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Abstract—Device-to-device (D2D) communications in cellular
networks are promising technologies for improving network
performance. However, they may cause severe intra/inter-cell
interference that can considerably degrade the performance of
cellular users, and vice versa. Therefore, interference analysis has
been one of the most important research topics in such a system.
Focusing on an uplink resource reusing scenario, this paper
presents a framework based on a probabilistic distance and path-
loss model to obtain the distributions of signal, interference, and
further Signal-to-Interference-plus-Noise Ratio (SINR), based on
which, the performance metrics that are functions of SINR can
be analyzed, such as outage probability and capacity. Different
from the previous work, this proposed framework: 1) obtains
interference and SINR distributions for both cellular and
D2D communications, through which insights into their perfor-
mance metrics and mutual influence are provided and 2) has
no limitations on cell shapes, except that they are approximated
by polygons or circles. The framework can also be applied to a
downlink reusing scenario. Our results indicate that the devel-
oped framework is helpful for network planners to effectively
tune the network parameters, and thus to achieve the optimum
system performance for both cellular and D2D communications.

Index Terms—Cellular networks, D2D communications,
interference, signal-to-interference ratio, probabilistic distance
model.

I. INTRODUCTION

O address the big challenges raised by the tremendous
increase of mobile devices and explosive growth of data
traffic demands in cellular networks [1], a lot of technologies
have been studied and developed in the last decade, such as
white space [2], cognitive radio [3], femtocells [4], Device-
to-Device (D2D) communications [5], etc. Recently, great
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efforts have been devoted from both academia and industry
to the research and development of D2D communications,
as believed to be one of the promising technologies to
improve network performance in several aspects. Specifically,
by allowing the direct communications between nearby User
Equipments (UEs) without traversing the Base Station (BS)
or core network, not only are the transmission delay and
power reduced, but also the network coverage can be extended.
More importantly, D2D communications in cellular networks
occurring on either the cellular or unlicensed/unused spectrum
bring a great chance to improve network capacity and spectrum
efficiency.

One of the serious challenges facing the implementation
of D2D communications in cellular networks is the possi-
ble interference between D2D and cellular links and that
between D2D links due to spectrum sharing. For example,
in a scenario where the D2D UEs (DUEs) reuse the uplink
cellular resources, a D2D communication might be affected
by a simultaneous transmission from a Cellular UE (CUE)
to the BS. In particular, as the number of concurrent D2D
pairs increases, not only will the quality of the received signal
at the BS be highly affected by the accumulated interference
from the transmitting DUEs, but also the performance of
each D2D pair itself will be degraded due to the inter-D2D
interference. Likewise, in a downlink reusing scenario, the
transmitting DUEs may make nearby CUE:s fail to receive any
signal. Therefore, the interference analysis in such a system
is of great importance. An accurate analysis of interference
can provide us with deep insights into system performance
in terms of several important performance metrics, such as
Signal-to-Interference-plus-Noise Ratio (SINR) and those
which are functions of SINR, including outage probability,
capacity, etc.

In light of the significance of the interference analysis
in cellular networks with D2D communications, extensive
research has been conducted. Existing work mainly focused
on either a simple scenario with single D2D pair [6]-[8]
or throughput bound analysis [9], [10]. Recently, the tools
from stochastic geometry have been adopted for the inter-
ference analysis of D2D communications in a large-scale
cellular system with multiple cells working on the same
frequency band [11], [12]. As detailed in the next section,
however, these results cannot apply directly to a system with
pre-deployed BSs according to cell planning, higher frequency
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reuse factors, or sector-partitioned cells. How to quantify the
interference and system performance in more general scenarios
is still an open issue, inspiring the work in this paper as a
significant complementary one to the existing approaches and
results.

Different from the existing work, this paper proposes a new
analytical framework based on a probabilistic distance and
path-loss model to obtain the distributions of signal, interfer-
ence, and SINR in a cellular network with underlaying D2D
communications. Since uplink resources are more likely to be
shared than downlink resources as a result of the asymmetric
uplink and downlink service loads [13], [14], under-utilization
of uplink spectrum [15], and stronger abilities at BSs to
process interference than at CUEs [14], the framework focuses
on an uplink reusing scenario, where multiple DUEs reuse the
uplink resource of a CUE. Specifically, according to a general
path-loss model commonly adopted for analyzing wireless
networks, the signal/interference received at a node depends
heavily on the distances to its transmitting/interfering nodes.
Considering that the UEs are independently and uniformly
distributed in a cell, we first obtain the distributions of the
distance from the BS to a random UE and that between two
random UEs, associated with arbitrarily-shaped service areas.
The technique can be extended to non-uniformly distributed
UEs. The case that a guard region (GR) is set for the BS to
mitigate the interference from DUEs is also considered, where
DUEs are randomly deployed beyond the GR. Meanwhile,
the shadowing and fading effects can also be easily included,
as shown in Section VI, and the proposed framework can
also be applied to a downlink reusing scenario, as detailed
in Section V.

The main contributions of this paper are as follows. First,
the proposed framework has no limitations on the shapes of
both the cells and GRs, and a cellular system with multiple
cells can also be analyzed. For the distribution of the distance
from a reference point to a random one, we adopt the approach
proposed in our technical report in [16], which can handle
arbitrarily-shaped polygons and has no limitations on the
location of the reference point (i.e., the BS, thus, in an uplink
reusing scenario with multiple cells, the interference to the BS
from the DUEs in its neighbor cells can also be analyzed).
Meanwhile, for the distribution of the distance between two
random points, we adopt the systematic approach proposed
by us in [17] that can handle arbitrary convex, concave, and
ring geometries, as well as disjoint geometries (thus the inter-
cell/sector interference can also be analyzed in a multi-cell
network or sector-partitioned cell). Second, with the obtained
distance distributions, we accurately model and analyze a
cellular network with multiple concurrent D2D pairs in an
uplink reusing scenario. The distributions of the received
signal, interference, and SINR are then derived, and further
the interference and outage probabilities for both cellular
and D2D communications are thoroughly investigated. The
results presented can provide important insights and guidelines
for network planning and dimensioning at the system level,
e.g., on average, how many concurrent D2D pairs can be
allowed and how large a GR can be set, by considering
the bounded outage probabilities for both cellular and

D2D communications systematically and comprehensively.

The rest of the paper is organized as follows. Section II sum-
marizes the related work on the interference analysis for D2D
communications. Section III presents the system model. The
approaches to obtaining the distance and SINR distributions
are detailed in Section IV. Section V shows the applicability of
the framework to downlink resource reusing, inter-cell inter-
ference, sector-partitioned cells, irregular cells/GRs, and non-
uniform UE distribution. Performance evaluation is conducted
in Section VI. Finally, Section VII concludes the paper.

II. RELATED WORK

There have been great research efforts in obtaining the
performance metrics for D2D communications in cellular net-
works based on interference analysis. For example, [6] studied
the uplink capacity gain when a D2D link is enabled in an
FDD CDMA-based cellular network. In [7], an Interference-
Limited Area (ILA) control scheme for an uplink reusing
scenario was proposed to manage the interference from the
CUE to a D2D transmission when multiple antennas are used
by the BS. By analyzing the coverage of the ILA for one
D2D pair, a lower bound of the ergodic capacity was derived.
After that, an extended approach was proposed in [8] to take
into consideration a downlink reusing scenario. Reference [18]
presented a distance-based study on the evaluation of D2D
communication. Overall, these works assumed that there is
only one D2D pair in a cell either to avoid harmful interference
to the cellular transmissions in the cell or due to the intrinsic
limitation of the proposed model, and thus their results cannot
be directly applied to the scenario with multiple concurrent
D2D pairs.

Recent works begin to consider the interference from
multiple D2D pairs accumulated at the BS in a cell. For
example, [11] studied the effect of the Successive Interfer-
ence Cancellation (SIC) technique, aiming to reduce/control
interference and improve network capacity, in a D2D-enabled,
multi-cell cellular network. By using the tools from stochastic
geometry, the successful transmission probabilities for both the
cellular uplinks and D2D links with SIC were derived. In [12],
an uplink reusing scenario in a multi-cell, OFDMA-based
cellular network was considered. Both the GRs approximated
as circles centered at each BS and an open-loop fraction
power control scheme were adopted to mitigate the D2D-
to-cellular interference. Also with stochastic geometry, the
outage probabilities of both CUEs and DUEs and the area
spectral efficiency of the whole hybrid network were explored.
To simplify the analysis, the model assumed that the D2D
transmitter and its intended receiver in a pair have a constant
distance, which might be impractical due to the randomness of
DUE locations. In summary, these works considered a large-
scale cellular system with multiple cells working on the same
frequency band (i.e., the frequency reuse factor is 1). With
the tools from stochastic geometry, BSs were assumed to be
deployed randomly following a Poisson Point Process (PPP),
whereas in reality BSs are deployed according to cell planning
and their locations are not totally random. Especially, in a
scenario with a higher frequency reuse factor, e.g., 7, where
it needs to investigate the performance metrics of a single
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cell, or for a sector-partitioned cell where the BS is equipped
with multiple directional antennas [10], their results are not
applicable directly.

As an another example with stochastic geometry, [19] ana-
lyzed the spatial constraints of DUEs in a single-cell, uplink
reusing scenario. Depending on whether there is a GR for the
BS and the BS serving zone is infinite or not, four kinds of
network models were discussed. Both the cell and GR were
modeled as circles. For the cumulative interference to the BS,
only the D2D transmitters located at a fixed distance from
the BS were considered. To analyze the success probability of
D2D transmissions, the model assumed that the transmission
power of the CUE is no larger than that of DUE, which
might be impractical since the DUE transmission power is
usually much smaller than the CUE’s. In addition, for the
finite coverage case, the model only worked out the success
probability of the CUE transmission.

For the D2D throughput bound analysis, a geometrical-
based method was proposed in [9] considering an uplink
reusing scenario. Three guard distances from a DUE, respec-
tively to the BS, to the CUE, and to the other communicating
DUEs were obtained by considering the SINR requirements
for both cellular and D2D transmissions. Then the maximum
number of concurrent D2D pairs was approximated, and
further the D2D throughput bound was derived. The bound
analysis was then extended in [10] to analyze the interference
accumulated at the BS and receiving DUE:s.

Recently, there are increasing studies on the utilization
of distance distributions for performance analysis in wire-
less networks. In [20], the total interference received at a
BS in a cell from the transmissions in its neighbor cells
was obtained based on the distance distributions associated
with regular hexagons. A general framework based on the
distance distributions associated with arbitrary shapes was
proposed in [21] to analyze the outage probability in finite
wireless networks. For tiered cellular networks, our recent
work [22] utilized distance distributions to analyze the outage
probability for the macro and femto BSs in arbitrarily-shaped
cells. Overall, they are all based on the distribution of the
distance between a given reference point (e.g., the BS or a
given reference receiver) and a random point. For analyzing
the underlaying D2D communications in cellular networks
in this paper, however, the above approaches/results are not
applicable, since all DUEs are randomly distributed and thus
the distribution of the distance between two random points has
to be involved.

III. SYSTEM MODEL

The system model considered in this paper is shown in
Fig. 1, where the UEs are independently and uniformly distrib-
uted within a polygonal cell (the non-uniform UE distribution
can also be considered as discussed in Section V). A higher
frequency reuse factor is considered, so that the neighbour
cells are in orthogonal channels. To ensure the generality
and applicability of our approach, the cell is shown with an
arbitrary polygonal shape. CUEs communicate with the BS
in either uplink or downlink mode with a transmission power
of Pc. In the uplink mode, CUEs transmit to the BS, while the

(a) No GR for the BS

(b) A GR for the BS

Fig. 1. System model consisting of several D2D pairs (shown as circles)
underlaying a cell (shown as an irregular polygon) with one CUE (shown
as a square, which can be anywhere in the cell region) in an uplink reusing
scenario, where the solid black arrow lines show the transmission between
two DUEs or between the CUE and BS, and the dashed red arrow lines show
the interference at a receiver from an unintended transmitter. Note that not
all of the unintended transmitters’ interference is shown for a receiver. The
random variables beside each arrow line are introduced in Section IV and
listed in Table I.

direction is reversed in the downlink mode. On the other hand,
DUEs exchange data directly by utilizing either the uplink
or downlink cellular resources with a transmission power
of Pp. Since uplink resources are more likely to be shared
than downlink resources due to the asymmetric uplink and
downlink service loads, under-utilization of uplink spectrum,
and stronger abilities at BSs to process interference than at
CUEs [13]-[15], this paper focuses on an uplink reusing
scenario, in which one CUE and N concurrent D2D pairs
are transmitting simultaneously reusing the uplink resource of
the CUE. Note that the active CUE location is random at a
given time. For multiple CUEs in orthogonal channels, the
proposed framework applies to each of them. For a downlink
reusing scenario, our approach still applies, as explained in
Section V. A D2D connection will be established only when
the distance between two DUEs is within a predefined range
[@P2D gD2D] Depending on whether or not there is a GR
set for the BS to guarantee the successful transmission from
the CUE to the BS, two scenarios are considered: 1) no GR
set for the BS, as shown in Figure 1(a); 2) a GR set for
the BS, as shown in Figure 1(b). For the latter case, the D2D
communications only happen outside the GR, whereas the
active CUE can be anywhere within the cell. In this paper, we
will conduct a physical interference model-based performance
analysis, which focuses on the cumulative interference at a
specific receiver.

Considering that the signal power is attenuated with dis-
tance [23], a general path-loss model is applied to characterize
the received SINR at either the BS or a DUE receiver and
link capacity (the model can be easily extended to consider
shadowing and fading as shown below). Specifically, the
received SINR at the BS from the CUE is

K Pcdy®dcue.ps™

SINRp = > s 1
B NoW 1+ I5 (€))

and the corresponding link capacity is

Cp = Wlog,(1 + SINRp), 2)
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where K is the antenna- and processing gain-related parameter,
do is the reference distance, o is the path-loss exponent,
dcuk,ps 1s the distance between the CUE and the BS, W is
the communication bandwidth, Ny is the one-sided spectral
density of additive white Gaussian noise, and [Ip is the
cumulative interference at the BS from all DUE transmitters
and we have

Iy = K Ppdo® )" dpur, x.55~" 3)

1

where dpuk; y,Bs is the distance between the DUE transmitter
in the ith D2D pair and the BS.

Likewise, the received SINR at the DUE receiver of the ith
D2D pair from the DUE transmitter in the same pair is

K Ppdy*dpuk; 1y, DUE; gy "

SINRp; = , 4
bi NoW + Ip; X

and the corresponding link capacity is
Cpi=W log2(1 =+ SINRDi), 5)

where dpuk; ;x,DUE; ry 1S the distance between the DUE
transmitter and receiver of the ith D2D pair, and Ip; is the
cumulative interference received at the DUE receiver of the ith
D2D pair, which consists of two parts, namely, the interference
from the CUE, I /Di’ and the cumulative interference from all
other D2D pairs except pair i, I}};, and we have

Ipp; = K Pedo®dcue,puE; pe %, @)
Igi = KPDdOa ZdDUELT)(,DUELRX 7(1, (8)
J#

where dcuE, DUE; gy s the distance between the CUE and the
DUE receiver of the ith D2D pair, and dpug; ;x,DUE; zx 1S the
distance between the DUE receiver of the ith D2D pair and
the DUE transmitter of a D2D pair other than i.

From (1)-(8), it is obvious that the distance between a
UE (DUE/CUE) and the BS and that between two UEs play
significant roles. Since signal and interference are non-linear
functions of inter-node distances, not only their mean values
but also their distributions are needed to obtain the statistics
of SINRs using (1) and (4), all based on the distributions of
the distances mentioned above. With the obtained SINR sta-
tistics, the performance metrics of the system, such as outage
probability and link capacity, can be quantified effectively.

In the next section, we will show in detail how to obtain

o the distribution of the distance from a reference point
(e.g., the BS) to a random point (e.g., a CUE/DUE), for
obtaining the distribution of the SINR at the BS,

o the distribution of the distance between two random
points (e.g., DUE-DUE or CUE-DUE), for obtaining the
distribution of the SINR at a DUE receiver, and

o the distribution of the SINR at either the BS or a DUE
receiver based on the obtained distance distributions.

IV. APPROACHES TO DISTANCE, INTERFERENCE, SINR,
AND LINK CAPACITY DISTRIBUTIONS

According to our model, the Random Variables (RVs)
shown in Fig. 1 for the distances in (1)—(8) are listed in

TABLE I
RANDOM VARIABLES AND THEIR CDFs FOR THE DISTANCES IN (1)—(8)

Distance RV (CDF)
No GR With GR
SINR at dcup,ps in (1) X (Fx(d) | X (Fx(d))
the BS dpUE,_rx,Bs in (3) X (Fx(d) | W (Fw(d))
SINR ata | dpug, ry,DUE;, nx 0 (4) | Z (Fz(d)) | Q (Fo(d))
DUE dcuE,DUE; px in(7) Y (Fy(d)) V (Fy(d))
receiver | dpum, g, DUE, zx M (8) | Y (Fy(d) | U (Fu(d))
Fig. 2. Triangulation from the BS.

Table I, along with their Cumulative Distribution Functions
(CDFs). Depending on whether or not there is a GR set
for the BS to guarantee its reception from the CUE, all
the involved distances will have different distributions except
dcuk,ps, since the GR only affects the locations of DUEs.
For the case without GR, considering the randomness of the
locations of all the UEs in the cell, the distance between the
CUE and BS and that between a DUE transmitter and the
BS can be viewed as i.i.d. RVs (both denoted as X), and the
same for the distance between the CUE and a DUE receiver
and that between a DUE transmitter and a DUE receiver which
are in different D2D pairs (both denoted as Y). For the two
DUEs that can communicate with each other and form a
D2D pair, the distance between them (RVs Z or Q) has a
different distribution from that of Y or U, due to the D2D
communication range limit, i.e., [dP2P, dD2P]. As mentioned
in the last section, the SINR at the BS involves the distance
from a reference point to a random point, and that at a DUE
receiver involves the distance between two random points.
With such a classification, we next detail how to obtain the
CDFs of the above RVs.

A. Distance From a Reference Point to a Random Point

1) Fx(d): To obtain Fyx(d), the approach proposed in our
technical report in [16] is adopted. According to [16], the
distribution of the distance from a vertex of an arbitrarily-
shaped triangle to a random point inside that triangle is first
obtained. Then the arbitrary polygonal cell can be triangulated
with respect to the BS (i.e., the reference point). For example,
in Fig. 2, there are 6 triangles generated after triangulation. Let
Fpi(d) denote the CDF of the distribution of the distance from
the BS to a random point inside the ith triangle. Fx(d) can be
obtained by a weighted probabilistic sum of the distributions of
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S

Fig. 3. Fy (d).

the distance from the BS to each of the triangles that constitute
the cell,

Fy(d) = Z Y i), ©)
where K is the number of triangles generated after the
triangulation with respect to the BS, S; is the area of the
ith triangle, and S is the area of the cell.

2) Fy(d): Due to the effect of the GR, Fy (d) is different
from Fx(d). Given that the GR has also a polygonal shape
as shown in Fig. 1(b), we can first obtain the CDF of the
distribution of the distance from the BS to a random point
inside the GR, denoted as F(d), by also using (9). In a simple
assumption where the GR is approximated by a circle with
radius of R and centered at the BS, as shown in Fig. 3, F5(d)
can be obtained by using the area-ratio approach,

2
—, 0<d<R
R2

1, d > R.

Fg(d) = (10)

Let Sgr denote the area of the GR and Sz the area of the
region (or ring, denoted as GR) which is beyond the GR but
within the cell. The area of the cell is S. The p0551b111ty that the
random point appears in the GR is S‘S7R , while ﬂ in the GR.
Therefore, with a weighted probabilistic sum, we have

S
=5 Fo(d) +

Fy(d) = "G py (@), (11
Thus, Fw(d) can be obtained.

Note that if there are nodes deployed uniformly at random
in the GR and GR but with different node densities, the above
weighted probabilistic sum is still applicable, but with the
weights modified correspondingly due to the node density dif-
ferences. Specifically, assuming the node density ratio between
the GR and GR is 41 : 12 (41 and A, are not zero at the same

time),

SGRA1
SGrA1+SgRA2

SGr2

Fx(d) = _ "GrR%2
x(d) Scr+Sgria

Fw(d),
(12)

Fc(d) +

Especially, if 11 : 1o = 1 : 1, i.e., both areas have the same
node density, then Fy (d) is just what shown in (11). Therefore,
the proposed approach in [16] has a potential of handling the
networks with non-uniform nodal distributions.

Fig. 4. Convex geometry.

B. Distance Between Two Random Points

It becomes much more challenging to obtain the corre-
sponding distance distribution due to the randomness of both
points, especially for the case where the cell has an arbitrary
irregular shape in our model, and a GR may be set for the
BS, i.e., another arbitrarily-shaped void area inside (hereafter,
we call a geometry containing a void area a “ring”). In this
subsection, we first adopt the kinematic measure concept from
integral geometry [24]-[26] to obtain the distribution of the
distance between two random points within an arbitrary convex
geometry. Then we extend the approach to disjoint, con-
cave and ring geometries. Thus all the distance distributions
required in our model can be obtained. Using the approach, we
have obtained several distance distributions regarding arbitrary
polygons (including triangles, pentagons, hexagons, etc.) and
ring geometries. To save space, they are not shown here in
this paper. We refer interested readers to our recent technical
report in [17] for full details.

1) Fy(d) and Fz(d):

Definition 1 (Orientation of a Line): Without Loss Of
Generality (WLOG), the orientation of a line is defined as @
(0 < 6 < &) which is the angle made by the part of the line
above x-axis with the positive direction of the x-axis.

Definition 2 (Support Lines of a Convex Geometry in
Orientation 0): Given a convex geometry, the support lines
of the geometry in orientation § are defined as the two
tangents in orientation & which completely encompass the
whole geometry. An example for illustration is shown in Fig. 4,
where G| and G are two support lines of X in orientation 6.

Therefore, a line G intersecting with a convex geometry
can be determined by its orientation £ and its distance p to
one of the support lines in orientation ¢, as shown in Fig. 4.
The length of the chord of the geometry produced by G is
denoted as /(@ p) (we use [ for the ease of presentation),!
and the distance between the two support lines with the same
orientation @ is denoted as p,,(@). Then we have the following
theorem,

Theorem 1: Denote X as an arbitrary convex geometry with
area of S. The CDF of the distribution of the distance (denoted
as an RV D) between any two points which are uniformly

n the following, unless explicitly stated otherwise, [ is equivalent
to (4, p).
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Fig. 5.  Two random points, P; and P;, respectively within two disjoint
convex geometries, X] and %>.

distributed at random within X is

17 pw®
P@=g [ [T @ apn, a3

where

Fg(d) = d*l — 25 (14)
Proof: ~We refer interested readers to our technical
report [17]. [ |
As a result, Fy(d) in our model can be obtained according
to (13). Meanwhile, Fz(d) can be obtained based on Fy(d)
by considering the D2D communication range,
Fy(d) — Fy(dR2zP

min

Fz(d) = (15)
Fy (drlr?asz — Fy (drlr?i%lD
2) Fy(d), Fy(d) and Fg(d):
Definition 3 (Support Lines of Two Disjoint Convex

Geometries in Orientation 6): Suppose %; and % are two
disjoint convex geometries. The support lines of the two
geometries in orientation § are defined as the two parallel
lines in orientation € which intersect with the both geometries
and are respectively tangent to %; and %>, so that among
all the lines in the same orientation &, only those which are
between the two support lines can intersect with the both
geometries. An example for illustration is shown in Fig. 5,
where G| and G, are two support lines of X and % in
orientation 6.

Therefore, a line G intersecting with two disjoint convex
geometries can still be determined by its orientation ¢ and its
distance p to one of the support lines in the same orientation 6.
As shown in Fig. 5, G intersecting with both %i and %
produces two chords with length of |AB| =1; and |CD| =13
inside %3 and %3, respectively, and a segment with length of
|BC| = [, outside. Similarly,2 l1, I», and [3 are also determined
by (@, p). pm(0) is the distance between the two support lines
in orientation 6.

Theorem 2: The CDF of the distribution of the distance
between two points which are uniformly distributed at random

2Likewise in the following, unless explicitly stated otherwise,
l; (i €{1,2,3}) is equivalent to /; (0, p) for the ease of presentation.

Fig. 6. Overlapped geometries.

respectively within two disjoint convex geometries with areas
of S1 and S, respectively, is

( 1 T rpm(©) ( p
Fd:—// Fe(d) dpdo, (16)
pld) S182Jo Jo gld) dp
where
Fid), h<d<lL+h
Fgd) = {Fid), h+h<d<h+l (17)
ng(d), bh+h<d<l+h+l1s,
where
< (b — d)*(l2 + 2d)
Fy(d) = 3 : (18)
Fid) = h{d+h+h)d -1 —b), (19)

Fg'(d) = 8(212 +23+d)(lh + 13 — d)?

(@b @)+ v —a)
Proof: ~We refer interested readers to our technical
report [17]. ]

Based on the obtained results above, we can obtain the
CDFs of the random distances associated with ring geometries,
which are required to solve the case where a GR for the BS is
involved in our model. Figure 6 shows a general case, where
a geometry %] has a small geometry % inside. Denote the
grey region inside %X but outside %> as %3 (the ring). With
the above approach, we can obtain the CDF of the random
distances within %] and that within %5, denoted as Fj;(d)
and F»(d), respectively (hereafter, we use Fy,(d) to denote
the CDF of the random distances within %, and Fy,(d) or
Fyx(d) the CDF of the random distances between %, and
%y). To obtain the CDFs of RVs Q, U, and V in our model,
we need to know F33(d) and Fi3(d). To this end, we first
obtain F>3(d), by using the approach to obtaining the CDF of
the distance between two disjoint geometries as illustrated in
Fig. 5 (a special case where /5 is always zero).

As shown in Fig. 6, a line G with orientation § and
intersecting with %> produces three segments, i.e., AB and C D
inside %3, and BC inside %>. According to (17), we can find,
say F, g (d), associated with the distance between AB and BC,
and F g (d) associated with the distance between CD and BC.



TONG et al.: PROBABILISTIC DISTANCE-BASED MODELING AND ANALYSIS FOR CELLULAR NETWORKS 457

Then we have

p}ﬂ(a)
Fild) = oo / / F“(d)—i—Fb(d)) dpdo, (1)

where S, is the area of %;. Meanwhile, with a weighted
probabilistic sum, we have

AYIIRY)

Fu@) = (o Fa@+ 5 53 * Fa(@)

Fi2(d)

S3 S

+ 2P+ 5 Chal). @)

Fi3(d)

With Fi(d) and F»>(d), and F3(d) obtained based on (13)
and (21), respectively, F12(d), F13(d) (i.e., Fy(d)), and F33(d)
(i.e., Fy(d)) can be obtained through (22). By considering the
D2D communication range, Fg(d) can be obtained based on
Fy (d) using (15). Note that instead of using the probabilistic
sum method, F33(d) can also be obtained by applying the
approach introduced above for concave or disjoint geometries.
With Fj1(d), F»(d), and F33(d) obtained, F>3(d) can be
obtained by using (22) instead of (21).

Note that if there are nodes uniformly deployed in %> and %3
but with different node densities, the above weighted proba-
bilistic sum is still applicable, but with the weights modified
correspondingly due to the node density differences. Specifi-
cally, assuming the node density ratio between %> and %3 is
A1 : A2 (A1 and Ay are not zero at the same time),

3

Sl i— 1Sj j—1
Fii(d) = Fij(d),
,Zz:jzz i Skhk—1)>
3 Sidiq
Fii(d) = > ———Fj(d), (i € {2,3}). (23)
j=2 2 k=2 SkAk—1
Especially, if 41 : 4 = 1 : 1, i.e., both areas have the same

node density, then Fi1(d) and Fy;(d) (i € {2, 3}) are just what
shown in (22). Therefore, our approach adopted in this paper
has a potential of handling the networks with non-uniform
nodal distributions.

C. Obtaining the SINR and Link Capacity Distributions

1) Signal or Interference Distribution: With the required
distance distributions obtained above, the SINR distributions
can be obtained according to (1)-(8). To this end, we first
obtain the distribution of d~* using the change-of-variable
technique, based on which the distribution of the signal or
interference from one source achieved at a receiver can be
obtained. Specifically, let D be an RV of a distance with
Probability Distribution Function (PDF) fp(d) defined over
di <d <d). A new 1RV, D%, is introduced. Let | = D™% =
u(D), and D = [« = v(I). Then the CDF F;(i) defined
over u(ds) <i <u(dp) is

Fr(i) = Pr(l <i) =Pr(u(D) <)
v (i)
fp(d) dd.

=Pr(D>0()=1- (24)

dy

Thus, the PDF is

f1G) = F; () = fp@@)) - ') .
To obtain the distribution of cumulative interference from
multiple sources, e.g., N DUE transmitters, the convolution

operator is used for the PDF of the sum of independent RVs,
as shown below in general,

I1(x) =

where I (x) represents the distribution of the total interference
from all N DUE transmitters, and () is the z-fold convo-
lution of ().

2) SINR Distribution: In this subsection, we show in detail
the analysis of the SINR distribution at the BS shown in (1)
(the analysis is the same for the SINR distribution at a DUE
receiver shown in (4)). Specifically, let the SINR at the BS
obtained in (1) in dB be

S = 101g(SINRp). 27)

Obviously, S depends on the distance from the BS to the CUE
(denoted as D, within the communication range [dmin, dmax])
and the cumulative interference from all DUE transmitters
(denoted as I, I € [Inin, Imax]). Let fp(d) and f7(i) denote
the PDFs of D and I, respectively, which can be obtained
following the approaches explained above.

Let £5(D, I) represent the received SINR at the BS given
that the distance between the CUE and the BS is D and the
cumulative interference from all DUE transmitters to the BS
is I, £p(S,I) be the distance given the received SINR S
and interference I, and £;(S, D) be the interference given
the received SINR S and distance D. Thus, fs(dmax, Imax) <
S < £5(dmin, Imin). Then the CDF of the received SINR in dB
at the BS is:

if £5(dmax, Imin) < £5(dmin, Imax), then

Pr(S <)

Jem s Jema o fo(d) f1() dddi,

if fS(dmax, Inax) < s < fS(dmax, I'nin),
if fS(dmax, Imin) <5 < £5(dmin, Tmax), ’
L= frtend [E0CD f(d) f1(6) dddi,

min

if fS(dmm, Imax) <5 < fS(dmin, Imin).

(25)

™M (), (26)

otherwise,
Pr(S <)
Imax dmax ) .
([l it ) fo(@) £1(0) dadt,
if £5(dmax, Imax) < 5 < £5(dmin, Imax),
_ i i) o (@ f1(0) didd, 29)
if £5(dmin, Imax)‘ < s < f5(dmax, Imin),
1= frlodmn) (S0 f(d) £1(6) dddi,
if £5(dmax, Imin) < 5 < £5(dmin, Imin)-
Although the SINR distribution in closed form could not
be obtained, with the developed numerical algorithm based
on (28) and (29), we can obtain the corresponding numerical

results promptly and accurately according to different network
settings and parameters.
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(a) No GR for the CUE

(b) A GR for the CUE

Fig. 7. System model for the downlink reusing mode. The RVs, X, Y, and Z,
are the same as those shown in Fig. 1.

3) Link Capacity Distribution: With the SINR distributions
obtained above, the link capacity distributions can be obtained
with (2) and (5) by using the change-of-variable technique.
Specifically, let S be an RV of SINR with PDF fs(s) defined
overs; <s < s3. Anew RV, C = Wlog,(1+5), is introduced.
Let C = u(S), and S = 2" 1 = v(C). Then the CDF
Fc(c) and PDF fc(c) defined over u(s;) < ¢ < u(sy) are
respectively shown as

Fc(c) =Pr(C <c¢) =Pr(u(S) <c¢)
v(c)
=Pr(S = v(0) = fs(s) ds,
51

fe(e) = Fele) = f5((c)) - 10 (o).

(30)

€1V

V. FRAMEWORK APPLICABILITY
A. Downlink Reusing Scenario

In an uplink reusing scenario, the D2D communications
which are close to the BS may cause significant interference
to the cellular communications due to the near-far effect [27].
Therefore, reusing downlink resources is also very important.
The proposed framework can also be applied to a downlink
reusing scenario, where concurrent D2D pairs will reuse the
downlink resource of the BS, and thus the transmitting DUEs
and BS can interfere with the reception at the CUE and the
DUE receivers, respectively, as shown in Fig. 7. Accordingly,
the received SINR at the CUE from the BS is

K Ppdo*dcue,Bs™*

NoW + I¢c ’
where Pp is the transmission power of BS, and Ic, the
cumulative interference at the CUE, is

Ic = K Ppdy® ZdDUE,-JX,CuEiao

1

SINRc =

(32)

(33)

Meanwhile, the received SINR at a DUE receiver in an
arbitrary D2D pair, say pair i, can still be obtained according
to (4), except that one of the two interference components in
Ipi, i.e., I},; in (7) should be changed to

Ip; = K Ppdo*dps puE; py % (34)

to represent the interference from the BS.

There are also two cases depending on whether a GR
is set for the CUE to mitigate the interference from DUEs
or not. For the case where there is no GR (e.g., Fig. 7(a)), all

the involved distance distributions can be obtained using the
approaches explained in Section IV-A and IV-B. As shown in
Fig. 7, the RVs, X, Y, and Z, are the same as those shown
in Fig. 1.

However, if there is a GR for the CUE and hence the
D2D communications can only happen outside the GR (e.g.,
Fig. 7(b)), it becomes much more challenging to obtain the
distributions of the distances involved in (4), (34), and (8),
i.., dDUE; 1x.DUE; gx»> ABS.DUE; gy a0d dpUE; 1x,DUE; gy » T€SPEC-
tively, due to the randomness of the location of the GR for
the CUE. Thus, it is difficult to obtain the distribution of the
received SINR at a DUE receiver. But the distribution of the
distance, dcykg,ps, is still the same as that in the no-guard-
region scenario, since the GR only affects the distribution of
DUEs. Meanwhile, in a simple assumption where the GR is
approximated by a circle with radius of R and centered at the
CUE, the CDF of dpyk; ;x,cuE, F v/ (d), can be obtained based
on Fy(d) (which has been obtained in Section IV-B),

Fy(d) — Fy(R)
1 — Fy(R)

Therefore, the distribution of the received interference and
SINR at the CUE can still be obtained.

Fy/(d) = (35)

B. Inter-Cell Interference in a Multi-Cell Network

If the frequency reuse factor in a cellular system is 1, i.e.,
all cells are using the same resources, it needs to take into
consideration the interference from the UEs in neighbor cells.
Then, we need to obtain the distributions of the distances from
a BS in a cell to a UE in a different cell and from a DUE
in a cell to a UE in a different cell. To obtain the former,
our approach proposed in [16] still applies. For the latter, our
approach proposed in [17] also applies, as illustrated in Fig. 5.
As a result, the proposed framework in this paper can handle
inter-cell interference in a multi-cell network.

C. Sector-Partitioned Cells

To increase the network capacity of a cellular system,
equipping BSs with multiple directional antennas is a promis-
ing solution and has been actively studied and modeled
for the throughput bound analysis on the underlaying D2D
communications in [10]. With directional antennas, a cell can
be divided into several smaller sections or so-called sectors,
where it is possible for multiple CUEs to communicate with a
BS simultaneously. Similarly, with our approaches proposed
in [16] and [17] to the required distance distributions, the
proposed framework can deal with sector-partitioned cells,
whereby not only a single sector but also the inter-sector
influence can be investigated, for both cellular and D2D com-
munications, which would be a much further step compared
to the D2D bound analysis in [10].

D. Irregular Cells and GRs

For the ease of presentation, in Section VI, the network
performance is evaluated with a hexagonal cell and circular
GR. However, as explained above, the proposed framework
applies to the scenarios with irregular polygon-shaped cells
and GRs. This is because both the underlying approaches to
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Fig. 8. An example of irregular cell %; and GR %, with the ring area
labeled by %3 (A: BS).
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Fig. 9. Distributions of the distance from the BS to a random point associated
with the irregular cell and GR shown in Fig. 8. 41 : 4 in (12) issetto 1:1
or 10: 1.

obtaining the distributions of the distance between a given
reference point and a random one (Ref2Ran), and that between
two random points (Ran2Ran), can handle irregular polygons.

Figure 8 shows an example of irregular cell and GR for
illustration. To obtain the required Ref2Ran distance distribu-
tions, as shown in Section IV-A, the triangulation with respect
to the BS is adopted. For example, in Fig. 8, the area %> is
triangulated with respect to the BS with dashed black lines into
5 triangles. Then based on (9), the distribution of the distance
from the BS to a random point in %> is obtained (denoted
as Fps_(d), ie., Fg(d)). In the same way, Fps_ x (d)
(i.e., Fx(d)) can be obtained. Then based on (12), Fps— 5;(d)
(i.e., Fw(d)) can be obtained, assuming that the CUE appears
in the areas of GR and GR with the same possibility (i.e.,
Al : A2 = 1 : 1 in (12)). The obtained results are shown
in Fig. 9.

To obtain the required Ran2Ran distance distributions, such
as Fi3(d) (for obtaining Fy(d)) and F33(d) (for obtaining
Fy(d) and Fg(d)), the ring area %3 is triangulated with dashed
red lines into 11 triangles named by a number inside as shown
in Fig. 8. As demonstrated in our technical report in [17],
with the proposed approach we can obtain Ran2Ran distance
distributions associated with arbitrary triangles, including the
Ran2Ran distance distribution within an arbitrary triangle and
that between two arbitrary triangles. Then with a probabilistic
sum,

11

ZZ

11]—1

SlS]

F33(d) = S

Fij(d), (36)
where Sy is the area of triangle x, and Fy,(d) or Fy,(d) is
the CDF of the Ran2Ran distance distribution within triangle
x if x = y, or between two triangles x and y if x # y.
F11(d) and F»(d) can be obtained in the same way. Then
based on (23), F»3(d) and further Fj3(d) can be obtained,
assuming that the CUE appears in the areas of GR and GR
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Fig. 10. Distributions of the distance between two random points associated
with the irregular cell and GR shown in Fig. 8. 41 : 1p in (23) is setto 1 : 1
or 10: 1.

with the same possibility (i.e., 11 : 42 = 1 :
obtained results are shown in Fig. 10.

I in (23)). The

E. Non-Uniform UE Distribution

If UEs are non-uniformly distributed in a cell, the cell
area can be viewed in a different way, so that the non-
uniform distribution can be considered as layers of uniform
distributions, each of which can be addressed by the proposed
framework. As an example, referring to the system model
where a GR is set for the BS, DUEs are distributed in the
cell but outside the GR. Therefore, the distribution of the
DUEs is non-uniform in the entire cell, but is uniform in the
cell minus the GR hole. On the other hand, it has a higher
possibility that the UEs inside GR will choose the CUE mode
than those inside GR. Assuming such a probability ratio is
A1 Ap = 10 : 1, based on (12) and (23), we can obtain
the corresponding distributions, which are different from those
obtained when the probability ratio is 41 : 4, = 1 : 1,
as shown in Fig. 9 and Fig. 10, respectively. Therefore, the
proposed framework can also analyze the performance of the
cellular network underlaying D2D communications with
the non-uniform UE distribution described above.

VI. PERFORMANCE EVALUATION

In this section, the proposed framework is evaluated in terms
of two important network metrics: cumulative interference
and outage probability. The obtained numerical results from
the framework are verified in comparison with simulations.
Meanwhile, the effect of several system parameters on the per-
formance metrics is investigated. The framework can provide
insights when tuning the system parameters, e.g., the GR area
for the BS and the number of concurrent D2D pairs, given
the outage probability thresholds of both the BS and DUE
receiver.

Considering the system model described in Section III, for
the ease of presentation and WLOG, the cell is approximated
as a regular hexagon with side length of 225 m and the GR
for the BS as a circle with radius of R and centered at the BS.
As explained earlier, the proposed approach does not impose
any constraints on the shapes of the cell or GR. W =5 MHz,
No = —174 dBm/Hz, Pp = 2 mWatt, Pc = 0.2 Watt,
dP2D =2 m, and dP22P = 15 m. The path-loss ratios are set
as Lp(d) = —128.1 —201g(d/1000) (dB) for the BS-UE link,
and Lp(d) = —38 —201g(d) (dB) for the DUE-DUE link [9].
So the path-loss exponent oo = 2. Numerical results are based
on our analysis directly; on the other hand, the simulations are
conducted in Matlab as follows:
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Fig. 11. Distributions of the interference and SINR at the BS, with R = 100

mand N =1,6,11,16, and 21.

(1) Generate N concurrent D2D pairs and one CUE uni-
formly at random in the network.

(2) Compute the received interference and SINR at the
CUE with the above network parameters and append
the results to the interference matrix and SINR matrix,
respectively.

(3) Compute the received interference and SINR at an
arbitrary DUE receiver and append the computed results
to another interference matrix and SINR matrix, respec-
tively.

(4) Repeat steps (1)—(3) 50,000 times (the more repeats,
the more accurate the result). Then using the Matlab
function “ecdf” with each matrix as its input, we can
obtain the empirical CDFs of interference and SINR for
both cellular and D2D communications.

Given a modulation and coding scheme, outage probability
represents the chance that the SINR achieved at a receiver
is no larger than a specified threshold and the reception is
considered unsuccessful. Therefore, the CDF of the received
SINR (as analyzed in Section IV-C) is significant to determine
the outage probability of a system. Next, both the distributions
of the cumulative interference and SINR at either the BS or
a DUE receiver are shown, with the numerical results of our
approach and the simulation results compared.

A. Distributions of Interference and SINR at the BS

We first evaluate the effect of the number of concurrent
D2D pairs on the distributions of the interference and SINR
received at the BS. With the GR radius R fixed to 100 m and
the number of concurrent D2D pairs N varying from 1 to 21,
the CDFs of the interference and SINR received at the BS are
shown in Fig. 11(a) and Fig. 11(b), respectively. Obviously,
given that the size of the GR is the same, more D2D pairs
transmitting simultaneously can impose a higher interference
on the BS, and thus the received SINR at the BS becomes
lower, which increases its outage probability. As a result, for
the interference distribution shown in Fig. 11(a), the CDF
curves located on the right-hand side correspond to a larger N;
while for the SINR distribution shown in Fig. 11(b), the CDF
curves located on the left-hand side correspond to a larger N.
Moreover, a good match between the simulation and analytical
results can be observed in both figures. The results obtained
based on the PPP model with the same node density are also
shown for comparison. The implementation of the PPP model
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(a) Interference distribution (b) SINR distribution

Fig. 12. Distributions of the interference and SINR at the BS, with N = 11
and R = 50, 100, and 150 m.
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Fig. 13. Distributions of the interference and SINR at a DUE receiver, with
R=100mand N =1,6, 11, 16, and 21.
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Fig. 14. Distributions of the interference and SINR at a DUE receiver, with
N =1and R =50, 100, and 150 m.

in Matlab is similar to the simulation implementation shown
above, except that the number of nodes over all simulations
follows a Poisson distribution. The comparison shows large
gaps for both the interference and SINR achieved at the BS.
Due to the border effect, PPP is inapplicable for the system
model of finite networks used in this paper. In what follows,
the comparison with PPP will be omitted.

The effect of the GR size is also investigated. Specifically,
with the number of concurrent D2D pairs fixed to N = 11 and
the radius of the GR R varying from 50 to 150 m, Fig. 12(a)
and Fig. 12(b) show the corresponding interference and SINR
distributions, respectively. Intuitively, as the area of the GR
for the BS increases, DUE transmitters are “pushed” farther
away from the BS, and their cumulative interference to the
reception at the BS decreases, and thus the received SINR at
the BS becomes high, which decreases the outage probability
of the BS, as shown in the figures.
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Fig. 15. Distributions of the interference and SINR at a DUE receiver, with
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(b) SINR distribution (N = 11)

B. Distributions of Interference and SINR at a DUE Receiver

In this subsection, the distributions of the interference and
SINR received at a DUE receiver in an arbitrary D2D pair
are investigated. First, with R = 100 m and N varying from
1 to 21, the corresponding CDFs are shown in Fig. 13. When
there is only one D2D pair, i.e., N = 1, the interference at the
DUE receiver only comes from the CUE. As N increases,
besides the interference from the CUE, a DUE receiver
in a pair will also receive the interference from the DUE
transmitters in all other D2D pairs, which leads to a shift
of the CDF curves shown in Fig. 13(a) towards the arrow
direction. Thus, the received SINR decreases, which increases
the outage probability of the D2D communications, as shown
in Fig. 13(b).

The effect of the GR size on the D2D communications
is then investigated. We first fix N = 1, so only the
CUE will interfere with the reception at the DUE receiver.
As R increases from 50 to 150 m, the probability that there
is a large distance between the CUE and the DUE receiver
becomes higher, and thus the interference received at the DUE
receiver decreases, as shown in Fig. 14(a), which correspond-
ingly increases its received SINR and thus decreases the outage
probability of the D2D communication, as shown in Fig. 14(b).
In addition, from Fig. 14, we can observe that the GR size has
a low impact on the D2D communication, as the DUE is less
likely affected by a single CUE. Especially, when R = 50 and
100 m, the corresponding CDF curves of the SINR shown in
Fig. 14(b) almost overlap with each other.

Then, we fix N = 11, so besides the interference from
the CUE, an arbitrary D2D pair will also receive the inter-
ference from other 10 D2D pairs. The results are shown in
Fig. 15. In contrast to the previous case where N = 1, as R
increases, the cumulative interference to a D2D pair increases
as well, as shown in Fig. 15(a), and thus the received SINR
decreases, which increases the outage probability of D2D
communications, as shown in Fig. 15(b). The results indicate
that, with more concurrent D2D pairs, the interference to a
D2D pair from all other D2D pairs will increase as the GR area
increases, and such an increase dominates over the decrease
of the interference from the CUE. Also, the CDFs for R = 50
and 100 m shown in Fig. 15 almost overlap with each other
when DUE:s are still sparsely spread out in the cell.

Figure 16 shows that distributions of the interference at
the BS (Fig. 16(a)) and a DUE receiver (Fig. 16(b)), with
R = 100 m, N = 11, and path-loss exponent o =

1

1
08 4 0.8 ,
4 fé
L 06 ® L 0.6 i
a & Analysis (0:=2) [=) 4 a 2 Analysis (0=2)
© 0.4 " - Simulation (0=2) o 0.4 44 - - - Simulation (=2)
g 5 Analysis (0=2.3) i 5 Analysis (0=2.3)
' . - = Simulation (0=2.3) [ - - Simulation (0=2.3)
021 ¢ g Analysis (¢=2.5) 0.2 . 14 > Analysis (0¢=2.5)
f ’f —— Simulation (0=2.5) o r —— Simulation (0=2.5)
-100 -95 -90 -85 -80 -60 -40 -20

Cumulative Interference (dBm) Cumulative Interference (dBm)

(a) Distribution of the interference at (b) Distribution of the interference at

the BS a DUE receiver
Fig. 16. Interference distributions with R = 100 m, N = 11, and a =
2,2.3, and 2.5.
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Fig. 17.  Distributions of the interference at the BS from DUE trans-

mitters with the Rayleigh fading effect considered (R = 0 m and N =
1,6,11, 16, and 21).

2,2.3, and 2.5. Since the BS-UE link and DUE-DUE link
have different path-loss ratios due to antenna heights, the
interference changes differently for the BS and a DUE receiver
as a increases.

All the results shown above in a close match with the
simulation results demonstrate the accuracy of our approach.
Based on our performance studies, the proposed analytical
framework in this paper can be used to guide the planning
and dimensioning at the system level, e.g., on average, how
large N is allowed to be and how R is set by considering
the bounded outage probabilities for both cellular and D2D
communications systematically and comprehensively.

It is worth noting that the proposed model can be readily
extended to include the shadowing and fading effects of
wireless channels. For example, log-normal shadowing and
Rayleigh fading can be considered [29]. For the Rayleigh
fading channel given the distance between a transmitter and
receiver as d, we have the PDF of the channel power gain as
eW ,

fx(xld) = (37)

PiK (do/d)*
where P; is the transmission power of transmitter, K is the
antenna- and processing gain-related parameter, do is the
reference distance. Then the PDF of the signal achieved at
the receiver is

dmax
Fr() = / Frxld) fo(d)dd, (38)

dmin
where fp(d) is the PDF of any distance distribution shown in
Table I, and dpin and dpax are the minimum and maximum
distances between the transmitter and receiver, respectively.
Take the interference from DUE transmitters to the BS in
the uplink resource reusing scenario for example, with the
Rayleigh fading effect considered, Fig. 17 shows the CDFs
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of the interference received at the BS. In addition, log-
normal shadowing and Rayleigh fading can also be modeled
as independent random variables that are not related to inter-
node distances. As shown in [28], the shadowing effect follows
a log-normal distribution with standard deviation ¢ (typically
between 0 and 8 dB), and Rayleigh fading follows an expo-
nential distribution of mean 1. Therefore, the extension of
the path-loss model along with shadowing and fading is the
multiplication of independent random variables and can still
be analyzed based on the proposed framework.

VII. CONCLUSIONS

This paper presented an analytical framework based on a
probabilistic distance and path-loss model for the performance
analysis in a cellular network with underlaying D2D communi-
cations. To this end, we first obtained the distance distributions
associated with arbitrarily-shaped polygons with and without
a hole inside, including the distributions of the distance from
a given reference point to a random one and that between
two random points. Utilizing these distance distributions in a
general path-loss model, we then derived the distributions of
the received signal, interference, and further SINR. Based on
the obtained results, the interference and outage probabilities
for both the cellular and D2D communications in an uplink
reusing scenario are thoroughly investigated. The accurate
analysis demonstrated the promising potentials of the proposed
framework, which we believe is a significant complementary
work to the existing approaches and results, and can pro-
vide meaningful insights and guidelines for the design and
optimization of D2D communications in the next-generation
cellular networks. Based on the proposed framework, further
investigation can be done for modeling and analyzing the
downlink reusing scenario, the multi-cell scenarios, and the
non-uniform distribution of UEs, considering other channel
impairments such as shadowing and fast fading.
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