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Abstract—LTE-Unlicensed (LTE-U) is considered as a ground-
breaking technology to address the increasing scarcity of avail-
able spectrum by extending cellular communications to unli-
censed band. In this paper, we investigate the performance of
D2D communications in conjunction with LTE-U, which can
alleviate traffic load of cellular networks. However, in the same
unlicensed band, the coexistence of D2D and WiFi technologies
should be carefully designed to satisfy user’s quality of service
(QoS) and to avoid severe interferences and contentions among
devices using unlicensed spectrum. We model the transmissions in
unlicensed band as hard core point processes (HCPPs) and thus
the transmission probabilities of D2D and WiFi access points
(APs) are obtained via the clear channel assessment (CCA)
mechanism. Furthermore, by characterizing the intra-tier and
inter-tier interferences in such complex communication networks,
the average transmit power for the D2D link is investigated
given that the user’s QoS can be guaranteed. Moreover, the
throughput of a typical WiFi AP in the large scale networks
is theoretically analyzed, and the outage probability of a D2D
link is characterized which results from insufficient transmit
power under a pre-determined QoS requirement. Simulations
justify successful D2D communications in the LTE-U operation
and validate the accuracy of this analytical approach.

Index Terms—LTE-Unlicensed, D2D communications, WiFi,
coexistence, stochastic geometry, hard core point process.

I. INTRODUCTION

To alleviate the ever-growing data traffic volume in cellular
networks suffering from the scarcity of licensed radio spec-
trum, deploying LTE in the Unlicensed (LTE-U) industrial,
scientific, and medical (ISM) bands has been recently proposed
[1], particularly focusing on the less congested SGHz band
with carrier aggregation [2]. At the same time, as the density of
mobile devices dramatically increases, users in proximity can
communicate with each other through the direct links, known
as device-to-device (D2D) communications [3]. The advan-
tages of incorporating D2D communications into cellular net-
works include providing high-speed data rate, traffic offloading
and coverage expansion, etc. However, the mutual interference
between cellular networks and D2D communications utilizing
licensed band would be more significant in hot-spots areas
as well as ultra-dense networks (UDN) that plays a dominant
role in wireless evolution to 5G. In accordance with these
challenges, we investigate the case that D2D communications
under LTE-U scenario by leveraging the analysis of stochastic
geometry.

Compared with the existing direct technologies on unli-
censed band such as WiFi direct, Bluetooth, etc., LTE-U D2D
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has the advantages of efficient peer discovery and link estab-
lishment, as well as flexible power control and radio resource
management (RRM). Since the unlicensed band is mainly
occupied by WiFi technology, the effective heterogeneity and
harmonious coexistence between D2D and WiFi should be
characterized. In [4], authors studied the coexistence of LTE
and WiFi in the same frequency band based on a system-
level simulator analysis in a small scale indoor scenario. In
[5], a simultaneous transmission scheme for LTE small cell is
proposed to coexist with WiFi in unlicensed band. The routing
algorithm and RRM mechanism for LTE-U enabled multihop
D2D is proposed in [6]. However, very limited theoretical
analysis of the coexistence between LTE-U D2D and WiFi
networks is available in the literature.

In this paper, we leverage stochastic geometry to model
the locations of D2D transmitters, mobile users and WiFi
APs as independent homogeneous Poisson Point Processes
(PPPs) with diverse densities, and the mutual interferences in
unlicensed band are characterized later. We extend the Matern
hard core point process (HCPP) to comprehend the impact of
Listen-Before-Talk (LBT) regulation through the contention
based medium access such as CSMA/CA, where a node can
transmit if it determines the channel is idle. The transmission
probability of a typical LTE-U D2D or WiFi access point
(AP) is derived based on the total received energy detection.
Considering the interferences and service link distance, we
further derive the average transmit power at LTE-U D2D with
a certain data rate requirement. Moreover, the throughput of
an arbitrary WiFi user is studied to evaluate the performance
degradation of WiFi networks while allowing D2D to use LTE-
U. Finally, the outage probability of an arbitrary D2D receiver
by failing to achieve QoS requirement due to the inaccessible
transmit power at D2D transmitter is presented in section IV.

II. SYSTEM MODEL
A. Network Layout

We consider an integrated network where D2D and WiFi
technologies coexist in the same unlicensed band as Fig. 1. To
find more realistic tractable approaches for the characterization
of network topology and interference modeling in the large-
scale system, stochastic geometry is regarded as an efficient
way to model the network and is generally applied. We assume
that base stations (BSs) are distributed on the entire network
plane R? according to a homogeneous PPP with density Ap
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Fig 1: A complex networks with D2D pairs and WiFi APs randomly deployed, where
Au = TAw = TAp = 50Ap.

denoted as the set of U = {b,}. Similarly, cellular users de-
noted by the set of ¥y; are spatially scattered in R? according
to another independent homogeneous PPP with a density of
M. We enable the D2D communications to establish when the
two potential users are in proximity within the distance of Rp.
The intended D2D transmitters indicated by W pr are located
in R? with a density of A\p. At each D2D transmitter, the
device has the maximum allowable transmit power indicated
by Pp. For WiFi network, we focus on the downstream traffic
since downlink traffic are often statistically dominant for users
to access the Internet currently. We assume that WiFi access
points (APs) are randomly deployed over the network plane
following an another independent homogeneous PPP with the
density of Ay denoted by Wy . In fact, Poisson distribution
implies that these APs have no coordination deployments, but
uniform and unplanned locations.

B. Association and Radio Channel

In most of the studies in the literature, cellular users can
access to the nearest BS or the BS with the strongest signal
strength at the end-user. However, in this paper, we focus
on the operation in unlicensed band and thus the analysis of
cellular networks in licensed band will not be investigated.

1) D2D link: We denote the target unlicensed band for
the intended D2D pair (i.e., D2D transmitter and receiver) to
use as By, while the distance between tx-rx pair is within a
constant value of Rp (i.e., the service link distance r, satisfies
rq < Rp). If the distance between the intended D2D pairs
exceeds Rp (i.e., rq > Rp), the transmission will return back
to the conventional cellular networks. According to Shannon
theorem, the data rate of the j th D2D receiver de R associated
with its transmitter d?T can be expressed as follows:

AT B

IR+ IR2P 4 o2
where P (PP < Pp) represents the transmit power at 7,
and accordingly th is the square of the magnitude of fading

RP = Bylog, (1 +

coefficient (i.e., hD ~ exp (1)), |[dPR — dDTH = ry denotes

the service 11nk dlstance between di7 and d , (v expresses
the path-loss exponent, )3 i 1nd1cates the 1nterference from
WiFi APs at the jt" D2D receiver dDR 1 g 2]D denotes the
intra-tier interference from other D2D transmltters which can
access By, and o2 denotes the variance of channel-noise.

2) WiFi network: Although IEEE 802.11 standards provide
several non-overlapping channels over the unlicensed band,
without loss of generality, we consider the case that only
one channel (By) is occupied and each AP transmits on the
power of P4. In practical scenarios, as WiFi APs are generally
deployed in the hot-spots areas, we assume that WiFi users
are distributed around the AP, and the users can access to
the WiFi networks if the received signal strength satisfies a
given threshold §4p. Moreover, we characterize the signal-
to-interference-plus-noise-ratio (SINR) of i*" WiFi user (u )
attached to j' AP (af'") as follows:

Pahi||ef — o] "
SINRY, = 2090 , 2
S MRS 1536’ + 02

where h ; denotes the square of the magnitude of fading coef-
WiFi

ficient (1 e h ; ~exp (1)), I, ;5" represents the aggregated

interference from WiFi network at u}”. and ID f? indicates

the aggregated interference from D2D transmitters towards the

WiFi user ulv‘j

C. MAC Protocol Model

Various coexistence mechanisms have been proposed for
LTE-U, such as LTE blank subframe allocation [7], LBT [8]
and Carrier Sensing and Adaptive Transmission (CSAT) [9],
etc. As the global solution known as Licensed-Assisted Access
(LAA) allows LTE to be deployed in unlicensed band with
LBT under the standardization in 3GPP Rel-13, we adopt LBT
mechanism at the LTE-U D2D transmitters in this paper.

Furthermore, in order to guarantee the fairness of channel
access, we assume that a random back-off mechanism in LBT
regulation similar to CSMA/CA is implemented, where each
transmitter has a timer to indicate the operation timing of back-
off operation. Furthermore, we leverage HCPP to characterize
the remaining time, where the transmitter « is assigned a mark
denoted by m (x) uniformly distributed in the interval [0,1].

We suppose that the detection of the total received power
as the clear channel assessment (CCA). More specifically,
the channel is sensed busy by a D2D transmitter or a WiFi
AP when the total combined power from all existing active
nodes exceeds the energy detection threshold v2,, or v¥p,
respectively. We define % (¢) as the set of D2D transmitters
that are simultaneously accessing the channel at time ¢. That
is, dJDT € Ut (t), if the following condition satisfies:

>

ye¥y
given ¥ = {z € ¥pr:m(z) <m (dJDT) =e},and
\I/%,:{zé\IlW:m(z)<m(d?T) =},

Ppg?
- +
>

yevy,

Pag,”

<YEp, 3
[dPT —y|* P
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where gy or g denotes the square of the magnitude of fading
coefficients between dD T and y with D2D link or WiFi link,
respectively. Slmllarly, we define W{S" (¢) as the set of WiFi
APs that simultaneously access unlicensed channel at a given

time ¢, af'" € W' (), if the following condition satisfies:
PpgP PagW
Z APDgy @ + Z A;lgy [e% < VE/Dv (4)
vewy, 1ot =ul™ & lledt” =]

given U = {z € Upr :m(z) <m (al") =w},and

={z€¥w:m(z) <m(a}f) =w}.

J
We assume all nodes as backlogged in a large networks to
simplify the analysis.
III. MEDIUM ACCESS PROBABILITY

We first derive the medium access probability of a typ-
ical D2D transmitter in unlicensed spectrum, and thus we
obtain the density of simultaneously transmitting D2D. The
medium access probability of a typical D2D transmitter is
P (P < ~vBp). given that

Ptotal Z PngD
o7evs a7 a7’

Pagy”
e, -

We leverage the Laplace transform inversion method to
specifically derive the target function fpé%az (t), which is the
PDF of the total received power PLE at an arbitrary potential
LTE-U D2D transmitter.

(o)
Lo () = B [P ] = / e Fpgesar (B)dE, (6)

0
Fpgoar () = L71 {ﬁpgogul (8)} , )
where £ pioiat (s) denotes the Laplace transform of Pif5" and

L {LP%QZ (s)

} represents the inverse Laplace transform.
More specifically, £ ptotal (s) can be expressed as

Lptota () = Lppzp () Lpwiri (s) (8)

where PL2P, Pl denotes the first term and the second
term of PL in (5), respectively.

Since the point process U5, = {z € Upr :m(z) < e} is
ii.d. thinning of a Poisson process, ¥%,, is also a Poisson
process with density e\p. Furthermore, according to the
properties of PPP, Lppap (s) can be given as follows:

Lppzp (5) =Egs 4 [exp (—sPEEP)]

=Eyg: H E, [exp (—SPDg,?ac;fa)}
dPTews, .
(b) 1
Yo | T frp| ©
apTws 1+ sPpuxy
where, in (a), x; = HdDT dDTH indicates the link distance

between the typical D2D transmitter dD T and other k" poten-

tial D2D transmitter df T whose mark satisfies m (de T) <&,
and (b) follows from g ~ exp (1).

Applying the probability generating functional (PGFL) of
the PPP [10], we can calculate the equation (9) as follows:

o 1

(a)e < 2Apm3e 32>

p— X —_— «

P aSPp 2
2Apmie

2w
72/a,%: sin (a) ,

where (a) can be evaluated by using the substitution y* =

2
— gmwis® (10)

where wy =
QSPD

(sPp)~ 'z, In addition, Lpwiri (s) can be obtained as
22wnle 2 —wasa
;CPS/D'LF1 (S) = exp <_WS“> =e , (11)
where wy = 20wm’e_ and S is the same with (10).

aSPy 2/
Therefore, the Laplace transform of the total received power
at a typical D2D transmitter dP’”" with mark m (dP”) = ¢ is

2 272 A A

Eptotal (8) - e—wwa 7(&}3 - ﬂ-c\g ( D2 + W2 ) N
ED (63N PD_E PA_E

(12)

Plotal i

The cumulative distribution function (CDF) of

x
total
Fpgcgal (I) - P (PEODG g x) - A fpéogal (t)dt
c+iT
st

€ Lprora (s)dsdt

c—iT
c+iT esm—wgsg

= — lim —ds.
c—iT $

Considering the equation (13) has a branch point at origin,
we use the Bromwich inversion method with a specified
contour to calculate the integral [11] to have

—— lim
271 T—o00

13)

. 1 - i0 2 2i0 “,ezﬁda
FPtutal ((E) = — lim —_— e'e T-wsrae o =
Ep Rrjgo 271 - ret
" g 2 2= R 2 —2in
_|_/ eua“\':rfu,):;uae Zx d7u +/ eue T —wsua e uz d’l,L
R u r u
L [ s ()
=1- lim au
2/a 27
R—oo Jp 2miexp [uaz + wsu?/* cos (22)] u

N
exp {(53)&/21:4-2005(2;)] :

where (a) is obtained by using the substitution &3u/? — 2.

(14)

Hence the medium access probability of a typical D2D
transmitter is obtained by deconditioning with respect to e:

/ =
o f(aer?)

D
e *DPD““WPA“ dedz.

' = (P <08

5)
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Fig 2: Effects of D2D density and path-loss factor on the medium access probability for
the typical D2D transmitter.

Similarly, the probability that a typical WiFi AP can access
to the unlicensed spectrum can be obtained as:

(\,
act total _ sin Z\S‘
Pw (P < 'VED = / / 27r
zco:. -
@ Z
o < 205/ (20n2) )
Yep\ T =z _ _ Z
e ADPp @ +Aw Py« dwdz. (16)

Although p¢5" has a double integral, it can be efficiently
obtained by numerical calculation. The analytical results,
which are obtained from (15), are validated by Monte Carlo
simulations as in Fig. 2., where Ay = 1 x 107°APs/m?,
Pp = P4 = 100mW, v, = —62dBm. It can be observed
from Fig. 2. that a large number of transmission nodes results
in the degradation of medium access probability. In addition,
the smaller path-loss factor « has less impact on the total
received power, which would lead to higher medium access
probability. The density of simultaneously transmitting D2Ds
(A\%") and that of WiFi APs (A7) can be determined by
A5t = Appgst and A7 = Awpit, respectively.

IV. INTERFERENCE AND D2D TRANSMIT POWER

In this section, we derive the LTE-U D2D transmit power
when the user’s QoS is guaranteed. We assume that each
LTE-U D2D is capable of performing adaptive power con-
trol according to zero-delay channel state information (CSI).
Therefore, the average LTE-U D2D’s transmit power can be
obtained by a transformation of equation (1) as

D
2% (IDZD _|_IW1F1 +0?)

rq % ’

DR _ gD

47" — a7 |

E[PP|rq] = (17
where ry; = is the service link distance
between the D2D receiver d]D R and D2D transmitter d]DT,
and we have utilized E [hP] = 1. Since the probability
generating functional of the HCPP is unknown to be expressed,
it is extremely difficult (if not impossible) to characterize the
exact distribution of the intra-tier and inter-tier aggregated
interference. Therefore, the interferers are approximated by

act

the PPPs with the same intensities (i.e., App%s* and Ay pfy
which can be validated by snnulatlons. In order to evaluate
the aggregated interference at the D2D receiver d? ¥, without
loss of generality, we can suppose that the locations of
dPH and dPT are (rq,0) and (0,0), respectively. The worst-
case scenario happens where the interferers transmit on their
maximum power (i.e., D2D transmits on Pp and WiFi AP
transmits on P, ), and thus the average aggregated interference
T3P can be obtained by applying Campbell’s Theorem, as

>

dDT E‘I/act \dDT

@ ppApplst /

z€R2 /B(dPT zp)

PopEtel" || — ap ||

a7 — 2] da

(b) 2 N
AD “CtPD/ / H™2 (2,0,rq) xdxdd, (18)
0 rp

where, in (a), B (deT,xD) denotes the disk of radius xp

D 1/a
centered on dPT, and xp = |Pp/ (1071130D -3 , and
H(x,0,7q) = 22 + ry> — 2274080 follows from cosine

law in (b). Note that any D2D transmitter with a distance xp
from dD T can supply received power higher than the energy
detectlon threshold v2,.

Similarly, the aggregated interference from the accessed
WiFi APs is given by

27
fg?FEAwp%tPA/ / =% (2,0, rq) zdzdd, (19)
0 Tyw

1/«

D
5
where Ty = [PA / (10 T —3 indicates the nearest

distance between any WiFi AP and the transmitting d}7.

Therefore, the average transmit power of an arbitrary LTE-
U D2D transmitter can be derived by combining (18) and (19)
into (17) and deconditioning 74 with the probability density
function (PDF) (i.e., f,, (1) = 112];2 ), as follows:

Rp
E[P]] = /0 E[PP|r] fr, (r)dr (20)
RD
QTJU“ _9 G2R 2
= TDZ P\DpadPDfl + AWP%tPAfQ + oz:—G}
Rp 27 (o)
where & = / / G (x,0,r)dxdodr
0 0 D

RD 27 o0
& = / / / G (z,0,r)dxdddr
0 0 TwW

2 ) bl
and Q(I,G,r)zr[<x) +1xc059} ,
r r

where £; and &» can be calculated numerically. It is worth
noting that the transmit power of LTE-U D2D can be set a
certain value according to (20) in order to guarantee D2D
user’s data rate requirement R]D .

In Fig.3., the LTE-U D2D transmit power is shown re-
spective to the D2D service link distance r4, when user’s
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required data rate is 0.1 Bps and 1M Bps, respectively, and
we assume RY = R VdP® € Wppg. It is obvious that the
LTE-U D2D transmit power increases with the service link
distance 4 in order to guarantee the user’s QoS requirement.
This is because the higher interferences are likely generated by
the closer active D2Ds and WiFi APs on one hand, and the less
signal strength is received from the typical D2D transmitter
dP™ on the other hand.

Since D2D communications are introduced in LTE-
Unlicensed spectrum, the performance degradation of WiFi
users should not be severe. In the next section, we will
therefore characterize the spectral efficiency of a typical WiFi
user as a performance index of WiFi networks.

V. SPECTRAL EFFICIENCY OF WIFI USER

In order to compute the spectral efficiency of the WiFi user,
we derive the distribution of SINR at the origin. By assuming
that the interferers can be approximated by the PPPs with the
same intensities, the complementary cumulative distribution

function (CCDF) of SINR at WiFi user v}V, with service link

¥
distance 7, = Hul — aAP H can be derived as:
PAh‘ -wa
P (SINRY, (ry) >7) =P > 7
1, \ W WiFi D2D 2
Iw 7 ] + Iw 7 ] + g
T IW1F1+ID2D+O_
(o TR 122 4 0?) o
Par, =@

2 «@ «

TO Ty TTw T w
~ L ) W Lw — .
eXp( Py > LS ( Py > L% < Py >

In addition, the Laplace transform of the interference from
all other active WiFi APs can be evaluated as follows:

'CIXJVJ? (s)=FE |exp [ —s Z PAg]ZVHui,j _akPH_a
a‘:PE‘IJ%t
=Egper s J[ Eo [exp (*sPAgZVHuiV,Vj - Q?PH_QH
a}?PG\P%t
@E‘yact H (1+SPAHuz, —akpui )_ (22)
a?PE\I’%‘?t

21 [e%s}
b
(:)exp{—/\wp%t/ / T
0 yw

2 2 —a/2]71
. [1 — [1 —l—sPA(a: + 1y’ — 2xry, 0059) ] } dxd@}

27 [e%e)
= exp [ )\Wp‘wt /
0

where (a) follows from g,c

sPAH™2 (x 0,1y)x
1+ sPaH™% (2,0,7,)
~ exp (1), (b) is obtained ac-

1
’YEVD -3 @
PA 10710 ,

H (2,0,70) = 2%+ 1% — 227, cosf. Similarly, the Laplace
transform of the interference from all other active LTE-U
D2Ds is given by

-

DT act
dp eV

dx d@}

cording to the PGFL of PPP, and yy =

D w DT || —«
Ppgp ||[u)’ =" ||

EIDQD ( ) = ]E e (23)

w,i,]

2m D /-2
— exp /\Dpact/ / sPpH ™2 (x,0,1,)x drdo| .
o Jyo 14sPpH=% (2,0,ry)
1

, and 13,5 denotes the trans-

’YW
107563
mit power of D2D given in (20).

Combining (22) and (23) into (21), we obtain the CCDF of
SINR at user u ij as follows:

P (SINR, (ry) > 7)

2
A exp < % — AWPS K w (T, 70) — AppS*Tp (7, rw))
27 _%
where ICyy, (7, 74) / / (2,0, 1) dxdf
v wa—l-TH 5 (2,0,74)

T(Tr)—/%/ TPpH % (
pAh T 0o Jyp rw—aPA—l-TP;H’% (2,0,7y)

where yp =

(24)

0, r0) T

dzdf.




IEEE ICC 2017 Mobile and Wireless Networking

According to E[X] = [[°P(X > z)dz, (X > 0), the
expectation of the spectral efﬁc1ency at user uf‘; conditioned
on the service link distance r,, is

:/ P (SINR}, (ry) > 27 —1)dr, (25)
0

where P (SINR}Y; (r,) > 27 — 1) is obtained from (24).

Simulations are carried out to validate our theoretical
results as in Fig.4, which demonstrates the impact of LTE-
U D2D on the WiFi user spectral efficiency under various 7.
From the figure, satisfying higher D2D user’s required data
rate or increasing the density of D2D pairs would lead to the
performance degradation of WiFi networks, since the transmit
power of D2D increases with user’s QoS requirement and thus
the aggregated interference at WiFi user becomes severe.

VI. OUTAGE PROBABILITY OF LTE-U D2D

In this paper, our main attention is the network performance
evaluation. Therefore, the LTE-U D2D user’s outage probabil-
ity should be characterized. We define the outage probability
of a typical LTE-U D2D receiver de R as

OPR =P (PP > Pp), (26)

which is the probability that the required data rate of D2D user
de R cannot be guaranteed even under the maximum allowable
transmit power Pp. According to the above definition, the
outage probability of D2D user df R conditioned on the service
link distance r4 is given by

Op (rq) =1—P (PP < Pp|rq) 27)

—1_P|nP > 2RJ/Bu — | (IP2D 4 IWiFi 4 52)
= ij rq—Pp dyij dij 1O

. M Mo
—1—e (PD )‘CIM <PD” >

where M = 282 /Bu — 1, More specifically, according to (22),
L:IDQD (%rdo‘) can be derived as

M
£1D2D (PD

. { A act /27r © Mrg®H ™2 (x 0,rq)
= ex
P DPD 0 e L+ Mrg®H™ 3 (ZE 0 Td)

D
P
M e Z DIy
_PDrd DT act ||dDR_dDT||a
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where H (z,0,74) = 22 + r4% — 2274 cos 6 is the same with
(18). In addition, L., (
D,j

D

M . .
ﬁrda) is given by
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; (29)

Note that the PDF of 74 is f,, (r) = 52,0 < r < Rp,
and then we have
Rp
oy = OP (r) fr, (r)dr, (30)

0
It can be observed that the outage probability of LTE-U D2D
increases with the required data rate Rf , when the unlicensed
bandwidth is given.
VII. CONCLUSIONS

In this paper, we evaluate the performance of the large-scale
complex networks where D2D communications utilize LTE-
Unlicensed band. Medium access probability for each device is
characterized by considering the energy detection mechanism
before transmission. More importantly, we study the dynamic
power control at LTE-U D2D transmitter in order to guarantee
the receiver’s QoS requirement, and a tractable approach to
estimate the aggregated interference is provided. In addition,
the spectral efficiency of WiFi user is derived to show the
impacts of LTE-U D2D on the WiFi networks, together with
the outage probability of D2D communications.
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