going through a relay node; while in NNC, HNC,

transmissions, but can not obtain the content of the data sireael PNC opportunistic relay scheme, the two nodes of each

it does not know the encryption key. D2D pair communicate through a relay node respectively by

NNC, HNC, and PNC scheme if the average transmission

The channel is divided int&” sub-channels in frequency do-'&(€ can be improved; otherwise, they communicate directly

main. LetW;,.; denote the total frequency bandwidth. Theﬁ’,‘"thOUt going through a relay node. The detglled_ transmlssm_n

the bandwidth of each sub-chann&l,, equals Wi/ K. processes of the above schemes are shown in Flg_. 3. Frqm Fig.

Each active CU is allocated one sub-channel, and the unuSed’® can see that when two D2D nodes communicate directly

sub-channels are reserved for the newly-arrived CUs. Our g84jhout going through a relay node, two transmission stages

is to maximize the sum-rate of D2D pairs while satisfying th@'® needed; ‘_"md when two D2D nodes communicate through

rate requirements of active CUs by properly allocating tH €@y node in NNC, HNC, and PNC schemes, we need four,

resource of active CUs, choosing the SINR thresholds, aft{€€: and two transmission stages, respectively.
the relay nodes. Furthermore, we know that in the first transmission stage

of PNC scheme, the relay node extracts NC packets from the
) ) ) superimposed EM waves of two D2D nodes. According to [7],
We adopt the Rayleigh fading channel model with channgj make sure that the extraction process is successful, the two
gain g following the exponential distribution [25]. Let ()  sjgnals from D2D nodes should have similar average power.
and E'[-] respectively denote the probability density funcgjnce the channel gains vary in different packet transmissions,
tion (PDF) and the expected value. Then, we h&Vg) = e need a short transmit power adjusting process at the
T[5] ©XP (—ﬁ)- Furthermore, we adopt the block fadingbeginning of each packet transmission, as shown in Fig. 4.
model, in which the channel gain does not change durifgrst, D2D node 1 and D2D node 2 transmit sequent test
a packet transmission but independently varies in differebits to the relay node. According to the average powers of
packet transmissions [29]. the received signals from D2D node 1 and D2D node 2,
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Pl and P2, , the relay node broadcasts several bits to the [1l. PROBLEM FORMULATION
two D2D nodes with the information of the transmit power | o o = _ {cii1 <i<[Cactl}s Coaer =
adjustment. In particular, if?.,, P2, the relay node ac act) 1 1< |Cactlgs Cnac

! P rev. Z Loy y Cracts 1 <1 < |Cract|}, and D = {djvl <j<|Dl}

tells ?ED node 11 to de2crease its transmit power by a raigqpectively denote the set of active CUs, inactive CUs, and
(1 - PT) it Pre, < Pre,, the relay node tells D2D nodep2p pairs in the system. Let} andd? denote the two nodes

rev

2 to decrease its transmit power by a rafio — % . i of D2D paird;. If d; communicates via a relay node, its relay

Pl — P2 the relay node tells both the two D2D nodes th4}ode is denoted by;. We definey; ; € {0, 1} as the indicator

rCcv rcv? . . . i .
the transmit powers do not need to change. After the transr\]’wvft;mh |nd|catgs whether. CU,., shares the UPI',nk resource
wi h D2D pair d;. That is,y; ; = 1 when CUc],, shares

ower adjustment, the average powers of the received si S . . . .
P ) g€ p 91 € uplink resource with D2D paid;; otherwise,y; ; = 0.
from D2D node 1 and D2D node 2 at the relay node bo . - . . '
equalmin (P1 p2 ) ccording to the descriptions in Section II-A, we have
revy T rev/e Yij = 1,Vdj € D and Z Yij § 1,V0flct S Cact-
:D2Dnodel A :D2Dnode2 [0 : Relay nod Chct ECact A ;
O:D2Dnode 1 A :D2Dnode2 [ Relay node Next we calculate the average transmission rate of active CUs
— —:Stagel -—----:Stage2 - :Stage3 —— :Stage4 and D2D pairs based on the method described in Section
O=—————>A O=—>O<*-A [I-B, respectively.
(a) Two transmission stages when two  (b) Four transmission stages when two
D2D nodes communicate directly D2D nodes communicate through a relay .. .
without going through a relay node node in NNC scheme A. Average transmission rate of active CUs
O==FOx=A O=—-—>0*—» When CUc!_, does not share its resource with any D2D
(c) Three transmission stages when two  (d) Two transmission stages when two pair, its transmission rate ObViOUS|y satisfies the rate require-

D2D nodes communicate through a relay D2D nodes communicate through a relay ment. Thus. we 0n|y need to calculate the transmission rate of
node in HNC scheme node in PNC scheme T . . . .
CU ¢!, when it shares its resource with a D2D pair. According
Fig. 3. Transmission processes of D2D pairs. to the transmi;sion processes of D2D pgirs in Se_ctiqn II-C,
there are two interference cases. The first case iscCY

transmits under the interference of another device. The second

Dle T,-w Transmfnpow_cr as_Jusring Data packet -+ case is CU! , transmits under the interference of two concur-
node 1ts information bits . .
— rently transmitting D2D nodes. Then, based on the definition

: ; | and calculation method of the average transmission rates for
Relay Tjest Test Transmit power adjusting NC packet wireless devices in Section 1I-B, the average transmission rates
bits bits
L
44

node Information bits of CU ¢!, under these two interference cases are derived in
i L Proposition 1 and Proposition 2, respectively.

. ;T?St: e ewersrervn | — Proposition 1. Under the in;erference gf %%vicﬁ, the

bits average transmission rate frof)., to BS,x}jC“ , equals

node2 information bits

Fig. 4. The transmit power adjusting process in the first trassion stage ci . BS

of the PNC scheme. plact:BS _ Wlog (1+ ,YCZ'M:BS exp | — 2 NoW

fl 0 PC}LCt E |:gBS :|

Next, we show the implementation details of the considered . o et
scenario. In cellular networks, centralized control architecture Pff“E[gf}i]

is adopted, and the BS is used to direct the transmissions of<i_, 5s
. . . . Yo
all links via control channel. In particular, the active CUs and @)

D2D nodes first send the BS the transmission requests and%eereﬁ””, g7, P, andN, denote the SINR threshold for the

information needed in the optimization process. Then, basg ccessful transmission from devieéo devicev, the channel

g?o::r;sa\;?::?tt;lriazzgstgotgzso,p;[tri]r?]izBaStioSr:arrézl}Irt]se (ﬁﬂ:ﬁﬂﬁ?ﬁ%n from deviceu to devicewv, the transmit power of device

. ’ . o , and the power spectral density of additive Gaussian white
optimal SINR thresholds, the optimal CU-D2D pairing, an P P y
the selected relay nodes) to all the devices. According to

oise, respectively.

) . Proof: Let I} and v*" denote the interference from
the opur_nal SINR thresholds, each device can se_lec_t PrOREViceu to devicew, and the SINR at device when deviceu
modulation scheme and coding rate for the transmission [30]: v phet g5
Also, from the optimization results, each device knows wheapansmits, respectively. Then, we hay@.:BS = = _cact

i i ; T NoWHIES”
to transmit and receive data packets, and which sub-chanpel .. . .o o el
the transmission will use. When the transmission requeSt&/€n /s~ 7%=>” follows the exponential distribution with

2
Cact

i )
Ptfrl E [gﬁs} +PtcvotE |:51B'S ]

or the availability of relay nodes change, the BS restarts Pff“fE[gf}-frJ i ¢ BS

the optimization process and renews the resource allocatiGi@ected value ofw. That is, h (7 o ) =
according to the new optimization results. From the controIN WarES Chet BS (N 4155

process above, we know that the overhead is only the excha o L exp i — f1 Thus, the suc-
of some additional information between the BS and mobit@fﬂE[giit] P:f“E[giit]

devices. cessful transmission probability fromj,., to BS when[ﬁs
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. . : ., BS
is given, s " (IBls), equals

; et BS _ Coct: B BS
Coct>BS (1BS\ _ too ¢, BS ¢t ,.BS d‘i d2 f( 0 d1 2 (Id1 ,I ) h (Idl )
s P (IF5) = [ s b (75008 ) i N
) o W10g<1+'yo‘“t' )PL,‘}C‘E[gBL,S ]
’chlct,BS NoW+1BS h I%S dIBiSdIBzS _ : — wet
— 0 f1 d d d i 4 BS d .
s exp — . J J J ,Yoac, P“‘ E +P ac E
J a(‘t

]
act BS
P, E[gc% )
Lot ) el 1.BS

) ) o PC?EC‘E[ngS ]exp _ 7%t NoWw

Then, according to equation (1), the average transmission rate ~* Chet Pc;ctE[ Bs ]
i BS ic Ai ¢oct-BS (1BS X :
from c;,., to BS whenl~ is given,z (I -~ ), equal (ng

acf

ol

. Since [
P‘actE Bs " P

' [ Chet Based on the Proposition 1 and 2, the transmission rate from
185 = pllghs, 1PS f0||0WS the exponential distribution cu ¢i , to BS under the interference of D2D pai, 2<%,
with expected valueF; E gf } That is, h(IB;S) = can be expressed as follows. Whéj] and d2 commumcate

S (w4 1£9)

s Wlog (1 + Vgi;ct,BS) exp 0

BS

1 BS
1 f1 aLt
————~exp | ——23—= ). Then,z equals
Pl E[gPs] ( PlE[gES] ) h

directly without going through a relay nodedj_“’ equals

Coor BS . ct..,BS ci..,BS
; ; z = min (z VT g5 . (4)
Cact:BS _ +00 coctsBS (1BS BS BS I g i
T =)y = Ig= ) h (157 ) dIy, _ _ _
e Whend} andd; communicate via relay nodg in NNC and
ct ., BS act’ ™ NG W i BS
= Wlog (1 + oot ) exp | —o——F—+ NC schemeszj*'”” equals
P“su:tE[gBiS i| 3
Cact ) )
che i BS . BS cl..BS ci, . BS
Plactp gm T —mm(a:d]lt a:dft L Lt ) (5)

che f1 act
“ Pl E[gBS] 4P E[ Lm] When d} and d2 communicate via relay node; in PNC

u scheme,vc ace:BS equals
Proposition 2: Under the interference of two concurrently
transmitting D2D nodes; and d?, the average transmission xzmaBS — min (T/dquS xZZ“’BS x;?ct’BS :c;‘}‘fi’zBS)
rate fromci, to BS, z° d‘{”zi; , equals ’ ! N ()
v According to equation (2), we know thaﬁjﬂ“BS decreases
W log  14~gect P ) pract p| gBS ; ] BS|
BS b chee| o as the average interference powﬁ& E |gy” | increases. Let
1 2 - 7 . . o .
P03 (75 “p] ’E[ }-‘,—P mE[ D d* denote the node in the transmission of D2D pajrthat
o act 3) has the highest average interference power to devicEhat
is, if d1 and d2 communicate directly without going through
a relay noded” is selected from the seftd}, d3 }; if d} and
<ngcthSijE[gfzs] +P;;ctE[gc% D ' dz communicate via relay nods, d is selected from the set
i act {d1 d?,r;}. Then, equations (4) and (5) can be both simply
Proof: The successful transmission probability fr@mt expressed as

a(‘t ’

; iy BS
el act’”7 NgW
t BS 0 0
P, E 9. exp 7
act P:’b,ctE{ BS ]
Cact

. ¢ . BS ¢ .i,BS
to BS when/5S and/ 25 are glven,sd‘ifzi2 (Id1 I8, can xd“f = deg . (7)
J
be derived by S|m|Iar methods used'in’the proof of Proposmon
1, which equals And, equation (6) can be simply expressed as
i ct ., BS . LsBS .. BS
. yCace BS Now+IBS+IBS> T4 t = min (de; xd; ZI? ) . (8)
) J ’
Sd?cfﬂ (Idl ,I ) =exp | —

P acfE
[ ”‘t] B. Average transmission rate of D2D pairs

.Ac_cordmg o equ?uon (1), the a"erf;‘ge trans- According to the descriptions in Section 1I-C, the trans-
mission rate from c¢,., to BS when [;” and

. ; missions of D2D pairs in different stages can be classified
[ﬁs are given, xdTCZ[Z ([dl ,1 ) equals into three types. In the first type, a node transmits packets to
’ i another node. In the second type, the relay node broadcasts
NC packets to two D2D nodes. In the third type, two D2D
P°3'th[g ] ' nodes transmit packets concurrently to the relay node. In the

BS
b (w4 1584127 )

ot

W log (1 + 7330“35) exp | —
act

Considering that I Bs and IBS are independent andfollowing, we first derive the transmission rates of the three
pes of transmission of D2D pairs respectively in Proposition

o -5. The average rates of D2D pairs with and without relay
valuesP, & {9515} and P, £ {%2 } cﬁLfiE ? equals nodes can then be calculated accordingly.

respectlvely follow the exponentlal d|str|but|on with expecte
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Proposition 3: In the first type of transmission of D2D vy {db a2} ’y"jf{d;'d?} (NoWJrI i 1)
pairs, the transmission rate from nogle to node f, under "W 1og (1 + 7’ )GXP i E[ dl]“
r gr;

the interference of CU!,,, z/! f2, equals

2
<N W41} > {dl a2
102 +~———actZ | | Thus,z ;' 7’77/ equals
xfihfZ WlOg (1 +’Yf17f2) exp 'Yof oW B g”‘l? ct q
Cact P; 1E{gfl} i
f1 f2 (9)
Py E|g

i [h} : r{dd} r{dd} d; d?

depiien|e? |+rle]of] PUEE e ae Yr ) x
act Cacf Cact act Cact

- L )
The _proof of Propoaltlon .3 is similar to the proof of w(r J h I 2 dI ! dldj
Proposition 1 and thus is omitted here. et Cact

Proposition 4: In the second type of transmission of D2D
pairs, the transmission rate from the relay nogéo two D2D

U, U.ct

s, d},d?} - al
. p ri{dt,d? Wlog(ler UK )P/TJE[QTJ.]
nodesd} andd? under the interference of CtJ,.,, z {4 J}, _ ’ ' ’ %
equals oot (i fabaz} o al o [ dl
q Yo 7 Ph‘,“tE[gcf :|+Pt7?E|:g7-JJ.:|
s, d},d?} . al 2
Wlog| 1+4+,’ {0 P,JE|g.J a5
A EY _ ( o ) o] Pl E[or] | eon| - i B (L
Tl g SRR aj a7 ’ Pl Elad | Bled
ac "/[)J 3’73 P“fth[gf :|+P]E[ JJ:| I rj
Cact {dl a2 } 2 Ny a2
5 rj,{dl,d?} P, ‘“"E[ ]+PtﬂE[g,,.;]
PLE[gh |eap| —0 T T NW 4 et
tr 2|9y | TP P I a2
tr Elgr] Elgr]
[ ]
(7;J~{d} B} pe mE[ a3 ]+p[fE[g"§] Proposition 5: In the third type of transmission of D2D
¢ [ Tj
act

(10) pairs, the transmission rate from two concurrently transmitting

{at,a?} D2D nodes ¢; and d7) to the relay noder; under the
where 7, J’ 7771 is the SINR threshold for the successful

{ 3’ J}’ T3
transmission fromr; to d} andd?. interference of CUt,.,, «,’ , equals
Proof: Under the mterference of CU_,, the SINR at
dj,d 7,d,d2 L a2\ NP

dj and d; Wf;en T transmltg 7 roo{d) 45} and v,’ {4 } mffﬂt’df}’” =W (1-8)log <1 +%{dwdy}”a %

T d' rj d ac

Pl g Pl g
equal ——4— and —~—4—, respectively. leenI ; {242},
NoW L NoW+I] Coct eap| =79 7T I NoW | gt 11
et {d} } r,. {at,a2} . PlE|g | Pl e (11)
andI J , the PDFs ofy,”’ 505 .V respective- . .
o dal, 2 ql dl, a2

NW+IJ “/1]{ }<N W”J ) 7‘;{ sk PWE{ m] 45 1 21 1 il A
ly equal ——Sa<t exp e and Py E[sd}] Pry E[qd?]

PlE |:grj } PlE [grj. }
Now+1" a3 v;‘j’{dﬂl’d?} <N0W+Id?2 ) wheref is the proportio? 9f 2time that is used for the transmit

Cac S N
- “act exp | — i . power adjustment, ang, "/'is the SINR threshold for
J

P} E[ } P E[ } the successful transmission frofh andd? to r;.

Since the transmission fromy; to d} andd3 is successful Proof: From Section II-C, we know that after the transmit

only when bothi} andd? can successfully receive the packetpower adjustment, the average powers of the received signals
the successful transm|SS|on probablllty fromto d1 and d2

2
2 from the two D2D nodes both equalin Pt,,? g d{,P[,f?’ g
i {d.d7} ; ;
! I J I J can
acf acf

act acf

whenIcg andI J are givens,; ey Let; andl, denote the two D2D signals arriving at the relay

be calculated as follows. node. Leth; andb, denote the baseband signal corresponding
srf’{d 2} Id I , b {,, ;} Tﬁ{d]’dz}) to /3 and ls, respectively. According to [7], the distance
a(‘t

(&

between two adjacent values of the superimposed baseband

act a(‘t
T 7,,{d1 dz} signal 'b; + b" is the same as that between two adjacent
x Pr (7, R values of eithem; or by. Thus, obtaining a packet from the
a2 al 2 superimposed signal has the same difficulty as obtaining a
—exp | — 2 Lo} (NUWHZZI t) n <N°W+I2 m) packet froml; or I>. Therefore, in this case, the SINR at
= I
Py E[g;iJ} E[gfj] mm(Pd7 d17PtJ d2>

the relay nodey {44} equals . Given

No W+I J
, the successful transmission probablllty in this case,

1 2 w{d 3} j 3 d},d?
rate fromr; to d; anddy, Ty ’ Icict,Icgct , equals {aJ P ( 1" ) can be calculated as follows.
acf

act

Then, given IZJ and I ) K the average transmlssmnlm

act
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Considering that the proportion of time that is used for data
transmission equald — ), equation (11) can be obtainem.

{d}.d3}r; [ r; at a2l {d}.d3}.r; o o )
S5 (I f”) = Pr (A 5 GG The average transmission rate of a D2D pair is defined
_ Pd P as the average number of nats exchanged between the two
_ Py “”“( 4 d;’ ) {d1 a3} D2D nodes per second when the two D2D nodes transmit the
NoW+1 jm same number of packets to each other. ;kz’é?t denote the
L 2 average transmission rate @f under the intetference of CU
Pf,rjgdjl Pf,rjgd; {dl d2}r
— Pr | min vl il i che- Then, based on Proposition 3-5, we can calculgfe
NoW+I7 ' NoW+I] Cact
Cact “act as follows. In the case that the relay node is not usﬁﬁ
equals
a r;
P,lg { 1 g2 ) d;
d; d; dv} T i 2
— FAR N R T = .
=Pr No WJrI J > Yo X Cact d;l,di + d?ldJl (12)
d? . Cact “fmt Cact
P 94 {dj.d3 by , o
Pr NoW T 7= > Y0 In the case that the relay node is use?l, in NNC, NC, and
. -t
Cact PNC schemes respectively equals
T 2,
Py 9,1 Py 9. . 2
j J i : Zu - 1 + 1 + il + T )
Let z; andzy denot\.N T and Now i1 respectively. oy TRttt (13)
GivenI'/ , 21 andz follow the exponenual distribution re- et een o mer et
acf 42
Py E[ ] P,?E[g’ﬁ} d 2
i i nf 5 T ; - T
spectively with expected values ¢ R and Now i, 7 + : {dl dz} (14)
Cact Cact T H
dt,d2Y s . Cact cact Chct
Thus, 5{ HCARE (IZ; ) can be expressed as
U.ct act
{dl dz} r I {dl. d2-} T xdj = T i T .
J _ i) Cle
L () = (Zl > % ) . R C R R O R (15)
Cact Cact

dt,d?Y,r;
Pr (Zz > 'Yé ! J}TJ>

—exp | T (w1 ) (e
Cact PM'J E |:g71:|

The sum-rate of all the D2D pairs in the systeRY,,.,
) 1 N then be expressed as

RD

sum Z Z yidmigct . (16)

1 d;€D ¢t ECqet

2
P, ,J E [gry ] ) ] o )
! 4 Thus, given the selections of relays, the maximization problem

Then, according to equation (1), the average transmissighthe sum-rate of all the D2D pairs can be formulated as
rate from d! and d? to r; when I’/ is given, follows.

{d @i} (ITZ ), equals Wlog <1+fy{ 7 ’}TJ) X max R?

Cact Cact sum>
{d ), N st > gy =1Yd; €D, (17a)
exp " (N W+ 1) ) B Chet€Cact
Cact PJE |:ng1_:| i
! Z Yij < 1,Y¢qq € Cact, (17b)
dt,d?Y,r; ;
—L . Thus,xi sdibrs equals dJieD
j Tj act c ,B i
P‘:E[gdé] f xd;d Xl'l’lal(l:'lf if yij = 1,V¢qe € Cact, Vd; € D.
1 2 1 2 (17C)
x{idj’dj}vrj _ erOO x{idj’dj}’rj I J h I J dI’J
Cact 0 Cact Cact Cact Cact L . )
—Wioe (1 dj,d3}r; Here, Xm“;f is the transmission rate requirement of CtJ,.
= Wiog { 1+ % Constraint (17a) demonstrates that each D2D pair only shares
(a2}, the resource of one active CU. Constraint (17b) accounts the
eap| —vg 7T NoW | e b fact that each active CU at most shares its resource with
Py B f’djl. Py B %zz one D2D pair. Constraint (17c) ensures that the transmission
(41,02}, : rates of CUs satisfy the rate requirements. Problem (17) is
EANEAE RS X “fE[L } Tt | an MINLP, which is difficult to solve in general. In the next
o Ptr’E{%jl] Py ’E{ djz] section, we discuss how Problem (17) is solved.
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IV. JOINT RESOURCEALLOCATION AND SINR
OPTIMIZATION

12 oy
f1of WP E|qf? S "L
Obviously, Problem (17) can be treated as a maximum- 4" {gfl]exp( Pl E[o7?] y
weight bipartite-matching problem as follows. gz T (lﬂfl fz) practplgfe |y f2+Pf1E[gf ])
7 1

max Z Z yi,jQi,j7 <1 B NoW(lJr,yfl fz) ICE(lJFA/fl fz)t

f1 { ]
. P ~Elg
Corct€Cact dj€D ’ nn i
f1.f2 f1.f2 Cact f2
<1+'y )log<1+v )Ptr E[g ; :|
_ Cact

st > gy =1Yd; €D, (18a) i , ,
Pt n|of? |t eplefof?]
> vij € 1,V¢hy € Cact. (18b)
d;eD Let O _ 1 _ NoW(1+vf1'f2)10g(1+’vgl’f2) -

. . . . Pl E[g7?]
Here, ); ; is the maximum transmission rate df when it

shares the resource of,, under the given relay selection
(including the case that no relay node is selected), which can p; “C’E[ 72 ] ({lff2+PtC,1E[g;ﬂ
be obtained as follows. We flrst optimize the SINR thresholdfs

[
to maX|m|ze:cCi and:c act:B accordlng to the method given ] o
act positive value to a negative value whegt '’ increases from

(1440112) log(lﬂgl,fa)]g;’mE[g?

GJ. We next show that,

acf

Pt [gfg } < th;IE[g}ﬂ, @1 decreases from a

Cact

in Section IV-A. If the maximum value o:f: act: B g larger P ME[ ]<1+7f1 f2)
than the transmission rate requirement of Gut, then,@Q;; 0. Let U;A ~ Sact] \ , which can be
. =p aLtE ,yfl f2+Pf} [912}
equals the maximum value m‘dJ ; otherwise,d; with the [ GJ 0 tr f
§ o s
current relay selectlon cannot share the resource, gfand o Pl E[gf2] - P, ‘E[ jt]

thus Q;, is set to "oc". After the calculation ofQ; ;, we ©XPressed asl

can use the classical Hungarian (Kuhn-Munkres) algorithm to P
obtain the optimal resource sharing between D2D pairs alid P, ‘“‘E[ m} < PIE [g]’:ﬂ, we  have
CUs that maximizes the sum-rate of D2D pairs [32], [33]Pf1 {gfg} _ P QC,E{ } ~ 0. Thus, U, increases
Next, we derlve the optimal SINR thresholds to maximize’ act

LT .
P;‘,IME[ f2 ] 6‘1~f2 +Ptfr} E[g}‘z]

a(‘t

. 1,J2 fi,f2
2% andxd@“ ,respectlvely. as 7 increases. Therefore(); decreases asy;
Cact i increases. Furthermore, we havehfm Q: = 1, and
112 0
, }im Q1 = —oo. Thus, @, decreases from a positive
A. SINR thresholds optimization Yol oo

. value to a negative value af{l’fQ increases from 0. Since
From equations (7), (8), (12), (13), (14), and (15), we know R N0W>

. . . . . WP/lE _ Do ""NoW
that in all cases, if the relay selections of D2D pairs are given, [o7:] exp( rl16[o72] o " P
. B .. r;, {d},d? i f f
2 andazfe" are maximized when/H72, 27 {34}, (1448 fz)(P mE[ T2 ] ol Pl B[ fz]) dogt
act U.c act

951

d d2- . i frd2
i }’“J, xfflwnBS, and 2%B5 are maximized. In the decreases from a positive value to a negative value0a§

following, we first derive the optimal SINR thresholds that reéincreases from 0. That is, i, ) { J < P |:gf1:|
2 i a.
spectively m(:1X|m|zesf1’f2 roAd i} AdhdibncinBS - pfuf2 increases first and then decreasesds” increases,

s
ct acf

t

cac, Ty ! Cact
. . 7f‘ . .
andxd%‘ji’z in Theorem 1- 5, when the average interferencd it reaches the maximum value whegj' /2 satisfies
quatlon (19). [ |
power ‘at'the receiving nodes is smaller than the given values M
In the case that the average interference power at the receivin@heorem 2; If P‘“*E 97 < PJE grj} and
nodes is higher than the given values, the optimal SINR 2 foct o
thresholds can be obtained by numerical search. Pt;cf {gcg' } < PJFE gm}, xii’{ 7770 is maximized
i act act
Theorem 1: If Pt [gh } < Pt{?E{gJJ?} I s sy
. Fiuf Cact ! Cact when~,” V777 satisfies
maximized wheny,;"’* satisfies
NoW (14 f1.727) 4 14 f1,f2
1— 0 ( ’Yf )Ofg( Yo ) 1— NoW ld1 + ld2 ~
b 1E[gfﬂ , (19) P E|g.! Pl E|g)
1+,yf1 > f2 log 1+A/f1 2 P“:actE[gff ] . 12 T %o
(L) st By el | (1+m?{d“ log (14414}
Pt‘,,tEC‘E[gff ]v({l’f%Pt{,lE[gﬂ
Cact

i al i dal a2 i dal a2
Pt;fLCtE[g zJ :| (1+’YOJ { J J}) log <1+'YOJ { J J}
Cact

RSRRETE]

Proof: According to equation (9), the first derivative of ; T
272 equals pC%mE[gd_j
ct tr i

act act
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d2 'r~j,{dl,d2} 'r~j,{dl,d2} .
Py mE[ } T4 VT Y log | 144,77 VT no less than half of the average power of the weaker signal
Cact _ . 4t d? -
+ 0. at the relay node; min <Pt; [g;ﬂ P, {g;ﬂ . That

ri,4dl,d2 - a2
:|’Y()J { J J}_i_p”JE[g,,.;}

K3 2
P;,“tE[gi?
act is, the conditions in all theorems can usually be satisfied in

1 most of scenarios where the mutual interference is not too

Theorem 3: If Pt [ { } < , . . .
Cact severe. For the other scenarios where the mutual interference is

1

aahn

ct

is maximized wheny,

dl

{J’J}J

2
J ] J
P,T E gd Pf,T‘ E

satisfies

T
|:gd?
J

act

1 42 2 .
- (1+’7 45 b )log (1-1—’7{%%}”) X

NoW 1 1
0 ] o]

+ a2
P,’E

tr

a1
P E

G.Lt 1 1
P Bl Pl B9
+ : : =0.
ct T a2l .
act Ptﬂ E{gdjl} PtrJ E[gd%}
J J
i i ,BS .
Theorem 4: If P/*E [nglS} < Pl | [gBSJ 2P is
- i BS - )
maximized whemy*-*'”” satisfies
NoW(1+vca“"BS> 10g<1+7§}”"33>
1—
P artE[ }
a(‘t
ct +,BS ,B
Pt B[] (1agiet ™ ) tog (1t ™) ;
PlLB[gEs }véhfss#{f}cflﬂ[gﬁs.t] |
d}
Theorem 5: If P,/ [gﬁs} < PpeE [gﬁs} and
act
d? i BS . .
P’ [gfzs} < P, ME { } :c;‘}‘fiz is maximized when
) J act
i BS
Yot satisfies
NOW(IJerl“t’BS) log<1+w act? BS)
1-— _
P actE gBS
1
4 g [ Klﬂ hets >log(1+"/ et BS)
BS +
P E[ f a(‘t +P acfE[ }
a(‘t
P JE|: (1132 :|(1+’Y act’ )10g<1+,}/0act'Bs>
: =0
2 — .

P E[g(??s} ,Yoact +P artE[ }
(‘t

The proofs of Theorem 2-5 are similar to the proof oih

extremely severe, we can obtain the optimal SINR thresholds
by numerical search.

Initialization:

e =C D™

nact ‘nact

2) Calculate RD

'V
Calculate T,,.vd, e D", V!
max Y {TM}.

i
;€D et Coien

=D,

i
nact € Cnaz‘l

Jom T

Y

Terminate )

A

n
djl selects ¢! |

as its relay node.
Dewr — pewry { } cor =

cur RD =
‘nact Cnacl \ { na(‘f} cur Tj‘ EON

No D(A_Q?Yes

Fig. 5. The iterative relay selection algorithm.

V. THE ITERATIVE RELAY SELECTION ALGORITHM

In this section, we propose an iterative relay selection
algorithm to find out the relays that can further improve the
sum-rate of D2D communications, based on the solution to
Problem (17). Since all the D2D pairs transmit concurrently
by using different frequency-domain sub-channels, an inactive
CU can only be used as the relay node of one D2D pair.
Thus, to avoid the case that two or more D2D pairs choose
the same relay node, the relay selection processes of different
D2D pairs cannot be treated independently. In the following,
an iterative algorithm is proposed for the relay selection
of all the D2D pairs to increase their sum-rate, as shown
in Fig. 5. At the beginning of the iterative relay selection
algorithm, no inactive CU is selected by the D2D pairs. That
is, all the inactive CUs are unoccupied. L& ., Cu,,
and D*" denote the maximum sum-rate of the D2D pairs
under the current relay selection, the set of inactive CUs
at are unoccupied and the set of D2D pairs that have not
elected a relay node at current time, respectively. Then, at

Theorem 1 and thus are omitted here. Theorem 1-5 imply th
in all the transmission cases of CUs and D2D pairs, the optim & the maximum sum-rate of the D2D pairs when no D2D
SINR threshold can be derived through theoretical analyﬂaIrS communicates via a relay node, adg’", and D"

if the average interference power at the receiving node(s) gspectlvely equal, ... andD. Consider tha?tdaddmg relay

Zmallsr_lt_?]an a g|v5ent\r/1alue In Thelorem L 'Il'h;er:)rem 2, Theo fies can improve the transmission rate of the D2D pairs only
an eorem IS given value equals the average S'g When the relay nodes can increase the transmission SINRs.

power at the corresponding recelvmg node; while in Theoreﬁqu]us in the relay selection of each D2D pair, we can only
3, the given value equals , Which is . L ’ :
consider the inactive CUs that are close to the correspondlng
Tt D2D nodes. In particular, forl; € D", we deflneC,mt
Pel E{%Zx] Py E{"djz] as the set of inactive CUS ic”, whose distances fron!

o o nact
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andd? are both smaller than the distance betwé?rand df
When selecting a relay node fd, € D", we only select
from C% . In each round, based on the solution to Problem

nact*
(17), we calculatel; ,, which is the maximum sum-rate of
the D2D pairs ifd; € D" further uses,., € c% . as its
relay node. Lef}, ,,, denote max {T}.}. Then,
d; €D, et EChhet

if Ty, > RE,, d;, € D select inactive CUc).., as
its relay node, D" = ’DC’W‘\ {dj1}v cevr, = Cégzt\ {CZéct , (1) Validation of Proposition 1 (2) Validation of Proposition 2
and RY,. = T}, ,,. The iterative relay selection algorithm is
terminated if7}, ,, < RD . or D" = ().

Next we discuss the computational complexity of the pro-
posed solution. From the descriptions above, at each round

of the iterative relay selection algorithm, we need to solve
Problem (17) ‘Cdj times at most. Since there are at

Average transmission rate (nats/s)
Average transmission rate (nats/s)

0 500 1000 0 500 1000
SINR threshold SINR threshold

nact

Average transmission rate (nats/s)
Average transmission rate (nats/s)

;€D === =
most|D| rounds, the maximum computational complexity of - U L o
. . d;
the proposed solution is to solve Problem (HDDdZD ‘Cnéwt (3) Validation of Proposition 3 (4) Validation of Proposition 4
€

times. According to [34], the computational éomplexity of
the solution for Problem (17) by Hungarian algorithm is

O(|Cm|4). Therefore, the maximum computational com-

VI. PERFORMANCEEVALUATION (5) Validation of Proposition 5

In this section, we carry out simulations to evaluate thlg 6. Validation of P .
performance of the proposed methods and compare the pé%’-  Velication of Propostions.
formance of different schemes. In the simulation, the active
and inactive CUs and D2D pairs are uniformly distribute
within the circular area centered at the BS. The expected value
of channel gainE [g] is obtained from log-distance path-loss Fig. 7 compares the performance of the proposed approach
model. We cite the system parameters adopted in [35]. With the optimal solution via exhaustive search when the
particular, the cellular radius and the path-loss exponent fdistance between two D2D nodes in a D2D pair randomly
the calculation of the expected value of channel gain are sevayies from 20m to 100 m. Since the running time of the
300m and 4, respectively. The transmit power of active CUgxhaustive search increases exponentially as the numbers of
the noise power density, the bandwidth of each sub-chanrigfive CUs and D2D pairs increase, we can only consider an
and the rate requirements of active CUs are set tal23, extremely small network with two D2D pairs and three active
-174dBm/Hz, 20 kH z, and 20knats/s, respectively. CUs. The transmit power of D2D transmission is set to 10

dBm. The number of inactive CUs is set to 1000. In the PNC
A. Validation of Propositions for transmission rate calcula- opportunistic relay scheme, the proportion of time that is used
tions for the transmit power adjusting procesgs, is set to 0.1. In

To validate the average transmission rate calculations &&ch random case, we regenerate the positions of the CUs and
rived in Propositions 1-5, we compare them with simulatiold2P nodes. From Fig. 7, we can see that the performance
in which the real Rayleigh fading channel is adopted wheif the proposed approach is close to the optimal solution. In
the SINR threshold is varied in the typical range [0.5, 100df1€ next part, we will further compare the performance of the
The average rate in the simulation is obtained from 30066CPOSed approach with other policies in big networks.
transmission attempts. We randomly generate five CU-D2DFIg- 8 shows the performance of the derived SINR thresh-
pairs. Each D2D pair is assigned a relay node located n@4S, denoted as "TH", versus the optimal SINR thresholds
the center of the D2D link. In the validation of Proposition 3ffom exhaustive-search method (ES), and the following SINR
we consider the average transmission rate fn@r‘m d?' Inthe threshold setting policies resp_ec_twely in no-relay scheme,
validation of Proposition 5, the proportion of time that is useffNC, HNC, and PNC opportunistic relay schemes:
for the transmit power adjusting procegs,is setto 0.1. From 1) Average SINR policy (AS). For the transmission from
Fig. 6, we can see that the closed-form expressions derived in  one device to another device, the SINR threshold is set
Proposition 1-5 are quite accurate since the analytical results to the ratio of the average signal power to the average
(lines) exactly match the simulations (symbols). interference and noise power at the receiving device. For

random case 1
random case 2

> random case 3
random case 4
random case 5

o

nact

plexity of the proposed solution i&D| - < >

d; €D
19 (|cm|4).

500 1000
SINR threshold

Average transmission rate (nats/s)

Performance comparison with other policies
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the transmission from the re|ay node to two D2D nodegi’g. 8. The performance of the derived SINR threshold.

the SINR threshold is set tg (SINRy + SINRy),

whereSIN R, andSIN R, are the ratio of the average

signal power to the average interference and noise powelFrom Fig. 8, we can see that: 1) The derived SINR
at the two D2D nodes, respectively. For the transmissi@hresholds exactly match the optimal SINR thresholds from
from two D2D nodes to the relay node, the SINRexhaustive-search method. 2) Compared with the AS, TW,
threshold is set to the ratio of the smaller average powgp, and SS SINR threshold setting policies, the derived SINR
of the two signals from D2D nodes to the averaggreshold can obtain a performance enhancement of 9%-125%.
interference and noise power at the relay node. The reason is that the four compared policies can not adjust
Twice Average SINR policy (TW), in which the SINRthe SINR threshold according to the channel condition of each
thresholds are set to twice of the ones in the AS policitansmission. Another observation is that the performance of
Half Average SINR policy (HA), in which the SINR the four compared SINR threshold setting policies depends on
thresholds are set to half of the ones in the AS policythe adopted scheme. For example, in no-relay scheme, the AS
Single SINR policy (SS), in which the SINR thresholdgnd TW policies outperform the HA and the SS policies; while
for all the transmissions are the same and optimized hy HNC and PNC opportunistic relay schemes, the HA policy
numerical search. has better performance than the AS, TW, and SS policies.

We consider the random cases in which the numbers of active-ig. 9 compares the performance of the proposed bipartite-
CUs and D2D pairs are randomly selected from the rangeatching method, with the Nearest First (NF), Farthest First
of [25, 35] and [10, 20], respectively, and each D2D pair i§&F), and Random Selection (RS) resource sharing policies,
paired with a random active CU. The distance between twespectively in no-relay scheme, NNC, HNC, and PNC oppor-
D2D nodes in a D2D pair and the transmit power of D2Runistic relay schemes under the optimal SINR thresholds. In
transmission are set to 80 and 10dBm, respectively. Each NF, FF, and RS resource sharing policies, for each D2D pair,
D2D pair is allocated a given relay. In the PNC opportunistive respectively select the nearest, the farthest, and a random
relay schemeg is set to 0.1. active CU that satisfies: 1) the active CU has not been selected
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Fig. 9. The performance of the optimal bipartite-matching.
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Number of D2D pairs

Maximum sum-rate of D2D pairs (nats/s)

by other D2D pairs; 2) the rate requirement of the active CU
can be satisfied. Here, the distance between a CU and a D2D r ‘ ‘ ‘ ;

oh : _ £ 28 [—5— NNC v.s.No-relay]|
pair is defined as the average distance between the CU and 5.5} —#— HNC v.s.No-relay]
the two D2D nodes. The distance between two D2D nodes in ¢ 24ﬁ
a D2D pair, the transmit power of D2D transmission, and the 522} 1
value of 5 in PNC opportunistic relay scheme are the same as § S D |
those used in Fig. 8. Each D2D pair is allocated a given relay. ~ § ™| 1
We consider the random cases in which the numbers of active QWO

CUs and D2D pairs are randomly selected from the range of Number of D2D pairs
[25, 35] and [10, 20], respectively.
From Fig. 9, we can see that in all schemes: 1) The Nigy. 11.  Performance comparison of the four schemes undéretit
resource sharing policy has the worst performance since it lagbers of D2D pairs.
the biggest mutual interference between D2D pairs and their
sharing CUs. 2) Compared with the FF and RS policies, the

bipartite-matching method can achieve an average sum-re@P pairs and active CUs increase. The reason is as follows.
enhancement of 16% and 115%, respectively. Increasing the number of D2D pairs increases the sum-rate of

D2D pairs directly; while increasing the number of active CUs
) _ reduces the interference to the D2D pairs. Another observation
C. Performance comparison of the considered schemes from these two figures is that the performance gains of NNC,
Fig. 10 and Fig. 11 show the performance comparison of tfNC, and PNC opportunistic relay schemes versus the no-
four schemes under different numbers of active CUs when tteday scheme change slowly as the numbers of active CUs
number of D2D pairs is set to 15, and under different numbeasd D2D pairs increase. That is, the performance gains are
of D2D pairs when the number of active CUs is set to 3@ot sensitive to the network size.
respectively. The distance between two D2D nodes in a D2DFig. 12 and Fig. 13 show the performance comparison of the
pair, the transmit power of D2D transmission, and the valdeur schemes under different settings of the distance between
of 8 in PNC opportunistic relay scheme are the same as thds® D2D nodes in a D2D pair when the transmit power of D2D
used in Fig. 8. The number of inactive CUs is set to 100@ansmission is set to 1@Bm, and under different transmit
From Fig. 10 and Fig. 11, we can see that in all schemes, th@wvers of D2D transmission when the distance between two
maximum sum-rate of D2D pairs increases as the numbersD#fD nodes in a D2D pair is set to 8@, respectively. The
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Fig. 12. Performance comparison of the four schemes underetit settings
of the distance between two D2D nodes in a D2D pair. Fig. 13. Performance comparison of the four schemes underetit transmit
powers of D2D transmission.

number of active CUs, the number of D2D pairs, the number
of inactive CUs, and the value gfin PNC opportunistic relay

scheme are set to 30, 15, 1000, and 0.1, respectively. From F T rrvsvyr—
12 and Fig. 13, we can see that in all schemes, as the distar e NGy Nre)] ¢

between two D2D nodes in a D2D pair increases or th
transmit power of D2D transmission decreases, the maximu
sum-rate of D2D pairs decreases and the performance gains
NNC, HNC, and PNC opportunistic relay schemes versus tt
no-relay scheme increase. The maximum performance gains
NNC, HNC, and PNC opportunistic relay schemes versus tt
no-relay scheme reach 206%, 238%, and 268%, respective
The reason is that as the distance between two D2D nod

Maximum sum-rate gain

in a D2D pair increases or the transmit power of D2C |
transmission decreases, the SINR at each receiving device
D2D transmissions decreases, which leads to the decrease 1= : : : : : : : :
. . . 100 200 300 400 500 600 700 800 900 1000
transmission rate. Furthermore, according to the Shannor Number of inactive CUs

capacity formula, the transmission rate is more sensitive 1o

the SINR at the low SINR domain. Thus, when the SINR &ig. 14. Effect of the number of inactive CUs.

each receiving device of D2D transmissions is lower, adding

a relay node to increase the SINR can increase the average

transmission rate of D2D pairs more effectively. Therefore,

the performance gains of NNC, HNC, and PNC opportunistic i

relay schemes versus the no-relay scheme increase as the

distance between two D2D nodes in a D2D pair increases

or the transmit power of D2D transmission decreases. 2f 1
Fig. 14 shows the effect of the number of inactive CUs P rE——

on the system performance. The number of active CUs, the —p— PNCv.s. NNC

number of D2D pairs, the distance between two D2D nodes in 15 —#* PNCv.s. HNC

a D2D pair, the transmit power of D2D transmission, and the

value of 5 in PNC opportunistic relay scheme are set to 30, 15, 1

80m, 10dBm, and 0.1, respectively. From Fig. 14, we can see

that the performance of NNC, HNC, PNC opportunistic relay 1005 01 o015 02 o025 03 035

scheme increases as the number of inactive CUs increases. The 6

reason is that when the number of inactive _CUS I_S b[gger, vl\f% 15. Performance gain of PNC opportunistic relay schenteeudifferent

can select a properer relay for each D2D pair, which improvesgues ofs.

the system performance.

PNC gain
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