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Abstract—Device-to-device (D2D) communication is under ac-
tive investigation and may be a key feature in 5G networks for
its great potential in improving network spectral and energy ef-
ficiency. Underlaying proximity-based D2D communication links
in current cellular networks allows D2D users to opportunistically
access the cellular spectrum, thus causing interference not only
in the D2D tier but also between D2D and macrocell tiers. In
this paper, we consider a D2D underlaid cellular network, in
which D2D users reuse macrocell downlink spectrum, imposing
guard zones around each active D2D transmitter to avoid nearby
interference from both macro base stations (MBSs) and other
D2D transmitters. Using spatial models and analytical results
from stochastic geometry, we provide bounds and approximations
for the D2D and cellular coverage probability, as a means to
characterize the performance of D2D underlaid cellular networks
with intra-tier and cross-tier dependence. The D2D area spectral
efficiency (ASE) is also characterized and an approximate optimal
guard zone radius that maximizes a lower bound of D2D network
throughput is derived in closed-form. Simulation results validate
our theoretical analysis and evince the accuracy of the proposed
analytical expressions.

I. INTRODUCTION

Providing connectivity and capacity to a massive amount
of devices connected to the cellular networks poses several
technical challenges for the network capacity and efficiency.
For that, an architectural shift from infrastructure-centric to
device-centric networks is envisioned for future 5G systems
[1]. In this context, device-to-device (D2D) communication
has drawn much attention in both academia and industry as a
potential solution for improving both spectral efficiency and
energy efficiency, as well as reducing the end-to-end latency,
which are key requirements for 5G networks. From a resource
utilization point of view, in D2D-enabled cellular networks
the spectrum can be either assigned orthogonally to cellular
and D2D links or shared among them. Various research works
have been carried out on D2D underlaid cellular networks
where D2D links opportunistically access spectrum assigned
for cellular communication. By allowing D2D users in prox-
imity to establish direct communication links while reusing
the cellular network spectrum, the area spectral efficiency
can be largely improved. Nevertheless, spectrum sharing may
create significant interference between these two types of
communication links, especially when one very close interferer
can cause an outage to its neighboring links. Among different
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interference mitigation techniques, setting up guard zones
to avoid nearby interference has been proposed and widely
discussed in different scenarios. The impact of guard zone in
wireless ad hoc networks has been studied in [2]. A cogni-
tive radio network model with inter-tier correlation between
primary and secondary users has been considered in [3], with
theoretical bounds derived for the interference distribution and
outage probability using tools from stochastic geometry. When
the primary users are distributed according to a homogeneous
Poisson Point Process (PPP), which is a widely used spatial
model for large wireless network topology, the distribution of
secondary users form a Poisson Hole Process (PHP). Similar
analysis for heterogeneous cellular networks with inter-tier
correlation can also be found in [4]. D2D integrated cellular
networks with cross-tier interference management is studied in
[5] and [6]. In [7] a D2D overlaid cellular network with intra-
correlation is studied where active D2D transmitters follow a
Matérn Hardcore (MHC) process, meaning that there exists
a minimum distance between two active D2D transmitters. In
[8] two-tier dependence is considered by applying guard zones
around small cell transmitters with variable size depending on
received D2D interference signal power, then using CSMA
for remaining potential D2D transmitters to avoid nearby
interference in the D2D tier. However, the impact of guard
zone in D2D underlaid cellular networks with both intra-tier
and inter-tier dependence has not been fully studied.

In this work, we focus on a multi-cell D2D underlaid
cellular network with two types of users: macrocell users
which connect to the nearest macrocell base station (MBS)
and D2D pairs with short transmission distances. A guard
zone is applied around each active D2D transmitter, imposing
that no MBS or other active D2D transmitter lies therein.
As a result, whether a potential D2D link can be active
depends on the relative positions of its interferers in both
macro and D2D tiers, which creates dependence between tiers
(correlation). We use spatial patterns from stochastic geometry
for the network modeling and analysis. Thanks to the existing
analytical results of previous study in point processes with
dependence, we give analytical bounds and approximations
of important network performance metrics for our network
model, as well as analysis on how the guard zone size affects
the overall network throughput.



II. NETWORK MODEL

We consider a D2D underlaid cellular network where D2D
links reuse the spectrum assigned for macrocell downlink com-
munication. The MBSs are distributed in the two-dimensional
Euclidean plane R? according to a homogeneous spatial PPP
®,,; with intensity Ap;. The macrocell users are located
according to some independent stationary point process and
are served by the closest base stations. The coverage area
of MBS can be presented by a Poisson-Voronoi tessellation
(PVT) on the plane R?. We also assume that all MBSs
are fully loaded, meaning that in each Voronoi cell there is
always a mobile user being served by its associated MBS. The
locations of potential D2D transmitters are modeled by another
independent homogeneous PPP ®p, with intensity Ap. Each
potential D2D transmitter has its intended receiver around it
at isotropic directions with fixed distance r.

In order to protect active D2D links from interference
caused by nearby transmitters, we impose a guard zone of
radius R around each active D2D transmitter so that no
MBS or other D2D transmitter lies in it (exclusion region).
Although setting up guard zones around receivers can lead to
simpler mathematical results and has also been studied in prior
work, we consider the case of guard zones around transmitters
motivated by the fact that existing carrier sense techniques are
based on sensing at the transmitter side [9] [10]. According
to this setup a potential D2D transmitter can be active only
when the MBSs and other active D2D transmitters are at least
R distance away, thus resulting in a cognitive D2D network
with each D2D transmitter sensing its neighborhood before
transmitting. The distribution of active D2D transmitters is
a thinned version of the initial homogeneous PPP, where
the thinning procedure involves inter-correlation between the
positions of MBSs and D2D transmitters, as well as intra-
correlation between the positions of two D2D transmitters. The
network topology is shown in Fig. 1. Due to the guard zone
setup the distribution of active D2D transmitters is sparser than
in the original PPP case.

Lemma 1. For a two-tier heterogeneous network where the
primary transmitters form a homogeneous PPP ®, with in-
tensity A1 and the positions of secondary transmitters are
constrained by the following conditions:

o Based on a homogeneous PPP ®4 with intensity Ao, two
secondary transmitters cannot be closer to each other
than R;

o A secondary transmitter cannot be closer to a primary
transmitter than R,

we have that due to the first condition the resulted distribution
of secondary transmitters form a Matérn Type I I-éardcore
Process (MHC) <i)2 with intensity 5\2 = % [11].
From the second condition, the probability of a point from
the MHC being retained is the probability that for any point
from B, there are no points from ®1 within distance R. The
resulted intensity of secondary transmitters can be approxi-
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Fig. 1. A snapshot of the D2D underlaid cellular network with guard zones
around active D2D transmitters. The red squares represent the MBSs. The
red crosses represent cellular users. The blue circles represent active D2D
transmitters and the blue stars represent their intended receivers with link
length » = 25m. The guard zone around each active D2D transmitter is with
radius R = 50m.

mated by the intensity of a Poisson Hole Process (PHP) [3],
thus given by

As = doexp(—Mi7R?)
1—exp (7/\27TR2)

mR2 ’

= exp (—)\17TR2) . (l)

when \1 < 5\2 holds.

For our cognitive D2D underlaid cellular network model,
denoting by ® 4 the point process formed by the set of active
D2D transmitters, its intensity is then given as

1 —exp (—)\Dﬂ'R2)

TR? ’
when Ap is sufficiently large compared to ;. Fig. 2 shows
A4 as a function of guard zone radius R and is compared
with simulation results obtained by setting Ay = 1.6 x 107°
and A\p = 8 x 1072, It evinces that (2) provides a very tight
approximation of the actual density of our considered D2D
underlaid cellular network model with two-tier correlation.
The gap between the two curves comes from the fact that
the density funtion of MHC of both type I and type II under-
estimate the real density for such kind of spatial patterns with
minimum distance between two points.

Due to the spectrum sharing between macrocell and D2D
users, each D2D receiver receives interfering signals from both
MBSs and other active D2D transmitters. The background
thermal noise is assumed to be negligible compared to the
interference, focusing here on the signal-to-interference ratio
(SIR) distribution. Our results can be easily extended to take
into account the effect of background noise power.

Without loss of generality, considering a typical active D2D
receiver located at the origin and at a fixed distance r from

A4 = exp (—/\MT(RQ) .
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Fig. 2. Density of active D2D transmitters vs. guard zone radius. The red
cross points represent the real density values obtained by simulations. The
blue square points represent the approximated density calculated by (2) with
Ay =16x10"% and A\p = 8 x 10~4.

its associated transmitter D,,, the SIR of the received signal is
given by

Pphpr=

P, — P o)
Diewy il Zjem\{Do} T2 hyd; *

SIRp = 3)

where Pp; and Pp denote the transmit power of MBS and
D2D transmitters, respectively. hp, h; and g; denote small-
scale power fading from the typical D2D transmitter, the j-th
interfering D2D transmitter, and the ¢-th interfering MBS to
the typical D2D receiver, respectively. We assume that all users
experience Rayleigh fading, i.e. hp,hj,g; ~ exp(1). l; and
d; denote the distance from the i-th MBS and the j-th active
D2D transmitter to the typical D2D receiver, respectively.
We consider a standard distance-dependent pathloss attenu-
ation, i.e. 7~ %, where o > 2 is the pathloss exponent. We
consider indoor D2D communication, i.e. interfering signals
coming from MBSs and other D2D transmitters experience
wall penetration loss with constant attenuation factors L and
L2, respectively.

Similarly, for a typical macrocell user located at the origin
with its associated MBS M, at a random distance [ away, the
SIR of its received signal is given by

Prrgul™®

SIR,, = — —
Dicoa hid;* + 2 jean(m,} Prgil;

“4)

where g7, g; and h; denote small-scale fading from the
typical MBS, the j-th interfering MBS, and the ¢-th active
D2D transmitter to the typical macrocell receiver, respectively,
which also follow exponential distribution with unit mean
(Rayleigh fading). d; and [; denote the distance from the i-
th active D2D transmitter and the j-th MBS to the typical
macrocell receiver, respectively.

nearest
O MBS

Fig. 3. Guard zone with radius R of a typical active D2D transmitter centered
at the origin with its intended receiver being at distance r when R > 7.
According to the system model, no MBS or other active D2D transmitter can
lie in a circle of radius R centered at the origin, thus the minimum distance
from the nearest MBS or D2D transmitter to the typical active D2D receiver
is between R — r and R + r.

III. COVERAGE PROBABILITY ANALYSIS
A. D2D Link Coverage Probability

For a prescribed D2D target SIR ~yp, the coverage proba-
bility of a typical active D2D link in our considered network
is given by

P2.(yp) = P(SIRp > p)

o (&Ivp  Ipp
]P’[hD>’YD7” < 7 +—L2 >}

Livp ( ”Yz )EIDD (722 ) S

where I;p = Zz'ePM gil; “and Ipp = zjeéA\{Do} hjdj_a
denote macrocell interference and D2D interference with
normalized transmit power x = Pp;/Pp is the power ratio
between MBS and D2D transmitter; Ly,,,(s) = E[e~*/mP]
and L7, (s) = E[e~*IPP] are the Laplace transforms of in-
terference I, p and Ipp. The notation of coverage probability
in this case is the probability of a random D2D link to achieve
SIR higher than the target vp.

The Laplace transform of interference in a homogeneous
Poisson network is easy to calculate [12]. In a guard zone-
based cognitive D2D underlaid cellular network, the received
interference to the typical receiver is caused by transmitting
nodes distributed outside the guard zone centered at its as-
sociated transmitter. In the case where R > r, there exists
a minimum distance between a typical D2D receiver to its
nearest interfering transmitter, as shown in Fig. 3. A modified
Laplace transform of interference with this minimum distance
can be defined as follows [3]:

Definition 1. Consider an interference model Iy =

> Hi||zi|| =™ where 11 is a homogeneous PPP with density
x; €11



A representing the spatial distribution of the interfering
nodes. ||z;|| denotes the Euclidean distance from the i-th
interfering point to the typical receiver at the origin. H;
denotes small-scale power fading of the i-th interfering link,
which follows exponential distribution with E[H] = 1. If
|z;|| = rmin is valid for every point in 11, then we define
a modified Laplace transform of I as

‘C}(Sa )\Ha Tmin) = IE:H,H leXP <S Z Hzx7.||a>‘|
€1l

277)\11/ 1 — IEH exp ( sHv_“)]) vdv)

min

=27 7d
us n/rmm 1—|—sv—0‘v v)

—27A 2 2
Winsri;%pl (1’ 1- 2202, _S>) 7
o —2 o a’ e
(6)

where oF1(a,b;c;z) is the hypergeometric function. For
rmin = 0, we have the Laplace transform of interference in
a Poisson network as

ﬁ?(S, AH) = ﬁ}(sa AH?O) = exp <_

Il
o
e
ol

7'('/\1'[82/
sinc (2/a)> - D

In our network model the minimum distance between the
nearest MBS and the typical D2D receiver is bounded by R—r
and R+, as shown in Fig. 3, and we can obtain the following
two bounds for the Laplace transform of I/ p

E}(s,)\M,R—r) < Lryp(s) Sﬂ}(s,)\M,R—i—r). (8)

From our analysis in Section II the distribution of active D2D
transmitters is resulted from the combination of a MHC and a
PHP. For the typical D2D receiver, interference coming from
outside the guard zone of its transmitter can be approximately
seen as interference in a homogeneous PPP network, with R —
r and R+ r as boundaries for the minimum distance from the
nearest interfering D2D transmitter to the typical receiver, as
shown in Fig. 3. Therefore, we have the following bounds for
the Laplace transform of Ipp

E}(S’)‘AvR_T) S‘CIDD(S) SE}(S,)\A,R—I—T), &)

with A4 given in (2). By plugging these bounds into (5) we
have the following two bounds for the D2D link coverage
probability

KYpT®

PR > £i( )&(’W Aa R—7),

s Au R (10)

Kypr®
Pay < LI

cov —

)\M,RJrr)EI( )\A,R+T) (11)

An approximation of Lr,,,, and E Ipp can be obtained by
considering the interference field as the entire R? except each
guard zone, which is an off-center disk for the typical D2D
receiver. When R > r, by using the law of cosines we have

vdvdep

2m
L = A , 12
IMD( )= eXp( M/ /d1 S0)1_’_8 11)“) (12)

vdvdp

2m
L = A 13
Iop(8) = eXp< A/ /dl(@ Tr o 1va>’ (13)

where d;(¢) = rcosp + / R2 — r2sin® o
Similarly, when R < r we have the approximate Laplace
transform of interference as

d1 ()
TSa vdvdep
L = -
np (5) exp{ M (smc / /do 14 s~ 11)0‘) } ’
(14)

4l pdode

‘CIDD (S) = exp {_)‘A (SIHC / /do(ga) 1+ s— 11)0‘) } >
15
where dy(y) = rcosp —\/R? — r?sin® ¢ and ¢ = arcsin Z.
Putting them into (5) we get the approximation of D2D link
coverage probability PP for the case with R > r and with

cov
R < r respectively.

B. Macrocell Coverage Probability

For an arbitrary served macrocell user, since it connects to
the nearest MBS, we have the pdf of the cellular link length
ras given by [13]

er (l) = e_AMTr1227T/\MZ~ (16)

Similar to the analysis of D2D link, considering a typical
macrocell user located at the origin, we have the macrocell
coverage probability as

o0 2
Pc%{/( ) - /0 eiAMﬂ-l 27T>\Ml ' ‘CIJMM (’ijla)

Yarl®
XE[DM IQL dl

where ~y)s is the target SIR for successful macrocell com-
munication, Isps ZjebM\{Mo} gjlj_o‘ and Ipy =
> ica, hid; @ denote the interference from other MBSs and
from active D2D transmitters with normalized transmit pow-
ers.

Since the positions of MBSs follow a PPP and each macro-
cell user connects to the nearest MBS, the nearest interfering
MBS is at least at distance r away. The Laplace transform of
I can be written as

‘CII\/IZM(S) = E}(Sv)‘ﬂfal)~ (18)

As for the interference coming from active D2D transmit-
ters, since the guard zone is around each transmitter and
the cellular link length is a random variable in [0, c0), the
minimum distance constraint between a typical macrocell
receiver and the nearest active D2D transmitter does not apply.
Ipas can be approximated by using the Laplace transform of
interference in a Poisson network, thus given by

a7

TAs2/
L ~ L%(s,\4) = - . 19
IDM(S) 1(8, A) eXp ( SiHC(Q/O[)) ( )
Then the macrocell coverage probability becomes
o)
PM — / e M9 el - LY (7arl®, Aag, 1)
0 (20)

la
xﬁ?(%,AA)dl.



IV. IMPACT OF GUARD ZONE ON NETWORK THROUGHPUT

In this section we analyze how the guard zone in our
D2D underlaid cellular network with intra-tier and cross-tier
dependence affects the D2D network throughput. We also give
approximate expression for the optimal guard zone radius by
maximizing a lower bound on the D2D throughput.

The area spectral efficiency (ASE), often referred to as
network throughput, is a measure of spatial reuse and gives
the spectral efficiency (maximum average data rate per Hz)
per unit area. For the considered network model, the ASE of
D2D network can be written as

T (vp) = AP, (7p)logy (1 + 7p)

e

KYpr® T
= ALiyp (@) Lipp (%) IOgQ(l +’7D)v

21

—ex — s 2
with Ay = exp (—AyrR?) 22X o

are approximated by (12) and (13) for R > r, and by (14) and
(15) for R < r.

Due to the complex mathematical derivation, it is impossible
to obtain a closed-form solution for the optimal guard zone
radius R* by maximizing the ASE given in (21). However the
D2D coverage probability can be lower bounded by the case
with Poisson distributed interference given by

Pg, > Ph
7r)\M7'2/£?/a 77)\,47’2/@3/0‘
= exp|-——"—~exp| ——"———
P sinc (2/a) P sinc (2/a) |’
(22)
where k| = “’g"% and ky = 73. Then we have a lower
bound for the ASE as
7T)\M7“21<3§/a
=Aal 1 _—
Tem 4 logy( +7D)6Xp< sinc (2/a)

(23)
y TAar? mg/ ¢
exp | ——=—

P sinc (2/a) |’
which is not a concave function of \ 4. Nevertheless, we can
still have a stationary point A% (maximizer) by using the first
order optimality condition, which gives

Ay = argmax7Lp
Aa
_ sinc (Z/ag/- L4/°‘. (24)
iy
Using (2), we get the optimal guard zone radius R* as the
solution of
1—exp (—)\Dﬂ'R2>

exp (f/\MwR2) . =

sine (2/a) - LY/
T R? ’

2
777'2’)/D/a

(25)
When A, is small enough we have exp (f)\Msz) ~ 1,
which gives
sinc (2/a) - L4/

7'27%/&

2
ef)\Dﬂ‘R +

R>—-1=0. (26)

sinc(2/a)-L4/ <
22/

Denoting p = and using the Lambert W

. D .
function we have the solution to (26) as

w(mee )
H + =
’/T)\D ,u’

R =

27)

which can be seen as an approximate value for the optimal
guard zone radius.

V. SIMULATION RESULTS

In this section, we validate the theoretical bounds and
approximations of the coverage probability for our guard
zone-based D2D underlaid cellular network via simulation
results. The area spectral efficiency of the D2D network is
also numerically evaluated to validate our analysis of how the
guard zone radius affects network throughput.

A. Simulation Setup

In our simulations, MBSs and potential D2D transmitters
are dropped in a two-dimensional square of surface 600 x
600 m? according to homogeneous PPP with intensity Ay =
1.6 x 1072 and Ap = 8 x 10~*. Potential D2D receivers are
distributed at isotropic directions around their transmitters with
fixed distance » = 25 m. Each MBS serves one macrocell user
at a time in its coverage according to the geographically closest
MBS association. A guard zone is imposed around each D2D
transmitter with radius R. The transmit power of MBS and
active D2D transmitter are set as Py; = 1W and Pp = 0.05W.
Rayleigh fading model is adopted for both cellular and D2D
links with E[h] = 1. The pathloss exponent is o = 4 and the
wall penetration loss factor is L = 5 dB.

B. Coverage Probability of D2D and Cellular Links

Fig. 4 illustrates the bounds and approximations for the D2D
link coverage as a function of the target SIR vp for R = 50 m
and R = 15 m, representing the case when R > r and R <r
respectively. The simulated values are obtained by averaging
over 10000 realizations. We see that compared to the simulated
curve, the D2D coverage probability given in (5) with Laplace
transform of interference as in (12)-(15) provides a sufficiently
tight approximation.

Fig. 5 shows the cellular coverage probability given in (20)
as a function of the target SIR v, and is compared to the
simulated performance. We observe that macrocell users suffer
from much higher interference than the D2D users due to the
larger range usually used for cellular links as compared to
the short-distance D2D links. Therefore, the transmitter-based
guard zone does not prevent cellular receiver from its nearby
interference.

C. Area Spectral Efficiency of D2D Underlaid Networks

Fig. 6 plots the ASE of D2D underlaid network vs. the
guard zone radius R with target SIR vp = 5 dB and 10 dB,
respectively. The ASE is obtained by (21) with the Laplace
transform of interference as given in (12)-(15). From (27) we
have an approximate optimal value of R = 16.6m for yp =5
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dB and R = 29.7m for vp = 10 dB. From Fig. 6 we have
the optimal radius as R = 20m for yp = 5 dB and R = 30m
for yp = 10 dB, evincing that (27) provides a very good
approximation of the optimal guard zone radius.

VI. CONCLUSIONS

In this paper, we studied a guard zone-based D2D underlaid
cellular network with intra-tier and cross-tier dependence,
where a D2D transmitter can be active only when no macro
BSs or other active D2D transmitters lie in its guard zone. We
derived analytical bounds as well as approximation for the
coverage probability of both cellular and D2D links, which
have been proven to be very accurate. We evaluated the D2D
area spectral efficiency as a function of the guard zone radius
and provided the approximate optimal radius that maximizes
the network throughput.
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Fig. 6. Area spectral efficiency of D2D network vs. guard zone radius with
target SIR vyp = 5 dB and 10 dB.
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