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Abstract—The introduction of device-to-device (D2D) into have not considered the QoS provisioning constraints and
cellular networks poses many new challenges in the resource have not derived a close-form solution. Centralized resur
allocation design due to the co-channel interference caudeby  )|0cation algorithms for optimizing the EE in the device-t

spectrum reuse and limited battery life of user equipments . . .
(UEs). In this paper, we propose a distributed interferenceaware multidevice (D2MD) or D2D-cluster scenarios were proposed

energy-dficient resource allocation algorithm to maximize each in [10] and [11] respectively. One major disadvantage of the
UE’s energy dficiency (EE) subject to its specific quality of service centralized algorithms is that the computational compjexi

(QoS) and maximum transmission power constraints. We model and signaling overhead increase significantly with the neimb
the resource allocation problem as a noncooperative gameni ot gs, Besides, since the optimization process is carrigd o
which each player is self-interested and wants to maximizetd . . . .
own EE. The formulated EE maximization problem is a non- |n_th_e BS, the optimal solution needs to be dehverec_i t(_) t_he UE
convex problem and is transformed into a convex optimizatia  Within the channel coherence time. Instead of maximizing EE
problem by exploiting the properties of the nonlinear fractional an auction-based resource allocation algorithm was pexpos
programming. An iterative optimization algorithm is proposed to maximize the battery lifetime in [12], but cellular UEs nge
and verified through computer simulations. not taken into consideration. A coalition game based resour
sharing algorithm was proposed In[13] to jointly optimibet
model selection and resource scheduling. The authors asksum
Device-to-device (D2D) communications underlaying celltthat independent D2D UEs and cellular UEs can communicate
lar networks bring numerous benefits including the proximitwith one another and act together as one entity to improve the
gain, the reuse gain, and the hop gaih [1], increase the td&H in the game.
throughput of the overall cellular network,|[3], and can fit In this paper, we propose a distributed interference-aware
perfectly for future ubiquitous radio network [2]. Howey#te energy-#ficient resource allocation algorithm to maximize
introduction of D2D communications into cellular networkgach UE’s EE subject to the QoS provisioning and trans-
poses many new challenges in the resource allocation desigission power constraints. We model the resource allotatio
due to the co-channel interference caused by spectrum repssblem as a noncooperative game. Compared to the cooper-
and limited battery life of user equipments (UEs). Most dditive game model used in ]13], the noncooperative model has
the previous studies mainly focus on how to maximize thtae advantage of a lower overhead for information exchange
spectral #iciency (SE) and ignore the energy consumptiobetween UEs. Both of the D2D UEs and cellular UEs are taken
of UEs (seel[4]+[7] and references therein). Only a limitetthto consideration. The EE utility function of each playgde-
amount of works have considered the ener@ficiency (EE) fined as the SE divided by the total power consumption, which
optimization problem. In practical implementation, UE® arincludes both transmission and circuit power. The fornaedat
typically handheld devices with limited battery life andncaEE maximization problem is a non-convex problem and is
quickly run out of battery if the energy consumption is igedr transformed into a convex optimization problem by using the
in the system design. Therefore, in this paper, we focus aonlinear fractional programming developed [inl[14]. A Nash
how to optimize the EE through resource allocation in agquilibrium is proved to exist in the noncooperative game. A
interference-limited environment. iterative optimization algorithm is proposed to find the Nas
For the EE optimization problem, distributed resource-all@quilibrium and is verified through computer simulationg E
cation algorithms which are based on either the reversa-iteand SE tradeffis of the proposed algorithm are studied[in|[15]
tive combinatorial auction (ICA) game or the bisection neeth ~ The structure of this paper is organized as follows: Section
were proposed i [8] and][9] respectively. However, the argh [Mlintroduces the system model of the D2D communication un-
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derlaying cellular networks. Sectiénllll introduces thetral- —7/— desired signal
ized resource allocation scenario and provides some itssigh () 777" > Interference fron
by considering several special cases. Sedfioh IV introsluce “ celuar Ues
the distributed iterative optimization algorithm for meanizing D2D UEs
each UE’s EE. Sectidn]V introduces the simulation pararagter

results and analyses. Sectiod VI gives the conclusion.

Il. SysteEm MoDEL

In this paper, we consider the uplink scenario of a single
cellular network, which is composed of the base station, the
D2D UEs, and the cellular UEs. Fig. 1 shows the system mode
of the D2D communications with uplink resource sharing.
There are two cellular UEs (UEand UR), and two D2D
pairs (Ui and UE, and Uk and UE respectively). A pair of
D2D transmitter and receiver form a D2D link, and a cellulaf
UE and the BS form a cellular link. The UEs in a D2D pair

are (_:Iose enough to enable D2D communication. Each cellu(llalgnote the interference from all of the D2D pairs to the BS
UE is allocated with an orthogonal link (e.g., an orthogona

in the k-th channel.

ig. 1. System model of D2D communications with uplink chelnreuse.

resource block in LTE), i.e., there is no co-channel interfiee ; . .
between cellular UEs. At the same time, the two D2D pairs The achlevablg rates of theth D2D pair and thek-th
Alular UE are given by

. C
reuse the same channels allocated to cellular UEs in order F

improve the spectrumficiency. As a result, the BS fers K
from the interference caused by the D2D transmitterss(UE  Tf = Z'ng (1+%), 3)
and UEk), and the D2D receiver (Ugand UE) suffers from k=1
the interference caused by cellular UEs (Uahd UE) and re = log, (1+y'c‘). (4)

the other D2D transmitters that reuse the same channgj (
or UEs respectively).
The set of UEs is denoted & = {N, K}, where N and

U1":he total power consumption of ttie¢h D2D pair and thé-th
cellular UE are given by

K denote the sets of D2D UEs and cellular UEs respectively. g K .

The total number of D2D links and cellular links are denoted Pt = 2, 7 Pi ¥ 2Pcir, (5)
asN andK respectively. The signal to interference plus noise '<1=1

ratio (SINR) _of thei-th D2D pair { € N) in the k-th (k € K) pﬁ,totaj - _plé + Peirs (6)
channel is given by n

pkgk where pﬁmta] is the total power consumption of theh D2D
Y= — N . — , (1) pair, which is composed of the transmission power over all of
Pcdci + Zij=vjsi Pjg); + No the K channels, i.e. ;i ; 2pk, and the circuit power of both
the D2D transmitter and receiver, i.ep. The circuit power
of any UE is assumed as the same and denotepasy is

where p¥, pk, and p¢ are the transmission power of tlie
th D2D transmitter, theék-th cellular UE, and the-th D2D the Power Amplifier (PA) fiiciency, i.e., 0< 5 < 1. pﬁ,mj

. . . . k . ; : t
transmitter in thek-th channel respectively is the channel is the total power consumption of theth cellular UE, which

gain of thei-th D2D pair, g'éyi is the interference channel. o K L
gain between thé&-th cellular UE and the-th D2D receiver, is composed of the transmission pom#pc and the circuit

. . . i ower only at the transmitter side. The power consumption of
and g'j(i is the interference channel gain between thth P y P P

D2D transmitter and théth D2D receiver.Ng is the nosier the BS is not taken into consideration.

power. pléglé,i and ZE\I:L i plj(glj(,i denote the interference from  |iI. CenTRALIZED INTERFERENCE-AWARE ENERGY-EFFICIENT
the cellular UE and the other D2D pairs that reuse kil RESOURCE ALLOCATION

channel respectively. . : : , .
. - The EE introduced in[[16] is defined as the SE divided
] The received SINR of thie-th cellular UE at the BS is given by the total power consumed, i.e., big/J. In this section,
y we study the centralized energffieient resource allocation
kK method, which is employed at the BS. The EE of the overall
_ pcgc 2 . . B . .
Sl ey — (2)  network is a function of the power allocation strategiesicivh
2iz1 Pigic+ No

is given by
wheregK is the channel gain between tkeh cellular UE and N d K
the BS, gk, is the interference channel gain between ittle Uee (P, Pc) = Z S+ _
D2D transmitter and the BS in theth channel. 3, plgk, i1 Pitoa i Prtotal

k
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wherePy and®; are the sets of power allocation strategies fdince Ugg is strictly decreasing Wit}‘p:(, p (it can be proved
the D2D UEs and cellular UEs respectively, i®q,= {pf | 0 < that & < 0 and & < 0, Vi, k), the optimal strategy is to
S P pl el € Noke K, Pe={pE 1 0< pk < pf.-KE  use as little power as possible subject to the QoS constraint
XK. pﬁmax and py ., are the maximum transmission power of

thei-th D2D transmitter and thk-th cellular UE respectively.
This definition of [7) is not based on the ratio of sum netwo

throughput to sum network power consumption as In [8]] [13] The noise dominated case represents tat-> pkgk, +

because transmission power and achievable rates can nofe No >> YN, pkgk . Vi e N.Vk € K ThceUEE
I= 17i,c’ ’ :

shared among UES [117]. Takingl (10l (2} (3)1 (4}, (5), anid ( leilriga in fCIB) can be rewritten as
into (@), the EE of the overall network is rewritten as

lef:l logZ (1 + kk#)

N Kk
pcgc.i+21:1~j¢i pjgivi‘*NO

&. Noise Dominated Case

K Plok Pk
o ZN:Zkzl log, (1+ N—o) ZK:Iog2 (1+ N—o)
Uee(Pa, Pc) = + .
‘ i1 ZL(zl %p:( + 2Pcir 1 %plé + Peir

(11)

i=1 lele % pr + 2pcir

K Pk )
+,

|092(1+ SN R . . ,

T - 7 (8) Thus, the EE maximization problem in the noise dominated
k=1 7 Pe * Peir case is decomposed into independ&ht+ K subproblems,
in which each UE tries to maximize its own EE without

The Uge defined in [[8) is not a concave function ff, pk considering the other UES’ strategies.

(p}< € Pa, Pl € Pc), and it is intractable to find the global
maximum EE of the overall network. However, we can get
some insights about energyfieient power allocation design D. Interference Dominated Case

by considering some special cases. . . . .
y 9 P In the interference dominated case, the interference ishhmuc

A. The Circuit Power Dominated Case stronger than the noise, i.epkgk; + XL, i Pigk; >> No,

N ok k i ned i
The circuit power dominated case represents fhat>> Ziz1 P9 >> No, ¥i € N. ¥k & K. The Uge defined in [8)
can be rewritten as

pk, pk, Vi € N, ¥k € K. The circuit power dominated case

arises when the transmitter is close to the receiver ard litt K prg
transmission power is needed to satisfy the QoS requirement Uee(Pa.P) ZN: i1 |092(1 + gk +2N p'j‘glii)
i i i i ee(Pd, Pc) =
The Uge defined in[(B) is rewritten as - 25:1 %p:( + 2par
Uee(Pa, Pc) = ( PLgk )
N K K k K, logy 1+ N, Pk
= [ZZIog (1+ P9 ) +Z LK+ par (12)
2 — - Mc cir
2Pcir i=1 k=1 pléglé,i + Zz'\l:l,isti D',-(g',-(,i + No k=1 n
K pgk The EE in the interference dominated case is maximized by
+ZZ|092 (1+ ZN"—"H\I)] 9) only allowing the UE (either the cellular UE or the D2D
k=1 i=1 Pigic+ Mo UE) with the highest channel gain to transmit since that
.. . . . . . Kk
The EE maximization problem in the circuit power dominateldg, (1 + - Pa ), as pk -0, plj< 0.

H H H I : p‘égki+z’.\‘71.¥i pl'(‘/l'(i
case Is equwalent to the conventional sum rate maximizatio e

problem, which has been discussed[ih [4]-[7].
E. Cellular UE Dominated Case

B. The Transmission Power Dominated Case ) ) ) )
The cellular UE dominated case arises in scenarios where a

Thke transmission power dominated case represents tQafijar UE is far from the BS but close to the D2D pair, and
>> par, Vi € N,Vk € K. This case arises in 1ong-ihe transmission power of cellular UEs is much stronger than

Kk

pi ’ pC

range communication and interference-limited scenarloS® ,« transmission power of the D2D transmitter, ig >> pk
1 o I 1

large transmission power is required to compensate for the. N, ¥k € K. The Uge defined in [B) can be rewritten as
degradation of the received SINR. Thige defined in[(8) can

be rewritten as pkgk
. K Iogz(1+ NO)
N 3K log, (1 N p—N) Uee(Pa. Po) ~ ) ———— (13)
PEggit X =1 ji Pjgii+No k=1 7 Pec + Peir
UEE(PvaC) ~ Z ZK lpk
= kk:kl (N The D2D UEs are forced to stop transmission due to the severe
log, (1 + m) interference caused by cellular UEs, which solely occupgfal
i=1 FiYic

K
+ Z T (10) the available channels. The optimum solution can be ohdaine
k=1 n Pe by using the bisection method [18].



F. D2D UEs Dominated Case The corresponding EE maximization problem is formulated as

In the D2D UEs dominated case, we haple>> p, Vi € max g, p., pg. pcy)
. . . . i*M=j> s M|
N, ¥k e K. The Uge defined in [(8) can bek Zewrltten as ot C3.C4. (20)
N, Tierlog (1+ S 7 )
UEE(Pd,Pc) ~ Z — j=1j# Pjgi+No (14) c3 :I'l((: > Rﬁym-n, (21)
T ke P 2Por C4:0< pt<pf (22)
¥ = FrCc = ,max’

The cellular UEs are forced to stop transmission due to the ) ] ) )
severe interference caused by D2D UEs, which solely OCCl:};pe constraint C1 and C3 specify the QoS requirements in

all of the available channels. The optimum solution can BE™MS Of minimum transmission rate. C2 and C4 are the non-

obtained by using the bisection methad][18]. negative constraints on the power allocation variables.
IV. DISTRIBUTED |NTERFERENCE-AWARE ENERGY-EFFICIENT B. The Objective Function Transformation
RESOURCE ALLOCATION The objective functions in[(16) and{20) are non-convex
A. Problem Formulation due to the fractional form. In order to derive a closed-form

In th iralized location. the BS . tﬁolution, we transformed the fractional objective funetto a
n the centrafizeg resource aflocation, the requires tagn ex optimization function by using the nonlinear frantl

complete network knowledge and the computational CO'BFogramming developed i 14]. We define the maximum EE
plexity and signaling overhead increase significantly wifita of the i-th D2D pair asq, which is given by
i L]

number of UEs. Therefore, in this section, we focus on the
more practical distributed resource allocation problerhiciv " drd d e e rid(pi*)
is modeled as a noncooperative game. O = max.Up(p;, S, P P2y) = o 0"

In the noncooperative game, each UE is self-interested and total X1
wants to maximize its own EE. The strategy set of ith wherep;™ is the best response of théh D2D transmitter given
D2D transmitter is denoted g = (pk | 0 < 3K, pk < the other UEs’ strategieg®, pf. p°,. The following theorem
pﬂmax,k € K}, Vi € N. The strategy set of thk-th cellular can be proved:
UE is denoted ap; = {pk | 0 < p < p .}, Vk € K. The  Theorem 1: The maximum EEg™ is achieved if and only

strategy set of the other D2D transmittersNi{i} is denoted if
asp? = (P 10 < Ny P < Pk € Ko j € N.j # ),

(23)

didy _ gd*pd dy = rd(pdy — g pd dey —
¥i € N. The strategy set of the other cellular UEs% {k} max. r(p7) = G Pioia (P) = T (P7) = O Piora (P )240'
is denoted ap®, = {p' | 0 < P < Prmax-M € K, M # K}, (24)
Yk e K. Proof: The proof of Theorem 1 is similar to the proof of
For thei-th D2D pair, its EEUid depends not only opid, the Theorem (page 494 in[14)).
but also on the strategies taken by other UEsSiti}, i.e., Similarly, for the maximum EE of th&-th cellular UEq",
p%. pS, p¢,. Ud is defined as we will have similar theorem a$heorem 1:
Theorem 2: The maximum EES* is achieved if and only
Us(pf, p, PR P if k
d ZL(_]_ log, (1+ %) C(nC i +C c C(C* Ct ~C cx
_ i _ " Pedci+ Yoy jxi P95t No (15) max. r(P) — Gk Prrota (Pk) = Mk(Pk) — Gk’ Pitota (P ) = O
pﬁtotal 2||<<:1 %p:( + 2Pir (25)
Therefore, the EE maximization problem of thth D2D pair P '? the be?t redspgnss of theth cellular UE given the other
is formulated as UESs’ strategiey, pZ, py.
max. U id(pid’ pcji’ PE. P C. The Iterative Optimization Algorithm
st C1,C2. (16) The proposed algorithm is summarized in Algorithhmis
the iteration indexLmay is the maximum number of iterations,
c1rd> Rud . (17) and A is the maximum tolerance. At each iteration, for any
T « mn? giveng? or ¢, the resource allocation strategy for the D2D UE
. K _ d or the cellular UE can be obtained by solving the following
€2:0=< kZ:; P = Pimax (18) transformed optimization problems respectively:
Similarly, the EE of thek-th cellular UEUY is defined as max. r{'(pf") - o' o (P)
K K s.t. C1,C2 (26)
el )

ue _d’ d_’ c’ cy_ k _ _ .
PP PP = e T T T b max. r§(05)  GF P s ()

(19) st C3,C4. (27)



TABLE |

Algorithm 1 Iterative Resource Allocation Algorithm
SIMULATION PARAMETERS.

100,08 « 0, Ly < 10,n 1, A « 1078

2: for n =110 Lyax do Parameter Value
3. if D2D link then Cell radius 500 m
4 solve [26) for a giveng’ and obtain the set of | Maximum D2D transmission distance | 25 m
strategiespid Maximum t.ran.smlssmn POWED; > Pimax | 200 MW (23 dBm)
o dyd dod d Constant circuit powepgr 10 mW (10 dBm)
5! it ri(pf) - of Pi total () < dA' then Thermal noise poweNg 107 W
0 g . ri(pi) Number of D2D pairsN 5
6: pi* =pf, andq” = ——= Number of cellular UEK 3
Pitotal (pi ) PA efficiency n 35%
& break QoS of cellular UER, 0.1 bifgHz
8: else (9 (pd) QoS of D2D UESRY 0.5 bitsHz
o idzd'—p'd,andnzn+1
P (P
10: end if _ o
11:  else where K]* = max0, x}. Equation [(3D) indicates a water-

12: solve [2Y) for a giveng® and obtain the set of filling algorithm for transmission power allocation, andeth
strategie9? k interference from the other UEs decreases the water legel. F

13: if rE(PE) — GCPE 1o (PS) < A, then solving the minimization problem, the Lagrange multipdier

re(pc) can be updated by using the gradient method [19], [20] as
. Ck _ Ck _ k\Mk
14; Py = Pc, andqy” = ) d *
15: break Kotk ai(r+1)= [ai (1) ~ Hia(7) (rL(T) - Ridvmin)] S (31)
16: else
. re(Py) Bi(r+1)= [ﬂi(T) + 11 p(7) [Z p(r) - p.dmax]] . (32
17: qkzm,andn=n+1 =
k total \Pk . ) L i
18: end if b wheret is the iteration indexy; ., uiz are the positive step
19:  end if sizes. Similarly, the optimum solution @F is given by
20: end for
«_[n@-s9log,e i plgkc+No]”
pC = C - K s (33)
0y + 16k g
_Taking the D2D UEs as an example, the Lagrangian assghere sy, 6 are the Lagrange multipliers associated with the
ciated with the problenf(26) is given by constraints C3 and C4 respectively.
d oy edfndy  dnd d A Nash equilibrium is a set of power allocation strategies
Lee(pr' a1, fi) = 17(P7) = 6P (P )K that none UE (neither D2D UE nor cellular UE) can unilater-
(od . K ally improve its EE by choosing a filerent power allocation
tai (ri - RgnWin) —h [kz; P pi»maX]’ strategy, i.e.Yi € N,Vk € K,
(@8) Ut %, pE %) = VP!, b, pE Yy, (34)
wherea;, B are the Lagrange multipliers associated with the — US(p™, p%, pe*, p%) > US(p?, p%., pS, p°y)- (35)

constraints C1 and C2 respectively. The constralﬁk 0is

absorbed into the Karush-Kuhn-Tucker (KKT) condition whega-g]:o;:el;?tﬁ:ef\m,\;?es htﬁgu!t':);;ggnyeﬁfssg t|hieen C/)\r;clfzp;(r ;':We
1 1 . . 1) b k 2
solving the equivalent Lagrange dual problem: obtained by using Algorithral1 is thé Nash equilibrium.

min . max. LEE(pid,ai,ﬂi) (29) Proof: The proof of Theorem 3 is given in [21]. =

(¢i 20,8 = 0) (p.d)
: V. SmmuLATION RESULTS
It is noted t?at the objective function il (26) is a concave | this section, the proposed algorithm is verified through
function of pf, and the primal and dual optimal points formg,ompyter simulations. The values of simulation parameters
an saddle-point of the_ Lagrangian. The dual problendr_i (z_mspired by [5], [7], [8] , and are summarized in TaBle I. We
can be decomposed into two subproblems: the maximizatighmpare the proposed EE maximization algorithm (labeled as
problem solves the. power .aIIocat|on problem to find the be@nergy—éﬁcient”) with the SE maximization algorithm (la-
strategy and the minimization problem solves the master dygjeq as “spectralficient” ) and the random power allocation
problem o find the corresponding Lagrange multiplier. FQfigorithm (labeled as “random”), whose details are given in
any giveng, the solution is given by [22]. The results are averaged through a total number of 1000
+ simulations and normalized by the maximum EE value of D2D
1+ )l PEgk; + 2o jui P9l + No - " ;

K _ n(l+ai)loge  Pedcj j=Lj# FjYji (30) links. For each simulation, the locations of the cellularsUE
! o + nBi g ' and D2D UEs are generated randomly within a cell with a
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Fig. 3. The normalized average energ§iaiency of cellular links corre-
sponding to the number of game iterations.

find that the D2D links can achieve a much better EE than
the cellular links due to the proximity gain and the channel
reuse gain. The proposed EE algorithm and the conventional
SE algorithm converges to the equilibrium within 3 4
game iterations, while the random algorithm fluctuates radou
the equilibrium since that the transmission power strategy
randomly selected. In the beginning of the game, we assume
that channels are only used by cellular links. Hence, the EE o
cellular links is highest in the first iteration due to theKauf
interference. Then, D2D UEs enter into the game, and decides
its optimum transmission power. The EE of D2D links is also
highest in the first iteration since that the interferenaanfr
cellular UEs and other D2D links is lowest in the first iteoati

VI. CoNCLUSION

In this paper, a distributed interference-aware energy-
efficient resource allocation algorithm was proposed for D2D
communications with uplink channel reuse. The close-form
optimal solution was derived and was proved to be a Nash
equilibrium. Simulation results verified that the proposdd
gorithm significantly outperforms conventional algorithirim
terms of energy féiciency.
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