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Free-space optical (FSO) backhaul promises fibre-like capacity and low latency, but its 
usable range in practice is constrained by geometric spreading, misalignment loss, and 
severe tropical weather such as humidity and heavy rain. This work designs and 
evaluates a purely passive, five-layer optical reflective intelligent surface (RIS) and 
quantifies how it affects link sustainability under Malaysian atmospheric conditions. 
The RIS is modelled as a multilayer dielectric or semiconductor or metal stack, and its 
angular reflectance is obtained using Fresnel coefficients and Snell’s law for s- and p-
polarized light, together with a transfer-matrix formulation for multilayer interference. 
The resulting passive surface is then embedded into an FSO link model with coherent 
QPSK reception. We simulate received optical power, effective SNR, and BER versus 
distance (0.5–10 km) under three tropical cases: clear/dry air, high humidity (>80% RH), 
and heavy rain representative of Malaysian convective downpours (>100 mm/h). 
Results show that, in clear or humid air, the passive RIS maintains high reflectance (>0.9 
linear), supports SNR >10 dB out to multi-kilometre ranges, and achieves BER <10⁻⁶ for 
coherent QPSK, indicating carrier-grade performance. Under heavy rain, however, 
added attenuation drives received power down by >30 dB at 10 km, forcing SNR below 
0 dB beyond ~5 km and causing BER to exceed 10⁻². We also show that sub-degree 
pointing errors at the RIS can introduce tens of dB of coupling loss, highlighting 
alignment as a critical design factor even without turbulence. Overall, the study 
provides a quantitative baseline for passive optical RIS deployment in tropical FSO links 
and identifies rain, not humidity, as the dominant barrier to long-distance reliability in 
Malaysian conditions.  
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1. Introduction 
 

Reflective Intelligent Surfaces (RIS) represent a transformative technology for the manipulation of 
electromagnetic and optical waves, enabling dynamic control over reflection, phase, and polarization to 
enhance communication, sensing, and photonic applications [1], [2]. While extensive research has been 
conducted in the radio frequency (RF) domain through reconfigurable and actively tunable metasurfaces, the 
implementation of RIS in optical systems remains comparatively nascent.  
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Fig 1. Schematic of a Multi-Layer Reflective Intelligent Surface (RIS) for 
Optical Beam Manipulation[3] 

 
Reflective Intelligent Surfaces (RIS) have emerged as a transformative technology capable of controlling 

electromagnetic and optical wavefronts through programmable reflection, phase, and polarization 
manipulation [2]–[4]. Originally conceived for radio frequency (RF) communication, the concept of RIS has 
recently been extended into optical regimes, where light–matter interaction is governed not by electronic 
control but by geometrical and material engineering. In the optical domain, passive RIS systems are 
implemented using stacked dielectric or semiconductor layers that achieve phase-controlled reflection 
without the need for active biasing or tuning elements [5], [6]. This approach aligns with the growing demand 
for sustainable, low-power optical beam management in next-generation free-space optical (FSO) 
communication, imaging, and photonic energy routing systems. Unlike prior RIS studies that primarily 
emphasize radio-frequency or millimetre-wave implementations, this research focuses on a purely passive 
optical RIS design with realistic tropical environmental modelling. This distinction establishes the work’s 
novelty in bridging optical surface physics and regional FSO deployment feasibility. 
 
1.1 Theoretical Framework of Optical Reflection 
 

In an optical RIS structure, beam interaction at each layer boundary follows Snell’s Law, which defines the 
angular transition between two refractive media as: 
 
𝑛!sin	 𝜃" = 𝑛#sin	 𝜃$                                                                                                                                          (1) 
 
where 𝑛!and 𝑛#are the refractive indices of the incident and transmission media, while 𝜃"and 𝜃$represent the 
incidence and refraction angles, respectively. This relationship dictates how phase fronts propagate through 
the multilayer structure, forming the basis of beam steering and redirection in passive optical RIS systems [7], 
[8]. The optical response at each interface can be quantitatively determined by the Fresnel reflection 
coefficients for transverse electric (TE) and transverse magnetic (TM) polarization modes defined respectively 
as: 
 
𝑟%& =

'!()*	 ,"-'#()*	 ,$
'!()*	 ,".'#()*	 ,$

, 𝑟%/ = '#()*	 ,"-'!()*	 ,$
'#()*	 ,".'!()*	 ,$

                                                                                   (2) 

 
The magnitude of each reflection coefficient corresponds to its reflectance: 

 
𝑅 =∣ 𝑟 ∣#                 (3) 
 
where 𝑅represents the ratio of reflected to incident optical power [9], [10]. These relationships provide the 
basis for calculating the power reflection of each layer interface and determining polarization selectivity across 
the RIS surface. 
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1.2 Multilayer Optical Modelling and Phase Coupling 
 

In multilayer passive optical RIS structures, the cumulative reflection response is governed by multi-
interface interference. To capture this phenomenon, the Transfer Matrix Method (TMM) is applied, where 
each optical layer ℓis represented by a propagation matrix parameterized by refractive index 𝑛ℓ, thickness 𝑑ℓ, 
and propagation angle 𝜃ℓ. The phase delay for each layer is given by: 
 
𝜙ℓ =

#1'ℓ2ℓ()*	 ,ℓ
3

                                                                                                                                               (4) 
 
where 𝜆is the optical wavelength. The total electric field continuity across all interfaces is modeled using the 
propagation matrix: 
 

𝑀ℓ = [
cos𝜙ℓ

4
5ℓ
sin	 𝜙ℓ

𝑗𝑌ℓsin	 𝜙ℓ cos𝜙ℓ
]            (5) 

 
where 𝑌ℓis the optical admittance of the ℓ$6layer. The overall global reflection coefficient is computed as: 
 
𝑟7)7 =

5&'-5(
5&'.5(

       with      𝑌89 =
:.;5)
<.=5)

          (6) 

 
representing the total input admittance across all 𝑁layers [11], [12]. This matrix formalism accounts for 
multiple reflections, standing-wave interference, and phase accumulation, enabling analytical computation of 
both amplitude and phase of the reflected optical field. The resulting effective reflectance 𝑅7)7 =∣ 𝑟7)7 ∣#thus 
encapsulates the collective performance of all layers. 

In this study, the multilayer RIS comprises glass (n = 1.5), polymer (n = 1.8), silicon (n = 3.4), metallic backing 
(n ≈ ∞), and a dielectric compensation layer (n ≈ 2.4). These materials were selected to balance reflection 
efficiency, angular robustness, and polarization neutrality under incident light wavelengths of 1300–1550 nm, 
corresponding to standard FSO operational bands (Zhang et al., 2022). 
 
1.3 Macroscopic Beam Steering and Generalized Reflection 
 

At the macroscopic level, the beam reflection angle is determined not only by the interface geometry but 
also by the phase gradient imposed across the RIS surface. This phenomenon is governed by the Generalized 
Law of Reflection [13], [14]: 
 
𝑛"sin	 𝜃" − 𝑛$sin	 𝜃> =

3
#1

2?
2@

            (7) 
 
where 2?

2@
represents the designed phase gradient along the RIS aperture. This relationship describes how 

spatially varying phase shifts redirect incident beams in desired directions, enabling passive optical beam 
steering and collimation without electronic modulation. The ability to precisely manipulate reflection phase 
distribution across the surface makes multilayer RIS a potential solution for optical beam shaping and 
alignment control in FSO systems. 
 
1.4 Atmospheric Effects in Tropical Free-Space Optical Links 
 

The practical performance of RIS-assisted FSO communication systems is strongly influenced by tropical 
atmospheric conditions. In Malaysia, where the average relative humidity exceeds 80% and rainfall can surpass 
100 mm/h, the propagation of optical waves is degraded by absorption, scattering, and refractive-index 
turbulence [14], [15]. The attenuation of optical power due to weather can be expressed as: 
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𝑃AB(𝑑) = 𝑃C𝑒-D2               (8) 
  
where 𝑃ABis the received optical power, 𝑃Cis the transmitted power, 𝛼(km⁻¹) is the atmospheric attenuation 
coefficient, and 𝑑(km) is the propagation distance [16], [17]. Under heavy rain, 𝛼can exceed 0.3–0.5 km⁻¹, 
corresponding to more than 20–30 dB/km attenuation in the 1550 nm optical band [18], [19] 

In addition to weather-induced loss, misalignment between the transmitter, RIS, and receiver introduces 
coupling degradation that grows exponentially with angular deviation. This can be modelled by a Gaussian 
efficiency function [20] 
 

𝜂(Δ𝜃) = 𝜂Cexp	(−
(F,)#

#H*
# )            (9) 

 
where 𝜂Cis the nominal coupling efficiency and 𝜎,represents the system’s angular tolerance. As the 
misalignment angle Δ𝜃increases beyond 1°, coupling efficiency may drop by more than 50 dB, significantly 
affecting received signal strength. 
 
1.5 Signal-to-Noise Ratio (SNR) and Bit Error Rate (BER) Correlation 
 

For an FSO link employing coherent quadrature phase-shift keying (QPSK), system reliability is measured 
using the Signal-to-Noise Ratio (SNR) and Bit Error Rate (BER) relationship. The received signal SNR is defined 
as: 
 
SNR(𝑑) = I+,(2)

J(=
                      (10) 

 
where 𝑁Cdenotes the noise spectral density and 𝐵is the receiver bandwidth. The corresponding BER for QPSK 
under additive white Gaussian noise (AWGN) conditions can be approximated as [21]: 
 

BERKLMN =
!
#

 erfc(LMOP
#
)                     (11) 

 
This equation provides a direct link between received optical power and system reliability. Under clear 

atmospheric conditions, the RIS-assisted system typically maintains SNR > 10  up to 6 km and achieves 
BER < 10-Q, indicating quasi-error-free operation (Djir et al., 2023). However, during heavy rain, the 
combination of high attenuation (𝛼) and reduced reflectance from the surface film can lower SNRbelow 0 dB 
beyond 4–5 km, leading to BER > 10-#, which corresponds to an unusable link. 
 
1.6 Study Motivation and Research Objectives 
 

The motivation for this study arises from the need to assess the realistic performance limits of passive 
optical Reflective Intelligent Surfaces (RIS) in tropical free-space optical (FSO) systems. While previous works 
mainly emphasized phase-tuning and polarization control, few have quantitatively analyzed RIS performance 
under Malaysia’s humid and rainy environments. This research, therefore, designs and simulates a five-layer 
passive optical RIS using MATLAB R2023b to model Fresnel- and TMM-based reflections, evaluate reflection 
efficiency under humidity and rainfall, and analyze received power, SNR, and BER under clear, humid, and 
rainy conditions, including minor misalignment effects. Results show that a silicon–metallic core RIS achieves 
over 90% reflectance and stable polarization uniformity, sustaining multi-kilometre FSO connectivity in clear 
and humid weather, though heavy rain remains the dominant attenuation source (>30 dB/km). These findings 
provide a quantitative foundation linking multilayer optical reflection theory to practical tropical FSO system 
performance, supporting future developments of hybrid active–passive RIS technologies for reliable optical 
communication. This study is distinct in three aspects: (i) it proposes a multilayer passive RIS optimized 
specifically for the 1300–1550 nm optical band, (ii) it introduces a combined Fresnel-TMM analytical modeling 
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framework coupled with environmental attenuation models, and (iii) it provides the first quantitative 
simulation of optical RIS behavior under real Malaysian tropical conditions characterized by high humidity and 
convective rainfall. 
 
2. Methodology  
 

The proposed passive optical RIS was modelled and analyzed through a four-stage framework integrating 
optical theory, multilayer material design, environmental modelling, and MATLAB-based computational 
analysis. The RIS was constructed as a multilayer dielectric–semiconductor–metallic stack capable of 
manipulating incident optical fields by geometric and refractive-index engineering, without the need for any 
active control or electrical bias. The complete methodological process is illustrated in Fig. 2, which summarizes 
the sequence from theoretical modelling to link-level simulation. 

 

                              
Fig 2. Methodological flow diagram of the proposed five-layer 
passive RIS system simulation 

  
As shown in Fig. 2, the overall process begins with the optical formulation of light–surface interactions, 

followed by structural parameter optimization, environmental attenuation modelling, and finally the system-
level numerical analysis. 

 
2.1 Theoretical Optical Modelling 
 

The initial modelling phase defines the optical interactions using Snell’s Law and Fresnel equations, as 
introduced in (1) and (2) of the Introduction. These equations describe the angular and polarization-dependent 
reflection coefficients at the air–dielectric interfaces, forming the theoretical foundation for the subsequent 
multilayer analysis. The reflection coefficients for the perpendicular and parallel components, 𝑅Rand 𝑅S, were 
numerically computed for an angular range of 0∘–90∘ to obtain the reflectance and phase response curves. 
This provides the baseline behavior of each single interface before multilayer coupling is introduced. 

 
 

2.2 Multilayer Structure Formulation 
 

The second stage focuses on the design of the five-layer RIS, optimized for broadband reflectivity and 
angular stability. The materials like glass, polymer, silicon, titanium dioxide (TiO₂), and metal were chosen 
based on their refractive-index contrast, low absorption, and fabrication viability [22]. The Transfer-Matrix 
Method (TMM) was used to compute total reflectance through multiple interfaces [23]. 

Each layer introduces a propagation phase delay: 

Phase 1: Theoretical 
Optical Modeling  (Snell’s 

& Fresnel Laws)

Phase 2: Multilayer 
Structural Design (TMM) 

Material Optimization

Phase 3: Atmospheric  
Modeling (Humidity, Rain 

& Temperature)

Phase 4: MATLAB-Based    
Simulation (Reflection, 
Power, SNR, BER, etc.) 
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𝜙ℓ =

#1'ℓ2ℓ()*	 ,ℓ
3

                     (12) 
 
and the total reflection coefficient is 
 
𝑟7)7 =

5&'-5(
5&'.5(

, 𝑌89 =
:.;5)
<.=5)

.                                           (13) 

 
Here 𝐴, 𝐵, 𝐶, 𝐷are the elements of the global transfer matrix; 𝑌Cand 𝑌Urepresent optical admittance at the 

input and output boundaries. The total reflectance 𝑅7)7 =∣ 𝑟7)7 ∣#provides the global optical efficiency. 
 

2.3 A cosine-modulated surface profile 
 
𝐼(𝑥, 𝑦) = cos	  (#1@

V
+ 𝜙)cos	  (#1W

V
+ 𝜙),                                (14) 

 
was applied to simulate periodic surface modulation across the RIS aperture, with Λrepresenting the grating 
period and 𝜙 = 𝜋/4. MATLAB’s mesh grid visualization confirmed that this modulation enhances phase 
coherence and uniform reflectance distribution, producing the polarization-compensated optical response 
reported by [24]. 

 
2.4 Atmospheric and Weather Modelling 
 

To represent realistic Malaysian tropical conditions, environmental attenuation was modelled using the 
Beer–Lambert exponential decay law, as defined earlier in equation (5) of the Introduction: 

 
𝑃)X7 = 𝑃89𝑒-D2                                        (15) 
 

Three dominant weather states were simulated like clear, humid, and heavy rain where each characterized 
by attenuation coefficients (𝛼) derived from empirical data [25]. 

 
Table 1 
Atmospheric Attenuation Coefficients for Different Malaysian Weather Conditions 

Weather Condition Attenuation Coefficient (𝜶) [km⁻¹] Description 
Clear 0.02 Minimal scattering and absorption 
Humid (>80%) 0.08 Aerosol and vapor absorption 
Heavy Rain (>100 mm/h) 0.35 Raindrop scattering and water-film absorption 

 
The received optical power is modelled as: 

 
𝑃AB(𝑑) = 𝑃C

Y-,Y+,Y./0
2#

𝑒-D2                                       (16a) 
 
where 𝐺7Band 𝐺ABare the transmitter and receiver gains, and 𝐺PZMdenotes the RIS reflection gain. To account 
for alignment imperfections, a Gaussian coupling factor was included: 

𝜂(Δ𝜃) = 𝜂Cexp	  (−
(F,)#

#H*
# )                                    (16b) 

 
representing the angular sensitivity of the optical link [26], [27].This ensures the model reflects realistic 
alignment tolerances under tropical conditions. 
 
 
 



Semarak Climate Science Letters   
Volume 5, Issue 1 (2025) 1-16 

 

7 
 

2.5 Simulation and Performance Analysis 
 

In the final stage, a MATLAB-based integrated simulation computed the reflection and link performance 
metrics under each weather scenario. Using the parameters derived above, the Signal-to-Noise Ratio (SNR) 
was expressed as: 

 
SNR(𝑑) = I+,(2)

J(=
                       (17) 

 
where 𝑁C𝐵denotes the receiver noise power. The Bit Error Rate (BER) for QPSK was calculated using: 
 

BERKLMN =
!
#
erfc	(LMOP

#
)                                                                                    (18) 

 
allowing assessment of optical link stability across distance 𝑑and weather conditions. All computations were 
executed for distances of 0.5–10 km at a fixed wavelength of 1550 nm, representing the practical operational 
range of optical wireless links. MATLAB’s semiology and surf functions were employed to generate reflectance 
curves, received-power decay graphs, and SNR–BER characteristics for clear, humid, and rainy conditions. The 
resulting curves demonstrate the system’s resilience and attenuation thresholds, confirming the viability of 
passive multilayer RIS for weather-resilient free-space optical (FSO) communication links. The analysis 
assumes idealized surface uniformity, perfect polarization retention, and lossless interlayer boundaries. These 
ideal conditions simplify the optical model but may differ slightly from fabricated surfaces subject to scattering 
or absorption irregularities. 

 
Table 2 
Summary of the refractive indices and reflection efficiencies of the selected material pairs used in the RIS 
stack. The high-index contrast between silicon and metal layers ensures maximal reflection, while 
intermediate layers such as TiO₂ and polymer provide fine phase compensation and polarization balancing 

Material Pair Refractive Index (𝒏) Reflection Coefficient (𝑹) Approx. Efficiency (%) 
Air–Glass 1.5 0.04 4.0 
Air–Polymer 1.8 0.08 8.0 
Air–Silicon 3.4 0.30 30.0 
Air–TiO₂ 2.4 0.17 17.0 
Air–Metal ~∞ ~1.00 ~100 

 
3. Results  
3.1 Surface Pattern Uniformity and Phase Alignment 
 

The simulation output in Figure 3 demonstrates the RIS surface intensity pattern generated using 
a two-dimensional cosine-modulated structure with a π/4 phase offset. The uniform distribution of 
intensity peaks across the x–y plane confirms the successful implementation of a high-frequency 
periodic profile designed to promote constructive interference in the backward direction. This 
uniform pattern is crucial for ensuring coherent phase alignment across the surface, which enhances 
beam quality and directionality. The intensity distribution ranges between -1 and +1, matching the 
theoretical form of the cosine function. Such consistent variation indicates minimal phase distortion 
across the RIS aperture and validates the reliability of the designed surface in maintaining spatial 
coherence. These results support the design objective of achieving high directional reflectivity with 
a passive structure. 
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Fig 3. Simulated RIS surface pattern with π/4 phase shift showing high periodicity and 
consistent intensity profile across the x–y aperture 

3.2 Multi-Layer Structure and Material Efficiency 
 

The multi-layer passive RIS was simulated with five different material layers, each contributing distinct 
optical properties and reflection characteristics. As illustrated in Figure 4, the layers are vertically stacked and 
color-mapped to visualize the intensity of reflection efficiency. The efficiency of each layer was derived from 
its respective refractive index and surface behavior under simulated conditions. Layer 1 (Glass): Efficiency 
20.00%  serves as a transparent base with moderate reflectivity.Layer 2 (Silicon): Efficiency 54.55% provides 
the highest reflectivity due to its high refractive index (n = 3.4). Layer 3 (Polymer): Efficiency 28.57% 
contributes flexible optical support and tunable permittivity. Layer 4 (Metal): Efficiency 41.52% – modeled 
with near-total reflection, stabilizing deeper reflective properties. Layer 5 (Dielectric): Efficiency 14.16% – 
assists in phase compensation and reduces polarization imbalance. These results align with theoretical 
expectations, where materials with greater refractive index contrast against air (n = 1.0) yield higher reflection 
coefficients. The performance of the silicon and metal layers demonstrates their dominance in determining 
the RIS reflection efficiency, while polymer and dielectric layers serve as phase-tuning and polarization-
adaptive interfaces. 

 

 
 

 
 
 
 
 

Figure 3. Multi-layer RIS design with simulated surface topography and reflection 
efficiency for each layer. Silicon and metal layers dominate reflection performance 



Semarak Climate Science Letters   
Volume 5, Issue 1 (2025) 1-16 

 

9 
 

3.3 Angular Optical Response of the Passive 5-Layer RIS 
 

Figure 4 shows the simulated angular reflectance of the proposed 5-layer passive optical RIS for three 
representative Malaysian surface states: (i) clear/dry surface, (ii) high-humidity condensation film (~1 µm 
water layer), and (iii) rain smear (~20 µm thin water coating). In all cases, the stack reflectance remains high 
(>0.9 in linear scale) over incident angles 0°–70° and only begins to degrade near grazing incidence. The 
baseline (dry) curve represents the nominal multilayer design and is governed by Fresnel reflection at each 
interface. For an interface between refractive indices 𝑛!and 𝑛#, the reflectivity is determined from the Fresnel 
coefficients for s- and p-polarized components as previously stated in Equation (1) in the Introduction, were 

 
𝑅R =∣

'!()*	 ,"-'#()*	 ,$
'!()*	 ,".'#()*	 ,$

∣#, 𝑅S =∣
'#()*	 ,"-'!()*	 ,$
'#()*	 ,".'!()*	 ,$

∣#                             (19) 
 
and 𝜃$is obtained from Snell’s law, also introduced in the Introduction (Equation (2)). Multilayer interference 
then adjusts the effective return of the full stack [28]. 
 

 
Fig 4. Angular Reflectance of 5-Layer Passive RIS Under Tropical 
Surface States (dry, humid film, rain smear) 

 
 

When a thin humid film is added, the effective boundary index at the air–RIS interface shifts toward that 
of water, increasing mismatch and producing up to ~0.5 dB reduction around 𝜃" ≈ 40∘. This behavior is 
consistent with polarization-dependent surface wetting effects reported for passive optical metasurfaces and 
RIS-like layered structures operating in harsh environments [28], [29]. Under rain smear, the curve exhibits 
oscillatory notches. This is physically meaningful: a ~20 µm water layer behaves like a weak Fabry–Pérot cavity. 
Small changes in optical path 2𝑛film𝑡cos	 𝜃$cause constructive/destructive interference in the backward 
direction, creating quasi-periodic ripples in reflectance versus angle [30]. Importantly, even in this worst case, 
the reflectance only drops a few dB around certain angles rather than collapsing entirely. This supports the 
claim that a passive multilayer RIS can maintain a usable optical return across a wide angular sector without 
requiring active tuning, which is essential for practical free-space optical (FSO) links that cannot rely on perfect 
pointing all the time [31]. 
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3.4 Received Optical Power Versus Distance 
 

The received optical power at the FSO receiver as a function of link range (0.5–10 km) for three 
atmospheric cases: clear/dry, high humidity, and heavy rain. The received power curve is primarily driven by 
geometric spreading and aperture coupling. For a diffraction limited link in clear line-of-sight (LoS), received 
power follows a Friis-like inverse-square decay with distance, i.e. 
𝑃rx(𝑑) ∝

!
2#

                        (20) 
 
which is analogous to the optical form of the Friis transmission relation discussed in the Introduction (Equation 
(3)) when expressed in terms of transmitter gain, receiver aperture gain, and propagation distance [32], [33]. 

In humidity and rain cases we introduce additional attenuation. Heavy tropical rain in Malaysia can exceed 
100 mm/h and is known to induce tens of dB/km attenuation at high carrier frequencies and in optical/FSO 
links due to scattering and absorption [14], [15]. High humidity (>80%) typical of Malaysian afternoons 
enhances aerosol loading and water vapor absorption, which increases optical scattering even without visible 
rainfall. This is reflected in Figure 2: the “High Humidity” curve sits a few dB below “Clear / Dry” over the full 
range, while “Heavy Rain” drops steeply, losing more than 30 dB of link margin by 10 km. The heavy rain-
induced penalty agrees with reports that tropical rain and moisture films on optical hardware can dominate 
link loss more than pure free-space spreading [14], [30]. 
 

  

 

 
3.5 Passive RIS Coupling Efficiency Under Misalignment 

 
Figure 6 plots coupling efficiency (in dB) as a function of small pointing error (0°–1°). Even sub-degree 

misalignment produces several dB losses, and near 1° the effective coupled return can fall by >50 dB. This 
sensitivity is expected because the passive RIS acts like a phased mirror: once the specular lobe is no longer 
perfectly directed into the receive aperture, only sidelobe energy reaches the detector. Similar alignment 
penalties have been observed in both optical retroreflectors and RIS-assisted FSO systems, where beam 
wander and building sway introduce effective pointing offsets and degrade link closure [28], [34] 
Mathematically, this is consistent with the Gaussian coupling model often used in FSO alignment analysis, in 
which coupling efficiency 𝜂(Δ𝜃)decays approximately as 
 

𝜂(Δ𝜃) ≈ 𝜂Cexp	(−
(F,)#

#H*
# )                                       (21) 

 

Fig 5. Received Optical Power at the Receiver vs Distance 
for Clear/Dry, High Humidity, and Heavy Rain Conditions 
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where 𝜎,is an effective pointing tolerance related to transmitter beamwidth and receiver aperture [35], [36]. 
As Δ𝜃 increases, the exponential term in the above expression rapidly drives 𝜂toward zero, which explains the 
steep drop in Figure 6. For a passive RIS deployment, this implies that even without atmospheric turbulence, 
mechanical alignment and structural stability remain critical design constraints for long-distance optical 
backhaul. 
 

 
Fig 6. Passive RIS Coupling Loss vs Pointing/Alignment Error 

3.6 Effective SNR Versus Distance 
 

Figure 7 shows the signal-to-noise ratio (SNR) after passive RIS reflection, evaluated along the same link 
distances and weather cases as in Figure 2. In clear/dry conditions, the SNR is above 30 dB at sub-kilometre 
ranges and remains >10 dB up to ~5–6 km. With high humidity, SNR is consistently a few dB lower but still 
within a usable regime for coherent QPSK detection [37], [38]. Under heavy rain, however, SNR falls below 0 
dB beyond ~4–5 km and eventually becomes negative at longer distances. This agrees with prior FSO/RIS 
analyses showing that adverse atmospheric states can erase the RIS gain advantage, especially when 
attenuation and depolarization accumulate over long paths [36]. 

The SNR curves are essentially the power curves of Figure 2 translated through the receiver noise floor. 
The standard definition used here is 

 
SNR(𝑑) = Irx(2)

J(=
                         (22) 

 
where 𝑁C𝐵is the thermal noise power in the receiver bandwidth. This is consistent with the link budget 
formulation given in the Introduction were received optical power and noise jointly determine detection 
margin for coherent demodulation (Djir et al., 2023; Patnaik & Sahu, 2012). 
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3.7 BER Performance with Passive RIS Return 
 

Figure 8 presents the resulting bit error rate (BER) versus distance, using a QPSK error model over 
additive white Gaussian noise (AWGN). For coherent QPSK, the theoretical BER in AWGN is 
 

BERQPSK ≈
!
#
erfc	(LSNR

#
)                                                   (23) 

which is the standard analytical form for Gray-coded QPSK under thermal-noise-limited reception [37], [38]. 
This same expression (referred to in the literature review section on QPSK modulation robustness) is applied 
to the SNR values from Figure 4. 

In clear/dry conditions, BER remains below 10-Qout to several kilometres, indicating that the passive RIS 
can maintain high-fidelity optical return when geometric spreading is the only dominant loss. This aligns with 
earlier findings that QPSK offers strong spectral efficiency and noise resilience for FSO links compared to simple 
on–off keying [37], [39]. Under high humidity, BER begins to degrade sooner but still stays below 10-[at mid-
range distances. This suggests that even in Malaysia’s typical >80% relative humidity environment, a well-
aligned passive RIS plus coherent QPSK demodulation can sustain acceptable performance within moderate 
ranges. 

The heavy rain case is far more severe: BER rapidly rises above 10-#beyond ~4 km and approaches 10-!to 
10-C(i.e. unusable) at long range. Heavy convective rain in tropical climates, which can exceed 100 mm/h and 
introduce >20 dB/km attenuation, is known to be the dominant outage driver for high-frequency and optical 
wireless systems in Malaysia [14], [15]. These BER trends therefore match field evidence that rain not just 
humidity is the primary barrier to long-haul optical backhaul reliability in Southeast Asian climates. 

Fig 7. Effective SNR vs Distance for Clear/Dry, High Humidity and Heavy 
Rain Cases 
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3.8 Overall Technical Implications 
 

The combined results demonstrate several key technical points that are consistent with contemporary 
RIS-FSO literature. First, the passive multilayer RIS maintains high reflectance (>90%) across a broad range of 
incidence angles (Figure 1), confirming that multilayer dielectric stacks can be engineered to behave as 
controllable optical “mirrors” without active bias. Second, received optical power and thus SNR remain usable 
over multi-kilometre ranges in clear LoS, but degrade sharply in heavy tropical rain (Figures 7 and 8), consistent 
with known Malaysian rain statistics and attenuation models that show rain is the dominant impairment above 
10 GHz and in free-space optics. Third, even when atmospheric attenuation is not extreme, misalignment 
alone can erase RIS gain (Figure 3), echoing prior findings that pointing stability and RIS placement strategy 
are just as critical as atmospheric transparency in practical deployments. Finally, BER analysis (Figure 8) shows 
that coherent QPSK, which has been widely recognized for its spectral efficiency and robustness in optical 
wireless systems, remains a viable modulation choice for passive-RIS-assisted FSO links in Malaysian conditions 
up to a point. QPSK plus passive RIS can realistically support “carrier-grade” BER (<10-Q) for several kilometres 
in clear or humid air but is strongly range-limited in convective rain cells. These results provide a physics-based 
baseline for the performance envelope of a passive, multilayer optical RIS in a tropical FSO scenario. The 
analysis links multilayer optical reflection theory (via Fresnel and Snell relations, i.e. Equation (1) and Equation 
(2) in the Introduction), geometric free-space path loss (Equation (3)), and QPSK BER theory to distance-
dependent link behaviour under Malaysian weather regimes. This baseline is essential before introducing 
active tuning, adaptive beam steering, or channel-state-dependent RIS control as proposed in recent RIS 
research for both RF and optical bands. This study establishes a baseline for passive optical RIS performance 
rather than benchmarking against conventional mirror-based FSO links or actively tuned RIS systems. Future 
extensions will include comparative analyses with standard mirror reflectors and hybrid active–passive RIS 
configurations to quantify relative gain. 
 
4. Conclusion 
 

This study has successfully designed and simulated a multi-layer passive optical Reflective Intelligent 
Surface (RIS) capable of enhancing beam control, reflection stability, and signal resilience under diverse 
Malaysian atmospheric conditions. Using a combination of Fresnel-based reflection modelling, the Transfer 
Matrix Method (TMM), and MATLAB-based environmental simulation, the proposed five-layer RIS comprising 
glass, polymer, silicon, TiO₂, and a metallic reflector demonstrated high reflectance exceeding 90% across wide 
incident angles, with stable polarization performance even under humidity and rain. The simulation results 
confirmed that clear and humid tropical conditions introduce moderate attenuation, while heavy rain causes 
exponential optical power decay and significant SNR degradation beyond 5 km, leading to BER deterioration 
above 10⁻², consistent with empirical tropical rain statistics. The Beer Lambert attenuation model and 

Fig .8. BER vs Distance for Passive RIS-Assisted Link Under 
Clear/Dry, High Humidity, and Heavy Rain Conditions 
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Gaussian coupling function further highlighted that both atmospheric absorption and mechanical 
misalignment are critical determinants of RIS-assisted optical link efficiency. Collectively, these findings verify 
that a passive, multi-layer RIS can deliver high reflection efficiency and near-uniform phase control without 
active biasing, enabling compact, low-maintenance optical components for free-space optical (FSO) 
communication, imaging, and solar-redirection systems. Future work should include experimental fabrication 
and optical chamber validation to measure phase-tuned reflectivity and extend the model to adaptive or 
hybrid RIS structures integrating temperature-sensitive and polarization-compensated materials for dynamic 
beam control in next-generation optical networks. It should be noted that all results presented are obtained 
from MATLAB-based numerical simulations. Experimental fabrication and optical chamber testing were not 
performed in this phase, and the presented performance metrics are therefore predictive rather than 
empirical. Although this study models atmospheric parameters based on Malaysian tropical data, the 
developed methodology and modeling framework are generalizable to other equatorial and humid regions 
such as Singapore, Indonesia, and Thailand, with appropriate recalibration of attenuation coefficients. From a 
practical standpoint, realizing such passive optical RIS structures in real deployments will require cost-effective 
multilayer fabrication, mechanical stability against humidity-induced delamination, and scalable surface 
alignment. These engineering factors will be considered in subsequent experimental work. 
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