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 Inverse design has emerged as a powerful approach for developing high-performance 
photonic devices beyond the limitations of conventional geometry-based methods. In this 
study, we propose a compact 3 dB optical power splitter designed using a boundary-based 
inverse design strategy driven by the particle swarm optimisation (PSO) algorithm. The 
device boundary along the propagation direction is discretised into fine segments and 
iteratively optimised through a two-stage framework to simultaneously suppress input 
reflection and achieve balanced power distribution at the output ports. Over a 100 nm 
bandwidth, the improved structure exhibits outstanding optical performance. The excess loss 
stays between −0.1 and −1.1 dB, but the reflection is decreased to about −20 dB. Nearly 
equal power splitting is seen at the middle wavelength when the balancing factor is close to 
0 dB. The device also exhibits symmetric and consistent responses when excited from either 
input port. With a compact footprint of approximately 6 µm × 16 µm, the proposed design 
is suitable for high-density photonic integrated circuits. These results confirm the 
effectiveness of a PSO-based boundary inverse design for realising broadband, low-loss, and 
compact photonic components. 
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1. Introduction 

In the era of the fourth industrial revolution, the rapid 
growth of artificial intelligence, big data, cloud computing, 
and the internet of things (IoTs) has created an urgent 
demand for high-speed communication systems with ultra-
large bandwidth and parallel processing capabilities [1–4]. 
Optical networks have emerged as a core solution due to 
their low propagation loss, ultra-high-data rates, and 
scalability. Optical signal processing performed directly in 
the optical domain eliminates optical–electrical conver-
sions, enabling ultra-wide bandwidth, low loss, and high 
integration density [5–7]. 

The development of photonic integrated circuits (PICs) 
enables the integration of multiple optical functionalities 
onto a single chip, thereby reducing system size, lowering 
power consumption, and enhancing reliability. Within 
integrated photonic devices, key components such as 
multiplexers/demultiplexers, optical switches, modulators, 
and particularly optical power splitters play fundamental 

roles in distributing and controlling optical signals in 
interferometric structures, routing networks, and multi-
plexing systems. The optical power splitter not only 
directly affects transmission performance but also 
determines the insertion loss and power balance of the 
overall system. Currently, the silicon-on-insulator (SOI) 
platform is considered an optimal choice for fabricating 
photonic devices due to its high refractive index contrast, 
capability for high-density integration, and, most 
importantly, compatibility with CMOS technology. This 
compatibility enables large-scale, cost-effective manufac-
turing and seamless integration with electronic circuits, 
opening broad prospects for next-generation high-speed 
optical communication systems [8]. 

From a methodological perspective, the design of 
photonic devices is currently based on two principal 
approaches: forward or conventional design and inverse 
design. The conventional approach relies on the theoretical 
analysis of specific geometric structures, such as directional 
couplers [9], multimode interferometers (MMIs) [10, 11], 
and Y-junctions [12], to determine the corresponding *Corresponding author at: thuyttt@ptit.edu.vn 
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optical transmission characteristics based on fundamental 
physical principles including reflection, interference, and 
mode coupling. This approach typically provides stable and 
controllable performance. However, due to its strong 
dependence on the designer’s experience, intuition, and 
approximate analytical models, the resulting device 
dimensions are often relatively large, thereby limiting the 
achievable integration density of silicon-based photonic 
devices [13, 14]. In contrast, the inverse design approach 
begins with predefined target specifications, such as 
transmission spectra, electromagnetic field distributions, 
power splitting ratios, or operational bandwidth, and 
subsequently employs optimisation algorithms to search 
for the optimal geometric configuration within a high-
dimensional parameter space to satisfy these objectives. By 
not being constrained to traditional structural templates and 
allowing the exploration of free-form geometries or 
pixelated topologies, inverse design significantly reduces 
device footprint while simultaneously enhancing perfor-
mance and integration density. Consequently, this 
methodology opens new opportunities for the development 
of next-generation photonic integrated circuits. 

In the inverse design of photonic devices, two widely 
adopted approaches are pixel-based representation and 
boundary-based (free-form) representation. In the pixel-
based method, the design region is discretised into many 
small elements (pixels) with variable permittivity values, 
allowing the optimisation algorithm to freely distribute 
materials within the domain to achieve the desired 
objective. On the other hand, the boundary-based approach 
describes the device structure continuously parameterised 
interfaces, for example using spline functions or analytical 
expressions, thereby directly optimising the geometric 
shape of the device. This approach typically results in 
smoother structures and offers improved manufacturability 
in practical fabrication processes. To perform the 
optimisation procedure, various algorithms have been 
employed, including direct binary search (DBS) [15, 16], 
particle swarm optimisation (PSO), genetic algorithm 
(GA), the adjoint method (AM), as well as gradient-based 
optimisation techniques and artificial intelligence-driven 
approaches. 

Many studies have employed pixel-based topology 
optimisation to achieve high-efficiency and broad bandwidth 
performance [15]. However, the resulting structures often 
exhibit irregular and non-smooth boundaries, which impose 
limitations on practical manufacturability. The DBS method 
has been applied to the design of compact 2 × 2 3 dB power 
splitters [15, 16]; nevertheless, it typically suffers from 
slow convergence and a tendency to become trapped in 
local minima when the number of design variables is large. 
Deep learning-based approaches, such as deep neural 
networks, have also been explored for the design of optical 
power splitters [17]. Despite their potential advantages, 
these methods strongly depend on the availability and 
quality of training data and are primarily focused on 1 × 2 
configurations. Other works have demonstrated compact, 
broadband power splitters with experimental validation 
[18–20]; however, most of these designs still rely on 
discrete topology representations or emphasise dual-mode 
operation rather than true 2 × 2 structures with independent 
input ports. In addition, the work in [21] adopts a pixel-
based inverse design approach rather than a simple 

parameter tuning of a conventional MMI. A smoothing 
procedure is incorporated to alleviate sharp boundaries in 
the discretised topology, and automatic differentiation 
(AD) is employed to efficiently compute gradients. 
Nevertheless, the design remains fundamentally based on 
a pixelated representation. 

Existing studies predominantly adopt pixel-based 
representations or focus on 1 × 2 configurations. The 
design of a 2 × 2 optical power splitter based on a free-form 
boundary representation combined with a global optimisa-
tion algorithm such as PSO remains relatively unexplored, 
thereby presenting a promising research direction for 
achieving smooth geometries that are fabrication-friendly 
while maintaining high optical performance. In this paper, 
we propose the design and optimisation of a 2 × 2 optical 
power splitter using an inverse design methodology with 
a free-form boundary representation. The optimisation 
process is carried out using the PSO algorithm in 
conjunction with finite-difference time-domain (FDTD) 
simulations to maximise transmission efficiency, ensure 
balanced power splitting, and minimise insertion loss over 
a 100 nm bandwidth. 

The remainder of this paper is organised as follows. 
Section 2 presents the inverse design methodology and the 
proposed device structure. Section 3 reports the simulation 
results and provides a detailed discussion. Finally, 
section 4 summarises the main conclusions of this research. 

2. Inverse design methodology and device structure 

In this paper, our objective is to design an optical power 
splitter with a 1:1 splitting ratio and an operating bandwidth 
of 100 nm using the fundamental mode. To achieve this 
objective, a PSO-based inverse design approach is 
employed to optimise the waveguide width within the 
design region. Specifically, the region is discretised along 
the propagation direction into many small segments, where 
the width of each segment is treated as an independent 
optimisation variable. 

The initial structure and detailed design parameters 
represented in Fig. 1 and Table 1 have an input and output 
ports width of w = 0.45 µm, and the width and length of the 
design region are 6 µm. The structure is designed to work 
at the centre wavelength of 1.55 µm using the fundamental 
transverse electric (TE0) mode. The TE0 mode is 
a preferred choice in silicon photonic waveguides due to its 
numerous advantages. It is highly compatible with 
semiconductor diode lasers and offers a maximum modal 
momentum for optimal light confinement and exhibits 
minimal dispersion and loss. Furthermore, it maintains 
exceptional stability, demonstrating resilience to material 
imperfections. The core material of the proposed design is 
silicon (Si), with SiO2 as the cladding for oxide protection. 
The refractive indices of these two materials are 
approximately 3.5 for silicon and 1.45 for silicon dioxide. 
The proposed device can be fabricated using modern 
techniques, such as electron-beam writing or 193 nm deep 
ultraviolet (DUV) photolithography incorporated with dry 
etching, for example, inductively coupled plasma (ICP) 
etching. 

To inversely design a 2 × 2 optical power splitter with 
two input ports and two output ports in such a way that the 
transmitted power is maximised, the splitting ratio 
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approaches 1:1, and back-reflection is minimised, we 
propose a two-stage optimisation strategy employing two 
different figure of merit (FOM) functions, as illustrated in 
Fig. 2. Separating the problem into two independent 
objectives enables a better control of the physical 
characteristics of the device and improves the convergence 
behaviour of the optimisation algorithm in a high-
dimensional design space. The two stages are executed 
sequentially. At the beginning of the optimisation process, 
all design parameters are randomly initialised within 
predefined physical and fabrication constraints. In the first 
stage, the algorithm searches for an optimal solution that 
primarily suppresses back-reflection. Once the first stage 
converges or reaches the predefined stopping criterion, the 
optimised parameter set obtained at the end of Stage1 is 
directly used as the initial condition for Stage2. In the 
second stage, the parameters are further refined to enhance 
transmission efficiency and enforce a balanced 1:1 power 
splitting ratio between the two output ports. This sequential 
optimisation strategy ensures that the structure first 
achieves low reflection before being fine-tuned for 
balanced power distribution, thereby improving stability 
and overall convergence performance. 

In the first stage, the primary objective is to suppress 
back-reflection toward the undesired port. The correspond-
ing FOM is defined as: 

 { }2FOM1 min ,P=  (1) 

where P2 denotes the normalised optical power measured 
at Port2 (reflection or undesired port). Minimising FOM1 
ensures that the reflected power is reduced to the lowest 
possible level, thereby improving transmission efficiency 
and reducing insertion loss due to backward coupling. After 
achieving sufficiently low reflection, the second stage 
focuses on maximising transmitted power and enforcing a 
balanced 1:1 power splitting ratio between the two output 
ports. The second FOM is defined as: 

 ( ) ( ){ }3 4 3 4FOM2 max abs ,P P P P= + − −  (2) 

where P3 and P4 represent the normalised output powers 
at Port3 and Port4, respectively. When P3 ≈ P4 ≈ 0.5, the 
value of FOM2 approaches one, indicating an equal power 
splitting condition with high transmission efficiency. 

The PSO method is employed in both phases to 
repeatedly search for the optimal width distribution in order 
to implement the previously defined two-stage 
optimisation framework. In the PSO-based inverse design 
procedure, the design region along the propagation 
direction is discretised into 100 uniform segments. 
Accordingly, the design vector is defined as W = [W1, W2, 
…W100], where each variable represents the local 
waveguide width of a corresponding segment. The initial 
width of all segments is uniformly set to 6 µm as the 
starting configuration of the optimisation process. Each 
particle in the swarm represents a candidate width profile 
of the photonic device, where the particle position encodes 

Table 1. 
Initial parameters of the proposed design. 

Parameter Symbol Value 
Length of input/output L 5 µm 
Width of input/output w 450 nm 
Waveguide thickness (Si) h 220 nm 
Refractive indices of the silicon 
core layer nr 3.47 

Refractive indices of the cladding 
oxide layer nc 1.444 

Width of design region Wdes 6 µm 
Length of design region Ldes 6 µm 
Length of gap Gap 1.55 µm 
 

 
Fig. 2. Flowchart of inverse design based on PSO. 

 

 
Fig. 1. Initial structural diagram of a 3 dB optical power splitter. 
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the waveguide width at each of the 100 discretised segments. 
For a given particle, the corresponding device structure is 
constructed according to its width distribution and 
numerically simulated using the FDTD method. The 
simulated optical response is then substituted into the 
predefined FOM to evaluate the performance device. 
During the optimisation process, particle velocities and 
positions are iteratively updated according to the standard 
PSO updating rules, which consider both the particle 
personal best width profile (pbest) and the global best width 
profile (gbest) found by the swarm. After each update, the 
FOM associated with the new width distribution is 
recalculated. If the obtained FOM exceeds the particle 
previous best value, the personal best solution is updated 
accordingly. Similarly, the global best solution is updated 
whenever a superior FOM is identified within the swarm. 
The optimisation continues until a convergence criterion is 
satisfied or a predefined maximum number of iterations is 
reached, ultimately yielding an optimised waveguide width 
profile with improved optical performance. Figure 3 shows 
the electromagnetic field of the power splitter with initial 
parameters. The optimal results for power splitter design 
using PSO are analysed in the following section. 

3. Simulation results and discussion 

After establishing the inverse design framework based on 
the PSO algorithm, we performed the optimisation process 
in two sequential stages to simultaneously achieve low 
reflection loss and high power-splitting efficiency. Figure 4 
illustrates the convergence behaviour of the two objective 
functions, FOM1 and FOM2, over 30 PSO generations, 
with Figure 4(a) showing the convergence of FOM1 and 
Figure 4(b) presenting the evolution of FOM2. In the first 
stage, FOM1 is defined to minimise the reflected power at 
the input port. The results show that FOM1 rapidly 
decreases to approximately 0.03, corresponding to a very 
low reflection. Notably, from the 5th generation onward, 
the convergence curve becomes nearly flat and reaches a 
saturation region, indicating that the algorithm quickly 
identifies a stable optimal solution with a strong 
convergence behaviour. In the second stage, FOM2 is 
formulated to maximise the total transmitted power at the 
two output ports while ensuring a 1:1 splitting ratio. The 
value of FOM2 gradually increases to approximately 0.95, 
approaching unity. This indicates that the transmitted 
power at the two output ports is high and nearly equally 
distributed. From around the 25th generation, the FOM2 
curve also becomes saturated, demonstrating that the 

optimisation process has converged and the designed 
structure has reached a near-optimal state. 

Figures 5(a) and 5(b) and Figures 6(a) and 6(b) present 
the electric field distribution and the optimised power 
splitter structure after the completion of the two 
optimisation stages, respectively. Figure 5 illustrates the 
steady and well-confined electric field propagation through 
the device, confirming low reflection and efficient power 
transmission. Figure 6 shows the final optimised geometry 
of the power splitter obtained after the two-stage PSO 
process where the width profile has been adjusted to 
achieve minimal reflection and nearly equal power 
distribution at the two output ports. 

We also calculated the device excess loss (EL), 
balancing factor (BF), and reflection (R) across each port 
in order to benchmark its performance. These values may 
be found using the formula: 

 3 4
10

in

EL 10log ,
P P

P
 +

=  
 

 (3) 

 3
10

4

BF 10log ,
P
P

 
=  

 
 (4) 

 ref
10

in

10 log ,
P

R
P

 
=  

 
 (5) 

where P1 and P2 are the two normalised output powers, P3 
and P4 are the two normalised input powers. 

 
Fig. 3. The electromagnetic field of the initial device. 

 

 
(a) 

 
(b) 

Fig. 4. The change of the (a) FOM1, (b) FOM2. 
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The performance metrics were further evaluated over 
the wavelength range of 1500–1600 nm, as illustrated in 
Fig. 7. The EL varies from approximately −0.1 dB to 
−1.1 dB across the considered bandwidth, indicating low 
insertion loss over a wide spectral range. The BF at the 
central wavelength approaches 0 dB, demonstrating nearly 
equal power splitting between the two output ports. 
Meanwhile, the R remains relatively low throughout the 
operating band and can reach values close to −20 dB, 
 

confirming effective suppression of back-reflected power 
and good impedance matching at the input port. Addition-
ally, in Fig. 7, we also evaluate the device performance 
when light is launched from both input ports (Port1 and 
Port2). The results show nearly identical spectral responses 
in both cases, indicating symmetric structural behaviour 
and confirming that the optimised power splitter operates 
consistently regardless of the excitation port. 

After the performance evaluation, the optimised design 
corresponding to Fig. 6(b) can be exported in a GDS format 
for fabrication. The exported layout has a compact footprint 
of approximately 6 µm × 16 µm, making it suitable for 
integration in high-density photonic integrated circuits. 

 
(a) 

 
(b) 

Fig. 5. (a) Electromagnetic field distribution of the device at 
a wavelength of 1550 nm. (b) Optimised device structure 
after Stage1 (FOM1) at a wavelength of 1550 nm. 

 
(a) 

 
(b) 

Fig. 6. (a) Electromagnetic field distribution of the device at 
a wavelength of 1550 nm. (b) Optimised device structure 
after Stage2 (FOM2) at a wavelength of 1550 nm. 

 
 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 7. Performance metrics as a function of wavelength: (a) excess 
loss (EL); (b) balancing factor (BF); (c) reflection (R). 
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4. Conclusions 

In conclusion, we propose the design of an optical power 
splitter using a boundary-based inverse design approach 
driven by the PSO algorithm. Instead of relying on 
conventional geometry-constrained structures, the device 
boundary is directly optimised to achieve low reflection 
and high transmission efficiency through a two-stage 
optimisation strategy. The optimised structure exhibits low 
reflection approaching −20 dB, EL ranging from −0.1 dB 
to −1.1 dB, and a balancing factor close to 0 dB at the 
central wavelength, indicating nearly equal power splitting. 
Broadband analysis over the 1500–1600 nm wavelength 
range confirms stable and consistent performance. In 
addition, symmetric operation is verified by exciting both 
input ports, yielding nearly identical spectral responses. 
Notably, the proposed device maintains a compact 
footprint of approximately 6 µm × 16 µm, making it highly 
suitable for high-density photonic integrated circuits. These 
results demonstrate that the PSO-based boundary inverse 
design method provides an effective and flexible 
framework for developing compact, low loss, and 
broadband photonic components. 
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