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Abstract—In this paper, we propose a mechanism for mode algorithms which would determine the actual density of D2D
selection and spectrum allocation for in-band overlay D2D com-  transmissions in the network.

munication. A potential D2D user measures the activity over the - . . . "
spectrum allocated for D2D transmissions and uses a carrier In the existing literature, mode selection algorithmsizeil

sensing threshold to decide about its transmission mode. By either the D2D pair distance [4] and/or the dis.tance. bgnNeen
appropriately selecting the carrier sensing threshold, the inter- D2D transmitter and cellular BS [5] as selection criteria. |
ference among D2D communication pairs can be controlled and  that case, a D2D transmitter can generate harmful interéere

their performance can be improved. Also, the distributed nature {5 ganother D2D communication pair, as D2D pairs can be
of this mechanism leads to less signalling overhead between D2D arbitrary close to each other.

users and base stations even in dense deployments. Based on this

method, we find spectrum allocation factors and carrier sensing In this paper, we consider overlay D2D and schedule the
thresholds for maximizing the rate of D2D users under target transmissions of D2D users so that the transmissions in D2D
rate constraint for cellular users. mode are placed at least at some distance far away from each

Index Terms—Device-to-device communication, Maém point ~ Other. In this way, the self-interference among the D2D sair
process, mode selection, spectrum sharing, stochastic geonmyetr ~ can be controlled. In order to select the mode, we propose

that a D2D user should measure the activity over the spectrum
allocated for transmissions in D2D mode and use a carrier
. INTRODUCTION sensing (CS) threshold to decide about its transmissioremod

Device-to-Device (D2D) communication in cellular spec- When the measured energy is below the threshold, there is
trum is a promising concept holding potential benefits such aindication there are not many ongoing D2D communications
improved spectrum efficiency, enhanced capacity and ingatov and D2D mode should be selected. Otherwise, the D2D user
coverage [1]-[3]. One fundamental issue in supporting D2pshould select infrastructure-based mode. As a result, mode
in cellular networks is how to efficiently utilize the cellul ~ Selection is done in a distributed fashion eliminating alting
spectrum resources. In terms of conceptual and theoreticRverhead between BS and D2D users.
model, D2D can be seen as an extension of the concept Considering the system performance, the CS threshold and
of cognitive radio and dynamic spectrum access, where th#he amount of cellular spectrum allocated exclusively f@CD
cellular links can be seen as primary links and the D2D agommunication are coupled. For instance, in dense deploy-
secondary links. The difference with the cognitive radiodeio ments, a high CS threshold results in high D2D density and
is that in D2D communication the primary system is awaresubsequently in high interference among D2D communication
and supportive about the secondary links. Under apprepriatdairs. This can be compensated by allocating to them more
control of the base station (BS), D2D can improve the spettru SPectrum. However, this means there would be less spectrum
efficiency of cellular networks by reusing cellular resmgc available for cellular transmissions. In this paper, wershow
(D2D under|ay) or a||ocating dedicated cellular resourfces tO set the CS threshold and the spectrum partition factor for
D2D communication (D2D overlay). maximizing the rate of D2D users under target rate congtrain

In the underlay approach, interference issue arises sind®r the cellular users.

D2D and cellular users on the same resource can cause severe
interference to each other. Thus, proper resource altmtati
should be performed. Previous works, see for instance [2],
[3], assumed that BS knows the channel state information of We consider a cellular system that enables D2D commu-
all involved links. The BS’s participation to make schedgli nication. The cellular users are distributed according to a
decision for cellular and D2D users causes large signallingPoisson point process (PPR),, with density . while D2D
overhead especially in dense deployments. users follow a PPPP, with density A. The density of base

On the other hand, in overlay approach, there is no crossstations (BSs) is denoted by, and their distribution follows
tier interference between cellular and D2D users [2]. Havev a PPP too. The BSs form a Voronoi tessellation and cellular
the cellular spectrum might be used inefficiently. One way tousers communicate with their nearest BS (also referred to as
improve spectrum utilization is to use proper mode selactio home BS). On the other hand, D2D users may use either

II. SYSTEM MODEL AND MODE SELECTION
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D2D communication mode or infrastructure-based mode (alsoontention to transmit in D2D mode. Provided that the D2D

referred to as cellular-based mode) through their home BS. pair distanced is smaller than the CS range, the D2D self-
We consider overlay in-band D2D where a fractipiof the  interference can be controlled. In Fig. 2, one can see that

cellular spectrum is exclusively assigned for D2D mode. Thepotential D2D users inside the CS range of an ongoing D2D

remaining par{1— () is used for cellular-based transmissions,communication resort to infrastructure-based mode.

see Fig. 1. Within a macro-cell, the cellular users and thB D2

users in cellular mode are scheduled in a round-robin fashio

i.e. only a single user can be active at a time and it uses the fu
available bandwidtl{l — 3). On the other hand, there may be
many ongoing D2D communication pairs within a macro-cell g{
each using bandwidtfs. = N \‘E \Q
d ~hd / !
“ -
D2D mode g

y

Infrastructure mode

E Cellular UE 9 D2D in Infrastructure mode
Cellular Band
Q D2D in D2D mode Carrier sensing region
Fig. 1: In-band overlay D2D. Portiof of cellular spectrum
is exclusively allocated for D2D communication mode. Fig. 2: lllustration of the mode selection algorithm.

The D2D pair distance is fixed and denoteddwhile the
transmit power level in D2D mode is equal i§. For a small
distanced, the power levelP; should be taken much smaller B. Carrier sensing range and carrier sensing threshold
than the power levelP used for cellular transmissions. For
the time being, we do not incorporate power control in our
analysis neither for cellular nor for D2D users. The dise&anc
based propagation pathloss as a function of the distarise
denoted byl,(r) for D2D mode and.(r) for cellular mode.

Also, we consider Rayleigh fading with mean equal to unity. ) .
yielg g a Y networks with CSMA type of contention control [7], [8]. The

In underlay D2D, the D2D communication is usually allo- . .
y y set of D2D users scheduled in D2D modg,, can be obtained

cated over uplink resources to better control the intenfeze by thinning th PPR. and the density of o
the D2D mode generates to the cellular system. Without im- y thinning the par.ent » and the epsny of transmissions
n D2D mode, )4, is equal to the density of an MPP type Il

pairments such as out-of-band emissions and adjacentehanrll . : :
frequency selectivity, there are no similar restrictiamsverlay with PPP parent density and hardcore distance (HCD)
D2D. However, we still present our analysis for an uplink 1 — g Amo?

cellular system as we plan to conduct a future study on the Ad = T @
performance of overlay D2D in the presence of impairments.

The locations of transmitters in wireless networks with
contention control are usually modelled by the Brat Point
Process (MPP) [6]. Even though MPP type Il suffers from the
well-known node underestimation problem, it has been widel
employed to model the distribution of transmitters in wess

Equivalently, a D2D user transmits in D2D mode with prob-
ability ¢ = A4/A and in cellular mode with complementary
A. Mode selection probability (1 — ¢).

In order to select the mode for the D2D users we consider The HCD¢ models the CS range. Given the HCD, the mean
their mutual interference. We try to avoid situations whereinterference at a typical D2D transmitter can be computet an
D2D communication pairs located close to each other are afiet equal to the CS threshold [8] which would be used in
scheduled in D2D mode. At the same time, we are looking fopractice to control the density of D2D mode transmissions.
mechanisms with a low communication signalling overhead According to the properties of MPP type Il, the mean
between the D2D users and their home BS. interference at the D2D transmitter can be split into twenker

In order to fulfill these requirements, we propose that D2D(i) The mean interference from D2D transmitters located at
users could measure the activity in the D2D spectrum and usdistancesr > 2§ is equal to the mean interference due to
a threshold-based test to decide their mode in a distributed PPP with density\,;. (i) The mean interference due to
way. When the measured energy is below the threshold, theteansmissions at distances: § < r < 26 depends on the
is indication that there are not many ongoing D2D commu-correlation properties of the MPP type Il. The pair coriielat
nications closeby and D2D mode is selected. Otherwise, thiinction (PCF) for MPP type Il has a complex form but
D2D users select infrastructure-based mode. Essentiz®), ~ simple bounds have been derived in [9] and can be used to
users employ a carrier sensing multiple access (CSMA) type approximate the relation between HCD and CS threshold.



Note that an upper bound for the CS threshold will resultfrom Section Il that cellular users are distributed acauogdi
in less D2D users allocated in cellular spectrum and thus, ito a PPP with density\.. Also, D2D users in cellular mode
favors the QoS of cellular users. Using the upper bound of thevould generate in the uplink mean interference equal to the
PCF, we obtain the following upper bound for the CS thresholdnean interference from a PPP with dengity- ¢)\. As these
two PPPs are independent one can approximate their aggrega

B L) = B (1) + E (1.} 2i) impact by another PPR,,, with density\,, = A.+(1—q)\ [6].
25 In the uplink of a cellular system with round-robin schedul-

<271y ld(r)y(r)dr+27r)\d/ la(r)dr (2i)) ing, only one transmitter is active in a cell at particular
J 26 moment. Scheduling introduces dependency in the prokgss
where; denotes the interference level at the D2D transmittefTo simplify the analysis, we assume that the typical active
andg(r) is the upper bound for the PCF of MPP type Il. Also, cellular user is uniformly distributed in the cell area of & B
note that the mean of the fading which is equal to unity hasand the locations of cellular interferers form a PP, with

been omitted from the equation. density \,. Under this assumption, it can also be shown that
the distance of a cellular user to its near2est BS follows the
[1l. SPECTRUM ALLOCATION OPTIMIZATION Rayleigh distributionsz(r) = 2mpsre™ =" [4].

Given the densities of the D2D users, BSs and cellular The interference at the typical BS is given by =
users, a hetwork management entity should divide the spactr >_,cqo’ . Fehyle(ry) whereh, describes the fading from the
between D2D and infrastructure communication and also sex-th mterferer following exponentlal distribution with rae
the CS threshold for the D2D users. These values are thegqual to unity. While computing coverage probability for
broadcasted from the BSs to the D2D users. cellular transmissions, one should take into account tie fa

that some BSs may not have any user to serve.

A. Problem formulation Lemma 1. The coverage probability for cellular users is

The CS threshold and the spectrum partition factor can be oo ,
selected to maximize various optimization criteria of the- c D :/hR(T) e wC}<71153;7c —2maNps szczpl(l,ﬂ%?,z—g,—%)d
lular system. In this paper, we propose to set the optinupati
parameters for maximizing the rate of the D2D useps,
under some constraint on the rate in the cellular upliQk, where . is the cellular SINR target, o2 is the noise power
level at the base station over the full bandwidth, o = 1 —

r

0

Maximize : - Qa. @) (1+357'X/\,) > is the probability a base station is
Subject to: Q. >T. active [10] and , F} is the Gaussian hypergeometric function.
Next we show how to comput&®, and Q.. First, let us Proof: See Appendix B. [ |
consider a typical D2D link. With overlay in-band D2D, the
interferers are D2D transmitters. The interference atypieal Based on Lemma 1, the spectral efficiency in the cellular
D2D receiver is given byl = >, .4 Pahola(r.) whereh,  uplink can be derived as [4]
describes the fading from interfererand follows exponential oo
distribution with mean equal to unity. Note that the proligbi R, = V/ Pe dve (6)
generating functional (PGFL) of MPP type Il is not known. As L+

a result, only an approximation for the coverage probabdit 0

transmissions in D2D mode can be obtained. In Appendix AWherer = ays/X; is the portion of time a cellular user is
the following approximation has been obtained active in the uplink.
O f f rdrdo—er f f v Using the link ratesk. and R4, we can derive tne average
Py ~e "ty M B0 ¢ B30 (4) rates of cellular and D2D user§,. and @, respectively. The
average rate of cellular user§,, is equal to their spectral
where 74 is the SINR targeto is the noise level at D2D efficiency, R., multiplied by the available bandwidthl —
receiver over the full bandwidth, the constant i /W/z ). On the other hand, the average rate of D2D us@s,is

and f(r)= 4 - l(/r2+d2—2rd cos ¢)/1(d). obtained as an average of their normalized spectral efigien
Using the above approximation, the spectral efficiency foin D2D mode, R4, and cellular modeR., scaled with the
D2D mode can be derived based on [4] normalized user density and transmission bandwidth.
Ry = /C>O Pa dvq. (5)  Proposition 1. The average normalized rate for cellular and
o 1+ D2D users is
Let us now consider a typical cellular link. With overlay in-
P J Qc=(1-B)R. @)

band D2D, the interferers are cellular transmitters froimeot
cells i.e. cellular users and D2D users in cellular mode alRec Qa=qbRqs+ (1 —q)(1 - B)R.. ®)



B. Optimization algorithm normalized cellular rate. In general, increasing the cairst

We start by showing how to identify the feasibility region 7 reduces the size Qf the feasibility region for D2D mode
i.e. CS thresholds and spectrum allocation factors thagfgat Pecause more bandwidth should be reserved for cellulaebas
the optimization constraintl — 8)R. > 7. In general, the communication. Also, given a rate constramallocatlng.more _
spectral efficiency?. depends on both optimization parametersSPectrum for the D2D mode should always be combined with
making the numerical analysis complex. To simplify matters & higher CS threshold to increase the densﬂy of users in D2D
we propose to ignore the impact of noise level on the coverag@Ode and Ieavg er_lough time resources available for cellular
probability of cellular transmissions i.e. we set = 0 in  Pased communication.
equation (6). The proposed approximation is accurate iseen
deployments, see Fig. 3, because the cellular system bscome 1
interference limited.

Given a CS threshold or equivalently a H@Dthe spectral
efficiency R.. is obtained after a double numerical integration,
see equation (6), and the largest possible spectrum atocat
factor is expressed a8 < 1 — z-. With the feasibility region
at hand, the D2D rat€), = ¢8R, + (1 — q)7 is evaluated
for different pairs of values for the HCD and the spectrum
allocation factors along the border of the feasibility region.
It is a matter of future research to prove that the maximum of
the D2D rate),; occurs on the feasibility border.
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Fig. 3: Coverage probability based on SIR and SINR in cellula
uplink for different cell radiuse$. The noise level has been
taken equal to-96 dBm assuming that ful20 MHz band is
allocated to cellular mode. The noise figuresisiB.
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IV. NUMERICAL RESULTS Fig. 5: Normalized rate for D2D users, D2D density= 10 ;.

We consider a cellular network with BS density, =
1/(w - 200%) and cellular users with twice the BS density, In Fig. 5 we depict the rate for D2D useKl@, as a
Ae=2)ps. We evaluate the performance of spectrum allocatiorfunction of the CS threshold. Note that the CS thresholds
and mode selection algorithm for different D2D user deesiti are associated with the spectrum allocation factors on the
A = {1.---10} x M\s. Taking realistic 3GPP propagation border of the feasibility region, see Fig. 4. For a low thadh
environment [11] into account, we consider the followinghpa the interference among D2D users is low but the associated
loss equation in dB37.61og,,(r)+15.3 for the infrastructure  bandwidth 5 is low too. The allocated bandwidth dominates
mode and40.0log,,(r)+ 28 for the D2D mode, where is  the rate in the D2D mode and through that the overall D2D
the distance in meters. The D2D link distance is fixed torate is kept low. However, increasing the allocated bantiwid
d =30 m. We use fixed transmit power leved3 dBm for  beyond certain point has adverse effects. Due to the assdcia
the infrastructure mode arz dBm for the D2D mode. high CS threshold, the D2D self-interference starts retyci

In Fig. 4 we depict the feasibility region i.e. CS thresholdsthe rate in D2D mode. As a result, one can find an optimal
and spectrum allocation factofsgiven the constraint on the  point i.e. spectrum partition factgt and CS threshold where



the D2D user rate is maximized. As expected, the optimaltpoin  When the D2D user density becomes high, the spectrum
depends on the cellular rate constraint. allocation factorg decreases and at the same time, the density

In Fig. 6 and Fig. 7 we depict the optimal spectrum partitionof users in D2D mode increases, see Fig. 6 and Fig. 7.
factors and CS thresholds respectively for different D2Brus Due to these reasons, the rate of users in D2D mdtig,
densities. As the D2D user density increases, the number ofecreases and subsequently the overall benefit of localized
D2D users operating in cellular mode increases too. To megtommunication decreases too. However, for all considered
the cellular rate constraint, the reduction of availablaeti D2D user densities, significant gain has been computed.
resources per user in the cellular mode can be compensated
by reserving less bandwidth for D2D mode and by setting
higher CS threshold.

Normalized spectrum fraction

1 2 3 4 5 6 7 8 9 10
D2D density XA

Fig. 8: Gain in comparison with a cellular system without D2D
mode functionality.

Fig. 6: V. CONCLUSIONS

In this paper we proposed a mechanism to allocate spectrum
for in-band overlay D2D communication. The mechanism
has a distributed nature eliminating communication sigal
overhead between D2D users and their home BSs. We have
ended up with relative high fractions of cellular bandwidth
allocated for D2D. This is due to the fact that the objective
function in our optimization considers simply the D2D user
rate while the cellular user rate appears only as an optimiza
tion constraint. As potential directions for future workeon
may consider how the spectrum allocation behaves when the
objective function incorporates performance aspects bath
cellular and D2D users. Also, adjacent channel interfexenc
issues between the cellular and D2D mode would have an
impact on the optimal carrier sensing threshold and spectru
allocation factor. Finally, extending the proposed medrario
Bs incorporate multi-operator D2D communication aspectsldou

Fig. 7: CS threshold for different D2D user densities. increase its applicability.

Carrier sensing threshold (dBm)

D2D density XA

APPENDIX
Finally, Fig. 8 shows the sum rate gain achieved by aA. Derivation of equation (4)
cellular system enabling D2D communication in comparison the coverage probability for D2D mode is:
with a conventional cellular system where all transmissiose
the base station as a relay. The gain is computed as follows:  p, _ pSINR> .} = [P{ Pahla(d) d}

A QoA Qq Boitla
I 2 o (Bo2
()\c+)\)Rc :[P{h>’yd(PB?d—;Id)} :[E![Od {3_ d‘t(’sldd(tll)d)}
where for the conventional system the cellular rdtg, should o2 ala(d)
be evaluated after setting in equation (6) the D2D spectrum _ e_ﬁﬁu ( Vd )
allocation factors = 0. Pyla(d)



where £, (P 7d(d)> is the Laplace transform (LT) of aggre- 1. is characterized in terms of LT which is given by

— 52— 3" Pohyle
gate interference at the D2D receiver evaluated at 574 @ L =E2 {e Peem 2 Pehy (ry)}

S Pghalyg(re)
1o oz hzly(re) ) 1
= [ Pglg(d)/~ lg(d)/ 1 Jeh r
L, =Eg,,qe Falal®a <1>d, He ate/nd (”) He RN = EY H
Ca 1+ Yele ("'y)
Tle(r)
halg(rz) halg(ra) vele(ry)/le(r)
! - (P2) —27adps wyi d
<I>d(Sl)h He Ta(d) /7 g 'Iqud(S2),h He Ta(d) /g p2) —2mats fr Trela(ry) /Tt Ty
xT

2 _
(PZB‘) —2madps TS 22F1( 77272—%7_’%)
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(I),_—L(SQ)
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1
I

1
yal H Yala(rs)
P 0] P IC)

whereS; = {(r,0):0<0 <2m,r>20}, So = {(r,0):0
0 <2m < r< 2} andr, is the distance between theth

where p1) follows from the i.i.d. distribution of the fading
hy, (p2) follows from the PFGL of PPR,, , and the fact that
the fadingh, follows an exponential distribution with mean
equal to unity, andp(3) follows from the foIIowing relationship

D2D transmitter and the D2D receiver under consideratiea, s [,~ mimodr = Y=y Fy (1, 42,2 — 2, —ur™°).
Fig. 9.
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Fig. 9: Generated interference at D2D receiver due to trans- -
7

missions in D2D mode.

(8]
B. Proof of Lemma 1 ]
Unlike the D2D case where the useful link distance is fixed
and equal tod, the distance between a cellular user and its ;g
home BS follows a Rayleigh distributioh(r). Following
similar steps as in the Appendix A we obtain
Ve
dr
)

Pe = / hg(r Ly, (Pclc(r

where . is the aggregate out-of-cell interference from uplink
cellular transmissions. The distribution of the randomalzle

(11]

_de(— 5)0
T Pele(r)

[12]
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