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Abstract—This paper combines Poisson Cluster Process (PCP)
with a Poisson Hole Process (PHP) to develop a new spatial model
for an inband device-to-device (D2D) communications network,
where D2D and cellular transmissions share the same spectrum.
The locations of the devices engaging in D2D communications
are modeled by a modified Thomas cluster process in which the
cluster centers are modeled by a PHP instead of more popular
homogeneous Poisson Point Process (PPP). While the clusters
capture the inherent proximity in the devices engaging in D2D
communications, the holes model exclusion zones where D2D
communication is prohibited in order to protect cellular trans-
missions. For this setup, we characterize network performance
in terms of coverage probability and area spectral efficiency.

I. INTRODUCTION

The ability of devices to share content over direct wireless
links, termed device-to-device communications, is a key com-
ponent of the current 4G and future 5G wireless systems. Fa-
cilitated by the spatiotemporal correlation in the data demand,
D2D allows asynchronous content reuse directly among wire-
less devices, thereby offloading traffic from cellular networks.
For improved spectral utilization, D2D is usually envisioned to
coexist with the cellular networks on the same frequency band,
which is often termed as inband D2D communication. This
naturally raises fundamental coexistence concerns, especially
pertaining to the accurate interference characterization and
management in the integrated D2D and cellular networks.

Any reasonable model for integrated D2D and cellular
networks must capture at least two main aspects: (i) devices
engaging in D2D communication should lie in close proximity
of each other [1], and (ii) there must be spatial separation
between cellular and inband D2D transmissions (for instance,
by the creation of exclusion zones around cellular users) in
order to protect cellular transmissions from excessive inter-
ference due to D2D transmission [2]–[5]. While there are
works focusing on these two aspects separately, to the best
of our knowledge their joint analysis is still an open problem.
We recently captured the first aspect by envisioning the set
of proximate devices as a cluster and hence modeling their
locations by a Poisson Cluster Process (PCP) [6], [7]. The
analysis was however focused on the out-of-band D2D, which
means the second aspect did not come into picture.

Similarly, the analysis of second aspect of that of inter-
ference management does not generally incorporate device
clustering [2]–[5]. The device locations are usually modeled
by a Poisson Dipole Process (PDP), wherein transmitters
are modeled as a homogeneous PPP, with the corresponding
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Fig. 1. Illustration of the proposed system model.

receivers located at a predefined fixed distance from each
transmitter. Using PDP as a baseline process, the impact
of interference management is usually captured by modeling
the locations of D2D transmitters as a Poisson Hole Process
(PHP) [8]. In particular, each hole (exclusion zone) of PHP
corresponds to the region in which D2D transmitters are not
allowed to reuse the cellular spectrum. While this model
provides meaningful first order insights, it fails to capture the
notion of device clustering, which as discussed above, is quite
fundamental to D2D. Moreover, the analysis of PHP in all
these works is typically based on the independent thinning of
the PDP such that the resulting density of the thinned PDP
is the same as that of the PHP. This approach may remove
dominant interferers from the baseline process, which results
in the overestimation of coverage probability. To address these
shortcomings, we develop a new spatial model, where PCP
and PHP are combined in a way that captures both the above
mentioned aspects accurately. More details are given next.

Contributions and outcomes: We develop a new spatial
model, where the downlink cellular and D2D networks coexist
in the same band. In particular, we introduce a new cluster
process in which the centers of active clusters (the ones that
are allowed to transmit) are drawn from a PHP to protect
cellular transmissions. This model will be henceforth referred
to as a Hole Cluster Process (HCP). The key intermediate step
in our analysis is the derivation of the Laplace transform of
interference at a typical user of HCP. This analysis builds on
our recent work on PHP [9], where we derived a new set
of tight bounds on the Laplace transform of interference in
a PHP. Using these results, we characterize the performance
of the network in terms of the coverage probability and area
spectral efficiency (ASE). This analysis leads to several system
design guidelines. For instance, it reveals that there exists an



optimal number of simultaneously active links per cluster (not
necessarily one) that maximizes the network ASE.

II. SYSTEM MODEL

In this paper, we consider a D2D underlaid cellular down-
link network where the locations of BSs are modeled as a
homogeneous PPP {z} ⌘ �b with density �b. We assume a
saturated traffic model, where all the resource blocks of the BS
are always scheduled. In other words, there is always one user
scheduled on a typical resource block. Therefore, the locations
of the cellular users being served on a typical resource block
can be reasonably approximated by a homogeneous PPP
{y} ⌘ �u with the same density as that of the BSs, i.e., �b.
Note that while the locations of these users and their serving
BSs are correlated, ignoring this correlation usually results in
fairly good approximations [10]. Therefore, �u is assumed to
be independent of all other locations. In order to capture both
the key aspects of inband D2D networks (device clustering
and spatial separation), the D2D user locations are modeled by
what we term as a Hole Cluster Process (HPC). To construct
HCP, we begin with a baseline homogeneous process �c of
density �c of cluster centers. The cluster centers lying within
a radius D of the cellular users are deactivated, i.e., none of
the users in these clusters will be allowed to transmit. The
point process of active cluster centers can be expressed as

 c = {x 2 �c : x /2 ⌅
D

} = �c \ ⌅D

, (1)
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D
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b(y, D) with b(y, D) being a ball of
radius D centered at y. Now the D2D users are assumed to
be independent and identically distributed (i.i.d.) around each
cluster center with probability density function (PDF)
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If D = 0, the locations of cluster centers can be modeled by its
baseline homogeneous PPP �c, where this setup (i.e., D = 0)
corresponds to the well-known Thomas cluster process [11].

Let us denote the set of transmitting (receiving) D2D users
in cluster x by N x

t (N x

r ), where we assume that the subset
of D2D users chosen uniformly at random, Ax ✓ Nt, are
simultaneously transmitting within any given cluster. There-
fore, the set of simultaneously transmitting (also referred to
as active) D2D users in the whole network can be expressed
as  m = [

x2 cAx. To maintain generality, the number of
simultaneously active transmitters per cluster, i.e., |Ax|, is
modeled as a Poisson distributed random variable with mean
m̄. For this setup, we assume that all BSs and all D2D users
transmit with power Pc and Pd, respectively. Our main focus
will be on the performance analysis of typical cellular and
D2D users. More details are provided next.

1) Typical D2D user: It is a randomly chosen user from
a randomly chosen cluster termed as a representative cluster
centered at x0 2  c. We assume that the content of interest for
this typical D2D user (located at the origin) is available with
another D2D user chosen uniformly at random from the same
cluster located at x0 + a0 [6]. Denoting the distance between
the serving user and a typical D2D user by rd = kx0 + a0k,

the received power at the typical user can be expressed as
Pdhdr�↵

d . Here, hd ⇠ exp(1) models Rayleigh fading and
↵ > 2 is the pathloss exponent. In this setup, the total
interference experienced by a typical D2D user originates
from three sources: (i) interference from simultaneously ac-
tive D2D transmitters inside the representative cluster termed
as intra-cluster interference, which is defined as Iintra

d,d =P
a2Ax0\a0

Pdhdkx0 + ak�↵, (ii) interference from simul-
taneously active D2D transmitters outside the representative
cluster termed as inter-cluster interference, which is defined as
Iinter
d,d =

P
x2 c\x0

P
a2Ax

Pdhdkx+ak�↵, and (iii) interfer-
ence from cellular BSs defined as Ic,d =

P
z2�b

Pchckzk�↵.
As a result, the signal to interference ratio (SIR) at the typical
D2D user can be expressed as SIRd =

Pdhdr
�↵
d

Iintra
d,d +Iinter

d,d +Ic,d
. In this

paper, thermal noise is assumed to be negligible compared to
the interference and is hence ignored.

2) Typical cellular user: A separate analysis will also
be performed for a typical cellular user, which is simply a
randomly chosen user from �u that can be placed at the
origin due to stationarity of all the point processes involved.
This user is assumed to connect to its closest BS located at
z0 2 �b. Denoting the distance between the typical cellular
user located at the origin and its serving BS by rc = kz0k, the
received power at the typical user is Pchcr�↵

c . In contrast with
the typical D2D user discussed above, the total interference
experienced by a typical cellular user originates from two
sources: (i) interference from other cellular BSs (except the
serving BS) defined as Ic,c =

P
z2�b\z0

Pchckzk�↵, and
(ii) interference from active D2D users defined as Id,c =P

x2 c

P
a2Ax

Pdhdkx + ak�↵. So, the SIR experienced by
a typical cellular user is SIRc =

Pchcr
�↵
c

Id,c+Ic,c
.

III. COVERAGE PROBABILITY AND ASE ANALYSIS

This is the main technical section of this paper, where
we first derive tight bounds on the Laplace transform of
interference originated from HCP. Using these results, we will
derive the coverage probability of typical cellular and D2D
users, and ASE of the whole network.

A. Coverage probability of a typical user of HCP

To fix key ideas upfront, we first characterize the perfor-
mance of a typical user of HCP in the absence of the cellular
network interference. This result will then be used to study the
performance of typical D2D and typical cellular users. Before
going into the detailed analysis of coverage probability, we
first look at the distribution of the distances of serving and
interfering devices to the typical user of HCP. Let us denote
the set of distances from active D2D transmitters to the typical
user inside the representative cluster by {s = kx0 + ak}.
These distances are correlated due to the common factor x0.
So conditioning on ⌫0 = kx0k along with the fact that {a}
are i.i.d. zero-mean Gaussian random variables in R2, the
set of distances {s = kx0 + ak} are conditionally i.i.d.,
where the PDF of each element is f

S

(s|x0) = f
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. Here, I0(.)

is the modified Bessel function with order zero and � is the



scale parameter. In [6], we showed that the “weaker” condi-
tion, i.e., conditioning on ⌫0 instead of x0, suffices. Recall
that the selection of serving D2D user was done uniformly
at random and hence the PDF of D2D serving distance, i.e.,
Rd = kx0 + a0k, is f

Rd(rd|⌫0) = Ricepdf(rd, ⌫0; �2
).

The random selection of serving D2D user also implies that
the PDF of the distance from intra-cluster interferer to a
typical D2D user, i.e., W = kx0 + ak, is f

W

(w|⌫0) =

Ricepdf(w, ⌫0; �2
). Using the same argument, the PDF of

the distance between an inter-cluster interferer and a typical
D2D user, i.e., U = kx + ak conditioned on ⌫ = kxk is
f
U

(u|⌫) = Ricepdf(u, ⌫; �2
). Interested readers can refer to

[6] for more details, where we provide a much more elaborate
discussion about these distance distributions. Now using these
distance distributions, the Laplace transform of intra-cluster
interference is given in the next lemma. The proof follows on
the same lines as that of [6, Lemma 5] and is hence skipped.

Lemma 1. Laplace transform of intra-cluster interference,
Iintrad,d =

P
a2Ax0 Pdhdkz0 + ak, conditioned on the distance

⌫0, is L
I

intra
d,d

(s|⌫0) =

exp

✓
�(m̄ � 1)

Z 1

0

sPdw�↵

1 + sPdw�↵

f
W

(w|⌫0)dw

◆
, (3)

where f
W

(w|⌫0) = Ricepdf(w, ⌫0; �).

Characterizing Laplace transform of inter-cluster interfer-
ence is much more challenging. This is mainly because the
probability generating functional (PGFL) of cluster centers
which are drawn from a PHP is unknown [8]. The most
popular approach for the performance analysis of PHP is based
on independent thinning of the baseline PPP �c such that
the resulting density of the PPP is the same as that of a
PHP [12]. Independent thinning of the baseline PPP disturbs
the distribution of transmitters in the local neighborhood of
the typical point, which results in a loose approximation of
the Laplace transform of interference [9]. To address this
shortcoming of PHP analysis, we recently developed a new
approach in which the holes are preserved in the analysis in
such a way that the resulting setup provides tight bounds on the
Laplace transform of interference in a PHP [9]. We extend one
of those results to a HCP here. We first consider the baseline
PPP �c from which only one hole is carved out (at a given
location). This setup is illustrated in Fig. 1, and the conditional
Laplace transform of interference for this case is given next.

Lemma 2. Let I =

P
x2{�c\x0}\b

c(y,D)

P
a2Ax

Pdhdkx +

ak�↵. The Laplace transform of interference I conditioned
on t = ky � x0k is

LI|t(s) = exp

✓
� 2⇡�c

Z 1

0
⇠(sPd, ⌫)⌫d⌫

◆
exp

✓
2�c

Z
t+D

t�D

arccos

⇣⌫2
+ t2 � D2

2⌫t

⌘
⇠(sPd, ⌫)⌫d⌫

◆
where,
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sPdu
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1 + sPdu�↵
fU (u|⌫)du
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, (4)

where f
U

(u|⌫) = Ricepdf(u, ⌫; �2
).

Proof. See Appendix A. ⌅
From Lemma 2, two bounds on the Laplace transform of

inter-cluster interference are in order. First, we ignore the
impact of the holes and approximate cluster center process
PHP  c with its baseline PPP �c. Note that this approach
leads to the overestimation of the inter-cluster interference. As
a result a lower bound on the Laplace transform of inter-cluster
interference Iinter

d,d can be readily derived by substituting
D = 0 in Lemma 2. The result is given in the next corollary.

Corollary 1 (Lower bound 1). The Laplace transform of inter-
cluster interference, Iinter

d,d , is lower bounded by

LIinter
d,d

(s) � exp

✓
� 2⇡�c

Z 1

0
⇠(sPd, ⌫)⌫d⌫

◆
, (5)

where ⇠(sPd, ⌫) is given by (4).

Instead of completely ignoring the impact of holes, we
now consider one hole in  c; the one that is closest to
the cluster center of the representative cluster. Denoting the
location of this hole by y0 2 �u, the interference field in
this case is [

x2{�c\x0}\b

c(y0,D)Ax �  m, which clearly
overestimates the true interference and hence leads to another,
slightly tighter, lower bound on the Laplace transform of inter-
cluster interference. If the distance between the closest hole
to the center of representative cluster is t0 = ky0 � x0k, then
the PDF of T0 (where t0 is realization of T0) is

f
T0(t0) = 2⇡�bt0 exp

�
�⇡�b

�
t20 � D2

��
, t0 > D. (6)

This PDF can be simply derived based on the fact that the
closest hole to the center of representative cluster lies outside
b(x0, D) [9]. Now, deconditioning the results of Lemma 2
with respect to T0, the second lower bound on the Laplace
transform of inter-cluster interference Iinter

d,d is derived next.

Corollary 2 (Lower bound 2). The Laplace transform of inter-
cluster interference Iinter

d,d is lower bounded by LIinter
d,d

(s) �
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f
T0(t0)dt0, (7)

where f
T0(t0) is given by (6).

Using the bounds derived in Corollaries 1 and 2, we
now derive two bounds on the coverage probability of the
typical user in an HCP. Coverage probability can be for-
mally defined as the probability that SIR experienced by a
typical user is greater than predetermined threshold � for
successful reception. Denoting the serving distance by R,
the coverage probability can be mathematically expressed as
Pc = E

R

[P(SIR(R) > �|R)]. Rayleigh fading assumption
along with the fact that intra- and inter-cluster interferers are
independent allows us to characterize coverage probability of
a typical user as a product of Laplace transform of intra-
and inter-cluster interference, where formal proof is similar
to the proof of [6, Theorem 1]. Now, using this definition the
coverage probability of a typical user of HCP is stated next.
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Theorem 1. Coverage probability of a typical user of HCP
in the absence of interference from the cellular network is

Pc =

Z 1

0

Z 1
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, and L

I
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d,d

(.) is given by Lemma
1. Two lower bounds on Pc can be derived by substituting the
results of Corollaries 1 and 2 for LIinter

d,d
(.) above.

As illustrated in Fig. 2, the two bounds derived in the above
Theorem are surprisingly tight. This is because of the fact
that the coverage probability strongly depends on the set of
interfering users that are in close proximity to the typical
user, in particular the intra-cluster interferers, which have been
accurately accounted for in the bounds. With this insight, we
will use the lower bound on the Laplace transform of inter-
cluster interference given by Corollary 1 as a proxy of the
exact expression in the rest of this paper to maintain analytical
tractability. Clearly, this will not result in any loss of accuracy.

B. Coverage probability of D2D user

We now extend the discussion from the previous subsection
to study the performance of a typical D2D user in terms of cov-
erage probability. In addition to the interference components
considered already, we need to derive the Laplace transform
of interference originating from the cellular network, which is
done in the next Lemma.

Lemma 3. Laplace transform of interference, Ic,d =P
z2�b

Pchckzk�↵, is

LIc,d(s) = exp

✓
�⇡�b(sPc)

2/↵ 2⇡/↵

sin(2⇡/↵)

◆
. (9)

The proof follows on the same line as proof of Laplace
transform of interference in [8, Section: 5.1.7] and is hence
skipped here due to space constraints. Combining all these
results, the coverage probability of a typical D2D user is
formally stated in the next theorem.

Theorem 2. Coverage probability of a typical D2D user is
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given by (3), and (9). We use the lower bound for LIinter
d,d

(.)

given by (5), which results in a lower bound on P
(d)
c .

C. Coverage probability of cellular user

Recall that a typical cellular user is served by the nearest
BS from �b. Denoting the cellular serving distance by Rc =

kz0k, the PDF of Rc is f
Rc(rc) = 2⇡�

b

rc exp(��b⇡r2
c ) [8].

Hence, the aggregate interference power at a typical cellular
user (located at the origin) is formed by the contribution of
all cellular interferers which lie outside b(0, rc). Here, the
Laplace transform of interference Ic,c, can be derived by using
standard arguments as in [8, Section: 5.1.7]. The result is stated
next and the proof is skipped.

Lemma 4. Laplace transform of interference Ic,c =P
z2�b\z0

Pchckzk�↵, is LIc,c(s) =

exp
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1

1 + u↵/2
du
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. (11)

The second component of interference in this case is the
interference originating from the D2D network. To character-
ize this interference, note that the cluster center of the active
clusters lie outside b(0, D) with respect to the typical cellular
user due to the formation of the exclusion zones (holes) around
cellular users. The Laplace transform of interference from
D2D networks to a typical cellular user is given next, where
the proof follows on the same line as that of Corollary 1.

Corollary 3. The Laplace transform of interference, Id,c, is
lower bounded by

LId,c(s) � exp

✓
� 2⇡�c

Z 1

D

⇠(sPd, ⌫)⌫d⌫

◆
, (12)

where ⇠(sPd, ⌫) is given by (4).

Combining these results, the coverage probability of the
typical cellular user is stated next.

Theorem 3. Coverage probability of a typical cellular user is

P(c)
c =

Z 1

0
LId,c

✓
�
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r�↵

c

◆
LIc,c

✓
�

Pc
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c

◆
f
Rc(rc)drc,

(13)
where LIc,c(.) and LId,c(.) are given by (11) and (12).

D. Area Spectral efficiency

We now focus on the average number of bits transmitted
per unit time per unit bandwidth per unit area, termed as area
spectral efficiency (ASE). It is mathematically defined as ASE =

� log2(1 + �)E[1{SIR(r) > �}], where � is the density of
transmitters. We specialize this definition for our setup in the
next Proposition. The proof is provided in Appendix B.
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Proposition 1. The ASE of the network is,

ASE = [m̄�c exp(�⇡�bD2
)P(d)

c + �bP
(c)
c ] log2(1 + �) (14)

where P
(d)
c and P

(c)
c are given by (10) and (13), respectively.

Here, m̄�c exp(�⇡�bD2
) is the average number of simulta-

neously active D2D links and �b is the average number of
simultaneously active cellular links per unit area.

Coming to the design insights, note that there exists a
fundamental tradeoff between (i) number of simultaneously
active D2D transmitters, and (ii) exclusion zone radius and
resulting interference. While aggressive frequency reuse (i.e.,
decreasing exclusion zone radius and/or increasing number of
simultaneously active D2D transmitters) potentially increases
ASE, it also increases interference significantly. To study this
tradeoff, we plot the coverage probability and the ASE with re-
spect to the number of simultaneously active D2D transmitters
m̄ for different values of exclusion zone radius D in Fig. 3.
For this setup, it can be seen that reducing D increases ASE.
Interestingly, the optimum number of simultaneously active
transmitters per cluster remains the same and equal to m̄⇤

= 4.
This is because optimal value of m̄ is mainly dictated by intra-
cluster interference which is not a function of D.

IV. CONCLUSION

In this paper, we developed a comprehensive framework
for the analysis of inband D2D communications. Modeling the
D2D network as a HCP, we captured (i) the inherent proximity
in the devices engaging in D2D communications, and (ii) the
spatial separation between active cellular and D2D links. For
this setup, we derived tight bounds on the Laplace transform
of interference originating from HCP. Using these bounds, the
coverage probability and ASE were accurately characterized.

APPENDIX

A. Proof of Lemma 2
Defining ⌦ = {�c \ x0} \ b

c
(y, D), the Laplace transform

of interference conditioned on t = ky � x0k is LI|t(s) =
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where (a) follows from h ⇠ exp(1), along with expectation
over number of active transmitting users which are Poisson
distributed, (b) from PGFL of PPP [8], where ⇠(sPd, ⌫)

is given by (4), and (c) from the cosine-law: ⌫2
+ t2 �

2⌫t cos ✓(r) = D2 (Fig. 1) along with converting form Carte-
sian to polar coordinates by substituting ⌫ = kxk.

B. Proof of Proposition 1
The proof simply follows from definition of ASE, where the

number of active D2D transmitters m̄HCP can be derived as

m̄HCP
(a)
= E

h X

x2�c

X

a2Ax

Y

y2�u

(1� 1

b(x,D)(y))

i

(b)
= E

h X

x2�c

X

a2Ax

exp(��b

Z

R2
1

b(x,D)(y)dy)

i
= �cm̄e��b⇡D2

,

where (a) follows from the fact that by definition there are no
cellular users y 2 �u close to the active cluster centers (i.e.,
1�1

b(x,D)(y)), and (b) follows from Campbell’s theorem [8].
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