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Abstract

Device-to-device (D2D) communications have recently been considered as a promising technology to improve the resource
utilization of the cellular network and the user throughput between devices in proximity to each other. In this paper, we present
an interference model with the channel shadowing and fading for D2D communications. This model assumes that the D2D
user equipments (UEs) can cease their transmission within the interference region centered at the cellular UE. We investigate
the impacts of interference region, channel shadowing, and small scale fading on the probability density function (PDF) of
the interference power. Simulation results show that the channel shadowing and small scale fading are beneficial in terms of
reducing the mean value and outage probability of the interference power, and the Gaussian approximation is no longer valid,
while the log-normal distribution seems to be a better description of the interference PDF.

1. Introduction

In recent years, device-to-device (D2D) communications have gained much attention to meet the increasing demand of
wireless data service and shortage of frequency spectrum [1]. The D2D communications are defined as exchange information
over a direct link rather than transmitting and receiving signals through the cellular base station (BS). D2D communications
behave as an underlay to the cellular network, which can achieve cellular controlled short-range direct data transmission for
local area services by reusing the cellular spectrum, leading to better spectral efficiency and cell throughput enhancement. In
traditional cellular network, a radio resource in a cell can be allocated to only one cellular user equipment (UE) link. However,
in cellular network with D2D communications, multiple D2D links can share a resource block in a cell by spatially reusing
the resource block. However, D2D communications utilizing cellular spectrum poses new challenges, one of the key issues
in D2D communications is the interference management caused by the spectrum sharing between the D2D communications
and traditional cellular communications, which has great effects on the performance of the cell throughput and communication
reliability [2].

There are many literatures focusing on the interference management in D2D communications underlaying cellular networks
[3]-[6]. Reference [3]proposes a new spectrum sharing protocol, which allows the D2D UEs to communicate bi-directionally
with each other while assisting the two-way communications. Reference [4] proposes a distributed power control scheme that
iteratively determines the signal-to-noise-and-interference-ratio (SINR) targets. In [5], it formulates the interference relationships
among different D2D communication links and cellular communication links as a novel interference-aware graph. In [6], the
authors analyze the optimum resource allocation and power control, and the results show that by proper resource management,
D2D communications can effectively improve the total throughput with limited interference. D2D communications utilizing
cellular spectrum brings new challenges, because relative to cellular communications, the system needs to cope with new
interference situations. However, it is of significant computational complexity to solve the optimal interference management
problem when allowing multiple D2D communication links share the same spectrum resources with cellular links. Therefore,
modeling and analyzing the interference caused by D2D UEs is of great importance to reveal how the service of the cellular
communications is deteriorated and how to deploy the D2D communications. It is critical to establish accurate interference
model to describe the statistical interference caused by the D2D communications. Interference modeling of D2D communications
differs from that of traditional networks due to the distinct transmission characteristic of the D2D UEs and the cellular UEs.
In this paper, we study one type of D2D communications where the D2D UEs are able to cease their transmission if they are
within the interference region of any cellular UEs. An interference region is a disk centered at the cellular UE with radius R.
It forbids any D2D transmission within this region to protect the cellular UE against the interference from the surrounding
D2D UEs. In practice, the cellular UE can dynamically obtain the information about the interference region through either
common signaling control channels or primary receiver detection algorithms.

Up to now, most of the interference models do not consider the propagation channel models, which have great influence on
the interference management and significantly change the statistics of the interference. The interference model generated with
propagation channel models has been studied in [7] where only the pathloss was assumed for the interference models. When the
radius of the interference region is sufficiently large, it was found that the interference at the cellular UE can be approximated
by a confined Gaussian-like distribution − a much more desirable distribution for spectrum sharing systems compared with
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a heavy-tailed -stable distribution [8]. In this paper, we extend the analysis in [7] by taking both the shadowing and fading
effects of the channels into account. Through numerical studies we find that the shadowing and fading change the shape of
the probability density function (PDF) of the interference, and the simulation results show that the Gaussian approximation is
no longer valid, while the log-normal distribution seems to be a better description of the interference PDF.

The remainder of this paper is organized as follows. In section 2, we study the detailed interference model by considering
the shadowing and fading propagation effects. In section 3, numerical simulation results are presented. Finally, conclusions are
drawn in section 4.

2. Interference Model with Channel Shadowing and Fading

As illustrated in Fig. 1, we consider a downlink transmission scenario in a cellular network, in which there exists two
types of communications, namely the traditional cellular communication between a BS and a cellular UE and the direct D2D
communications, where the D2D communications are treated as underlay to the traditional cellular communication. The BS
knows about the D2D communication demand of two potential D2D UEs based on the communication request, and then
decides how to offload that traffic to a direct D2D connection. We place an emphasis on the intra-cell interference that is due
to spectrum sharing of the D2D communications and the traditional cellular communications. We assume infinite D2D UEs
in the investigated network, and the distribution of the D2D UEs follows a Poisson point process with density parameter λα,
which stands for the density of the D2D UEs in the plane. We assume that the probability of a D2D UE on transmission is
p, the set of transmitting D2D UEs also forms a Poisson point process with density parameter λ = pλα. The cellular UE has
an interference region given by a disk centered at the cellular UE with radius R. It forbids any D2D UEs transmission within
this circular region to protect the cellular UE against intra-cell interference from the active D2D UEs. On the other hand, all
other active D2D UEs outside this interference region can transmit with power Pj , where j (1 ≤ j < ∞) is the index for the
active D2D UEs. When power control is applied in the D2D network, we may consider {Pj} as independent random variables
with identical distributions. We aim at investigating the characteristics of interference perceived at the cellular UE.

To achieve the accurate interference model for D2D communications, the detailed channel gain between the D2D UEs and
the cellular UEs cannot be simplified. rj is the distance between the jth active D2D UE and the cellular UE (j = 1, 2, ...),
where R ≤ r1 ≤ r2 ≤ ... ≤ r∞. The underlying interference channel from the jth D2D UE to the cellular UE experience
the channel gain as the product of three factors: the pathloss, shadowing and fading. We denote g(r) as the pathloss power
gain at a distance r from the D2D transmitter of the signal. The exact form of g(r) will depend on the scenarios. For a
general discussion and mathematical convenience, we assume that g(r) is a monotonically decreasing function which satisfies
limr→0g (r) = ∞ and limr→∞g (r) = 0 [9]. The composite model for shadowing and fading can be expressed as the product
of the short term multipath fading and the long term shadowing. Let hj denotes the normalized composite shadowing and
fading of the interference channel from the jth active D2D UE to the cellular UE. Furthermore, we assume that the random
variables hj are mutually independent and have identical PDFs, denoted as fh (x). In this paper, the log-normal shadowing
and the Nakagami fading are considered, the PDF for the composite channel gain fh (x) can be approximated by a log-normal
distribution as [10]
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where, ϵ = ln (10)/10 is a constant, m is the Nakagami shaping factor, µs and σs are the standard mean and variance of the
log-normal distribution.

Let Pj denote the transmission power of the jth active D2D UE. The accumulated power of the instantaneous interference
perceived at the cellular UE is then given by

Y =
∞∑
j=1

g (rj)xj =
∞∑
j=1

g (rj)Pjhj . (3)

Clearly, {xj} are mutually independent and have identical distributions, denoted as fX (x). The random variable that has a
distribution of fX (x) is denoted as X and we have 0 ≤ X < ∞.

Then we are dedicated to find the PDF of the instantaneous interference Y given by (3). The approach used in [9] for
interference modeling of multihop networks is adopted here and generalized for the mixed D2D and cellular communications.
The total interference power Yl received from those active D2D UEs is

Yl =
∑

R≤rj≤l

g (rj)xj . (4)



Then work with Yl and let l → ∞ to obtain the characteristic function of Y , the PDF of Y is obtained by the inverse Fourier
transform of its characteristic function. We can found that the characteristic function of Y is given by [9]

ϕY (ω) = exp
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∫
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fX (x)T (ωx) dx
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)
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The instantaneous interference PDF fY (y) is obtained by taking the inverse Fourier transform of (5)

fY (y) =
1

2π

∫ ∞

−∞
e−iωyϕY (ω)T (ωx) dx. (6)

The Y given by (3) stands for the instantaneous interference power and would have impact on the instantaneous SINR at the
cellular UE. However, in some applications, the quality of service (QoS) of the cellular network is determined by the average
SINR. In this case, we wish to find the mean interference power that averaged over fading and power control states

Y = E (Pj)E (hj)
∑

g (rj) = Ω
∑

g (rj) (7)

where Ω can be treated as a constant and therefore only has a scaling effect on Y . For general discussion we assume Ω = 1.
In this case, the characteristic function of Y can be obtained by assuming X as a constant in the general framework discussed
previously. The characteristic function of the mean interference power is

ϕY (ω) = exp (λπT (ω)) , T (ω) = R2
(
1− eiwg(R)

)
+ iω

∫ g(R)

0

[
g−1 (t)

]2
eiωtdt. (8)

So far, the PDFs of the instantaneous and mean interference received at the cellular UE from the D2D UEs have been
described.

3. Simulation Results and Analysis

In this section, we will evaluate the PDF of the interference Y with the channel propagation effects. The detailed setup of
the simulation are as follows: the density of D2D UEs λ = 1 user/104m2, the pathloss exponent β = 4, the Nakagami shape
factor m = 1, the standard mean µs and variance σ2

s are 0dB and 8dB, respectively.
Fig. 2 depicts the mean interference power PDFs by evaluating the inverse Fourier transform of ϕY (ω) given in (8). The

mean interference power is averaged over power control and channel fading states of the D2D communications. The figure
is obtained with different values of interference region R. It can be seen from Fig. 2 that both the mean value and variance
of the mean interference power decrease as R increases. The case of R = 0 leads to a heavy-tailed Levy distribution. As
discussed previously, it represents the interference power distribution of the D2D communications without any interference
region. This is an undesirable feature in the context of D2D communications since it means that it is more difficult to predict
and control the interference caused by the D2D UEs. With non-zero values of R, the tails are shortened and the PDFs of the
mean interference power tends to be more confined. A larger value of R means a wider area of interference region so that the
cellular UE is better protected. When the value of R is large enough, the PDF looks very similar to a Gaussian distribution.
Consequently, the central limit theorem can be applied and the total interference power tends to be Gaussian distribution.

Fig. 3 shows the instantaneous interference power whose characteristic function is given by (5). We assume the D2D UEs
transmit with constant powers, and take into consider the log-normal shadowing and Nakagami fading as described in Section
II. The figure is obtained with the standard deviation of the the log-normal shadowing σs = 8dB and the Nakagami shaping
factor m = 1. We can see that the PDFs in Fig. 3 has slightly heavier tails than that in Fig. 2, the channel shadowing and
fading also increase the variance of interference distributions. This is because that when the effects of channel shadowing and
fading are taken into account, there is a higher probability that a strong and dominant interference would occur, which violates
the applicability of the central limit theorem and results in a non-Gaussian distribution with heavier tails.

Finally, we study the PDFs of the instantaneous interference power with different values of the Nakagami shaping factor m
to show the impacts of small scale fading on the interference power PDF. In Fig. 4, the standard deviation of the log-normal
shadowing is assumed to be σs = 8dB. The Nakagami shaping factor m = 1 means that we have a composite Rayleigh-log-
normal fading channel, while m = 1000 means that the channel is dominated by log-normal shadowing. It can be seen from
Fig. 4 that the instantaneous interference power given by m = 1 has a smaller mean and better outage property compared
with that given by m = 1000. In other words, severe fading can be beneficial in terms of reducing the interference from D2D
communications to cellular communications. Finally, the instantaneous interference power PDFs from Fig. 3 and Fig. 4 shows
that the PDF of the interference power can no longer be approximated by a Gaussian distribution. The log-normal distribution
maybe more appropriated to describe the interference power PDF.
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Fig. 1: The System Model
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Fig. 2: The Mean Interference power PDFs
(Ω = 1, λ = 1)
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Fig. 3: The Instantaneous Interference power PDFs
(λ = 1, σs = 8dB, m = 1)
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4. Conclusions

In this paper, the interference model with channel shadowing and fading caused by the D2D communications has been
characterized. The statistics of the interference with the effects of channel shadowing and fading have been evaluated numer-
ically. Numerical studies have demonstrated that the channel shadowing and fading are two effective factors to influence the
interference, which may change the Gaussian interference power PDF to log-normal distribution. Moreover, the interference
region can further protect the cellular UE against the interfering from D2D UEs.
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