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Abstract—In this paper, we build a unified analytical frame-
work that allows for analysis and comparison of three device-to-
device (D2D) mode selection schemes proposed in the literature
to date, namely the distance cut-off scheme, the link gain scheme
and the guard zone scheme. In the framework we adopt Poisson
point process (PPP) assumptions to model the cellular and D2D
interference, respectively. Using stochastic geometry, we derive
easy to implement expressions for the success probability at a
typical base station (BS) and a typical D2D receiver (RX) in an
underlay in-band D2D-enabled single tier cellular network. Com-
paring the derived analytical results with simulations, we show
that the PPP assumptions are accurate for the success probability
at the BS. Moreover, they provide a good approximation for the
success probability at the D2D RX when the D2D RX is located
close to the cell edge. Furthermore, the distance cut-off scheme
generally outperforms other mode selection schemes.

I. INTRODUCTION

Device-to-device (D2D) communication is envisaged to play

a key role in enabling 5G wireless systems [1], [2]. By allow-

ing two or more user equipments (UEs) to bypass the base

station (BS) and communicate directly with each other, D2D

communication improves the spectrum utilization and overall

throughput [3], [4]. In this paper, we consider underlay in-band

D2D communications, where the D2D transmitters are allowed

to share the same spectrum resources with cellular users. A

key research challenge in underlay in-band D2D networks is

interference management. Due to the concurrent transmission

on the same spectrum, D2D users cause both inter-cell and

intra-cell interference to the cellular users, which can adversely

affect cellular network performance. In this regard, advanced,

sophisticated solutions for interference management have been

proposed, which involve adaptively limiting D2D transmit

power based on local cellular transmitters [5], a centralized

opportunistic access control scheme [6], or a centralized and

distributed power control algorithm [7].

A simple yet effective solution to interference management

in underlay in-band D2D networks is through mode selec-

tion schemes, which govern whether the D2D UEs choose

D2D mode or operate in an alternative transmission mode.

Some research papers have proposed mode selection schemes

(e.g., [8]–[11]), assuming that the location of users is fixed.

However, in practice the location of users is random, which

impacts both the mode selection scheme and the network

performance. Stochastic geometry provides a powerful math-

ematical tool to capture and study the randomness of UEs.

Recently, some papers have proposed mode selection schemes

taking the random user locations into account and analyzed the

resulting network performance using stochastic geometry. A

distance based scheme was proposed in [12]. An instantaneous

link gain based scheme was proposed in [13], while a guard

zone based scheme was proposed in [14]. However, [12]–[14]

used different system model assumptions and approximations.

Hence, it is important to develop an analytical framework to

allow for a fair comparison of these mode selection schemes.

In this paper, we use stochastic geometry and present a

unified analytical framework for comparison of D2D mode

selection schemes in an underlay in-band D2D-enabled single

tier cellular network. The novel contributions are:

• We use Poisson point process (PPP) assumptions to

model the cellular and D2D interference, respectively, and

derive the success probability at a typical BS and a typical

D2D receiver (RX) for the distance cut-off scheme, the

link gain scheme and the guard zone scheme.

• We use system level simulations to critically assess the

accuracy of the derived analytical results. Our results

show that the PPP assumptions are accurate for the

success probability at the BS. However, for the D2D RX

the PPP assumptions only provide a good approximation

when the D2D RX is located near the cell edge. To the

best of our knowledge, such an analysis on the accuracy

of the stochastic geometry results for D2D networks has

not been reported in the literature to date.

• We compare the performance of the three mode selec-

tion schemes. The results show that the distance cut-off

scheme generally achieves the highest D2D RX success

probability, while maintaining the intensity of D2D UEs

in D2D mode as large as possible, for a given success

probability at the BS.

II. SYSTEM MODEL

We consider a D2D-enabled single (macro) tier cellular

network, where the BSs are regularly placed on a hexagonal

grid. The use of hexagons to model cells in cellular networks

is well established in the literature [12], [14], [15]. The lattice

has intensity λb, i.e., the area of each hexagonal cell is 1
λb

. The

cellular UEs are modelled in R
2 by a homogeneous PPP with

intensity λu, where λu >> λb. There are also some potential

D2D transmitters, which are modelled by an independent PPP

with intensity λd. Note that the word ‘potential’ indicates

that these D2D transmitters have the option of bypassing the

BS and communicating directly with their intended receivers

(known as the D2D mode) or the using other transmission

mode, according to the mode selection scheme. The other

transmission mode can be the cellular mode or it can also

be the out-band mode, i.e., D2D operating in the unlicensed

spectrum band. However, the main focus of this paper are
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the D2D transmitters in the D2D mode. Hence, in this paper,

we assume that the D2D transmitters only in D2D mode can

transmit. In the following, we refer to the D2D transmitters in

D2D mode as D2D UEs.

We assume that individual and orthogonal channels are

assigned to each cellular UE in a macrocell. Thus, there is

no intra-cell interference from cellular UEs within the same

cell. However, there is universal frequency re-use across the

cellular network leading to inter-cell interference. The D2D

UEs coexist in an uplink channel with the cellular UEs.

Hence, they cause both intra-cell and inter-cell interference

at the BSs and other D2D UEs. Therefore, we focus on

one uplink channel experiencing inter-cell interference from

cellular UEs and inter-cell and intra-cell interference from

D2D UEs. Additionally, the density of cellular UEs is far

greater than the density of BSs such that there is at least

one cellular UE occupying the considered uplink channel. For

analytical tractability, we model the location of cellular UEs

using the considered uplink channel in different cells as a PPP

with density λb [12], [14], denoted as Φc.

Channel and Link Distance Models: We assume all links

experience path-loss plus Rayleigh fading. In this way, the re-

ceived power at a typical RX can be expressed as ρ = Pr−αG,

where P is the transmit power from a transmitter, r denotes

the link distance and α > 2 is the path-loss exponent [15]. Let

αc and αd denote the path-loss exponent on the cellular link

and D2D link, respectively. G represents the independently

and identically distributed (i.i.d.) Rayleigh fading power gain,

which follows exponential distribution with unit mean. All

links also experience AWGN noise with variance σ2.

The cellular UEs and D2D UEs are equipped with a

single antenna each and transmit with power Pc and Pd,

respectively. All UEs use truncated channel inversion power

control [12] to maintain an average signal power equal to ρ
at the intended RX. The D2D UEs have a maximum transmit

power Pu. For analytical convenience, we approximate the

macrocells by disks of radius R, where R is related to area

by 1
λb

= πR2 [12]. Due to the PPP assumption, both the

cellular UEs and potential D2D transmitters can be regarded

as uniformly distributed in the cell. Hence, the probability

distribution function (pdf) of its distance to the BS rc is given

by

frc(rc) =
2rc
R2

, 0 ≤ rc ≤ R. (1)

For each potential D2D transmitter, we further assume there

is an intended D2D RX surrounding it. In terms of the D2D

link distance rd, it is modelled by a Rayleigh distribution

with pdf f ′
rd
(rd) = 2πλdrd exp

(

−πλdr
2
d

)

. Note that this

distribution generally describes the distance between a point

and its nearest neighbour in a Poisson distribution [16]. Due

to the maximum power constraint and power control, the

maximum distance at which D2D UEs can communicate is

given by Rmax = (Pu

ρ )
1

αd . It is further assumed that the

intended D2D UE RX is located within this range. Therefore,

the exact pdf is normalised by Rmax as

frd(rd) =
f ′
rd
(rd)

P(rc < Rmax)

=
2πλdrd exp

(

−πλdr
2
d

)

1− exp (−πλdR2
max)

, 0 ≤ rd ≤ Rmax. (2)

We assume that the D2D UEs have the location information

of the BS and the intended D2D RX. Also, the BS and UEs

have access to perfect channel state information (CSI). This

assumption allows benchmark performance to be determined.

Mode Selection: In this work we consider and compare three

mode selection schemes from the literature. We use M =
1, 2, 3 to denote the three schemes.

• The first scheme (M = 1) is a distance cut-off scheme

[12]. A potential D2D transmitter chooses the D2D mode

if rd < γ, where γ is a threshold distance;

• The second scheme (M = 2) is a link gain scheme [13].

A potential D2D transmitter chooses the D2D mode if

the biased D2D link quality is at least as good as the

cellular uplink link quality, i.e., if r−αc
c < Tdr

−αd

d where

Td is a bias factor and rc and rd are defined before (1)

and (2);

• The third scheme (M = 3) is a guard zone scheme [14].

A potential D2D transmitter chooses the D2D mode if

cellular link distance is greater than the guard distance,

i.e. rc > Rg , where Rg is the guard zone radius.

III. UNIFIED ANALYTICAL FRAMEWORK

We consider a typical RX (BS or D2D RX), which is

assumed to be located at the origin1. For a certain mode

selection scheme, the SINR experienced at a typical RX κ
(BS or D2D RX) is given by

SINRκ =
ρG0

Iκc + Iκd + σ2
, (3)

where Iκc represents the aggregate interference experienced at

RX κ from cellular UEs using the same uplink channel in dif-

ferent macrocells, Iκd is the aggregate interference experienced

at RX κ from D2D UEs located anywhere, including both

inter-cell and intra-cell, and σ2 is the power of the AWGN

noise. Note that the average received signal power from

the intended transmitter is always the same due to channel

inversion, and only varies due to the effect of Rayleigh fading

power gain G0. Here G0 is also exponentially distributed and

the subscript 0 is used to distinguish it from the fading power

gain on the interference link.

In this paper, we examine the network performance using

the success probability, which is defined as the average prob-

ability that the SINR at the typical RX κ is greater than a

1Since the location of interfering cellular UEs is approximated by PPP,
by Slivnyak’s theorem, the performance at this typical BS reflects the
performance at other BSs. However, in reality the location of interfering D2D
UEs does not strictly follow the PPP and the success probability at the D2D
RX is location-dependent, especially for the guard zone scheme. For analytical
convenience, we still assume the location of interfering D2D UEs follows a
PPP and we will see the effect of this approximation in Section IV.
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certain SINR threshold θ. It is mathematically written as

P
κ
suc = P(SINRκ ≥ θ) = P

(

ρG0

Iκc + Iκd + σ2
≥ θ

)

= EIκ
c ,Iκ

d

[

1− FG0

(

θ

ρ

(

Iκc + Iκd + σ2
)

)]

= exp

(

−
θ

ρ
σ2

)

LIκ
c

(

θ

ρ

)

LIκ
d

(

θ

ρ

)

, (4)

where EIκ
c ,Iκ

d
[·] denotes the expectation operator with respect

to the aggregate interference from cellular UEs and D2D UEs,

LIκ
c
(·) and LIκ

d
(·) are the Laplace transform of the pdf of Iκc

and Iκd , respectively. Note that the last step in (4) comes from

using the exponential distribution of G0 and the definition of

the Laplace transform of a random variable’s distribution. It

can be seen that the success probability is broken down into

three multiplicative components, which can be calculated sep-

arately. Before presenting these success probability results, we

summarize three important lemmas which help to determine

the Laplace transform of the pdf of Iκc and Iκd .

A. Probability of being in D2D mode

Lemma 1: The probability of a potential D2D UE choosing

D2D mode under mode selection scheme M, with D2D link

distance frd(rd) in (2) and BS distance frc(rc) in (1), is

PD2D=















































1−exp(−πλdγ
2)

1−exp(−πλdR2
max)

, M = 1;

1−exp

(

−πλdmin

(

R
2αc
αd T

2

αd
d

,R2

max

))

1−exp(−πλdR2
max)

−
γ

(

αd
αc

+1,πλdmin

(

R
2αc
αd T

2

αd
d

,R2

max

))

(πλd)
αd
αc R2T

2

αc
d

(1−exp(−πλdR2
max))

,M = 2;

1−R2

g/R
2, M = 3;

(5)

where γ(s, x) =
∫ x

0
ts−1e−tdt is the lower incomplete gamma

function and min(·, ·) denotes the minimum value.

Proof: The probability is determined by finding the ex-

pected value of P(D2D mode condition), where the condition

is provided in the mode selection in Section II. This can

be evaluated by integrating the probability distribution across

the range of rc and rd. For example, for M = 2, the

D2D mode condition is r−αc
c < Tdr

−αd

d . Then PD2D =
Erd,rc

[

P
(

r−αc
c < Tdr

−αd

d

)]

. Substituting the distribution of

rd and rc, we can obtain the result shown in (5).

B. Transmit Power of UEs

By employing channel inversion power control, the power

of a transmitting UE is always modified such that Pr−α = ρ,

or equivalently, P = ρrα. As the distance distributions for r
(i.e., rd and rc) are known, the average transmit power can

be found. Here, the nth moment of the transmit powers are

characterized, as these form important components of later

calculations.

Lemma 2: For any cellular UE, the nth moment of the

transmit power Pc is given by

E[Pn
c ] =

2ρnRnαc

nαc + 2
. (6)

Proof: This average transmit power is obtained by eval-

uating the integral E[Pn
c ] = E[ρnrnαc ] =

∫ R

0
ρnrnαcfrc(r)dr

and simplifying.

Lemma 3: For a potential D2D UE operating in D2D mode,

the nth moment of the transmit power Pd is given by

E[Pn
d ]=

(πλd)
−

nαd
2 ρn

1− exp (−πλdR2
max)

γ
(nαd

2
+ 1, πλdR

2
max

)

(7)

Proof: The average transmit power for D2D UEs is

obtained by evaluating the integral E[Pn
d ] = E[ρnrnαd ] =

∫ Rmax

0
ρnrnαdfrd(r)dr and simplifying.

Remark 1: A special case exists for the distance cut-off

scheme. In this scheme, the maximum link distance rd (and

thus the maximum power) is limited by the cut-off parameter

γ. As such, the moments of the transmit power under this

scheme are obtained by substituting Rmax = γ in (7).

C. Success Probability

We now present the two main results in this paper.

Theorem 1: For a D2D-enabled single tier cellular network

operating under any of the three mode selection schemes, the

success probability experienced at a typical D2D RX is given

by (8), which is shown at the top of next page, where the

probability of being in D2D mode PD2D and the nth moment

of transmission power are given in (5) and (6)-(7), respectively.

Note that, for the guard zone scheme, we need to replace

PD2Dλd by λd, since the intensity of interfering D2D UEs is

assumed to be λd for this case.

Proof: See Appendix A.

Theorem 2: For a D2D-enabled single tier cellular network

operating under any of the three mode selection schemes, the

success probability experienced at a typical BS for a generic

cellular UE is given by (9) which is shown at the top of next

page, where the value of AM depends on M as shown in (10).

The probability of being in D2D mode PD2D and the nth

moment of transmission power are given in (5) and (6)-(7)

respectively.

Proof: See Appendix B.

Remark 2: The result for M = 3 cannot be expressed

in closed-form. However, the values can be easily evaluated

numerically. Also, (8) and (9) are valid for any αc, αd values.

IV. RESULTS AND DISCUSSIONS

In this section, we examine the accuracy of the analytical

results derived in Theorem 1 and Theorem 2. We also compare

the performance of the three mode selection schemes. Unless

otherwise stated, the following parameters are used [12], [13]:

λb = 1.5 BSs/km2, λd = 25 UEs/km2, Pu = 200 mW, ρ =
−70 dBm, αc = 4, αd = 4.5, θ = 0 dB and σ2 = −130 dBm.

Accuracy of the analytical results: Fig. 1 plots the success

probability versus the SINR threshold θ for different mode

selection schemes with γ = Rmax/2, Td = 2 and Rg = 200.
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P
D2D
suc = exp

(

−
θ

ρ
σ
2
− π

(

θ

ρ

) 2

αd

Γ

(

1 +
2

αd

)

Γ

(

1−
2

αd

)(

λbE

[

P
2

αd
c

]

+ PD2DλdE

[

P
2

αd
d

])

)

, (8)

P
BS
suc =exp

(

−
θ

ρ
σ
2 +

πλbR
2θ

(2− αc)(2 + αc)

(

(2 + αc)2F1

(

1, 1−
2

αc

; 2−
2

αc

;−θ

)

+ (2− αc)2F1

(

1, 1 +
2

αc

; 2 +
2

αc

;−θ

))

+AM

)

,

(9)

AM =



























































−πPD2DλdE

[

P
2

αc
d

]

(

θ
ρ

) 2

αc Γ
(

1 + 2
αc

)

Γ
(

1− 2
αc

)

, M = 1;

−

2πPD2DλdE

[

P

2

αc
d

]

θT
1−

2

αc
d

ρ
−

2

αc

αc−2 2F1

(

1, 1− 2
αc

; 2− 2
αc

;−θTd

)

, M = 2;

−
4π2λ2

dθ

(αc−2)(1−exp(−πλdR
2
max))

∫ Rmax

0

(

rαd+1 exp
(

−πλdr
2
)

R2−αc
g 2F1

(

1, 1− 2
αc

; 2− 2
αc

;−θrαdR−αc
g

)

− (1− PD2D) rαd+1 exp
(

−πλdr
2
)

(2R−Rg)
2−αc

2F1

(

1, 1− 2
αc

; 2− 2
αc

;−θrαd(2R−Rg)
−αc

)

)

dr, M = 3;

(10)

−10 −5 0 5 10
0

0.2

0.4

0.6

0.8

1

SINR threshold in dB, θ

S
u
c
c
e
s
s
 p

ro
b
a
b
ili

ty

Simulation (BS)

Simulation (D2D RX at center)

Simulation (D2D RX at edge)

Analytical (BS)

Analytical (D2D RX)

(a) Distance cut-off scheme (M = 1).
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Fig. 1. The success probability versus the SINR threshold θ for different mode selection scheme.

The analytical curves are plotted using Theorem 1 and Theo-

rem 2. We also generate the simulation results to examine the

accuracy of the PPP assumptions for interfering cellular UEs

and D2D UEs. For the D2D RX, the simulation results are

generated for two cases (for a typical D2D RX close to the

BS/guard zone edge and a typical D2D RX is close to the cell

edge). As illustrated in Fig. 1, for the success probability at

the BS, the derived analytical results match closely with the

simulations, which demonstrates the accuracy of the adopted

approximations.

For the success probability at the D2D RX, the analytical

results are close to the simulation results when the D2D RX is

at the cell edge, while they deviate from the simulation results

when D2D RX is close to cell center/guard zone edge. For the

distance cut-off scheme, this gap is mainly caused by the PPP

assumption of interfering cellular UEs. Due to the orthogonal

channel allocation, it is not possible to have more than one

nearby interfering cellular UE for the cell-center-located D2D

RX and the dominant interference is coming from the cellular

UE residing in the same cell. However, the cell-edge-located

D2D RX is likely to experience the dominant interference from

at most three nearby cellular UEs. Since the PPP assumption

allows more than one nearby interferer, it provides a good

approximation for the case where the D2D RX is at the cell

edge. For the link gain and guard zone schemes, the mismatch

comes from both of the PPP assumptions for interfering

cellular UEs (as explained previously) and interfering D2D

UEs. The location of D2D UEs does not follow a PPP since the

interfering D2D UEs are likely to be far away from the BSs.

Hence, the cell-center-located (or guard-zone-edge-located)

D2D RX experiences less interference from D2D UEs.

Comparison of mode selection schemes: We investigate and

compare the mode selection schemes in terms of their effect

on the BS (i.e., the success probability at BS) and the D2D

UEs (i.e., the success probability at the cell-edge-located D2D

RX, which is the worst case scenario). Fig. 2 plots the success

probability at the D2D RX versus the success probability at

the BS. The following approach is adopted to work out the

curves [17]: for each P
BS
suc value, the values of γ, T and

Rg can be found for different schemes using Theorem 2. By

substituting these values into Theorem 1, P
D2D
suc is obtained.

From the figure, we can see that under the same value of PBS
suc,

the distance cut-off scheme has the highest PD2D
suc , followed by

the guard zone scheme and link gain scheme. The main reason

is that less ‘potential’ D2D UEs are in D2D mode, thereby

reducing the interference at the D2D RX for distance cut-off

scheme. We have also examined other system parameters (i.e.,

λb, λd, αc, αd and ρ) and found that in general this ordering

stays the same, except for very high BS intensity. For very

high λb, the guard zone scheme has slightly higher PD2D
suc than
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Fig. 2. The success probability at the D2D RX versus the success probability
at the BS.

the distance cut-off scheme, then followed by the link gain

scheme. These results are not included here for brevity.

V. CONCLUSIONS

We presented a unified analytical framework for comparison

of D2D mode selection schemes using stochastic geometry.

The results showed that the PPP assumptions for interfering

cellular UEs and interfering D2D UEs are accurate for the

success probability at the BS. However, the success probability

at the D2D RX is accurate only when the D2D RX is located

close to the cell edge. Additionally, the distance cut-off scheme

generally outperforms other mode selection schemes.

APPENDIX A

SUCCESS PROBABILITY AT A D2D RECEIVER

In this appendix, we show how (4) can be evaluated for

a typical D2D RX. First, we consider the interference from

cellular UEs. Using the Laplace transform definition, we have

LID2D
c

(s)=E
[

exp
(

−sI
D2D
c

)]

=E

[

∏

Φc

exp
(

−sPc iGc ir
−αd
c i

)

]

,

(11)

with Pc i
representing the transmit power of the ith interfering

cellular UEs, Gc i
is the fading power gain on the ith link and

rc i
is the distance of the ith cellular UE from the RX under

consideration. Due to the fact that the location of interfering

cellular UEs is approximated by PPP with density λb and all

fading are i.i.d., we can drop the index i. Then using the

mapping theorem in which the Poisson process distributing the

interferers in R
2 can be mapped to R

+ [18], we can rewrite

LID2D
c

(s) in (11) as

LID2D
c

(s)=exp

(

−

∫

∞

0

EPc,Gc

[

1−exp
(

−sPcGcr
−αd

)]

2πλbrdr

)

= exp

(

−2πλbEPc

[∫

∞

0

(

1−
1

1 + sPcr−αd

)

r dr

])

= exp

(

−πλbE

[

P
2

αd
c

]

s
2

αd Γ

(

1 +
2

αd

)

Γ

(

1−
2

αd

))

, (12)

where the second step comes from the fact that Gc follows

the exponential distribution, and Γ(s) =
∫∞

0
ts−1e−tdt is the

gamma function. Note that the mode selection scheme has no

impact on the interference from other cellular UEs, and so

LID2D
c

(s) will always be the same for all three mode selection

schemes.

Next, we consider the case of D2D interference. For the

distance cut-off scheme, whether potential D2D transmitters

are in D2D mode depends on their distance to the D2D RXs

only. In other words, the location of D2D UEs can be regarded

as the independent thinning of the underlay PPP. As such,

the density of these D2D UEs is PD2Dλd. For the other two

schemes, the selection of D2D mode also depends on the

distance to the BSs, therefore, the location of D2D UEs is

the dependent thinning of the underlay PPP. However, due

to the complexity associated with modelling these D2D UEs,

we assume that for the link gain scheme these D2D UEs

still follow a PPP with density PD2Dλd, while they follow

a PPP with density λd under guard zone scheme because the

interference is mainly governed by surrounding D2D UEs [14].

This allows us to maintain model tractability, which has also

been assumed in the literature [13], [14]. The accuracy of this

approximation will be illustrated in Section IV.

Following the same derivation process for LID2D
c

(s), we have

LID2D
d

(s) = exp

(

−

∫

∞

0

EPd,Gd

[

1− exp
(

−sPdGdr
−αd

)]

P
−1
D2D

2πλdr dr

)

=exp

(

−πPD2DλdE

[

P
2

αd
d

]

s
2

αd Γ

(

1 +
2

αd

)

Γ

(

1−
2

αd

))

.

(13)

Note that, for the guard zone scheme, we need to replace

PD2Dλd by λd, since the intensity of interfering D2D UEs is

assumed to be λd for this case. Finally, substituting LID2D
c

(s)

and LID2D
d

(s) with s = θ
ρ into (4), we obtain the result in

Theorem 1.

APPENDIX B

SUCCESS PROBABILITY AT THE BASE STATION

In this appendix, we show how (4) can be evaluated for

a typical BS. Similar to the interference experienced at the

D2D RX, the interference experienced at the BS is the same

for any mode selection scheme. Moreover, it is worth noting

the closest a cellular interferer can be is distance R (i.e.,

the cellular residing in a neighbouring macrocell) due to

orthogonalization of the channels. Taking into account this

limit, LIBS
c
(s) for the typical BS is given by

LIBS
c
(s)=exp

(

−

∫

∞

R

EPc,Gc

[

1− exp
(

−sPcGcr
−αc

)]

2πλbr dr

)

=exp



−2πλbEPc





sPc2F1

(

1, 1− 2
αc

; 2− 2
αc

;−sPcR
−αc

)

(αc − 2)Rαc−2









=exp



−2πλb

∫ R

0

2F1

(

1, 1− 2
αc

; 2− 2
αc

;−sρrαc
c R−αc

)

(αc − 2)(sρ)−1r−αc
c Rαc−2

2rc
R2

drc





=exp

(

πλbR
2θ

(2− αc)(2 + αc)

(

(2 + αc)2F1

(

1, 1−
2

αc

; 2−
2

αc

;−θ

)
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+(2− αc)2F1

(

1, 1 +
2

αc

; 2 +
2

αc

;−θ

)))

, (14)

where the third step comes from the fact that Pc = ρrαc
c and

2F1(·, ·; ·; ·) is the hypergeometric function.

Now we calculate the value of LIBS
d

(

θ
ρ

)

≡ exp{AM}

for different M = 1, 2, 3. Since for certain mode selection

schemes (i.e., M = 2, 3), whether the potential D2D trans-

mitters will generate interference to the BS or not also relies

on their distance to the BS, we need to analyze the interference

from D2D UEs separately.

Under the distance cut-off scheme, there is no limit on

the distance between a D2D interferer and the typical BS.

Following the same derivation procedure as (13), we obtain

LIBS
d
(s)=exp

(

−πPD2DλdE

[

P
2

αc

d

]

s
2

αc Γ

(

1 +
2

αc

)

Γ

(

1−
2

αc

))

.

(15)

Under the link gain scheme, the D2D UE will generate

interference to the typical BS if and only if Tdr
−αd

d > r−αc
c .

This implies that the distance of a D2D interferer from the

BS has a lower bound given by rc >
(

r
αd
d

Td

)
1

αc

=
(

Pd

Tdρ

)
1

αc
.

Considering this bound, we have

LIBS
d
(s)=exp

(

EPd

[

−

∫

∞

(

Pd
Tdρ

) 1

αc

EGd

[

1−exp
(

−sPdGdr
−αc
)]

(2πPD2Dλd)
−1 rdr

])

=exp

(

−EPd

[

−

∫

∞

(

1

sTdρ

) 1

αc

(

y

yαc + 1

)

2πPD2Dλds
2

αc P
2

αc
d dy

])

=exp

(

−2πPD2DλdE

[

P
2

αc
d

]

s
2

αc

∫

∞

(

1

sTdρ

) 1

αc

(

y

yαc + 1

)

dy

)

=exp









−

2πPD2DλdE

[

P
2

αc
d

]

sT
1− 2

αc
d ρ

1− 2

αc

(αc − 2)
(

2F1

(

1, 1− 2
αc

; 2− 2
αc

;−sTdρ
))−1









,

(16)

where the third step comes from using the property

EGd
[exp(−sGd)] = 1

1+s and the substitution of y =

(sPd)
−

1

αc r.

Under the guard zone scheme, the D2D interference can be

modelled by splitting the region into two regions [14]. The first

comprises the ring from the edge of the guard zone (rc = Rg)

to the edge of the guard zones of the adjacent macrocells

(rc = 2R−Rg) with D2D density λd. The second part covers

the rest of the area outside this ring and has intensity PD2Dλd.

Then, we have

LIBS
d
(s) =exp

(

−

∫ 2R−Rg

Rg

EPd,Gd

[

1− exp
(

−sPdGdr
−αc
)]

2πλdrdr

−

∫

∞

2R−Rg

EPd,Gd

[

1− exp
(

−sPdGdr
−αc

)]

2πPD2Dλdrdr

)

=exp

(

−2πλdEPd

[

∫

∞

Rg

sPd

rαc + sPd

r dr

− (1− PD2D)

∫

∞

2R−Rg

sPd

rαc + SPd

r dr
]

)

= exp



−2πλd

∫ Rmax

0

(

2F1

(

1, 1− 2
αc

; 2− 2
αc

;−sρr
αd
d R−αc

g

)

(αc − 2) (sρr
αd
d )

−1
Rαc−2

g

−

sρr
αd

d 2F1

(

1, 1− 2
αc

; 2− 2
αc

;−sρr
αd

d (2R−Rg)
−αc

)

(αc − 2) (1− PD2D)−1 (2R−Rg)αc−2

)

frd(rd)drd



 ,

(17)

where the third step comes from Pd = ρrαd

d . Substituting the

distribution of frd(rd) given in (2) leads to the value of A3

presented in (9). Combining (14)-(17), we obtain the results

in Theorem 2.
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