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Abstract

Optical wireless communication (OWC) has
emerged as a promising technology for high-speed
indoor wireless access. Recently, mirror-based
intelligent reflecting surface (IRS) has been
introduced to OWC to enhance communication
performance. However, traditional radio frequency
IRS channel models fail to adapt optical features
of OWC, and existing ideal optical models neglect
some physical imperfections, leading to inaccurate

performance evaluations in real-world deployments.

To address this problem, this paper proposes a

modified and more realistic IRS channel model.

Distinct from ideal IRS channel, the proposed
model employs a differential summation method
to mathematically incorporate both geometric size
constraints and random rotation angle errors of
the IRS, thereby computing a more realistic IRS
channel gain. Utilizing this modified channel
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model, we systematically evaluate and compare
the relative communication performance under
both single-input single-output (SISO) and
multiple-input multiple-output (MIMO) systems.
Simulation results demonstrate that IRS size
variations and IRS rotation angle errors cause
non-negligible negative impacts on MIMO-OWC
systems, specifically leading to a loss in received
optical power and a significant increase in
inter-channel interference (ICI), thereby degrading
overall system stability. In conclusion, the proposed
modified channel model successfully demonstrates
the realistic impacts and challenges of deploying
IRS in practical OWC applications especially in
MIMO setups. By capturing these results, this work
provides a critical foundation and guidelines for
the physical layout, hardware specifications, and
robust beamforming design of future IRS-aided
OWC systems.
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1 Introduction

With the rapid proliferation of high-speed data
services, the conventional radio frequency (RF)
spectrum has become severely congested. As a
result, OWC has emerged as an essential component
of 6G systems [1], which is a wireless technology
that transmits data via light waves. Typically, the
transmitter employs a light-emitting diode (LED)
or a laser diode (LD) to emit optical signals,
which are subsequently captured by a photodetector
(PD) at the receiver.  Applications span the
Internet of Things (Iol), vehicular networks, and
UAV-based communication systems. Since light
waves cannot penetrate obstacles and suffer from
significant attenuation during transmission, OWC is
highly dependent on the line-of-sight (LOS) channel.
Consequently, link blockage can cause a devastating
impact on OWC systems. Although non-line-of-sight
(NLOS) channels provided by diffuse reflections offer
some power compensation, the NLOS gain is too small
to support high-speed transmission requirements
[2]. Recently, intelligent reflecting surface (IRS) has
emerged as a promising technology and a research
hotspot in RF communications. An IRS consists
of many reconfigurable reflecting elements, each
capable of independently shifting the signal phase. By
controlling these elements, the IRS enables directional
signal reflection, directly optimizing the wireless
communication link at the wireless channel [3]. Due
to its advantages in channel control, IRS also exhibits
excellent adaptability in OWC. Generally, two types of
IRS are utilized in OWC: metasurface reflectors[4] and
intelligent mirror reflectors[4]. Notably, mirror-based
IRS is more widely utilized in OWC due to the excellent
compatibility of its specular reflection mechanism
with light waves. Compared to SISO systems,
MIMO techniques offer significant advantages in
OWC, such as substantially higher data rates and
enhanced link reliability. However, the performance
of MIMO-OWC systems is heavily dictated by the
channel matrix, which is highly sensitive to the relative
positioning of transmitters and receivers, leading
to noticeable performance degradation in certain
locations [5]. To mitigate this spatial vulnerability, the
most common approach is to design an adaptive signal
transmission scheme tailored to the specific channel
characteristics [6]. However, relying solely on signal
optimization may fall short in severe NLOS or blocked
scenarios. To further overcome these limitations,
multiple IRSs can be deployed to introduce additional
optical links and fundamentally reconfigure the MIMO
channel structure. By doing so, the system can

adaptively fulfill the diverse requirements of various
operational scenarios. Crucially, properly configuring
these surfaces by establishing designated IRS-aided
propagation paths between specific LEDs and PDs can
optimize the channel characteristics and significantly
enhance the overall system performance [7].

However, existing literature on IRS-aided MIMO-OWC
systems predominantly focuses on algorithmic
optimization, while the underlying channel models
remain overly simplified. Classical models typically
rely on an idealized point-to-point abstraction
that assumes perfect alignment and neglects finite
boundary constraints. In practical deployments,
such simplifications fail to capture spatial errors
and physical hardware boundaries. Specifically, due
to the close proximity of multiple PDs in a MIMO
setup, spatial tracking jitters cause the reflected beam
footprint to shift and inevitably spill into adjacent
non-intended PDs, inducing severe inter-channel
interference (ICI). While this crosstalk is absent in
single-PD links, it reshapes the MIMO channel matrix
and drastically degrades the signal-to-noise ratio
(SNR) and bit error rate (BER). To bridge these gaps,
this paper proposes a high-fidelity modified IRS
channel model and a precise computational approach
to evaluate the realistic performance of mirror-based
IRS in MIMO-OWC systems. The main contributions
are summarized as follows:

e Proposal of a modified IRS channel model and
a differential summation algorithm based on
geometric optics and computational geometry to
overcome the limitation of classical IRS channel
model. Accurate calculation of the effective signal
coverage and its overlap areas with different PDs
by dividing the IRS into micro regions, which
successfully shows the potential ICI in MIMO
channel matrix.

e Evaluation of critical practical factors including
IRS size, IRS rotational angle errors, and PD array
spacing on system performance, which are factors
that classical IRS channel models fail to consider.

e Comprehensive simulations under both SISO and
MIMO scenarios to analyze IRS channel gains and
BER performance, validating the accuracy and
superiority of the proposed model over classical
model.

The remainder of this paper is structured as follows:
Section 2 reviews the related work to provide the
necessary background for our study. Section 3
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outlines the classical ideal IRS channel model, which
serves as the baseline for our analysis. Building
upon this, Section 4 establishes the modified IRS
channel model. In Section 5, a differential summation
algorithm tailored for the modified IRS channel gain
is presented. Section 6 provides the simulation results
and performance analysis, and Section 7 concludes the

paper.

2 Related Work

IRS have emerged as a transformative technology
in RF communications, enabling programmable
signal reflection through an array of low-cost
passive elements. Each element can independently
adjust the phase shift of incident signals to achieve
three-dimensional passive beamforming without
requiring dedicated RF transmit chains [3]. This
capability allows for dynamic control of wireless
propagation environments, significantly enhancing
link reliability and spectral efficiency in RF systems.
However, the incoherent nature of OWC systems
necessitates distinct IRS modeling approaches
compared to RF counterparts. The fundamental
channel characteristics of OWC, including the
Lambertian radiation model and LOS/NLOS
propagation properties, were established in early
foundational work [8].  Building upon these
foundations, it is first necessary to study the channel
characteristics of the IRS in OWC. In [4], researchers
derived the phase gradient for metasurface reflectors
and the orientation mechanism for intelligent mirror
reflectors to achieve precise directional reflection,
validating their performance via simulations.
Following this, in [9], researchers utilized radiometric
concepts to investigate the channel characteristics
of both metasurface and intelligent mirror reflector
arrays in OWC. In [10], a comprehensive overview
of the potentials and challenges of IRS-aided VLC
was presented, further motivating research into more
accurate channel modeling for practical deployments.
Beyond indoor OWC, IRS-aided channel modeling
has also been extended to free-space optical (FSO)
communication systems [11], where the geometric
analysis of mirror-based specular reflection similarly
governs the channel gain computation, highlighting
the broader applicability of reflection-based IRS
models across different optical propagation scenarios.
Subsequently, to enhance system performance, many
studies have explored the application of IRS in
OWC systems. In [12], researchers optimized the
IRS configuration by maximizing the capacity of
IRS-aided MIMO-OWC systems. Furthermore, in
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[13], researchers proposed a joint optimization of IRS
configuration and transmit power to maximize the
system capacity. Additionally, in [14], researchers
focused on optimizing the IRS configuration by
minimizing the mean square error (MSE) of the
received signals in IRS-aided MIMO-OWC system.

In summary, while existing optimization frameworks
have laid a solid foundation for IRS-OWC systems, they
predominantly rely on idealized channel assumptions
where physical geometric boundaries and alignment
errors are entirely omitted. In contrast to these
simplified studies, the core technical difference of
our proposed model lies in breaking down the
IRS into small regions and explicitly calculating the
overlapping area between the reflected light and the
PD boundaries. This approach provides a realistic
baseline for evaluating actual system performance.

3 Classical Ideal IRS Channel Model

The widely adopted classical ideal mirror-based IRS
channel model is illustrated in Figure 1, where P
denotes an LED point source, M denotes one mirror
of the IRS array, R denotes a PD, and S denotes
the effective radiation area of P reflected by M.
Consequently, its channel gain can be computed as[4]:

zﬂ(zl)(;ﬂi:j)gﬁﬂﬁ cos” (¢m,p) Ts(Or, M) X
hipa = { g(Or,m)cos(Or ),
0<Opm< @
0, HR,M > o

(1)
where Dy p and Dy g are the distance of P to the
geometric center point of the M and the geometric
center point of the M to R, respectively. ¢\ p is
the emission angle between P and the geometric
center point of M, and 6r v is the incident angle
between geometric center point of R and the geometric
center point of M; m = —In2/In(cos(¥)) denotes the
Lambertian emission order and V¥ is the semi-angle at
half power of the LED; p and A are the responsivity
and the active area of the PD, respectively; [ is the
reflectance coefficient of the IRS; T (g m) is the gain
of the optical filter; g(OrMm) = Sigz 5 is the gain of
optical lens, where ¢ and ® are the refractive index and
the half-angle field-of-view (FOV) of the optical lens,
respectively. In fact, Eq.(1) is highly similar to the LOS
channel gain because the indoor IRS channel satisfies
the extremely near-field assumption[12]. Thus, the
IRS channel can be regarded as an LOS channel
that undergoes IRS reflection attenuation and extra
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Figure 1. Classical ideal mirror-based IRS channel model.

propagation distance. Based on the analysis, Eq.(1)
can be divided into two parts

[(m + 1)cos™ (¢m,p)
27T(DM’p + DM,R)2

Ag = pATs(0r M) g(Or,M) (3)

where Fg is the irradiance of S, and Ag is the
photoelectric conversion coefficient over the entire PD
surface[13]. Hence, establishment of Eq.(1) is based
on the following conditions:

Eg =

(2)

cos(fr,m)

Point source assumption: The dimensions of the
LED source P are considered negligible when
compared with the distances between M and P.
Hence, it allows us to deal with the LED source
as a point.

Small reflector assumption: This assumption relies
on the small area of the IRS M to ensure the
consistency of the points M, i.e., pm p and Or 1,

which can be calculated using only the midpoint
of M. Additionally, it ensures that the effective
radiation area S has the same irradiance FEg.

Complete coverage: PD surface is fully encompassed
by the effective radiation area S, guaranteeing that
the entire PD area serves as an effective receiving
area.

4 Modified IRS Channel Model

The classical IRS channel model is based on idealized
assumptions. These simplifications ignore practical
error scenarios. For example, IRS rotation angle
errors can prevent the effective radiation area S
from fully covering the receiver area R, leading to
optical power loss. And increasing the IRS size
to mitigate these angle errors would violate the
small reflector assumption. More importantly, in
MIMO-OWC systems, these practical errors also cause
more interference issues, because reflected signals for
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Figure 2. Schematic diagram of modified IRS channel.

one receiver may leak into adjacent receivers. Hence,
ICI can change the channel matrix and influence the
communication performance. Therefore, a modified
IRS channel model is needed, which is introduced in
this section.

4.1 Modified IRS Channel on SISO

To model potential ICI in MIMO-OWC systems, this
section re-evaluates the IRS channel, starting with
a SISO system. Egs. (2) and (3) indicate that
the IRS channel gain can be obtained as long as
Es and Ag are accurately calculated. To illustrate
this, Figure 2 shows the schematic of the proposed
modified IRS channel model. The modified model
introduces a key structural improvement: a finite-sized
IRS is discretized into N sufficiently small sub-IRSs.
Physically, this discretization breaks the limitations
of the classical point-to-point abstraction. By treating
each tiny sub-IRS as a localized point source, every
sub-IRS independently satisfies the standard geometric
optics laws, thereby ensuring the strict validity of the
small-reflector assumption across the entire surface.
Take the n-th sub-IRS of reflector M as an example, its
center point is M,,, and its four vertices are denoted
from V), ; to V,, 4. Based on specular reflection laws,
we first locate the reflection point M., of the light
passing through M,, on the receiver plane. Using M,
as a reference, Eq. (2) yields the irradiance Eg of the
effective coverage area S, generated by this sub-IRS.
Next, by tracking the reflection points V;171 to V;, 4 of
the four vertices, the overlapping area between the
effective coverage region S, and the PD is determined.
Then, the photoelectric conversion coefficient Ag of
the PD is calculated via Eq.(3). Finally, the total IRS
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channel gain is obtained by summing the contributions
of all sub-IRSs, which is expressed as follows:

N
cos X
~ QTF(DMT“P + DanM/ )2 (SDMnyp)
Mod . N
hirs' = s(eMn,M;)g(eMn,M;)COS(QMn,M;>v
0< by \y <O
0, O, > @

(4)

where Ag, is the portion of the PD’s active area
illuminated by the n-th sub-IRS. Geometrically, as
illustrated in Figure 2, AS,, represents the irregular
quadrilateral projected by the n-th sub-IRS onto the
receiver plane, while AR represents the fixed physical
boundary of the PD. Ag, is the overlapping area
between AR and AS,, which directly quantifies
the exact portion of the reflected optical energy
captured by the receiver and naturally encapsulates the
alignment uncertainties. Hence, Ag, can be expressed
as:

As, 2 AS, N AR (5)

Obviously, AS,, is defined as a closed quadrilateral
formed by the four reflection points V;z,1 to V;L,4
on the receiver plane. And AR is also defined
by a closed quadrilateral. Based on this, Ag, can
be obtained by calculating the area of the polygon
formed by the intersection of these two closed
polygons. Computational geometry provides a mature
and effective solution to this problem. First, the
Greiner-Hormann algorithm [15] is used to find the
intersection vertices of the two closed polygons. Then,
a monotonic polygon triangulation algorithm [16] is
applied to divide the intersecting polygon into several
triangles. By summing the areas of all these triangles,
Ag,, is determined.

4.2 Modified IRS Channel on MIMO

The greatest advantage of modified channel model is
evident in MIMO systems. Typically, IRS are allocated
to different sub-channels to meet specific requirements.
This configuration may lead to potential channel
interference. Specifically, the typical mathematical
model of an IRS-aided MIMO system equipped with
N¢ LEDs and N, PDs can be obtained by:

y = Hx + n, (7)
where x = [71,29, -+ ,7n,]T is the transmitted
signal vector, y = [y1,y2," - ,yn,|T is the received

signal vector, n = [ny,ng, - ,ny,|T denotes the
additive white Gaussian noise vector, n ~ A (0,02).
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H = Hros + HnLos + Hirs

hi1,1.0s hin,,LOS hi1,NLOS

_l’_

hn,1,L0s hn, N, LOS hn,1,NLOS

hin, NLOS hi11Rrs hin, RS

6
N (6)
hn, N, RS

hN, N, NLOS hN,11RS

H represents the N, x N; MIMO channel matrix,
which can be expressed as Eq.(6). Except for the
IRS component, Hy,os and Hnr,0s denote the LOS
channel matrix and NLOS channel matrix, respectively,
and their respective sub-channels A, 1,05 and ¢ N1,0s
between the ¢-th LED and the r-th PD can be expressed
as [4]:

hrt1.0s =

hriNLOS =

0<0,0 <@
Or o > P

For Hyrs, each sub-channel A, 1rs is the sum of gains
provided by the IRS array between the ¢-th LED and
r-th PD. However, due to ICI, these sub-channels
contain both intended and unintended links. For
instance, a reflection from LED 1 to PD 1 (intended
for hi1,rs) may also illuminate PD 2, introducing
unintended gain in hg; jrs. While the classical IRS
channel model does not consider interference, the
proposed modified IRS channel model captures it by
calculating the overlap area between the IRS reflection
area and all PDs. Consequently, this interference is
directly integrated into the calculation of the channel
matrix.

5 Differential Summation Algorithm for
Modified IRS Channel Gain

5.1 Algorithm in Details

This section introduces a differential summation
algorithm applicable for modified IRS channel gain,
thereby supporting the subsequent simulation analysis

of performance variations caused by alignment errors.
For simplicity, unless otherwise specified, bold capital
letters (e.g., A) denote the three-dimensional (3D)
coordinates of a point A. A vector is represented by
two bold capital letters (e.g., AB represents a vector
from point A to point B), and AB is its unit vector of
AB. A(a) or AB(a) represents the a-th element of a
coordinate or vector.

According to Section 4, the core of the algorithm
is to calculate the reflection points on the receiver
plane for lights passing through the center point and
the four vertices of any sub-IRS. Since all points on
the IRS rotate synchronously and exhibit consistent
reflection characteristics, the calculation method for
the reflection points is universally applicable. Based
on this feature, a single point on the IRS is taken
as an example for detailed illustration. Following
the setup in Figure 1, to simplify the tracking of
individual rays, the coordinate mapping follows a
clear geometric process. The IRS element’s stationary
geometry is first defined in a localized coordinate
system. Synchronized 3D rotation matrices are then
applied to model tracking deviations, and finally, the
rotated coordinates are mapped back into the global
reference frame to locate the exact reflection spot on
the receiving plane. Specifically, a 3D local coordinate
system is established with its origin at the IRS center
point (e.g., My, = [0,0,0]7). Any point on the IRS
in this local coordinate system is denoted as Mg =
[0, 91, z.]7, where yr, and 2, represent arbitrary real
numbers. Furthermore, a 3D global coordinate system
is established with the origin at point O. Let P, M, and
R denote the coordinates of the LED point source, an
IRS center point, and the PD center point in the global
coordinate system, respectively.

5.1.1 Determination of Initial IRS Orientation

Firstly, the IRS orientation is determined by finding
a unit vector U normal to its surface, which can be
expressed as:

_ (NPt MR
G _(MP+MR)

- (10)
V2 + 2niP " NP
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X-Y view

X-Z view

A6

(c)

”

Figure 3. Rotational degrees of freedom of each IRS.

In addition, as shown in Figure 3, IRS orientation is also
defined by two orthogonal axes : azimuth angle wy,
(e.g., angle between the projection of the IRS’s normal
vector onto the x-y plane and the negative x-axis) and
polar angle ¥,, (e.g., angle between the IRS’s normal
vector and the x-y plane). These two angles defining
IRS orientation are expressed in terms of U as:

]T
(11)
Accordingly, the azimuth angle w,,, and polar angle ,,
can be calculated by:

U = [— cos Uy, COS Wiy, — €OS Uy, SIN Wiy, — SIN Dy,

Oy = —sin (ﬁ(3)> ,
Wy = tan™! m (12)
" U/

5.1.2 Local Coordinate Rotation
Furthermore, the coordinates M of any point on IRS
in the local coordinates system after rotation Mg can

be expressed as:
MG - y’&mxmeGu (13)

where Yy, and X, are IRS rotation matrices for 9,,
and wy,, respectively, which are expressed as:

cos?,, —sind,, O
Yy, = | sind,, cosdy O (14)
0 0 1
coswy, 0 —sinwy,
Xy, = 0 1 0 (15)
sinw,, 0 coswy,,
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Then, 1\7{(; after rotation in the global coordinates

system M/G can be represented as:
Mg = M + M. (16)

5.1.3 Global Projection on The Receiver Plane

The global coordinates Mg of the reflection from

M, on the receiving plane are calculated using the
following formula:

Mg = Mg, + aMgMg (17)

—

where « is the normalization coefficient and 1\~/I'GMR is
the direction vector of reflection, which are as follows:

b M)

M Mg(3)
McMpg = 2UTMcP)UT — NP,  (19)

where h, is the height of the receiving plane.
Finally, the complete pseudo-code of the differential
summation algorithm for the modified IRS channel
model is presented in Algorithm 1. In this algorithm,
the IRS is discretized into N sub-IRSs, and the set of
their center coordinates in the local coordinate system
is represented as M = {Mg 1,...,Mg n}, and the
corresponding collection of vertex sets in the local
coordinate systemis denotedasV = {V,1,..., VL n},
where Vi, represents the vertex set of the n-th
sub-IRS:

Vin={Vini:Vin2, VLn3s Vinat,n=1,2,...,N

(20)
The PD is assumed to be a rectangle whose vertices can
be obtained through simple geometric relationships,
and its vertex set is given by R = {R;, R, R3,R4}.
On the other hand, Algorithm 1 only considers a single
LED-IRS-PD link. In practice, a MIMO-OWC system
consists of multiple LEDs, IRSs, and PDs. To scale
the algorithm for MIMO scenarios, the orientation of
each IRS is determined first. Then, to incorporate
all potential interference into the IRS channel gain
calculation, the calculation of each sub-channel within
the MIMO matrix must repeat Algorithm 1 for Mirs
times, where Mjrg is the total number of IRS elements.

5.2 Time Complexity Analysis

The classical model is based on the three basic
assumptions in Section 3. Under these idealized
assumptions, calculating the IRS channel gain for
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Algorithm 1: The overall algorithm for the
modified IRS channel
1: Input: P, M, R, M, V, R, ¥y, Wi,

2: Output: h%ﬁ%

3: Calculate the normal vector U of the IRS after

rotation using P, M, R and Eq.(10).

4: Calculate ¥, and wy, using Eq.(12).

5. forn =1to N do
Calculate the coordinate M’G’n using coordinate
Mg, and Egs.(13)-(19).

7. Calculate the coordinate VL,n using Vr, , and
Egs.(13)-(19).

8:  Calculate the irradiance Eg ,, using Mg ,

M'G . P and Eq.(2).

9:  Calculate the overlapping area Ag,, through
V’L,n and R using the Greiner-Hormann
clipping algorithm and polygon triangulation.

10:  Calculate the photoelectric conversion
coefficient Ag ,, through M’Gn and R using (3).

11:  Calculate the IRS gain Ayl = Esn x As,
12: end for

13: return hMed =

N Mod
RS = 2n—1 MRS n

a single IRS takes only dozens of floating-point
operations. Consequently, the time complexity of IRS
gain for a single IRS can be assumed as O(1). For a
system configured with Mirg elements, the classical
model simply repeats this independent calculation
Migs times. Asaresult, its total time complexity can be
denoted as O(Mirs) for both SISO system and MIMO
system.

However, the time complexity of our proposed
modified model will be much higher. Specifically,
Algorithm 1 calculates the IRS channel gain between a
single LED, a single IRS and a single PD. Within this
algorithm, each small loop iteration requires dozens of
floating-point operations. Since there are [V iterations
in total, the time complexity for executing Algorithm
1 once is O(N). Based on this, for a SISO system
with Mirg IRS elements, the time complexity becomes
O(MiggN). Furthermore, for an N; x N, MIMO
system, we must consider the calculation of ICI among
different IRS channels. This requires extra N; N, loop
repetitions. Therefore, the overall time complexity
of the proposed modified model is O(MirsN N N,).
Although this complexity is much higher than the
classical model, this detailed calculation is a necessary
and highly valuable trade-off. It allows us to accurately
capture the impact of IRS rotation angle error and

various IRS sizes.

6 Simulation Results and Analysis

6.1 Simulation Setup

This section systematically evaluates the relative
performance of the modified IRS channel model in
SISO and MIMO systems under diverse scenarios.
All simulations are conducted in a 4 mx4 mx4 m
indoor environment, featuring a square IRS array
with Migs elements arranged in an equal number
of rows and columns. Each IRS has a side length
D, and the array is mounted on the sidewall at the
coordinate (4 m,2 m,2 m). Note that in all simulations,
D and Migrs are adjusted independently without
fixing the overall physical area of the IRS array. To
ensure practical engineering feasibility during these
parameter variations, the overall physical dimensions
of the IRS array are strictly bounded such that they
neither exceed the boundary of the side wall nor below
the height of the receiver plane.

For the SISO-OWC system, a single LED is positioned
at the center of the ceiling. In contrast, for the
MIMO-OWC system, a 2 x 2 LED array is utilized,
where the individual LEDs are equidistantly mounted
on the ceiling, and additional fixed parameters are
listed in Table 1. It is noted that the transmitter and
receiver parameters, including an LED modulation
bandwidth of 20 MHz with a semi-angle of 65°, as well
as a standard PD active area of 1cm? and responsivity
of 15 A/W, are selected to be consistent with those
adopted in prior indoor OWC experimental and
system-level studies [17, 18], ensuring compatibility
with standard commercially available off-the-shelf
(COTS) optical components. Furthermore, since the
performance of the MIMO-OWC system does not
depend on a specific sub-channel gain, but rather on
the quality of the entire channel matrix, an intuitive
metric is needed to evaluate the impact of the IRS
on the MIMO system. In this paper, the theoretical
BER upper bound is adopted as the evaluation metric
to investigate the impact of the IRS. The derived
theoretical BER upper bound closely matches the
simulated BER results under high SNR conditions,
because of the union bound’s asymptotic convergence
to the exact error probability as the noise variance
approaches zero. Therefore, given an appropriate
SNR value, the trend of the BER upper bound can
truly reflect that of the actual BER. The theoretical
BER upper bound of a MIMO-OWC system using
maximum likelihood (ML) detection can be expressed
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Table 1. Fixed Parameters of IRS-aided OWC system

Parameter Value
Height of receiving plane, h, 0.85m
Position of LED for SISO (2m,2m,4m)
(1m,1m,4m),
Position of LED for MIMO (Im,3m,4m),
(3m,1m,4m),
(3m,3m,4m)
Semi-angle at half power of 65°
LED, ¥
Half-angle FOV of 65°
optical lens,
Refractive index ¢, 1.5
LED spacing 2m
Modulation bandwidth 20 Mhz
Responsivity of PD, p 15 A/W
Active area of PD, A 1 cm?
Reflectance coefficient of wall, ¢ 0.8
Reflectance coefficient of IRS, | 0.9

as [19]:

ok ok
1
BERupper < ﬁ Z Z dy (Cm(1),Cm(2)) X
m=1m2)=1
P (c,,a) = €,),7)
(21)

where R is the spectral efficiency, dg (c,,0),c,,@)
gives the Hamming distance of signal vector between
c,,y and c,,2), P. is the pairwise error probability
(PEP), which denotes the probability that the receiver
mistakes the transmitted signal vector c, 1) for c, ()
for a given transmit SNR ~;:

1 s
2

Pe (€0 = €25 Mt) < ¢ Tt

2
1 _me?

1 | Hc||2
1 M e 8

ﬁe
(22)

If we know the PD receiver position, the LOS and
NLOS channels are almost certain, and the change
in BER will be completely dependent on the change in
the IRS channel, thus demonstrating the impact of IRS
error on the BER of the MIMO system.

6.2 Relative Performance of IRS-aided SISO-OWC
System

This section compares and evaluates the relative
performance of IRS using the modified IRS channel
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model and the classical IRS channel model in a
SISO-OWC system. Subsequently, the variation trends
of channel gains for IRS with different numbers and
sizes are evaluated under the influence of various
degrees of IRS rotation angle errors.

6.2.1 IRS Gain
251

3t

1
W
W

LOgl O(h]RS)

O D=1cm
w O D=5cm
Y D=10cm

2 4 6 8 10 12

\/MIRS

Figure 4. Tendency of ratio of IRS gain to LOS gain at
different PD positions and different IRS size with
increasing total number of IRSs

Since SISO systems inherently avoid ICI, the classical
IRS channel model exhibits high accuracy under
precise rotation angles. To validate the accuracy of the
modified IRS channel model, a comparative analysis
was performed. Figure 4 presents the IRS channel
gains across different PD positions and side lengths
D for varying Mirs. Specifically, three PD positions
are considered: P1 (1.5 m, 2 m, 0.85 m), P2 (2 m, 2
m, 0.85 m), and P3 (2.5 m, 2 m, 0.85 m), which are
distributed from far to near relative to the IRS array.
Meanwhile, three IRS side lengths are evaluated (D =
1,5,10 cm). Specifically, D = 1 cm complies with
the small-reflector assumption but is highly sensitive
to IRS rotation angle errors, whereas D = 5 and
10 cm violate this assumption yet offer a broader
reflection signal coverage. These three IRS sizes are
highly appropriate for comprehensively evaluating the
impacts of IRS rotation angle errors and the resulting
ICI. The lines denote the modified IRS channel model,
while the symbols represent the classical IRS model.
The results reveal strong consistency between the
two models across varying positions, IRS counts, and
sizes, thereby validating the practical precision of the
modified model.

6.2.2 IRS Gain Impact by IRS Rotation Angle Error

In this section, we will discuss the effect of IRS rotation
angle error on IRS gain. Specifically, we define the error
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Figure 5. The empirical CDF of the IRS channel gain in the SISO system with different o2 at P2.
(a) MIRS = ].6, D=1 cm, (b) MIRS = 100, D=1 cm, (C) MIRS = ].6, D=5 cm,
(d) Mirs =100, D =5 cm. (e) Migrs = 16, D = 10 cm, (f) Mrs = 100, D = 10 cm.

angles AY and Aw (in degrees) as two independent
and identically distributed (i.i.d.) Gaussian random
variables, i.e., AY, Aw ~ iid. /\/(0,02). Then, the
azimuth angle and polar angle with errors can be
expressed as:

Ve = U + AV

23
We = Wy + Aw (23)

Furthermore, the error variance is swept from 0.02 to
0.1 to cover the IRS rotation angle error from small to
large values. Physically, a variance of o = 0.02 means
that the actual error angle is mostly concentrated
within £+0.42°, representing a high-precision state. As
the variance increases to 0.1, the error range expands

to approximately +0.95°, simulating severe errors.

This setting allows us to clearly evaluate how the
system performance degrades as the IRS rotation angle
error grows. For each variance, 1000 independent
random trials are performed, and the collected IRS
gains are utilized to construct an empirical cumulative
distribution function (CDF). Figure 5 presents the
empirical CDF of the IRS channel gain in the SISO
system with different rotation angle errors at P2. The
red vertical line represents the baseline of the error-free
case. As shown in Figure 5(a), when Mgs = 16 and
D =1 cm, the IRS channel gain has almost no change

and stays the same as the baseline when o2 = 0.02.
However, as o2 increases, the fluctuation range of
the IRS channel gain becomes large, and it moves
toward smaller values compared to the baseline, where
the minimum value is only about one-quarter of the
baseline. This phenomenon happens because a small
D makes the effective signal coverage area too small,
so the signal easily misses the PD, leading to a high
probability of reduced IRS channel gain. Conversely,
when Mrg = 16 with D = 5cm and D = 10 cm,
as shown in Figures 5(c) and 5(e), the fluctuation
range of the IRS channel gain is relatively small under
different 0% values, with only about a 5% fluctuation
compared to the baseline gain. This is because a larger
IRS provides a larger effective signal coverage area,
which is big enough to fully cover the PD even with
angle errors. However, slight changes in the irradiance
on the PD surface also cause small fluctuations in the
IRS channel gain. Figures 5(b), 5(d) and 5(f) show
the cases for Mirs = 100, which have similar trends
to Migs = 16. From the view of the channel gain
variation range, the IRS rotation angle error has a
significant impact on the IRS channel gain when D =1
cm, but has slight impact when D = 5cm and D = 10
cm. Therefore, it can be seen that in a SISO-OWC
system, a larger IRS size can provide a larger effective
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signal coverage area, better reducing the impact of IRS
rotation angle errors.
of

6.3 Relative Performance IRS-aided

MIMO-OWC System

To comprehensively evaluate the relative performance
of the IRS using the modified IRS channel model
and the classical IRS channel model in a MIMO-OWC
system, a 4-PAM-based 4 x 4 MIMO-OWC system is
adopted in this section, and the evaluation takes into
account the impacts of LOS, NLOS, and IRS channels.
In typical indoor MIMO-OWC systems, the channel
gain might be different for different LED/PD pairs
due to the specific distance and emission/incident
angle of each LED/PD pair. Hence, the received SNRs
corresponding to different LED/PD pairs may differ
[6]. To provide a fair and intuitive baseline for the
whole system, we use the transmitted SNR of each LED
as the common parameter for performance evaluation.
Specifically, transmitted SNR is defined as the ratio
of the transmitted electrical signal power P; to the
additive noise power P,, i.e., Ps/P,.

6.3.1 Theoretical BER Upper Bound

This section evaluates the theoretical BER upper
bound of the IRS within the MIMO-OWC system,
considering the same three PD array positions as
in the aforementioned SISO-OWC system. Figure 6
illustrates the theoretical BER upper bound versus
the transmit SNR for the MIMO-OWC system at P2
with no IRS rotation angle errors. Here, the IRS
array are assumed to be equally allocated to the four
sub-channels corresponding to the diagonal entries
of the channel matrix, and the impact of the PD
spacing d is additionally taken into account. The
BER upper bound curves derived from both channel
models are provided for comparison. As shown in
Figure 6(a), when d = 10 cm and D = 1 cm, the
BER upper bound curves of the two channel models
perfectly overlap. This indicates that the effective
signal coverage of each IRS successfully encompasses
its designated PD without causing crosstalk to other
PDs, thereby yielding matched IRS channel gains
between the two models. When the PD spacing is
shortened to d = 5 cm, Figure 6(b) shows that the BER
upper bound curves calculated by the two models also
stay the same. When the IRS side length is increased
to D = 5 cm for the case of d = 10 cm, as shown in
Figure 6(c), the BER upper bound curves of the two
channel models are still very close when Mirs = 4 and
Mirs = 16. However, as Mirg continues to increase,
the BER curves of the two channel models start to
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show differences, and the modified IRS channel model
shows a worse theoretical BER. For example, when
Mirs = 36, the IRS channel matrices calculated in the
two channel models are given as follows:

0.2759 0.0941 0.0912 0.0941
e m10-% | 00941 01641 0.0942 0.0912
Mod = 0.0912 0.0942 0.1641 0.0941
0.0941 0.0912 0.0941 0.2759

0.1787 0 0 0

0  0.06689 0 0

~ -3

Heia ~ 10 0 0 0.06689 0
0 0 0 0.1787

From the two channel matrices, it can be seen that
because the larger IRS size makes the effective signal
coverage area of some IRS elements cover multiple
PDs, it causes interference among the sub-channels
in the modified IRS channel matrix, which makes
the system BER performance worse. This shows
the limitation of the classical IRS channel model in
MIMO systems, as it cannot calculate the effect of this
interference. When the PD spacing is reduced tod = 5
cm, as shown in Figure 6(d), the theoretical BER upper
bound curves calculated by the two channel models
are different. This is because the closer PD spacing
leads to more serious ICI. Finally, when the IRS side
length is increased to D = 10 cm, for both d = 10 cm
and d = 5 cm, as shown in Figures 6(e) and 6(f), the
theoretical BER upper bound curves calculated by the
two channel models are also different, and the BER
curves of the modified IRS channel model is much
worse than that of the classical IRS channel model.
In conclusion, from Figure 6, under zero IRS rotation
angle errors in MIMO-OWC systems, the classical IRS
channel model is relatively accurate when the IRS
size is relatively small. However, when the IRS size
increases, the effective signal coverage area of the IRS
may cover multiple PDs, causing ICI and increasing
the BER. This situation becomes even worse when the
PD spacing becomes smaller. At this time, the classical
IRS channel model is no longer accurate.

6.3.2 Theoretical BER Upper Bound Impact by IRS
Rotation Angle Error
Finally, Figure 7 shows the empirical CDF of the
theoretical BER upper bound for the MIMO-OWC
system at P2 with Mrs = 16 under different IRS
parameters. Here, the base-10 logarithm of the
theoretical BER is used to clearly show the trend.
Specific transmit SNR values are chosen for different
PD array positions to keep the BER variations within
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a meaningful range. Figure 7(a) shows the BER small error like 0> = 0.02, the BER variation range
CDF for d = 10 cm and D = 1 cm. Under a very is very small compared to the baseline. However,
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as o? increases, the BER variation range becomes

larger, and the BER distribution tends to shift toward
higher values compared to the baseline. When the PD
spacing is shortened to d = 5 cm, as shown in Figure

7(b), the trend of BER CDF is similar to Figure 7(a).

As o2 increases, the BER variation range increases
significantly, and the BER distribution shifts toward
higher values. Figure 7(c) shows the BER CDF for d =
10cmand D = 5 cm. For all 02 cases, the BER change is
not significant, and its distribution shifts toward lower
values compared to the baseline. When the PD spacing
is shortened to d = 5 cm, as shown in Figure 7(d), the
BER variation range expands and stays around the
baseline as o increases. Figure 7(e) shows the BER
CDF for d = 10 cm and D = 10 cm. It can be seen
that as o increases, the BER distribution also shifts
toward higher values compared to the baseline. When
the PD spacing is shortened to d = 5 cm, as shown in
Figure 7(f), the BER variation range expands and shifts
toward higher values as o2 increases. However, when
o2 is above 0.06, the BER distribution no longer changes
significantly. From the results in Figure 7, it can be
seen that the IRS rotation angle error has a significant
impact on the MIMO-OWC system. For small IRS
sizes, such as in Figures 7(a) and 7(b), the IRS rotation
angle error has a big negative impact on the BER
performance. This is because the IRS rotation angle
error makes the effective signal area miss the assigned
PD, causing IRS power loss, or point to the wrong
PD, causing ICI. For a larger IRS size, although it can
improve the performance against IRS rotation angle
errors in SISO-OWC systems, it may cause the effective

signal area to cover multiple PDs in MIMO systems.

This also leads to ICI, as shown in Figures 7(c) to
7(f). However, it is worth noting that the IRS rotation
error also has a probability to reduce the BER. This is
especially clear in Figures 7(c) and 7(d). This happens
because the ICI accidentally creates a better channel
matrix than the baseline scheme. In conclusion, the IRS
in MIMO-OWC systems behaves in a more complex
way depending on different parameters, meaning that
multiple factors must be considered to ensure its
effectiveness.

7 Conclusion

This paper proposes a novel modified IRS channel
model and its corresponding channel gain differential
summation algorithm. Based on geometric optics
and computational geometry, the algorithm accurately
calculates the IRS channel gain from any LED to
different PDs via IRS reflection, thereby considering
potential ICI. This model accounts for IRS rotation
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angle errors and overcomes the traditional small
reflector limitation, making it applicable to any IRS
size. To validate its accuracy and system impact,
comprehensive simulations are performed in typical
SISO-OWC and 4 x 4 MIMO-OWC systems. In
the SISO-OWC system, the calculated channel gains
match those of the classical model, validating the
algorithm’s accuracy. Moreover, results show that
a larger IRS size effectively mitigates the impact of
IRS rotation errors. In the MIMO-OWC system,
the IRS introduces no significant interference when
the small-reflector is applied and the PD spacing
is large. However, as the IRS size scales up, ICI
becomes severe, degrading the system BER upper
bound. Compared with the classical model, the
modified model more realistically reflects the impacts
of IRS size and PD spacing. Finally, simulation results
reveal that the impact of IRS rotation angle errors
on the BER upper bound exhibits randomness under
different configurations, implying that IRS designs
must be tailored to the concrete conditions of the
MIMO-OWC system. These simulation results show
that practical hardware implementation faces major
challenges, such as high-precision beam-tracking and
micro-mirror control. Consequently, overcoming these
hardware limitations remains an important direction
for future research.
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