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Abstract

Overlapping illumination in multi-LED visible light communication (VLC) networks intro-
duces cross-LED coupling that reshapes the received-signal composition and may trigger
error propagation in successive interference cancellation (SIC) for layered ADO-OFDM
NOMA. This work employs an overlap factor β ∈ [0, 1] to quantify the severity of overlap-
induced cross-LED coupling and develops a β-aware resource-allocation framework for a
dual-LED indoor downlink. The proposed design integrates channel-aware MCGAD user
grouping with three-level coefficient adaptation, including the inter-LED power split η, the
inter-layer ACO/DCO split ρ, and the intra-layer two-user NOMA coefficients α. Monte
Carlo evaluations over β ∈ {0, 0.2, 0.5} show that stronger coupling drives the system into
an interference-limited regime with a pronounced high-SNR BER floor for strong users after
SIC; the proposed β-aware design consistently reduces this floor relative to a β-blind fixed-
coefficient baseline. Meanwhile, the spectral-efficiency curves remain close to the baseline,
with only a minor gap at moderate-to-high SNR, and the Shannon-rate energy-efficiency
trends remain comparable across coupling scenarios. The grouping-and-allocation proce-
dure is dominated by sorting and deterministic pairing, exhibiting O(U log U) complexity
and avoiding the combinatorial growth of exhaustive grouping.

Keywords: visible light communication; multi-LED interference; ADO-OFDM; NOMA;
user grouping; power allocation

1. Introduction
Indoor visible light communication (VLC) systems typically deploy multiple light-

emitting diodes (LEDs) to satisfy illumination requirements while providing full spatial
coverage [1–3]. In practical rooms, the illumination footprints of adjacent LEDs often over-
lap, and users located in these regions may collect non-negligible signal components from
more than one LED [2,4,5]. Such overlap introduces cross-LED coupling/interference that
changes the received-signal composition and may become a dominant impairment, espe-
cially when aggressive frequency reuse or dense LED layouts are adopted [5–7]. This issue
is particularly critical for power-domain NOMA, whose reliability relies on a stable power
hierarchy and successive interference cancellation (SIC) at the receiver [8–10]. When inter-
LED coupling is not explicitly accounted for, the effective hierarchy can be distorted, leading
to SIC error propagation and degraded reliability and fairness, as conceptually illustrated in
Figure 1 [9,11]. Despite this practical challenge, many ADO-OFDM-aided NOMA studies
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remain confined to single-LED deployments or interference-blind assumptions, leaving the
system-level impact of overlap-induced coupling insufficiently characterized [9,12,13].

U1 U2 U3 U4

System model of an overlapping multi-LED VLC network employing ADO-OFDM NOMA

Serving link: ℎ�
�

Interfering link: �ℎ�
�

 

 

NOMA group � under the proposed MCGAD framework

Figure 1. System model of an overlapping multi-LED indoor VLC network employing layered
ADO-OFDM NOMA, where users in the overlap region experience cross-LED coupling/interference.

Optical orthogonal frequency division multiplexing (O-OFDM) has been widely
adopted for high-rate intensity modulation/direct detection (IM/DD) VLC links [14].
Among its realizations, ACO-OFDM and DCO-OFDM are two fundamental waveform
constructions under the IM/DD non-negativity constraint, and ADO-OFDM superim-
poses the ACO and DCO layers to improve spectral utilization while controlling clipping
distortion and optical power consumption [15,16]. Building upon this layered structure,
recent studies have combined ADO-OFDM with power-domain NOMA to enhance multi-
user spectral efficiency, with an emphasis on BER analysis, SIC feasibility, and parameter
sensitivity [8,10,12,13,17]. However, the majority of these works assume single-LED trans-
mission or interference-free reception and thus do not capture the overlap-induced coupling
created by multi-LED deployments [9,18].

In parallel, multi-LED (multi-cell) VLC-NOMA systems have been studied to improve
spatial reuse and throughput [4,6,7]. Representative approaches address inter-LED interfer-
ence through resource allocation and coordination mechanisms, e.g., multi-cell optimiza-
tion, distributed power control, or coordinated transmission [6,7,19,20], while coordinated
multi-point (CoMP) transmission has also been explored in VLC contexts [19,21–24]. Never-
theless, many multi-LED NOMA designs treat inter-LED interference management largely
separately from the internal ADO-OFDM layered superposition, which can overlook the
interactions among cross-LED coupling, layer-wise power splitting, and SIC error prop-
agation [5,9,12]. As a result, the joint impact of overlap-induced coupling and layered
ADO-OFDM NOMA detection remains insufficiently understood at the system level [9,11],
motivating an interference-aware modeling and design framework that explicitly captures
overlap while maintaining scalability and implementation relevance [3,18].

To address the above gaps, this paper investigates an overlapping multi-LED in-
door VLC downlink employing layered ADO-OFDM NOMA and proposes a system-level
interference-aware resource-allocation framework. Importantly, overlap-induced cross-
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LED coupling is treated as a geometry-grounded effect: its severity is primarily determined
by user location and Lambertian DC channel gains. This effect is effectively captured by a
coupling coefficient β, calibrated from channel-gain ratios and discretized into represen-
tative overlap regimes. This physical calibration enables reproducible evaluation across
weak-, medium-, and strong-coupling conditions without tying the analysis to a single
scenario-specific coordination assumption. In this work, we consider representative cou-
pling regimes β ∈ {0, 0.2, 0.5} to assess reliability and efficiency trends in overlap regions.
Based on these calibrated regimes, the proposed framework integrates channel-aware user
grouping with three-level coefficient adaptation: the inter-LED power split η, the inter-layer
ACO/DCO split ρ, and the intra-layer NOMA power coefficients α, aiming to improve SIC
robustness under coupling.

The main contributions of this work are summarized as follows:

• Geometry-grounded interference coupling abstraction for multi-LED VLC NOMA: We
introduce a coupling coefficient β to quantify overlap-induced cross-LED interference
in multi-LED ADO-OFDM NOMA VLC networks. By mapping location-dependent
channel-gain ratios to representative coupling regimes, the proposed framework
bridges physical overlap geometry and resource allocation design.

• Beta-aware grouping and three-level coefficient adaptation for layered ADO-OFDM
NOMA: We develop a β-aware system-level framework that combines MCGAD
channel-aware user grouping with three-level coefficient adaptation, jointly configur-
ing the inter-LED split η, inter-layer ACO/DCO split ρ, and intra-layer NOMA ratios
α to improve SIC robustness under coupling.

• System-level evaluation under representative overlap regimes: Through Monte Carlo
user drops under β ∈ {0, 0.2, 0.5}, we quantify reliability and efficiency trends using
the strong-user post-SIC BER as the primary reliability indicator, together with SE and
Shannon-rate EE. The proposed design consistently reduces the strong-user after-SIC
BER floor in overlap regimes while maintaining comparable SE/EE trends relative to
a representative β-blind design.

Baseline definition: Unless otherwise stated, the baseline refers to a β-blind fixed-
coefficient design that (i) forms user ordering/grouping using only the desired-link channel
gain (ignoring the coupling term induced by cross-LED overlap) and (ii) applies fixed
empirical power-splitting coefficients (FPAs) for (η, ρ, α) without adapting them to the
coupling condition.

Differentiation and positioning. Existing ADO-OFDM NOMA studies often focus on
single-LED links or assume interference-free reception, whereas multi-LED VLC-NOMA
works typically manage inter-LED interference at the cell level without explicitly link-
ing it to the layered ACO/DCO power split and SIC stability inside each ADO-OFDM
group. In contrast, this work targets the overlap regime by explicitly linking cross-LED
coupling to the layered ADO-OFDM NOMA detection process. By adopting this coupling
characterization and jointly adapting (η, ρ, α) alongside a β-aware grouping rule, we pro-
vide an interpretable low-complexity design to systematically assess how overlap-induced
coupling translates into an interference-limited post-SIC BER floor. Rather than claiming
global optimality, our goal is system-level assessment with scalable implementation, where
the overall procedure is dominated by sorting and deterministic pairing and scales as
O(U log U), avoiding the combinatorial growth of exhaustive grouping.

The remainder of this paper is organized as follows: Section 2 introduces the multi-LED
ADO-OFDM NOMA system model and the overlap-coupling characterization; Section 3
presents the proposed β-aware user grouping and coefficient adaptation strategy; Section 4
specifies the simulation setup; Section 5 reports and discusses the simulation results; and
Section 6 concludes the paper.
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2. System Model
2.1. Multi-LED Indoor VLC Scenario and User Association

We consider an indoor downlink VLC network consisting of two ceiling-mounted
LEDs serving U users equipped with photodiodes (PDs), as illustrated in Figure 1. The
system adopts intensity modulation and direct detection (IM/DD). Adjacent LEDs are de-
ployed to guarantee illumination uniformity, which inevitably creates partially overlapping
coverage regions where a user may be exposed to signals from both LEDs.

Each user u ∈ {1, . . . , U} is associated with a serving LED according to the strongest
line-of-sight (LOS) channel DC gain:

s(u) = arg max
ℓ∈{1,2}

hu,ℓ. (1)

The other LED is denoted as the neighboring (potentially interfering) LED,

i(u) = 3− s(u), (2)

which simply returns the index of the other LED in the two-LED setup.
This association represents a practical partitioned service mode while still allowing

controllable cross-LED interference for users located in overlapping regions, which will be
modeled explicitly in the following subsections.

2.2. Lambertian LOS Optical Channel

For LOS propagation, the optical wireless channel between LED ℓ and user u is
characterized by the channel DC gain hu,ℓ following the Lambertian radiation model:

hu,ℓ =


(m+1)Apd

2πd2
u,ℓ

cosm(ϕu,ℓ
)

Ts
(
ψu,ℓ

)
g
(
ψu,ℓ

)
cos

(
ψu,ℓ

)
, 0 ≤ ψu,ℓ ≤ ΨFOV,

0, ψu,ℓ > ΨFOV,
(3)

where m is the Lambertian order of the LED, Apd denotes the PD active area, and du,ℓ is the
distance between LED ℓ and user u. Moreover, ϕu,ℓ and ψu,ℓ represent the irradiance and
incidence angles, respectively, ΨFOV denotes the PD field-of-view (FOV), and Ts(·) is the
optical filter gain.

The optical concentrator gain g(ψ) is given by

g(ψ) =


n2

sin2(ΨFOV)
, 0 ≤ ψ ≤ ΨFOV,

0, otherwise,
(4)

where n is the refractive index of the optical concentrator. This LOS model provides the
baseline serving-link gain and also determines the strength of potential cross-LED leakage
in overlapping regions, which will be abstracted by an explicit overlap-interference factor
in the next subsection.

2.3. Partitioned Service with Geometry-Calibrated Cross-LED Coupling

In overlapping multi-LED VLC deployments, the strength of cross-LED leakage ex-
perienced by a user is mainly governed by the user location through the Lambertian DC
channel gains. To connect the overlap coupling to physical geometry, we introduce a
gain-ratio indicator for each user:

ξu ≜
hu,i(u)

hu,s(u)
(5)
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where hu,s(u) and hu,i(u) denote the serving-link and neighboring-link DC gains for user u,
respectively. Rather than treating the coupling as an arbitrary parameter, we utilize the
spatial distribution of ξu (e.g., obtained from the channel-gain map over the room grid) to
define representative coupling regimes. Accordingly, we evaluate the system under the
scenario-level coupling index β ∈ {0, 0.2, 0.5}, corresponding to weak-, moderate-, and
strong-coupling overlap conditions, respectively [2,5].

Interpretation and usage of β. The case β = 0 represents a weak-coupling regime
where cross-LED leakage is negligible, whereas larger β indicates stronger overlap-induced
coupling. Throughout this paper, β characterizes the prevailing propagation condition,
capturing the normalized strength of cross-LED leakage.

Following the partitioned service model, the received electrical signal at user u is
expressed as

yu(t) = hu,s(u) xs(u)(t) + β hu,i(u) xi(u)(t) + nu(t), (6)

where xs(u)(t) and xi(u)(t) denote the transmitted IM/DD waveforms from the serving and
neighboring LEDs, respectively, and nu(t) is real-valued AWGN with variance σ2

u .
It is important to formally distinguish the roles of the overlap factor β (as illustrated

in Figure 2) and the inter-LED power split η (defined in Section 3). The factor η is
a resource-allocation parameter that regulates how the total transmit power budget is
distributed between the two LEDs. In contrast, β models the normalized strength of overlap-
induced leakage from the neighboring LED due to geometric overlap. Thus, β defines the
physical overlap environment, whereas η provides a controllable degree of freedom for
interference management at the transmitter. The actual interference experienced by user
u is therefore jointly determined by β, the neighboring-link gain hu,i(u), and the transmit
power embedded in xi(u)(t).

0 1 2 3 4 5
x (m)

0

1
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3

4

5

y 
(m

)

(a) = 0
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Figure 2. Conceptual cross-LED coupling scenarios parameterized by the overlap factor β, illustrating
different coupling severities from negligible coupling (β = 0) to strong coupling (e.g., β = 0.5). The
red stars represent the LED transmitters, the blue and orange shaded regions indicate their respective
illumination coverages, and the small colored dots represent the spatially distributed users.

The aggregate noise nu(t) is modeled as real-valued AWGN with zero mean and total
variance σ2

u = σ2
shot + σ2

thermal. The shot noise variance σ2
shot and thermal noise variance

σ2
thermal are given by

σ2
shot = 2qPrxB, σ2

thermal =
8πkBTK

GOL
Cpd Apd I2B2 +

16π2kBTKΓ
gm

C2
pd A2

pd I3B3, (7)

where q is the elementary charge, Prx is the received optical power, B is the equivalent
noise bandwidth, kB is the Boltzmann constant, TK is the absolute temperature, GOL is the
open-loop voltage gain, Cpd is the PD capacitance, Γ is the channel noise factor, gm is the
FET transconductance, and I2, I3 are noise bandwidth factors.
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Based on the received signal model in (6), the instantaneous signal-to-interference-
plus-noise ratio (SINR) for user u is formulated as

γu =

(
hu,s(u)

)2Ps(u)(
βhu,i(u)

)2Pi(u) + σ2
u

, (8)

where Ps(u) and Pi(u) represent the allocated electrical transmit powers from the serving
and neighboring LEDs, respectively. Equation (8) explicitly reveals how the overlap factor
β degrades the link quality by scaling the interference power contribution.

2.4. Receiver Processing and Evaluation Metrics

At the receiver, successive interference cancellation (SIC) is employed to recover
the superposed NOMA signals. The decoding order follows the descending received
power levels, which are jointly determined by the LOS channel gains and the power-
allocation coefficients. In each NOMA pair, the higher-power component is decoded and
reconstructed first and is then subtracted from the received signal to facilitate decoding of
the remaining component.

For ADO-OFDM, the receiver exploits the layered structure by first detecting the ACO-
OFDM component and then subtracting its reconstructed contribution before decoding the
DCO-OFDM component. This layer-aware SIC procedure enables practical separation of
the ACO and DCO layers under IM/DD constraints. The detailed signal structure, user
mapping, and SIC execution order are jointly determined by the proposed grouping and
power-allocation strategy in Section 3.

System level performance is assessed via Monte Carlo simulations in terms of bit
error rate (BER), spectral efficiency (SE), and energy efficiency (EE). Unless otherwise
specified, these metrics are reported under different user distributions, power-allocation
configurations, and overlap factors β to quantify the impact of overlap-induced interference
on reliability, fairness, and efficiency.

3. User Grouping and Power Allocation Strategy
This section builds upon the multi-LED system and interference model in Section 2 to

present the proposed channel-aware user grouping and adaptive power allocation strategy.
While the overlap factor β captures cross-LED coupling at the system level, the following
design focuses on stabilizing intra-group layered ADO-OFDM NOMA transmission. This
is achieved by enforcing sufficient channel-gain disparity within each two-user NOMA
pair and tuning multi-level power coefficients. The objective is to provide an interpretable
deployment-relevant framework for robust system-level evaluation.

3.1. Overview

We consider U users served by two LEDs. Each user u is associated with a serving
LED s(u) ∈ {1, 2} according to the strongest LOS channel gain (Section 2). For each LED
ℓ, let Uℓ denote its associated user set with |Uℓ| = Uℓ. Users in Uℓ are partitioned into
Gℓ = ⌊Uℓ/4⌋ disjoint four-user groups {Gℓ,k}

Gℓ
k=1.

Each four-user group is transmitted using a layered ADO-OFDM NOMA structure:
two relatively high-quality users are mapped to the ACO-OFDM layer and two relatively
low-quality users are mapped to the DCO-OFDM layer. Within each layer, a two-user
power-domain NOMA superposition is applied and detected via SIC, as illustrated in
Figure 3.
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User Group g

High Channel Gain

Low Channel Gain

Channel-aware tuning
Order: Power Sensing

ψ= f(h,α)

HVLC

U1,U2
(Near Users)

U3,U4
(Far Users)

ACO-OFDM Layer
(Odd Subcarriers)

DCO-OFDM Layer
(Even Subcarriers)

Proposed
Power Allocation

Strategy
Σ

Sum
SIC Receiver
(Stages 1-4)

Figure 3. Intra-group layered ADO-OFDM NOMA structure and SIC decoding in the proposed
MCGAD framework. Two higher-gain users are mapped to the ACO layer (odd subcarriers) and two
lower-gain users to the DCO layer (even subcarriers); each layer employs a two-user power-domain
NOMA pair decoded via SIC. Cross-LED coupling modeled by β in Section 2 affects the received
signal but is omitted in the diagram for clarity.

For each LED and its associated groups, power allocation is configured at three levels:
(i) the inter-LED power split factor η, (ii) the inter-layer ACO/DCO split factor ρ, and
(iii) the intra-layer NOMA power coefficients α for the two-user superposition within
each layer. These coefficients are dynamically computed from channel conditions via
explicit mappings.

3.2. Channel-Quality Indicator and Grouping Problem

For a user u associated with LED s(u), the desired (serving-link) channel gain is
defined as

gu ≜ hu,s(u). (9)

To effectively embed cross-LED coupling into the grouping decision, we define an
interference-aware effective channel-quality indicator:

geff
u ≜

(
hu,s(u)

)2(
β hu,i(u)

)2
+ σ2

u

, (10)

where s(u) and i(u) denote the serving LED and the dominant interfering LED of user u,
respectively, and σ2

u is the receiver noise variance defined in (6).
As established in Section 2.3, the spatial distribution of the coupling indicator ξu

categorizes the room into weak, medium, and strong overlap-coupling regions. The repre-
sentative levels β ∈ {0, 0.2, 0.5} directly correspond to these physically grounded regimes.

The metric geff
u serves as a low-complexity SIR-like proxy used exclusively for user

ordering and deterministic grouping. It is distinct from the instantaneous SINR; all system
evaluations are strictly performed using (8) based on the full received-signal model.

For each LED ℓ, the grouping task is to partition Uℓ into Gℓ = ⌊Uℓ/4⌋ disjoint four-
user groups:

Uℓ →
{
Gℓ,1, . . . ,Gℓ,Gℓ

}
, |Gℓ,k| = 4, Gℓ,i ∩ Gℓ,j = ∅. (11)

If Uℓ is not a multiple of four, only the first 4Gℓ users in the ordered list are grouped for
layered ADO-OFDM NOMA transmission, while the remaining Uℓ − 4Gℓ users are not
scheduled in that time slot to maintain a fixed four-user group structure.
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3.3. MCGAD Grouping Rule

As illustrated in Figure 4, the proposed Minimizing Channel Gain Average Differ-
ence (MCGAD) strategy constructs each group by jointly selecting users from the upper
and lower halves of the ordered quality list. This structure ensures that the subsequent
ADO-OFDM layer mapping and intra-layer NOMA pairing admit sufficient disparity to
stabilize SIC.

Sorted User Sequence by Channel Gain

U1

k=1

U2

k=2

U3

k=3

U4

k=4

U5

k=1

U6

k=2

U7

k=3

U8

k=4

High-gain Set ℓ Low-gain Set ℓ

Mapping Rule: πℓ(k)⟷ πℓ(k+Uℓ/2)

Intra-group Pairing & Layer Assignment

U1 & U5

Pair 1
(ACO Layer)

U2 & U6

Pair 2
(DCO Layer) Uℓ: Total number of

users associated
with LED ℓ.

Figure 4. Conceptual illustration of the proposed MCGAD grouping strategy: gain-based ordering,
deterministic partitioning, and structured pairing to form balanced four-user groups for layered
ADO-OFDM NOMA transmission. An illustrative example with Uℓ = 8 users (thus Gℓ = 2 groups)
is shown for clarity.

3.3.1. Motivation

In NOMA-VLC, SIC performance is highly sensitive to the channel-quality disparity
within each multiplexed pair. Groups comprising solely strong or solely weak users yield
ineffective power separation, thereby exacerbating error propagation. A structured rule
that systematically combines diverse user profiles is therefore essential for robust system-
level performance.

3.3.2. MCGAD Construction

For each LED ℓ, sort users in Uℓ in descending order of the effective indicator geff
u :

geff
πℓ(1)

≥ geff
πℓ(2)

≥ · · · ≥ geff
πℓ(Uℓ)

, (12)

where πℓ(·) denotes the sorting permutation. Define the high-quality and low-quality
sets as

Hℓ ≜ {πℓ(1), . . . , πℓ(Uℓ/2)}, Lℓ ≜ {πℓ(Uℓ/2 + 1), . . . , πℓ(Uℓ)}. (13)

For group k ∈ {1, . . . , Gℓ}, MCGAD selects two users fromHℓ and two users from Lℓ:

Gℓ,k =
{

πℓ(k), πℓ(Gℓ + k), πℓ(Uℓ/2 + k), πℓ(Uℓ/2 + Gℓ + k)
}

. (14)

By pairing users with similar relative ranks from their respective half-sets, this deterministic
mapping avoids forming “outlier groups” with excessively large or small quality spreads,
promoting balanced performance across all groups.
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3.3.3. Algorithm Summary

The detailed steps of the proposed user grouping strategy are summarized in
Algorithm 1.

Algorithm 1 MCGAD Grouping for LED ℓ

Require: User set Uℓ with effective indicators {geff
u }

Ensure: Groups {Gℓ,k}
1: Sort users by descending geff

u to obtain πℓ(·)
2: Set Gℓ = ⌊|Uℓ|/4⌋
3: for k = 1 to Gℓ do
4: Gℓ,k ← {πℓ(k), πℓ(Gℓ + k), πℓ(Uℓ/2 + k), πℓ(Uℓ/2 + Gℓ + k)}
5: Map the first two users (fromHℓ) to the ACO layer and the last two users (from Lℓ)

to the DCO layer
6: end for

3.4. Adaptive Power Allocation Strategy

Power allocation is configured at three levels: inter-LED power split, inter-layer
(ACO/DCO) split, and intra-layer NOMA coefficients.

3.4.1. Inter-Layer Power Split in ADO-OFDM

The inter-layer power split factor ρℓ,k is adapted based on the dynamic range of desired
(serving-link) channel gains within the group. Define the group channel dynamic range
ratio as

Rℓ,k ≜
maxu∈Gℓ,k gu

minu∈Gℓ,k gu
. (15)

The split factor is then computed as

ρℓ,k = ρmin + (ρmax − ρmin) ·
Rℓ,k

Rℓ,k + cρ
, (16)

where cρ is a tuning constant. This inter-layer split primarily targets robust layer-wise
detection rather than strict fairness enforcement. Because the ACO component occupies
only odd subcarriers and serves as the decoding anchor in layer-aware SIC, allocating a
larger fraction to the ACO layer under a large dynamic range stabilizes initial reconstruction
and mitigates error propagation to the DCO stage. Intra-layer fairness is subsequently
managed by the NOMA coefficients.

3.4.2. Inter-LED Power Split

To manage cross-LED interference under overlapping illumination, we allocate the
total electrical power budget Ptot across the two LEDs as

P1 = ηPtot, P2 = (1− η)Ptot, 0 ≤ η ≤ 1, (17)

where η is the inter-LED power split factor.
To obtain a low-complexity yet interference-aware split, we define the average squared

channel gains from LED b to users associated with LED a as

h̄ 2
a←b ≜

1
|Ua| ∑

u∈Ua

h2
u,b, (18)

and the LED-level average receiver noise variance as
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σ̄ 2
a ≜

1
|Ua| ∑

u∈Ua

σ2
u . (19)

We then quantify the overlap-induced interference pressure for each cell as

r1 ≜
β2h̄ 2

1←2
h̄ 2

1←1 + σ̄ 2
1

, r2 ≜
β2h̄ 2

2←1
h̄ 2

2←2 + σ̄ 2
2

. (20)

Finally, the inter-LED split factor is set as

η =
r1 + cη

(r1 + cη) + (r2 + cη)
, (21)

where cη > 0 is a smoothing constant. Intuitively, when users associated with LED 1
suffer stronger leakage from LED 2 (larger r1), the framework increases η to allocate more
power to LED 1 while reducing the interference contribution from LED 2. This improves
cross-LED signal-to-interference conditions without requiring complex CoMP mechanisms.

With (17), the serving-LED and interfering-LED powers in (8) are instantiated as
Ps(u) = P1 and Pi(u) = P2 when s(u) = 1 and i(u) = 2, and vice versa when s(u) = 2 and
i(u) = 1.

3.4.3. Intra-Layer NOMA Coefficients

After the inter-layer split ρℓ,k in (16) is determined, the remaining fairness control is
achieved via intra-layer two-user NOMA coefficients in the ACO and DCO layers.

For each group Gℓ,k, denote the two ACO-layer users (from the high-quality set) as
{uA,1, uA,2} and the two DCO-layer users (from the low-quality set) as {uD,1, uD,2}. Within
each layer X ∈ {A, D}, define the stronger and weaker users by their desired-link gains:

uX,s ≜ arg max
u∈{uX,1,uX,2}

gu, uX,w ≜ arg min
u∈{uX,1,uX,2}

gu,

and the layer-wise gain disparity

∆g(X)
ℓ,k ≜ guX,s − guX,w ≥ 0. (22)

We then assign the NOMA power coefficient (the fraction for the weaker user in that
layer) as

α
(X)
ℓ,k = αmin + (αmax − αmin) ·

∆g(X)
ℓ,k

∆g(X)
ℓ,k + cα

, X ∈ {A, D}, (23)

where 0.5 ≤ αmin < αmax < 1 and cα > 0 is a tuning constant. This mapping allocates a
greater power fraction to the weaker user when the intra-layer gain disparity increases,
effectively stabilizing SIC and improving fairness.

Let Pℓ,k be the electrical power budget of group Gℓ,k at LED ℓ (e.g., uniform group
budgeting Pℓ,k = Pℓ/Gℓ). The resulting per-user powers are

P(A,w)
ℓ,k = α

(A)
ℓ,k ρℓ,k Pℓ,k, P(A,s)

ℓ,k =
(
1− α

(A)
ℓ,k

)
ρℓ,k Pℓ,k, (24)

P(D,w)
ℓ,k = α

(D)
ℓ,k

(
1− ρℓ,k

)
Pℓ,k, P(D,s)

ℓ,k =
(
1− α

(D)
ℓ,k

) (
1− ρℓ,k

)
Pℓ,k. (25)

Accordingly, the decoding order in each layer follows descending received power; the
higher-power (typically weaker) component is decoded and cancelled first, consistent with
the SIC procedure described in Section 2.
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4. Simulation Setup
This section specifies the simulation configuration used to evaluate the proposed

multi-LED ADO-OFDM NOMA framework. All results are obtained via Monte Carlo
user drops in a realistic indoor VLC environment. The key parameters are summarized in
Table 1.

Figure 5 illustrates the spatial distribution of the line-of-sight (LOS) Lambertian chan-
nel DC gain in a 5× 5× 3 m3 room with two ceiling-mounted LEDs. The channel gain
is spatially non-uniform, creating a distinct overlap region between the two illumination
footprints where users may receive non-negligible contributions from both LEDs.
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Figure 5. Spatial distribution of the LOS Lambertian channel DC gain in a dual-LED indoor VLC
environment.

Table 1. Core simulation parameters for the multi-LED VLC system.

Parameter Value

Room size 5× 5× 3 m3

LED locations (1.25, 2.5, 2.5) and (3.75, 2.5, 2.5) m
User plane height 0.85 m

Number of users U 12 for performance evaluation (Figures 6–8); 4–20 for complexity analysis
(Figure 9)

Lambertian semi-angle Φ1/2 / FOV ΨFOV 60◦/70◦

PD area Apd 1 cm2

Bandwidth B 100 MHz
OFDM subcarriers N 256
Modulation 16-QAM
DCO-layer clipping ratio 10 dB
Coupling coefficient β {0, 0.2, 0.5}
Monte Carlo user drops NMC = 200
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Figure 6. Average BER of the strong users after SIC versus average SNR under different coupling
factors β ∈ {0, 0.2, 0.5}. The proposed scheme (solid lines) is compared with the beta-blind fixed-
coefficient baseline (dashed lines). The HD-FEC limit is shown for reference.
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Figure 7. Performance comparison of strong-user BER after SIC under severe coupling (β = 0.5). The
proposed adaptive scheme is evaluated alongside two β-blind baselines: fixed power allocation (FPA)
and gain-ratio power allocation (GRPA). A zoomed inset highlights performance in the high-SNR
regime. Here, the system becomes strictly interference-limited: at 40 dB, the average interference-
to-signal ratio reaches approx. 0.78, causing the mean post-SIC SINR for the proposed scheme to
saturate around 2.3 dB. The HD-FEC limit (3.8× 10−3) is provided for reference.
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Figure 8. Imperfect SIC sensitivity under severe coupling (β = 0.5). Strong-user BER after SIC versus
the residual factor ϵ at SNR= 40 dB with M = 16-QAM. Imperfect SIC is modeled by retaining
a fraction ϵ of the canceled signal as residual interference. The proposed scheme demonstrates
enhanced robustness compared to the β-blind baseline.
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Figure 9. Spectral efficiency (SE) versus average SNR under different coupling factors β ∈ {0, 0.2, 0.5}.
The proposed scheme is compared with the beta-blind fixed-coefficient baseline.

As established in Section 2.3, the index β models these physically grounded over-
lap regimes. Specifically, based on the spatial distribution of the gain-ratio indicator
ξ(r) = hi(r)/hs(r) mapped over the receiving plane, we partition the room into distinct
overlap regions. Accordingly, β ∈ {0, 0.2, 0.5} are assigned as representative coupling levels
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corresponding to regions where the spatial gain ratio ξ(r) falls into negligible (e.g., ξ < 0.1),
moderate (0.1 ≤ ξ < 0.3), and severe (ξ ≥ 0.3) interference thresholds, respectively,
consistent with Figure 5.

4.1. Indoor Environment and System Configuration

We consider a typical indoor VLC scenario with two ceiling-mounted LEDs sym-
metrically deployed in a rectangular room. Users equipped with photodiodes (PDs) are
randomly distributed on the receiving plane at a fixed height. The optical channel follows
the LOS Lambertian model described in Section 2, and each user is associated with the LED
providing the strongest channel gain.

Users associated with the same LED are partitioned into four-user groups. Within
each group, layered ADO-OFDM NOMA transmission is employed, consisting of one
ACO-OFDM layer and one DCO-OFDM layer. Each layer serves a two-user NOMA pair
using power-domain superposition and successive interference cancellation (SIC). Unless
otherwise stated, the system employs 16-QAM signaling over a bandwidth of B = 100 MHz
with N = 256 OFDM subcarriers.

4.2. Monte Carlo Procedure and Metric Definitions

For each Monte Carlo realization, user locations are independently drawn on the
receiving plane, and LOS channel gains are computed according to the Lambertian model.
User association, grouping, and coefficient selection are then executed based on the
evaluated scheme. If a realization yields fewer than four associated users for any LED
(i.e., Uℓ < 4), it is discarded and redrawn to ensure at least one full four-user group can
be formed per LED. Otherwise, we schedule the first 4Gℓ users per LED as described in
Section 3.2, leaving the remaining users unscheduled in that slot.

Performance is evaluated against an average SNR axis. To provide a consistent SNR
sweep across random user topologies, we calibrate the receiver noise variance per real-
ization such that the average desired-signal electrical SNR across served users matches
the target SNR value. The relative interference terms governed by β remain unchanged;
this calibration merely normalizes the SNR sweep without altering the underlying interfer-
ence model.

The bit error rate (BER) is computed from the post-processing SINR using a standard
16-QAM BER approximation under AWGN. Unless otherwise stated, reliability is reported
as the average BER of the strong users after SIC. Here, the strong user is defined as the
user with the larger desired-link channel gain within each two-user NOMA pair. This
specific metric is selected as the primary reliability indicator because it rigorously isolates
the impact of overlap-induced interference on SIC error propagation—a fundamental
vulnerability of NOMA that cannot be observed through weak-user direct decoding. For
each drop, we measure the BER of the strong user’s own stream after successfully decoding
and canceling the paired weak-user signal, averaged across all such strong users in both
layers and LEDs.

Spectral efficiency (SE) is evaluated over served users as E[log2(1 + SINR)]. Energy
efficiency (EE) follows the Shannon-rate definition:

EE =
BE[log2(1 + SINR)]

Pcons
, (26)

where Pcons = Ptot + Pfixed is the total consumed power. For the EE evaluation, the total
transmit power is swept and mapped to the SNR axis using the aforementioned calibration
rule, enabling a direct comparison across varying β values.
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4.3. Baseline for Comparison

The proposed framework is compared against a β-blind fixed-coefficient base-
line(referred to as the beta-blind FPA baseline). This baseline (i) performs grouping based
strictly on the desired-link channel gain gu (ignoring the effective coupling metric geff

u )
and (ii) applies fixed empirical coefficients (specifically η = 0.5 and ρ = 0.65, with intra-
layer NOMA coefficients α(A) = 0.90 and α(D) = 0.92) regardless of channel conditions or
overlap severity.

5. Simulation Results and Analysis
In this section, system-level simulation results are presented to evaluate the proposed

multi-LED ADO-OFDM NOMA framework. We consider a 5× 5× 3 m3 indoor room with
two ceiling-mounted LEDs and 16-QAM layered ADO-OFDM signaling over a system
bandwidth of B = 100 MHz. System performance is investigated across representative
overlap-induced coupling levels defined in Section 2.3: β ∈ {0, 0.2, 0.5}. Unless otherwise
specified, the results are averaged over independent Monte Carlo user drops with per-drop
association to the serving LED and four-user grouping per LED.

The proposed MCGAD framework (beta-aware) is compared against a beta-blind
fixed-coefficient baseline (FPA). While both schemes employ the same ADO-OFDM NOMA
transmission and SIC receiver structure, the baseline performs grouping based strictly
on desired-link gains and applies fixed empirical coefficients (η, ρ, α). In contrast, the
proposed framework dynamically embeds β into the ordering metric and adapts (η, ρ, α)

to the effective channel conditions.

5.1. Reliability Analysis (BER Performance)

In each two-user NOMA pair (for both ACO and DCO layers), the strong user is
defined as the user with the higher desired-link channel gain. For each Monte Carlo drop,
we evaluate the BER of the strong user’s own stream after SIC (i.e., after decoding and
canceling the paired weak-user signal). The reported BER curves represent the average
over all such strong users across all NOMA pairs and independent drops.

Figure 6 reports the strong-user BER after SIC versus the average SNR. For the baseline
scenario without overlap (β = 0), the BER exhibits a sharp waterfall curve, confirming
reliable SIC execution in the absence of cross-LED coupling. However, as β increases to
0.2 and 0.5, an error floor emerges in the high-SNR regime, indicating a transition into
an interference-limited state. Under both overlap conditions, the proposed framework
yields a consistently lower BER floor than the baseline, verifying that β-aware grouping
and coefficient adaptation effectively stabilize SIC. For severe coupling (β = 0.5), the
residual error floor may remain above the HD-FEC limit, suggesting that aggressive overlap
deployments may necessitate supplemental interference mitigation strategies to guarantee
strict reliability.

In this work, the horizontal axis is reported as the average post-detection electrical
SNR (denoted as SNR). This is defined based on the received electrical signal power and
the total impairment variance, encompassing both noise and overlap-induced interference
under the evaluated coupling condition. To facilitate comparison with traditional energy-
per-bit metrics, the corresponding Eb/N0 can be mapped from SNR by accounting for the
number of bits per QAM symbol, k = log2(M). Assuming a consistent symbol rate and
effective noise-plus-interference bandwidth, we apply the standard relationship:

Eb
N0

=
SNR

k
⇐⇒

(
Eb
N0

)
dB

= SNRdB − 10 log10
(
log2 M

)
. (27)
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Consequently, all SNR-based results can be directly converted to Eb/N0 using (27) (e.g., for
M = 16, an offset of 10 log10(4) ≈ 6.02 dB applies).

5.2. Spectral Efficiency (SE)

Figure 9 evaluates the spectral efficiency (SE), measured as E[log2(1 + SINR)] over
served users. At β = 0, SE grows logarithmically with SNR, typical of a noise-limited envi-
ronment. As β scales to 0.2 and 0.5, SE saturates at high SNR, reaffirming the dominance of
the signal-to-interference ratio. Crucially, the SE curves of the proposed framework remain
remarkably close to the β-blind baseline across the entire SNR spectrum. This indicates that
integrating β-aware grouping and adaptive power allocation substantially enhances SIC
reliability (Figure 6) without incurring meaningful penalties to overall spectral efficiency.

To further assess robustness, we introduce non-ideal interference cancellation by
retaining a residual fraction ϵ of the canceled component. For each NOMA pair, the
strong user’s post-SIC SINR denominator incorporates a residual-interference term ϵ h2

s Pw,
where hs is the strong user’s channel gain and Pw is the paired weak user’s allocated
power. Figure 8 illustrates the strong-user BER after SIC as a function of ϵ at a fixed
high-SNR threshold (40 dB, 16-QAM) under severe coupling (β = 0.5). While the BER
naturally degrades as residual interference increases, the proposed framework consistently
outperforms the baseline, underscoring its superior tolerance to imperfect SIC.

5.3. Energy Efficiency (EE)

Figure 10 plots the Shannon-rate-based energy efficiency (EE) versus average SNR.
The curves exhibit a characteristic bell shape: EE initially climbs as rate improvements
outpace power consumption, peaks, and then declines as further SNR investments yield
diminishing returns in the interference-limited region.
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Figure 10. Energy efficiency (EE) versus average SNR under different coupling factors β ∈ {0, 0.2, 0.5}.
EE is computed using the Shannon-rate definition, where total consumed power includes both
transmit and fixed circuit power.

With the introduction of coupling (β = 0.2 and 0.5), the EE peak inevitably drops
and shifts toward a lower SNR operating point due to early rate saturation. The proposed
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framework achieves EE trends virtually identical to the β-blind FPA baseline. This confirms
that the primary advantage of the β-aware design lies in fortifying SIC stability and fairness
rather than fundamentally altering the systemic rate-power tradeoff.

5.4. Computational Scalability

Figure 11 highlights the computational scalability of the proposed approach. An
exhaustive enumeration strategy for partitioning U users into unordered groups of size
g = 4 requires searching a space that expands combinatorially as U!

(g!)U/g(U/g)!
. In contrast,

the MCGAD framework relies primarily on sorting-based user ordering and deterministic
mapping. This results in a highly manageable complexity of O(U log U), making the
proposed architecture uniquely suited for dense-user indoor VLC deployments.
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Figure 11. Complexity scaling comparison between the proposed MCGAD-based framework and
an exhaustive grouping-enumeration baseline. The proposed method avoids combinatorial growth,
yielding a complexity that scales approximately as O(U log U).

5.5. Practical Considerations and Extensions

To contextualize the proposed β-aware framework within broader indoor VLC appli-
cations, we briefly outline how this pipeline can adapt to practical complexities beyond
our idealized simulations. While our evaluation isolated overlap-induced coupling under
predominantly line-of-sight (LoS) conditions, the core grouping and coefficient adaptation
logic depends solely on effective link-quality disparities. Consequently, in highly reflective
environments where non-line-of-sight (NLoS) components are significant, systems can
seamlessly incorporate diffuse reflections by replacing LoS gains (hs, hi) with effective
composite gains (h̃s, h̃i) derived from ray-tracing or empirical reflection models.

In realistic deployments, irregular room geometries and asymmetrical luminaire
layouts will reshape the spatial distribution of these gains, thereby altering local overlap
severity. Because the proposed method relies on measurable channel disparities rather than
strict geometric symmetry, it maintains its applicability across heterogeneous environments.
Furthermore, since LEDs concurrently serve as illumination sources, extreme inter-LED
power splits might compromise lighting uniformity. This can be mitigated by confining
the inter-LED split to a strict feasible interval (e.g., η ∈ [ηmin, ηmax]) or by projecting the
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calculated η onto an illumination-compliant constraint set prior to allocation, preserving
optical integrity without abandoning the β-aware design.

Finally, accommodating user mobility introduces temporal variations in both channel
gains and overlap conditions. In such scenarios, the coupling descriptor can be dynamically
refreshed via pilot-aided interference sensing or positioning-assisted geometry updates,
triggering periodic recalculations of the ordering metric and allocation coefficients. To reg-
ulate signaling overhead during rapid movement, systems can adopt conservative update
intervals or apply low-pass filtering to the estimated β̂. Additionally, padding the intra-
layer coefficient α with a robustness margin can further desensitize SIC to residual channel
uncertainty. Crucially, because the proposed updating procedure hinges on sorting and
deterministic pairing—operating at O(U log U) complexity—it remains computationally
viable for real-time tracking in large-scale high-density networks.

6. Discussion
The results demonstrate that overlap-induced cross-LED leakage fundamentally shifts

layered ADO-OFDM NOMA into an interference-limited regime, where increasing the
transmission power (SNR) no longer yields proportional post-SIC reliability gains. Specif-
ically, as physical coupling becomes non-negligible, residual inter-LED interference and
imperfect cancellation jointly distort the effective power hierarchy. This distortion directly
accounts for the stubborn high-SNR BER floor observed for strong users.

By explicitly decoupling the physical overlap severity (quantified by β) from the trans-
mitter’s resource control variables (the inter-LED split η, the inter-layer split ρ, and the intra-
layer NOMA coefficients α), our framework isolates the exact impact of varying propagation
conditions. This approach confirms that, while adaptive coefficient allocation effectively
mitigates SIC error propagation, fundamental spatial interference constraints remain.

Currently, this study is bounded by the dual-LED abstraction and the assumption of
predominantly LoS channels. Extending this framework to multi-cell deployments with
severe NLoS reflections, integrating detailed front-end nonlinearity models, and accounting
for severe SIC uncertainty will provide a more comprehensive assessment for ultra-dense
highly reflective VLC networks.

7. Conclusions
This paper investigated the impact of overlap-induced cross-LED coupling in an in-

door VLC downlink employing layered ADO-OFDM NOMA. We proposed an interference-
aware system-level framework that explicitly integrates the physical overlap severity,
quantified by β, into the resource allocation pipeline. By combining MCGAD-based user
grouping with dynamic three-level coefficient adaptation, the proposed design systemati-
cally improves SIC robustness in overlapping illumination areas.

Monte Carlo evaluations across representative overlap regimes (β ∈ {0, 0.2, 0.5}) con-
firm that, while severe coupling inevitably drives the system into an interference-limited
state, the β-aware design consistently suppresses the strong-user BER floor compared to a
blind baseline. Crucially, this reliability gain is achieved without compromising the base-
line’s spectral efficiency or Shannon-based energy efficiency. Because the computational
load is dominated by deterministic sorting, the framework maintains a highly scalable
O(U log U) complexity.

Future work will focus on robustness-oriented extensions under practical uncertainties
(e.g., imperfect SIC and CSI), enforcing illumination-feasible coefficient ranges, and explor-
ing advanced inter-LED interference mitigation in highly overlapping dense deployments.
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The following abbreviations are used in this manuscript:

VLC Visible Light Communication
NOMA Non-Orthogonal Multiple Access

ADO-OFDM
Asymmetrically Clipped and DC-Biased Optical Orthogonal Frequency Division
Multiplexing

ACO-OFDM Asymmetrically Clipped Optical Orthogonal Frequency Division Multiplexing
DCO-OFDM DC-Biased Optical Orthogonal Frequency Division Multiplexing
SIC Successive Interference Cancellation
LOS Line of Sight
NLOS Non-Line of Sight
SE Spectral Efficiency
EE Energy Efficiency
AWGN Additive White Gaussian Noise
PD Photodiode
FOV Field of View
CoMP Coordinated Multi-Point
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