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Abstract—Device-to-Device (D2D) communications in
cellular networks allow devices to communicate diretly
without going through the base station. The D2D undtaying
cellular networks method is aimed to increase netwh energy
efficiency, as specified for Long-Term Evolution Advaced
(LTE-A) and 5G systems. In this paper, we examine the
performance of both cooperative and non-cooperative
communications modes based on the energy models we
establish, within a mobile network where both user
equipment (UE) to base station and D2D transmissiolinks
co-exist. We show that the source-destination distae is an
important factor to decide whether to use the coopative or
non-cooperative transmission scheme in order to a@ve
better energy efficiency. We have also investigatetie effects
of choosing different numbers of relaying brancheand relays
in each branch on the performance of the network. Tis
investigation leads to identifying optimal transmision
schemes for maximizing energy efficiency under vaigg
environmental conditions.

Keywords-Energy efficiency; cooperative communications,
D2D communications.

I.  INTRODUCTION

Device-to-Device (D2D) communications, which
enable direct data transmission between devicels asc
user equipment (UE) without help from existing
infrastructures such as base stations (BSs) osagu#Ents
(APs), has been investigated as a promising teabrfior
future cellular networks [1]. It can reduce signgli
overhead and save the limited resources of lodH ard
the network as a whole. The existing researchimdtrea
has been mainly focused on how D2D communicatians c
run efficiently as an underlay to cellular netwot&ssave

and amplify-and-forward (AF) are commonly used to
overcome these problems, to enhance the transmissio
reliability by creating diversity [4][5]. These teaiques
can enable cellular user equipment (UE) to helj edicer
through relaying other device's data and sharirgr th
limited resources. However, involving more relaydes
will consume more energy, although this can begai&d

to some degree through proper power allocationreeke
[6].

In this work, we examine the energy efficiency
performance of a mobile cellular network that
accommodates both D2D and UE assisted relaying
communications. We also investigate the strengtit a
limitations of cooperative transmission schemeshis
scenario, in comparison with non-cooperative sclegme
under different conditions, such as transmissiatadice,
relaying method, channel condition (path loss exmbn
and interference. Through this investigation we can
identify proper transmission schemes for optimizthg
energy performance of the network in varied condgi In
addition, we derive the closed form outage prolitgtithat
contributes to establishing the models of ener§giefcy.

The remainder of this paper is organized as follows
Section Il discusses the relevance of this reseuaiiti
other work. Energy efficiency models for both cogive
and non-cooperative transmission schemes in alaellu
network are presented in Section Ill. Simulatiosutes and
discussions are provided in Section IV. Finally ffaper
is concluded in Section V.

II. RELATEDWORK

Most literature has been focused on the interfexen
coordination issue between D2D and cellular
communication links. The problem of maximizing o&dr

energy consumption of UEs and BS and improve né&twor qfioading with D2D communication was studied i, [7

performance such as spectral efficiency and thrpug]2]

[3].

which is mainly focused on the communication aspect
including interference avoidance and energy efficye

D2D communications normally take place through apMulti-user multiple-input and multiple-output (MIMO

direct and reliable link between D2D devices tas$athe
quality-of-service (QoS) requirement for both D2bkk
and the cellular system simultaneously. Howevegting

these requirements faces challenges from physicdl a

resource limitations, including high loss rates doe
changes in terrain, multipath fading, Doppler sgrea
interference and noise. This will not only reduegwork

systems are also considered to obtain the maxiosalilple
energy efficiency for cellular networks [8]. Curtign the
cooperative D2D idea was exploited for enhancingjaso
ties in human social networks [9] to promote eéfiti
cooperation among devices.

In the energy efficiency aspect, work in [10] shdwe

performance but also waste the limited power of thethat the best position of devices can be found itimize

devices involved.

Cooperative communications through

the total power used for the network, while in [11]

applying multihop D2D communications where one UE may help

relaying techniques including decode-and-forward)(D other two UEs to exchange information has been
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investigated in order to enhance energy efficieMuyst of
the works reported have investigated energy effiyeand
spectral efficiency over non-cooperative or coofyega
communication links using only one relay brancherehis
a lack of information regarding how to choose ac#jme
transmission scheme and determine the numberayfingl
branches and the number of relays in each brandbrui
different conditions such as the changing trandoriss
distance between source and destination nodesdar
find a solution for ensuring the best QoS withimeawork.
In this paper, based on the initial work for wiede
sensor networks [12], our investigation will idéptthe
conditions for establishing appropriate transmissi
strategies among different commonly used transomss
schemes in the context of a cellular network thatudes
both D2D and UE-to-BS links with cooperative aslvasl
non-cooperative communications. This investigatien
based on the development of analytical energyieffiy
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Figure 1. Transmission schemes in a cellular nétw@) CUE-BS using
non-cooperative communications and direct D2D, @)@€UE-BS using

cooperative communications and direct D2D.

models for these transmission schemes, and involvegan also communicate with each other directly sm@2D

performance analysis on, in particular, the trafle-o

mode. Itis assumed that the distance between abydair

between cooperative and non-cooperative transmissiojs shorter than that of the CUE-BS link in a calutell.

schemes.

IIl. ENERGY EFFICIENCY MODEL

In this section, the analytical models of the mespl
transmitting power,
efficiency in the context of a cellular network aB@D
communication links are established for both coafpes
and non-cooperative transmission schemes. Basttbsa
models, an adaptive transmission strategy can\eaied
to optimize the energy performance.

When a D2D pair communicate by reusing the upliik)(
resource of an active CUE that is transmitting datthe
BS, the active CUE will interfere with to the D2Bceiver
(DRx) and at the same time the D2D transmitter (DTx

outage probability and energycauses interference to the BS.

The energy efficiency (EE) in this scheme is gibgn

- _Rs R
EE, =EEcg +EEpyp —P_B"'% (2)
ce  Ppoap

Given a cellular network with a number of D2D Bair \yhere EEcs, Res and Pes are the energy efficiency,

and cellular user equipment (CUE) and BS,
optimization of the system performance is achietgd
maximizing the overall energy efficiency with antage
probability target:

Max Y EE,; 1)

whereEE;iis the energy efficiency of theth transmission
link either between CUE and BS or between D2D dsjic
andpouts-pis the fixed outage probability target.

S-t-{ poutS-D}

theachievable rate and power consumption of the CUE-BS

link, respectively.EEpzp, Rozp and Ppap are the energy
efficiency, data rate and power consumption of B2D
link, respectively. LetB be the system bandwidth. The
achievable rateBcs andRp2pin bits/s are expressed as:

®3)
(4)

Reg = B|092(1+ SlNF%B)
Rozp = B|092(1+S|NF%>2D)

Different transmission schemes involving D2D and and the signal-to-interference-and-noise ratich@®CUE-

CUE-to-BS links are shown in Fig. 1, including botbn-

cooperative and cooperative communications in CI$E-B

links. In the cooperative communications scendfig.(1
(b)), relaying with a varied numbers of branches eatays
in each branch are illustrated and will be considein
analytical modeling in connection with D2D transsiis
in Subsections 1A & IlI. B.

We consider a cellular cell in which the transnassi

BS link, SINRg, and the D2D linksSINR),, are given by:

2
SINRCB - PC‘hCZB‘ yCB (5)
PD‘hDB‘ yDB + N
2
Po|Nop| Voo
SINRp :# (6)
PC|hCD| Yo tN

links are subject to narrowband Rayleigh fadinghwit wherePc and Pp are the transmitting power of the CUE
Additive White Gaussian Noise (AWGN) and propagatio transmitter and D2D transmitter, respectively,is the

path-loss. The channel fades for different linksassumed
to be statistically mutually independent.

A. Non-Cooperative Transmission Scheme

Consider the scenario shown in Fig. 1(a) where in

addition to communication between cellular usersugh
the base station, which forms CUE-BS links, cellulsers

Copyright (c) IARIA, 2016.  ISBN: 978-1-61208-514-2

thermal noise power at any receivés|? is the channel
fading coefficient between transmitte(i= {C (CUE)D
(DTx)}) and receivelj (j = {B (BS)D (DRXx) }) wherehj
follows a complex normal distributioBN(O, 1), andy; is
path loss between transmitteand receivey with the same
index sets used fgh; [, which is given by [13]:

128



ICWMC 2016 : The Twelfth International Conference on Wireless and Mobile Communications (includes QoSE WMC 2016)

_ GA2 7 constrained by the outage probability for the direc
Vi _—(4n)2dif’M|Nf () transmission must be:
whered; is the distance between transmiitand receiver P > AN (InU )™ (15)

j with the same index sets foandj as described above,
is the total gain of the transmit and receive amstu is
the pgth loss _exponen_ﬂ, is _the WavelengtHV!| is the link U’7Pc|hCD|2VCD
margin and\; is the noise figure at the receiver. Phbz————

An outage occurs wheBINRat the receiver falls below (1_U)|hDD| Yoo
a thresholds in the CUE-BS link ory in the D2D link,
which allows error free decoding. The outage prditab
of the single-hop transmission is given by [14]:

Poutce = p(S|NR:B Sf) EE, = Res n Ro2p
—1- Pc|hcs| Vee ex;{ AN J 8) R+tRh R +HR
18PD|hDB|2yDB + Pc|h03|2VCB Pc|hcs|2VCB

B |hCB |2 Ves
(16)

Therefore, the overall energy efficiencyhits/Jof both
CUE-BS and D2D links using direct transmission are
expressed as:

(17)

wherePo(J/s)is the internal circuitry power consumption of
user devices.

Pouozo = P(SINRyz5 <17) B. Cooperative Transmission Scheme

—1- PDlhDDlzyDD ex{ 7N ] 9) In cooperative transmission, CUES communicate with

T e Py P lh|? P lh. |2 the BS through relay devices in addition to thectiiCUE-
Pelneol” Vo + Po Moo Voo bPoo " ¥oo BS link. D2D communications involve direct transsiis

Due to the short distance between any D2D pairighwh between any two UE devices including CUE-Relay and

means that the power of DTx is so low that therfatence Re_lay-Rquy links, as shown_m Fig-1(b). Relaysamth_e
caused by DTx can be neglected. In addition, assumBoisy version of the transmitted symbol and tramgine

N<<P, |Rsp 200, SO (8) and (9) can be rewritten as: received symbol after some processing to the regay ror
7 plhoo 7Yoo ® © the BS. In this case, the active CUE and the trétiam
P —1-ex BN (10) relays will interfere with the D2D receiver (DRxhd at

ouce Pc|hc5|2VCB the same time the D2D transmitter (DTx) causes

interference to the receiving relays and BS.
PD|hDD| Voo an The energy efficiency in this scenario is given by:

Poutpzp =1- 2 2
’7Pc|hCD| Yoo * PD|hDD| Yop EE, = EEyyy + EEpyp = Reoop | Rpap (18)
P Pcoop Pp2p

Energy consumption is largely proportional to the where EEcoon Reoop @Nd Pooop are the energy efficiency,
requirement of maintaining a certain level of traission  achievable rate and overall power consumption @f th
reliability or the successful transmission rateohder to  cooperative CUE-BS link, respectively. The achidgab
maintain a required level of the reliability ofraismission  rateRcoopin bits/s is expressed as:
link, denoted by U(0<U<1), the maximum outage

probability is bounded by: Reoop =B 10g2(1 + SINR 5 + ZleslNRer) (19)

o =1-U (12)  whereK is the number of relaying branches. The signal-to-

interference-and-noise ratios of thth Relay-BS (R-BS)

Replacing pout by Poucce in (10) and poupzo in (11),  |ink. SINRg is given by:

respectively, and taking the nature logarithm om iiath

sides of the expression in (12) when repla@agby poutcs, Peclhrp|*vrjs

we then have: SINR,jp = PolhpslZvDE+N (20)
AN <InU ) (13) WhgrePccis the transm_itt_ing power of coope_rative relays,
PcthB|2VCB - hig is the channel coefficient of the cooperative RIBS.
In this paper, we present two types of cooperative
PD|hDD|2yDD transmission schemes: 1) using multipl€) (relaying
> 5 >U (14)  branches with one relay in each branch, and 2)gusin
’7Pc|hCD| Yeo +PD|hDD| Yoo multiple relaying branches and with multiplg) gelays in

each branch. The selective decode and forward (SDF)
The main objective for performance optimizatiorids ~ relaying protocol is used in these two schemesralays
maximize the overall energy efficiency under difier  perform cooperation when the information from tHaEC
environmental conditions. Thus, the transmit poweris correctly received by them. We assume thatefexton
required to satisfy the reliability requirement ¢  combining technique is used at the destination fom t
received packets. For the transmission scheme slmwn
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Fig. 1(b), the outage probability is given by jdont

Therefore, the overall consumed power can be espdes

considering the outages in CUE-BS, CUE-R and R-BSas:

links, i.e.

poutcoop = p(SNRCB < .B) n p(SNRCr < ﬁ)
+ p(SNRcg < B) N p(SNR¢ > B) Np(SNR, 5 < B)(21)

When we have multiplek) branches and multiple relay)(

in each branch:

poutcoop: (/8) D N (K+1)(G/PCVCB|hCB|2(]/ PC yCrl

£ d2 [Py, Jn

1

2
) + drnB/PCCnyrnB

hrnB

e,

)j @2

wherePc andPccare the transmit power at the CUE and

2
+

relays, respectively. We set the transmit powdreto

proportional to the distance between two commuirigat
nodes. For broadcast transmission, e.g., whenlthie C
transmits, the longest distance, i.e., the distheteeen
the CUE and the BSicg, is considered. So, the power

between the two communicating nodes is given by:
Pj = A;P¢

(23)

where; denotes the power coefficient between node
and node. In our model, we assume that the valudipf
depends on the distance of the CUE-BS, relay-retay

relay-destination link. For example, the transnoivpr
for the relay-destination link is:

Prs = Ars“Pe = (22) P

dcp

As Equation (22) can be rewritten as:

poutcoop: (ﬁ) D N (K+l)/ PC(K+1) (]/VCB|hCB|2 (]/yCrl

2 a
)+]/yrn8/\,n5

We can formulate the power minimization problem by
specifying a required reliability level, in a sianilway to

h

L] e | T

Zinzz( y N

hrnB

)

e,

(24)

2

(29

the method used in Subsection Al.The optimization
problem can be stated as follows: Optineeor Pcc so

that

Maxz EEZS-t-{poutcoop <1- U}

bounded by:

P 2 ﬂNO[]/VcB”‘CBF(]/yC&

2\ P W (k+2)
) j (in@y)

+]/yrnB/\0:nB hrnB
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(26)

Both Pc and Pcc(contained inpoutcoop are involved in the
optimization process for the cooperative transmissi
mode. And the transmitted power used in the sekecti
decode—and-forward scheme with multiple relé®s, is

2
+3 :2(% V., N

i

@7

Pcoop = Poutcr)(Pc + Po) + (1 — Poutcr) (((K * M) *
App® +1)Pe + (K *n + 1)P0) (28)

The first term on the right-hand side correspoodtié
consumed energy when the relay is not able to ctiyre
decode the message from the CUE, which meanshisat t
link is in outage. In this case, only the CUE canes
transmit power and the destination node &hdelays
consume receive power. The second term countshéor t
event that the CUE-Relay link is not in outage, deen
transmit and processing power at relays and reqawer
at the destination are consumed.

The optimization problem with one constraint valéab
and its Lagrangian is given by:

0Pcoop OPoutcoop __
Pt + ( oPt =0 (29)

Where{ denotes the Lagrangian factor. The derivatives
of the overall power consumptioB.op and the outage
probability poutcoop With respect to the transmit power
P lead to:

[K(i xij+1jé/ﬂ+ be, / Psop (NKRy, +(K (N =D +1)Py, ) -
Z bCB(K +l)(bCr1 + Zin=2h'lri + brnB )K VPCEJPZ = 0 (30)

Based onPcqop resulting from the above optimization
process, the energy efficiency can then be obtahredigh
(18).

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, we examine the energy efficienty o
different transmission schemes under various chaame
transmission conditions in a cellular network showfig.

1 using computer simulation. We then show how the
transmission scheme can be chosen in an adaptiyeova
optimize the energy performance. The network gggtin
used for simulation are listed in TABLE 1. Giverextain
network topology, we randomly choose a CUE-BS paif
apply different transmission schemes for comparison
purposes. Assume the achievable Rte this scenario to
be 1 Mbit/s, and the required system reliabilityelie(U) to

be 0.999.

Fig. 2 shows the energy efficiency performanceathb
cooperative and non-cooperative schemes. As we can
observe, cooperative transmission outperforms the n
cooperative transmission when the transmissioneasg
beyond 17 meters for the CUE-BS link (Fig. 2(a)il &n
meters for the D2D link (Fig. 2(b)), respectiveye can
see from Fig. 2(a) that the non-cooperative direct
transmission has considerably higher energy effmjie
than cooperative schemes for short-range transmnisse.,
dce<17m in the case of cooperative transmission Us#®)
branches witin=1 relay per branch, armtz<44m in the
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Figure 3. Energy efficiency vs numbers of CUEs B2® (3 =n =0 dB).
Figure 2. Eneray efficiency vs Total transmittedtance [f =n =0 dB)

transmission is good enough to meet the reliability

TABLE 1. SIMULATION PARAMETERS requirement while having a less number of transmstt
than the cooperative transmission scheme. Whe8IthR
Parameters Value threshold becomes higher, the scheme with one azldy
N -100dBm one branchr=1l, K=1) performs better than others, but
7 10 MHz schemes with more branches and relays for thist shor
distance leads to the increase of the transmit pamnd
U 0.999 then the decrease of energy efficiency.
Max Pc or Pp 250 mwW When the transmission range increasks«35m), the
7 100 mW energy efficiency of direct transmission decreasss
shown in Fig. 4(b). It can be seen that transmissitih
fc 2 GHz two relaying branches(with one relay each) in addito
MI 4 dB the direct link is most energy efficient for thdatevely
Nf 1dB good channel conditionsp€5dB). When the SINR
: threshold becomes higher, other schemes with netegs
G 5 dBi and branchesngl, K>1) perform better than others. For
a 4 S>5dB, transmission with three branches and threxysel

per branch are the best in terms of energy effagiewith
case of cooperative transmission usie branches with ~ a trend that more relays are needed to maintaihigiest
n=3 relays per branch. po_55|_ble efficiency \_Nhen the channel condltlc_)n gaisse.
When the distance of the CUE-BS link is short the This is because using more than one relay in eeatch
transmit power of CUE is proportionally low accargito Wil Iead to the transmit power of relays beingrsigantly
(23), so the interference of CUE to the D2D receDBx reduce(_JI due to shortened distance between devices.
is low as well. This reduces the overall requinahs$mit trar!gnfilgs'?o(rcl)’s,tgﬁe(ra‘r?:srg?g pgggg,aerécebﬁtf ttr;]% Sgirggﬂggé
ower from DTx and then increases energy efficigioc ; . o ) .
ghortdistance transmission. as shown in F?g 2(b) Y 100m. In this scenario, transmission with ~multiple
Fig. 3depicts energy effi'ciency against the nufnlmérs branchesK= 3) and three relaysit3) per branch is more
CUEs and D2D pairs _Which uniformly distribu_ted in a Egﬂgﬁésﬂki%di/rviﬁ gr?g Srg]::;;?:ni)aggcﬁﬁgeemefhﬂgel
g?fligg c;/:e(lla.\ nstl)f Sé%gg?\l, ege]ffg.[nm%?gcg (a%ag?] d”::i@gngigr condition_s. This indicqtes that the dive_rsity ceelahrough
between the direct transmission scheme in CUE.BS ofSoperation has an impact on the increment of gnerg

Efﬁciency In addition, it reveals that when chahn
D2D links and the optimal transmission schemesgusin o ) Lo o
cooperative relaying. conditions get worse, having additional relays ioranch

Results in Fig. 4 show how energy efficiency variesifs-la simple anﬁ.lefliecti\_/e way to prevent prah?smissi
with the threshold of SINRgJ for both cooperative and pacl)susriileeventsw lle keeping energy consumptiolasas
non-cooperative schemes with different distanceSUi- :

BS links @cs). When distance is 10m (Fig. 4(a)) using Theret.are a nhumber ?If lfactors tt\?/atkcan gﬁect gnt(_erg
direct transmission is most energy efficient andCOnSUmMplon —n ~a - celiuiar - networks. ~Looperative
significantly better than cooperative transmissitor ~ Uansmission involves additional paths and devicelays)
$<9dB. This is because within a short distance direcéompared to direct transmission, which costs moezgy.
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sx10° V. CONCLUSION
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e G i Foierce il We have investigated the energy performance of a
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s e R CUE-BS links in either cooperative or non-coopemti

transmission modes. Based on the outage probahititly
energy efficiency models derived, we have showrt tha
cooperative and non-cooperative transmission scheae
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. S achieve the highest possible energy efficiency deing on
8 > BraB] = = environmental conditions such as the channel quafid
. ) transmission range. Adaptive transmission straselggesed
gx 10 on the results presented in this paper can therefer
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