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ABSTRACT Accurate modelling of interference and coverage in optical wireless communication (OWC)
systems remains challenging due to the limitations of conventional approaches, which typically rely
on infinite-network assumptions or simplified disc-shaped cell models. In practical deployments, OWC
networks are finite and regularly structured, resulting in spatially varying interference patterns that
are not captured by existing models. This paper proposes a comprehensive analytical framework for
evaluating interference and coverage probability in finite OWC networks with regularly deployed grid-
based nodes. The framework is developed for a baseline line-of-sight (LOS)-dominant scenario with
regularly spaced nodes, ideal transmitter–receiver alignment, and unobstructed propagation conditions (i.e.,
without blockage or misalignment effects). It explicitly accounts for three-dimensional distances, inter-node
spacing, system dimensions, and transmitter–receiver height differences, while incorporating boundary
effects. To capture spatial variability, the network is partitioned into core, mid, and boundary zones.
Semi-analytical expressions for the interference distribution are derived for each zone, revealing distinct
behaviours and pronounced performance degradation in cell-edge regions. Analytical and simulation results
demonstrate that commonly adopted disc-assumption models significantly overestimate system performance
by neglecting edge effects. For example, at a signal-to-interference-plus-noise ratio (SINR) threshold of
−3 dB, disc-based models predict approximately 95% coverage, whereas the proposed framework and
simulations show that only about 75% of the core and mid zones satisfy this threshold. The results further
show that increasing inter-node distance and adopting higher reuse factors substantially improve coverage,
while larger height differences degrade performance by increasing the number of visible interferers. Overall,
the proposed framework provides a realistic and generalisable tool for analysing finite OWC networks,
enabling more accurate performance evaluation and more reliable network design and deployment.

INDEX TERMS Coverage probability, optical wireless communications (OWC), regular deployment, finite
network, interference, signal-to-interference-plus-noise ratio (SINR).

I. INTRODUCTION

OPTICAL wireless communication (OWC) is a high-
speed wireless technology that employs optical carri-

ers—infrared, visible light, or ultraviolet—to transmit data.
OWC encompasses technologies such as Light Fidelity (Li-
Fi) and offers several advantages over conventional radio-
frequency (RF) wireless systems, including higher bandwidth
and data rates, licence-free spectrum, enhanced security,
immunity to RF interference, and the absence of electro-
magnetic radiation hazards [1]. Accurate modelling of key

performance metrics, such as interference and coverage prob-
ability, is essential for effective system design and for fully
exploiting the potential of OWC systems. Recent studies
have highlighted the critical impact of network geometry
on system performance, demonstrating that cell-edge regions
are particularly susceptible to performance degradation and
positioning inaccuracies [2], [3]. Neglecting these regions
can prevent OWC networks from meeting future require-
ments. Motivated by these observations, this work develops
an analytical framework that accurately characterises system
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performance while explicitly capturing the behaviour of edge
regions that are frequently overlooked in existing models.

Both regular and irregular node deployments have been in-
vestigated in the literature. Irregular deployments—typically
modelled using the Poisson point process (PPP)—have been
widely adopted to study various aspects of RF systems [4],
[5]. However, such models are often unsuitable for OWC
systems due to inherent coverage and performance limita-
tions [6], [7]. A number of studies have nevertheless adopted
irregular deployments to analyse interference and coverage
probability in OWC systems by modelling node locations as
a PPP [10]–[13] or uniform distribution [14]. Node density
has also been identified as a key design parameter influ-
encing coverage performance in visible light communication
(VLC) systems. For example, [14] investigated the impact of
transmitter density on coverage probability in indoor VLC
networks, considering factors such as transmitted power and
system reliability. The results showed that achieving near-
uniform coverage often requires dense transmitter deploy-
ments. However, the analysis was based on signal-to-noise
ratio (SNR) and assumed the absence of inter-cell interfer-
ence, which limits its applicability in interference-limited
scenarios. [10] analysed outage probability and achievable
rate in multi-tier industrial VLC networks using a stochastic-
geometry framework in which access points in each tier
follow a PPP distribution. Although this study provides
useful insights into the effects of field of view (FOV),
position, and boundary conditions, its reliance on PPP mod-
elling remains a notable limitation for OWC/VLC networks.
Similarly, [12] proposed an analytical model for desired and
interference signals in VLC systems and analysed coverage
probability under coordinated transmission; however, node
deployment was again modelled using a PPP. Likewise, [13]
presented a mathematical framework for analysing coverage
probability in multi-user VLC systems under a PPP-based
spatial distribution, with some nodes assumed to be idle
and therefore not contributing interference. Despite their
analytical tractability, such irregular deployments are un-
likely to meet future system requirements. In practice, OWC
systems are typically deployed in structured, deterministic
layouts rather than random configurations. Consequently,
interference characteristics and performance trends derived
from PPP-based models may not accurately reflect realis-
tic deployment scenarios. Moreover, irregular deployments
generally provide inferior coverage compared with regular
layouts [6], [15].

Regular deployments are therefore considered more
promising for realising the full capabilities of OWC systems;
however, their analytical complexity remains a major chal-
lenge [2]. To manage this complexity, many studies intro-
duce simplifying assumptions or reduced-order models when
analysing regular deployments. While these approaches im-
prove tractability, they often compromise accuracy and limit
applicability to practical systems. Common examples include
fixed-distance assumptions, single-cell models, and disc-

shaped cell approximations in multi-node deployments. Sev-
eral studies assume that user equipment (UE) is located at a
fixed distance from the serving node [16]–[19]. For instance,
[16] proposed an energy-efficient client-side access-point
selection strategy for hybrid wireless fidelity (WiFi)–LiFi
networks, demonstrating improvements in quality-of-service
(QoS) provisioning and energy consumption compared with
conventional approaches. The study also examined uplink
power adaptation to further enhance internet-of-things (IoT)
device efficiency. However, a key limitation of this work is
the assumption that UE is located at a fixed distance from the
access point, which restricts the applicability of the results by
neglecting spatial variability in UEs’ locations. In [17], inter-
ference in regular deployments was analysed by considering
inter-cell distance and FOV, under the assumption that UE
of interest is positioned at a fixed distance from all nodes.
In [18], a method was proposed to simultaneously reduce
interference from multiple sources and improve coverage
in indoor VLC systems. This approach assumed that the
receiver can estimate its location and orient itself toward the
closest node to maximise the desired signal while minimising
interference. Similarly, [19] examined the nonlinear effects
of light-emitting diodes (LEDs) on the trade-off between
energy efficiency and spectral efficiency when using direct-
current-biased optical orthogonal frequency-division multi-
plexing (OFDM), again assuming that UE is located at
a fixed distance from the serving node. Although fixed-
distance assumptions are useful for highlighting the influence
of specific system parameters, they provide only limited
insight into UE spatial distributions and overall network
geometry. In particular, they fail to capture the spatially
varying interference conditions that arise across different
locations within a practical system.

Furthermore, some studies adopt a single-cell model in
which UEs are located within a single cell, with no interfer-
ence from neighbouring nodes and no constraints imposed by
adjacent cells. In such models, the cell footprint is typically
assumed to be circular, resulting in a three-dimensional (3D)
conical coverage region [8], [9], [26]–[28]. For example, [8]
investigated the probability distribution of the VLC channel-
gain difference (CGD) under a Lambertian radiation model.
Due to analytical complexity, approximate expressions were
derived, and UE locations were assumed to be uniformly
distributed within the cell. In [26], secrecy performance was
analysed for a VLC system with one legitimate receiver and
multiple eavesdroppers. By modelling the randomness of
receiver and eavesdropper locations, the statistical properties
of the downlink SNR were characterised, and closed-form
expressions for secrecy outage probability were derived.
However, the analysis relied on a circular single-cell model
and considered SNR-based outage only, neglecting inter-
ference. Similarly, [27] studied secure transmission in in-
door VLC systems with simultaneous lightwave information
and power transfer, assuming a single-cell circular model
with two randomly located UEs. Although a protected-zone
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scheme was proposed to enhance physical-layer security,
the single-cell assumption prevented the model from cap-
turing distance variability and interference effects inherent
to multicell deployments. In addition, [28] analysed outage
probability and energy harvesting in VLC downlink systems
employing non-orthogonal multiple access (NOMA) with an
RF uplink, assuming terminals were randomly distributed
within a single hemispherical cell. Likewise, [9] examined
NOMA in VLC downlink systems under guaranteed QoS
and best-effort service scenarios, analytically characterising
coverage probability and ergodic sum rate. Although the
influence of LED semi-angles was highlighted, the analysis
again relied on a circular single-cell model and ignored inter-
cell interference. As in many of the aforementioned studies,
the absence of neighbouring cells limits the applicability of
the results, since practical OWC deployments inherently in-
volve overlapping illumination regions and significant inter-
cell interference. While the circular-cell assumption is rea-
sonable within isolated single-cell models, it does not hold in
realistic regular deployments. Practical OWC systems consist
of multiple cells arranged in grid-based layouts, where
each cell’s footprint is constrained to a square or another
tiling geometry rather than a circle. Consequently, single-cell
models provide only limited insight into the overall network
geometry and its impact on system performance.

It is widely recognised that multicell models provide
a more realistic framework for analysing system perfor-
mance—such as interference characteristics and coverage
probability—because they account for inter-cell constraints
and the relative positions of system nodes. Several studies
have examined system performance while explicitly consid-
ering distances between UEs and system nodes [6], [9], [20]–
[25]. For example, [6] proposed a mathematical model to
evaluate downlink performance in VLC systems, analysing
outage probability and signal-to-interference-plus-noise ratio
(SINR) under both regular and irregular deployments. The
results showed that regular deployments outperform PPP-
based configurations and that well-designed OWC systems
can exceed RF networks in indoor data rates. However,
several simplifying assumptions limit accuracy. In particular,
interference in an infinite network was approximated using
only the first tier of hexagonal interferers, following the
flower-model approximation in [20]. Moreover, although the
deployment was hexagonal, each cell was further simplified
to a circular shape, neglecting edge effects where geometry
strongly influences performance [2]. In [21], interference
mitigation using angle-diversity receivers (ADRs) was inves-
tigated. Each photodiode was assumed to capture one line-
of-sight (LOS) signal, while interference collected by other
photodiodes was treated as non-line-of-sight (NLOS). While
valid for narrow FOVs or low node densities, this assumption
becomes less accurate in dense deployments. As in [6],
the hexagonal deployment was again approximated using
circular cells. Similarly, [22] analysed SINR distributions
in multicell VLC networks employing ADRs and various

signal-combining schemes, again relying on a circular-cell
approximation. The cell of interest was partitioned into a
central disc and an outer ring, which introduces geometric
inaccuracies. When the ring radius is set to d/2, where
d is the inter-node distance, portions of the true cell-edge
region are omitted. Conversely, larger disc radii incorrectly
include areas from neighbouring cells. As a result, the
derived SINR behaviour may not accurately reflect true
interference patterns, particularly at cell edges. Furthermore,
SINR was characterised only at the cell centre and edge, even
though it also depends on the UE’s angular position relative
to the serving node—a dependence demonstrated later in
this paper. A similar simplification was adopted in [23].
In [24], quality-of-experience (QoE) coverage probability
was analysed for VLC systems under different multiple-
access schemes and terminal densities. However, to maintain
analytical tractability, all cells were modelled as circular,
again ignoring realistic geometric constraints. The study in
[25] incorporated 3D UE positioning by modelling truncated
conic coverage volumes, but the regular deployment was
still simplified to circular cell footprints. Moreover, outage
probability was defined in terms of SNR only, neglecting
inter-cell interference.

Despite the extensive body of work on OWC system
modelling, important limitations remain in existing ap-
proaches. PPP-based models, while analytically tractable,
fail to capture the structured and deterministic nature of
practical OWC deployments. Similarly, studies based on
regular layouts often rely on simplifying assumptions such
as infinite network size, regular grids with circular-cell
approximations, or reduced-order interference models, which
can lead to inaccuracies in representing realistic system
behaviour. In particular, these approaches typically overlook
the impact of finite network dimensions, exact cell geometry,
and boundary effects, all of which play a critical role in
shaping interference and coverage performance. In contrast,
this work develops a comprehensive analytical framework
for finite, regularly deployed OWC networks that explicitly
accounts for these factors. By accurately modelling system
geometry, inter-node distances, and spatial variations across
different regions—including cell-edge areas—the proposed
framework provides a more realistic and generalisable char-
acterisation of interference and coverage probability than
existing methods.
Motivated by these limitations, this paper derives key perfor-
mance metrics—such as interference and coverage probabil-
ity—for a finite OWC network in which both the distribution
and strength of desired and interfering signals vary due to
system boundaries. We provide a detailed analysis of cell
regions while explicitly accounting for 3D distance variations
and edge effects. To the best of our knowledge, the proposed
framework is the first to model system performance in a
finite, regular OWC deployment while accurately capturing
the combined impact of inter-node distance, system dimen-
sions, and height differences.
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The main contributions of this paper are summarised as
follows:

• We propose a general analytical framework for evalu-
ating system performance in finite OWC networks with
regularly deployed nodes. The expected interference
at a randomly located UE is derived by explicitly
accounting for 3D distances to serving and interfering
nodes, node density (inter-node distance), and system
dimensions.

• We demonstrate that interference exhibits strong spa-
tial variability due to boundary effects. To capture
this behaviour, the network is partitioned into three
zones—core, mid, and boundary—each characterised
by distinct interference conditions.

• We derive the interference distribution in the core zone
by incorporating key parameters such as distances to in-
terfering nodes, height differences, number of interfer-
ers, and angular separation. We show that distance and
angular parameters (e.g., r0 and α) become correlated
in the cell-edge region, leading to distinct interference
characteristics compared with the cell centre.

• We extend the analysis to the mid zone, where the inter-
ference distribution retains a similar analytical structure
but with reduced magnitude due to a smaller number
of effective interferers.

• We characterise the boundary zone, where both the
number of interferers and their geometric configura-
tion differ significantly from the core and mid zones.
Boundary cells are shown to consist of multiple regions
with distinct interference distributions, depending on
the relative distance between the last node and the
system boundary.

• We extend the framework to incorporate interference
mitigation through frequency reuse, demonstrating how
higher reuse factors alter the interference structure and
improve system performance.

• We derive the coverage probability, defined as the
probability that the received SINR exceeds a given
threshold. The analysis is performed at multiple spatial
levels (system-wide, zone-wise, and subregion-wise),
revealing detailed spatial performance variations and
identifying regions most susceptible to degradation.

For ease of reference, the main symbols used throughout
the paper are summarised in Table 1.

The remainder of this paper is organized as follows.
Section II describes the system model and presents the
different zones in a finite regular deployment. Section III
derives the interference for different cell areas and system
zones. In Section IV, the coverage probability is investigated.
Section V validates the accuracy of the analysis through
simulations. Finally, conclusions are drawn in Section VI.

TABLE 1. Main symbols used in the paper.

Symbol Description
hn Node height

hc Coverage height / maximum UE height

h Vertical distance between node plane and UE

d Inter-node spacing

d́ Width of the boundary zone

ws, ls Network width and length

N0, Nt,Ψ⋆ Serving node and interfering node in tier t at
angle Ψ⋆

L0 Baseline connecting N0 to N1,0

Ψ⋆ Angular location of an interferer

Dt,Ψ⋆ Distance between N0 and Nt,Ψ⋆

T, T́ Number of tiers for reuse factors 1 and 3

r0, rt,Ψ⋆ Horizontal distances between UE and N0, and
between UE and Nt,Ψ⋆

α Angle between r0 and the baseline L0

R0 3D distance between UE and the serving node

θt, θr Semi-angle at half-power and receiver FOV

ϕt, ϕr Irradiance angle at the transmitter and incidence
angle at the receiver

Adet Detector area

Gcon, Ts Optical concentrator gain and optical filter gain

Γ(r) FOV constraint function

µ Lambertian order

G0, Gt,Ψ⋆ Serving and interfering channel gains

Pt Transmit optical power

K Constant defined as K =
Pt(µ+1)AdetGconTs

2π

wm Width of the mid zone

Pz Probability of zone z

I Overall interference

Iz Interference in zone z

Iz , Iz3 Interference in zone z reuse factors 1 and 3

Iza Interference in region a of zone z

Cz
t,Ψ⋆

, Ez
t,Ψ⋆

Interference contribution from Nt,Ψ⋆ in the cen-
tre and edge regions of the cell

S Desired signal

CP Overall coverage probability

CPz Coverage probability in zone z

SINRz Signal-to-interference-plus-noise ratio in zone z

γ SINR threshold

σ2 Noise variance

η Noise power spectral density

BW Bandwidth

Dz
a Spatial domain of region a in zone z

fz
a (x) PDF of variable x in region a of zone z

II. System Model
We consider a regular OWC system with a square layout,
where nodes are mounted on the ceiling at a fixed height hn

and separated by an inter-node spacing d, as illustrated in
Fig. 1. The network covers a finite area of size ws×ls, where
ws and ls denote the system width and length, respectively.
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FIGURE 1. OWC System.

UEs are randomly distributed within this area, including near
the edges. To ensure full coverage up to a maximum height
hc, beams from adjacent nodes overlap. Although each node
generates a conical optical beam, the effective coverage
region of a cell forms a square prism of dimensions d×d×hc,
dictated by connection requirements and the presence of
neighbouring nodes at distance d. In OWC systems, the com-
munication channel between a node and UE consists of LOS
and NLOS components produced by reflections from inte-
rior surfaces. However, in typical environments, the NLOS
component is significantly weaker than the LOS component
[12], [29]–[31], and is therefore neglected in this analysis.
Furthermore, the analysis assumes ideal transmitter–receiver
alignment and an unobstructed LOS path between the node
and UE. Under these assumptions, blockage effects (e.g., due
to obstacles or human movement) and misalignment effects
(e.g., due to device orientation) are not explicitly modelled.
This baseline scenario enables tractable analysis and isolates
the impact of network geometry, inter-node spacing, and
interference in finite regular deployments.

The height difference between UE and the node plane is
assumed to vary within the range [0, hc], reflecting practical
usage scenarios such as handheld devices, devices placed
on furniture, or aerial platforms. Accordingly, the vertical
distance between the transmitter plane and UE is defined as
h ∈ [hn − hc, , hn] and is modelled as a random variable to
capture the 3D spatial distribution of UEs. The channel gain
between UE and the closest (serving) node N0 is expressed
as:

G0 =
(µ+ 1)Adet cos

µ(ϕt) cos(ϕr)GconTs

2πR2
0

Γ(r0) (1)

where µ = − log10(2)/ log10(cos(θt)) is the Lambertian
order of emission, θt is the transmitter semi-angle at half-
power, Adet is the physical area of the detector, ϕt and ϕr

denote the transmitter and receiver alignment angles, Gcon is
the optical concentrator gain, Ts is the optical filter gain, R0

is the 3D distance between UE and N0, r0 is the horizontal
distance between the centre of the serving cell and UE, h
is the vertical separation, and Γ(r0) is the FOV constraint
function:

Γ(r0) =

{
1 r0 ≤ h tan(θr)

0 otherwise
(2)

where θr denotes the photodetector (PD) FOV, i.e., the max-
imum incidence angle at which the signal can be detected.
It is assumed that UE is always covered by the closest node
N0. This is to ensure full coverage within the system, hence
Γ(r0) = 1. It is also assumed perfect alignment between
transmitters and receivers: nodes point downward at 90◦

to the ceiling, and UEs point upward at 90◦ to the floor.
Under this assumption, cos(ϕt) = cos(ϕr) = h/R0, and the
channel gain becomes:

G0 =
(µ+ 1)AdetGconTsh

µ+1

2πRµ+3
0

(3)

Since a finite network is considered, several additional
aspects arise. When UE is located near the system centre
(core zone), interference is received from all directions due
to symmetry. As UE moves toward the boundary—within
the mid and boundary zones—the number of interfering
nodes decreases. Furthermore, in the boundary zone, both
the number of interferers and the distance distributions
of serving and interfering nodes change due to the finite
geometry. In order to characterise the interference accurately,
the network is divided into the three zones shown in Fig. 2:

• Boundary zone: The region adjacent to the outer edges
of the network, extending from the last row of nodes
to the system boundary. In this zone, UE experiences
fewer interfering nodes due to the finite network extent.

• Mid zone: The intermediate region between the bound-
ary and core zones. It contains cells within a horizontal
distance of h tan(θr) from the last row of nodes. UEs
in this zone receive interference from a subset of sur-
rounding nodes, with interference gradually increasing
toward the core.

• Core zone: The central region of the network, consist-
ing of cells whose horizontal distance from all bound-
aries exceeds h tan(θr). In this zone, UE experiences
full interference from all directions due to the network’s
effective symmetry.

The probability that UE lies in the boundary zone is:

Pb =
2d́(ws + ls − d́)

wsls
(4)

where d́ is the width of the boundary zone (distance between
the last row and the system boundary) 2d́(ws + ls − d́)
is the boundary area, and wsls is the total network area.
Since the core and mid zone widths depend on the UE
height, the corresponding probabilities also depend on h.
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The probability that UE lies in the mid zone is:

Pm =
2(wm + d́)(ws + ls − wm − d́)− 2d́(ws + ls − d́)

wsls
(5)

where 2(wm + d́)(ws + ls − wm − d́) represents the area
of both mid and boundary zones and, wm is the mid-zone
width and obtained by:

wm = (T − 1)d+
d

2
. (6)

where T denotes the total number of interference tiers, as
derived in Theorem 1:

T = 2
⌊ 2hn tan(θr)

d − 1

2

⌋
+ 1 (7)

where ⌊·⌋ represents the floor function, hn is the height of
the nodes (see Fig. 2). The maximum value of Pm occurs
when h = hn, and the minimum occurs when h = hn − hc.
The probability that UE lies in the core zone follows as:

Pc = 1− Pb − Pm. (8)

III. Interference
Before presenting the mathematical derivations, it is useful
to summarise the key ideas underlying this section. The
interference experienced by a randomly located UE in a
finite OWC network is governed by three main factors:
the UE’s location within the overall network, its position
within the serving cell, and the adopted reuse factor. First,
due to the finite system geometry, UEs in the core, mid,
and boundary zones experience different sets of interfering
nodes. In particular, UEs in the core zone are surrounded
by interferers in all directions, whereas UEs in the mid and
boundary zones experience reduced interference due to the
absence of nodes beyond the system boundaries. Second,
even within the same zone, interference varies between the
cell-centre and cell-edge regions because the distances to
the serving and interfering nodes depend on the UE location.
Third, the reuse factor determines the set of active interferers
by increasing the separation between nodes using the same
resources, thereby reducing interference. Based on these ob-
servations, the analysis in this section derives the interference
for each zone and subregion, and subsequently extends the
framework to account for higher reuse factors. The expected
interference experienced by UE randomly located in a finite
network can be expressed by:

I = PcIc + PmIm + PbIb. (9)

where Ic, Im and Ib are the interference experienced by
UE given it is located in the core, mid and boundary zone
respectively. Pc, Pm and Pb are obtained in Eq. (8), Eq.
(5) and Eq. (4) respectively. Note that Ic, Im and Ib are
addressed in the next subsections.

For completeness, we briefly summarise several standard
probability concepts and notation used throughout the deriva-
tions. These are included for clarity and consistency, and are
not part of the novel contributions of this work.

FIGURE 2. Finite system: core zone, mid zone and boundary zone.

Definition 1 (CDF and PDF): Let A denote the total area of
interest, centred at Y . The cumulative distribution function
(CDF) F (x) is defined as the probability that a randomly
chosen point lies within a radius x of Y:

F (x) = P(X ≤ x)

=
D(Y, x) ∩ A

A
where D(Y, x) is a disc of radius x centred at Y . The
corresponding probability density function (PDF) is:

f(x) =
d

dx
F (x).

Remark: F (x) represents the fraction of the total area within
distance x from Y , while f(x) represents the likelihood of
a randomly chosen point being located at distance x.
Definition 2 (Independence): If X , Y , and Z are independent
random variables, their joint PDF is:

fX ,Y,Z(x, y, z) = fX (x) fY(y) fZ(z).

Remark: Independence allows the joint distribution to be
expressed as the product of marginal distributions, which
simplifies the analysis.
Definition 3 (Linearity of Expectation): For any random
variables X1,X2, . . . ,Xy, the expected value of their sum
equals the sum of their expectations:

E

[
y∑

i=1

Xi

]
=

y∑
i=1

E[Xi].

Remark: This property holds regardless of independence and
is fundamental for computing expected interference as a sum
of contributions from multiple nodes.
Definition 4 (Joint PDF): Let X and Y be random variables
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with conditional PDF fX|Y(x|y) and marginal PDF fY(y).
Then their joint PDF is:

fX ,Y(x, y) = fX|Y(x|y)fY(y),
and equivalently:

fX ,Y(x, y) = fY|X (y|x)fX (x).

Remark: This relationship allows joint distributions to be
expressed in terms of conditional and marginal PDFs, which
is useful for analysing interference with location-dependent
effects.

A. Network Core Zone
This area comprises the cells located at the centre of the
network, where interference is generated by nodes symmet-
rically distributed around the serving cell. Interfering nodes
may belong to different tiers, defined as concentric rings of
cells surrounding the serving node. For example, the first tier
consists of eight nodes immediately adjacent to the serving
node, the second tier includes the next ring of nodes, and
so on. The number of interfering tiers depends on the UE’s
location, height, and FOV. In this paper, the straight line
connecting the serving node N0 to the closest interferer
N1,0 on the UE’s plane is denoted as the baseline (L0).
The angle α is defined as the angle between r0 and the
baseline L0, and it can take values in the range [0, π

4 ]. Each
node in the interfering tiers is denoted by Nt,Ψ⋆

, where
t represents the tier index and 0 ≤ Ψ⋆ ≤ 2π denotes
the anti-clockwise angle between L0 and the straight line
connecting N0 to Nt,⋆ (Dt,Ψ⋆

). For instance, the closest
interfering node is denoted by N1,0, as it belongs to the
first tier and lies on L0, while the closest node from the
second tier is denoted by N2,0 as shown in Fig. 3. Note
that both Ψ⋆ and DT,Ψ⋆

are deterministic and depend solely
on the network geometry. For example, in the first tier
(t = 1), the interfering nodes include N1,0, N1,π4

, N1,π2
,

N1, 3π4
, N1,π, N1, 5π4

, N1, 3π2
, and N1, 7π4

. These nodes are
located at distances D1,0 = d, D1,π4

= d
√
2, D1,π2

= d,
D1, 3π4

= d
√
2, D1,π = d, D1, 5π4

= d
√
2, D1, 3π2

= d,
and D1, 7π4

= d
√
2 from N0, respectively. Furthermore, the

distances between UE and nodes in the first tier are random
variables given by r1,0 =

√
r20 + d2 − 2r0d cos(0− α),

r1,π4 =
√

r20 + 2d2 − 2
√
2r0d cos(

π
4 − α) ... r1, 7π4 =√

r20 + 2d2 − 2
√
2r0d cos(

7π
4 − α).

The channel gain between node Nt,Ψ⋆
and UE is obtained

similar to Eq. (1):

Gt,Ψ⋆
=

(µ+ 1)AdetGconTsh
µ+1Γ(rt,Ψ⋆

)

2πRµ+3
t,Ψ⋆

(10)

where Γ(rt,Ψ⋆
) is obtained by

Γ(rt,Ψ⋆
) =

{
1 rt,Ψ⋆ ≤ h tan(θr)

0 otherwise
(11)

Moreover, the interference experienced by UE depends
on its location within the serving cell. UEs are therefore

FIGURE 3. Cell of interest.

FIGURE 4. Core zone - Cell centre.

expected to experience different interference levels based
on their intra-cell position. For example, UE located at
the centre of the cell may be at different distances from
the serving and interfering nodes compared to UE at the
cell edge, resulting in distinct interference levels. These
differences arise from the varying distributions of geometric
parameters across different regions of the cell. In this work,
the spatial distribution of UE within the cell is captured
through area-weighted joint densities, whose supports cor-
respond to specific subregions (e.g., centre and edge). As a
result, the expected interference in the core zone is obtained
as the sum of the contributions from these subregions:

E[Ic] = E[Icc ] + E[Ice ] (12)

where E[Icc ] and E[Ice ] represent the spatially weighted con-
tributions to the expected interference from the cell-centre
and cell-edge regions, respectively, within the core zone.
These terms inherently account for the relative likelihood of
UE being located in each subregion through the integration
of the corresponding joint densities over their respective
domains. The expressions for E[Icc ] and E[Ice ] are derived
in Theorems 1 and 2, respectively.

VOLUME , 7
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Theorem 1: The contribution to the expected interference in
the core zone from the cell-centre region, corresponding to
UE locations with 0 ≤ r0 ≤ d

2 , is given by:

E[Icc ] =
∫
Dc

c

Icc (r, h, α) f
c
c (r, h, α) dDc

c (13)

where Dc
c denotes the bounded spatial domain of the cell-

centre region in the core zone (r0, α and h). Specifically, 0 ≤
r0 ≤ d

2 is the horizontal distance between UE and the centre
of serving cell, hn − hc ≤ h ≤ hn is the height difference
between UE and the serving node, and 0 ≤ α ≤ π

4 is the
angle between r0 and the baseline L0. The term Icc (r, h, α)
denotes the analytical expression of the interference in the
cell-centre region as a function of the distance-dependent
parameters r, h, and α, arising from the set of potential
interfering nodes, and is given by:
Icc (r, h, α) = Icc(T−1) + Icc(T )

= Icc(T−1) +

4∑
i=1

(
Cc

T,Ψi1
+ Cc

T,Ψi2

)
+

T−1∑
t=1

4∑
m=1

(
Cc

T,Ψtm1
+ Cc

T,Ψtm2

)
(14)

where Icc(T−1) and Icc(T ) denote the interference
contributions from the first T − 1 tiers and the T -th tier,
respectively, Cc

T,Ψ⋆
= Khµ+1(r2T,Ψi1

+ h2)−
µ+3
2 Γ(rT,Ψi1

)
represents the interference at the cell centre of
interest from a node NT,Ψ⋆

located at a distance
rT,Ψ⋆ . Cc

T,Ψi1
= Khµ+1(r2T,Ψi1

+ h2)−
µ+3
2 Γ(rT,Ψi1),

Cc
T,Ψi2

= Khµ+1(r2T,Ψi2
+ h2)−

µ+3
2 Γ(rT,Ψi2

),
Cc

T,Ψtm1
= Khµ+1(r2T,Ψtm1

+ h2)−
µ+3
2 Γ(rT,Ψtm1

),
and Cc

T,Ψtm2
= Khµ+1(r2T,Ψtm2

+ h2)−
µ+3
2 Γ(rT,Ψtm2).

Note that rT,Ψi1
=
√

r20 + (Td)2 − 2r0Td cos(Ψi1 − α)

and rT,Ψi2
=

√
r20 + 2(Td)2 − 2

√
2r0Td cos(Ψi2 − α),

rT,Ψtm1
=

√
r20 +D2

T,Ψtm
− 2r0DT,Ψtm

cos(Ψtm1 − α),

rT,Ψtm2
=

√
r20 +D2

T,Ψtm
− 2r0DT,Ψtm

cos(Ψtm2 − α)

are the distances between UE and the nodes N1,Ψi1
, N1,Ψi2

,
N1,Ψtm1

and N1,Ψtm2
located at angles of Ψi1 = (i−1)π

2

and Ψi2 = π
4 + (i−1)π

2 , Ψtm1 = (m−1)π
2 + tan−1( t

T ),
and Ψtm2 = mπ

2 − tan−1( t
T ) in respect to L0,

DT,Ψtm
=
√

(T 2 + t2)d and T being the total number of
tiers contributing interference:

T = 2
⌊ 2hn tan(θr)

d − 1

2

⌋
+ 1 (15)

⌊. . . ⌋ is the floor function. Given that UE is located in the
core zone, the joint density of the random variables r0, h,
and α, whose support corresponds to the cell-centre region,
is given by:

f c
c (r, h, α) =

8r

d2hc
(16)

Note that this density is defined over the entire core zone
with support restricted to the cell-centre region. Therefore,

its integral over the corresponding domain yields the spatial
probability of UE being located in the cell-centre region,
rather than unity.
Proof : See Appendix A ■
It is believed that the distributions of the main parameters
at the cell edge differ from those at the centre. Therefore,
a careful investigation is necessary to accurately model the
interference at the cell edge. The interference caused by the
interferer nodes at the edge of the cell of interest is presented
in the following theorem.

Theorem 2: The contribution to the expected interference
in the core zone from the cell-edge region, corresponding to
UE locations with d

2 < r0 ≤ d√
2

, can be expressed as:

E[Ice ] =
∫
Dc

e

Ice(r, h, α) f
c
e (r, h, α) dDc

e (17)

where Dc
e is the bounded spatial domain of the cell-

edge region in the core zone (r0, α and h). Specifically,
d
2 < r0 ≤ d√

2
is the horizontal distance between UE and

the centre of serving cell, hn − hc ≤ h ≤ hn is the
height difference between UE and the serving node, and
αmin ≤ α ≤ αmax is the angle between r0 and the baseline
L0, αmin = cos−1

(
d
2r

)
is the minimum value that α can

take when UE is at r0 from the centre of cell of interest
and αmax = π

4 . The term Ice(r, h, α) denotes the analytical
expression of the interference in the cell-edge region as a
function of the distance-dependent parameters r, h, and α,
arising from the set of potential interfering nodes. It has the
same analytical structure as that in the cell-centre region,
i.e., Icc (r, h, α) = Ice(r, h, α), where Icc (r, h, α) is derived
in Theorem 1. However, this equality refers to the analytical
form of the interference expression and does not imply iden-
tical interference values. The actual interference experienced
by UE in the cell-edge region differs due to variations in
the distance-dependent parameters r0, h, and α, as well
as the spatial weighting introduced by the corresponding
densities. Given that UE is located in the core zone, the
joint density of the random variables r0, h, and α, whose
support corresponds to the cell-edge region, is given by:

f c
e (r, h, α) =

(
2rπ − 8r cos−1

(
d
2r

))
hc

(
αmax − αmin

)
d2

(18)

Note that this density is defined over the entire core zone
with support restricted to the cell-edge region. Therefore,
its integral over the corresponding domain yields the spatial
probability of UE being located in the cell-edge region,
rather than unity.

Proof : See Appendix B ■
Note that the result in Eq. (12) can also interpreted as

the expected interference under the assumption of an infinite
system. However, in practice, the system is finite, and UEs
may also be located in different regions, such as the mid and
boundary zones. In the next two subsections, the interference
in these zones is analysed.

The results in Theorems 1 and 2 provide insight into the
interference behaviour in the core zone, where the network
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FIGURE 5. Core zone - Cell edge.

exhibits full geometric symmetry and is unaffected by system
boundaries. In this zone, the interference experienced by the
UE depends strongly on the distance-dependent parameters
r0, α, and h, which jointly determine the relative position of
the UE with respect to the serving and interfering nodes.
In the cell-centre region (0 ≤ r0 ≤ d

2 ), the parameters
r0 and α are weakly coupled and follow simple geometric
distributions, with α ∈ [0, π

4 ]. This results in more uniform
interference characteristics, as captured in Theorem 1. In
contrast, in the cell-edge region (d2 < r0 ≤ d√

2
), these

parameters become coupled due to geometric constraints,
leading to a dependence of the angular range on r0, as
reflected in Theorem 2. Consequently, UEs in the edge region
are not only located farther from their serving node but
are also closer to multiple interferers, resulting in higher
interference levels. The system parameters further influence
these behaviours. Increasing the transmitter–receiver height
difference expands the footprint of each cell and increases
the number of visible interfering tiers, as indicated in
Eq. (15), thereby increasing aggregate interference. Con-
versely, increasing the inter-node distance d enlarges the
separation between nodes, which increases all UE-to-node
distances and reduces interference. In particular, when d
becomes sufficiently large (e.g., d > 2h tan(θr) similar to
Eq. (11)), the contribution of interfering nodes becomes neg-
ligible and the system approaches an SNR-limited regime.
However, the impact of d is not uniform across the cell.
Interference reduction occurs more rapidly in the cell-centre
region, where UEs are farther from interferers, while cell-
edge regions experience a slower reduction due to their
proximity to neighbouring nodes. This explains the persistent
performance degradation at cell edges and highlights the
importance of carefully selecting d (or equivalently node
density) to balance interference mitigation, coverage, and
spectral efficiency in practical OWC system design.

B. Network Mid Zone
This zone includes all nodes located within a distance wm

from the last row of nodes, as illustrated in Fig. 2. The
interference in this zone exhibits a distribution similar to
that in the core zone. However, the key difference lies in
the reduced number of potential interfering nodes due to the
proximity to the system boundary. Unlike the core zone, the
mid zone is not symmetric, as the set of potential interfering
nodes varies with the UE location and direction relative to
the boundary. As a result, the interference characteristics
depend on the UE position within this zone. The expected
interference in the mid zone is derived in Theorem 3.

Theorem 3: The expected interference experienced by UE
when located in the mid zone can be expressed by:

E[Im] =

∫
Dm

c

Imc (r, h, α) fm
c (r, h, α) dDm

c

+

∫
Dm

e

Ime (r, h, α) fm
e (r, h, α) dDm

e

(19)

where Dm
c = Dc

c and Dm
e = Dc

e denote the bounded spatial
domains of the cell-centre and cell-edge regions in the mid
zone, respectively, as defined in Theorems 1 and 2. The terms
Imc (r, h, α) and Ime (r, h, α) denote the analytical expressions
of the interference in the cell-centre and cell-edge regions
of the mid zone, respectively. It is noted that Imc (r, h, α) =
Ime (r, h, α) reflects the identical analytical structure and set
of potential interfering nodes in both regions. However, the
actual interference values may differ due to variations in
the distance-dependent parameters and their corresponding
distributions.

Imc (r, h, α) =
1

2T − 1

(
T∑

i=1

Icc/N:,Φ1
(r, h, α)+

T∑
m=2

Icc/N:,Φ2
(r, h, α)

)
.

(20)

where 1
2T−1 is the likelihood UE being in any half

of the cells in the mid zone, Icc/N:,Φ
denotes the in-

terference in the core zone excluding the nodes lo-
cated in the angle of Φ, Icc is obtained in Theorem
1, Φ1 ∈

[
π
2 + tan−1

(
i
T

)
, 3π

2 − tan−1
(

i
T

)]
, and Φ2 ∈[

− tan−1
(
m
T

)
, tan−1

(
m
T

)]
. fm

c (r, h, α) and fm
e (r, h, α)

denote the joint densities of the random variables r0, h, and
α, whose supports correspond to the cell-centre and cell-edge
regions, respectively. Specifically, fm

c (r, h, α) = f c
c (r, h, α),

as obtained in Theorem 1, and fm
e (r, h, α) = f c

e (r, h, α), as
obtained in Theorem 2.

Proof : See Appendix C ■
The results in Theorem 3 indicate that the system be-

haviour in the mid zone is broadly similar to that in the core
zone, as the underlying cell geometry and distance parameter
distributions remain unchanged due to the identical cell
layout and dimensions. However, unlike the core zone, the
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mid zone is partially affected by the system boundaries,
which reduce the number of active interfering nodes and
consequently lower the experienced interference. This effect
becomes more pronounced for cells located closer to the sys-
tem boundary. For example, when the number of interfering
tiers is two (e.g., T = 2), Eq. (20) shows that the interference
term Icc/N:,Φ1

(r, h, α) when i = 1 (the closest nodes of mid
zone to the system boundary) excludes nodes within the
angular range Φ1 ∈

[
π
2 + tan−1

(
1
2

)
, 3π

2 − tan−1
(
1
2

)]
due

to the system boundary. As a result, the number of interfering
nodes is reduced (e.g., from 24 in the core zone to 14 in
this scenario), leading to lower aggregate interference. The
number of excluded nodes decreases as the cell moves away
from the boundary and towards the core zone, gradually
recovering the full interference structure. Consequently, the
expected system performance in the mid zone is generally
slightly better than that in the core zone. Furthermore, key
parameters such as the inter-node distance d exhibit similar
trends as in the core zone, although the rate of change differs
due to the asymmetry introduced by the system boundary.

C. Network Boundary Zone
The results in Theorems 1 and 2 are derived under the
assumption that the cell of interest is surrounded by neigh-
bouring cells in all directions and that the distances be-
tween UE and different cells are identical. However, this
assumption no longer holds when the cell of interest is
located at the system boundary. In this case, no interferers
are present beyond the boundary, which reduces the number
of interfering nodes and alters the distribution of angular
parameters such as α. In addition, the distance between
the cell and the system boundary, denoted by d́, can vary
independently of the inter-node distance d, leading to further
geometric variations. These factors result in different statisti-
cal behaviours of location-dependent parameters such as r0
and α, and therefore the assumptions used in Theorems 1
and 2 are no longer directly applicable in the boundary
zone. To provide a clearer geometric interpretation, the
boundary cell is classified based on the relative value of
d́ with respect to d/2. Specifically, when d́ = d/2, the
cell can be divided into two regions (centre and edge),
similar to the core-zone analysis but with modified angular
constraints. When d́ ̸= d/2, the cell is partitioned into three
regions (centre, middle, and edge), where both the radial
distance r0 and angular parameter α follow different bounds
in each region due to the presence of the system boundary.
This classification enables a more accurate representation
of practical OWC deployments while explicitly capturing
boundary effects. A detailed mathematical formulation of
these regions is provided in Theorem 4.

Theorem 4: The expected interference experienced by UE
in the boundary zone when d́ < d

2 can be expressed by:

E[Ib] =
∫
Db

c

Ibc (r, h, α) f
b
c (r, h, α) dDb

c+∫
Db

m

Ibm(r, h, α) f b
m(r, h, α) dDm

b +∫
Db

e

Ibe(r, h, α) f
b
e (r, h, α) dDb

e

(21)

where Db
c, Db

m, and Db
e are the bounded spatial domains

of the cell centre, middle, and edge in the boundary zone,
respectively, and Ibc (r, h, α), Ibm(r, h, α), and Ibe(r, h, α)
denote the corresponding analytical expressions of the in-
terference in these regions. It is important to note that
Ibc (r, h, α) = Ibm(r, h, α) = Ibe(r, h, α) refers to the an-
alytical form of the interference expression and the set
of potential interfering nodes, which are identical across
these regions. However, the actual interference experienced
by UE varies spatially due to differences in the distance-
dependent parameters r0, h, and α, as well as the spatial
weighting introduced by the corresponding joint densities.
The expressions are obtained as follows:

Ibc (r, h, α) = Icc/N:,Φ:π2 >Φ> 3π
2
(r, h, α) (22)

Icc/N:,Φ
(r, h, α) denotes the interference in the core area

excluding the nodes located in the angular angle of Φ,
and Icc (r, h, α) is obtained in Theorem 1. Given that UE
is located in the boundary zone, the joint densities of the
random variables, whose supports correspond to the centre,
middle, and edge regions of the cell, are expressed as:

f b
c,m,e(r, α, h) =


2r

dhcd́
c

f b
m(r) f b

m(α|r) f b
m(h) m

f b
e (r) f

b
e (α|r) f b

e (h) e

(23)

where 2r
dhcd́

is the joint density of r0, α and h in the cell
centre, f b

m(α|r) = 2

π−2 cos−1
(

d́
r

) is the conditional PDF

of α, f b
m(r) = r

dd́

(
π − 2 cos−1

(
d́
r

))
is the density of r0

and f b
m(h) = 1

hc
is the PDF of h in the cell middle.

f b
e (r) = 2r

dd́

(
π
2 − cos−1

(
d́
r

)
− cos−1

(
d
2r

))
is the density

of r0, f b
e (α|r) = 1

π
2 −cos−1

(
d́
r

)
−arccos(d/2r)

is the PDF of

α and f b
e (h) = 1

hc
is the PDF of h in the cell edge. c

(Db
c) is the random variables limits in the centre region,

0 ≤ r0 ≤ d́, 0 ≤ α ≤ π
2 and hn − hc ≤ h ≤ hn. m

(Db
m) is the random variables limits in the middle region,

d́ < r0 ≤ d
2 , 0 < α ≤ π

2 −cos−1
(
d́
r

)
and hn−hc ≤ h ≤ hn.

e (Db
e) is the random variables limits in the edge region,

d
2 < r0 ≤

√
d́2 + d2/4, arccos(d/2r) < α ≤ π

2 −cos−1
(
d́
r

)
and hn − hc ≤ h ≤ hn.

Proof : See Appendix D ■
The results in Theorem 4 are when d́ < d

2 , in fact d́ can
take any value depending on number of system parameters
such as the system area, value of d and the number of nodes
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FIGURE 6. Boundary zone - (a) cell centre, (b) cell middle and (c) cell
edge.

installed in the system. Therefore, the other scenarios need
to be considered such as d́ > d

2 and d́ = d
2 . When d́ > d

2 , the
joint density f b

c,m,e(r, α, h) is obtained similar to Theorem
4 and by rewriting Eq. (23):

f b
c,m,e(r, α, h) =


2r

dhcd́
c

f b
m(r) f b

m(α|r) f b
m(h) m

f b
e (r) f

b
e (α|r) f b

e (h) e

(24)

where 2r
dhcd́

is the joint density of r0, α and h in the
cell centre, f b

m(α|r) = 2

π−2 cos−1
(

d
2r

) is the conditional

PDF of α, f b
m(r) = r

dd́

(
π − 2 cos−1

(
d
2r

))
is the density

of r0 and f b
m(h) = 1

hc
is the PDF of h in the cell

middle. f b
e (r) = 2r

dd́

(
π
2 − cos−1

(
d
2r

)
− cos−1

(
d́
r

))
is the

density of r0, f b
e (α|r) = 1

αb
maxe−αb

mine

is the PDF of α,
αb
mine = arccos(d/2r), αb

maxe = π
2 − cos−1

(
d
2r

)
and

f b
e (h) =

1
hc

is the PDF of h in the cell edge. c is the random
variables limits in the centre region, 0 ≤ r0 ≤ d

2 , 0 ≤ α ≤ π
2

and hn − hc ≤ h ≤ hn. m is the random variables limits in
the middle region, d

2 < r0 ≤ d́, 0 < α ≤ π
2 − cos−1

(
d
2r

)
and hn − hc ≤ h ≤ hn. e is the random variables limits in

the edge region, d́ < r0 ≤
√

d́2 + d2/4, arccos(d́/r) < α ≤
π
2 − cos−1

(
d
2r

)
and hn − hc ≤ h ≤ hn.

When d́ = d
2 , the middle area disappears and the joint

densities in Eq. (23): becomes:

f b
c,e(r, α, h) =

{
πr
d́2

c

f b
e (r) f

b
e (α|r) f b

e (h) e
(25)

where πr
d́2

is the joint density of r0, α and h in the cell

centre, f b
e (r) = r

d́2

(
π
2 − cos−1

(
d́
r

))
is the density of r0,

f b
e (α|r) = 1

π
2 −arccos(d́/r)

is the PDF of α, and f b
e (h) =

1
hc

is the PDF of h in the cell edge. c is the random variables
limits in the centre region, 0 ≤ r0 ≤ d́, 0 ≤ α ≤ π

2 and
hn − hc ≤ h ≤ hn. e is the random variables limits in the
edge region, d́ < r0 ≤ d́

√
2, arccos(d́/r) < α ≤ π

2 and
hn − hc ≤ h ≤ hn.

The results in Theorem 4 further highlight the impact
of system boundaries on interference behaviour. In addition
to the reduction in the number of interfering nodes, the
distributions of the distance-dependent parameters, e.g. r0
and α, are strongly influenced by the proximity to the
system boundary. In particular, the maximum distance to
the nearest interferer increases to

√
d2 + d́2 in the boundary

zone, compared to d in the core and mid zones. This
is a direct consequence of the absence of nodes beyond
the system boundary. Moreover, the geometric constraints
imposed by the boundary introduce additional complexity
in modelling the distributions of the distance parameters,
requiring partitioning of the cell into multiple regions. Due to
the combined effects of reduced interference and increased
separation from interfering nodes, the boundary zone can
exhibit improved performance compared to other regions.
These observations emphasise the importance of explicitly
accounting for boundary effects in the analysis of finite OWC
networks.

D. Higher Reuse Factor
The results in the previous subsections are derived under
the assumption of a reuse factor of one, whereby the
available bandwidth is reused by all nodes in the system.
However, this assumption is not always valid in practical
deployments, where higher reuse factors are often adopted
to mitigate interference and improve overall performance
[32]. Increasing the reuse factor enlarges the minimum
distance between co-channel cells, thereby reducing mutual
interference. In the following, the proposed framework is
extended to incorporate resource reuse. In particular, a reuse
factor of three is considered in Theorem 5 to illustrate how
the framework captures changes in the interference structure
and to evaluate the resulting performance improvements in
finite networks.

Theorem 5: The expected interference experienced by UE
in the core, mid and boundary zones when the reuse factor

VOLUME , 11
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is 3 can be expressed by:

E[Iz3] =
∫
Dz3

c

Iz3c (r, h, α) fz3
c (r, h, α) dDz3

c +

Γ(d́)

∫
Dz3

m

Iz3m (r, h, α) fz3
m (r, h, α) dDm

z3+∫
Dz3

e

Iz3e (r, h, α) fz3
e (r, h, α) dDz3

e

(26)

where z ∈ {c,m, b}, Dz3
c = Dz

c , Dz3
m = Dz

m and Dz3
e = Dz

e

are the bounded spatial domain of the cell centre, middle and
edge in zth zone obtained in Theorem 1, 2 and 4 respectively,
and Γ(d́) is expressed by:

Γ(d́) =

{
1 z = b & d́ ̸= d

2

0 otherwise
(27)

fz3
c (r, h, α) = fz

c (r, h, α), fz3
m (r, h, α) = fz

m(r, h, α), and
fz3
e (r, h, α) = fz

e (r, h, α) are the joint densities in different
areas of the cell in zth zone obtained in Theorem 1, 2
and 4. Iz3c (r, h, α), Iz3m (r, h, α), and Iz3e (r, h, α) denote the
analytical expressions of the interference in the cell-centre,
middle, and edge regions of the zth zone, respectively.

Ic3a (r, h, α) = Ic3
a(T́−2)

+Khµ+1
4∑

i=1

(
Cc

T́ ,Ψi1
+ Cc

T́ ,Ψi2

)
+

T́−2∑
t=2,4,...

4∑
m=1

(
Cc

T́ ,Ψtm1
+ Cc

T́ ,Ψtm2

)
(28)

Im3
a (r, h, α) =

1

2T − 1

(
T∑

i=1

Ic3a/N:,Φ1
+

T∑
m=2

Ic3a/N:,Φ2

)
(29)

Ib3a (r, h, α) = Ic3a/N:,Φ:π2 >Φ> 3π
2

(30)

where Cc
T́ ,Ψi1

=
(
r2
T́ ,Ψi1

+ h2
)−µ+3

2 Γ(rT́ ,Ψi1
),

Cc
T́ ,Ψi2

=
(
r2
T́ ,Ψi2

+ h2
)−µ+3

2 Γ(rT́ ,Ψi2
),

Cc
T́ ,Ψtm1

=
(
r2
T́ ,Ψtm1

+ h2
)−µ+3

2 Γ(rT́ ,Ψtm1
) and

Cc
T́ ,Ψtm2

=
(
r2
T́ ,Ψtm2

+ h2
)−µ+3

2 Γ(rT́ ,Ψtm2
). The

corresponding values of rT́ ,Ψ⋆
and Ψ⋆ are obtained as

in Theorem 1. Φ1 ∈
[
π
2 + tan−1

(
i
T

)
, 3π

2 − tan−1
(

i
T

)]
,

Φ2 ∈
[
− tan−1

(
m
T

)
, tan−1

(
m
T

)]
and a ∈ {c,m, e} is

the area in the cell. Ic3
c/N:,Φ:π2 >Φ> 3π

2

, Ic3a/N:,Φ1
and Ic3a/N:,Φ2

denotes the interference in the core area obtained in Eq.(28)
excluding the nodes located in the angle of Φ, Φ1 and Φ2
respectively.

Proof : See Appendix E ■
Although a reuse factor of 3 is considered in this work

as a representative case, the proposed framework is general
and can be systematically extended to arbitrary reuse factors.
Specifically, this extension can be achieved by: (i) redefining
the set of co-channel interfering nodes according to the
adopted reuse pattern, (ii) updating the corresponding tier
structure and inter-node distances to reflect the increased

separation between active cells, and (iii) evaluating the
resulting interference using the same probabilistic framework
for UE location and distance distributions. The coverage
probability is then obtained by integrating the modified inter-
ference expressions over the corresponding spatial domains,
following the same procedure described in this work. In
general, increasing the reuse factor enlarges the minimum
distance between co-channel cells and reduces the number
of active interfering nodes, thereby lowering interference
levels and improving coverage probability. However, this
improvement comes at the expense of reduced spectral effi-
ciency, as the available resources are reused less frequently
across the network. In addition, practical constraints such
as the FOV and the inter-node distance limit the range of
feasible reuse factors. For sufficiently large reuse factors,
the system behaviour may approach an SNR-limited regime,
reducing the benefits of resource reuse. Overall, the proposed
analytical framework provides a flexible tool for evaluating
different reuse configurations by appropriately modifying the
set of interfering nodes, the number of contributing tiers,
and the associated geometric constraints, enabling systematic
analysis of reuse strategies and their trade-offs in practical
OWC network design.

It is important to note that, under higher reuse factors, the
geometric structure of the system remains unchanged. In par-
ticular, the impact of system and cell boundaries, as well as
the distributions of the distance-dependent parameters r0, α,
and h, remain identical to those derived for the reuse factor
of 1. The key difference lies in the reduced number of co-
channel interfering nodes, as only a subset of nodes remains
active. Consequently, the interference expressions retain the
same analytical form, while the summation over interfering
nodes is performed over a reduced set. This leads to lower
aggregate interference and improved coverage performance,
without altering the underlying spatial distributions.

IV. Coverage Probability
In a finite downlink OWC system, the coverage probability
is defined as the probability that the received SINR at a given
UE location exceeds a predefined threshold γ. Mathemati-
cally, this can be expressed as:

CP = CPc + CPm + CPb (31)

where CPc, CPm and CPb are the coverage probability in
each zone of the system, core, mid and boundary respec-
tively. The coverage probability in zth zone is obtained by:
CPz(γ) = PzP[SINRz > γ]

= Pz

∫
Dz

P
[
SINRz(r, h, θ) > γ

]
fz(r, h, θ) dDz

= Pz

∫
Dz

P
[ Sz(r, h)

Iz(r, h, θ) + σ2
> γ

]
fz(r, h, θ) dDz

= Pz

∫
Dz

1
(
Sz(r, h) > γ

(
Iz(r, h, θ) + σ2

))
fz(r, h, θ) dDz

(32)
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where z ∈ {c,m, b}, SINRz(r, h, θ) is the SINR experi-
enced by UE in zth zone, γ is the SINR threshold, Dz is
the bounded spatial domain of zth zone, fz(r, h, θ) is the
joint PDF distribution of location parameters in zth zone,
Sz(r, h) = Khµ+1(r2 + h2)−

µ+3
2 , Iz is the interference ex-

perienced by UE when it is located in zth zone, σ2 = ηBW
denotes the noise variance, η is the noise power spectral
density, and BW is the system bandwidth. Note that Iz ,
fz(r, h, θ) and Dz are obtained in Theorem 1 and 2 when
z = c, Theorem 3 when z = m and Theorem 4 when
z = b. Furthermore, finding the coverage probability for
higher reuse factor (e.g. 3), the aforementioned parameters
are obtained in Theorem 5.

V. Results
The results in this section demonstrate the accuracy of the
proposed analysis and illustrate the impact of key system
parameters and environmental characteristics. MATLAB is
used to simulate the interference and coverage probability
in a finite regular network with dimensions ls and ws. The
simulation results are obtained by averaging over 106 Monte
Carlo realizations, where UEs are randomly distributed
within the system area. The environment is assumed to be
covered by a grid of regularly shaped (square) cells, as shown
in Fig. 2. Nodes are placed at the centres of the cells at a
height of hn from the floor, and the inter-node distance is
set to d. For each realization, the UE location is randomly
generated within the system, and the distances between UE
and all nodes are computed accordingly. The serving node is
identified as the closest node. The channel gain to the serving
node is obtained according to Eq. (3), while the gains to the
remaining nodes are calculated using Eq. (10), accounting
for the UE location and its distances to all interfering nodes.
The resulting interference and coverage probability are then
evaluated, and the simulation results are denoted by Sim.
Unless otherwise specified, the system parameters used in
the simulations are listed in Table 2. The parameter values
listed in Table 2 are selected based on commonly adopted
settings in the OWC literature and representative practical
deployment scenarios, ensuring realistic and reproducible
performance evaluation (see, e.g., [2], [33]).
The semi-analytical expressions are evaluated numerically
using MATLAB. The agreement between the analytical and
simulation results is assessed through direct comparison of
the corresponding curves.

Fig. 7 shows the expected interference experienced by
UE for different values of the inter-node distance (d). In
this figure, BZ-Num and BZ-Sim, MZ-Num and MZ-
Sim, and CZ-Num and CZ-Sim denote the numerical and
simulation results for the boundary, mid, and core zones,
respectively, while DA represents the conventional disc-
assumption model. The results clearly demonstrate that the
expected interference decreases as d increases. This be-
haviour is due to two factors: (i) the reduction in the number
of active interfering nodes, and (ii) the increased distance

TABLE 2. System Parameters

Symbol Name Value

η Noise power spectral
density

10−20A2/Hz

BW Bandwidth 20 MHz
θ Semi-angle at half

power
70◦

Pt Transmitted optical
power

2 W

Adet Detector physical area 10−4m2

Ts Gain of optical filter 1
Gcon Gain of optical concen-

trator
1

h Height difference 3 m
d Node inter-distance 2 m
d́ Last row-system

boundary distance
1m

ls System length 100 m
ws System width 50 m
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FIGURE 7. Interference vs in different system zones. CZ, MZ, and BZ

denote the interference in the core, mid, and boundary zones,
respectively. Num and Sim represent the numerical results obtained
using the proposed analytical framework and the simulation results,
respectively. DA corresponds to the interference obtained under the
commonly adopted disc-assumption model in the literature.

between UE and the interferers, both of which reduce the
aggregate interference power. A key observation from Fig. 7
is the discrepancy between the proposed model and the
DA model. While the simulation results closely match the
analytical results, validating the accuracy of the proposed
framework, the DA model consistently underestimates the
interference. This is because it neglects contributions from
cell-edge regions and does not accurately capture the spatial
variability of interference within the cell. Furthermore, the
figure highlights the impact of the UE location within the
network. The interference is highest in the core zone, where
UE is surrounded by interferers in all directions, and de-
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FIGURE 8. Average interference in centre and edge regions of cells
versus inter-node distance. Results are shown for the core, mid, and
boundary zones, and the limitations of the disc-assumption (DA) model.

creases progressively in the mid and boundary zones. In the
boundary zone, the interference reaches its lowest values due
to the absence of interfering nodes beyond the system edge.
This trend clearly demonstrates the importance of accounting
for finite network geometry and boundary effects in practical
OWC system analysis.

Unlike Fig. 7, Fig. 8 illustrates the average interfer-
ence experienced by UE within different areas of a cell
(centre and edge) for various inter-node distances (d). In
this figure, both regions are evaluated across all system
zones. Specifically, CZ-T, MZ-T, and BZ-T denote the
total interference in the core, mid, and boundary zones,
respectively, while CZ-C, MZ-C, and BZ-C correspond to
the average interference in the cell-centre regions, and CZ-E,
MZ-E, and BZ-E represent the average interference in the
cell-edge regions. By definition, (CZ-T) = (CZ-C)+(CZ-
E), (MZ-T) = (MZ-C) + (MZ-E), and (BZ-T) = (BZ-
C)+(BZ-E). The results show that increasing d reduces the
interference across all regions and zones. This reduction is
driven by both the decreasing density of interfering nodes
and the increased separation between UE and interferers.
A key observation is that the cell-edge regions consistently
experience higher interference than the cell-centre regions,
particularly in the core zone. This is because UEs located
near the cell edge are closer to neighbouring nodes, leading
to stronger interference contributions. In contrast, this effect
is less pronounced in the mid and boundary zones, where
the number of active interferers is reduced due to the
presence of the system boundary. The figure also highlights
the limitations of the disc-assumption (DA) model. The DA
results closely match the interference levels in the cell-centre
region of the core zone (CZ-C), indicating that this model
effectively captures only the centre region while neglecting
the edge regions, where interference is significantly higher
and performance degradation is most severe. Finally, the rate
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FIGURE 9. Interference versus distance to the serving node for different
zones and angular positions. Results are shown for the core, mid, and
boundary zones, including the expected-interference (Ex) and
disc-assumption (DA) models.

of interference reduction with increasing d differs across
zones. The reduction is more pronounced in the core zone,
where interferers surround UE in all directions, compared to
the mid and boundary zones, where interference is inherently
limited by the system boundary. As a result, the difference in
interference levels between zones decreases as d increases.

Fig. 9 illustrates the interference experienced by UE as a
function of its distance from the serving node, denoted by
r0. Different system zones are considered, where CZ, MZ,
and BZ correspond to the core, mid, and boundary zones,
respectively. The curve Ex represents the expected inter-
ference for a randomly located UE, while DA denotes the
disc-assumption model. In addition, two angular extremes,
αmin and αmax, are evaluated for each scenario. These values
depend on the cell region; for example, in the core zone,
αmin = 0 and αmax = π/4 in the centre region, while
αmin = cos−1

(
d
2r

)
and αmax = π/4 in the edge region.

A key observation is that interference is generally highest at
the cell-edge regions, particularly in the core and mid zones.
This highlights the limitation of the disc-assumption (DA)
model, which considers only the cell-centre region. Under
the DA assumption, the interference drops to zero when
r0 > d/2, which is inconsistent with the other scenarios. In
practice, UEs experience non-zero interference across both
centre and edge regions, as captured by the proposed model.
The figure also shows that, in the core and mid zones, the
interference increases as UE moves away from the serving
node. This occurs because UE approaches neighbouring
interferers even as it moves farther from others, leading to
an overall increase in aggregate interference. In contrast, in
the boundary zone, the interference decreases with increasing
r0. This is because UE moves closer to the system boundary
and farther from all interfering nodes, resulting in reduced
interference. Another important observation is the impact
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FIGURE 10. Coverage probability versus SINR threshold. Results are
shown for the core, mid, and boundary zones, including numerical (Num)
and simulation (Sim) results, together with the disc-assumption (DA)
model.

of the angular position α. In the core and mid zones,
the interference is generally maximized at αmin, reflecting
the geometric alignment with nearby interferers. However,
in the boundary zone, where the interference environment
is asymmetric, the opposite behaviour is observed: αmax

corresponds to higher interference, as UE becomes closer to
one of the neighbouring interferers, while αmin corresponds
to the lowest interference.
Finally, the expected interference (Ex) is slightly lower than
that in the core zone for all values of r0. This is because,
although interference levels in the mid and boundary zones
are smaller, the overall expectation is dominated by the core
zone due to its larger spatial extent. The relative contributions
of different zones depend on system parameters such as inter-
node distance (d), transmitter–receiver height difference,
field of view (FOV), and system dimensions.

Fig. 10 presents the coverage probability of the OWC
system as a function of the SINR threshold. Simulation
results are included to validate the analytical model. In this
figure, CZ, MZ, and BZ denote the coverage probabilities
in the core, mid, and boundary zones, respectively; Sim
and Num represent simulation and analytical results; and
DA corresponds to the conventional disc-assumption model.
The results demonstrate excellent agreement between the
analytical and simulation curves, confirming the accuracy
of the proposed framework. As expected, the coverage
probability decreases with increasing SINR threshold, since
stricter SINR requirements reduce the spatial regions within
each cell that satisfy the threshold. A key observation is the
significant discrepancy between the proposed model and the
DA model. The DA model substantially overestimates sys-
tem performance, particularly at moderate SINR thresholds.
For example, at an SINR threshold of −3 dB, the DA model
predicts approximately 95% coverage, whereas the proposed
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FIGURE 11. Coverage probability versus inter-node distance. Results are
shown for centre and edge regions of cells in the core, mid, and boundary
zones.

model and simulations indicate that only about 75% of the
core and mid zones satisfy this threshold. This discrepancy
arises because the DA model neglects the cell-edge regions,
where UEs experience both reduced desired signal power
and increased interference. The figure also reveals that the
performance gap between the DA and CZ results is more
pronounced at low SINR thresholds. In this regime, the
coverage probability reflects contributions from the entire
cell, including low-performance edge regions. As the SINR
threshold increases, these edge regions are progressively
excluded, and the CZ results become dominated by the
cell-centre regions, leading to closer agreement with the
DA model. Furthermore, the results highlight the strong
spatial dependence of coverage across different zones. The
core zone exhibits the lowest coverage probability due to
the presence of interferers in all directions. The mid zone
provides intermediate performance, while the boundary zone
achieves the highest coverage probability, benefiting from
the reduced number of interfering nodes near the system
boundary.
Overall, these results demonstrate that accurate modelling
of spatial variability and boundary effects is essential for
reliable performance evaluation and practical OWC network
design.

Fig. 11 illustrates the coverage probability in different
cell areas for various system zones and inter-node distances
(d). As expected, the overall system performance improves
with increasing d. This is because larger inter-node distances
increase the separation between UE and interfering nodes,
while also reducing the total number of active interferers,
leading to higher SINR levels. A key observation is that the
boundary zone consistently achieves the highest coverage
probability across all values of d. This is due to the reduced
number of interfering nodes near the system boundary. It
can be observed that both the centre and edge regions of the
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FIGURE 12. Coverage probability versus height difference. Results are
shown for centre and edge regions of cells in the core, mid, and boundary
zones at an SINR threshold of 0 dB.

boundary cells reach near-perfect coverage when d ≈ 2.5
m, i.e., BZ-CA+BZ-EA ≈ 1. However, despite this high
performance, the boundary zone has a limited impact on the
overall system performance (Ex) because it occupies a rela-
tively small portion of the total system area. This highlights
the importance of spatial weighting when evaluating overall
performance. In contrast, the centre regions of the core and
mid zones (CZ-CA and MZ-CA) exhibit degraded perfor-
mance at small inter-node distances (d < 2 m), but improve
significantly as d increases, approaching full coverage for
d > 3 m. The edge regions of these zones (CZ-EA and
MZ-EA), however, experience the lowest coverage, partic-
ularly for d ≤ 3 m, and only begin to improve noticeably
for d ≳ 3.5 m. These results emphasise that the cell-edge
regions represent the performance bottleneck of the system.
Neglecting these regions, as in conventional disc-assumption
models, leads to overly optimistic performance estimates.
Therefore, accurate modelling of both spatial variability and
cell-edge effects is essential for reliable system design and
performance evaluation.

Fig. 12 illustrates the coverage probability across all
system zones—core, mid, and boundary—for different UE
heights at an SINR threshold of 0 dB. The figure shows the
coverage probability for both centre and edge regions within
each zone, where CZ-CA, MZ-CA, and BZ-CA denote
the centre regions, and CZ-EA, MZ-EA, and BZ-EA
denote the edge regions. The results clearly demonstrate the
significant impact of UE height on system performance. As
the height difference h increases, the coverage probability
decreases across all zones. This degradation is primarily
due to the increase in the number of visible interferers, as
larger height differences expand UE’s FOV and allow more
nodes to contribute to interference. A key observation is that
the edge regions experience the most severe performance
degradation, particularly in the core and mid zones. In
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FIGURE 13. Coverage probability versus SINR threshold under different
reuse factors. Results are shown for the core, mid, and boundary zones
with reuse factors 1 and 3.

these zones, the coverage in the edge regions (CZ-EA and
MZ-EA) becomes nearly zero for all values of h, resulting
in CZ ≈ CZ-CA and MZ ≈ MZ-CA. This highlights
that system performance in these zones is effectively dom-
inated by the centre regions under increasing interference
conditions. The figure also shows that the performance in the
core and mid zones is similar for small height differences
(h ≤ 1.5 m). However, for larger values of h, the mid
zone outperforms the core zone. This is because, although
the number of interferers increases with h in both zones,
the rate of increase is lower in the mid zone due to the
presence of the system boundary, which limits the number
of contributing interferers. The boundary zone consistently
achieves the highest coverage probability, as it is affected
by the smallest number of interferers. Overall, these results
highlight the critical role of UE height and further emphasise
that cell-edge regions—particularly in the core and mid
zones—are the most vulnerable to performance degradation
due to increased interference and reduced received signal
strength.

Fig. 13 presents the coverage probability across different
system zones for reuse factors of 1 and 3. Specifically,
Ex1, CZ1, MZ1, and BZ1 denote the overall, core, mid,
and boundary zone coverage probabilities, respectively, for
a reuse factor of 1, while Ex3, CZ3, MZ3, and BZ3
represent the corresponding results for a reuse factor of
3. The results clearly demonstrate that increasing the reuse
factor significantly improves system performance across all
zones. This improvement arises because a higher reuse
factor increases the spatial separation between co-channel
cells, thereby reducing the number of active interferers and
increasing their distance from UE.
A key observation is that the performance gain is most
pronounced in the mid zone, when a higher reuse factor
(e.g., 3) is applied. For SINR thresholds above approx-
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imately 3 dB, the coverage probability in the mid zone
becomes comparable to that of the boundary zone. For
lower thresholds, the mid zone still exhibits slightly lower
performance, reflecting the spatial variability within this
region. In particular, cells closer to the core zone experience
higher interference, while those closer to the boundary ben-
efit from reduced interference. In contrast, the improvement
in the core zone is less significant. This is because the
core zone is symmetrically surrounded by interferers in all
directions. As a result, even though some interferers are
removed when a higher reuse factor is applied, UE may still
remain close to other interferers, leading to a smaller net
performance gain. The boundary zone continues to achieve
the highest coverage probability due to the inherently limited
number of interferers. Overall, these results highlight that
the effectiveness of reuse strategies depends strongly on the
spatial location within the network, and that the greatest
benefits are achieved in regions where interference is already
partially constrained by system geometry.

From a system design perspective, the presented results
provide several important insights into the impact of key
parameters. The inter-node distance d (or equivalently node
density) plays a central role in controlling interference,
where increasing d reduces both the number of active in-
terferers and their contribution, gradually shifting the sys-
tem towards an SNR-limited regime. However, excessively
large values of d may lead to coverage gaps and reduced
spatial reuse, indicating the need for careful selection of
node density. The choice of d should therefore consider
system requirements alongside other parameters, such as the
transmitter–receiver height difference, system dimensions,
and vulnerable regions within the network—particularly the
core zone and cell-edge areas. Larger height differences were
found to degrade performance by increasing the number
of visible interferers within the receiver field of view. In
addition, the results consistently show that cell-edge regions
represent the primary performance bottleneck due to their
proximity to neighbouring nodes and increased exposure to
interference. This highlights the importance of incorporating
targeted mitigation strategies for these regions. Furthermore,
increasing the reuse factor effectively reduces interference
by limiting the number of co-channel interferers, resulting
in improved coverage performance. However, this comes
at the expense of reduced spectral efficiency, emphasising
the need to balance interference mitigation and resource
utilisation. Finally, the results demonstrate that system per-
formance varies significantly across different zones of the
network. This spatial variability suggests that adopting zone-
specific design strategies—such as varying reuse factors or
inter-node spacing—may further improve performance and
resource efficiency. Overall, these observations underline the
importance of accurately modelling spatial variability to
identify optimal system configurations and guide practical
OWC network design.

VI. Conclusion
This paper presented a comprehensive analytical framework
for evaluating interference and coverage performance in
finite OWC networks with regularly deployed nodes. Unlike
conventional approaches based on infinite-network or disc-
shaped cell assumptions, the proposed framework explicitly
accounts for finite system dimensions, three-dimensional
distance variations, and boundary effects. The network was
classified into core, mid, and boundary zones to capture
the spatial variability of interference arising from truncated
interferer sets near the system edges. Semi-analytical ex-
pressions for the interference distribution were derived for
each zone, demonstrating that the number and geometry of
interferers vary significantly across the system. The analysis
revealed that, although the core and mid zones exhibit
similar interference characteristics, the mid zone experi-
ences reduced interference due to boundary constraints. In
contrast, the boundary zone exhibits fundamentally differ-
ent interference behaviour resulting from both the reduced
number of interferers and altered geometric distributions of
the serving distance and angular position. Furthermore, the
results showed that cell-edge regions—particularly in the
core and mid zones—experience the most severe perfor-
mance degradation due to their larger distances from serving
nodes and proximity to neighbouring interferers. Simulation
results validated the proposed model and highlighted the
limitations of the commonly adopted disc-shaped cell as-
sumption. The disc-based model was shown to substantially
overestimate system performance by neglecting edge regions
and boundary effects, leading to overly optimistic coverage
predictions. In contrast, the proposed framework accurately
captures spatial variations across the entire system and
provides a realistic assessment of interference and coverage
performance. The impact of key system parameters was also
investigated. Increasing the inter-node distance or adopting
higher frequency reuse factors was shown to significantly
improve performance by reducing both the number and
strength of interfering signals. Conversely, larger transmitter–
receiver height differences were found to degrade perfor-
mance by increasing the number of visible interferers within
the receiver field of view. Overall, the proposed framework
provides a robust and flexible foundation for analysing finite
OWC networks under structured LOS-dominant conditions,
enabling more reliable system design, performance optimi-
sation, and interference management.
The results also highlight important implications for prac-
tical network planning. In particular, conventional models
based on circular-cell approximations tend to overestimate
coverage probability, as they do not accurately capture the
true geometry and interference characteristics of regularly
deployed OWC networks. This overestimation may lead to
overly optimistic system design, where node density is un-
derestimated or inter-node spacing is selected suboptimally.
Consequently, coverage gaps or performance degradation
may arise, particularly in cell-edge regions where inter-
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ference and distance variations are more significant. The
proposed framework provides a more realistic evaluation
of system performance, enabling more accurate design and
optimisation of OWC deployments.
Future work will extend this framework to incorporate NLOS
reflections, which may be significant in practical indoor
environments with reflective surfaces and complex geome-
tries. In addition, blockage effects and transmitter–receiver
misalignment will be considered, as they can introduce ad-
ditional randomness and significantly impact link reliability
and system performance in realistic OWC deployments.
Furthermore, user mobility, irregular network deployments,
and adaptive resource allocation will be investigated, along
with hybrid RF/OWC architectures, to enhance the realism
and applicability of the proposed model. An important
direction for future research is also the optimisation of node
density, or equivalently the inter-node distance, using the
proposed analytical framework. Such optimisation would
enable the identification of deployment configurations that
balance system performance and infrastructure cost, thereby
providing valuable insights for practical OWC system design.

Appendix A
Since the core area is symmetric and UE is randomly
located, the triangular region 012 in Fig. 4 is considered
to analyse the interference caused by other nodes. The angle
α is defined as the angle between r0 and the baseline L0,
and it can take values in the range [0, π

4 ]. Considering the
interference generated by the closest interferer in the first tier,
N1,0, and experienced by UE located at the cell centre, the
interference from N1,0, derived from Eq. (10), is expressed
as:

Cc
1,0 = G1,0Pt

= Khµ+1
(
r21,0 + h2

)−µ+3
2 Γ(r1,0)

(33)

where Pt is the transmit power, K = Pt(µ+1)AdetGconTs

2π ,
and r1,0 =

√
r20 + d2 − 2r0d cos(α) denote the horizontal

distance between UE and N1,0, respectively. The parameter
r0 is the horizontal distance between UE and its serving node
N0, taking values in the range 0 ≤ r0 ≤ d

2 in the cell-centre
region, as shown in Fig. 4. The distance between the serving
node N0 and the interferer N1,0 is d. When considering
the interference caused by the second closest interferer node
N1,π2

, Eq. (33) becomes:

Cc
1,π2

= Khµ+1
(
r21,π2 + h2

)−µ+3
2 Γ(r1,π2 ) (34)

where r1,π2 =
√

r20 + d2 − 2r0d cos
(
π
2 − α

)
is horizontal

distance between UE and N1,π2
, and distance between N0

and N1,π2
is also d. If interference is contributed only by

the first tier (T = 1), the maximum number of interferers is
8, located at distinct angular positions (e.g., 0, π

4 ,
π
2 , . . . ,

7π
4 )

with respect to L0. The analytical expression of the interfer-
ence in the cell-centre region, Icc (r, h, α), caused by these

potential 8 interfering nodes is given by:

Icc (r, h, α) =

4∑
i=1

Cc
1,Ψi1

+ Cc
1,Ψi2

=

4∑
i=1

Khµ+1
(
(r21,Ψi1

+ h2)−
µ+3
2 Γ(r1,Ψi1

)

+ (r21,Ψi2
+ h2)−

µ+3
2 Γ(r1,Ψi2

)
)

(35)

where r1,Ψi1 =
√

r20 + d2 − 2r0d cos(Ψi1 − α) and

r1,Ψi2 =
√

r20 + 2d2 − 2
√
2r0d cos(Ψi2 − α) are distances

between UE and N1,Ψi1
and N1,Ψi2

, respectively, Ψi1 =
(i−1)π

2 , and Ψi2 = π
4 +

(i−1)π
2 . If the number of contributing

tiers is two (T = 2), the total number of potential inter-
ferers increases to 24 (8 nodes from tier 1 and 16 nodes
from tier 2). Accordingly, the analytical expression of the
interference in the cell-centre region, Icc (r, h, α), becomes:

Icc (r, h, α) = Icc(1) +

4∑
i=1

(
Cc

2,Ψi1
+ Cc

2,Ψi2

)
+

4∑
m=1

(
Cc

2,Ψm1

+ Cc
2,Ψm2

)
(36)

where Icc(1) is the interference caused by
the first tier and obtained in Eq. (35),
Cc

2,Ψi1
= Khµ+1(r22,Ψi1

+ h2)−
µ+3
2 Γ(r2,Ψi1

),
Cc

2,Ψi2
= Khµ+1(r22,Ψi2

+ h2)−
µ+3
2 Γ(r2,Ψi2

),
Cc

2,Ψm1
= Khµ+1(r22,Ψm1

+ h2)−
µ+3
2 Γ(r2,Ψm1),

Cc
2,Ψm2

= Khµ+1(r22,Ψm2
+ h2)−

µ+3
2 Γ(r2,Ψm2

), Ψm1 =
(m−1)π

2 + tan−1( T
T−1 ) and Ψm2 = mπ

2 − tan−1( T
T−1 ),

r2,Ψi1
=
√

r20 + 4d2 − 4r0d cos(Ψi1 − α), r2,Ψi2
=√

r20 + 8d2 − 4
√
2r0d cos(Ψi2 − α), r2,Ψm1 =√

r20 + 5d2 − 2
√
5r0d cos(Ψm1 − α), and

r2,Ψm2
=
√

r20 + 5d2 − 2
√
5r0d cos(Ψm2 − α). The result

above can be generalized:

Icc (r, h, α) = Icc(T−1) + Icc(T )

= Icc(T−1) +

4∑
i=1

(
Cc

T,Ψi1
+ Cc

T,Ψi2

)
+

T−1∑
t=1

4∑
m=1

(
Cc

T,Ψtm1
+ Cc

T,Ψtm2

)
(37)

where Cc
T,Ψi1

= Khµ+1(r2T,Ψi1
+ h2)−

µ+3
2 Γ(rT,Ψi1

),
Cc

T,Ψi2
= Khµ+1(r2T,Ψi2

+ h2)−
µ+3
2 Γ(rT,Ψi2

),
Cc

T,Ψtm1
= Khµ+1(r2T,Ψtm1

+ h2)−
µ+3
2 Γ(rT,Ψtm1),

and Cc
T,Ψtm2

= Khµ+1(r2T,Ψtm2
+ h2)−

µ+3
2 Γ(rT,Ψtm2

).

rT,Ψtm1
=

√
r20 +D2

T,Ψtm
− 2r0DT,Ψtm

cos(Ψtm1 − α),

rT,Ψtm2
=

√
r20 +D2

T,Ψtm
− 2r0DT,Ψtm

cos(Ψtm2 − α),
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Ψtm1 = (m−1)π
2 + tan−1

(
t
T

)
, Ψtm2 = mπ

2 − tan−1
(

t
T

)
,

and DT,Ψtm =
√

(T 2 + t2)d.
Note that when evaluating the interference from all nodes

for T = 3, Eq. (37) is applied sequentially for T = 1,
T = 2, and T = 3. The total interference for an arbitrary
number of tiers can be obtained in a similar manner. UE
located at height h may experience interference from all or
a subset of nodes in the first tier if the closest interferer lies
within the receiver field-of-view, i.e., min(r1,0) ≤ h tan(θr).
Since neighbouring nodes are separated by a distance d, the
minimum distance between UE and the closest interferer in
the first tier is d

2 . Similarly, interference from the second
tier occurs when min(r2,0) ≤ h tan(θr), where min(r2,0) =
3d
2 . Consequently, the maximum number of tiers contributing

to interference occurs when UE is located at the maximum
height, i.e., h = hn.

T = 2 ⇂
2hn tan(θr)

d − 1

2
⇃ +1 (38)

where ⌊·⌋ denotes the floor function. Since the UE location
is random within the system, the interference caused by any
node depends on the distance-dependent random variables
associated with its position, namely (r0, h, α). From Defi-
nition 3, the expected interference in the cell-centre region
can therefore be expressed as:

E[Icc ] =
∫
Dc

c

Icc (r, h, α) f
c
c (r, h, α) dDc

c (39)

where Dc
c denotes the bounded spatial domain of the cell-

centre region in the core zone, and f c
c (r, h, α) represents the

joint density of the random variables r0, h, and α, whose
support corresponds to the cell-centre region. Since the cell-
centre region is considered, UE is located at a distance of
at most d

2 from the serving node, as illustrated in Fig. 4.
Conditioned on UE being located in the core zone and within
the cell-centre region, the CDF of the distance r0 from
the serving node, for 0 ≤ r0 ≤ d

2 , is obtained from the
corresponding area ratio, as defined in Definition 1, and is
given by

F c
c (r) =

A034

A012
(40)

where A034 = πr2

8 denotes the area of sector 034 centred
at the serving node, and A012 = d2

8 denotes the area of
triangle 012, i.e., the spatial domain of the cell-centre region
under consideration. The corresponding density of r0 is then
obtained by differentiating F c

c (r) with respect to r:

f c
c (r) =

d

dr
F c
c (r)

=
2πr

d2

(41)

The distribution of the interference also depends on the
random variable α. From geometric considerations, α takes
values in the range [0, π

4 ]. Since UE is uniformly distributed
within the cell-centre region, and the variables r0 and h do
not influence the distribution of α in this region, α can be

treated as an independent random variable with a uniform
distribution over [0, π

4 ]. Therefore, the conditional PDF of α
is given by:

f c
c (α) =

4

π
(42)

Since UE can be at any height between hc and hn, h can be
assumed independent and uniformly distributed over interval
[hc, hn]. Therefore, PDF of h is given by:

f c
c (h) =

1

hn − (hn − hc)
(43)

Note that some dependence may exist between certain ran-
dom variables (e.g., r0 and α) in the cell-edge region, as
discussed in the next theorem. However, in the cell-centre re-
gion, these variables are governed by independent geometric
constraints, and no such dependence arises. Consequently,
r0, h, and α can be treated as independent random variables
in this region, and the joint density can therefore be obtained
according to Definition 2:

f c
c (r, h, α) = f c

c (r)f
c
c (h)f

c
c (α)

=
8r

d2hc

(44)

By substituting Eq. (44) and Eq. (37) into Eq. (39), expected
value of interference is obtained in Eq. (13). ■

Appendix B
Consider UE located at a distance r0 from the centre of the
serving node, where d

2 < r0 ≤ d√
2

, as illustrated in Fig. 5.
In this region, some nodes that contribute to interference
at the cell centre may have a reduced or negligible impact
at the cell edge due to the UE’s proximity to other nearby
nodes. However, the number of tiers and the set of potential
interfering nodes are determined in Theorem 1 based on a
worst-case scenario, corresponding to UE being located at
the cell edge. Furthermore, any node within these tiers that
does not contribute to interference at a given UE location is
effectively excluded by the FOV constraint in (11) during the
interference evaluation. Therefore, it is appropriate to deter-
mine the number of tiers and potential interfering nodes in
the same manner as in Theorem 1. The analytical expression
of the interference for a UE located at a distance r0 from
the serving node is given by:

Ice(r, α, h) = Ice(T−1) + Ice(T )

= Ice(T−1) +

4∑
i=1

(
ET,Ψi1

+ ET,Ψi2

)
+

T−1∑
t=1

4∑
m=1

(
ET,Ψtm1 + ET,Ψtm2

)
= Icc (r, α, h)

(45)

where Ice(T−1) and Ice(T ) denote the interference contribu-
tions from the first (T−1) tiers and the T th tier, respectively.
The term ET,⋆ represents the interference contribution at

VOLUME , 19



A. Mahbas et al.: Preparation of Papers for IEEE OPEN JOURNALS

the cell edge from node NT,Ψ⋆
in the T th tier, located at

an angular position 0 ≤ ⋆ < 2π. The term Icc (r, α, h)
denotes the analytical expression of the interference obtained
in Theorem 1, and T is the total number of tiers contributing
to interference, as defined in Theorem 1.

Since UE location is random, these parameters are mod-
elled as random variables. The expected interference at the
cell edge is therefore obtained by averaging over their joint
distribution. Conditioned on UE being located in the core
zone and within the cell-edge region, the CDF of the distance
r0 from the serving node, for d

2 < r0 ≤ d√
2

, is obtained
from the corresponding area ratio based on Definition 1. The
corresponding density is then expressed as:

f c
e (r) =

d

dr
F c
e (r)

=
d

dr

A1654(r)

A021

=
d

dr

A1653(r)−A143(r)

A021

=
1

A021

d

dr

(
(A035(r)−A061︸ ︷︷ ︸

A1653(r)

)− (A043(r)−A041(r)︸ ︷︷ ︸
A143(r)

)
)

=
1

A021

d

dr

(( r2π

8︸︷︷︸
A053(r)

)
−
( d2π

32︸︷︷︸
A061

)
−
( r2 cos−1(d/2r)

2︸ ︷︷ ︸
A043(r)

)

−
( d√r2 − d2/4

4︸ ︷︷ ︸
A041(r)

))

=
2r

d2
(
π − 4 cos−1

( d
2r

))
(46)

where A1654(r)
A021

denotes the probability that UE is located at
a distance less than or equal to r from the serving node,
conditioned on UE being in the cell-edge region of the core
zone. Here, A021 represents the spatial domain of the cell-
edge region under consideration. A1654(r) = A1653(r) −
A143(r) is the area where UE can be in the edge area, A021 =
d2/8 is the total area of interest, A1653(r) is the area of
annulus sector 1653 and obtained by subtracting the area
of sector 061 (A061) from the area of sector 053 (A053(r)),
A143(r) is the area located in annulus sector 1653 but part
of the neighbouring cell (closest interferer cell) and can be
obtained by subtracting the area of triangle 041 (A041) from
the area of sector 043 (A043(r)).

The angle α has a different distribution in the edge region
due to the cell boundaries. From observation, α depends on
the value of r0, for instance, when r0 > d

2 (which is the
case in the cell edge area as d

2 < r0 ≤ d√
2

), α can not
take the value of 0. Furthermore, α can not take a value less
than π

4 when r0 = d√
2

. Actually, α is uniformly distributed
in the range αmin to αmax where αmin = cos−1

(
d
2r

)
is

the minimum value that α can take at r0 and αmax = π
4 .

Therefore, the conditional PDF of α can be expressed by:

f c
e (α|r0) =

1

αmax − αmin
(47)

From Definition 4, the joint PDF of r0 and α can be obtained
by:

f c
e (r, α) = f c

e (α|r0)f c
e (r)

=

(
2rπ − 8r cos−1

(
d
2r

))(
αmax − αmin

)
d2

(48)

since UE can be at any height from hn to hn−hc regardless
the values of r0 and α in the cell edge area, h is uniformly
distributed in the range of hn to hn − hc. Therefore, the
joint density of three random variables r0, α and h can be
expressed by:

f c
e (r, α, h) = f c

e (r, α) · f c
e (h) (49)

where f c
e (h) =

1
hc

. The expected value of interference can
be expressed by:

E[Ice ] =
∫
Dc

e

Ice(r, h, α) f
c
e (r, h, α) dDc

e (50)

where where Dc
e is the bounded spatial domain of the cell

edge in the core zone. The expected value of interference is
reached in Eq. (17). ■

Appendix C
The characteristics of the interference in the mid zone
are similar to those in the core zone. However, the key
difference lies in the reduced number of potential interfering
nodes due to the presence of the system boundary. For
instance, when UE is located in the last row of the mid zone
(specifically in the half further from the system boundary),
nodes from different tiers located within the angular range[
π
2 + tan−1

(
1
T

)
, , 3π

2 − tan−1
(
1
T

)]
do not contribute to

interference, where T denotes the number of interfering
tiers. The mid zone extends up to T tiers from the system
boundary, excluding the half of the last cell adjacent to
the boundary, which belongs to the boundary zone. Each
cell within the mid zone is therefore divided into two
halves—closer and further from the boundary—except for
the last cell, which includes only the further half. As a result,
the total number of cell halves in the mid zone is 2T − 1,
and the probability of UE being located in any given half is

1
2T−1 . Conditioned on UE being located in the further half
of the last cell and at a distance r0 from its serving node,
the analytical expression of the interference can be written
as:

Im(1)
c (r, α, h) =

Ic
c/N:,Φ:Φ∈

[
π
2 +tan−1

(
1
T

)
,
3π
2 −tan−1

(
1
T

)]
2T − 1

(51)
where Icc/N:,Φ

denotes the interference in the core area (de-
rived in Eq. (14)) excluding the nodes located in the angular
range

[
π
2 + tan−1

(
1
T

)
, 3π

2 − tan−1
(
1
T

)]
. The interference

at other rows of the mid-area varies depending on the UE’s
position within the cell. For example, if UE is located in the
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second-to-last row, the interference will differ depending on
whether it lies in the far half (towards the network interior)
or the near half (towards the system boundary). If UE is
in the far half, the interferers located in the angular range[
π
2 + tan−1

(
2
T

)
, 3π

2 − tan−1
(
2
T

)]
are excluded. If UE is

in the near half, the interferers located in the angular range[
− tan−1

(
2
T

)
, tan−1

(
2
T

)]
are excluded. Accordingly, the

interference experienced by UE in the second-to-last row is
given by

Im(2)
c (r, α, h) =

1

2T − 1

(
Icc/N:,Φ1

+ Icc/N:,Φ2

)
. (52)

Φ1 ∈
[
π
2 + tan−1

(
2
T

)
, 3π

2 − tan−1
(
2
T

)]
and Φ2 ∈[

− tan−1
(
2
T

)
, tan−1

(
2
T

)]
. Since UE is assumed to be

randomly located within the system, given that it lies in any
where in the cell centre of the mid zone, the interference can
be expressed as

Imc (r, α, h) =
1

2T − 1

(
T∑

i=1

Icc/N:,Φ1
+

T∑
m=2

Icc/N:,Φ2

)
.

(53)
where Φ1 ∈

[
π
2 + tan−1

(
i
T

)
, 3π

2 − tan−1
(

i
T

)]
and Φ2 ∈[

− tan−1
(
m
T

)
, tan−1

(
m
T

)]
. Note that UE can also be in

the cell edge. It is discussed in Theorem 2 that the potential
interfering nodes from different tires are the same in the cell
edge. Therefore, the total interference experienced by UE in
the cell edge of the mid zone can be expressed by

Ime (r, α, h) =
1

2T − 1

(
T∑

i=1

Ice/N:,Φ1
+

T∑
m=2

Ice/N:,Φ2

)
.

(54)
The expected interference when UE located anywhere in the
mid zone can be expressed by

E[Im] =

∫
Dm

c

Imc (r, h, α) fm
c (r, h, α) dDm

c +∫
Dm

e

Ime (r, h, α) fm
e (r, h, α) dDm

e

(55)
where Dm

c and Dm
e are the bounded spatial domain of the cell

centre and edge in the mid zone respectively. Since the dis-
tance random variables have the same distribution as in the
core zone, fm

c (r, h, α) = f c
c (r, h, α) and Dm

c = Dc
c which

are obtained in Theorem 1 and fm
e (r, h, α) = f c

e (r, h, α)
and Dm

e = Dc
e which are obtained in Theorem 2. The final

results are reached ■

Appendix D
Assume that UE is located within the boundary zone, as
illustrated in Fig. 6, where the distance between the outer-
most nodes and the system boundary is denoted by d́. In this
zone, the distributions of the distance-dependent parameters,
such as r0 and α, are more complex compared with the core
and mid zones. This complexity arises because d́ can take
different values relative to the inter-node distance d, i.e.,
d́ < d

2 , d́ = d
2 , or d́ > d

2 . When d́ ̸= d
2 , accurately modelling

the interference requires a detailed geometric characterisa-
tion of the cell. Accordingly, the cell is partitioned into
three distinct regions—centre, middle, and edge—as shown
in Fig. 6, each associated with different distance constraints
and interference characteristics. Therefore, the interference
in each region must be analysed separately. The expected
interference in the boundary zone can thus be expressed as:

E[Ib] =
∫
Db

c

Ibc (r, h, α) f
b
c (r, h, α) dDb

c+∫
Db

m

Ibm(r, h, α) f b
m(r, h, α) dDm

b +∫
Db

e

Ibe(r, h, α) f
b
e (r, h, α) dDb

e

(56)

where Ibc (r, h, α), Ibm(r, h, α), and Ibe(r, h, α) denote the
analytical expressions of the interference in the centre,
middle, and edge regions of the boundary zone, respectively.
The domains Db

c, Db
m, and Db

e represent the correspond-
ing bounded spatial regions, while f b

c (r, h, α), f
b
m(r, h, α),

and f b
e (r, h, α) denote the joint densities of the distance-

dependent parameters in these regions. Similar to the mid
zone, some interfering nodes are excluded when evaluating
the interference in the boundary zone due to the absence of
nodes beyond the system boundary. When UE is located in
this zone, the analytical expression of the interference can
be obtained as follows:

Ibc (r, h, α) = Icc/N:,Φ:π2 >Φ> 3π
2

(57)

where Ic
c/N:,Φ:π2 >Φ> 3π

2

denotes the analytical expression of
the interference in the core region (derived in Eq. (14))
after excluding nodes located within the angular range
π
2 < Φ < 3π

2 . As discussed in Theorem 2, the set
of potential interfering nodes from different tiers remains
the same across the different regions of the cell. This is
because nodes that do not contribute to interference at a
given UE location are effectively filtered out by the FOV
constraint in Eq. (11), depending on the values of r0 and the
corresponding distances to the interfering nodes. Therefore,
the analytical expression of the aggregate interference for the
other cell regions can be expressed as:

Ibc (r, h, α) = Ibm(r, h, α) = Ibe(r, h, α) (58)

It is important to note that Eq. (58) refers to the analytical
form of the interference expression and the set of potential
interfering nodes, which are identical across these regions.
However, the actual interference experienced by UE varies
spatially due to differences in the distance-dependent param-
eters r0, h, and α, as well as the spatial weighting introduced
by the corresponding joint PDFs.
Assume that d́ < d

2 . In this case, the random variables r0
and α follow different distributions in the centre, middle, and
edge regions of the cell, as illustrated in Fig. 6. Conditioned
on UE being located in the boundary zone and within the
cell-centre region, the density of r0 is derived from the
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corresponding area ratio, as defined in Definition 1, and can
be obtained similarly to Theorem 1:

f b
c (r) =

d

dr
F b
c (r)

=
d

dr

(A045(r)

A0123

)
=

πr

dd́

(59)

where A0123 = dd́
2 denotes the spatial domain of the cell-

centre region under consideration, and A045(r) = π/2
2π πr2

denotes the area of sector 045, for 0 ≤ r ≤ d́. In the
centre region, α is randomly distributed in the range of 0
to π

2 and PDF of α is 2
π . The height of UE is assumed to

be independent and uniformly distributed over the interval
[hc, hn]. From Definition 2, the joint density of r0 and α in
the centre region can be obtained by:

f b
c (r, α, h) = f b

c (r)f
b
c (α)f

b
c (h)

=
2r

dhcd́

(60)

The middle region arises when r0 takes values in the range
d́ < r0 ≤ d

2 , as illustrated in Fig. 6(b). Conditioned on
UE being located in the boundary zone and within the cell-
middle region, the density of r0 can be obtained from the
corresponding area ratio, as defined in Definition 1:

f b
m(r) =

d

dr
F b
m(r)

=
d

dr

(A1674(r)

A0123

)
=

d

dr

(A057(r)−A014 −A156(r)

A0123

)
=

1

A0123

d

dr

(
A057(r)−A014 − (A056(r)−A016(r)︸ ︷︷ ︸

A156(r)

)
)

=
1

A0123

d

dr

(( π/2
2π

πr2︸ ︷︷ ︸
A057(r)

)
−
( π/2
2π

πd́2︸ ︷︷ ︸
A014

)
−

( cos−1(d́/2r)

2π
πr2︸ ︷︷ ︸

A056(r)

)
−
( d́√r2 − d́2

2︸ ︷︷ ︸
A016(r)

))

=
r

dd́

(
π − 2 cos−1

( d́
r

))
(61)

where F b
m(r) = A1674(r)

A0123
denotes the cumulative probability

that UE is located at a distance less than or equal to r
from the serving node, within the cell-middle region of the
boundary zone. A1674(r) = A057(r)−A014−A156(r) is the
area where UE can be in the middle zone, A0123 = dd́

2 is
the total area of interest, A057(r) is the area of sector 057,
A014 is total area of centre region, A156(r) is area part of
the sector 057 but located out of interest area 0123. A156(r)
can be obtained by subtracting the area of triangle of 016
from the area of sector 056.

Unlike the angle α in the centre region, α has a different
distribution in the middle region of the cell. α depends on the
value of r0. α is uniformly distributed in the range αmin to
αmax where αmin = 0 is the minimum value that α can take
at r0 and αmax = π

2 −cos−1
(
d́
r

)
. Therefore, the conditional

PDF of α can be expressed by:

f b
m(α|r) = 1

αmax − αmin
(62)

From Definition 4 and Definition 2, the joint PDF of
f b
m(r, α, h) can be obtained by:

f b
m(r, α, h) = f b

m(r)f b
m(α|r)f b

m(h) (63)

The edge region corresponds to the case where r0 takes

values in the range d
2 < r0 ≤

√
d́2 + d2

4 , as illustrated in
Fig. 6(c). Conditioned on UE being located in the boundary
zone and within the cell-edge region, the density of r0 can
be obtained from the corresponding area ratio, as defined in
Definition 1:

f b
e (r) =

d

dr
F b
e (r)

=
d

dr

(A6783(r)

A0123

)
=

d

dr

(A059(r)−A0163 −A157(r)−A893(r)

A0123

)
=

1

A0123

d

dr

(
A059(r)−A0163 − (A057(r)−A017(r)︸ ︷︷ ︸

A157(r)

)

− (A089(r)−A083(r)︸ ︷︷ ︸
A893(r)

)
)

=
1

A0123

d

dr

(( π

4
r2︸︷︷︸

A059(r)

)
−A0163 −

( cos−1(d́/r)

2π
πr2︸ ︷︷ ︸

A057

)

−
( d́√r2 − d́2

2︸ ︷︷ ︸
A017(r)

)
−
( cos−1(d/2r)

2π
πr2︸ ︷︷ ︸

A089(r)

)
−

( d√r2 − d2/4

4︸ ︷︷ ︸
A038(r)

))

=
2r

dd́

(π
2
− cos−1

( d́
r

)
− cos−1

( d
2r

))
(64)

where F b
e (r) =

A6783(r)
A0123

denotes the cumulative probability
that UE is located at a distance less than or equal to r from
the serving node, within the cell-edge region of the boundary
zone. A6783(r) = A059(r)−A0163−A157(r)−A893(r) is the
area where UE can be in the edge area, A0123 = dd́

2 is the
total area of interest, A059(r) is the area of sector 059, A0163

is total area of centre and intermediate regions, A157(r) and
A893(r) the areas part of the sector 059 but located out of
interest area 0123. A157(r) is obtained by subtracting the
area of triangle of 017 from the area of sector 057 and
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A893(r) is obtained by subtracting the area of triangle of
083 from the area of sector 089.

α depends on the value of r0 and is uniformly distributed
in the range αmin to αmax where αmin = arccos(d/2r)
is the minimum value that α can take at r0 and αmax =
π
2 − cos−1

(
d́
r

)
. Therefore, the conditional PDF of α can be

expressed by:

f b
e (α|r) =

1

αmax − αmin
(65)

From Definition 4 and Definition 2, the joint density of
f b
e (r, α, h) can be obtained by:

f b
e (r, α, h) = f b

e (r)f
b
e (α|r)f b

e (h) (66)

The results in Eq. (21) is reached when substituting Eq. (57),
Eq. (60), Eq. (63) and Eq. (66) in Eq. (56). ■

Appendix E
When a reuse factor of 3 is applied, the minimum distance
to the closest co-channel interferer increases from d

2 to 3d
2 .

Consequently, cells in the first tier do not reuse the same
resources, and the cell of interest does not experience inter-
ference from tiers 1, 3, 5, . . . . Furthermore, only a subset of
nodes in the remaining tiers (e.g., tiers 2, 4, . . . ) contribute to
interference. As a result, the effective number of interfering
tiers is reduced to T́

2 , where T́ = 2
⌊
T
2

⌋
and ⌊·⌋ denotes the

floor function. Therefore, the analytical expression of the
aggregate interference in the cell-centre region of the core
zone can be obtained in a similar manner to Theorem 1:

Ic3c (r, h, α) = Ic3
c(T́−2)

+Khµ+1
4∑

i=1

(
Cc

T́ ,Ψi1
+ Cc

T́ ,Ψi2

)
+

T́−2∑
t=2,4,...

4∑
m=1

(
Cc

T́ ,Ψtm1
+ Cc

T́ ,Ψtm2

)
(67)

where Ic3
c(T́−2)

is the aggregate interference when the total

number of interfering tiers is T́ − 2, Cc
T́ ,Ψ⋆

represents the
interference experienced in the cell centre from the NT́ ,Ψ⋆

located at distance rT́ ,Ψ⋆
and angle Ψ⋆, Cc

T́ ,Ψi1
=
(
r2
T́ ,Ψi1

+

h2
)−µ+3

2 Γ(rT́ ,Ψi1
), Cc

T́ ,Ψi2
=
(
r2
T́ ,Ψi2

+ h2
)−µ+3

2 Γ(rT́ ,Ψi2
),

Cc
T́ ,Ψtm1

=
(
r2
T́ ,Ψtm1

+ h2
)−µ+3

2 Γ(rT́ ,Ψtm1
) and Cc

T́ ,Ψtm2
=(

r2
T́ ,Ψtm2

+ h2
)−µ+3

2 Γ(rT́ ,Ψtm2
). The corresponding values

of rT́ ,Ψ⋆
and Ψ⋆ are obtained as in Theorem 1.

The set of potential interfering nodes in the cell-edge region
is identical to that in the cell-centre region of the core zone.
Accordingly, the analytical expressions satisfy Ic3c (r, h, α) =
Ic3e (r, h, α). It is noted that this equality refers to the
analytical structure of the interference expression, while the
actual interference values may differ due to variations in
the distance-dependent parameters and their distributions.
Similarly, the analytical expression of the interference for

UE located in the cell-centre region of the mid zone can be
obtained as:

Im3
c (r, h, α) =

1

2T − 1

(
T∑

i=1

Ic3c/N:,Φ1
+

T∑
m=2

Ic3c/N:,Φ2

)
.

(68)
where Φ1 ∈

[
π
2 + tan−1

(
i
T

)
, 3π

2 − tan−1
(

i
T

)]
and Φ2 ∈[

− tan−1
(
m
T

)
, tan−1

(
m
T

)]
. It is noted that UE may also be

located in the cell-edge region. As discussed in Theorem 2,
the set of potential interfering nodes from different tiers
remains the same in the cell-edge region. Accordingly, the
analytical expressions satisfy Im3

c (r, h, α) = Im3
e (r, h, α).

This equality reflects the identical analytical structure of
the interference expression, while the actual interference
values may differ due to variations in the distance-dependent
parameters and their distributions. The interference in the
cell centre of the boundary zone can be obtained similar to
Theorem 4:

Ib3c (r, h, α) = Ic3c/N:,Φ:π2 >Φ> 3π
2

(69)

where Ic3
c/N:,Φ:π2 >Φ> 3π

2

denotes the interference in the core
area obtained in Eq.(67) excluding the nodes located in the
angle between π

2 and 3π
2 . The potential number of interfering

nodes is the same across the different areas of the boundary
zone, therefore Ib3c (r, h, α) = Ib3e (r, h, α) when d́ = d

2 and
Ib3c (r, h, α) = Ib3m (r, h, α) = Ib3e (r, h, α) when d́ ̸= d

2
Note that the expected value of the interference in each
region can be obtained using the same joint densities derived
in the previous subsections. Unlike the set of potential
interfering nodes, the distributions of the distance-dependent
parameters are not affected by the reuse factor. Accordingly,
the expected interference in the zth zone, where a ∈ c,m, b,
can be expressed as:

E[Iz3] =
∫
Dz3

c

Iz3c (r, h, α) fz3
c (r, h, α) dDz3

c +

Γ(d́)

∫
Dz3

m

Iz3m (r, h, α) fz3
m (r, h, α) dDm

z3+∫
Dz3

e

Iz3e (r, h, α) fz3
e (r, h, α) dDz3

e

(70)

where Dz3
c = Dz

c , Dz3
m = Dz

m and Dz3
e = Dz

e are the bounded
spatial domain of the cell centre, middle and edge in zth zone
respectively, and they are obtained in Theorem 1, 2, 3 and
4. Γ(d́) is expressed by:

Γ(d́) =

{
1 z = b & d́ ̸= d

2

0 otherwise
(71)

fz3
c (r, h, α) = fz

c (r, h, α), fz3
m (r, h, α) = fz

m(r, h, α) and
fz3
e (r, h, α) = fz

e (r, h, α) are the joint densities in different
areas of the cell of zth zone and obtained in Theorem 1, 2,
3 and 4. The final results in Eq. (26). ■
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