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ABSTRACT

Multimode interference (MMI) waveguides are widely used in silicon photonics for their
broadband operation and low loss. We present a compact and high-performance 2 X2 restricted-
interference MMI (RI-MM]I) optical power splitter on a silicon-on-insulator platform. By
optimizing input positions and interference length, the device footprint is reduced to 6 um x 65 um
without compromising optical performance. Simulations via 3D-BPM and 3D-FDTD show low
excess loss (< 4.3 dB), minimal phase difference (< 2%,), coupling ratio variation (-0.09 to 0.05
dB), and excellent balance (< —17 dB) across 1500—-1600 nm. Two designs (32.5 um and 34 um
lengths) were fabricated using 193 nm DUV lithography. The 34 um device exhibited < 5 dB
insertion loss and < =23 dB reflection in the C-band. These results demonstrate the RI-MMI
splitter's suitability for integration in advanced photonic circuits, including phasor signal
generation, QPSK modulation, and OF DM processing.

Keywords: 3-dB power and quadrature phase splitter; Restricted interference (RI); MMI coupler; Silicon-on-insulator;
Silicon photonic fabrication; High- performance.

1. INTRODUCTION

Silicon photonic integrated circuits (PICs) have become a key platform for high-speed optical
communication, supporting data center interconnects, FPGA-based processing, WDM, spatial
mode multiplexing, photonic neural networks [1] and quantum system [2]. Their compatibility
with CMOS/VLSI technology enables monolithic integration of photonic and electronic
components on Silicon-on-Insulator (SOI) wafers with a standard 220-nm silicon layer, reducing
device footprint, power consumption, and optical loss while supporting large-scale, cost-effective
manufacturing [3]. Optical power splitters are essential components in photonic integrated circuits,
forming the basis of devices such as Mach—Zehnder modulators (MZMs) and NxN optical
switches, which rely on equal optical paths, optical coupling, and phase shifting. There are multiple
approaches for designing optical power splitters on the silicon photonic platform. Y-junction
couplers, for instance, offer a simple geometric structure but present challenges such as intricate
mask designs and significant scattering losses at the junction interfaces [4]. Adiabatic and
directional couplers provide low-loss performance; however, they require highly precise control
over the coupling gap dimensions to ensure optimal performance [5].

Recently, two promising methods have emerged for achieving broadband and highly compact
3-dB power splitters: subwavelength grating-assisted silicon waveguides [6] and inverse design
optimized through deep learning techniques [7]. While these approaches offer significant
advantages in terms of footprint reduction and enhanced bandwidth, they introduce additional
challenges. Subwavelength gratings necessitate high-resolution lithographic fabrication to
accurately define nanoscale grating structures, whereas inverse-designed photonic devices require
extensive computational resources and training time for Al-driven optimization. Moreover, the
intricate and compact nature of these designs contributes to increased mask patterning complexity
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and elevated fabrication costs [8]. In silicon photonic waveguides, multimode interference (MMI)
couplers serve as fundamental building blocks for a wide range of functional devices, including
optical logic gates [9], thermo-optic switches [10], and, most notably, arbitrary-ratio optical power
splitters [11]. A recent development in this domain is a 1x2 MMI-based 3-dB power splitter
designed to operate at dual-band wavelengths of 1.55 um and 2 um [12]. However, a major
limitation of this design is that it only supports a single input port, restricting its applicability in
more complex optical signal processing systems.
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Figure 1. The design structure of the 3-dB power splitter based on a 2x2 RI-MMI using silicon-
on-insulator waveguide platform: (a) Schematic diagram; (b) Cross-sectional view.

Effective Index (ne") and Half Beat-Length vs MMI Width

3 2.5967 : 120

g 2 110
u 2.503 100 =
£ 2592 7o e o
% 2.501 | 4 80 &
= 170 &
é 60 =
£ 50 é
2 40 «
= ©
b 20

5 4 45 5 55 6 65 7
MMI Width, W, - (um)

Figure 2. Effective index ney and half-beat length L as functions of MMI width.

MMI couplers are widely used in photonic integrated circuits (PICs) due to their compactness
and fabrication tolerance. However, conventional MMIs operating in the general interference
regime require relatively long devices and mainly support equal power splitting from a single
input. Many photonic applications, such as phasor generation, QPSK modulation, and OFDM [13],
require compact multi-input splitters with equal-power outputs and 90° phase shifts. Numerical
methods, including 3D-BPM and FDTD, are commonly employed for silicon photonic design,
with BPM offering high computational efficiency and FDTD providing greater accuracy. In this
work, a compact 3-dB optical power splitter based on a 2x2 MMI operating in the restricted
interference regime is proposed to reduce the multimode interaction length. The device is analyzed
using both 3D-BPM and FDTD simulations, demonstrating low insertion loss (IL) and balanced
power splitting over a broad wavelength range. The design is further validated through fabrication
using 193-nm DUV photolithography and experimental comparison with simulation results.

2. OPTIMIZED DESIGN AND CHARACTERISTIC SIMULATION

Figure 1 shows the schematic diagram of a 3-dB optical power splitter based on a 2x2 MMI
coupler operating under TE polarization. Specifically, Figure 1(a) shows the side view of the
proposed 3-dB splitter. In this design, 15-um-long tapers are employed as the input and output
ports instead of conventional rectangular access waveguides. This aims to improve the coupling
efficiency between the access single-mode waveguides and the multimode region [5]. The entire
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device is constructed on a SOI material platform, featuring a silicon (Si) guiding layer with a
thickness of 2 =220 nm and a 3 um-thick buried oxide (BOX) layer of silica (SiO.), derived from
a standard SOI wafer using CMOS technology. The refractive indices of the silicon core and the
cladding oxide layer are considered constants at n. = 3.47 and n. = 1.444, respectively, as
determined by the Sellmeier model [14], within the third telecom window [15]. In the central

section of the device, the 2x2 MMI coupler has an initial multimode region width Wyug= 5.4 pm.
Plot of Transmission versus MMI length
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Figure 3. Normalized output power Figure 4. High-resolution swept transmission

transmission characteristic dependence on the  spectra of outputs depend on the MMI length
MMI length is swept in the range from 20 um at the operation wavelength of 1550 nm.
to 120 um.

To reduce the multimode length required to generate two mirrored fold-images, this paper
proposes using a restricted interference regime where the input and output ports are positioned at
approximately y =+Wunu/6[16]. According to the restricted interference theory, at these positions,
the overlap between the symmetric input field and the antisymmetric mode fields vanishes. This
results in the periodic and paired reproduction of single images of the input field at the MMI region
as much as multiple of a critical length, L = p(L,), withp = {0, 1, 2...} as a non-negative integer,

where the critical length L _is the half-beat length of the MMI coupler [16].

Following the restricted interference theory, the single fold-images (direct or inverted images)
are reproduced at the length L, = p(L_ ), with p is a positive integer. In addition, the paired

interference regime also exhibits two differently mirrored images at minimal lengths of the
multimode regionZ,,,, =L /2and L, =3L_ /2. In addition, in a 2x2 RI-MMI coupler, each

even mode leads its odd partner by a phase difference of 7/2, from a subtraction between the phase
angle of the mirrored output port (Port4) and the phase angle of the straightforward output port
(Port3), at the position z = L,/2 (referred to as the 3-dB length [16].

The numerical simulation methods used in the design were the three-dimensional beam
propagation method (3D-BPM) and 3D finite-difference time-domain (3D-FDTD), both of which
are reliable, accurate, and efficient techniques for modeling optical waveguides and photonic
structures. These methods were employed to analyze and characterize the guided-wave
propagation and optical performance of the proposed 2x2 MMI coupler [17].

Figure 2 presents the effective index and half-beat length as functions of the MMI width (Wans)
at 1550 nm, obtained using 3D-BPM simulations. For Wyn; = 5.4 pm, the effective index is
approximately 2.59, giving L, = 70.8 um. The MMI length was then swept from 20 to 120 pm
(0.5-pm resolution) under TE excitation at Port 1. As shown in Figure 3, both 3D-BPM and 3D-
FDTD simulations identified two equal-splitting regions at approximately 30—40 um and 100-110
pum, while a mirrored image was observed near 71 um. Accordingly, an MMI length of 30—40 pum,
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close to L,/2, was selected for the proposed design.

To determine a more precise MMI length, we performed a parameter sweep from 30 um to 40
pum with a resolution of 0.1 pm. Figure 4 presents the simulated transmission characteristics of
output ports Port3 and Port4 as a function of MMI coupler length near L/2. The simulation results
indicate that transmission peaks at approximately 45% when Lans = 35.4 um for both 3D-BPM
and 3D-FDTD simulations.
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Figure 5. Simulation of the electric field distributions under TE mode of the power splitter
at the wavelength of 1550 nm for: (a) at Ly = 35.4 um (3D-BPM);
and (b) at Ly = 33.5 um (3D-FDTD,).

In the 3D-BPM simulation, the transmission characteristics of the two output ports remain
nearly identical within the range 33.2-37.4 um, forming a symmetrical parabolic shape centered
at 35.4 um, with transmission values ranging from 25% to 45%. This suggests a 3-dB bandwidth
extending + 2.1 um around the central length of 35.3 pm. For the 3D-FDTD simulation, the output
port transmissions are nearly identical within 32.5-33.5 um and again intersect at 36 um. The
highest transmission level, approximately 44%, is observed at 33.5 pm. Based on these findings,
we selected Lyng = 35.4 pm (for 3D-BPM) to achieve the highest transmission and Ling = 33.2 pm
(for 3D-FDTD) to obtain a more precise 50:50 splitting ratio, with transmission around 40%. These
values were chosen for further analysis as they correspond to points where the transmission curves
intersect, ensuring balanced optical power distribution.

3. SIMULATION BASED-DEVICE PERFORMANCE CHARACTERIZATION

Figure 5 presents the top-view electric field patterns of the device, corresponding to simulations
using 3D-BPM with an MMI region length of 35.4 um (Figure 5(a)) and 3D-FDTD with an MMI
region length of 33.2 um (Figure 5(b)). The electric field evolution diagrams confirm that the
incident light waves are evenly split. Notably, the main section of the proposed power splitter,
based on the designed 2x2 MMI coupler, occupies a compact footprint of 6 pum x 65 pm, making
it well-suited for large-scale integration.

To evaluate the device performance, we also calculated the excess loss (EL) and the IL at each
output port using the following relations [12]:

EL=10log, (P, /P,

out in

)+3=IL+3 (1)

where P, and P;, correspond to the output and input powers, respectively. The constant quantity
of 3 dB in Eq. (1) implies that the input light wave is divided into two output ports with a splitting
ratio of 50:50. Moreover, a 3-dB power splitter for applications in advanced photonic circuits, such
as quadrature phase-shift keying loaded-modulation, should maintain the phase difference between
the two output ports (AD = @4-D3) as a constant of 90 degree, ensuring minimal fluctuation of the
phase difference. As shown in Figure 6(a), for the 3D-BPM simulation, the excess losses at both
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output ports remain consistently similar and exhibit smooth variations across a broad wavelength
range of 100 nm, from 1500 nm to 1600 nm. The device demonstrates ultra-low loss over this
range, with a minimum excess loss of 0.48 dB at 1546 nm and a maximum of 2.7 dB at 1600 nm.
At the central wavelength of 1550 nm, the excess loss is measured at 0.5 dB. In contrast, for the
3D-FDTD simulation, the excess losses at both output ports remain closely matched but within a
narrower wavelength range of 1540 nm to 1560 nm. The excess loss for the two output ports
reaches a maximum of 4.3 dB at a wavelength of 1500 nm and a minimum of 0.2 dB at a
wavelength of 1585 nm. Moreover, the excess losses in the 3D-FDTD case are higher than those
in the 3D-BPM case in the operating wavelength region of 1550 nm because FDTD simulations
provide a more rigorous analysis. Unlike BPM, FDTD accounts for additional loss mechanisms,
including scattering and reflection effects, leading to greater overall loss accumulation. Simulation
results obtained by 3D-BPM simulation show that the phase difference varies very slightly, from
88.4° to 91.9°, resulting in a relative phase deviation of less than 2% around the desired phase
difference value of 90° over a broad spectrum up to 100 nm, as seen in Figure 6(b). It is evident
that the 35.4 um-length device exhibits significant performance in terms of excess loss and phase
difference, making it an appealing choice for a variety of sophisticated functional photonic
integrated circuits.

0 Plot of Excess Loss versus Wavelength Response gglot of Phase Difference versus Wavelength Response
R L e A S S IS RS R RS RARRNRARRRRRRRN RARRE RAREE RARRERARRE RRARE RRRRE RN

—A®= 3,3, 3D-BPM |

©
n

=]
=

Excess Loss, EL (dB)
& ]
w
Phase Difference, A @ (degree)
g
(4)]

P3, 3D-BPM ]
-3.5 ——P4, 3D-BPM 1
4 P3, 3D-FDTD 3
——P4, 3D-FDTD | 89.5
4.5 E| [

5 S I Y P IS S DU I B B | o] PR B N N U P P BT F S
15 151 152 153 154 1.55 1.56 1.57 1.58 159 16 15 151 152 153 154 155 156 1.57 158 159 1.6
Wavelength, A (um) Wavelength, A (zm)

(a) (b)

Figure 6. Optical performance wavelength-dependence of the designed 3-dB power splitter based
on RI-MMI coupler in 100-nm spectrum for two output ports: (a) EL; and (b) Phase difference.
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Subsequently, we employed standardized equations to ascertain the coupling ratio and the
balance factor of the devices, facilitating the identification of those achieving optimal 50:50 power
splitting. The coupling ratio (CR) and the balance factor (BF) are described as follows:

P
CR=10log,, (f}:] ()

out4

J 3)

where P,.3 and P,u4 correspond to the output power of the Port3 and Port4, respectively. The CR
quantifies the percentage of input power delivered to each output port, while the BF measures the
power difference between the output ports, indicating the uniformity of power distribution in
optical splitters and couplers. Figure 7(a) shows the simulation results of the coupling coefficient
CR as a function of wavelength. The results show that the coupling coefficient varies slightly in
the range from -0.09 dB to 0.05 dB over a wide spectral range up to 100 nm. In addition, BF
defined in Equation (3) is used to evaluate the power balance between the two output ports of the
proposed splitter. In this definition, a lower BF value indicates a smaller power difference between
Ports 3 and 4. Ideally, for a perfect 3-dB splitter, the optical powers at both output ports should be
identical, resulting in BF approaching negative infinity. Figure 7(b) shows the simulation results
of the BF according to the wavelength response from 1500 nm to 1600 nm. The simulation results
show that the balance of the two ports, due to the limited interference characteristics of the device
is very high because, on the decibel scale, BF is small, fluctuating only from the highest value of
-17 dB to the lowest value of -41 dB. A BF value below —17 dB indicates that the proposed RI-
MMI splitter achieves an excellent output power balance, with the power difference between the
two output ports being less than approximately 2%. At the center wavelength of 1550 nm, the
balance level is very high because BF = -31 dB (less than 0.1%).
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Figure 8. Microscope images of the fabricated devices (top-view) at the MMI length of 34 um:
(a) The entire device featuring four subwavelength grating couplers connected to two input and
two output ports, (b) SEM image of a magnified view of the 2 x2 MMI silicon chip.

The discrepancy between the 3D-BPM and 3D-FDTD results mainly arises from their different
numerical approaches. The 3D-BPM method uses the paraxial approximation and considers
mainly forward propagation, enabling fast computation and efficient MMI optimization, but it may
not fully account for higher-order mode coupling, back reflections, and scattering effects. In
contrast, 3D-FDTD directly solves Maxwell’s equations, providing a more rigorous full-wave
analysis of interference, reflection, and diffraction phenomena. Therefore, slight differences in the
optimal MMI lengths are observed, although both methods show consistent trends and validate the
feasibility of the proposed RI-MMI design.
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4. EXPERIMENTAL FABRICATION AND CHARACTERIZATION

Based on the simulation results, the optimal RI-MMI length for the two-port optical splitter
was determined to be 32.5-35.5 um. Accordingly, devices with MMI lengths of 32.5 um and 34
um were fabricated for experimental validation. The devices were patterned by electron beam
lithography (EBL), followed by a single etching process and deposition of a 1-pm-thick SiO-
cladding using PECVD. Fabrication was carried out through a Multi-Project Wafer (MPW) service
using 193-nm deep ultraviolet (DUV) photolithography. Figure 8 shows microscope and SEM
images of the fabricated 34-um device with grating couplers for fiber-chip coupling. Optical
characterization was performed using a Keysight N7711A tunable C-band laser and a Newport
818-IR-L-FC/DB photodetector. Light was coupled through grating couplers with single-mode
fibers, and the measured spectra were calibrated using on-chip reference waveguides to eliminate
coupling losses.
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Figure 9 illustrates that the reflections at Port2 for both the 32.5 um- and 34 um-length devices
remain below -23 dB, indicating minimal impact on overall performance. In Figure 10, it is evident
that the 32.5 um-length device experiences significantly higher IL compared to its 34 pm-length
counterpart. Specifically, for the 34 um-length device, IL between the two output ports remains
consistently low, staying below -5 dB across the C-band (1530 nm—1565 nm). In simulation, the
EL is approximately -0.5 dB, corresponding to the IL (/L = EL-3 (dB)) of about -3.5 dB. However,
the experimentally measured IL is below -5 dB, indicating an additional loss of approximately -
1.5 dB. This discrepancy mainly originates from fabrication imperfections, including lithography
errors and material absorption in the fabricated device. Moreover, the reported IL values do not
include the loss contribution from the grating couplers. The device reaches a minimum loss of -
4.5 dB near 1560 nm while maintaining a well-balanced splitting ratio over a 10 nm range from
1555 nm to 1565 nm. These characteristics make it a promising candidate for optical switching
applications and other advanced photonic integrated circuits. However, as depicted in Figure 10,
the 32.5 um-length device exhibits an optimal and stable 3-dB splitting ratio over a narrower
spectral window, ranging from 1545 nm to 1555 nm.

Based on the overall evaluation, the 34-um MMI operating at 1560 nm was selected to achieve
stable 50/50 power splitting with low IL and minimal spectral ripples. Although the measured IL
is slightly higher than the simulated result due to fabrication imperfections and measurement
uncertainties, both results show good agreement, confirming the feasibility and robustness of the
proposed RI-MMI design for PICs.

5. CONCLUSIONS

In conclusion, we present a numerically optimized design for a silicon 2x2 RI-MMlI-based 3-
dB optical power and quadrature phase splitter. Numerical simulations using both 3D-BPM and
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3D-FDTD methods identify the optimal MMI lengths as 35.4 pm and 33.2 pum, respectively. In
general, both simulation methods demonstrate excellent optical performance for the designed 2x2
RI-MMI coupler, exhibiting low excess loss (< -4.3 dB), a small relative phase difference (< 2%),
a near-ideal coupling ratio of around -3 dB with a minimal variation of -0.09 to 0.05 dB, and a
high balance factor (< -17 dB) over a broad 100 nm bandwidth. Furthermore, the main section of
the proposed power splitter is accommodated within a compact footprint of 6 pm % 65 um. Two
silicon photonic chip samples were fabricated using 193 nm DUV photolithography with MMI
lengths of 32.5 um and 34 um. Measurement results for both samples indicate minimal reflection
below -23 dB in the C-band. Additionally, for the 34 pm-length device, the IL between the two
output ports remains consistently low, staying below 5 dB across the C-band. These exceptional
characteristics position the proposed device as a promising candidate for very large-scale photonic
integrated circuits and photonic neural networks in telecom applications.
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TOM TAT

Thiét ké va thwe nghiém bd chia cong suit 3 dB va chia pha vudng géc
quang tir silic kich thuéc nhé gon sir dung by ghép 2x2 RI-MML

Ong ddn song giao thoa da mode (MMI) dwgc sir dung rong rdi trong quang tit silic nho
kha nang hoat dong bang rong va suy hao thdp Chiing t6i trinh bay mét bg chia cong sudt
quang 2 %2 dya trén MMI giao thoa han ché (RI-MM]) c6 kich thudc nho gon va hiéu nang
cao trén nén tang silicon-on-insulator (SOI). Bang cdch toi wu vi tri dau vdo va chiéu dai
viing giao thoa, kich thude thiét bi dwoc gidm xuong con 6 um x 65 um ma khong lam suy
gidm hiéu ning quang hoc. Két qud mé phong bang phwong phap 3D-BPM va 3D-FDTD
cho thdy suy hao du thap (<4,3 dB), sai l¢ch pha 16i thiéu (<2%), ty I¢é ghép néi bién thién
trong khodng (-0,09 dén 0,05 dB) va do can bang cong sudt tot (<—17 dB) trong dai buoc
song 1500—1600 nm. Hai thiét ké véi chiéu dai 32,5 um va 34 um da dwoc ché tao bang
cong nghé quang khdc DUV 193 nm. Thiét bi c6 chiéu dai 34 um dat suy hao chén <5 dB
va phan xa <-23 dB trong bang C. Cac két ‘qua nay chirng minh bg chia RI-MMI phit hop
dé tich hop trong cdc mach quang tir tién tién, bao gom tao tin hiéu phasor, diéu ché QPSK
va xur [y OFDM.

Til"khoz'l: B6 chia cong suit 3 dB va chia pha vudng goc; Giao thoa han ché (RI); Bo ghép MMI; Silicon-on-insulator;
Che tao quang ttr silic; Hi¢u nang cao.
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