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Abstract 

Device-to-device (D2D) communications, a promising technology, let cellular devices that are close 

to each other connect with one another directly, by passing the network infrastructure. As such, the 

technology provides the cellular network with many benefits, such as higher sum data rates, lower 

latency, extended coverage, higher energy efficiency, added security, higher spectral efficiency, and 

more useful services like inexpensive file caching. However, it comes with a cost—the interference 

underlaid D2D users inflict on cellular users at the base station when both use the same uplink 

frequency, which is the prefered reuse mode. This cost can, however, be reduced using a guard 

zone—a disk around the base station (BS) where D2D communications are not allowed. This simple 

and easy to implement approach, which has unfortunately not received enough research attention, is 

demonstrated in the present article to be highly effective in reducing the interference to cellular 

users. We leverage for this demonstration the mathematical tool of stochastic geometry. With the 

assumption that the BSs are distributed as a Poisson point process (PPP), we construct an analytical 

model to characterize the coverage probability of the cellular user in the presence of D2D nodes. 

The numerical results obtained, which are validated by rigorous Monte Carlo simulations, confirm 

that the guard zone approach is highly effective in protecting the cellular user from potential D2D 

interference. 

Keywords: Cellular Network, Inband D2D, Underlay, Caching, Stochastic Geometry. 

1 Introduction 

A new communications paradigm in cellular networks that is gaining wide use is device to-device (D2D) 

connections (Kar, U.N., 2020). They paradigm allows transmission between a user equipment (UE) and 

another UE in close proximity, thus by-passing the cellular network infrastructure. In general, single-

hop communications can be used, from a D2D link connecting a transmitter UE and its intended recipient 

UE, although multihop modes are also possible. As such, D2D offloads traffic of the network 
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infrastructure, resulting in a number of advantages like enhanced throughput, decreased back-haul load, 

increased spectrum efficiency, increased coverage, improved energy efficiency, low latency, and 

fairness (Giordani, M., 2020). In addition, D2D creates new possibilities for proximity-based 

commercial services such as social networking apps, public safety, local data transfer, and data flooding. 

Other benefits of D2D include content privacy and strong anonymity, as the service provider is not 

involved for storing the shared information. They also include improving the ability to inexpensively 

cache popular content in a distributed fashion in order to make this content easier and faster to retrieve 

later by network users. Further, they include secure communications during natural disasters, such as 

earthquakes, when network infrastructure is damaged or rendered out of service. For all these benefits, 

D2D is envisaged to be part of future 5G and 6G cellular network installations (Zhang, Z., 2019).     

The idea of direct D2D communications, also referred to as sidelink communications, is not new. As 

a part of 3GPP Release 12, it was initially launched for LTE (Kar, U.N., 2020). A decade ago, Qualcomm 

created the FlashLinQ D2D demonstration system and made public the need for the creation of a specific 

wireless technology to allow D2D on mobile devices. In order to expand coverage and throughput, D2D 

was initially designed for relaying applications that let mobile devices transmit radio signals in cellular 

networks (Kang, M., 2020). In December 2012, a consensus was reached on Release 12 of the proximity 

services feasibility study (ProSe), which enables physically close devices to identify and connect with 

one another directly. D2D is frequently referred to as LTE Direct due to its capacity to provide direct 

communication between UEs utilising licenced spectrum and the entire LTE ecosystem (Dahlman, E., 

2021). Later LTE releases focused on the vehicle-to-vehicle (V2V) use case and enhanced it further 

(Peisa, J., 2020). The article (Fodor, G., 2016) discusses the specifics of a conceptual framework for 

integrating D2D into the current networks. 

A basic issue with D2D is how to divide the spectrum between cellular and D2D communications 

(Jiang, Y., 2015). Based on whether they use the spectrum licensed for the cellular network, Inband and 

outband D2D communications fall into two broad groups. Inband D2D communications operate on the 

same spectrum used by the cellular network, whereas outband D2D communications operate on the 

unlicensed ISM (industrial, scientific, and medical) band. That is, inband D2D modes allow frequency 

reuse, whereas outband complement cellular resources. Inband D2D communications can be further 

separated into overlay and underlay modes depending on the spectrum sharing technique. Since D2D 

and cellular users are given orthogonal (non-overlapping) time and frequency resources in overlay 

communications, there is no interference between them (Hasan, M., 2015), but spectrum efficiency is 

degraded. In underlay communications, used in the present article, D2D and cellular users share the 

same time/frequency resources. That is, the spectrum is split into bands that D2D and cellular users can 

independently and haphazardly access. 

Finally, D2D communication underlaying cellular networks can use the frequencies of either 

downlinks or uplinks (Ron, D., 2021). Reusing the uplink band, as is the case in the present article, is 

safer than the downlink, as the uplink transmission covers only a smaller portion of the cell resulting in 

interference that is more localized (Huynh, T., 2016). Another fundamental D2D issue is how D2D users 

select their mode of operation. Depending on how far apart the potential D2D transmitter and receiver 

are from one another, they can choose between sending data directly or using a base station (BS) (Khan, 

M.I., 2017).     

Device discovery can be either centralized or distributed (Ziadi, K., 2022). In the former, the 

concerned device informs the BS about its intention to connect with a nearby device. Specifically, the 

device transmits a discovery signal to the BS to find out the neighboring devices (Adnan, M.H., 2020). 

That is, the BS assists the devices in finding one another after obtaining specific data like power, channel 
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conditions, and the interference control mechanism. In other words, the BS is involved in exchanging 

the SINR and gain path of each device. Finally, both devices will be permitted by the BS to start a 

session. In the case of distributed device discovery, the devices independently find one another without 

using the BS (Gong, L., 2020).  

In this article, we characterize the coverage probability of a cellular user in the presence of underlay 

D2D communications that use the uplink frequency, employing a guard zone around the BS within 

which D2D communications are not allowed. The guard zone (Lv, S., 2016), in the form of a disk 

centered at the BS, can extend in the cell as far away from the BS as the administrator desires. When 

inside the guard zone, the UE can neither initiate nor respond to a D2D pairing request. The UE can 

discover whether it is inside the guard zone by estimating its distance to the BS and comparing it with 

the radius of the guard zone. Only if the distance is larger, can the UE engage in a D2D session. It is 

clear then that the guard zone approach to mitigating interference in underlaid D2D that use uplink 

frequencies is simple and easy to implement. In fact it can be implemented without any hardware change 

to the cellular mobile. However, the approach has not received enough research attention to assess its 

effectiveness, and that is where the present article comes in. Using stochastic geometry as a vehicle, and 

assuming that the D2D nodes form a Poisson point process (PPP), we characterize the coverage 

probability of the cellular user in the presence of D2D users operating outside the guard zone. The PPP 

provides mathematical tractability for modeling the spatial distribution of the D2D nodes, and as such 

has been used quite frequently to derive compact analytical expressions for the coverage probability and 

data transmission capacity of cellular and D2D users (Zhu, L., 2022). 

The rest of the article is organized as follows. A survey of recent work on D2D underlaid cellular 

networks is presented in Section 2. The system model is provided in Section 3. Section 4 covers the 

numerical results obtained both from the derived analytical expression and Monte Carlo simulation, for 

some sample systems. In Section 5 we provide our concluding remarks. 

2 Related Work 

Due to its promising viability, D2D has enjoyed in recent years a great body of research which covers 

the subject from many angles. For example, numerous studies have been carried out to investigate 

resource allocation in D2D underlay communications, as in (Zhou, Z., 2015) where an energy-efficient 

resource allocation scheme for D2D communications underlaying LTE networks is considered. This 

scheme was generalized in (Zhou, Z., 2016) where the authors created the concept of resource allocation 

using energy-efficient matching in cellular networks with D2D capabilities. In a similar manner, the 

authors of (Sun, Y., 2022) use a non-cooperative game to examine power control and resource allocation 

in D2D communications that underlay cellular networks. Throughput maximization is addressed via 

distributed resource allocation that combines power regulation and spectrum allocation, with the 

existence and uniqueness of Nash equilibrium established.  In (Hakami, V., 2022), a D2D resource 

allocation scheme with unknown channel state information is presented. Using graph theory, the 

optimization strategy is described as a weighted bipartite matching problem. Some studies of D2D using 

downlink sharing have also appeared in the literature, such as (Zeng, R., 2019), where frequency uplink 

sharing is the preferred mode, as justified earlier. 

Power control for D2D enabled cellular networks has also attracted considerable research interest 

(Yin, R., 2015). It can be defined as the process of optimizing the transmit powers of both the BS (during 

downlink) and UE (during uplink). This control is, however, easier said than done. Simply, the 

optimization of transmit power is generally classified as NP-hard with linear constraints (Nadeem, L., 

2021). In all cases, the two main categories of power control algorithms are distributed and centralised. 
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The BS is in charge of power control for centralised algorithms, whereas the UE is in charge of power 

control for distributed algorithms (Yin, R., 2015). Deep reinforcement learning is used in (Abdallah, A., 

2018), in the context of underlaid uplink cellular networks, to optimize the transmit power for both D2D 

and cellular users. 

There are also studies that focus on both resource sharing and power control together. To enhance 

the security of D2D communication and cellular networks, power control and resource block (RB) 

assignment are addressed in (Ashtiani, A.F., 2020). The RB assignment scheme is simplified to a 3D 

matching issue that is solved by a tabu search algorithm. Assignments are addressed to improve security 

of D2D communication and cellular networks. The improper Gaussian signaling (IGS) for coexisting 

multiple-input single-output cellular networks with D2D communication is introduced in (Nguyen, H.T., 

2021), between cellular users and D2D pairs. Both non-orthogonal and orthogonal frequency sharing 

are lavishly studied. 

A great deal of studies have focused on using D2D for caching and content placement purposes 

(Prerna, D., 2020). In (Lin, Y., 2022), the study offers a D2D network caching method that performs 

effectively. By shifting the robot helpers to the best positions determined via partitioned adaptive particle 

swarm optimization, the authors determine the best caching technique for D2D networks. In order to 

increase cache hit probability in D2D underlaid networks, a near-optimal content placement approach 

in cellular D2D networks is studied in (Feng, G., 2020), where the caching problem is formulated as a 

submodular function maximization problem under a matroid constraint. The solution is given by a 

greedy algorithm. In (Meng, Y., 2021), cache and energy harvesting in D2D-enabled cellular networks 

are studied and content delivery strategies are introduced. 

D2D communications and non-orthogonal multiple access (NOMA), which allows several users to 

send and receive signals on the same channel resources (time/frequency) in the coding domain (CD) or 

power domain (PD), have been studied frequently. This has been effective in increasing network 

capacity and lightening the load on the conventional cellular network (Kai, C., 2021). In (Yu, S., 2021), 

in order to address the issue of optimal power allocation for NOMA enabled D2D communications with 

faulty SIC decoding, a subgradient algorithm is used. In (Uddin, M.B., 2020), NOMA is used in full-

duplex (FD) D2D cooperative relaying. In particular, for a transmitter that concurrently transmits the 

signal of a D2D receiver and relays the signal of a distant NOMA user, the ergodic capacity, outage 

probability, and diversity order are characterized. In (Huang, B., 2021), a multi-agent reinforcement 

learning scheme to deal with the limited D2D computing, network and battery capacity constraints is 

employed, based on cost-aware collaborative task-execution. 

One downside of underlaid D2D, which is the subject of the present article, is the interference it 

causes to the cellular user. Inherently, D2D interference to the cellular uplinks is curtailed by allowing 

only close neighbors to engage in D2D communications. However, interference management schemes 

are still needed to mitigate the problem. These schemes fall into three categories: interference 

cancellation, interference coordination and interference avoidance (Uddin, M.B., 2020), with the latter 

being the case when a guard zone, such as the one examined in the present article, is used. A guard zone 

is a good approach to reduce interference to the cellular user (Lv, S., 2016), and it is sad it has not 

received enough serious research. It is basically a disk around the BS where no UE is allowed to 

participate in D2D communications, either as a transmitter or as a receiver. That is, when inside the 

guard zone, the UE can neither initiate nor respond to a D2D pairing request. In (Chu, M., 2021), an 

analysis for energy harvesting is given in the presence of a guard zone, where underlaid D2D are 

powered by energy harvested from radio signals of the cellular system.  It should be noted, however, 
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that it is technically difficult to use a guard zone in such environment since the original distribution of 

energy arrival would be changed. 

A mathematical branch that has proved useful for modelling and analyzing D2D is stochastic 

geometry (Zhu, L., 2022). This branch, which is the main tool in the present article, allows modelling 

the D2D nodes as a PPP, which allows excellent tractability, as is the case in (Mustafa, H.A., 2015). In 

(Chu, M., 2021), stochastic geometry is used to analyze energy harvesting in underlaid D2D. In (Meng, 

Y., 2021), cache and energy harvesting in D2D-enabled cellular networks are studied with stochastic 

geometry used to compute the cache hit probability and successful transmission probability. In (Lin, X., 

2014), the authors discuss how D2D users should acquire spectrum and pick between direct 

communication and using a BS when it comes to overlay and underlay options. In (Ma, Z., 2020), a 

Poisson hole cluster process is used to perform a performance analysis of D2D underlaying cellular 

networks. To better capture the idiosyncrasies of hot spots and cell edges, where the majority of mobile 

UEs exist, a Poisson Hole Process and Thomas Cluster Process are also used. A study of an underlay 

cellular network that is helped by D2D is provided in (Zhu, L., 2022). An analytical framework for the 

occurrence of uplink cellular and D2D in the same frequency is provided, with D2D devices assumed a 

Poisson Cluster Process (PCP) and cellular users assumed a PPP. In the present article, we will also use 

stochastic geometry to derive an analytical expression for the coverage probability of a cellular user 

present among D2D devices, with the latter assumed a PPP. 

3 System Model 

A guard zone, shown in Figure 1, is a disk of a predefined radius ℛ0  centered at the BS, which is also 

the center of a cell of radius ℛ. D2D communications are prohibited within the guard zone with the aim 

to reduce interference at the BS to uplink cellular transmissions, as both D2D and cellular 

communications are assumed to use the same frequency band. A guard zone approach can be 

implemented easily by the UE without any hardware change. All the UE has to do before engaging in 

D2D, by either issuing a D2D pairing request or responding to one, is to estimate its distance to the BS. 

If that distance is greater than the guard zone radius ℛ0 the UE can engage; else, it cannot. The ultimate 

aim is to reduce the interference caused to the cellular user by the D2D users. This interference will be 

assessed analytically below. We will assess the effectiveness of the guard zone approach in mitigating 

the D2D interference to the cellular user, by characterizing the coverage probability of the cellular user. 

The coverage probability is defined as the probability that the signal to interference ratio (SIR) exceeds 

a desired threshold 𝜉 . Its characterization will be achieved using stochastic geometry, where the D2D 

nodes are modelled as a PPP. 

 

Figure 1:  Cell with a Guard Zone Where D2D is not Allowed 
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The cellular user is located in the cell at some point(R, Θ), where 𝑅 and Θ are each a uniformly 

distributed random variable (RV), with 0  <  𝑅 ≤ ℛ  and 0 < Θ ≤ 2𝜋 . The uniform distribution of Θ 

implies that. 

                               𝑓Θ(𝜃) =
1

2𝜋
 . 

(1) 

To find the uniform distribution of 𝑅, consider a point at distance 𝑅 = r from the center O of the cell. 

Then, the cumulative distribution  𝐹𝑅(𝑟) = ℙ[𝑅 ≤ 𝑟]  of 𝑅 is given by.  

𝐹𝑅(𝑟) =
𝜋𝑟2

𝜋ℛ2
 =  

𝑟2

ℛ2
  . 

Differentiating, we get the distribution of R as 

                                   𝑓𝑅(𝑟) =
𝑑

𝑑𝑟
𝐹𝑅(𝑟) =

2𝑟

ℛ2 . (2) 

We can do the same for a D2D node randomly located in the ring ℛ0 < 𝑅𝐷 ≤ ℛ  at a distance 𝑅𝐷  

away from the BS. Using the same methodology as above, we can get 

                              𝑓𝑅𝑧
 (𝑟) =

2𝑟

Δℛ
     .  

(3) 

 

Where Δℛ = ℛ2 − ℛ0
2 . 

Let the D2D nodes be modelled as a  PPP Φ of density λ.  Additionally, consider that Rayleigh fading 

and distance-dependent path loss are features of the channel model. Further, assume that the transmit 

power is constant for both the cellular and D2D users, with values 𝑝 and pD, respectively. Typically, we 

set 𝑝𝐷<< 𝑝 for two reasons. The first is to further reduce the D2D interference to the cellular user at the 

BS. The second is to conserve the energy of the D2D nodes since they are paired based on their being 

in close proximity in the first place. Finally, it is assumed that a radio signal weakens while propagating 

in the cell with distance in accordance with the known power-law path loss model, with path loss 

exponent 𝛼 >  2. In other words, the mean received power at distance 𝑟 away from a transmitter of 

power 𝑝 will be  𝑝𝑟−𝛼 . We will incorporate random channel effects by a multiplicative RV Gz for the 

UE located at point z.  The Gz are assumed independent and identically distributed (iid), following an 

exponential distribution with mean 1. That is, 𝐺 ∼  𝑒𝑥𝑝(1) and Gz  ∼  𝑒𝑥𝑝(1).  The RV Gz for the 

cellular user will be denoted by 𝐺 for simplicity. 

With the above in mind, let 𝐼𝐷 be a RV denoting the interference at the BS that is caused by all D2D 

users and harming the uplink signal of a cellular user. This interference  𝐼𝐷 is due to every D2D device 

z in the ring outside the guard zone at distance Rz,  ℛ0 <  𝑅𝑧 ≤ ℛ  from the BS, as shown in Figure 1. 

Based on the above, this interference is given by 

                         𝐼𝐷 = ∑  pDGz𝑅𝑧
−𝛼 ,

z∈Φ

 (4) 

 

The SIR at the BS is thus given by. 

           SIR =
𝑝𝐺𝑅−𝛼

𝐼𝐷
 ,  

(5) 

Now, the goal is to derive an expression for the uplink coverage probability defined as 

          𝑝𝑢 = ℙ[SIR > 𝜉], (6) 

where ξ is a positive real number representing some desired SIR threshold. 

Using (4) and (5) in (6), the uplink coverage probability can be written as 
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𝑝𝑢  = ℙ [
𝑝𝐺𝑅−𝛼

𝐼𝐷
  > 𝜉] 

 = ℙ [𝐺 >
𝜉

𝑝
  𝑅𝛼𝐼𝐷] 

=
(𝑎)

 𝔼𝐼𝐷
[ℙ [𝐺 >

𝜉

𝑝
  𝑅𝛼𝐼𝐷]] 

 =
(b)

 𝔼𝐼𝐷
[ℯ

− 
𝜉
𝑝

  𝑅𝛼𝐼𝐷 ] 

                                                           = ℒ𝐼𝐷
(

𝜉

𝑝
 𝑅𝛼) 

(7) 

where for any RV 𝐴 the expectation 

                                         ℒ𝐴(𝑠) = 𝔼[ℯ−𝑠𝐴] = ∫ ℯ−𝑠𝑡
∞

0

𝑓𝐴(𝑡)𝑑𝑡 
(8) 

 

is the Laplace transform of (the distribution of) 𝐴. In (a) we utilized the fact that we can write the 

probability ℙ[𝐴 > 𝐵]  as 𝔼B[ℙ[𝐴 > 𝐵]] (or𝔼A[ℙ[𝐴 > 𝐵]]  ),  and in (b) we made use of the fact that 

𝐺 ∼  𝑒𝑥𝑝(1),  i.e. 𝑓G(r) = ℯ−r . We will now embark on deconditioning (averaging) (7) on all the RVs 

involved.  

We start by deconditioning 𝑝𝑢 on 𝑅, the distance between the cellular user from the BS, which is 

uniformly distributed between 0 and 𝑅, as given by (3) . Although the PPP covers the (infinite) Euclidean 

plane, we will consider only the D2D nodes in the cell, thus limiting the integral to the cell end, i.e., 

𝑟 = ℛ, getting.  

𝑝𝑢  = ∫ ℒ𝐼𝐷
(

𝜉

𝑝
 𝑟𝛼  )

ℛ

0

𝑓𝑅(𝑟)𝑑𝑟 

=  
2

ℛ2
∫ ℒ𝐼𝐷

(
𝜉

𝑝
 𝑟𝛼)

ℛ

0

𝑟𝑑𝑟  
(9) 

Next, we will decondition the Laplace transform ℒ𝐼𝐷
 on the Gz and Φ, with the latter via the PGFL. 

From (4) and (8), we get. 

ℒ𝐼𝐷
(𝑠)   = 𝔼[ℯ−𝑠𝐼𝐷 ] 

= 𝔼Φ,𝐺𝑧 [ℯ−𝑠 ∑  pDz∈Φ 𝐺𝑧𝑅𝑧
−𝛼

] 

 = 𝔼Φ,𝐺𝑧 [∏ ℯ−𝑠 pD𝐺𝑧𝑅𝑧
−𝛼

zϵΦ

] 

=
(a)

𝔼Φ [∏ 𝔼𝐺𝑧 [ℯ−𝑠 pD𝐺𝑧𝑅𝑧
−𝛼

]

zϵΦ

] 

 =
(b)

𝔼Φ [ ∏  ℒ𝐺𝑧 (𝑠 pD𝑅𝑧
−𝛼)

zϵΦ\{𝔟}

]  

=
(c)

 𝑒𝑥𝑝 (−𝜆 ∫ 𝑓( ℒ𝐺𝑧 )
ℝ2\𝐷(𝑂,ℛ0)

) 
  (10) 

Where 𝑓( ℒ𝐺𝑧 ) = 1 −   ℒ𝐺𝑧 (𝑠pD𝑅𝑧
−𝛼) and 𝐷(𝑂, ℛ0) is the disk centered at the origin (BS) with 

radius ℛ0. We consider this disk an exclusion zone, as the points of the PPP Φ lie outside of it. In (a) 

we exploited the assumption that the Gz are independent, and in (b) we used of the definition  (8) of the 
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Laplace transform. In (c), we invoked the PGFL 𝔼Φ [ΠzϵΦ 𝑓(𝑅𝑧)], with   𝑓(𝑅𝑧) =  ℒ𝐺𝑧 (𝑠𝑝𝐷𝑧
−𝛼) , to 

decondition on the function  ℒ𝐺𝑧 (𝑠pD𝑅𝑧
−𝛼) at all the points 𝑧 of the PPP Φ. Although the points of the 

PPP exist theoretically everywhere in the Euclidean plane, we will consider as an approximation only 

those in the ring bounded by the two radii ℛ0 and 𝑅. Using polar coordinates, and using the fact that 

 𝑓𝐺𝑧
(𝑡) = ℯ−𝑡  so that  ℒ𝐺𝑧 (𝑠) = 1/(1 + 𝑠),  the Laplace transform on the RHS of  (10) yields 

  ℒ𝐺𝑧 (s𝑝𝐷𝑅𝑧
−𝛼)  =  

1

1 + spD𝑅𝑧
−𝛼 

Substituting this in (10) ,   with the interferer now at a specific point (𝑥, 𝜃), we get 

ℒ𝐼𝐷
(s)   =  exp (−𝜆 ∫ ∫  ℒ𝐺𝑧 (spD𝑅𝑧

−𝛼) d𝜃𝑥 𝑑𝑥
2𝜋

0

ℛ

ℛ0

) 

   = exp (−2𝜆̃ ∫ (
spD𝑥−𝛼

1+spD𝑅𝑧
−𝛼) 𝑥 𝑑𝑥

ℛ

ℛ0
) , 

Where 𝜆̃ = 𝜆𝜋.  

Now, we will decondition ℒ𝐼𝐷
(s) on the 𝑅𝑧 which are uniformly distributed as per (3) to get. 

 ℒ𝐼𝐷
(s) = exp (−2𝜆̃ ∫ (∫

spD𝑥−𝛼

1 + spD𝑦−𝛼

ℛ

ℛ0

 𝑓𝑅𝑧
 (𝑦) 𝑑𝑦)

ℛ

ℛ0

 𝑥 𝑑𝑥) 

= exp (−2𝜆̃ ∫ (∫
spD𝑥−𝛼

1 + spD𝑦−𝛼

ℛ

ℛ0

2𝑦

∆ℛ
 𝑑𝑦)

ℛ

ℛ0

 𝑥 𝑑𝑥) 

 = exp (−
4𝜆̃

∆ℛ
∫ 𝑥−𝛼 (∫

spD𝑦

1 + spD𝑦−𝛼

ℛ

ℛ0

 𝑑𝑦)
ℛ

ℛ0

 𝑥 𝑑𝑥)  . 

From this result, we can write. 

ℒ𝐼𝐷
(

𝜉

𝑝
 𝑟𝛼  )    = exp (− 

4𝜆̃

∆ℛ
∫ (∫

𝜉
𝑝

 𝑟𝛼pD𝑥−𝛼

1 +
𝜉
𝑝

 𝑟𝛼𝑝𝐷𝑦−𝛼

ℛ

ℛ0

 𝑦 𝑑𝑦)
ℛ

ℛ0

 𝑥 𝑑𝑥)                  

= exp (− 
4𝜆̃

∆ℛ
∫ (∫

𝜉
𝑝 (

𝑟
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𝛼
pD

1 +
𝜉
𝑝  (

𝑟
𝑦)

𝛼
pD

ℛ

ℛ0

 𝑦 𝑑𝑦)
ℛ

ℛ0

 𝑥 𝑑𝑥)                   

Substituting this in (9)  we get our final result. 
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    𝑟 𝑑𝑟  

 

     (11) 

 

Where 𝔭 = 𝑝𝐷/𝑝. is the D2D to cellular transmit power ratio. 
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4 Numerical Results 

In this section, we will run several experiments to examine the effectiveness of a guard zone on 

mitigating D2D interference to the cellular user. In particular, we will focus on the effect of the guard 

zone on the uplink coverage probability 𝑝𝑢 of the cellular user in the presence of underlay D2D 

communications outside the guard zone. Three experiments have been carried out: one to study the 

specific effect of the D2D node density 𝜆, one to study the specific effect of the cellular and D2D transmit 

powers 𝑝 and 𝑝𝐷, respectively, and one to study the specific effect of the desired threshold 𝜉 . The results 

for these experiments are obtained twice, once from the derived analytical expression (11), and once 

from a Monte Carlo simulation program written in MATLAB by the authors to validate the results 

obtained analytically. For each experiment, 5000 simulation runs were used, which were found enough 

to reach convergence. In all the experiments of this section, the cell radius is set at ℛ = 5000  meters, 

which is large enough from a practical point of view and also large enough to allow experimenting with 

a wide range of guard zone radii. We assume that the D2D nodes use time division duplexing, suitable 

for such data communications applications as caching. In this duplexing mode, the two nodes of a D2D 

pair alternate between transmission and reception. A practical simulation implication of this is that not 

all active D2D nodes cause interference, but only half of them—the half that is currently transmitting. 

 

Figure 2: Coverage Probability vs Guard Zone Radius for Three Different λ Values 

The output of the first experiment is shown in Figure 2, where the analytical results are displayed as 

a curve and the simulation results as bullets. For this experiment, the cellular transmit power is set as 

𝑝 =  100 mW, the D2D transmit power is set at 𝑝𝐷 = 0.5 mW , the power loss exponent is set at 𝛼 =

 8, and the SIR threshold is set at 𝜉 =  −10 𝑑𝐵. The experiment is repeated for three D2D densities, 

namely 𝜆 𝜖 {0.00001, 0.00005, 0.0002} node/m2. The coverage probability is sketched against the 

radius ℛ0 of the guard zone. As can be seen, the coverage probability increases nonlinearly as the radius 

of the guard zone increases, for any value of 𝜆. This is logical, as the greater the guard zone radius the 

farther away the D2D communications, hence the lower their interference at the BS to the cellular user. 

On the other hand, if we stay at a given radius value and focus on the change of the coverage probability 

against the D2D node density 𝜆, we can see an opposite behavior. Namely, the coverage probability 

decreases as 𝜆 increases. This is also logical, as the greater the D2D node density within the ring outside 

the guard zone the greater interference to the cellular user, hence the lower the SIR and consequently the 

coverage probability. We can see that the simulation result agrees reasonably well with the analytical 

result. The little deviation between the two is due to the approximation adopted in the analysis where 

we considered as a source of interference only the D2D nodes in the ring  ℛ0 <  𝑅𝑧 ≤ ℛ, and integrated 

accordingly in (11), whereas in theory the PPP exists everywhere in the Euclidean plane. 
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Figure 3: Coverage Probability vs. Guard Zone Radius for Different D2D Transmit Power 𝑝𝐷 Values 

The output of the second experiment is shown in Figure 3. For this experiment, we set 𝜆 =

 0.00001 nodes/m2 and  𝑝 = 100 mW, 𝛼 = 8 and 𝜉 = −10 𝑑𝐵. Here we repeat the experiment three 

times each with a different D2D transmit power, namely 𝑝𝐷 𝜖 {0.5, 3, 10} mW. As can be seen, the 

coverage probability increases nonlinearly as the radius of the guard zone increases, regardless of the 

value of  𝑝𝐷. This is logical, using the same reasoning in the first experiment. On the other hand, if we 

consider a fixed radius and focus on the change of the coverage probability against the D2D node density 

𝜆, we can see an opposite behavior. Namely, the coverage probability decreases as  𝑝𝐷 increases. This 

is also logical, as the greater the D2D transmit power the greater interference to the cellular user, hence 

the lower the coverage probability. 

 

Figure 4: Coverage Probability vs. Guard Zone Radius for Different SIR Threshold 𝜉 Values 

Finally, the output of the third experiment is shown in Figure 4. For this experiment, we set  𝜆 =

0.00001 nodes/m2, 𝑝 = 100 mW,  𝑝𝐷 =  0.5 mW, and 𝛼 =  8. Here we repeat the experiment three 

times each with a different SIR threshold, namely 𝜉 ∈  {−10, −5, 5} 𝑑𝐵. As in the first two experiments, 

the coverage probability increases nonlinearly as the radius of the guard zone increases, regardless of 

the value of 𝜉 . This is logical, as was mentioned in the two previous experiments. On the other hand, if 

we fix the radius at some value and focus on the change of the coverage probability against the SIR 

threshold 𝜉 , we can see an opposite behavior. Namely, the coverage probability decreases as 𝜉 increases. 

This is also logical, as the greater the SIR threshold 𝜉 the higher our coverage benchmark, hence the 

lower the coverage probability.  
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5 Conclusions 

In this article we have used stochastic geometry to assess the effectiveness of a guard zone approach in 

mitigating the interference caused by D2D users underlaying a cellular network. We have derived an 

analytical expression for the coverage probability of a typical cellular user in the presence of D2D users 

exporting interference from outside the guard zone to the signal of the cellular user at the BS, given that 

both types of users operate on the same uplink band simultaneously. We have obtained numerical results 

from the expression and validated them by Monte Carlo simulations, getting a fairly close match between 

the two. The numerical results attest to the feasibility of the guard zone approach in achieving its 

intended interference reduction goal. Coupled with its simplicity and ease of implementation, the guard 

zone seems a viable solution for mitigating D2D interference in cellular networks. 
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