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Innovations in integrated photonic technology have increased the demand for compact 

and high-performance optical devices. The MZI (Mach Zender Inferferometer) is a key 

component, particularly the DPS-MZI structure, which offers flexibility in optical signal 

processing, spectral filtering, and high-precision sensing applications. This study 

analyses the optical characteristics and performance of DPS-MZI structures based on 

four waveguide core materials of Si, InGaAsP, LiNbO₃, and PMMA, at wavelengths of 

532 nm, 633 nm, 850 nm, and 1550 nm. Simulations were conducted using the OptiBPM 

software, which employs the BPM, to evaluate optical field intensity distribution, 

interference patterns, and propagation losses. The results indicate that Si and InGaAsP 

exhibit the best propagation performance, with low power loss and sharp interference 

patterns, while LiNbO₃ experiences higher propagation losses despite its high electro-

optic coefficient. PMMA demonstrates the lowest performance due to its low refractive 

index contrast, leading to significant light spreading into the cladding and high 

propagation losses. An increase in wavelength tends to broaden the optical mode, 

particularly in materials with low refractive index contrast. This study underscores the 

importance of selecting appropriate waveguide core materials and operating 

wavelengths when designing DPS-MZI-based photonic devices to ensure stable and 

efficient light propagation. 

 

 
INTRODUCTION 
The advancement of integrated photonic technology continues to drive the demand for 

high-performance optical devices with increasingly compact dimensions. One of the 

fundamental components widely utilized is the Mach-Zehnder Interferometer (MZI), due 

to its ability to manipulate the phase and intensity of light through optical interference 

phenomena (Chen et al., 2022; Zhu et al., 2025). The Dual Parallel Symmetric MZI (DPS-

MZI) structure has emerged as an innovative solution, offering flexibility in optical signal 

processing, spectral filtering, and high-precision sensing applications (Dong et al., 2020; 

Yang et al., 2024). In the DPS-MZI configuration, two identical MZIs are arranged in a 

parallel and symmetric layout, enabling more complex interference responses, sidelobe 

suppression, and a higher extinction ratio compared to a single MZI (Amin et al., 2020). 

 Material selection is a crucial factor in the design of DPS-MZI, as optical characteristics 

such as refractive index, electro-optic coefficient, and spectral transparency significantly 

influence device performance. Silicon (Si) remains the primary material in integrated 

photonic technology due to its compatibility with CMOS (Complementary Metal-Oxide-

Semiconductor) processes and its excellent light-confining ability, with a refractive index 

of approximately 3.47 at a wavelength of 1550 nm, making it well-suited for operation in 

the telecommunications spectrum (Siew et al., 2021; Kim et al., 2020; Dong et al., 2024; 
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Tsuda et al., 2020). Nevertheless, silicon has inherent limitations in its electro-optic 

response, making it less ideal for applications requiring high-speed direct modulation. 

On the other hand, Indium Gallium Arsenide Phosphide (InGaAsP) is widely used in 

optical communication windows of 1.3-1.55 μm due to its advantages in active 

applications such as optical modulation and amplification, and its ability to integrate 

with III–V photonic platforms suitable for optoelectronic systems (Moatlhodi, 2022; 

Hiraki et al., 2020; Vyas et al., 2022). Lithium Niobate (LiNbO₃) is well-known for its high 

electro-optic coefficient, enabling efficient conversion of electrical signals into optical 

signals, making it highly suitable for high-speed modulators. However, the integration 

of LiNbO₃ into compact silicon-based technologies still faces significant technical 

challenges (Di Francescantonio et al., 2025; Huang et al., 2025; Tu et al., 2025). Meanwhile, 

Polymethyl methacrylate (PMMA), as a polymeric material with a relatively low 

refractive index (~1.48), has attracted attention due to its ease of fabrication, low cost, 

geometric flexibility, and broad spectral transparency including the visible region (532 

nm, 633 nm) to the near-infrared. However, PMMA has limitations in thermal stability 

and optical performance when compared to inorganic materials (Alsaad et al., 2021; 

Nagar et al., 2024; Zhan et al., 2021; Saxena & Shukla, 2022).  

In addition to material selection, the operating wavelength is also a critical aspect in DPS-

MZI design. At wavelengths of 532 nm and 633 nm, applications are mainly directed 

toward biosensing, imaging, and visible light communication systems (Li et al., 2025; 

Butt, 2024). The 850 nm wavelength is widely used in short-range communication 

systems and medical optical applications (Prabu et al., 2025; Lorenz & Bock, 2022). 

Meanwhile, the 1550 nm wavelength has become the standard in optical communication 

due to its low attenuation in silica optical fibers and its relative eye safety (Sohn et al., 

2020; Akbulut et al., 2021). These wavelength variations demand an MZI design capable 

of maintaining optimal interference performance across a wide spectral range, which 

heavily depends on the optical properties of the selected materials. 

Considering the design complexity, material variation, and wavelength diversity, 

research on the DPS-MZI structure is highly relevant to addressing current challenges in 

photonic device development, whether for communication, signal processing, or high-

precision optical sensing applications. This study aims to analyze the optical 

characteristics and performance of the Dual Parallel Symmetric MZI structure using four 

different materials at various wavelengths, thereby providing insights for designing 

more efficient and multifunctional photonic devices. 

 
RESEARCH METHOD 
This research was conducted using the OptiBPM software, which is based on the Beam 

Propagation Method (BPM) and is widely used to analyze the behavior of light in planar 

waveguide structures (Karabchevsky & Choudhary, 2024; Wang et al., 2020). The 

simulated structure is the DPS-MZI, designed with two identical interferometer arms 

connected in a parallel and symmetric configuration. The geometry of the DPS-MZI was 

modeled in such a way as to demonstrate the interference patterns and light intensity 

distribution generated under various material and wavelength conditions. 

 This study varies four types of materials as the waveguide core: Silicon (Si) with a 

refractive index of 3.48, Indium Gallium Arsenide Phosphide (InGaAsP) with a refractive 
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index of 3.253, Lithium Niobate (LiNbO₃) with a refractive index of 2.2592, and 

Polymethyl methacrylate (PMMA) with a refractive index of 1.49 (Modi et al., 2020; Pan 

et al., 2021; Yu et al., 2021; Mulkerns et al., 2022). The selection of these materials is based 

on their distinct optical properties, such as refractive index, dispersion characteristics, 

and spectral transparency, enabling exploration of how each material affects interference 

performance within the DPS-MZI. The wavelengths used in the simulations include 532 

nm (Green), 633 nm (Red), 850 nm (Near Infrared), and 1550 nm (Infrared), chosen to 

cover the spectrum from visible to near-infrared light, relevant for various applications 

in optical communications, optical sensing, and integrated photonic technologies (Poon 

et al., 2024; Alzamil et al., 2024; Kazanskiy et al., 2022). All simulations were performed 

with a silica (SiO₂) substrate, which has a refractive index of approximately 1.45 (Modi et 

al., 2020). 

 For each variation of material and wavelength, simulations were carried out by defining 

the geometry of the DPS-MZI, including the waveguide dimensions and the spacing 

between waveguides in the coupler region, to enable clear analysis of optical interactions 

between the interferometer paths. Light propagation was simulated along the DPS-MZI 

structure to observe the optical field intensity distribution, interference patterns, 

dispersion, transmission loss (insertion loss), as well as bending loss. The simulation 

results were then analyzed to evaluate the influence of variations in core material 

refractive index and wavelength on the performance of the DPS-MZI. The outcomes of 

this research are expected to provide in-depth insights into how material selection and 

wavelength impact the interference characteristics and overall performance of photonic 

devices based on the DPS-MZI structure. 

 
RESULTS AND DISCUSSION 
Based on simulation results using OptiBPM at a wavelength of 1550 nm, variations in the 

light intensity distribution patterns were observed within the DPS-MZI structure for each 

waveguide core material. These differences are caused by the distinct refractive indices 

and optical properties of each material, which directly influence how light waves 

propagate within the waveguide. The propagation results can be seen in Figure 1. 
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Figure 1. Optical field propagation in materials (a) Si, (b) InGaAsP, (c) LiNbO₃, and (d) 

PMMA. 

 

Based on Figure 1, the optical wave propagation performance is highly influenced by the 

characteristics of the waveguide materials used. Waveguides made of Si demonstrate 

excellent optical field confinement due to their high refractive index (~3.47), effectively 

trapping light within the waveguide core. This results in well-defined interference 

patterns, high intensity, and low propagation losses, making silicon highly suitable for 

high-speed optical communication applications (Zhou et al., 2024; Wang et al., 2024). 

Meanwhile, waveguides made of InGaAsP also exhibit good confinement in the 

wavelength range of 1.3–1.55 μm, although their output intensity is slightly lower than 

that of silicon due to their relatively smaller refractive index contrast. Nevertheless, 

InGaAsP remains advantageous for active applications such as optical modulation and 

amplification (Horvath et al., 2020). Waveguides composed of LiNbO₃ possess the 

advantage of a high electro-optic coefficient, which is crucial for high-speed modulation 

applications. However, they show weaker optical field confinement compared to silicon 

because of their lower refractive index (~2.2), leading to broader interference patterns 

and reduced intensity (Sun et al., 2022). 

 In waveguides made of PMMA, it is observed that the light propagation path is clearly 

visible and follows the geometric shape of the device. However, the clarity of this path 

does not necessarily indicate good wave propagation performance. This is due to the 

refractive index of PMMA (~1.48), which is close to that of the cladding or substrate 

(silica), resulting in a very small refractive index contrast. This condition leads to 

extremely weak optical field confinement, causing the light to spread more widely into 

areas surrounding the waveguide core, even though it visually appears to remain within 

the waveguide path. Consequently, the optical modes become broader and exhibit 

significant overlap into the cladding, leading to higher propagation losses and reduced 

interference efficiency, as a portion of the light escapes from the waveguide core (Islam 

& Ahmed, 2020). Therefore, although the waveguide structure in PMMA is geometrically 

well-defined, its wave propagation quality and interference patterns exhibit lower 

performance compared to materials with higher refractive indices. 

 

 

(a) 
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(c) 

 

(d) 
Figure 2. Relative optical power variation along the propagation path at (a) 532 nm, (b) 

633 nm, (c) 850 nm, and (d) 1550 nm. 

 

Furthermore, the results of optical wave propagation simulations are also influenced by 

the wavelength of light used. Figure 2 presents a comparative graph of optical power 

versus propagation distance for four wavelengths (532 nm, 633 nm, 850 nm, and 1550 

nm). The graph shows a consistent trend in which materials with high refractive indices, 

such as Silicon (Si) and Indium Gallium Arsenide Phosphide (InGaAsP), exhibit the best 

propagation performance, while PMMA demonstrates the lowest performance due to 

high propagation losses. 

 At a wavelength of 532 nm, Si and InGaAsP are able to maintain optical power close to 

100% over a propagation length of 10,000 µm, indicating very low propagation losses and 

strong optical field confinement. This is attributed to the significant refractive index 

contrast between the waveguide core and the cladding (silica), which keeps the light 

effectively confined within the waveguide. Conversely, LiNbO₃ begins to show a 

decrease in power after approximately 8,000 µm, while PMMA experiences significant 

losses starting from a distance of 4,000 µm, with power dropping to around ~80% at the 

end of the propagation path. This pattern indicates weak optical confinement in PMMA, 

causing light to spread into the cladding and resulting in energy loss. 

 At a wavelength of 633 nm, Si and InGaAsP continue to maintain almost constant optical 

power. LiNbO₃ and PMMA again exhibit a decline, with PMMA suffering sharper losses. 

Interestingly, at a wavelength of 850 nm, although Si still shows excellent power stability, 

the curve for InGaAsP begins to show a decrease after 9,000 µm, albeit still within a low 

tolerance range. Meanwhile, LiNbO₃ and PMMA experience greater losses compared to 

the previous wavelengths. This indicates that increasing the wavelength leads to broader 

optical mode spreading, especially in materials with low refractive index contrast, such 

as PMMA and LiNbO₃. 

 At a wavelength of 1550 nm, Si and InGaAsP demonstrate optimal performance with 

very low losses, maintaining excellent propagation characteristics, strong optical 

confinement, and nearly stable power levels throughout propagation. In contrast, 

LiNbO₃ and PMMA exhibit significant power reductions. LiNbO₃ begins to experience 

power loss after propagating approximately 7,000 µm. The most drastic power decrease 

is observed in PMMA from the outset, as its low refractive index leads to light leakage 

into the cladding. 
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 The consistent power reduction in PMMA across all wavelengths indicates this material’s 

inability to effectively confine light within the waveguide. Therefore, PMMA is less 

suitable for waveguide applications that require medium to long propagation paths, as 

light continually loses energy due to leakage into the cladding. Although the interference 

patterns in PMMA are less well-defined and its intensity is lower compared to silicon-

based waveguides, PMMA remains relevant for certain applications, such as evanescent 

wave-based sensors, owing to its ease of fabrication, low cost, and flexibility in 

manufacturing waveguide devices with complex geometries. However, PMMA has 

significant limitations for DPS-MZI applications that require sharp interference and low 

propagation losses (Kazanskiy et al., 2022; Zhou et al., 2024; Wang et al., 2024). 

 

CONCLUSION 
Based OptiBPM simulations indicate that the optical wave propagation performance in 

the DPS-MZI structure strongly depends on the type of waveguide core material and the 

wavelength applied. Si and InGaAsP have proven to be the most suitable materials for 

DPS-MZI structures, both for applications in the visible and infrared light spectra. 

Although LiNbO₃ exhibits higher propagation losses, it remains promising for high-

speed modulator applications due to its significant electro-optic coefficient. Conversely, 

PMMA shows very low optical field confinement, resulting from its low refractive index 

contrast. This makes PMMA less suitable for DPS-MZI applications that require sharp 

interference and low propagation losses. Furthermore, an increase in wavelength tends 

to cause broader optical modes, particularly in materials with low refractive index 

contrast. Therefore, the selection of the waveguide core material and wavelength is a 

critical factor in designing and optimizing DPS-MZI-based photonic devices, especially 

for applications demanding stable and efficient light propagation. 
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