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Abstract—The emergence of optical intelligent reflecting sur-
face (OIRS) technologies marks a milestone in optical wireless
communication (OWC) systems, enabling enhanced control over
light propagation in indoor environments. This capability allows
for the customization of channel conditions to achieve specific
performance goals. This paper presents an enhancement in down-
link cell-free OWC networks through the integration of OIRS.
The key focus is on fine-tuning crucial parameters, including
transmit power, receiver orientations, OIRS elements allocation,
and strategic placement. In particular, a multi-objective opti-
mization problem (MOOP) aimed at simultaneously improving
the network’s spectral efficiency (SE) and energy efficiency
(EE) while adhering to the network’s quality of service (QoS)
constraints is formulated. The problem is solved by employing the
ϵ-constraint method to convert the MOOP into a single-objective
optimization problem and solving it through successive convex
approximation. Simulation results show the significant impact of
OIRS on SE and EE, confirming its effectiveness in improving
OWC network performance.

Index Terms—Energy efficiency (EE), optical intelligent re-
flecting surface (OIRS), optical wireless communication (OWC),
multi-objective optimization problem (MOOP), and spectral
efficiency (SE).

I. INTRODUCTION

OPTICAL WIRELESS COMMUNICATION (OWC) is
gaining recognition as a complement to conventional

radio frequency (RF) communications due to its dual func-
tionality, offering both illumination and high-speed data trans-
mission in unregulated license-free spectrum [1]. OWC is also
renowned for its cost-effectiveness and low energy consump-
tion as it utilizes existing lighting infrastructure [2]. In typical
downlink OWC networks, the primary roles of transmitters
and receivers are fulfilled by light-emitting diodes (LEDs) and
photodiodes (PDs), respectively [3]. These systems, however,
encounter significant line-of-sight (LoS) blockages that can
severely impair performance, particularly in indoor environ-
ments. To address these challenges, cell-free transmissions and
optical intelligent reflecting surface (OIRS) technology offer
a potent solution to mitigate blockages by creating alternative
wireless propagation paths [4].

Jalal Jalali and Jeroen Famaey are with IDLab research group, Uni-
versity of Antwerp - imec, 2000 Antwerp, Belgium (e-mail: {Jalal.Jalali,
Jeroen.Famaey}@imec.be). Jalal Jalali is also with Wireless Commu-
nication Research Group, JuliaSpace Inc., Chicago, IL, USA (e-mail:
josh@juliaspace.com). Hina Tabassum is with the Department of Electrical
Engineering and Computer Science (EECS), York University, Toronto, ON
M3J 1P3, Canada (e-mail: hinat@yorku.ca). Walid Saad is with the Bradley
Department of Electrical and Computer Engineering, Virginia Tech, USA (e-
mail: walids@vt.edu). Murat Uysal is with the Engineering Division, New
York University Abu Dhabi (NYUAD), Abu Dhabi 129188, UAE (e-mail:
murat.uysal@nyu.edu).

This research was funded by the CHIST-ERA grant (CHIST-ERA-20-SICT-
003), partially supported by the Research Foundation - Flanders (FWO)
project WaveVR (G034322N), and the US National Science Foundation under
Grant CNS-2030215.

The OIRSs can be realized through designs based on either
mirror arrays or meta-surfaces [5]. It has been shown recently
that the mirror array outperforms the metasurface in OWC
systems [6]. Consequently, a number of recent research works
considered optimizing the OWC system in the presence of
mirror-based OIRSs. For instance, in [6], the authors maxi-
mized secrecy rate while optimizing the orientation of OIRS
elements. In [7], the authors derived spectral efficency (SE)
and energy efficiency (EE) expressions in the presence of
OIRS, but optimization was not considered. Data rate max-
imization was considered in [8], [9] by optimizing refractive
index and orientations of the OIRS elements, respectively. Re-
cently, the potential of OIRS in multiple input multiple output
(MIMO) OWC systems has also been demonstrated [10].

Although previous works optimized various aspects of OWC
systems [5]–[9], multi-objective SE and EE maximization in
a cell-free OIRS-enabled OWC system presents significant
challenges and remains largely unexplored. The inherent trade-
off between SE and EE requires a careful balance: improving
SE often demands higher power consumption, which adversely
affects EE. Furthermore, the joint optimization of OIRS
placement, element assignment, power allocation, and user
orientation in a cell-free environment introduces additional
computational complexity and non-convexity, necessitating
efficient algorithmic solutions.

In this paper, we develop a framework to jointly maximize
the SE and EE of a downlink multi-user OIRS-aided cell-free
OWC network. We optimize key system parameters, including
OIRS placement, LED-OIRS element assignment, power allo-
cation, and user orientation. Our proposed approach leverages
a multi-objective optimization problem (MOOP) framework.
This framework not only improves the total data rate but
also EE, offering mathematical rigor and interpretability. We
propose an iterative, low-complexity algorithm that leverages
the ϵ-constraint method to convert the MOOP into a single-
objective optimization problem (SOOP) and employs suc-
cessive convex approximation (SCA) techniques for efficient
resolution. Our findings emphasize the significant impact of
OIRS in enhancing SE and EE, illustrating the interplay
between the two metrics. Specifically, the proposed method
achieves optimal EE at approximately 3 bits/sec/Hz SE and
30 dBm optical power, offering a novel and effective approach
to designing OIRS-enhanced cell-free OWC networks.

Notations: Scalars, vectors, and matrices are denoted by
lowercase italics (a), bold lowercase (a), and bold uppercase
(A). Transpose is aT , Hadamard product is A ◦ B, trace is
tr(A), N -element ones vector is 1N , and N × N identity
matrix is IN . Positive real numbers set is R+, Euclidean norm
is ∥ · ∥, and diagonalization is diag(·).
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II. OIRS-AIDED OWC SYSTEM DESCRIPTION

A. OWC System Configuration

We consider the downlink of an OIRS-aided cell-free OWC
system, as depicted in Fig. 1, where L LEDs serve K PD users,
with a mirror array-based OIRS with N units enhancing com-
munication. We utilize a 3D Cartesian coordinate system, posi-
tioning the LEDs at static locations Ll = [Lx,l, Ly,l, Lz,l]

T ∈
R3×1, the users at uk = [ux,k, uy,k, uz,k]

T ∈ R3×1, and the
OIRS central location at q = [qx, qy, qz]

T ∈ R3×1. We confine
the area of interest to four vertical Cartesian planes, H1 to H4,
where the OIRS could potentially be positioned at:

H1 :ymin<qy<ymax, zmin<qz<zmax, qx=xmin, (1)
H2 :ymin<qy<ymax, zmin<qz<zmax, qx=xmax, (2)
H3 :xmin<qx<xmax, zmin<qz<zmax, qy=ymin, (3)
H4 :xmin<qx<xmax, zmin<qz<zmax, qy=ymax. (4)

These regions ensure that the OIRS is placed in one of the
corner walls of a room-shaped environment. In this setup,
each LED transmits the data of different PDs in a specific
time slot, resulting in multi-user interferences (MUI) initiating
from different LEDs. We use intensity modulation and direct
detection (IM/DD), which is a common approach for OWC
systems with LEDs. This method is suitable because LEDs are
non-coherent light sources, making IM/DD both simple and ef-
fective [11]. Our system also employs on-off keying (OOK) for
pulse modulation to encode data onto the emitted light. Given
the IM/DD assumption, the LED-emitted information symbols
are represented by the vector s = [s1, . . . , sK ]T ∈ RK×1

+ , with
the expectation E{|sk|2} = 1,∀k. These symbols are mapped
onto the transmitted signal vector x = [x1, . . . , xL]

2. The
association between s and x is established through x = As,
wherein A = [a1, . . . ,aK ] ∈ RL×K

+ is a binary matrix with
each column vector ak = [a1,k, . . . , aL,k]

T ∈ RL×1
+ in A

adhering to the constraint
∑K

k=1 al,k = 1,∀l. For our analysis,
we assume that the OWC channel state information (CSI) is
known at the system IRS controller [7].

B. LoS/NLoS Channel Model

In the IM/DD-based OWC system, the LoS channel gain
adheres to the Lambertian model [12]. The field of view (FoV)
channel gain expression for PD k from LED l is given by:

hl,k =
CPD(j + 1)

2πd2l,k
cosj(Ψl)fo cos(Ωk)fc,∀l, k, (5)

where CPD is the PD’s physical area, j is the index of
Lambertian emission1, and dl,k = ∥Ll − uk∥ is the distance
between LED l and user k. Angles Ψk and Ωk are the
irradiance and incidence angles for the LoS path from the LED
to user k. Additionally, fo and fc represent the gains from the
optical filter and the optical concentrator. For simplicity, the
LoS channel gain vector from all LEDs to each PD user is
defined as hk = [h1,k, h2,k, . . . , hL,k]

T ∈ RL×1
+ .

In an OIRS-assisted OWC system, reflections predomi-
nantly involve specular reflections, with minimal diffuse re-
flections due to relatively low intensity compared to the LoS

1The index of Lambertian emission is given by j = −ln 2/ln(cosΦ1/2),
where Φ1/2 is the semi-angle at half power illuminance of the LED [10].
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Fig. 1. Illustration of the OIRS-supported OWC network, where LED l and
its reflection are symmetrically positioned across the x′y′z′ plane.

channel gain [13]. As an IM/DD system cannot handle phase
information, no phase manipulation is involved in OIRS [14].
An approximate method for quantifying the OIRS-reflected
channel gain is to treat the specular reflection as emanating
from a virtual image source [4]. In this approach, the OIRS
coefficient factor ξ, additive in nature, is used to account for
energy loss during reflection [5]. Therefore, the gain from
the OIRS-reflected channel between the LED and user k,
facilitated by OIRS unit n, can be given as:

gl,n,k=ξ
CPD(j + 1)

2π(d̄l,n + d̄k,n)2
cosj(θk)fo cos(ϕk)fc,∀l, n, k, (6)

where d̄l,n = ∥Ll − q∥ and d̄n,k = ∥q − uk∥ are the
distances from LED l to the OIRS and from the OIRS to
PD k. Subsequently, the angles of irradiance and incidence
pertaining to the OIRS-reflected path are denoted by θk
and ϕk, respectively. In addition, for ease of representa-
tion, we define Gk = [g1,k, . . . , gL,k] ∈ RN×L

+ , where
gl,k = [gl,1,k, gl,2,k, . . . , gl,N,k]

T ∈ RN×1
+ , as the NLoS

OIRS-reflected channel matrix of LED l and user k.

C. Received Signal and SINR

In the multi-user cell-free OWC framework, each PD is
capable of receiving signals from all LEDs. The LoS signal
component arrived at user k can be formulated as:

yLoSk = δ

L∑
l=1

hl,kPlxl = δhT
kPAs,∀k, (7)

where term hl,kPlxl represents the useful signal from
LED l and corresponds to the received signal for user k,
whereas the other (L − 1) terms in the summation constitute
the MUI. In (7), Pl is the power output of LEDs with
P = diag(P1, . . . , PL), and δ the PD’s sensitivity. For the
NLoS signal, we define a binary allocation matrix B =
[b1, . . . , bL] ∈ RN×L

+ , where bl = [b1,l, . . . , bN,l]
T ∈ RN×1

+

indicates the association of OIRS elements with LEDs. If
bn,l = 1, it implies the element n is dedicated to LED
l. Additionally, the constraint

∑L
l=1 bn,l = 1 is applied to

ensure each OIRS element is assigned to only one LED. Upon
identifying the transmitter, the OIRS unit adjusts its surface
based on a reverse look-up table, modifying the orientation
and state of its elements. Each OIRS element can be active
1 or inactive 0. Active elements reflect incident light from
an LED to the intended PD using predetermined angles and
positions from the look-up table. This table is based on system
geometry and desired reflection paths, ensuring efficient light
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direction without phase manipulation. The binary vector b
controls which elements are active, optimizing communication
performance. Due to precise reflection directions and sparse
user distribution, unintended reflections are minimal. Hence,
the interference from OIRS paths is considered insignificant
and can be disregarded [4]. Consequently, the NLoS signal
component at user k becomes:

yNLoS
k = δaT

k diag{GT
kPB}sk,∀k, (8)

where gT
l,kPbl is the channel gain from LED l to user k,

with the sum of all channel gains from LEDs that serve user
k being collated. Given the LoS and NLoS components, user
k’s received signal becomes: yk= yLoSk +yNLoS

k +nk,∀k, where
nk∼N (0,σ2) is the additive white Gaussian noise (AWGN).
Thus, user k signal-to-interference-plus-noise ratio (SINR) can
be written as:

γk =
δ2(hT

kPak + aT
k diag{GT

kBP })2

σ2 + δ2
∑K

i=1,i̸=k(h
T
kPai)2

,∀k. (9)

Finally, considering OWC characteristics, a tight lower bound
for user k’s data rate can be given as [6]:

Rk =
1

2
C ln

(
1 +

e

2π
γk

)
,∀k, (10)

where C ∈ R+ is the transmitted signal bandwidth. Efficient
optimization of OIRS placement and resource allocation can
substantially enhance both spectral and energy efficiency in
cell-free OWC networks, mitigating the impact of MUI and
LoS blockages and leading to improved reliability and data
rates in indoor environments.

III. PROPOSED ALGORITHM: AN SE AND EE TRADEOFF

In this section, we develop an MOOP for the OIRS-assisted
OWC system. The MOOP offers the potential to discover novel
approaches for harmonizing and enhancing both SE and EE
when adhering to data rate and transmit power constraints. The
EE is expressed as ηEE = Rtot/Ptot, where Rtot =

∑K
k=1 Rk

is the total data rate, and Ptot = tr(P )+pcir is total consumed
power with pcir as a fixed circuit power for the OWC system’s
operations. Additionally, the SE is defined as ηSE = Rtot/C.
The MOOP is thus formulated as follows:

P1 : max
P ,B,Λ,q

[ηEE(P ,B,Λ, q), ηSE(P ,B,Λ, q)] (11a)

s.t. : Rk(P ,B,Λ, q) ≥ Rmin,k, ∀k, (11b)
tr(P ) ≤ Pmax, (11c)
bn,l = {0, 1}, ∀n, l, (11d)
L∑

l=1

bn,l = 1, (11e)

0 ≤ Ωk ≤ ΩFoV,∀k, (11f)
0 ≤ ϕk ≤ ϕFoV, ∀k, and (1) − (4), (11g)

where Λ = [[Ω1, . . . ,ΩK ]T , [ϕ1, . . . , ϕK ]T ] is the receiver
orientation angles feasibility set. In (11), constraint (11b)
establishes a minimum quality of service (QoS) Rmin for
each PD, and constraint (11c) caps the total transmit power
of the LED at Pmax = LP̄th, where P̄th is the average
emitted optical power per LED luminary. Constraints (11d)
and (11e) arise from the definition of B while (11f) and
(11g) restrict the orientation angles to PDs’ FoV in specific

ranges. Observe that the EE is the quotient of the data rate
to power consumption: Rtot = ηSEC. From this, it follows
ηEE = ηSEC/Ptot. Hence, EE maximization is tantamount
to simultaneously maximizing the network’s data rate and
minimizing its transmit powers. Therefore, the MOOP in P1

can be rewritten as follows:
P2 : max

P ,B,Λ,q
[Rtot(P ,B,Λ, q),−Ptot(P )] (12a)

s.t. : (1) − (4) and (11b) − (11g).
For resolving the MOOP in (12), we implement the ϵ-
method [15]. This method designates one of the objectives
as the primary objective and relegates the other objectives to
the constraint set. This approach reformulates the transformed
MOOP in P2 into a SOOP, which is structured as follows:

P3 : min
P ,B,Λ,q

tr(P ) (13a)

s.t. : Rtot(P ,B,Λ, q) ≤ ϵ, (1)−(4) and (11b)−(11g),(13b)
where ϵ denotes the upper bound of the data rate. To determine
the optimal fronts, a mathematical rule for selecting ϵ within
the bounds Rmin ≤ ϵ ≤ Rmax is proposed, where Rmax and
Rmin are the maximal and minimal objective points of total
data rate, respectively. To fully explore the Pareto fronts, we
set ϵ=α Rmax, where α∈(0, 1] is a positive scalar. Addressing
the computational complexity of (13), we introduce a four-
step iterative method. Initially, for a given allocation matrix
B, a given angle matrix Λ, and given OIRS placement q, the
transmit power matrix P is determined. After calculating the
transmit power, it is used to find the allocation matrix. This
matrix then aids in determining the angles, and ultimately,
the angle matrix assists in initiating the process of finding
OIRS placement. These steps are repeated iteratively until no
additional improvements are achieved. Therefore, the iterative
procedure for solving P3 is summarized as:

P (0)→B(0)→Λ(0)→q(0)︸ ︷︷ ︸
Initialization

→ . . .→P (t)→B(t)→Λ(t)→q(t)︸ ︷︷ ︸
Iteration t

→

. . . → P (opt)→B(opt)→Λ(opt)→q(opt)︸ ︷︷ ︸
optimal solution

(14)

where t > 0 is the iteration number. In (14), the process
begins with an initial feasible solution for the variables
(P (0),B(0),Λ(0), q(0)). At each iteration, the approach in-
volves optimizing one variable at a time, keeping the others
constant. This sequential optimization continues, each time
using the previously updated variable while maintaining the
others unchanged. The iteration halts when the conditions
||P (t) − P (t−1)|| ≤ µ1, ||B(t) − B(t−1)|| ≤ µ2, ||Λ(t) −
Λ(t−1)|| ≤ µ3 ||q(t) − q(t−1)|| ≤ µ4, are met, i.e., conver-
gence, where 0 < µτ ≪ 1,∀τ = {1, 2, 3, 4}.

A. Step 1: LED Emission Power
We begin with the assumption that the optimal B, Λ, and

q are fixed. Consequently, the problem in (13) narrows down
to identifying P alone. To address the resulting nonconvex
problem, we introduce a logarithmic approximation strategy,
a form of SCA [16]. This technique circumvents the complex-
ities of the nonconcave rate function by establishing a concave
lower bound for the rates. For this purpose, we define:

vk ln(zk) + uk ≤ ln(1 + zk),∀k, (15)
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that is a tight (exact) approximation at zk = ẑk ≥ 0 when the
approximation constants are chosen as:

vk =
ẑk

1 + ẑk
,∀k, (16)

uk = ln(1 + ẑk)−
ẑk

1 + ẑk
ln(ẑk),∀k. (17)

Equations (15)−(17) arise from setting equal the slope and
function values at each ẑk, establishing a distinct correlation
between every ẑk and its corresponding pair vk, uk. Utilizing
the approximation in (15) and applying the variable transfor-
mation P̃ = diag(ln(P1), . . . , ln(PL)), P3 is rephrased as:

P4 : min
P̃

tr(exp(P̃ ) ◦ IL) (18a)

s.t. :

K∑
k=1

vk ln(ẑk) + uk ≤ ϵ, (18b)

vk ln(ẑk) + uk ≥ Rmin, ∀k, (18c)

tr(exp(P̃ ) ◦ IL) ≤ Pmax, (18d)
where

ẑk=
eδ2(hT

k exp(P̃ )◦ILak+aT
k diag{GT

kB exp(P̃ )◦IL})2

2πσ2 + 2πδ2
∑K

i=1,i̸=k(h
T
k exp(P̃ ) ◦ ILai)2

.

(19)
Recognizing the log-sum-exp function is convex, problem (18)
falls into the category of convex problems [16], [17].

B. Step 2: OIRS’ Elements Allocation

Given the transmit power matrix P obtained from the
preceding subproblem, along with known Λ and q from the
previous iteration t − 1, the next step involves resolving the
following feasibility problem to find B :

P5 : min
B

1T
N1L s.t. : (11b), (11d), (11e), (13b), (20)

where the matrix 1T
N1L consists entirely of ones, that is

[1]n,l. The integer programming problem (20), isomorphic
to resource allocation problems, is non-convex and non-
deterministic polynomial-time (NP) hard due to the discrete
nature of the matrix B, resulting in substantial computational
complexity. To make optimization techniques applicable, a
continuous version of the matrix B is employed instead of
the binary format. Therefore, the constraint in (11d) is relaxed,
enabling a redefinition of (20) as:

P6 : min
B

1T
N1L (21a)

s.t. : 0 ≤ bn,l ≤ 1, ∀n, l, (21b)

0 ≤ bn,l−b2n,l ≤ 1,∀n, l, and (11b), (11e), (13b). (21c)
The relaxation applied to the matrix B transforms the data
rate functions in (11b) and (13b) into asymptotically concave
functions. This change provides a compelling reason to address
(21) using convex optimization techniques, achieving a global
optimum [18].

C. Step 3: PD Orientation Angles

This section focuses on determining the optimal orientation
angles Λ. With P , B, and q held fixed, we address the
nonconvex problem presented in (13) utilizing the Augmented
Lagrangian method. This approach merges the Lagrangian
function with a quadratic penalty function, as shown in (22),

Algorithm 1 Proposed Iterative Algorithm
Input: Set s = 0, set maximum number of iteration Smax,

initialize P = P (0), B = B(0), Λ = Λ(0), and q = q(0).
1: repeat
2: Solve (20) for given B(s−1), Λ(s−1), and q(s−1) to

obtain the optimal solution P (s).
3: Solve (21) for given P (s−1), Λ(s−1) and q(s−1) to

obtain the optimal solution B(s).
4: Solve P7 : min

Λ
Lζ in (22) for given P (s−1), B(s−1),

q(s−1) to obtain the optimal solution Λ(s).
5: Solve (27) for given P (s−1), B(s−1), and Λ(s−1), to

obtain the optimal solution q(s).
6: until s = Smax or convergence
7: return {P (s),B(s),Λ(s), q(s)}={P (opt),B(opt),Λ(opt),q(opt)}

where κ, ω, ϖ, and µ serve as the Lagrangian multipliers,
while ζ acts as a tunable penalty parameter. These multipliers
are given by:

κ(t3+1) = max
{
0, κ(t3) + ζ(ϵ−Rtot)

}
, (23)

ϱ
(t3+1)
k = max

{
0, ϱ

(t3)
k + ζ (Rmin −Rk)

}
, (24)

ω
(t3+1)
k = max

{
0, ω

(t3)
k + ζ(Ωk − ΩFoV)

}
, (25)

ϖ
(t3+1)
k = max

{
0, ϖ

(t3)
k + ζ(ϕk − ϕFoV)

}
. (26)

The convergence rate of the augmented Lagrangian method,
characterized by a constant ratio proportional to 1/ζ, exhibits
linear behavior when the penalty parameter ζ is equal to or
exceeds a certain positive threshold.

D. Step 4: OIRS Placement

In the last phase, the optimization of the OIRS placement is
performed, drawing on the values of P , B, and Λ obtained in
the preceding iteration. Given that, the optimization problem
for the OIRS placement, q , becomes:

P8 : min
q

1N (27a)

s.t. :

K∑
k=1

Rk(q) ≤ ϵ, (27b)

Rk(q) ≥ Rmin,k, ∀k, and (1) − (4). (27c)
Since the objective function in (27) is convex and the con-
straints (27b) and (27c) demonstrate monotonic concavity in
relation to q, well-known optimization tools could be used
to find an optimal solution for OIRS central position in the
multi-user cell-free OWC network. Finally, Algorithm 1 is
proposed to determine the LED transmit power matrix, the
binary allocation matrix, the PD orientation angles, and the
OIRS placement. To illustrate the convergence of

Proposition 1: The objective function value of P1 would be
improved via the iterative algorithm.

Proof 1: See Appendix A. ■

IV. COMPUTATIONAL COMPLEXITY ANALYSIS

The overall computational complexity of the proposed al-
gorithm is determined by solving four subproblems: P4, P6,
P7, and P8. The complexity of P4, based on the SCA, is
O1 = O((K+2)L3). For P6, the complexity, aligned with the
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Lζ (Λ,P , q, κ,ϱ,ω,ϖ) = tr(P ) +
1

2ζ

(
max{0, κ+ ζ(ϵ−Rtot)}2 − κ2

)
+

∑K

k=1

(
max{0, ϱk + ζ(Rmin −Rk)}2 − ϱ2k

)
+
∑K

k=1

(
max{0, ωk + ζ(Ωk − ΩFoV)}2 − ω2

k

)
+
∑K

k=1

(
max{0, ϖk + ζ(ϕk − ϕFoV)}2 −ϖ2

k

)
, (22)
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Fig. 2. EE versus SE for different heights of the LEDs in the OWC network.

Interior Point method, is O2 = O(NK(2NK+K+2)2). The
complexity of P7, solved using the Augmented Lagrangian
method, is O3 = O(4K2), and for P8, the complexity is
O4 = O(3(K + 13)2). Thus, the total complexity of the
proposed solution is Ototal = O1 +O2 +O3 +O4 = O((K +
2)L3+NK(2NK+K+2)2+4K2+3(K+13)2), indicating
a polynomial-time complexity of degree six.

V. SIMULATION RESULTS AND ANALYSIS

In this section, we outline numerical results demonstrating
the tradeoff between EE and SE in a room measuring 8×8×3
meters. The simulation setup includes key parameters to assess
system performance. The PD active area, CPD, is 1cm2. There
are four LEDs (L = 4) evenly distributed on the ceiling at
coordinates (2, 2, 3), (2, 6, 3), (6, 2, 3), and (6, 6, 3) m, with
a total modulation bandwidth of 20 MHz. We consider K =
4 users and assume noise power is σ2 = −120 dBm. The
minimum data rate requirement, Rmin = Rmin,k, is set at 0.5
bits/sec/Hz. The circuit power, pcir, is 6.7 W, and the average
emitted optical power of each LED luminary is P̄th = 30
dBm. We use a semi-angle at half power illuminance of 60◦,
PD sensitivity of 1 A/W, optical filter gain of 1, a FoV of 80◦,
and an OIRS reflection coefficient factor ξ of 0.95. Finally, the
number of OIRS elements is 120, where each unit has an area
of 10× 10 cm2.

Fig. 2 illustrates the interplay between EE and SE with dif-
ferent benchmarks. A bell-shaped curve is observed, indicating
an initial increase in EE with SE, reaching a peak, followed by
a subsequent decrease. This trend is most prominent with the
proposed Algorithm 1, which achieves superior performance
by effectively optimizing the trade-off between EE and SE.
The results peak at approximately 3 bits/sec/Hz, correspond-
ing to the optimal operational point for the algorithm with the
OIRS central placement optimized at q = [0, 4.1, 2]T ∈ H1.
The bell-shaped trend correlates with how EE initially in-
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Fig. 3. EE vs. average LET optical transmit power with α = 0.6.

creases with the total data rate (Rtot), peaks, and then falls due
to the rising consumed power (Ptot).The incremental power
boosts the denominator of ηEE more significantly than the
gains in Rtot in the numerator, leading to a net decrease in
EE. This demonstrates the inherent trade-off in OIRS-aided
OWC networks where, after a certain point, higher throughput
does not lead to energy savings. Scenarios with random PD
orientation, random B association, and fixed transmit power
P highlight the significance of strategic system configuration
for efficiency. The marked performance dip without OIRS
underscores its crucial role in boosting EE and SE. However,
the benefits of using OIRS are limited by diminishing returns,
an essential factor in OWC design prioritizing energy con-
servation and data transmission effectiveness. Furthermore, it
is observed that fixed power allocation has a less significant
effect on the overall system performance compared to the
orientation and element associations. This is because once
the OIRS placement is optimized, power allocation adjusts
only the signal strength over the already-determined reflection
paths. In contrast, orientation and element associations provide
fine-grained control over the reflection angles and user-specific
signal alignment, leading to more substantial gains in spectral
and energy efficiency by minimizing interference and improv-
ing signal quality.

Fig. 3 explores the relationship between EE and the average
emitted optical power P̄th. It is observed that the system’s EE,
as proposed in our algorithm, escalates with an increase in P̄th.
Specifically, as P̄th rises, there is a notable enhancement in
the system’s EE, which eventually reaches a saturation point
around 30 dBm. Clearly, regardless of the chosen benchmark,
there exists an optimal emission power level at which EE
peaks before it begins to recede. Past this peak, the resource
allocator refrains from increasing power output, recognizing
that further power boosts do not correspond to equivalent gains
in efficiency, potentially due to escalating interference.
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VI. CONCLUSIONS

In this paper, we have explored an OIRS-assisted cell-
free downlink OWC system. We introduced a novel tradeoff
between EE and SE through a MOOP that concurrently
maximizes different objectives within specific data rates and
power constraints. Our findings emphasize the critical influ-
ence of receiver orientation, OIRS placement, OIRS elements’
assignment, and power control on the system’s efficiency,
particularly in mitigating multi-user interference. Exploring
the significance of artificial intelligence (AI) in solving such
problems is a promising direction for future research.

APPENDIX A
PROOF OF THE PROPOSITION 1

Let us consider {P (j),B(j),Λ(j), q(j+1)} as the
feasible solution set to P8. Then, the feasible solution
set of P8 is a feasible solution to P1 as well.
Therefore, the following {P (j),B(j),Λ(j), q(j)} and
{P (j+1),B(j+1),Λ(j+1), q(j+1)} are feasible to P1 in the
(j)-th and (j + 1)- th iterations, respectively. Now, we define
fP1

(P (j),B(j),Λ(j), q(j)), fP8
(q(j)), fP7

(Λ(j)), fP6
(B(j)),

and fP4
(P (j)) as the objective functions of problems P1, P8,

P7, P6 and P4 in the (j)-th iteration, respectively. Thus, we
have:

fP1
(P (j+1),B(j+1),Λ(j+1), q(j+1))

(a)
= fP8

(q(j+1))
(b)

≥ fP8
(q(j))

= fP1(P
(j),B(j),Λ(j), q(j)), (28)

where (a) follows the fact that the problem P1 is equivalent
to the problem P8 for optimal P , B and Λ, and (b) holds
since fP8(q

(j+1))≥fP8(q
(j)) according to sub-problem III-D

(optimizing the placement of the OIRS). Similarly, for a given
P (j),B(j), q(j), we have:

fP1(P
(j+1),B(j+1),Λ(j+1), q(j+1))

(a)
= fP7

(Λ(j+1))
(b)

≥ fP7
(Λ(j))

= fP1
(P (j),B(j),Λ(j), q(j)), (29)

where (a) follows the fact that the problem P1 is equivalent
to the problem P7 for optimal P and B, and (b) holds
since fP7

(Λ(j+1))≥fP7
(Λ(j)) according to sub-problem III-C

(optimizing the PD orientation angles). Similarly, for a given
P (j),Λ(j), q(j), we have:

fP1
(P (j+1),B(j+1),Λ(j+1), q(j+1))

(a)
= fP6(B

(j+1))
(b)

≥ fP6(B
(j))

= fP1(P
(j),B(j),Λ(j), q(j)). (30)

where (a) follows the fact that problem P1 is equiva-
lent to problem P6 for optimal P ,Λ, and q, and (b)
holds since fP6(B

(j+1))≥fP6(B
(j)) according to sub-problem

III-B (the IRS optimal placement). Equivalently, for a given
B(j),Λ(j), q(j), we have:

fP1(P
(j+1),B(j+1),Λ(j+1), q(j+1))

(a)
= fP4

(P (j+1))
(b)

≥ fP4
(P (j))

= fP1
(P (j),B(j),Λ(j), q(j)). (31)

where (a) follows the fact that the problem P1 is equivalent
to the problem P4 for optimal B,Λ, and q, and (b) holds
since fP4

(P (j+1))≥fP4
(P (j)) according to sub-problem III-A

(the LED emission power control). From the above four
inequalities, we can conclude the following inequality holds:
fP1

(P (j+1),B(j+1),Λ(j+1), q(j+1))≥fP1
(P (j),B(j),Λ(j), q(j)).

(32)
Thus, we have shown that the objective function of P1 is
monotonically non-decreasing after each iteration. ■
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