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Abstract— In this paper, we consider underlay in-band device-
to-device (D2D) communication in a finite cellular network
region. To minimize the D2D interference generated at the base
station (BS), we adopt the exclusion zone mechanism, i.e., only
D2D users outside the BS exclusion zone share the same resource
with the cellular uplink user. Using the stochastic geometry, we
develop a general framework to analytically compute the outage
probability at the center-located BS and the outage probability
at an arbitrarily located D2D receiver in a disk-shaped network
region. To quantify the overall D2D communication performance
in the finite region, the average number of successful D2D
transmissions is also derived. It shows that the D2D receiver close
to the cell edge or the exclusion zone experiences lower outage
probability compared to the D2D receiver not close to the edge
region, which illustrates the location-dependent performance.
Moreover, given the outage probability constraint at the BS,
which is controlled by varying the radius of the exclusion zone,
we find that there is an optimum D2D receiver sensitivity that
results in the maximum average number of successful D2D
transmissions. The results highlight the importance of carefully
choosing system parameters to extract the benefit from the
exclusion zone.

I. INTRODUCTION

Device-to-device (D2D) communication is a promising
technology for fifth generation (5G) wireless networks [1].
In D2D communication, nearby users can directly talk to
each other without traversing through the base station (BS).
This reduces the traffic burden at the BS and also improves
the throughput and delay. In this work, we focus on the in-
band underlay D2D communication, where D2D users share
the same spectrum resource with cellular users. While such
concurrent spectrum sharing improves the spectrum efficiency,
it results in interference between D2D and cellular users. Thus,
the interference management and modeling in in-band under-
lay D2D communication are important research problems.

For the D2D-enabled cellular network, the inter-cell interfer-
ence can be managed very well by the inter-cell interference
coordination (ICIC) mechanism, which is a widely adopted
assumption in the literature [2–5]. In terms of the intra-cell
interference, different interference management methods have
been proposed in the literature. As identified in [6], the main
approaches can be categorized into: i) mode selection, where
users can switch across different modes (i.e., underlay D2D
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mode, cellular mode, etc.) according to certain criteria [2, 5,
7, 8]; ii) interference aware resource scheduling, where the
available resources are scheduled among D2D users via dif-
ferent techniques (i.e., non-linear programming, game theory,
etc.) [9–11]; and iii) other interference management tech-
niques, such as power control, beamforming, and so on [3, 4,
12, 13]. Note that some of these techniques may involve higher
computational overhead or require the channel information
exchange which brings in the signaling overhead [6].

In this work, motivated by the principle of exclusion zone
around the primary users in cognitive networks [14], we adopt
a simple, distributed interference management technique to
control the D2D intra-cell interference at the BS, i.e., no
D2D transmission is allowed in the exclusion zone around
the BS. To evaluate the impact of exclusion zone, the intra-
cell interference modeling and characterization are crucial.
Stochastic geometry is a powerful mathematical tool that
allows the computation of tractable expressions and also
encompasses the randomness of users [15]. Recently, some
papers have analyzed the interference performance in D2D
communication with exclusion zone [12, 13]. For analytical
tractability, these works assumed the network region to be
infinite and consequently the interference experienced at all
the D2D users is the same.

In practice, the cellular network region is finite and the
consideration of finite region allows us to capture the location-
dependent performance of D2D users. However, it also poses
complex technical challenges [16], since, under the exclusion
zone mechanism, the distance correlation is caused by the
locations of the BS, the typical D2D user and interfering users.

In this paper, we analyze the performance of underlay
D2D communication in a disk-shape cellular network region
with exclusion zone to manage the interference. Compared to
previous works, the major contributions of this paper are:
• Using stochastic geometry, we derive the analytical ex-

pressions for the outage probability at the BS, and the
outage probability at an arbitrarily located D2D receiver,
under the scenario where the path-loss exponent on the
cellular/interfering link is 2 or 4, and the fading on the de-
sired D2D link is Nakagami-m fading. Our analytical ex-
pressions allow for fast computation of numerical results,
avoiding the need for the time consuming simulation. It
also illustrate the location-dependence performance for
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Fig. 1. Illustration of the network model (N = BS, ◦ = CUE, � = DUE
(p-DUE in underlay D2D mode), � = p-DUE in silent mode, • = DRx. Note
that p-DUE and its corresponding DRx are connected by a dashed line).

D2D users, which cannot be characterized by the infinite
network region assumption.

• To investigate the overall D2D communication perfor-
mance, we consider the average number of successful
D2D transmissions, which relies on the outage probability
at the D2D receiver and the probability of being in D2D
mode, as the performance metric. This derived result,
together with the derived outage probability at the BS,
are used to quantify the impact of exclusion zone.

• Based on our derived analytical results, we investigate
the effect of D2D user’s receiver sensitivity (i.e., the
minimum required received power at the receiver due
to the power control), given the outage constraint at
the BS, which is controlled by the considered exclusion
zone scheme. Our results show that there is an optimum
receiver sensitivity that results in the maximum average
number of successful D2D transmissions.

II. SYSTEM MODEL

We consider a single cellular uplink network model for D2D
communication, where the network region A is assumed to
be a disk with radius R and the base station is located at
the origin. All the users and BS are assumed to be equipped
with omnidirectional antenna. We do not consider inter-cell
interference in this work and it is assumed to be effectively
dealt with using ICIC [2]. Hence, we only focus on the intra-
cell interference between users. We consider that the uplink
cellular users are scheduled to access the spectrum resource
in a round-robin fashion and only one cellular user (CUE) is
transmitting at any time. For analytical tractability, the location
of the transmitting CUE is modeled as a uniform distribution
in A [8]. Let z denote both the location and the CUE itself.
Then the distribution of the distance between the BS and the
CUE rz is frz (rz) = 2rz

R2 . The network model is illustrated in
Fig. 1.

D2D assumptions: There are multiple potential D2D users
(p-DUEs) residing in region A and they intend to use the
available uplink resource to implement the D2D communi-
cation, i.e., directly transmit to their desired D2D receivers
(DRxs). The location of p-DUEs is modeled as a Poisson
Point Process (PPP), denoted as Φ, with constant density λ
in A. For each p-DUE, its desired DRx is assumed to be
uniformly distributed in the disk region centered at the p-DUE
with radius RD. According to the displacement theorem [15],

the location of DRx is following an inhomogeneous PPP,
denoted as ΦDRx, with density λDRx in region ADRx, where
|ADRx| = π(R+RD)2.2 Note that the exact formulation of λDRx

will be presented in Section IV-D. Let xk denote both the k-th
p-DUE and its location, and yk denote the k-th DRx and its
location, respectively. The distance distribution between the
any p-DUE and DRX pair is fRd(rd) = 2rd

R2
D

.
Exclusion zone: To reduce the interference at the BS, we

employ the exclusion zone mechanism in this work. Specifical-
ly, there is an exclusion zone with radius RE formed around
the BS and no co-channel D2D transmissions are permitted
in this region [13]. Only p-DUEs not inside this exclusion
zone are allowed to operate in underlay D2D mode, i.e., share
the same uplink resource with the CUE. These potential D2D
users are known as DUEs.

Channel assumptions: We model the communication chan-
nel as the path-loss plus block fading channel model, i.e., the
instantaneous received power at a receiver from a transmitter is
ptgr

−α, where pt is the transmit power, g is the fading power
gain, r is the distance between the transmitter and receiver
and α is the path-loss exponent. The desired link between a
DUE and its desired DRx is more likely to be line-of-sight link
as the D2D communication generally happens within a short
range [7]. The path-loss exponent on this link is denoted as
αL and the fading on this link is assumed to be independently
and identically distributed (i.i.d.) Nakagami-m fading. For the
CUE-BS link and the interfering links on DUE-BS, DUE-DRx
and CUE-DRx, they are likely to be non-line-of-sight links,
where αN represents the path-loss exponent and the fading on
these links are assumed to be i.i.d. Rayleigh fading [7]. We
assume αL ≤ αN. The full channel inversion power control
is also adopted in this work for uplink communication. Then
the transmit powers for CUE and DUE are ρcrαN

z and ρdrαL
d ,

respectively, where ρc and ρd are the BS’ receiver sensitivity
and DRx’s receiver sensitivity, respectively.

Aggregate interference: Based on the above system model,
the instantaneous aggregate interference at the BS and a typical
DRx yj are

IBS
agg =

∑
xk∈Φ

gBS
k ρdr

αL
dk
r−αN
ck

1(rdk>RE) , (1a)

IDRx
agg (xj , yj)=

gzρcr
αN
z

|z−yj |αN
+

∑
xk∈Φ,k 6=j

gDRx
k ρdr

αL
dk

|xk−yj |αN
1(rdk>RE) ,

(1b)

respectively, where |z− yj | is the Euclidean distance between
the CUE and the typical DRx, |xk − yj | is the Euclidean
distance between the k-th p-DUE and the typical DRx, and
1(·) is the indicator function which models the exclusion zone
mechanism.

2A more realistic model is that the DRxs are also residing in A. In that way,
when the p-DUE gets close to the cell-edge, the possible location of its DRx
is no longer in a disk centered at the p-DUE and is bounded by the ragion
A. For analytical tractability, we adopt our presented model, i.e., the DRx
is uniformly distributed in a disk region centered at the p-DUE, irrespective
of the location of p-DUE. The numerical results from our presented model
match very tightly with the simulation results from the more realistic model.



III. PERFORMANCE METRICS

In this section, we present the performance metrics to
evaluate the network performance. The metrics considered are
the outage probability at the BS and an arbitrarily located DRx,
and the average number of successful D2D transmissions.

Outage probability: For an interference-limited scenario, the
outage probability, in general, is defined as the probability that
the signal-to-interference ratio (SIR) at the receiver falls below
a given threshold γ.

For the CUE-BS link, the outage probability at the BS is

PBS
out (γ) = EIBS

agg,g
BS
0

{
Pr

(
gBS

0 ρc
IBS

agg
< γ

)}
=1−MIBS

agg
(s)
∣∣∣
s= γ

ρc

,

(2)

where E {·} is the expectation operator, MIBS
agg

(s) =

EIBS
agg

{
exp

(
−sIBS

agg

)}
denotes the moment generating function

(MGF) of IBS
agg. The second step comes from the fact that

the fading power gain on the CUE-BS link, gBS
0 , follows the

exponential distribution.
As for the DRx, we assume that the typical DRx is located

at the distance d away from the BS. Due to the symmetry
of the network region, the outage probability at any DRx
which is d away from the BS will be the same. By leveraging
the fading on the desired DUE-DRx link being Nakagami-m
fading, where m is assumed to be integer, we have the outage
probability at the typical DRx as [5]

PDRx
out (γ, d) =1−

m−1∑
t=0

(−s)t

t!

dt

dst
MIDRx

agg
(s, d)

∣∣∣∣
s=m γ

ρd

, (3)

where MIDRx
agg

(s, d) is the MGF of IDRx
agg experienced at the

typical DRx.
Average number of successful D2D transmissions: The

outage probability at a DRx only reflects the DUE’s individual
performance. There are multiple p-DUEs in region A. Hence,
we consider the metric, average number of successful D2D
transmissions, to quantify the overall performance of underlay
D2D communication. As the name suggests, it is the average
number of underlay D2D users that can transmit successfully
over the network region. According to [5], using the PPP
assumption and the network symmetry, we can have its for-
mulation given by

M̄ =

∫ R+RD

0

(
1− PDRx

out (γ, d)
)
pD2D(d)λDRx(d)2πd dd, (4)

where pD2D(d) is the probability of p-DUE being in D2D mode
given its corresponding DRx’s distance to BS is d, λDRx(d) is
the node density of DRxs, and PDRx

out (γ, d) is outage probability
at the corresponding DRx. Note that PDRx

out (γ, d), pD2D(d) and
λDRx(d) are functions of distance d. Hence, (4) is able to
incorporate the effect of guard zone and the boundary.

From (2), (3) and (4), in order to characterize the network
performance, we need to obtain the MGF of the aggregate
interference at the receiver (MIBS

agg
(s) and MIDRx

agg
(s, d)), the

probability of being in D2D mode pD2D(d), and the density

function of DRx λDRx(d). These results are presented in the
next section.

IV. PERFORMANCE ANALYSIS

In this section, we present the analytical results needed to
determine the network performance metrics.

A. MGF of the aggregate interference at the BS

Let IBS
k denote the interference from k-th p-DUE to the BS.

Because of the independent and uniformly distributed (i.u.d.)
property of p-DUEs and i.i.d. property of fading channel, IBS

k

is also i.i.d.. Hence, we drop the index k in rck , rdk , gk,
hk and IBS

k . The aggregate interference can then be written
as
(
IBS
)M

, where M is the number of p-DUEs in A and it
follows the Poisson distribution with density λ|A|.

From the MGF’s definition, the MGF of IBS
agg is

MIBS
agg

(s) =EM
[
EIBS

[
exp

(
−s
(
IBS)M)∣∣∣M]]

= exp
(
λ|A|

(
MIBS(s)− 1

))
, (5)

where MIBS(s) denotes the MGF of the interference from an
individual p-DUE. From (1a), only the p-DUEs outside the
exclusion zone will generate interference. Thus, the MGF of
IBS is given by

MIBS(s) =

∫ RD

0

∫ ∞
0

(∫ RE

0

exp(−s× 0) fRc(rc)drc

+

∫ R

RE

exp
(
−sgρdrαL

d r−αN
c

)
fRc(rc)drc

)
fG(g)fRd(rd)dgdrd

=
R2

E

R2
+

∫ RD

0

∫ R

RE

(
1−

sρdr
αL
d

sρdr
αL
d + rαN

c

)
2rc
R2

2rd
R2
D

drcdrd

= 1−
[
Υ(x,R)−Υ(x,RE)

]∣∣∣RD
0

, (6)

where

Υ(p, q)=



(
2F1

[
1, 2
αN

;
2+αN
αN

; −q
αN

sρdp
αL

]
αN+ 2F1

[
1,−2
αN

;
αL−2
αN

; −q
αN

sρdp
αL

]
αL

)
(p2q2)−1R2

DR
2(αN+αL)

,

αL 6= 2;
G
[{{

0,
αN−2

αN

}
,{2}

}
,
{
{0,1},

{
−2
αN

}}
, q

αN
sρdp

2

]
(2p2q2)−1R2

DR
2 , αL = 2;

and given f(x) is a function of x, the notation [f(x)] |ba denotes
f(b) − f(a), G [{·}, ·] is the Meijer G-function, 2F1[·, ·; ·; ·]
denotes the ordinary hypergeometric function, and the final
result in (6) is obtained using Mathematica.

B. MGF of the aggregate interference at the typical DRx

The derivation of the MGF of IDRx is much more complicat-
ed since the interference experienced at the DRx is location-
dependent. At first, we condition on a DRx y′, which is
d away from the BS. According to the Slivnyak’s theorem,
conditioning on a node at a certain location for a PPP does
not change the distribution of the remaining point process [15].
Thus, similar to the derivation of (5), we have

MIDRx
agg

(s, d)=exp
(
λ(|A|)

(
MIDRx(s,d)−1

))
MIDRx

C
(s,d), (7)



where MIDRx(s, d) is the MGF of the interference from a p-
DUE and MIDRx

C
(s, d) is the MGF of the interference from

the CUE. The main results are presented in the following two
propositions.

Proposition 1: According to the system model in Section II,
where the exclusion zone is implemented, under the path-loss
exponent αN = 4, the MGF of the interference from an i.u.d.
p-DUE received at a DRx, which is distance d away from the
BS, is

MIDRx(s, d)=1−
∫ RD

0

√
sρDr

αL
2

d

R2

2rd
R2
D

× Im

ln
β1

(
r
αL
2

d ,−i√sρd, R2−d2,−4i√sρdd2
)

β1

(
r
αL
2

d ,−i√sρd, R2
E−d2,−4i√sρdd2

)
drd,

(8)

where i is the complex operator, Im{·} is the imaginary
part, β1(x, a, b, c) = ax + b +

√
(ax+ b)2 + cx. For the

special case where αL = 2, αN = 4, αL = αN = 4 and
αL = αN = 2, we can have the MGF in closed-form as shown
in (9), (10) and (11) at the top of this page, where Ψ1(·, ·, ·, ·)
and Ψ2(·, ·, ·, ·) are given in (21) and (22), respectively.
Proof: See Appendix A.

Proposition 2: According to the system model in Section
II, under the path-loss exponent αN = 4 or 2, the MGF of
the interference from the CUE received at a DRx, which is
distance d away from the BS, is

MIDRx
C

(s, d)= 1

−


Im


[
β2

(
x2,1−i√sρc,−d2

1+i√sρc
1−i√sρc ,

−4id4√sρc
(1−i√sρc)2

)]∣∣∣∣R
0

(
√
sρc)−1R2(1−i√sρc)2

 ,

αN = 4;

[β2(x2,(sρc+1)2,d2(sρc−1),4d4sρc)]|R
0

(sρc)−1R2(sρc+1)3 , αN = 2;

(12)

where β2(x, a, b, c) =
√

(ax+ b)2 + c −
b ln

(
ax+ b+

√
(ax+ b)2 + c

)
.

Proof: The interference from the CUE to the typical DRx

is IDRx
C = gρcr

αN
z

(
r2
z+d2−2rzd cos θ

)−αN
2 . Note there is no

constraint on the CUE. Similar to (19), we have

MIDRx
C

(s, d)=1−Erz

{∫ π

0

sρcr
αN
z

sρcr
αN
z +(r2z+d2−2rzd cos θ)

αN
2

1

π
dθ

}
.

(13)

Then following the similar derivation presented in Ap-
pendix A, we can obtain the closed-form results for αN = 4
and 2. Due to the space constraint, we skip the derivation here.

C. Probability of being in D2D mode

As described in Section II, only those p-DUEs not in the
exclusion zone are in D2D mode. Based on the assumption
of disk-shape network region and i.u.d. DRxs, we obtain the
probability of being in D2D mode as shown in the following
proposition.

Proposition 3: According to the system model in Section
II, where the exclusion zone is implemented, the probability
that a p-DUE is in D2D mode, given that its DRx’s distance
to the BS is d, is given by
• when RE ≤ R− 2RD,

pd(d) =


(

1− R2
E

R2
D

)
1(RE<RD), 0 ≤d <abs(RE−RD);

1− ψ(d,RD,RE)
πR2

D
, abs(RE−RD)≤d<RE+RD;

1, d ≥ RE +RD;

(14)

• when RE > R− 2RD,

pd(d) =


0, 0 ≤d <RE−RD;

1− ψ(d,RD,RE)
πR2

D
, RE−RD≤d<R−RD;

1− ψ(d,RD,RE)
ψ(d,RD,R) , R−RD≤d<RE+RD;

1, d ≥ RE +RD;

(15)

where abs(·) is the absolute operator and ψ(d, r1, r2) denotes
the overlap region between two disk regions with radii r1 and
r2, respectively, which are separated by distance d, i.e., [17]

ψ(d, r1, r2) =r2
1acos

(
d2+r2

1−r2
2

2dr1

)
+ r2

2acos
(
d2+r2

2−r2
1

2dr2

)
−
√

2r2
2(r2

1 +d2)−r2
2−(r2

1−d2)2

2
. (16)

Proof: See Appendix B.

D. Density function of DRx

The density function of DRx has been derived in [5] and
we present its result in the following lemma for sake of
completeness.

Lemma 1: For a disk network region of radius R, assume
there are multiple p-DUEs, where their location is modeled
as a PPP with constant density λ. Each p-DUE has a desired
DRx which is uniformly distributed in a disk region formed
around the p-DUE with radius RD. Then, the location of DRxs
follows a PPP, with the density

λDRx(d) =

{
λ, 0 ≤ d < R−RD;

λψ(d,RD,R)
πR2

D
, R−RD ≤ d ≤ R+RD;

(17)

where ψ(·, ·, ·) is given in (16).

E. Summary

Based on the above derivations, we can obtain: (i) outage
probability at the BS by combining (6) with (5) and substitut-
ing into (2) (valid for any αN and αL); (ii) outage probability
at a DRx by combining (7) with the results in Propositions 1
and 2 and substituting into (3) (valid for αN = 2 and 4 with any
αL); and (iii) average number of successful D2D transmissions
by substituting the outage probability at a DRx and results in
Proposition 3 and Lemma 1 into (4).



MIDRx (s, d)= 1−



Im
{[

Ψ1

(
x,−i√sρd, R2−d2,−4i√sρdd2

)
−Ψ1

(
x,−i√sρd, R2

E−d2,−4i√sρdd2
)

]
∣∣RD
0

}
(
√
sρd)−1R2

DR
2

, αL =2, αN =4; (9)

Im
{[

Ψ2

(
x2,−i√sρd, R2−d2,−4i√sρdd2

)
−Ψ2

(
x2,−i√sρd, R2

E−d2,−4i√sρdd2
)

]
∣∣RD
0

}
(
√
sρd)−1R2

DR
2

, αL =αN =4; (10)[
Ψ2

(
x2, sρd, R

−d2, 4d2sρd
)
−Ψ2

(
x2, sρd, R

2
E − d2, 4d2sρd

)
]
∣∣RD
0

(sρd)−1R2
DR

2
, αL =αN =2; (11)
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Fig. 2. System model validation.

V. RESULTS

In this section, we present numerical and simulation results
to investigate the network performance. The simulation results
are generated based on the more realistic model described
in footnote 1 (i.e., DRxs are confined in region A), which
is averaged over 106 Monte Carlo simulation runs. Unless
specified otherwise, we set R = 500 m, RD = 35 m,
ρc = −80 dBm, ρd = −70 dBm, λ = 5 ∗ 10−5 users/m2,
SIR threshold γ = 1 and m = 2 for Nakagami-m fading on
the desired D2D link.

A. Outage probability at the typical DRx
Fig. 2(a) plots the outage probability at the typical DRx

versus its distance to the BS d with different path-loss ex-
ponent sets and RE = 200 m. It shows that our derived
analytical results match exactly with the simulation results,
which validates the accuracy of our analysis. According to
Fig. 2(a), as the distance d increases, the outage probability
at the typical DRx first increases and then decreases. This
is greatly different from the infinite network system where
the outage probability experienced at all the receivers is
the same. This highlights the importance of our analysis
as the location-dependent performance cannot be captured
by homogeneous PPP assumption. Note that such location-
dependent performance for DRxs is caused by the boundary
effect. For the DRx close to the cell-boundary or exclusion
zone, it will receive less interference compared with the DRx
located in the middle, since the interfering DUEs are generally
located on its one side only and not all around it.

B. Impact of exclusion zone radius
Figs. 2(b) and 2(c) plot the exclusion zone radius versus the

outage probability at the BS and the average number of suc-
cessful D2D transmissions with different path-loss exponent

sets, respectively. Again, our analytical results provide a very
good match with the simulation results.

These figures show that increasing the exclusion zone ra-
dius, on the one hand, improves the BS’s performance; on the
other hand, it reduces the average number of successful D2D
transmissions. This is due to the fact that, as RE increases,
less number of p-DUEs are allowed to operate in D2D mode
thereby reducing the interference at both BS and DRxs. The
average number of successful D2D transmissions are deter-
mined by the number of DUEs and the outage probability at
the DRx. Although the outage probability at DRx is improved
with increasing RE, the overall number of DUEs is reduced a
lot especially when RE is large. Hence, M̄ decreases.

From Figs. 2(b) and 2(c), we can also see that, under αN =
4, both PBS

out (γ) and M̄ achieve the best performance for αL =
2 and the worst performance for αL = 4. This is caused by the
adopted full channel inversion power control. A larger value
of αL implies the higher transmit power for DUEs, which
introduces more interference and degrades the performance.

C. Effect of receiver sensitivity

From the previous subsection, we note that different values
of exclusion zone radius result in different network perfor-
mance. In order to study the effect of DRx’s receiver sensitivity
ρd in a fair manner, we adopt the following approach [5]:
given PBS

out (γ) = 10−2, we can find the minimum value of
RE for each DRx’s receiver sensitivity which satisfies the
requirement; using this RE, we then work out the average
number of successful D2D transmissions.

Fig. 3 plots the receiver sensitivity of DRx versus the
average number of successful D2D transmissions, for dif-
ferent p-DUE’s density and path-loss exponent sets, under
PBS

out (γ) = 10−2. It shows that, as the receiver sensitivity
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Fig. 3. DRx’s receiver sensitivity ρd versus average number of successful
D2D transmissions, with PBS

out (γ) = 10−2.

decreases, M̄ first increases and then decreases. This can be
explained as follows. The average number of successful D2D
transmissions is impacted by both the number of DUEs and
the outage probability at the DRx. With ρd decreasing, more p-
DUEs can operate in underlay D2D mode since the individual
generated interference is reduced. At first, the number of DUEs
dominates the performance of M̄ and the trend of M̄ is
increasing. Once ρd becomes very small, DRxs will receive
the severe interference generated by the BS and a lot of DUEs.
Hence, the outage probability at the DRx is adversely affected,
which results in the loss of M̄ that cannot be compensated by
the large number of DUEs. Thus, the trend of M̄ becomes
decreasing later on. From the figure, we can also see that, for
different transmission environments (i.e., different path-loss
sets), the value of ρd achieving the maximum M̄ varies. For
example, a higher value of ρd is required for αL = 2 in order
to achieve the maximum average number of successful D2D
transmissions, compared to the case where αL > 2.

VI. CONCLUSIONS

In this paper, we have presented a mathematical framework
to investigate the network performance in a D2D-enabled
cellular network with the disk-shaped network region, where
the exclusion zone mechanism is employed to manage the
interference generated at the BS. By leveraging the stochastic
geometry, we derived the outage probability at the BS, the
outage probability at an arbitrarily located D2D receiver, and
the average number of successful D2D transmissions which
determines the overall performance of D2D communication.
Our numerical results highlighted the location-dependent per-
formance for D2D users and illustrated the impact of exclusion
zone.

APPENDIX

A. Derivation of Proposition 1
Proof: According to our considered exclusion zone

scheme, the interference from a p-DUE is

IDRx =

{
gρdr

αL
d

(
r2
c+d2−2rcd cos θ

)−αN
2 , RE≤ rc≤ R;

0, 0 ≤rc< RE;

(18)

where (r2
c +d2− 2rcd cos θ)1/2 is the distance between the

typical DRx and a p-DUE which is distance rc from the BS,
θ is the angle formed between the p-DUE-BS and DRx-BS
which follows uniform distribution within 0 and 2π.

We then can express the MGF of IDRx as

MIDRx (s, d) =Erd,θ,g

{∫ RE

0

exp(−s× 0) fRc(rc)drc

+

∫ R

RE

exp

(
−sρdrαL

d g

(r2c+d2−2rcd cos θ)
αN
2

)
fRc(rc)drc

}

=
R2

E

R2
+ Erd,θ

{∫ R

RE

(
(r2c+d2−2rcd cos θ)

αN
2

sρdr
αL
d +(r2c+d2−2rcd cos θ)

αN
2

)
2rc
R2

drc

}

=1−Erd

{∫ R

RE

∫ π

0

sρdr
αL
d

sρdr
αL
d +(r2c+d2−2rcd cos θ)

αN
2

1

π

2rc
R2

dθdrc

}
.

(19)

Because of the complicated form of integrand as shown
in (19), we can only obtain a semi-closed form result with
one-fold integral under αN = 4 and 2, and the closed-form
results exist if αL = 2 or 4 is further assumed.

When αN = 4, the derivation is displayed in (20) at the top
of next page, where β1(x, a, b, c) = ax+b+

√
(ax+ b)2 + cx,

the second and third steps come from (2.553) and (2.261)
in [18], respectively.

The closed-form results of (20) only exist for αL =
2 and 4. For αL = 2, using Mathematica, we get∫
x

2x2β1(x, a, b, c)dx = Ψ1(x, a, b, c), where

Ψ1(x, a, b, c) =
−x2

9
+

2x3

3
ln(β1(x, a, b, c))

−
√

(ax+ b)2 + cx

72a5 (78abc+15c2−32a3bx+8a4x2+10a2(8b2−cx))−1

+
ln
(
c+2a2x+2a

(
b+
√

(ax+b)2+cx
))

48a6(32a3b3 + 72a2b2c+ 36abc2 + 5c3)−1
. (21)

For αL = 4, we set r2
d = x and obtain

∫
x
xβ1(x, a, b, c)dx =

Ψ2(x, a, b, c), where

Ψ2(x, a, b, c) =
−x2

8
+

(10ab+ 3c− 2a2x)
√

(ax+ b)2 + cx

16

+
x2

2
ln(β1(x, a, b, c))−

ln
(
c+2a2x+2a

(
b+
√

(ax+b)2+cx
))

32a4(16a2b2 + 16abc+ 3c2)−1
.

(22)

Hence, we arrive the results in (9) and (10).
When αN = 2, since αL is less or equal to αN and the

minimum value for the path-loss exponent is 2, we then can
obtain the result for αL = αN = 2 following the similar
derivation procedure for αL = 4. Due to the space limitation,
we do not present the detailed derivation here.

B. Derivation of Proposition 3

Proof: Under the exclusion zone scheme, only the p-
DUE outside the exclusion zone is in D2D mode. Instead of
considering that there is a DRx uniformly distributed around
the p-DUE, we consider that for each DRx, there is a p-DUE
which is uniformly distributed inside the disk region formed



MIDRx (s, d)=1−Erd
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Fig. 4. Illustration of Proposition 3.

around it (denoted as B). Note that when the DRx gets close
to the cell edge, the possible location of p-DUE is the overlap
region of A and B.

Let us first consider the case where RD ≤ RE ≤ R− 2RD.
As shown in Fig 4, when d < RE +RD, there is always an
overlap region (denoted asO1) between the exclusion zone and
the disk region πR2

D centered at the typical DRx. O1 = πR2
D

if d ⊂ [0, RE − RD], and O1 = ψ(d,RD, RE) if d ⊂ [RE −
RD, RE +RD], where ψ(·, ·, ·) is given in (16). When the p-
DUE is inside the overlap region (i.e., the shaded region), it
is not allowed to be in D2D mode since its distance to the BS
is always less than RE. As a result, the probability of being
in D2D mode is pd(d) = 1− O1

πR2
D

. Once d > RE +RD, there
is no overlap region such that pd(d) is always one.

Under the case where RE ≤ RD, pd(d) is the same as the
previous case except for the range of [0, RE − RD]. Within
this range, O1 = πR2

E but not πR2
D.

As for the case of RE > R − 2RD, the possible location
of p-DUE is no longer a disk region but the overlap region of
A and B once d > R−RD. Thus, for d ⊂ [R − RD, RE +
RD], pd(d) becomes 1 − O1

ψ(d,RD,R) but not 1 − O1

πR2
D

. The
remaining part is the same as before. Hence, we arrive the
result in Proposition 3.
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