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Abstract:

This paper analyzes Li-Fi (Light Fidelity), a wireless communication tech-
nology, and examines its application in indoor environments with high user
density. Li-Fi systems, based on visible light and the principle of intensity
modulation with direct detection (IM/DD), enable high data transmission
rates, low latency, and a high degree of spatial spectrum reuse, while specific
characteristics such as dependence on line-of-sight (LOS) propagation, limited
range of attocell cells, and medium access constraints create challenges in
terms of connectivity, interference, and resource management.

Modeling Li-Fi attocell networks using graph theory represents the network
as a bipartite graph that describes the relationships between users and access
points, where connectivity is formally defined based on reception conditions
and SINR criteria. The analysis includes metrics such as node degree and
coverage, which enable the identification of problems such as coverage holes
and uneven network load.

In addition to connectivity analysis, the paper introduces a conflict graph
for modeling interference between competing links and resource allocation
decisions. By integrating connectivity and interference analysis into a unified
graph-based framework, a better understanding and improved optimization
of Li-Fi network performance can be achieved.

Keywords:
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Interference Analysis.

INTRODUCTION

Li-Fi (Light Fidelity) emerged as an extension of visible light commu-
nication (VLC) [1] and is basically a wireless optical network where the
transmitter is usually an LED light source (or a group of LED diodes, as
in a lighting fixture), while the receiver is a photodetector (PD) consist-
ing of one or more photodiodes (or a group of photodiodes). Using the
visible part of the electromagnetic spectrum, it represents an attractive
solution for future 6G. IM/DD (Intensity Modulation/Direct Detection)
represents one of the fundamental principles used in optical communica-
tion systems, including Li-Fi technology, where the method is based on a
simple way of transmitting information through the intensity of the light
beam, while on the receiver side direct detection of the received intensity
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is performed without additional signal processing in
terms of phase or frequency. The basic characteristic of
the IM/DD method is the use of light intensity as the
information carrier, where the amplitude of light radia-
tion is directly associated with the signal to be transmit-
ted. In an IM/DD system, data is inserted into the light
signal by changing the strength (intensity) of the radia-
tion of the light source, most often an LED or a laser
diode, achieving high data transmission speeds based
on intensity modulation and direct detection (IM/DD).
IM/DD systems imply that the light signal must be posi-
tive, since the intensity of light cannot have a negative
value. This limits the type of modulation schemes that
can be used (e.g., the widely used OOK - On/Off Keying
scheme) which implements this approach in the simplest
way - a logical one represents the on state of the source
(LED or laser diode), and a logical zero represents the
off state. However, OOK has limited spectral efficiency
and relatively low noise tolerance, and therefore more
advanced modulations such as pulse amplitude modula-
tion (PAM) and orthogonal frequency division modula-
tion (OFDM) are often used in IM/DD systems.

Although CSMA/CA represents one of the most
widely used mechanisms for medium access in wireless
systems, its efficiency in Li-Fi networks is significantly
limited. This arises from a combination of physical,
architectural, and protocol factors that strongly affect
performance. CSMA/CA is based on a contention ap-
proach, which means that multiple users must “com-
pete” for access to the medium. Under conditions of
an increased number of active users, the probability of
collisions grows, which directly leads to an increase in
backoff intervals and consequently to higher latency. In
Li-Fi networks, where latency is critical (e.g., in applica-
tions such as industrial automation), this represents a
significant limitation. Li-Fi architecture is typically cel-

lular, where luminaires (LED or uLED sources) act as
access points. In environments with high device density
(e.g., conference halls, airports, classrooms), the number
of users in a single cell may exceed the capacity of the
contention mechanism. Unlike Wi-Fi, where stronger
RF signals can “reach” multiple users, Li-Fi requires di-
rect Line-of-Sight (LOS) or a strong NLOS signal. This
further complicates the situation because multiple users
compete for a limited “light cell,” resulting in a dramatic
decrease in throughput per user.

As already emphasized, photodetectors in a Li-Fi sys-
tem cannot simultaneously receive and transmit signals.
This leads to a situation in which a node cannot “listen”
to the channel in real time during transmission, which
is a fundamental prerequisite of the classical CSMA
mechanism. As a consequence, the “collision avoidance”
mechanism loses part of its efficiency, since preventive
channel state sensing is limited. Li-Fi cells are relatively
small (the typical coverage radius of a single luminaire
ranges from a few meters to about ten meters) [1].

2. FUNDAMENTALS OF LI-FI ATTOCELL
NETWORKS

The basic idea on which modern Li-Fi architecture
is based is the concept of so-called attocell units, where
each individual lamp, light panel, or photon source be-
comes the center of a cell that enables data transmission
to users located within the illumination zone. This un-
derstanding of cellular architecture represents a revolu-
tion compared to classical Wi-Fi or mobile networks, as
it enables the deployment of a large number of cells in
the same space without the need for classical reorganiza-
tion of the frequency spectrum [2]. The attocell concept
essentially represents an extreme miniaturization of the
concept of a cell in mobile communications.
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Figure 1. The optical attocell network for VLC systems [3]
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The difference in Li-Fi topology compared to Wi-
Fi is particularly reflected in the spatial density of cells.
Instead of one or two access points in a room, Li-Fi ar-
chitecture implies that every LED lamp, which otherwise
serves for lighting, becomes an access point for wire-
less data transmission. The basic parameter that defines
an attocell is the coverage radius. In the simplest case,
if a lamp with an LED source is located on the ceiling
of a room, the coverage zone will be an approximately
circular area on the floor that depends on the emission
angle of the source and on the height of the ceiling. The
field-of-view (FOV) [4] of the receiver represents anoth-
er critical factor. With a wider FOV, the probability of
receiving light from different directions increases, which
improves coverage, but at the same time also increases
the amount of received ambient noise [1].

Reflections from walls, the ceiling, and the floor sig-
nificantly affect the spatial characteristics of the attocell.
Although the direct line-of-sight (LOS) is the most reli-
able channel [1], in real conditions there are non-line-
of-sight (NLOS) components that arise as a consequence
of diffuse reflections [1]. These components can be use-
ful because they allow the user to remain connected
even when the device is partially turned away from the
source, but they can also lead to intersymbol interference

(ISI) [5] due to different time delays. The overlap of atto-
cell zones occurs naturally in environments where mul-
tiple light sources are installed in one room. In that case,
a user located in the area between two lamps can receive
signals of approximately equal strength from both sides.

3. BASIC CONCEPTS OF GRAPH THEORY

Graph theory represents a mathematical and con-
ceptual framework that enables modeling of complex
systems through a set of objects and their mutual rela-
tionships. In the context of communication networks,
including Li-Fi systems, graphs are used as a tool for rep-
resenting network topology, data flows, and interactions
between users and access points. The basic concept is a
graph, which can be viewed as a structure composed of
a set of elements and their interconnections [6]. A node
(vertex) represents the basic unit of a graph and the car-
rier of functionality [7], i.e., an entity that participates
in the network, and it can be a user device, an access
point, or a control system that manages the network.
Their role can be static or dynamic depending on the
usage scenario — they can generate, transmit, or receive
data. The connection between two nodes represents an
edge and indicates the possibility of communication
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Figure 2. Basic (abstract) representation of a graph and a graph with labeled elements [8]
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Figure 3. The difference between directed and undirected graphs and the type of edge they have [8]
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between them. An edge (arc) corresponds to the optical
channel, i.e., the link between the LED source and the
receiver — this implies that there is a stable signal that
enables data transmission. It is important to note that
edges can be stable or variable depending on the physi-
cal conditions of the environment.

Graphs can be divided into directed and undirected,
depending on the nature of the relationship between
nodes. In undirected graphs, the connection between
nodes is symmetrical - communication is possible in
both directions without distinction (e.g., where no dif-
ference is made between uplink and downlink commu-
nication). Unlike undirected graphs, directed graphs in-
troduce orientation of edges, where each connection has
a defined direction. This is important for Li-Fi systems,
because communication often differs between transmis-
sion from the LED source to the user (downlink) and
the return channel (uplink), which may use a different
technology (e.g., infrared or RF [1]). The concept for
real networks — a weighted graph, where each edge has
an assigned value (weight), and these weights can rep-
resent different parameters such as signal strength, link
capacity, latency, etc., makes it possible to optimize the
selection of the best path for data transmission. A spe-
cific structure in which nodes are divided into two dis-
joint groups is the bipartite graph. Connections in these
graphs exist only between groups, and not within the
same group. The groups represent two clearly separated
classes of nodes: 1. group — LED access points (attocell)
and 2. user devices. Edges can appear and disappear,
and weights are continuously updated; a dynamic graph
enables modeling of processes (handover), adaptive re-
source management, and network optimization in real
time.

Existing graph-based studies in the field of VLC/
Li-Fi systems have primarily used graph models for
scheduling and interference-aware resource allocation.
For example, in study [9], scheduling in a multi-user
VLC system was modeled as a maximum weighted in-
dependent set problem, while [10] used a conflict graph

for downlink resource allocation and interference-aware
scheduling. Later studies extended these ideas to coop-
erative and cell-free VLC systems through graph-based
interference coordination, access point (AP) grouping,
and user clustering. However, these approaches are
mainly optimization-oriented. In contrast, this paper
adopts a graph-based modeling perspective, in which a
bipartite graph represents the connectivity between us-
ers and access points, while a conflict graph represents
interference relationships among competing links. This
enables a unified analysis of coverage structure, overlap
zones, local access point load, and interference-con-
strained link activation within a single framework.

Connectivity between users and access points in a
Li-Fi network can be modeled through the relationship
between two classes of entities, where the structure is
suitable for a bipartite graph, since connections are es-
tablished between nodes from different sets, while con-
nections within the same set are not part of this model
[13].

In a Li-Fi network, which is represented by a bipartite
graph composed of V (set of nodes) and E (set of edges)

G=(V, E),
Equation 1. Li-Fi bipartite graph model
where the set of nodes is given by
V=AUU,

Equation 2. Node set definition

where is A (set of access points), and U (set of users),
the following condition still holds:

A={a,a,...a}, (1)
U={u,u,..,u}l 2)
ANU=0, (3)

Equation 3. Access Point and User Sets with
Disjoint Partition Condition

Table 1. Overview of Representative Graph-Based VLC/Li-Fi Approaches

Criterion

Graph type Focus

Liu et al. 2016 [11]

Conflict graph Downlink scheduling in VLC

Tao et al. 2015 [9]

Interference graph Multi-user scheduling

Deng et al. 2019 [10]

Bipartite graph and conflict graph

Cooperative multi-user scheduling

Liu et al. 2022 [12] AP interference graph AP grouping and user clustering
SST-2 0,531 0,192 0,311 = 0,346
AG News 0,446 + 0,181 0,102 + 0,164
Sinteza 2026 Advanced Technologies and

submit your manuscript | sinteza.singidunum.ac.rs

Applications Session

13



http://sinteza.singidunum.ac.rs

which means that access points and users are two
disjoint partitions of the graph. An edge between user
u, and access point a; exists if the user satisfies the
conditions for receiving a signal from that AP, i.e., if
the optical link is usable. The connection between a user
and an access point can be described by an indicator
connectivity function

i

{1, if a connection exists between u, and a,

0, othewise

Equation 4. Connectivity indicator function
and the set of edges is given by
E={(u, aj)lbij =1},
Equation 5. Edge set definition

In this way, the biadjacency matrix for the entire
network is obtained

B=1[b]

Equation 6. Biadjacency matrix representation

nxm’

in which rows represent users, and columns represent
access points [7].

For the line-of-sight (LOS) component [1], which is
typically dominant in indoor Li-Fi scenarios, the optical
channel DC gain between user u, and access point a, can
be expressed as

H J” =H rect

“ & )

Equation 7. LoS optical channel DC gain

where dij denotes the distance between user u, and
access point a,, ¢, is the irradiance angle, y, is the inci-
dence angle, ¥ is the receiver field-of-view (FOV) semi-
angle, and m is the Lambertian order of emission. The
Lambertian order is determined as [14]:

—In2
m=———,
In(cosd, )
Equation 8. Lambertian emission order

where ¢, denotes the LED semi-angle at half power
[15]. Based on this parameter, the radiant intensity of
the LED follows a generalized Lambertian emission
model given by [15]:

m+1

10)= 2

cos"(9),
Equation 9. Lambertian radiant intensity

where 0 is the angle of irradiance with respect to the
transmitter axis. This model indicates that the chan-
nel gain depends not only on the transmitter-receiver
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distance, but also on the optical geometry of the link,
including the transmitter radiation pattern and the
receiver orientation.

To define connectivity between users and access
points in Li-Fi, this paper introduces the connectivity
indicator b, which describes whether user u, can estab-
lish a usable connection with access point a. The indi-
cator can be defined through a channel gain threshold

LH>H,
*|o,H,<H,

Equation 10. Connectivity indicator based on

>

channel gain threshold

where H;; denotes the channel gain between user u,
and access point a, while H  1is the minimum thresh-
old required for the link to be considered feasible. Since
the availability of the optical channel is not sufficient
for evaluating communication quality, a more realistic
criterion can be defined based on the signal-to-interfer-
ence-plus-noise ratio (SINR), i.e.,

1, SINR >T
"o, SINR <T_°
Equation 11. Connectivity indicator based on
SINR threshold

where SINR,, denotes the signal-to-interference-plus-
noise ratio,and I’ is the minimum allowable threshold
for establishing a connection. Based on the defined con-
nectivity indicator, a bipartite graph is formed between
the set of users and the set of access points. The degree
of a user node can be expressed as

deglu)=3"b,

Equation 12. Degree of a user node

where deg (u) represents the number of access
points available to user u. If deg (u) = 0, the user is in a
coverage hole; if deg (1) = 1, the user has only one avail-
able access point; while for deg (ui) > 2, theuserisina
zone of overlap of multiple attocell cells. Accordingly,
the degree of an access point node is given by

deg(a)=> b,
Equation 13. Degree of an access point node

and represents the number of users that can be
served by access point a, and based on that, the degree
of an access point can be interpreted as an indicator of
its local load. For a model that incorporates quality, if it
is taken into account, each edge can be assigned a weight
w,. The edge weight can be defined based on channel
gain, signal-to-noise ratio, or another quality metric:
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w, = Hij, or (1)
w,=SINR, @)
Equation 14. Edge weight definition based on
channel gain or SINR
In this case, user u, can be associated with the access
point for which the weight value is maximal

max
N(u)"’
Equation 15. Optimal access point selection

a =arg, €

where N(u,) denotes the set of access points available
to user u. For a time-dependent model, where the posi-
tion of the user, receiver orientation, and optical chan-
nel characteristics change over time, a time-dependent
graph can be introduced

G(t) = (V, E(1)),
Equation 16. Time-varying graph representation
where the set of edges E(t) depends on the observa-

tion moment, and the connectivity indicator becomes a
function of time:

1,if user u, at time ¢t can communicate with a
b,(t)= ) !
’ 0, otherwise

Equation 17. Time-dependent connectivity indicator

5. INTERFERENCE ANALYSIS USING
CONFLICT GRAPHS

In Li-Fi networks composed of a large number of
small optical cells, i.e., attocell zones, interference occurs
when multiple neighboring access points use the same
optical resource and the user receives both desired and
undesired signals. Here, coverage is not the only issue,
but also inter-cell interference, especially in overlap
zones and at cell edges. It is considered in two groups:
interference cancellation and interference avoidance.

The conflict graph is defined as a simple graphical
representation of interference conditions between two
users, two links, or two communication units that can-
not be active simultaneously on the same resource with-
out degrading link quality. Based on this, the conflict
graph of a Li-Fi network can be defined as

Gc = (Vc’ Ec)
Equation 18. Conflict graph representation
where V_c is the set of nodes of the conflict graph,
and E_is the set of conflict edges. Each node U, € V_

represents one potential activation in the network.
Depending on the level of modeling, a node may represent:

1. auser-AP link,
2. asingle user with a currently assigned serving AP,

3. or an AP-user scheduling decision in a given

time slot.
Precoding
BIA
Interference
1
Cancellation SIC
ADR
Polarization
Interference
Management
Orthogonal Division
Interference Frequency Reuse
Avoidance

Time Hopping

Figure 4. Interference management techniques for Li-Fi [16]
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Signal Interference

Signal Interference

(a) UFR (b) FR-2

Signal Interference Signal Interference

(c)CT-2 (d) VT-2

Figure 5. Different cell formations. (a) is a regular cell formation with Universal Frequency Reuse (UFR),

(b) has a Frequency Reuse (FR) factor of two, (c) represents two merged 2-AP cells with Combined Transmission (CT),

(d) shows two merged 2-AP cells using Vector Transmission (VT) [17]

6. SIMULATION-BASED EXPERIMENTAL
EVALUATION

To provide an initial validation of the proposed
graph-based model, a simulation-based experimental
evaluation was conducted in a simple indoor Li-Fi sce-
nario. The purpose of this section is not to develop a
full physical-layer simulator, but to numerically dem-
onstrate how the proposed bipartite graph model can be
used to identify coverage holes, overlap regions, and AP
load distribution under realistic geometric constraints.
Through the channel gain H ', the SINR-based indica-
tor b, the user degree deg(u)), the access point degree
deg(aj), and the ideal AP selection procedure, the evalu-
ation adheres to the connectivity and quality criteria
previously presented in the study.

A room of dimensions 5x5x3 m was considered.
Four Li-Fi access points were placed on the ceiling in
a regular 2x2 arrangement at coordinates (1.25, 1.25,
3), (1.25, 3.75, 3), (3.75, 1.25, 3) and (3.75, 3.75, 3). The
user plane was assumed at a height of 0.85 m, and 20
users were uniformly distributed over the floor area.
A Lambertian source model was assumed with LED
half-power semi-angle ¢ =60°, which gives Lambertian
order m = 1 [18]. The receiver FOV was set to 70°. A
normalized noise term of 103 [19] was used in SINR
evaluation. Connectivity based on channel strength
was first evaluated using a threshold H = 0.03, and
then refined using the SINR threshold I . =- 3 dB. For
each user u, and access point a, the LOS channel gain
H,'* was computed according to the Lambertian ex-
pression introduced earlier in the paper. Then, for each
candidate link, the SINR was evaluated by considering
the remaining access points as sources of interference.
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Based on these values, the connectivity indicator bij was
determined using both the channel-gain threshold and
the SINR threshold. In this way, two levels of connectiv-
ity analysis were obtained: the first reflecting nominal
geometric coverage, and the second reflecting effective
interference-aware connectivity. The degree of each user
node, deg(ui), was calculated after that as the number
of feasible access point connections available to that
user, while the degree of each access point, deg(aj), rep-
resented the number of users that could potentially be
served by that access point. The AP selection rule was
then applied so that each connected user was associated
with the access point providing the highest link-quality
value. This made it possible to evaluate not only whether
a user was covered, but also whether the correspond-
ing link was practically sustainable under interference
conditions. The obtained results provide an initial nu-
merical validation of the proposed graph-based model.
In particular, the bipartite graph representation enables
straightforward identification of users located in cover-
age holes, users positioned in overlap regions, and ac-
cess points exposed to higher local load. At the same
time, the SINR-based refinement shows that geometric
coverage alone is not sufficient to describe the actual
communication quality in dense Li-Fi environments,
since interference may significantly reduce the number
of practically feasible links.
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Table 2. Simulation scenario

Parameter Value

Room dimensions 5%5x3

AP positions (1.25, 1.25, 3), (1.25, 3.75, 3), (3.75, 1.25, 3), (3.75, 3.75, 3)
User plane 0.85m

Number of users 20

User distribution

Uniform random, seed = 42

Table 3. Number of users by connectivity category

Criterion deg(u)=0 deg(u)=0 deg(u)=0
Channel-gain threshold H, 0 6 14
SINR threshold 0 17 3

Table 4. AP degree under different connectivity criteria

AP Based on H_ threshold Based on SINR threshold
AP1 11 7
AP2 12 7
AP3 11 5
AP4 8 4

Table 5. Final best-AP selection

AP Number of assigned users
AP1 5
AP2 7
AP3 5
AP4 3
Table 6. User-level results
User x y deg (u) by H. deg (u) by SINR Best AP
U1 1.87 4.75 2 1 AP2
U2 3.66 2.99 3 1 AP4
U3 0.78 0.78 1 1 AP1
U4 0.29 4.33 1 1 AP2
U5 3.01 3.54 3 1 AP4
U6 0.10 4.85 1 1 AP2
U7 4.16 1.06 2 1 AP3
U8 0.91 0.92 1 1 AP1
U9 1.52 2.62 4 2 AP2
Ul10 2.16 1.46 3 1 AP1
Ull 3.06 0.70 2 1 AP3
Ul2 1.46 1.83 3 1 AP1
U13 2.28 3.93 2 2 AP2
U14 1.00 2.57 2 2 AP2
U15 2.96 0.23 2 1 AP3
Ul6 3.04 0.85 2 1 AP3
U17 0.33 4.74 1 1 AP2
U18 4.83 4.04 1 1 AP4
U19 1.52 0.49 2 1 AP1
U20 3.42 2.20 4 1 AP3
Sinteza 2026 Advanced Technologies and
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For the considered random realization of 20 users,
all users remained connected under both criteria. How-
ever, while 14 users were located in overlap regions un-
der the channel-gain criterion, only 3 users remained in
overlap regions after SINR-based refinement. The final
AP assignment produced the load distribution [5, 7, 5, 3],
confirming that the proposed graph-based model can
distinguish between nominal geometric coverage and
effective interference-aware connectivity.

7. CONCLUSION

In this paper, Li-Fi is analyzed as a wireless commu-
nication solution in environments with a large number
of users, with a focus on network modeling using graphs.
Bipartite graphs efficiently represent the relationships
between users and access points, where connectivity can
be precisely defined through reception conditions and
SINR criteria. By introducing a connectivity indicator
and a biadjacency matrix, quantitative analysis of cover-
age is enabled, including identification of coverage holes
and assessment of load based on node degree.

The conflict graph enables identification of mutu-
ally incompatible links and provides a basis for opti-
mizing resource allocation, especially in overlap zones
of attocell cells where interference is most pronounced
within the visibility area. Such an approach facilitates
the analysis of complex network scenarios, provides a
foundation for the development of advanced algorithms
for resource management, load balancing, and decision-
making for handover in dynamic conditions.
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