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ABSTRACT Due to recent developments in the cellular communication system, stochastic process imple-
mentation is necessary. The cellular communication system exhibits random patterns in various domains,
thereby compelling the utilization of stochastic processes to achieve an optimal output. User behaviors with
respect to the variable geographical pattern, population density, architecture, data usage, and mobility over
various cells are random in nature. Therefore, the stochastic-geometry-based Poisson point process (PPP)
technique can be implemented to accurately analyze these random processes in device-to-device (D2D)-
based cooperative cellular networks. The stochastic modeling entails the consideration of transmitters and
receivers as the elements of stochastic point processes. The hexagonal method is not applicable for the
implementation of heterogeneous network topologies, as it is not suitable for topologies, in which the cell
size is not fixed. Therefore, a randomly designed heterogeneous network uses stochastic geometry as a
viable solution for predicting the probabilistic parameters, including the cell interference, load distribu-
tion, coverage probability, base station (BS) mapping, and signal-to-interference-plus-noise ratio (SINR).
Moreover, as a network architecture that is based on relay nodes (RNs), cellular and D2D users can be
utilized in the domain of homogeneous random models. The associated phenomenon can be considered
independent and Poisson. In this paper, the stochastic-geometric-based PPP approach is introduced for
modeling the SINR, success probability, ergodic capacity, and outage probability for the D2D-enabled
cooperative cellular network. The proposed PPP realistic model utilizes BS, RN, the cellular user (CU),
and D2D user positioning method to design an interference-free network. The success probability, ergodic
capacity, and outage probability for cellular and D2D users are used as metrics for evaluating the results with
respect to various SINR threshold values and node densities. Moreover, the total success probability, ergodic
capacity, and outage probability have been calculated for various multiple-input-multiple-output (MIMO)
antenna configurations to validate the results. The results confirmed that the proposed PPP model approach
outperforms the grid model and conventional multi-antenna ultra-dense network (UDN) approaches.

INDEX TERMS 5G, stochastic geometry, interference cancellation, multi-hop communication, Poisson
point process (PPP), D2D enabled cellular network.

I. INTRODUCTION
Due to the recent escalation in the utilization of communi-
cation devices, the pursuit of higher bandwidth has become
imperative [1]. Several researchers, mobile operators, and the
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3rd Generation Partnership Project (3GPP) are collaborating
to achieve higher throughput with larger user capacity [2].
The next-generation mobile network will be referred to as the
fifth generation (5G) network and is expected to be commer-
cialized in the year 2020 [3], [4]. The expected data rate for
the 5G network is approximately 100 Gbps with maximum
latency of 1 ms, along with better user capacity and battery
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life [5], [6]. In order to achieve an acceptable quality of ser-
vice (QoS), various potential solutions are being developed,
such as the use of the millimeter-wave (mm-wave) frequency
band [7]–[9], massiveMIMO [10], cooperative network using
RNs [11], coordinated multi-point operation (CoMP) [12],
wireless software-defined networking (WSDN) [13], D2D
communication [14], internet of things (IoT) [15], [16], eth-
ernet passive optical network (EPON) [17], and big data
& mobile cloud computing [18]. The 5G network will be
capable of incorporating existing technologies, such as sev-
eral advanced power optimization techniques [19], [20] and
optimal scheduling algorithms [21]. Furthermore, the 5G
network will be designed to be compatible with various
enabling technologies, such as network function virtualiza-
tion (NFV), advanced radio access techniques, and green
communication [22].

In a wireless urban area network, most users fall victim to
excessive interference by nearby devices and suffer scattering
issues. This phenomenon is due to the high user density,
numerous buildings, and unpredictable obstacles [23], [24].
Therefore, users who are located on a cell edge experience
weaker signals than the minimum desired signal level that
is required for seamless connectivity [12]. In this scenario,
deploying a small BS within the cell to boost the signal
strength for the cell edge users is not considered a viable
solution [25], [26] because it can increase the inter-cell
interference, which would require more complex coordinated
scheduling algorithms and incur high unnecessary costs [27].
In order to address this issue, a highly feasible solution
is to deploy an infrastructure-based transceiver to establish
a multiple-hop communication network [28], in which a
transceiver acts as an RN to service mobile users with higher
efficiency and low cost [29]. This solution is the key advance-
ment and a recommended solution for 5G networks, espe-
cially for ultra-dense areas, to satisfy the increasing demand
for diversity and coverage extensions [30], [31]. Multiple
RNs can be deployed to achieve diversity improvement and
higher user throughput by utilizing a better performing mod-
ulation and coding scheme (MCS) [32], [33]. Using the full-
duplex topology in a cooperative network is the most efficient
approach for providing maximum throughput at the destina-
tion; however, it also leads to various undesired inter- and
intra-cell interferences, along with relay self-interference.
Mitigation of these interferences is essential for achieving a
higher received SINR.

According to recent investigations of D2D and cellular
cooperative networks, the unlicensed spectrum of cellular
networks can be shared by D2D users at the access level
within the same network [34], [35]. Hence, D2D can be
used to reduce the transmission overhead at the access net-
work to improve the performance of the core network of the
cellular system [36]. This network is commonly termed the
D2D-enabled cooperative cellular network, which is illus-
trated in Figure 1. Setting up D2D wireless networks can
be a smart approach for maximizing the scarce spectrum
resources whereby the unlicensed spectrum is utilized via

FIGURE 1. D2D-Enabled Cooperative Cellular Network.

coordinated radio resource (CRR) management [37], [38].
High inter-cell interference is often encountered between var-
ious D2D adjacent networks and between D2D and cellular
networks, along with D2D network boundary ambiguity [39].
Likewise, the overall mobile network system capacity can
be significantly improved by deploying a wide range of
spectrum bands to serve individual D2D networks [40]. The
D2D-enabled cooperative cellular network will play a key
role in the upcoming 5G network in terms of improved
latency, spectrum efficiency, and power efficiency, as well
as network capacity enlargement, and network coverage
extension [41]–[43].

Recent advances in cellular communication systems have
confirmed the importance of stochastic geometry and its
applications. The behavior of the cellular and D2D users in a
random geographic area that spans over different cells can be
analyzed better with PPP, thereby making it the most conve-
nient approach in the current emerging technology. Stochastic
modeling considers the network of transmitters and receivers
as the realization of stochastic point processes [44], [45]. The
homogenous random model can be utilized in this type of
architecture, and the processes can be considered indepen-
dent and Poisson. Each process has convenient mathematical
properties [46]; hence, this model is frequently defined in
Euclidean space and used as a mathematical model for seem-
ingly random processes. This model utilizes the Poisson dis-
tribution, for which the intensity measure is the mean density
of points [47]. The simplicity of the Poisson process makes it
easier to implement in the relay network scenario [48], [49].
While designing realistic models, e.g., 2D realizations of
BSs on a square or hexagonal lattice, various parameters,
including the positions of the RNs, CUs, and D2D users
and cell-edge users, along with their received SINRs, must
be considered. Moreover, a model must be deeply scanned,
provided that an interference-limited environment is available
where the BSs are deployed, namely, an environment in
which no external noise is created by the interference of the
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RNs, CUs, and D2D users [50]. Since the channel conditions
are not static and can cause random changes in terms of the
shadowing and fading effects, the variation in the received
SINR, which causes impulsive user throughput, is a crucial
issue to be mitigated. The most common constraints that
cause such changes are i) the user density in the specified
area, ii) the height of the transmitting antenna, and iii) the
radius of the cell. These parameters strongly affect the perfor-
mance of heterogeneous and relay networks that are deployed
in urban and suburban regions [51]. Overall enhanced net-
work performance with superior SINR and throughput can
be achieved by improving the network architecture where the
BSs, RNs, and cellular and D2D users are deployed through
stochastic modeling [52].

II. CONTRIBUTIONS
Network planning and design are the most important steps
in network geometry modeling that increase in complexity
when a D2D-enabled cooperative cellular network is consid-
ered. Various unconventional methods can be employed to
address complicated scenarios to create a realistic scheme.
Enabling a D2D network in a cellular network facilitates the
exploitation of the direct communication between the CUs,
thereby improving the spectrum utilization, energy efficiency
and overall throughput of the network. However, the users in
a multi-hop D2D-enabled cooperative cellular network suffer
from various interferences such as intra and inter-cell interfer-
ences that can be from nearby cells, RNs, CUs, or D2D users,
which affects the user SINR and can cause the ambiguous
received signal. This study investigates additional interfer-
ence issues that arise while enabling the D2D network in the
existing cellular network. A new PPP approach has been for-
mulated that encompasses a wide variety of interferences by
considering a multi-hop high-density D2D-enabled coopera-
tive cellular network in which the signal is transferred from
BS-to-D2D by crossing three network hops: the BS-to-RN,
RN-to-CU, and CU-to-D2D. A stochastic geometric-based
PPP approach is utilized to model the SINR and success
probability for D2D-enabled cooperative cellular networks.
Then, low complex spatial interference cancellation is applied
tomodel the success probability, average capacity, and outage
probability for the individual network hops. The performance
of the proposed PPP model approach has been compared
with those of the grid model and conventional multi-antenna
UDN approaches. Subsequently, the results have been eval-
uated in terms of the success probability, ergodic capacity
and outage probability for cellular and D2D users at various
SINR thresholds and cell densities. Moreover, to verify the
proposed PPP model, the total success probability, ergodic
capacity and outage probability from BS-to-D2D have been
calculated under various MIMO antenna configurations.

The remainder of the paper is organized as follows:
Section 3 reviews the recent literature on interference in
D2D-enabled cellular networks and highlights the limita-
tions of the available approaches. Section 4 presents the
network system model. Section 5 discusses the calculation

of SINR for user hops from the BS-to-RN, RN-to-CU, and
CU-to-D2D. In addition, mathematical models for the suc-
cess probability before and after the interference cancellation
effect, the ergodic capacity, and the outage probability are
presented in this section. Section 6 presents the results of
the comparison of the proposed PPP model with the grid
model and the conventional multi-antenna UDN model, and
Section 7 presents the conclusions of this study.

III. LITERATURE REVIEW
The D2D-enabled cooperative cellular network has sev-
eral advantages; however, various technical challenges are
encountered, e.g., in device discovery, node finding, and
interference management. The future-generation wireless
systems, such as the 5G network and beyond, are expected to
implement efficient interference management mechanisms to
achievemore reliable communication [53].With the advent of
D2D technology, users can now communicate over multiple
interfaces in the same shared access network. The funda-
mental challenge in the D2D-enabled cooperative cellular
network is to mitigate the unwanted signal during cellular
and D2D transmissions, which can coexist within the same
frequency channel. One method for achieving this goal is to
reduce the transmission power of users within the confine-
ment of the D2D region of the network, rather than reducing
the transmission power of the cellular systems, which tends
to create an imbalance between the downlink and uplink cov-
erage. However, this method will affect the overall network
performance. Several studies have recently been conducted
on concerning mitigation of the interference effect in the
D2D-enabled cooperative cellular network, a few of which
are discussed below.

The stochastic-geometry-based PPP model is one of the
efficient models for mitigating interference in the network
and helps to improve the overall system performance. The
authors in [54] have investigated the signal-to-interference
ratio (SIR) meta-distribution depending on the wireless node
location. These authors have used the PPP approach to model
BSs and D2D users using the meta-distribution and have
calculated the mean local delay to analyze the analytical
expression. The proposed techniques have been demonstrated
to be beneficial for D2D receivers and downlink CUs, while
maintaining the probabilities of cellular and D2D users, even
if the user density varies. Moreover, in [55], the authors
have focused on the estimation of the data session blocking
probability to increase the energy efficiency and character-
ize the energy expenditure for D2D users. These authors
have proposed licensed and unlicensed bands for modeling
the D2D system using PPP for users’ formulations. The
results confirm that their methodology accurately models the
interworking cooperation between 3GPP LTE and Wi-Fi-
Direct technologies with a significant achieved gain. Another
approach, which is presented in [56], focuses on the per-
formance of the cellular and D2D underlay uplink cellular
network. The authors have used the fractional frequency
reuse (FFR) technique to minimize the interference between
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cellular and D2D users. According to the results, bymodeling
the spatial distribution of D2D users as a homogeneous PPP,
the overall system coverage has been improved. In another
approach, the interference characterization of the D2D under-
lay network, along with the consideration of spatial and social
relationships, has been investigated [57]. The authors have
performed spatial and social distributions of interfering D2D
nodes and have utilized the Zipf-based marked PPP approach
to achieve a thinned independently marked PPP (IMPPP)
process. This method has simplified the power control and
enhanced the physical distance that satisfies the capacity
demands. In [58], massive MIMO energy efficiency with the
power beacon (PB) technique has been investigated. The PPP
hybrid network, with the consequent positions of cellular and
D2D users, helps boost the sufficient probability of D2D
communications.

Moreover, the authors in [59] have focused on the per-
formance analysis network model of D2D, along with RF
energy harvesting. These authors have utilized a PPP stochas-
tic geometric model for the BS distribution, in combination
with the Ginibre determinantal point process (DPP). This
approach is used to investigate the combination of the peer-
to-peer simultaneous wireless information and power transfer
(SWIPT) strategy and RF transmitters. The results are com-
pared with those of the PPP approach for the downlink multi-
channel cellular network. The proposed method performs
better under the D2D condition in combination with SWIPT
transmission and energy harvesting. Another approach has
been studied for the coverage enhancement of cellular net-
works. This approach utilizes the stochastic geometry-based
PPP approach and the Laplace function to decrease the
path loss and determine the shortest pair distance [60]. The
analytical criterion-based D2D pairing is excluded in this
methodology. The proposed method has outperformed the
conventional method in terms of the coverage probabil-
ity of CUs. Moreover, the authors in [61] have studied a
distance-based power control scheme for uplink cellular net-
works. These authors have proposed a stochastic geometry-
based PPP model for analyzing the coverage performance
of both CUs and D2D users. In their study, these authors
have succeeded in increasing the system performance by
reusing cellular frequency resources. The authors in [62]
have investigated D2D user allocation with multiband het-
erogeneous networks. This study utilized a stochastic geom-
etry system model that is based on the Lagrange function
and the Karush–Kuhn–Tucker (KKT) conditions. The results
confirmed that the proposed approach successfully mitigates
interferences and increases the D2D transmission capacity.
In [63], the mixed joint mode transmission pair for cellular
and D2D networks has been studied. The authors proposed
an analytical model that is based on stochastic geometry
and focused on i) cellular/D2D mode selection in which the
nearest BS receives the power and ii) a D2D pairing scheme
that focuses on the nth-nearest neighbor as the serving node
for the receiver interest. The results show that the proposed
method significantly increases the system sum throughput

and widens the coverage probability. The authors in [64]
have focused on the performance of UDN for multi-antenna
receivers. The proposed approach adopted the stochastic-
geometry-based framework for integral expressions and tight
tractable approximations for the probability of successful
transmission. This approach assumes that no more than half
of the available degrees of freedom should be used for inter-
ference cancellation. The results demonstrated the efficiency
of the proposed model compared with other conventional
techniques.

Furthermore, in a practical wireless system, the network
traffic varies both spatially and temporally, which may sub-
stantially affect the performance of the network. Several
studies have been conducted to examine this phenomenon,
such as [65], in which the authors proposed a new approach
that is based on the combination of stochastic geometry and
queuing theory for the design of ultra-dense traffic fluctuating
networks. Various spatiotemporal arrival properties of traffic
fluctuations are discussed, along with promising solutions
such as dynamic time-vision duplexing and a full-duplex
radio. Similarly, an approach reported in [66] also utilizes
the combination of a stochastic geometry tool with queuing
theory to evaluate the tradeoff between the end-to-end delay
and the physical-layer security for wireless networks. The
approach involves splitting the message into two separate
packets and analyzing the effect on the mean delay and the
secrecy outage probability. The results confirmed that the
proposed approach delivers superior results for backlogged
and dynamic scenarios, even if the number of transmitters is
large. Another approach was proposed in [67] for mitigat-
ing interferences, in which a tractable analytical model for
large-scale heterogeneous IoT networks was designed. This
approach utilizes a Poisson cluster process (PCP) approach,
which takes the correlations among the device locations
into account. This approach is highly suitable for the dis-
tribution process of devices, especially for low-power wide-
area (LPWA) IoT-based networks. The results demonstrated
higher QoS performance with an optimal energy operation
control policy for IoT devices.

The state-of-the-art related work is summarized in Table 1.

IV. SYSTEM MODEL
In this model, we have considered a D2D-enabled multi-
tier cellular network that consists of 3-tiers: i) a BS that
is connected to an RN (BS-to-RN), ii) an RN that is
connected to CUs (RN-to-CU), and iii) a CU that is connected
to a D2D user (CU-to-D2D). This network is illustrated
in Figure 2. The complete D2D-enabled cooperative cellu-
lar network, along with the received (useful and interfer-
ence) signals, is illustrated in Figure 3. The RNs, CUs and
D2D users are distributed randomly based on the stochas-
tic geometry with the PPPs of ψR, ψCU , and ψD, respec-
tively. The transmission power constraints for the BSs, RNs,
CUs, and D2D users are defined as ρBS

{
|xBS |2

}
= 1,

ρR
{
|xR|2

}
= 1, ρCU

{
|yCU |2

}
= 1, and ρD

{
|zD|2

}
= 1,

respectively. The densities of the RNs, CUs and D2D users
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TABLE 1. Summary of the related work.

VOLUME 7, 2019 60469



F. Qamar et al.: Stochastically Geometrical PPP Approach for the Future 5G D2D Enabled Cooperative Cellular Network

FIGURE 2. Network Scenario.

are denoted as λR, λCU , andλD, respectively. We assume
that all channels in our network, namely,

∥∥HBSiRi∥∥, ∥∥HRjRi∥∥,∥∥HRiRi∥∥, ∥∥HRiCUi∥∥, ∥∥HRjCUi∥∥, ∥∥HCUjCUi∥∥, ∥∥HDjCUi∥∥,∥∥HCUiDi∥∥, ∥∥HRiDi∥∥, ∥∥HCUjDi∥∥, and ∥∥HDjDi∥∥, are experienc-
ing Rayleigh fading σ � exp (σ ), with path-loss exponent α
with its coefficient γ .
The fading factors for RNs, CUs, and D2D users are

expressed as h � exp(1), f � exp(1), and g � exp(1), respec-
tively. Moreover, the intensities of the RNs, CUs, and D2D
users are denoted asϒR,ϒCU , andϒD. The RNs are operated
in full-duplex mode, where the reception and transmission of
signals occur simultaneously on the same frequency band.
The decode-and-forward protocol is utilized, in which the
message signal from the BS is decoded and subsequently
re-encoded prior to transmission to the CUs. In our network,
we assume that each RN is connected to a single BS and all
other signals from other BSs are considered the interference
signal. Similarly, each CU is served by the nearest RN, and all
other signals at the RN are considered the interference signal;
D2D users are served by the nearest CU, and all signals
from other sources are considered the interference signal.
The entries of each matrix are independent and identically
distributed (i.i.d.) and follow a complex Gaussian distribution
with zeromean and variance�2. In a random-access network,
the user must be located at the origin to examine the network
performance. The results will be obtained using the Palm
probabilities of Poisson processes, which will not affect the
process statistics due to the stationary position of the receiver
in PPP. Table 2 shows all the nomenclature that would be used
in the mathematical model presented in the next section.

V. CHANNEL MODEL
As shown in Figure 3, in the first tier (BS-to-RN) of our
network model, the RN, namely, Ri, receives various signals,
such as the desired signal (DS) xBSi from BSi via channel

TABLE 2. Nomenclature.
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FIGURE 3. Network Model.

∥∥HBSiRi∥∥with path loss PL,M , and multiple undesired signals
yRi , such as the inter-relay interference (IRI) from Rj by
signal xRj via channel

∥∥HRjRi∥∥with path loss PL,RR, the relay-
self interference (RSI) via channel

∥∥HRiRi∥∥ and the received
noise nRi from the transmission channel. Similarly, for the
second tier (RN-to-CU), the CUi receives signal yCUi , which
consists of DS xRi from Ri via channel

∥∥HRiCUi∥∥ with path
loss PL,O, the relay-to-user interference (RUI) from Rj with
signal xRj via channel

∥∥HRjCUi∥∥ with path loss PL,O, the
cellular-to-cellular interference (CCI) from CUj with signal
xCUjvia channel

∥∥HCUjCUi∥∥ with path loss PL,P, the cellular-
to-device interference (CDI) from Dj with signal xDj via
channel

∥∥HDjCUi∥∥ with path loss PL,N , and the received
noise nCUi from the channel. Similarly, for the third tier
(CU-to- D2D),Di receives signals yDi from multiple sources,
such as the DDS with signal xCUi from CUi via channel∥∥HCUiDi∥∥ with path loss PL,N , the relay-to-device interfer-
ence (RDI) with signal xRi from Ri via channel

∥∥HRiDi∥∥ with
path loss PL,Q, the cellular-to-device interference (CDI) from
CUj with signal xCUjvia channel

∥∥HCUjDi∥∥ with path loss
PL,N , the device-to-device interference (DDI) from Dj with
signal xDj via channel

∥∥HDjDi∥∥ with path loss PL,R, and the
transmission noise nDi from the channel.

A. SINR CALCULATION
As illustrated in Figure 3, the CU link consists of three
hops: the BS-to-RN, RN-to-CU, and CU-to-D2D. Here we
determine the SINR between BS-to-RN in the first link.

1) BS-TO-RN HOP
Building on Slivnyak’s theorem [68], [69], consider a BS,
namely, BSi, which is located at the origin. Due to the station-
arity of φBSi , we express the statistics of the received signal
at RN Ri. The received signal yRi at Ri is the sum of DS plus
all interferences from nearby sources.

yRi=
√
ρBSi PL,Mα

−
γ
2
∥∥HBSiRi∥∥ xBSi+nRi+√ρRi ∥∥HRiRi∥∥ xRi

+

∑
xRj∈ψR

√
ρRj PL,RRα

−
γ
2
∥∥HRjRi∥∥ xRj (1)

where the first term represents the DS from BSi plus the noise
that is received at Ri, the second term represents the RSI,
and the third term represents the IRI from the neighboring
RN Rj. In the RSI, the RN transmitter and receiver have the
same stationary position; therefore, no channel path loss is
considered.

Suppose the received signal is specified. The SINR at Ri is
expressed as follows:

SINRRi =
ρBSi PL,Mα

−γ
i

∥∥HBSiRi∥∥2
IRi + nRi

(2)

where IRi is the overall interference at Ri, i.e., RSI and IRI.

IRi=
√
ρRi

∥∥HRiRi∥∥ xRi+ ∑
xRj∈ψR

√
ρRj PL,RRα

−
γ
2
∥∥HRjRi∥∥ xRj

(3)

In our network, the transmission power at the RNs, namely,
ρR, is much lower than the transmission power at the BS,
namely, ρBS . The RNs lie in their corresponding BS cells,
which are separated by a non-zero distance; therefore, in this
case, the IRI can be neglected. Moreover, we assume an
interference-limited environment; therefore, the noise nRi is
much smaller than all the interferences, i.e., nRi � IRi . Thus,
the noise effect is negligible in this scenario.

2) RN-TO-CU HOP
For the second hop, namely, from the RN-to-CU, the received
signal at CUi consists of DS from Ri plus the received noise
and all the interferences: RUI fromRj, CCI fromCUj and CDI
from Dj.

yCUi =
√
ρRi PL,Oh

−
γ
2
∥∥HRiCUi∥∥ xRi+nCUi

+

∑
xRj∈ψR

√
ρRj PL,Oh

−
γ
2
∥∥HRjCUi∥∥ xRj

+

∑
xCUj∈ψCU

√
ρCUj PL,Pf

−
γ
2
∥∥HCUjCUi∥∥ xCUj

+

∑
xDj∈ψD

√
ρDj PL,Ng

−
γ
2
∥∥HDjCUi∥∥ xDj (4)

Suppose the received signal is specified. The SINR at CUi is
expressed as follows:

SINRCUi =
ρRi PL,Oh

−γ
i

∥∥HRiCUi∥∥2
ICUi + nCUi

(5)
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where ICUi is the overall interference at CUi , i.e., RUI, CCI,
and CDI.

ICUi =
∑

xRj∈ψR

√
ρRj PL,Oh

−
γ
2
∥∥HRjCUi∥∥ xRj

+

∑
xCUj∈ψCU

√
ρCUj PL,Pf

−
γ
2
∥∥HCUjCUi∥∥ xCUj

+

∑
xDj∈ψD

√
ρDj PL,Ng

−
γ
2
∥∥HDjCUi∥∥ xDj (6)

Here, also we assume an interference-limited environment;
therefore, the noise nCUi is much smaller than all the interfer-
ences, i.e., nCUi � ICUi . Thus, the noise effect is negligible
in this scenario.

3) CU-TO-D2D HOP
For the third hop, namely, from CU-to-D2D, the received
signal at Di is the combination of DS from CUi plus the
received noise, with interferences such as RDI from Ri, CDI
from CUj, and DDI from Dj.

yDi =
√
ρCUi PL,N f

−
γ
2
∥∥HCUiDi∥∥ xCUi + nDi

+

∑
xRj∈ψR

√
ρRi PL,Qh

−
γ
2
∥∥HRiDi∥∥ xRi

+

∑
xCUj∈ψCU

√
ρCUj PL,N f

−
γ
2
∥∥HCUjDi∥∥ xCUj

+

∑
xDj∈ψD

√
ρDj PL,Rg

−
γ
2
∥∥HDjDi∥∥ xDj (7)

Suppose the received signal is specified. The SINR at Di is
expressed as follows:

SINRDi =
ρCUi PL,N f

−γ
i

∥∥HCUiDi∥∥2
IDi + nDi

(8)

where IDi is the overall interference at Di, i.e., RDI, CDI,
and DDI.

IDi =
∑

xRj∈ψR

√
ρRi PL,Qh

−
γ
2
∥∥HRiDi∥∥ xRi

+

∑
xCUj∈ψCU

√
ρCUj PL,N f

−
γ
2
∥∥HCUjDi∥∥ xCUj

+

∑
xDj∈ψD

√
ρDj PL,Rg

−
γ
2
∥∥HDjDi∥∥ xDj (9)

Here, also we assume an interference-limited environment;
therefore, the noise nDi is much smaller than all the interfer-
ences, i.e., nDi � IDi . Thus, the noise effect is negligible in
this scenario.

The success probability for all individual hops, namely,
BS-to-CU, RN-to-CU, and CU-to-D2D, will be calculated in
the next section.

B. SUCCESS PROBABILITY
The successful probabilities for full transmission (BS-to-
D2D) are given by a joint complementary cumulative distri-
bution function (CCDF) of SINRR1 , SINRCUi , and SINRDi and
denoted by PSUCRi , PSUCCUi and PSUCDi , respectively [70].
Due to the independent sampling of the point process, there is
no correlation between these hops and the total success prob-
ability is the scalar product of PSUCRiPSUCCUi , and PSUCDi .

PSUCT = PSUCRi · PSUCCUi · PSUCDi (10)

According to Fortuin-Kasteleyn-Ginibre inequality [71],
the system performance for the uncorrelated case can be
considered as a lower bound. The success probabilities for
the three individual hops are calculated below.

1) BS-TO-RN HOP
In this section, we analyze the success probability of the
BS-to-RN hop. It is defined as the probability that the
obtained SINR at RN Ri (as estimated in equation 2) exceeds
a predefined threshold, denoted as τR, and can be expressed as

PSUCRi
∼= P

(
SINRRi ≥ τR

)
(11)

which is the CCDF of the SINRRi ; here, τR is the minimum
SINR threshold for detecting the transmitted messages suc-
cessfully. This threshold satisfies a targeted SINR, and the
probability of success at Ri is

PSUCRi
∼= P

(
ρBSi PL,Mα

−γ
i

∥∥HBSiRi∥∥2
IRi

≥ τR

)
(12)

PSUCRi
∼= P

(∥∥HBSiRi∥∥2 ≥ τRρ−1BSi P−1L,Mαγi IRi) (13)

PSUCRi
∼=

∫
∞

0
P
(∥∥HBSiRi∥∥2 ≥ τRρ−1BSi P−1L,Mαγi s) · fIRi (s)ds

(14)

PSUCRi
∼=

∫
∞

0
FcRi

(
τRρ
−1
BSi P

−1
L,Mα

γ
i s
)
· fIRi (s)ds (15)

where equation 15 is obtained by conditioning S and its
CCDF denoted byFcRi .
Theorem 1: Let the interfering relays’ transmitters form a

Poisson process of intensity ϒR around RN Ri receivers. The
success probability of the BS-to-RN hop is calculated as

PSUCRi
∼=

NRi−1∑
i=0

[
(−s)i

i!
d i

dsi
ξIRi (s)

]
s=τRρ

−1
BSi

P−1L,Mα
γ
i

(16)

where ξIRi (s)

ξIRi (s)
∼=

1(
1+ sρBSi

)γ e(−λRα(s)) (17)

is the Laplace transform of the interference IRi , as explained
in Theorem 1 of [72] and where we have defined

α (s) ∼=

∞∫
0

(
2π −

1

1+ sρBSi PL,Mα
−γ
i

ϑ (s, f )

)
· fdf (18)
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with

ϑ (s, f ) ∼=
1
2π

2π∫
0

×
ďϕ

1+sρBSi
(
ďBS−RN+f 2+2ďBS−RN f cosϕ

)− γ2 (19)

Here, ďBS−RN represents the minimum distance between the
BS-to-RN. Note that all terms in the summation are positive
since the nth derivative of ξIRi is negative for odd n.

Proof: Refer to Appendix A.
According to Theorem 1, the employment of multiple

receive antennas results in an array, and the larger the value
of NRi , the more terms are summed to obtain PSUCRi , as
expressed in equation 16. All the summed terms are positive
since the nth derivative of ξIRi (s) is negative for all odd n.
The result in Theorem 1 provides a fundamental limit on

the BS-to-RN hop, and its performance in an interference-
limited scenario. It has a looser integral form α (s) for the
success probability PSUCRi , which is not in closed form and
must be evaluated numerically; however, tight lower and
upper bounds can be obtained in Corollary 1 as follows.
Corollary 1: From equation 16, the Laplace transform of

IRi is bounded as

ξIRi (s) ∈
[
ξmin
IRi

(s), ξmax
IRi

(s)
]

(i)

where

ξmin
IRi

(s) ∼=
1(

1+ sρBSi
)γ e(−λRαmax(s)) (ii)

ξmax
IRi

(s) ∼=
1(

1+ sρBSi
)γ e(−λRαmin(s)

)
(iii)

where we have defined

αmax (s) ∼=2
(
ρBSi + ρRi

) π2s
2
γ

γ sin
(
2π
γ

) (iv)

αmin (s) ∼=

(
1+

2
γ

) (
ρBSi + ρRi

) π2s
2
γ

γ sin
(
2π
γ

) (v)

To obtain the success probability of the BS-to-RN
hop PSUCRi (τR), which is equal to PSUCRi (τR)

max
·

PSUCRi (τR)
min, substitute the upper and lower bounds

ξIRi (s) ∈ [ξmin
IRi

(s), ξmax
IRi

(s)] are substituted in PSUCSRi ,
as shown in equation 16.

Proof: Refer to Appendix B.
Next, the success probability analysis for the RN-to-CU

hop is calculated.

2) RN-TO-CU HOP
In this section, we analyze the success probability of the
RN-to-CU hop, which is defined as the probability that the

obtained SINR at CUi (as estimated in equation 5) exceeds a
predefined threshold τCU and can be expressed as

PSUCCUi
∼= P

(
SINRCUi ≥ τCU

)
(20)

which is the CCDF of the SINRRi ; here, τCU is the minimum
SINR threshold for detecting the transmitted messages suc-
cessfully. This threshold satisfies a targeted SINR and the
probability of success at CUi is

PSUCCUi
∼= P

(
ρRi PL,Oh

−γ
i

∥∥HRiCUi∥∥2
ICUi

≥ τCU

)
(21)

PSUCCUi
∼= P

(∥∥HRiCUi∥∥2 ≥ τCUρ−1Ri PL,O
−1
hγi ICUi

)
(22)

PSUCCUi
∼=

∫
∞

0
P
(∥∥HRiCUi∥∥2 ≥ τCUρ−1Ri PL,O

−1
hγi s

)
·fICUi (s)ds (23)

PSUCCUi
∼=

∫
∞

0
FCUi

c
(
τCUρ

−1
Ri PL,O

−1
hγi s

)
· fICUi (s)ds

(24)

where equation 24 is obtained by conditioning S, and the
CCDF is denoted by FcCUi .

As shown in Theorem 1 discussed in BS-to-RN hop, here
the success probability for the RN-to-CU hop is calculated as

PSUCCUi
∼=

NCUi−1∑
i=0

[
(−s)i

i!
d i

dsi
ξICUi (s)

]
s=τCUρ

−1
Ri

P−1
L,O

hγi

(25)

where ξICUi is the Laplace transform of the interference ICUi
and can be estimated as explained in Theorem 1 of [72] and
expressed as

ξICUi (s)
∼=

1(
1+ sρRi

)γ e(−λCUα(s)) (26)

This phenomenon explains how the employment of multi-
ple receiver antennas results in an array: the larger the number
of antennas NCUi , the more terms are summed to obtain
PSUCCUi , as expressed in equation 25.

According to Theorem 1 of [72], we can express

α (s) ∼=

∞∫
0

2π

(
1−

1

1+ sρRi PL,Oα
−γ
i

ϑ (s, f )

)
· gdg (27)

with

ϑ (s, g) ∼=
1
2π

2π∫
0

×
dϕ

1+sρRi
(
ďRN−CU+g2+2ďRN−CUg cosϕ

)− γ2 (28)

Here, ďRN−CU represents the minimum distance between the
RN-to-CU. Note that all terms in the summation are positive
since the nth derivative of ξICUi is negative for odd n.

Proof: Refer to Appendix C.
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The result in equation 25 provides a fundamental limit on
the RN-to-CU hop and its performance in an interference-
limited scenario. It has a looser integral form α (s) on the
success probability PSUCCUi , which is not in closed form
and must be evaluated numerically; however, tight lower and
upper bounds can be obtained from Corollary 1.

The bounds on the success probability of the RN-to-CU
hopPSUCCUi (τCU ), which are denoted byPSUCCUi (τCU )

maxand
PSUCCUi (τCU )

min, can be calculated by substituting the upper

and lower bounds ξICUi (s) ∈
[
ξmin
ICUi

(s), ξmax
ICUi

(s)
]

into the

expression for PSUCCUi , as shown in equation 25.
Next, the success probability for the CU-to-D2D hop is

calculated.

3) CU-TO-D2D HOP
In this section, we analyze the success probability of the
CU-to-D2D hop, which is defined as the probability that the
obtained SINR at D2D user Di (as estimated in equation 8)
exceeds a predefined threshold τD and can be expressed as

PSUCDi
∼= P

(
SINRDi ≥ τD

)
(29)

which is the CCDF of SINRDi ; here, τD is the minimum SINR
threshold for detecting the transmittedmessages successfully,
namely, the specified threshold should satisfy a target SINR.
The probability of success at the destination is

PSUCDi
∼= P

(
ρCUi PL,N f

−γ
i

∥∥HCUiDi∥∥2
IDi

≥ τD

)
(30)

PSUCDi
∼= P

(∥∥HCUiDi∥∥2 ≥ τDρ−1CUi P−1L,N f γi IDi
)

(31)

PSUCDi
∼=

∫
∞

0
P
(∥∥HCUiDi∥∥2 ≥ τDρ−1CUi P−1L,N f γi ) · fIDi (s)ds

(32)

PSUCDi
∼=

∫
∞

0
FcDi

(
τDρ
−1
CUi P

−1
L,N f

γ
i s
)
· fIDi (s)ds (33)

where equation 33 is obtained by conditioning S, and the
CCDF is denoted by FcDi .

Similar to Theorem 1, in which the BS-to-RN hop was
considered, the success probability analysis for the CU-to-
D2D hop is calculated as

PSUCDi
∼=

NDi−1∑
i=0

[
(−s)i

i!
d i

dsi
ξIDi (s)

]
s=τDρ

−1
CUi

P−1L,N f
γ
i

(34)

where ξIDi is the Laplace transform of the interference IDi ,
estimated as explained in Theorem 1 of [72] and expressed as

ξIDi (s)
∼=

1(
1+ sρCUi

)γ e(−λDα(s)) (35)

This finding explains how the employment of multiple
receiver antennas results in an array: the larger the number of
antennas NDi , the more terms are summed to obtain PSUCDi ,
as expressed in equation 34.

According to Theorem 1 of [72], we define

α (s) ∼=

∞∫
0

(
2π −

1

1+ sρCUi PL,N f
−γ
i

ϑ (s, f )

)
· hdh (36)

with

ϑ (s, h)∼=
1
2π

2π∫
0

×
dϕ

1+sρCUi
(
ďCU−D2D+h2+2ďCU−D2Dh cosϕ

)− γ2
(37)

Here, ďCU−D2D represents theminimum distance between the
CU-to-D2D. Note that all terms in the summation are positive
since the nth derivative of ξIDi is negative for odd n.

Here, we can recall the distances between BS-to-RN and
RN-to-CU and CU-to-D2D hop, given the definition of
ϑ (s,T )

ϑ (s,T ) ∈ [ϑ (s, f ) , ϑ (s, g) , ϑ (s, h)] (38)

ϑ (s,T ) ∈

 1

1+sρBS
(
ďBS−RN

)−γ , 1

1+sρR
(
ďRN−CU

)−γ ,
1

1+ sρCU
(
ďCU−D2D

)−γ
 (39)

The result in equation 34 provides a fundamental limit on
the CU-to-D2D hop and its performance in an interference-
limited scenario. It has a looser integral form α (s) for the
success probability PSUCDi , which is not in closed form and
must be evaluated numerically; however, tight lower and
upper bounds can be obtained from Corollary 1.

The success probabilities of the CU-to-D2D hop
PSUCDi (τD), which are denoted by PSUCDi (τD)

maxand
PSUCDi (τD)

min, can be calculated by substituting upper and

lower bounds ξIDi (s) ∈
[
ξmin
IDi

(s), ξmax
IDi

(s)
]
into the expression

for PSUCCUi from Corollary 1.

C. INTERFERENCE CANCELLATION
In this section, we have applied interference cancellation
at the three receiving nodes: Ri,CUi and Di. Low complex
spatial interference cancellation, which is also known as
partial zero forcing (PZF), has been applied [64], [73]. The
three hops, namely, BS-to-RN, RN-to-CU and CU-to-D2D,
are subjected to Ki interference cancellations, where KRi ≤
NRi − 1, KCUi ≤ NCUi − 1and KDi ≤ NDi − 1, respectively,
in which the remaining degree of freedom are utilized to
increase the received signal quality.

1) BS-TO-RN HOP
To achieve a higher receiving SINR at RN Ri, undesired
interferences, such as the interference from nearby RNs and
the relay self-interference, must be mitigated. In an interface-
limited scenario, the cancellation of interferences is very
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essential. Let us express the points of8RN ∈ (i, j) in increas-
ing order at RN:

{
Rj ∈ Rj+1

}∞
j=1. The low complex spatial

partial zero-forcing (PFZ) interference cancellation is applied
to cancel KRi interferences at Ri. Here, 8RN represents the
coverage area of RN, which includes (i, j). Let’s recall the
overall interference at Ri, namely, IRi , which is defined in
equation 3.

IRi(K )=
√
ρRi

∥∥HRiRi∥∥ xRi+ ∑
xRj∈ψR

√
ρRj PL,RRα

−
γ
2
∥∥HRjRi∥∥ xRj

(40)

where IRi(K ) is the interference need to mitigate. The success
probability of the BS-to-RN hop with PFZ can be stated as

PSUC(K )Ri
∼=

KRi−NRi−1∑
i=0

[
(−s)i

i!
d i

dsi
ξIRi(K ) (s)

]
s=τRρ

−1
BSi

P−1L,Mα
γ
i

(41)

where ξIRi(K ) (s) is the Laplace transform of IRi(K )

ξIRi(K ) (s) ∼=
1

1+ sρBSi PL,Mα
−γ
i

×


⋃

j ∈ 8RN
j ≤ KRi

1

1+ sρBSi PL,Mα
−γ
i

 (42)

Proof: Refer to Appendix D.

2) RN-TO-CU HOP
Similarly, to achieve a higher receiving SINR at the CU,
undesired interferences, such as the interferences from nearby
RNs, CUs and D2D users, must be mitigated. Let us sort the
points of 8CU ∈ (i, j) in increasing order at CU, namely,{
CUj ∈ CUj+1

}∞
j=1, and apply PFZ to cancel KCUi interfer-

ences at CUi. Here, 8CU represents the coverage area of CU,
which includes (i, j). Let us recall the overall interference at
CUi, namely, ICUi , which is defined in equation 6.

ICUi(K ) =
∑

xRj∈ψR

√
ρRj PL,Oh

−
γ
2
∥∥HRjCUi∥∥ xRj

+

∑
xCUj∈ψCU

√
ρCUj PL,Pf

−
γ
2
∥∥HCUjCUi∥∥ xCUj

+

∑
xDj∈ψD

√
ρDj PL,Ng

−
γ
2
∥∥HDjCUi∥∥ xDj (43)

where ICUi(K ) is the interference needed to mitigate. The
success probability of the RN-to-CU hop with PFZ can be
stated as

PSUC(K )CUi
∼=

KCUi−NCUi−1∑
i=0

×

[
(−s)i

i!
d i

dsi
ξICUi(K ) (s)

]
s=τCUρ

−1
Ri

P−1
L,O

hγi

(44)

where ξICUi(K ) (s) is the Laplace transform of the ICUi(K )

ξICUi(K ) (s) ∼=
1

1+ sρRi PL,Oα
−γ
i

×



j ∈ 8RN
j ∈ 8CU
j ∈ 8D2D⋃
j≤KCUi

1

1+ sρRi PL,Oα
−γ
i


(45)

Proof: Refer to Appendix D.

3) CU-TO-D2D HOP
Likewise, to achieve a higher receiving SINR at the D2D user,
undesired interferences, such as interferences from nearby
RNs, CUs and D2D users, must be mitigated. In an interface-
limited scenario, the canceling of interferences is essential.
Let us express the points of 8D2D ∈ (i, j) in increasing
order at the D2D user, namely,

{
Dj ∈ Dj+1

}∞
j=1, and the

PFZ is applied to cancel KD2Di interferences at Di. Here,
8D2Drepresents the coverage area of the D2D user, which
includes (i, j). Let us recall the overall interference at Di,
namely, IDi , which is defined in equation 9.

IDi(K ) =
∑

xRj∈ψR

√
ρRi PL,Qh

−
γ
2
∥∥HRiDi∥∥ xRi

+

∑
xCUj∈ψCU

√
ρCUj PL,N f

−
γ
2
∥∥HCUjDi∥∥ xCUj

+

∑
xDj∈ψD

√
ρDj PL,Rg

−
γ
2
∥∥HDjDi∥∥ xDj (46)

where IDi(K ) is the interference needed to mitigate. The suc-
cess probability of the CU-to-D2D hop with PFZ can be
stated as

PSUC(K )Di
∼=

KDi−NDi−1∑
i=0

×

[
(−s)i

i!
d i

dsi
ξIDi(K ) (s)

]
s=τDρ

−1
CUi

P−1L,N f
γ
i

(47)

where ξIDi(K ) (s) is the Laplace transform of IDi(K )

ξIDi(K ) (s) ∼=
1

1+ sρCUi PL,N f
−γ
i

×



j ∈ 8RN
j ∈ 8CU
j ∈ 8D2D⋃
j≤KD2Di

1

1+ sρCUi PL,N f
−γ
i


(48)

Proof: Refer to Appendix D.
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In the next section, the outage probability of Ri, CUi and
Di are expressed.

D. OUTAGE PROBABILITY
The probability that SINRRi falls below a given threshold level
τR, is known as outage probability. For the first BS-to-RN
hop, the following equations give the outage probability
at Ri represented as POUT(K )Ri

(τR), which is the CCDF of
1− SINRRi denoted as

POUT(K )Ri
(τR) ∼= P

(
SINRRi ≤ τR

)
(49)

given by POUT (K )Ri (τR)
∼= 1− e(−2πϒR)and stated as

POUT (K )Ri (τR)
∼= 1− PSUC(K )Ri

(50)

where PSUC(K )Ri
has been calculated in equation 41.

Similarly, for the RN-to-CU hop, where signals are
received atCUi, the probability that the SINRCUi falls below a
set threshold level of τCU is represented as POUT (K )CUi

(τCU ),
which is the CCDF of 1− SINRCUi and expressed as

POUT (K )CUi
(τCU ) ∼= P

(
SINRCUi ≤ τCU

)
(51)

given by POUT (K )CUi (τCU )
∼= 1− e(−2πϒCU ) and stated as

POUT (K )CUi (τCU )
∼= 1− PSUC(K )CUi

(52)

where PSUC(K )CUi
has been calculated in equation 44.

Additionally, for the CU-to-D2D hop, the probability that
SINRDi at Di falls below a set threshold level τD represented
asPOUT (K )Di

(τD), which is the CCDF of 1 − SINRDi can be
expressed as

POUT (K )Di
(τD) ∼= P

(
SINRDi ≤ τD

)
(53)

given by POUT (K )Di (τD)
∼= 1− e(−2πϒD)and stated as

POUT (K )Di (τD)
∼= 1− PSUC(K )Di

(54)

where PSUC(K )Di
has been calculated in equation 47.

After determining the individual outage probability of each
hop, the overall total outage probability denoted as POUT (K )T
can be estimated as the scalar product of the individual prob-
abilities as

POUT (K )T (τ ) = POUT (K )Ri
(τR) · POUT (K )CUi (τCU ) ·

POUT (K )Di (τD) (55)

In the next section, the ergodic capacity calculation for all
individual hops are shown.

E. ERGODIC CAPACITY
Ergodic capacity is defined as the maximum rate of received
signal that a user can achieve at the receiving end. The
Shannon–Hartley theorem has been used to compute the
ergodic capacity and calculated in bits/second. First, ergodic
capacity for BS-to-RN hop (denoted asςBS−RN ) can be deter-
mine as

ςBS−RN =

NR∏
i=1

PSUC(K )Ri
log (1+ τR) (56)

where τR is minimum threshold SINR value at Ri and
PSUC(K )Ri

is shown in equation 41.
Similarly, the ergodic capacity for the RN-to-CU hop

(denoted as ςRN−CU ) can be calculated as

ςRN−CU =

NCU∏
i=1

PSUC(K )CUi
log (1+ τCU ) (57)

where τCU is minimum threshold SINR value at CUi and
PSUC(K )CUi

is defined in equation 44.
Likewise, the ergodic capacity for the CU-to-D2D hop

(denoted as ςCU−D2D) can be estimated as

ςCU−D2D =

ND2D∏
i=1

PSUC(K )Di
log (1+ τD) (58)

where τD is minimum threshold SINR value at Di, and
PSUC(K )Di

is shown in equation 47.
After calculating the individual ergodic capacity or each

hop, the overall total ergodic capacity denoted as ςT can be
estimated as the scalar product of the individual capacities

ςT = ςBS−RN · ςRN−CU · ςCU−D2D (59)

VI. RESULTS AND DISCUSSION
In this section, the numerical results are presented to cor-
roborate the proposed theoretical model. The results show
that the proposed PPP model is robust to interference in the
D2D-enabled cooperative cellular network. The results have
been evaluated in terms of the success probability, ergodic
probability and outage probability for cellular and D2D users
at various SINR thresholds and node densities. Moreover,
the success probability, ergodic capacity, and outage proba-
bility results have been evaluated for various MIMO antenna
configurations. The performance of the proposed PPP model
approach has been compared with those of the grid model
and conventional multi-antenna UDN approaches [52], [74].
Monte Carlo simulations are utilized to evaluate the proposed
scheme and averages are calculated over 1000 independent
channel realizations. Table 3 lists the simulation parameters
and their corresponding values.

According to the homogeneous PPP ψR in the Euclidean
plane, the network model consists of BSs that are connected
to RNs with an intensity ϒR to serve cellular users. The
intensity of each CU ϒCU or D2D user ϒD is assumed to
be associated with the closest RNs in the Voronoi cell of
the BSs, thereby resulting in coverage areas that comprise
a Voronoi tessellation on the plane [75]. Two independent
Poisson processes, namely, CUi andDi, represent the cellular
and D2D users, respectively. Figure 4 illustrates the proposed
PPP cellular model, where CUs are connected to their respec-
tive RNs and D2D users are connected to the nearby CUs
to create a D2D network in the corresponding Voronoi cells.
The cell structure has been designed according to the SINR
value; the source has been deployed such that the users can
achieve higher SINR values. Furthermore, a square lattice
grid model for BSs, RNs, and cellular and D2D users with
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TABLE 3. Simulation parameters.

FIGURE 4. Network Deployment for the PPP Model.

eight interfering cells is shown in Figure 5. The deployment
of multi-antenna UDN users is shown in Figure 6, where the
cell has been designed according to the density of cellular and
D2D users.

The SINR threshold represents a quantity that is used to
limit the theoretical upper bound of the channel capacity
in a network. This threshold defines the minimum signal
for detecting the original transmitted signal. In the network
under consideration, for the RN-to-CU hop, the signal that
is transmitted from Ri and received at CUi is referred to
as the information signal, whereas any undesired signal at
CUi is considered an interfering signal. The relationships
between the SINR threshold and the success probabilities
prior to interference cancellation (PSUCCUi ) and after inter-
ference cancellation (PSUC(K )CUi

) are expressed in equation
25 and equation 44, respectively. The results regarding the
success probability with respect to the SINR threshold at

FIGURE 5. Network Deployment for the Square Grid Model.

FIGURE 6. Network Deployment for the Multi-Antenna UDN Model.

FIGURE 7. Success Probability of a Cellular User vs. the SINR Threshold.

CUi are presented in Figure 7. Here, the probability of
successful message exchange for the proposed PPP model
is presented and compared with those of the square grid and
conventional multi-antenna UDN approaches. According to
Figure 7, as the SINR threshold values increase, the success
probability gradually decreases if the fading distributions
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are of exponential form. This result is due to the typical
interferer signals (xRj , xCUjand xDj ) from the interference
links (HRjCUi , HCUjCUi and HDjCUi ), as defined in equation 6.
According to Figure 7, when the SINR threshold (τCU ) is
minimal (less than 2 dB), no substantial difference is observed
among the approaches. A dramatic difference between the
proposed PPP approach and the compared approaches (grid
and multi-antenna UDN) gradually begins to appear at 3 dB
and continues to grow. Improvements of 22% and 12% have
been observed in the success probability compared with
the multi-antenna UDN and grid approaches, respectively.
Hence, the proposed PPP technique canmaximize the success
rate and yield enhanced robustness to all interferences at
CUi namely, RUI fromRj, CCI from CUj and CDI from Dj,
as expressed in equation 6.

FIGURE 8. Success Probability of a D2D User vs. the SINR Threshold.

Furthermore, the results for the successful transmission
for D2D user Di are plotted for several SINR thresholds in
Figure 8. The success probability with interferences (PSUCDi )
has been estimated in equation 34; however, the success
probability after canceling the interferences

(
PSUC(K )Di

)
is

expressed in equation 47. Figure 8 exhibits a similar pat-
tern to Figure 7: lower values of the SINR threshold yield
indistinguishable differences in PSUC(K )Di

; however, as τD
increases, a consistent difference between the proposed
PPP and the other two approaches is observed. At 30 dB,
higher correlations of PSUC(K )Di

of 0.928 and 0.932 are
observed for the multi-antenna UDN and grid approaches,
respectively. However, the proposed PPP method outper-
formed multi-antenna UDN by 1.93% and the grid approach
by 2.3%. Hence, the proposed PPP approach outperforms the
other approaches in canceling the interference at D2D users
(DiRUI from Rj, CCI from CUj and CDI from Dj),
as expressed in equation 47.

The ergodic capacity refers to the maximum rate of com-
munication that can be achieved if the communication dura-
tion is sufficiently long to experience all channel states [76].
Figure 9 shows a plot of the ergodic capacity (in bits/second)
with respect to the SINR threshold for the RN-to-CU hop,

FIGURE 9. Ergodic Capacity of a Cellular User vs. the SINR Threshold.

as defined in equation 57. The Shannon–Hartley theorem
has been used to calculate the ergodic capacity, which is
expressed as C = Bandwidth ∗ log(1+ SINRth) in [77], [78].
A significant increment in the capacity ςRN−CU with respect
to τCU is observed among the grid, multi-antenna UDN, and
proposed PPP approaches, this is due to the higher availability
of bandwidth at CUi. The grid approach achieves the highest
overall ergodic capacity for all values of τCU among the
compared approaches, which is due to the ideal deployment
of BSs and RNs, as illustrated in Figure 5. The results show
that when the SINR threshold is minimal (less than 3 dB),
no significant differences are observed in the ergodic capacity
values; however, when the SINR threshold starts to increase,
the differences between the results are more readily observ-
able. A close correlation of the ergodic capacity between the
proposed PPP method and the grid model is observed with a
small difference of 4% at an SINR threshold value of 13 dB.
In addition, for an SINR threshold value of 30 dB, a massive
improvement of 38% in the ergodic capacity of the proposed
PPP method (112 bits/sec) is achieved compared with the
multi-antenna UDN approach (83 bits/sec).

Moreover, the ergodic capacity of the D2D user PSUCDi
for the CU-to-D2D hop is plotted against the SINR threshold
in Figure 10, as expressed in equation 58. The results reveal
a similar behavior of the ergodic capacity to that in Figure 9,
where the grid model delivers a more accurate upper bound
compared with the other approaches for all SINR values.
However, a decrease is observed in the overall ergodic capac-
ity values for the D2D user compared with CU. This result
is due to the higher number of interferences, which results in
low received signal values at D2D userDi. The ergodic capac-
ities are indistinguishable among the compared approaches
for SINR thresholds of less than 3 dB; however, differences
in ergodic values are observed for SINR values that exceed
5 dB. At 30 dB, the proposed PPP method exhibits ergodic
capacity values that are close to those of the grid model and a
3.2% higher bit rate (17 bits/sec) than the multi-antenna UDN
approach (15 bits/sec). According to these results, the pro-
posed PPP method can reduce all channel interferences to
increase the overall spectrum efficiency for Di.
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FIGURE 10. Ergodic Capacity of a D2D User vs. the SINR Threshold.

FIGURE 11. Outage Probability of a Cellular User vs. the SINR Threshold.

The outage probability is defined as the probability that
SINRCUi falls below a specified SINR threshold level, which
is denoted as τCU . In Figure 11, the outage probability of
CU is plotted against the SINR threshold for the proposed
PPP method, the multi-antenna UDN, and the grid model.
The outage probability is calculated as POUTCUi (τCU )

∼=

P
(
SINRCUi ≤ τCU

)
, as defined in equation 51. The outage

probabilities of all compared approaches for an SINR thresh-
old value (τCU ) that is below 2 dB are less than 10%; however,
an increase in the outage probability is observed when τCU
exceeds 3 dB. Significant differences in the outage proba-
bility values among all compared approaches are observed
when τCU exceeds 5 dB. This phenomenon is due to the effi-
cient user allocation performed based on users’ SINRs rather
than users’ densities. The proposed PPP method achieved
the lowest outage probability of 40% and outperformed the
grid and multi-antenna UDN approaches by 12% and 18%,
respectively.

Furthermore, the outage probabilities of D2D user Di that
were obtained for the proposed PPP method, multi-antenna
UDN and grid model against various SINR threshold values
are plotted in Figure 12. The outage probability of the D2D
user has been evaluated via POUTDi (τD)

∼= P
(
SINRDi ≤ τD

)
,

as expressed in equation 53. The pattern of the results

FIGURE 12. Outage Probability of a D2D User vs. the SINR Threshold.

presented in Figure 12 is analogous to those in Figure 11,
namely, the proposed PPP method is successful in generating
the lowest outage probability for D2D users compared with
other approaches. The proposed PPP method consistently
generates a lower outage probability for SINR threshold val-
ues (τD) that exceed 10 dB. The achieved outage probabilities
for the proposed PPP approach are 15% and 23% lower
compared with the grid and multi-antenna UDN approaches,
respectively. These results demonstrate the performance of
the proposed PPP method in mitigating cellular interference
through improved user allocation based on users’ SINRs
rather than their density.

The number of users in a cell affects the overall perfor-
mance of the users due to the occurrence of higher inter-
ferences among a large number of active cellular users.
In this regard, the total success probabilities as func-
tions of the node density for the proposed PPP method
and the grid and multi-antenna UDN models are com-
pared in Figure 13. The total success probability can be
calculated as the scalar product of the individual capac-
ities for all three hops, namely, BS-to-RN, RN-to-CU
and CU-to-D2D, which can be expressed as PTSUC(K )

∼=

PSUC(K )Ri
· PSUC(K )CUi

· PSUC(K )Di
, where PSUC(K )Ri

,
PSUC(K )CUi

and PSUC(K )Di
are defined in equations 41, 44

and 47, respectively. The total success probability decreases
as the node density increases for all compared models.
Moreover, among the three approaches, the proposed PPP
model achieves the highest success probability (97%) for the
minimum user density of 40 users/cell compared with the
other two approaches. However, the achieved probabilities
for the grid and multi-antenna UDN models reach approx-
imately 94.3% and 93.1%, respectively, for the minimum
of 40 users/cell and nearly 89% and 88%, respectively, for
the maximum of 200 users/cell. These results verify the
robustness of the proposed PPP approach for canceling the
interferences at Di (RUI from Rj, CCI from CUj and CDI
from Dj), as expressed in equation 47.
The total ergodic capacity for users is directly affected by

the number of users who are present in a cell. More users
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FIGURE 13. Success Probability vs. Node Density.

FIGURE 14. Ergodic Capacity vs. Node Density.

correspond to a higher overall capacity due to a higher spec-
trum utilization and vice versa. Thus, the effect of the node
density, namely, the number of users/cell, must be determined
to validate the proposed PPP scheme. The total ergodic capac-
ity, which is denoted as ςT , is expressed in equation 59 as
ςT = ςBS−RN · ςRN−CU · ςCU−D2D, which is the scalar
product of the individual capacities that are achieved at Ri,
CUi and Di. Figure 14 depicts the ergodic capacity as a func-
tion of the node density. The ergodic capacity increases with
the node density for all approaches. The multi-antenna UDN
model generates the lowest ergodic capacity with increas-
ing node density. This observation is because the cells are
designed according to the number of users who are present
throughout the cell. Moreover, the results for the proposed
PPP method are correlated to those for the grid model for
a minimum node density of 40 users (11 bits/sec). The dif-
ference increases significantly to approximately 6% for the
highest node density of 200 users, where the capacity value
reaches 38 bits/sec and 44 bits/sec for the proposed PPP and
grid models, respectively.

The outage probability that was achieved through the
implementation of the proposed PPP method, compared

FIGURE 15. Outage Probability vs. User Density.

FIGURE 16. Success Probabilities under Various MIMO Conditions vs. the
SINR Threshold.

with the grid and multi-antenna UDN approaches, is plotted
in Figure 15. Similar behaviors of the outage probability as a
function of the SINR threshold are observed, as illustrated in
Figure 11 and Figure 12. The total outage probability, which
is denoted as POUT (K )T (τ ), is expressed as POUT (K )T (τ ) =
POUT(K )Ri

(τR)·POUT (K )CUi (τCU )·POUT (K )Di (τD), as in equa-
tion 55, which is a scalar product of the individual proba-
bilities that are achieved at Ri, CUi and Di, as expressed in
equations 50, 51 and 54, respectively. The outage probability
increases with the node density for all approaches; this is
due to more devices being active in the cell, thereby causing
higher interferences. The proposed PPP method consistently
delivers a low outage probability that ranges from 2% to
9% for the minimum to maximum node densities, compared
to the grid and multi-antenna UDN approaches, for which
the probabilities range from 6% to 11% and 7% to 12%,
respectively. Thus, the proposed PPP method can handle
interference for both lower and higher node densities, thereby
ensuring improved overall network performance.

The subsequent sections will further validate the perfor-
mance of the proposed PPP method on different antenna
configurations. As discussed, the total overall success
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FIGURE 17. Ergodic Capacities under Various MIMO Conditions vs. the
SINR Threshold.

probability is affected by the number of transceiver antennas
in the configuration, as expressed in equations 41, 44 and 47.
Therefore, Figures 16, 17 and 18 investigate the behaviors
of the success probability, ergodic capacity and outage prob-
ability, respectively, under various antenna configurations.
Figure 16 plots the total success probability against various
SINR threshold values by varying the number of transceiver
antennas among, e.g., 2x2, 4x2, 6x2 and 8x2, where the
first term represents Nt and Nr. The total success probability
decreases as the SINR threshold value decreases, similar to
Figure 7 and Figure 8. The total success probability is nearly
ideal for SINR threshold values of less than 3 dB, regardless
of the antenna configuration. A difference in the values of the
total success probability is observedwhen the SINR threshold
value reaches 5 dB and higher. Nt = 8 corresponds to the
highest success probability, followed by Nt = 6 and Nt = 4,
and Nt = 2 corresponds to the lowest total success proba-
bility. The total difference between the highest total success
probability of Nt = 8 and the lowest total success probability
Nt = 2 is 3.3%. The results clearly show that the proposed
PPP approach supports the MIMO configuration efficiently
and that deploying multiple antennas for the transmission
increases the spectral efficiency, thereby yielding a higher
successful transmission rate.

The total ergodic capacity is calculated as the scalar prod-
uct of the individual ergodic capacities that are achieved at
Ri, CUi and Di, as estimated in equation 59. However, the
capacities for individual hops, namely, ςBS−RN , ςRN−CU ,
and ςCU−D2D, are calculated via equations 56, 57, and 58,
respectively. Figure 17 plots the total ergodic capacity against
various SINR threshold values for various antenna configu-
rations. The total ergodic capacity increases with the SINR
threshold value, similar to Figure 9 and Figure 10. The total
ergodic capacity is very low for all antenna configurations
for SINR threshold values of less than 3 dB. However, as the
SINR value increases, the achieved total ergodic capacity
also increases, and the difference becomes distinguishable
between the antenna configurations. At a SINR threshold

FIGURE 18. Outage Probabilities under Various MIMO Conditions vs. the
SINR Threshold.

of 30 dB, Nt = 8 corresponds to the highest total ergodic
capacity (71 bits/sec), followed by Nt = 6 (53 bits/sec),
Nt = 4 (36 bits/sec), and Nt = 2 (19 bits/sec). This obser-
vation validates that when the number of pairs of transmitter
and receiver antennas is increased in the system, coupled
with the proposed PPP technique, spatial multiplexing can be
increased, thereby enhancing the overall ergodic capacity of
the system.

The total outage probability is calculated in equation
55 as the scalar product of the outage probabilities of
individual hops Ri (POUT (K )Ri

), CUi (POUT (K )CUi
), and Di

(POUT (K )Di
), which are expressed in equations 50, 52 and

54, respectively. Figure 18 depicts the outage probabilities
under various antenna configurations against various SINR
threshold values. The total outage probability increases with
the SINR threshold value, similar to Figure 11 and Figure 12.
As expected, the 8x2 antenna configuration delivers the
best performance while achieving the minimum outage
probability of 7% at an SINR threshold value of 30 dB.
A maximum total outage probability of 9.3% is achieved by
the 2x2 antenna configuration at an SINR threshold value
of 30 dB, followed by 4x2 (8%), 6x2 (7.2%) and 8x2 (7%).
The difference between the total outage probabilities for
Nt = 2 and Nt = 8 is 33%. This observation confirms
that deploying the multiple antenna configurations at the
transceivers for the proposed PPP model enhances the spec-
trum efficiency, which leads to the realization of the optimal
total outage probability.

VII. CONCLUSIONS
Next-generation wireless systems, such as 5G and beyond,
are expected to implement efficient interference management
mechanisms to achieve more reliable communications. D2D
and cellular links share similar spectrum resources, which
causing severe interference between them. Therefore, inter-
ference management is crucial because interference severely
hinders the overall network performance. In this paper,
a stochastic-geometry-based PPP model is designed and
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a comparative approach is used to implement the realistic
positioning of BS, RN, CU, andD2D users, with the objective
of realizing interference-free D2D-enabled cellular networks.
The success probabilities, ergodic capacities and outage prob-
abilities that are achieved by the cellular and D2D users as
functions of the SINR threshold and node density are exam-
ined. Moreover, these results have been elaborated at various
MIMO antenna configurations to validate the results. The
numerical results confirm the robustness of the proposed PPP
model against interference for the D2D-enabled cooperative
cellular network compared with the grid and multi-antenna
UDN models. The results that are presented in this paper
can be used to conveniently evaluate and implement future-
generation 5G communication networks for real-life envi-
ronments. In future work, the influence of cellular and D2D
users’ mobility factors will be investigated. Moreover, severe
undesired signals, such as device noise and adjacent-channel
interference, should be incorporated into the model and mit-
igated. In addition, there are several other nodes distribution
approaches such as the Matern cluster process (MCP) and
Matern hard-core process (MHCP) with a minimum inter-
distance between every two nodes, which can be used for
more realistic modeling.

APPENDIX A
The success probability of the first hop is calculated as

PSUCRi
∼= P

(
ρBSi PL,Mα

−γ
i

∥∥HBSiRi∥∥2
IRi

≥ τR

)
(60)

PSUCRi
∼= P

(∥∥HBSiRi∥∥2 ≥ τRρ−1BSi P−1L,Mαγi IRi) (61)

where IRi is defined in equation 3 as the overall interference
received at R1 i.e.,

IRi=
√
ρRi

∥∥HRiRi∥∥ xRi+ ∑
xRj∈ψR

√
ρRj PL,RRα

−
γ
2
∥∥HRjRi∥∥ xRj

(62)

Let us define fIRi (t) = dP
(
IRi < t

)
as the PDF of IRi . The

integration of fIRi (t)using the CCDF FcRi (t) transforms it as

1(s)SR
∼=

∞∫
0

F
C

SR
(st) · fIT ,R1 (t) dt (63)

Note that, the power of the desired signal is distributed
as
∥∥HBSiRi∥∥2 � X

∞NR
i , and the probability of success

given is by

PSUCRi
∼= P

(
SINRRi ≥ τR

)
∼= P

(∥∥HBSiRi∥∥2 ≥ τRρ−1BSi P−1L,Mαγi IRi) (64)

∼=

∫
∞

0
FcRi (st) · fIRi (t)dt (65)

∼= 1(s)‖s=τRρ−1BSi P
−1
L,Mα

γ
i

(66)

Finally, using the CCDF FcRi (st) = e−t and Laplace trans-
form, the success probability can be expressed using the

transformation of fIRi (t) as

1(s) ∼=
∫
∞

0
FcRi (st) · fIRi (t)dt (67)

ζ
{
fIRi (t)

}
(s) = ξIRi (s) (68)

Finally, using the CCDF FcRi (st) =
⋃
n
e−nt

⋃
i
eant

i
, the trans-

formation of fIRi (t) is given by

1(s) ∼=
∫
∞

0
FcRi (st) · fIRi (t)dt (69)

1(s) ∼=

∞∫
0

[⋃
n

e−nt
⋃
i

ean(st)
i

]
· fIRi (t)dt (70)

1(s) ∼=
⋃
n

⋃
i

an (st)i


∞∫
0

(
e−nt t i

)
·

(
fIRi (t)dt

) (71)

1(s) ∼=
⋃
n

⋃
i

ansi
[
ξ
(
t i · fIRi (t)

)]
[ns] (72)

1(s) ∼=
⋃
n

⋃
i

{
an (−s)i

d i

d (ns)i
· ξIRi (ns)

}
(73)

1(s) ∼=
⋃
n

⋃
i

{
an

(
−s
n

)i d i

d (s)i
· ξIRi (ns)

}
(74)

where equation 18 is obtained using the Laplace transform
property tnf (t) ↔ (−1)n dn

dsn · ξ [f (t)] s [79]. Using the
moment-generating function of X

∞NR
i and Gamma distribu-

tions, and applying it to [80] (Theorem. 1) we can obtain
equation 16.

APPENDIX B
Building on [80] (Theorem. 3), we obtain α (s) in equation 18
bounded as α (s) ∈

[
αmax (s) , αmin (s)

]
, where αmax (s)

and αmin (s) are defined in equation iv and equation v,
respectively. Then, the lower and upper bounds on ξIRi (s) as
shown in equation i, are readily defined in equation ii and
equation iii.

APPENDIX C
The success probability of the RN-to-CU hop is calculated as

PSUCCUi
∼= P

(
SINRCUi ≥ τCU

)
(75)

PSUCCUi
∼= P

(
ρRi PL,Oh

−γ
i

∥∥HRiCUi∥∥2
ICUi

≥ τCU

)
(76)

PSUCCUi
∼= P

(∥∥HRiCUi∥∥2 ≥ τCUρ−1Ri P−1
L,O
hγi ICUi

)
(77)

where ICUi is defined in equation 6 as

ICUi =
∑

xRj∈ψR

√
ρRj PL,Oh

−
γ
2
∥∥HRjCUi∥∥ xRj

+

∑
xCUj∈ψCU

√
ρCUj PL,Pf

−
γ
2
∥∥HCUjCUi∥∥ xCUj

+

∑
xDj∈ψD

√
ρDj PL,Ng

−
γ
2
∥∥HDjCUi∥∥ xDj (78)
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The desired signal is distributed as
∥∥HRiCUi∥∥2 � X

∞NCU
i .

In contrast, the moment generating function of the X
2NR,R
1

distribution can provide the Laplace transform of ICUi [68]
(Page. 125) and can be computed as

ξICUi (s)
∼= Ē

 ∏
i∈ψCU

Ē
{
exp

(
−s
ρRi

NR
PL,Oh

−γ
i

∥∥HRiCUi∥∥2)}


(79)

APPENDIX D
A cellular user is located at the origin2CUi , and a D2D user is
situated at2Di . Since a D2D user is communicating with the
nearest another D2D user, the CDF ofDi can be calculated by,

P
(
ďCU−D2D ≥ 2Di

)
∼= 1− P

(
no cellular user closer than 2Di

)
(80)

∼= 1− e
(
−πϒD2Di

)
(81)

Then the PDF of ďCU−D2D is f
(
ďCU−D2D

)
=

e−πϒD2
2
Di
ďCU−D2D2πϒDďCU−D2D, which yields its SINR as

stated in [64]. The CDF of SINR regarding the IDi is given by,

ZDi (τ ) = 1−4
[
P
(
SINRDi ≥ τD

)]
(82)

ZDi (τ ) = 1−

∞∫
0

2πϒDďCU−D2De
−πϒD2

2
Di
ďCU−D2D

·P

(
ρCUi PL,N f

−γ
i

∥∥HCUiDi∥∥2
IDi + nDi

≥ τD

)
·d
(
ďCU−D2D

)
(83)

ZDi (τ ) = 1−

∞∫
0

2πϒDďCU−D2De
−πϒD2

2
Di
ďCU−D2D

·

P

(∥∥HCUiDi∥∥2 ≥ τD P−1L,N f
γ
i IDi

ρCUi
+ nDi

)
· d
(
ďCU−D2D

)
(84)

ZDi (τ ) = 1−

∞∫
0

2πϒDďCU−D2De
−πϒD2

2
Di
ďCU−D2D

×4

e−
τD P−1L,N f

γ
i

ρCUi

(
IDi+nDi

) · d (ďCU−D2D) (85)

ZDi (τ ) = 1−

∞∫
0

2πϒDďCU−D2D

× e
−πϒD2

2
Di
ďCU−D2D

(
τD P−1L,N f

γ
i nDi

ρCUi

)
ξIDi

×

(
τD P−1L,N f

γ
i

ρCUi

)
· d
(
ďCU−D2D

)
(86)

ξIDi (s) = 4

e
{(

τD P−1L,N f
γ
i

ρCUi

)(
−
ρCUi
ND2D

)} ND2D∏
i=1

∥∥HCUiDi∥∥
 (87)

We using the fact that
∥∥HCUiDi∥∥2 = ND2D∏

i=1

∥∥HCUiDi∥∥ with

fi � exp (1), which simplifies to

ξIDi (s) = 4


ND2D∏
i=1

4f γi

e
(
τD P−1L,N
ρCUi

)(
−
ρCUi
ND2D

)
(f
γ
i )


 (88)

ζIT ,R1
(s) = 4


ND2D∏
i=1

1

1+
(
τD P−1L,N
ρCUi

)(
−
ρCUi
ND2D

)
 (89)

The probability generating function of the PPP of D2D
users with interference IDistates that functions ψD(x) are
denoted by

Ē

[ND2D∏
i=1

ψD(x)

]
= exp

−IDi ∫
22
D

(1− ψD(x)) dx

 (90)

The probability of generating the function of the ζIT ,R1 (s)
yields,

ξIDi (s) = exp

−2π IDi ∞∫
ďCU−D2D

1−
1

1+
τD P−1L,N f

γ
i

ρCUi
x

xdx


(91)
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