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Abstract—We present an optimized design of a 1:4 quadrature
phase and power splitter implemented on silicon photonic
waveguides. The device operates under the restricted interference
regime to achieve a compact footprint. The photonic circuit employs
cascaded 2x2 RI-MMI couplers with two spans and a fixed 90-
degree phase shifter in one arm, ensuring uniform quadrature phase
differences among the output ports. Using 3D-BPM numerical
simulations, the optimal MMI length is determined to be 35.4 um,
with a phase shifter length of 26 um. The simulation results confirm
outstanding optical performance, exhibiting low excess loss (<4.6
dB) across a broad spectral range (1500-1600 nm). The device
ensures excellent power uniformity across all output ports, with a
maximum balance factor of 13 dB, guaranteeing reliable and stable
operation. Additionally, the output signals maintain precise 90-
degree phase shifts across the four ports (1, 2, 3, and 4), as validated
by the signal constellation diagram. These results demonstrate the
superior suitability of the proposed device for advanced optical
signal processing applications, including QPSK-loaded modulators,
multicarrier phase-coded OFDM, optical phasors, and multiphase
local oscillators, offering a robust and high-precision solution
across multiple wavelength bands.

Keywords: quadrature phase power splitter, MMI coupler,
restricted interference, silicon photonics, optical phasors, QPSK-
loaded modulator.

1. INTRODUCTION

Currently, photonic integrated circuits are key components
in modern and advanced signal processing systems, offering
numerous advantages such as ultra-high bandwidth, low loss,
compact size, and cost-effectiveness [1]. Additionally, they
provide versatile and programmable processing capabilities,
making them suitable for a wide range of applications, including
optical communication systems [2], high-speed interconnects
[3],[4] multiformat modulators [5],[6], optoelectronic devices
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[7], and photonic neural networks [8],[9]. Among the many
photonic circuits, optical power splitters are essential
components that enable signal propagation from a single optical
transmitter to multiple receivers [10], [11].

In addition to power splitting, an optical power splitter can
also perform phase division, generating optical signals with
specific phase shifts between the outputs. This capability is
crucial in applications that require complicated optical signal
processing, such as interferometric phasors [12], non-coherent
vector detectors [13], subcarrier orthogonal frequency division
multiplexing (OFDM) [13], beamforming optics [14], and
Fourier-transform spectrum detectors[15], where precise phase
adjustment enhances the sensitivity and reliability of optical
transmission. The power splitter ensures that signals at the
output ports are not only balanced in power but also
synchronized or phase-shifted in a controlled manner,
optimizing the overall performance of the optical system. The
signal quality, power loss, scalability, and stable phase of the
entire system are all directly impacted by the power splitters'
performance and design. As a result, creating sophisticated and
effective power splitters is essential to the development of data
center technology. Besides, silicon-on-insulator (SOI) — based
splitters are particularly promising due to their compact design,
low optical loss, and CMOS technology compatibility, enabling
cost-effective, large-scale photonic integration [1].

Recent developments have focused on optimizing
performance metrics such as low insertion loss and consistent
power distribution in power and phase splitters. These devices
have been engineered using various structural approaches,
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Fig. 1: The design structure of the proposed device based on a 2 x2 MMI in the restricted interference (RI) mechanism using silicon-on-insulator
waveguide platform: (a) schematic diagram; (b) cross-sectional view, and (c) computed mode profile of the access waveguide.

including MMI couplers, Y-junctions, and wave splitters
leveraging inverse design techniques. Among these, MMI
couplers have stood out for their exceptional stability, seamless
integration with silicon photonic platforms, and precise control
over both power distribution and phase manipulation.

Multimode Interference (MMI) devices, for instance, have
made significant advancements through various design
approaches. In [16], silicon-nitride MMI splitters have achieved
insertion losses as low as 0.13 dB, making them ideal for data-
center applications with stable power distribution. Although
silicon nitride (SisN4) is beneficial for reducing back reflection,
its integration with existing silicon-based photonic systems
remains challenging, potentially affecting scalability and
compatibility. Furthermore, the study has focused on the O-
band spectrum, which may limit the applicability of the power
splitter to other wavelength ranges.

Inverse design techniques, particularly in silicon integrated
photonics, have further refined splitters, achieving insertion
losses below 0.76 dB and uniformity under 0.84 dB,
demonstrating the potential of computational methods in
photonic optimization [17]. However, performance may be
impacted by manufacturing constraints, such as misalignment
during etching and electron scattering during e-beam
lithography, which can cause discrepancies between the
designed structures and the fabricated devices.

Additionally, Y-branch designs wusing rectangular
waveguides have achieved a power imbalance of just 0.14 dB
across the C-band. However, the phase difference between the
branched waveguides remains constant, making them
unsuitable for phase detection applications [18].

Consequently, almost all previous investigations have only
optimized power distribution without considering phase, which
limits their applicability in phase-sensitive applications. In this
paper, we propose a power splitter structure based on a

multimode interferometer using a silicon waveguide with
reduced dimensions by utilizing a restricted interference
mechanism, with four output ports, where the phase difference
between consecutive ports is 90 degrees. This design unlocks
numerous potential applications, including orthogonal
subcarrier generators, QPSK-loaded modulators, and advanced
Fourier-optics signal processing systems. One notable
application is its role as an orthogonal subcarrier generator,
where the 90° phase shifts at the output ports enable the creation
of orthogonal optical carriers. This capability is critical for
phase-coded orthogonal frequency-division multiplexing
(OFDM) systems and other advanced multi-carrier optical
communication technologies. By ensuring orthogonality, the
design optimizes spectral efficiency, minimizes inter-channel
interference, and enhances transmission performance in high-
speed communication networks. Another key application lies in
QPSK-loaded modulators, where the precise phase distribution
across the four outputs aligns seamlessly with the requirements
of QPSK modulation. This integration simplifies system
architecture, improves modulation accuracy, and ensures robust
signal transmission with reduced noise and distortion. Together,
these applications underscore the versatility and efficiency of
the proposed design in addressing the growing demands of next-
generation optical communication systems. The design is
analyzed using the mode propagation method (MPA) and
optimized through simulation, with optical performance
evaluation conducted using the three-dimensional beam
propagation method (3D-BPM).

IL.

Fig. 1 describes a principal diagram of a proposed device
based on a 2x2 RI-MMI coupler operating under TE
polarization. Specifically, Fig. 1(a) shows the side view of the
proposed device, Fig. 1(b) shows cross-sectional view of device,
and Fig. 1(c) shows the fundamental mode TEQ's mode profile
for the light input at the single-mode access waveguide (Port0).

PROPOSED DESIGN AND GEOMETRIC OPTIMIZATION
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Fig. 2: Normalized output power dependence on the MMI length
swept in the following ranges: from 32 um to 36 um.

The proposed model consists of 2 inputs (Port0 and Port5)
and 4 outputs (Portl, Port2, Port3, and Port4), structured from a
sophisticated combination of three MMIs with the same width
and length, two S-bend waveguides and a Phase Shifter (PS), as
shown in Fig. 1(a). Every MMI coupler, at the outset, the width
of the 2x2 MMI coupler was initially chosen as Wy = 5.4 pm.
The tapered couplers were designed in the form of an isosceles
trapezoid, characterized by their narrower bottom base width of
450 nm, broader top base width of 900 nm, along with a length
of 35 pm, have been initially selected. In this configuration, the
conventional rectangular access waveguides for coupling to the
multimode waveguide were replaced with tapered waveguides
to provide input ports and output ports. When switching from
single-mode to multimode waveguides, tapered waveguides
were selected because they can improve light confinement,
lessen the need for exact coupling lengths, and decrease
wavelength sensitivity difficulties [20]. The axis of symmetry is
defined as the center line of the first multimode interference
coupler in the propagation direction. To get high efficiency in
the single-mode waveguide regime, the inputs and outputs'
thinner bottom bases were connected to an access waveguide
with a thickness 0of 450 nm. Additionally, to interconnect the RI-
MMI couplers, S-bend waveguides are employed to prevent
optical field overlap. These S-bend waveguides are configured
with a length of 200 pm and a gap of 1.5 um, ensuring efficient
signal routing and minimal interference between paths. Besides,
a fixed phase shifter (PS) block is placed along the second S-
bend waveguide (below S-bend waveguide), with a length of 30
pm and a width of 1.2 um, to create a 90-degree phase shift
relative to the other S-bend.

In Fig. 1(b), the entire device was designed on a silicon-on-
insulator (SOI) material platform, with a silicon (Si) guiding
layer thickness of # = 220 nm and a 3 pm-thick buried oxide
(BOX) layer of silica (Si0,), sourced from a standard SOI wafer
using CMOS semiconductor manufacturing technology. The
refractive indices of the silicon core layer and the cladding oxide
layer were considered to be constant at n,=3.47 and n~1.444,
respectively, in the wavelength range of the third telecom
window [21],[22]. In addition, the silicon core layer is
surrounded by cladding oxide layers leading to the form of
channel waveguides.

The numerical simulation method used was the three-
dimensional beam propagation method (3D-BPM), a reliable,
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Fig. 3. (a) Normalized output power transmission characteristic
dependence on the PS length is swept in the range from 10 um to 30
um, and (b) Phase differences characteristic dependence on the PS
length is swept in the range from 10 um to 30 um

accurate, and efficient simulation technique for optical
waveguides and photonic structures. This method was
implemented to investigate and characterize the guided-wave
propagation and optical performance of the proposed device
[23]. This study utilized Rsoft’s commercial BeamProp-
Solution tool employing Yee’s cubic mesh, with grid sizes set
to Ax = Ay = Az = 10 nm, ensuring convergence conditions of
the Crank-Nicholson algorithm scheme for numerically solving
certain partial differential equations, typically hyperbolic PDEs
[24].

In our design, we use two RI-MMI couplers, input and
output ports of a RI-MMI are placed at the approximate

positions of y= W, ., / 6 [25], two fold-images are reproduced
at a length of L, =(2p+1)L_/2, with p=0,1, 2...is a non-
negative integer and where L, the half-beat length of the MMI
coupler which is defined by the following formula [25]:
L - T dn W}
ﬂo - 161 3/10

where f3,, [, are corresponding to the propagation constants of

(M

the fundamental and first-order modes, respectively; A, = 1550
nm is the operation wavelength in the waveguides; and W. is the
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Fig. 4: 3D-BPM simulation of the electric field distribution under TE
mode of the designed device at a PS length of 26 um.

effective width of the multimode interference coupler which is
calculated by the following formula under the TE polarization
state:

W, =Wy +(ﬁJ(nf )" @
T

Hence, the paired interference regime also exhibits two
differently mirrored images at the shortest length of Lyns=L/2.

With configuration parameters of a 2x2 RI-MMI, the
effective index, nqy, was approximately 2.59 by using the BPM
mode solver, and thus, the numerically calculated values of L,
and L,/2 are determined from expressions (1) and (2)
corresponding to approximate values of 70.8 pm and 35.4 pm,
respectively. In this section, we will examine the optical
performances when the MMI couplers length varies in the range
around L,/2 to find out the valuable length of the proposed MMI
couplers so that optical performances are significant. Fig. 2
shows the dependence of the device's output power (P1, P2, P3,
and P4) on the length of the three RI-MMI couplers. It is evident
that the output power at the four ports is equal when the length
of MMI couplers ranges from 33 pm to 36 um, reaching its
maximum value at an MMI couplers length of 35.4 um.

By applying the multimode interference theory [25], it is
well known that in a 2x2 MMI coupler operating in the
restricted interference regime, each even mode leads its
corresponding odd mode by a phase difference of n/2. This
phase difference is determined by subtracting the phase angle of
the mirrored output port (Port02) from that of the
straightforward output port (PortO1) at z = L,/2 (referred to as
the 3-dB length). At z = L, the phase difference increases to 7.
Based on this study, when light is input at Port0 of the first MMI,
the phase at Port0 is synchronized with Port01 and leads Port02
by 90 degrees. Next, the light from Port01 passes through an S-
bend waveguide to reach Port03 (maintaining the phase between
these two ports). Meanwhile, the light from Port02 also enters
an S-bend waveguide but additionally passes through a PS phase
shifter, introducing a 90-degree phase shift, which makes the
phase at Port04 lead Port02 by 90 degrees and differ from
Port03 by 180 degrees. In the second MMI coupler, the light
entering from Port03 is in phase with Port2 and has a 90-degree
phase difference from Portl. Similarly, in the third MMI
coupler, the light from Port04 is in phase with Port3 and has a
90-degree phase difference from Port4. Thus, the phase at Port3
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Fig. 5: Optical performance wavelength-dependency of the designed
device in 100-nm spectra for four output ports: (a) excess loss (EL);
and (b) phase difference

Phase Difference, A ® (degree)

1.58 1.6

differs from Port2 by 180 degrees, and Port4 differs from Portl
by 180 degrees. Furthermore, power splitters for advanced
photonic circuit applications, must maintain the phase shift
between the four output ports, Portl to Port2 — AD;,=0;-D,,
Port4 to Port3 — A®43=04-D3, Port3 to Port2 — ADz,=03-0,,
Port4 to Portl — A®d4=04-Dy, as a constant, emphasizing
minimal fluctuation of the phase difference.

Fig. 3 shows the dependence of the output power and its
phase on the length of the PS. It can be clearly seen that when
the length of the PS changes from 10 um to 30 um, the output
power at the 4 ports fluctuates very little, as clearly shown in
Fig. 3(a). However, in Fig. 3(b), there is significant oscillation
in the phase. Two points of phase difference (A® 1, = AD43 = 90°
and Ad3; = ADy4 = 180°) remain stable when the length of the
PS (Lps) is 26 pm and 30 um. To achieve a compact design for
the device, we select Lps =26 um. 3D-BPM simulation of the
electric field distribution under TE mode of the designed device
at a PS length of 26 pm, is described in Fig. 4.

111 DEVICE PERFORMANCE CHARACTERIZATION

To benchmark the device performances, we also worked out
the device excess loss (EL) of the device through each output
ports, which can be determined using the formula [26]:
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B)ll 1
EL =10log,, (?j ~10log,, (Zj 3)

where Pour and P;, correspond to the output and input powers,

respectively. The constant quantity of 10log,, (ij ~ 6.02 in Eq.

(3) implies that the input light wave is divided into four output
ports with a splitting ratio of 1:1:1:1.

Moreover, our device for applications in advanced photonic
circuits, such as interferometric phasors, non-coherent vector
detectors, and phase modulation circuits, should maintain the
phase difference between the four output ports (AD;>=® -,
ADy3=Ds-D3, AD3=D3-Dy, AD4=DP4D;) as a constant,
emphasizing minimal fluctuation of the phase difference.

As can be seen from Fig. 5(a), the excess losses of the four
output ports are consistently similar and closely follow smooth
curves versus wavelength response over a broad range of 100
nm from 1500 nm to 1600 nm. However, minimal excess loss is
about 0.2 dB at 1550 nm, and 3dB bandwidth is quite large
(from 1550 nm to 1585 nm). Besides, the phase differences
across wavelengths are illustrated in Figure 5(b). Within the
wavelength range of 1540 nm to 1555 nm, the phase deviation
remains relatively stable, and the signal pairs maintain their
quadrature phase relationship.

Subsequently, we employed standardized equations to
ascertain the balance factor of the devices, facilitating the
identification of those achieving optimal 1:1:1:1 power splitting.
Balance factor is often used to evaluate the performance and
uniformity in power distribution or connection between pairs of
ports in devices such as splitters or couplers. The balance factor
(BF) are described as follows:

J 4)

where P, are corresponding to the output power of the Port2,
Port3 and Port4, respectively. This formula shows the difference
or balance of Port2, Port3 and Port4 compared to Portl. Fig. 6
shows the simulation results of the ports balance factor
according to the wavelength response from 1500 nm to 1600

out; 1

outl

BF, =10log,, (

Fig. 7: Constellation diagram measured at 4 output ports of the
device at 1550 nm wavelength

nm. The simulation results show that the balance of the four
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 -13 dB to the lowest
value of -36 dB. At the center wavelength of 1550 nm, the
balance level is very high because BF =-20 dB (less than 0.2%).

Finally, another critical parameter for evaluating the
performance of the proposed device is the signal constellation,
which represents the output power and phase at the four ports,
as illustrated in Fig. 7. The figure demonstrates that the output
power is nearly equal across all ports, and their phases are
approximately quadrature, with a phase deviation from the
reference axis ranging between 0.3 and 7 degrees. Therefore, the
proposed device is well-suited for applications such as
orthogonal subcarrier generators, QPSK-loaded modulators...,
as it can generate quadrature-phase signals with balanced
power, meeting stringent requirements for performance and
phase accuracy. This not only optimizes signal transmission but
also ensures high reliability in complex optical signal processing
systems.

1V. CONCLUSION

In conclusion, we have utilized an optimized design
featuring a silicon 2x2 MMI-based proposed device, employing
the restricted interference regime to reduce device length.
Numerical simulations conducted using the 3D-BPM method
identified the optimal MMI length as 35.4 um and PS length as
26 um. Numerical simulation results yielded excellent optical
performance for the designed device, with low excess loss (<4.6
dB), including 30 nm of the S-band (1500-1530 nm), the entire
C-band (1530 nm - 1565 nm), and 35 nm of the L-band (1565
nm - 1600 nm). Furthermore, the proposed device exhibits
excellent power uniformity across all output ports, ensuring a
high balance factor critical for reliable operation. Regarding
phase, the output signals from ports 1, 2, 3, and 4 demonstrate
precise 90-degree phase shifts relative to each other, as
illustrated in the signal constellation diagram. These
characteristics underscore the device's capability to deliver
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highly accurate and consistent phase relationships, essential for
advanced optical signal processing applications.
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