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Abstract: This paper proposes a multifunctional device
integrating mode conversion and wavelength routing on a
single chip. The device passively processes four wavelength—
mode channels formed by two modes (TE, and TE,) at two
wavelengths (1,490 nm and 1,550 nm), which can be selec-
tively routed to the device’s four different output ports. The
device is built on a Silicon-on-Insulator (SOI) platform,
including two main functional blocks: a mode conversion
block using multimode interference (MMI-1 x 3 and
MMI-3 x 2), and a wavelength routing block based on two
butterfly structures (MMI-1 x 2). Structural parameters are
refined using the three-dimensional beam propagation
method (3D-BPM) to achieve suitable insertion loss and
crosstalk performance. Simulation results show that at a
wavelength of 1,490 nm, insertion loss and crosstalk are
approximately 1.6 dB and -13dB, respectively, while the
corresponding values at 1,550 nm are approximately 1.7 dB
and -15dB. Furthermore, the device has a compact size of
only 3.6 x 344.5 um® Fabrication tolerance analysis confirms
that the device maintains stable operation for +20 % varia-
tions in the investigated input-waveguide length (Li,) and
width (Wi,). The proposed passive device could be poten-
tially suitable for CMOS-compatible photonic integrated
circuits in MDM-WDM hybrid systems.
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1 Introduction

In recent years, high-speed and broadband optical fiber
communication systems have been rapidly developed to
meet the increasing demand for data transmission and
multimedia services. Although the optical domain offers
extremely large bandwidth approximately 10 thousand
times higher than that of the electrical domain thanks to the
use of optical carriers around 200 THz [1], its efficient utili-
zation remains limited. This limitation is mainly attributed
to the reliance on optical-electrical (O/E) and electrical-
optical (E/O) conversions, which introduce bottlenecks in
processing speed and system capacity.

To overcome these challenges, recent research has
focused on all-optical switching technologies combined with
wavelength division multiplexing (WDM) and mode division
multiplexing (MDM), forming MDM-WDM systems [2—6]. In
such systems, the total transmission capacity is proportional
to the product of the number of wavelengths and the number
of modes per wavelength, significantly enhancing system
throughput without expanding spectral bandwidth.

Figure 1 illustrates a typical unidirectional MDM-WDM
system, where two wavelengths are multiplexed/demulti-
plexed, each carrying multiple spatial modes (mode 0, mode
1, and mode 2). In these hybrid systems, photonic integrated
circuits (PICs) have gradually become a potential solution for
high-speed connections in data-center interconnects [7, 8]. In
particular, PICs designed on silicon substrates, with their
advantages of large bandwidth, low loss, high integration
density, and especially compatibility with CMOS fabrication
technology, are a preferred choice for these optical link
applications [9, 10].

Various photonic components have been proposed for
MDM-WDM systems, including mode multiplexers/de-
multiplexers, mode converters, mode routers, and wave-
length routers. Among these, multifunctional integrated
devices capable of simultaneously performing mode con-
version and wavelength routing have attracted significant
attention thanks to their ability to enhance on-chip trans-
mission capacity without increasing footprint, making them
suitable for optical network-on-chip (ONoC) architectures.

Previous studies have investigated mode conversion
[11, 12], mode routing [13, 14], and multifunctional mode
manipulation devices based on mode exchange [15]. Several
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Figure 1: Schematic diagram of the wavelength division multiplexing and mode division multiplexing (MDM-WDM) system.

silicon photonic switching architectures capable of jointly
manipulating optical modes and wavelengths have also been
reported in [16-18]. Stern et al. [16] demonstrated an
integrated switch capable of simultaneously supporting
wavelength-division multiplexing (WDM) and mode-
division multiplexing (MDM), achieving crosstalk levels
from -16.8 to —24.0 dB. However, the implementation relies
on resonant switching elements and a relatively complex
switching architecture, increasing design complexity and
control requirements. Han et al. [17] proposed a wavelength
and mode-selective silicon photonic switch for WDM-MDM
networks, providing flexible wavelength and mode rout-
ing functionalities, but requiring multiple thermo-optic
tuning elements. More recently, Liu et al. [18] reported a
demultiplexing-free WDM-compatible multimode optical
switch assisted by mode exchangers. Although the device
enables simultaneous wavelength and mode switching, its
architecture relies on multiple mode exchangers, microring
resonators, and thermal control units, resulting in increased
structural complexity and insertion losses of up to 8.7 dB.

In contrast, the present work employs a passive MMI-
based architecture to integrate mode conversion and
wavelength routing without active thermal/electrical tuning
or resonant switching elements. It exhibits a low insertion
loss of ~1.7dB, crosstalk around -13dB, a footprint of
3.6 x 344.5 um? and stable simulated performance for +20 %
variations in the investigated input-waveguide length (Li,)
and width (Wi,). Although its crosstalk is higher than that
reported in [16], the passive architecture offers a compact
footprint and simpler implementation without active tuning.
It should be emphasized that the present study is a numer-
ical investigation of a passive SOI photonic device. The
demonstrated operation is restricted to two spatial modes
(TE; and TE;) and two operating wavelengths (1,490 and
1,550 nm).

The remainder of this paper is organized as follows.
Section 2 presents the device structure and operating prin-
ciple. Section 3 evaluates device performance and discusses
the results. Finally, Section 4 concludes the paper.

2 Device structure and operating
principle

2.1 Device structure

Figure 2 depicts the schematic diagram of the proposed
DEMUX device, which consists of two main functional
blocks: a mode converter and a wavelength router. The
mode converter consists of two rectangular multimode
interference couplers (MMI1-1 x 3 and MMI2-3 x 2) and a
phase shifter (PS). The wavelength router consists of two
butterfly MMI-1 x 2 structures (MMI3 and MMI4) used to
separate and route signals at 1,490 nm and 1,550 nm. The
phase shifter introduces a m-phase shift between the two
branches, enabling interference within MMI2 to direct the
signal to the desired output. The two MMIs in the mode
converter have the same width (W = Waar). However,
the length of the multimode interference MMI2 (Lypyo) iS
twice that of MMI1 (Lypp)- Meanwhile, the size and shape of
the two butterfly-shaped MMI structures, MMI3 and MMI4,
are the same, differing only in the position of the input
waveguide. Additionally, trapezoidal tapers are used to
connect the straight waveguides to the MMI blocks, thereby
enhancing light coupling between them.

The proposed device is implemented on a Silicon-on-
Insulator (SOI) rib waveguide platform with a silicon core
(Ncore = 3.46) on a silicon dioxide (Si0,) substrate (ng,q = 1.44).
The silicon core thickness is H = 0.5 um, including a slab
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Figure 2: Schematic diagram of the proposed device for simultaneous mode conversion and wavelength routing. (a) Schematic diagram of the proposed

device; (b) cross section of the waveguide.

height of hy = 0.22 ym and an etched height of H; = 0.28 um,
which supports stable propagation of both TE, and
TE; modes.

2.2 Operating principle

The device is designed to handle four input signal cases,
including TE;/1,490 nm, TE,/1,550 nm, TE/1,550 nm, and TEy/
1,490 nm. When a TE; mode signal at 1,490 nm/1,550 nm is
launched into the device, the mode converter converts it to a
TE, mode signal in the outer waveguide branch, maintaining
the same wavelength. Conversely, if the device’s input signal
is in TE, mode, the output signal in the middle branch of the
mode converter remains in TE, mode. These TE, mode sig-
nals at the output of the mode converter are then launched
into one of the two MMI structures, MMI3 or MMI4. If the
input signal is TE, at 1,490 nm or 1,550 nm from the outer
waveguide branch, it will be routed to the device’s output
ports OUT1 and OUT2. Similarly, the two TE/1,550 nm and
TE(/1,490 nm signals in the middle waveguide will be routed
to ports OUT3 and OUT4, respectively. The routing order of
signals to the four output ports described above is strongly
dependent on the geometrical configuration and dimensions
of the MMI components within the device. The chosen
routing scheme ensures structural simplicity while opti-
mizing performance by exploiting the interference and self-
imaging properties of TE, modes in MMI couplers.

Figure 3 illustrates the optical field distribution and
propagation paths within the device when the TE; mode
signal at 1,490 nm is injected. The input TE;/1,490 nm signal
passes through MMI1; there, it is converted into two

TE(/1,490 nm modes propagating along the first and third
branches at the MMI1 output. Although these two TE, mode
signals are initially in phase, a relative phase shift of 180° is
introduced between them by the phase shifter. These two
out-of-phase signals then enter MMI2, where they interfere
and combine into a single TE(/1,490 nm signal that emerges
from MMI2’s output port 1. This signal is then fed into MMI3
and routed to the OUT1 output port. The optical signal path in
the mode-conversion function block is similar when the
input signal is TE,; at 1,550 nm.

However, the signal is routed out at the device’s OUT2
port (Figure 4).

Similarly, Figures 5 and 6 show optical field distribution
and propagation paths through the chip for TE/1,550 nm and
TE(/1,490 nm signals at the device input. The TE, mode
propagates without mode conversion but will be routed
along a vertical axis of the central waveguides as it passes
through the two MMI structures, MMI1 and MMI2. Here, the
TE(/1,550 nm mode signal will be routed to OUT3 and the
TE(/1,490 nm signal will be routed to OUT4.

Table 1 summarizes the mode conversion and wave-
length routing processes for the four output ports under
different input signal conditions.

The geometrical parameters of the proposed device
were determined through a combination of analytical MMI
self-imaging relations and numerical simulations using the
RSoft BeamPROP software [19]. Three-dimensional beam
propagation method (3D-BPM) was employed to simulate the
optical-field evolution in the cascaded SOI rib-waveguide
and MMI structures. The simulations used spatial dis-
cretization steps of Ax = Ay = 0.01 ym and Az = 0.02 um. The
computational domain extends from -5.64 to 4.14 pm in the
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Figure 5: Optical field distribution and

transverse x-direction and from 0 to 451.5 um in the longi-
tudinal z-direction, fully encompassing the waveguide
structure and the surrounding cladding region. Absorbing
boundary conditions were applied at the outer boundaries
to suppress artificial reflections. The refractive indices
Neore = 3446 and ngaq = 1.44 were kept constant throughout
the simulations. The output powers were extracted using
the MOST Scanner and subsequently processed in MATLAB

propagation paths through the chip for
TEo/1,550 nm input.

to calculate IL and CrT. The analytical MMI relations were
used to estimate the initial geometrical parameters, which
were subsequently refined through systematic 3D-BPM
parameter sweeps rather than an automated optimization
algorithm. A mesh-convergence check using different
spatial discretizations showed negligible variations in IL
and CrT, confirming sufficient numerical convergence of
the adopted mesh.
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Table 1: Mode conversion and wavelength routing at four output ports.
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Table 2: Key design parameters of the proposed device.

Input signal Mode Wavelength Output Output
conversion (nm) mode port
TE,/1,490 nm TE; — TE, 1,490 TE, oum
TE4/1,550 nm  TE; — TEq 1,550 TE, 0ouT2
TEy/1,550 nm None 1,550 TEq OUT3
TEo/1,490 nm None 1,490 TEq ouT4

The dimensions of the MMI structures are determined
by two parameters: Ly and Wy The lengths Ly and
Ly of the rectangular MMI structures are initially esti-
mated using the following relations [20]:

Ln A
2

m

LMMIZ = 2l'MMIl =3

where L, denotes the beat length of the two lowest-order
modes in the MMI region and it is given by:

an,W?
Legy = ;A e 2
With:
A, 5 105
We = WMMIl + ?((ncore - nclad) (3)

Equations (1)—(3), based on the conventional MMI self-
imaging principle, were used only to estimate the initial MMI
dimensions. For the central input waveguide, symmetric
interference was considered, whereas the side input wave-
guides were designed using the general interference condi-
tion. The final dimensions listed in Table 2 were
subsequently refined and verified by 3D-BPM simulations
using the actual SOI rib-waveguide geometry.

The initial value of Lypnz is estimated using the
following relation [21]:

No. Symbol Value Description
1 Nelad 1.44 Refractive index of SOI substrate
2 Neore 3.46 Refractive index of SOI core
3 H 0.5pm Silicon core thickness
4 ho 0.22 pm Slab height
5 Hq 0.28 pm Etched height
6 Lin 50 pm Input waveguide length
7 W, 1.1 pm Input waveguide width
8 Lyvvn 255pm Length of MMI1 (1 x 3)
9 Wamn 3.6 um Width of MMI1 (1 x 3)
10 Lvmrz 51 pm Length of MMI2 (3 x 2)
1 W2 3.6 um Width of MMI2 (3 x 2)
12 Lvmviz 67.5 pm Length of MMI3 and MMI4 (1 x 2)
13 Whmiz 2.4pum Width of MMI3 and MMI4 (1 x 2)
14 Lps 10 pm Phase shifter length
15 Wos 0.45pm Phase shifter width
16 f 0.5 Width factor of butterfly structure
1 1
Lz = 2 (3mL7r(1490nm)) = 2 (3nLr[(1550nm)) 4

For the butterfly MMI wavelength-routing section, Eq. (4)
was used to obtain an initial length satisfying the self-imaging
conditions at the two operating wavelengths. The resulting
butterfly-MMI dimensions were subsequently refined by
3D-BPM simulations to obtain the required wavelength-
dependent power distribution at the output ports.

The phase shifter is implemented as a fixed passive
waveguide section whose phase shift is determined by its
geometrical parameters Wpg and Lps. In the present design,
Wps = 0.45um and Lps = 10 ym provide an approximate
n-phase shift required for the intended mode-conversion
operation. A tunable phase shifter could be considered in
future implementations when reconfigurable phase control
is required. Table 2 summarizes the key design parameters
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of the proposed device obtained from the analytical esti-
mates and subsequent 3D-BPM refinement.

Based on the design parameters listed in Table 2, the
overall footprint of the proposed device is approximately
(3.6 pm x 344.5 pm). The results indicate that the proposed
device exhibits a compact footprint, making it well suited for
photonic integrated circuit (PIC) applications.

3 Performance evaluation and
discussion

The electromagnetic field distribution images in Figures 3—-6
demonstrate the successful operation of mode conversion
and wavelength routing within a single chip. However, these
light-field distribution images do not quantitatively repre-
sent the signal conversion efficiency between the device’s
input and output. For a more accurate assessment, we use
numerical simulation to evaluate the performance using two
parameters: insertion loss and crosstalk.

Pre, (3, 00T,
Prg, ),

IL(dB) =10 logm( ©)

(6

Pr,
CiT(dB) = 10 logm<M>

Prgy ), oUT,

Wherei=0,1,j=0,1,2,...;q=1,2, 3, 4 A = 1,490 nm and
1,550 nm; Prg, 3,1y is the input signal power of mode TE; at
the wavelength Ay; Pr, (),0UT, 18 the desired output signal
power of mode TE, at the wavelength A, and at the g-th port;
and Prg, (0,00, is the power of the unwanted output signal
TE; (with j # 0) considered at the output port OUTq, which
appears at the output port with the desired signal TE,,.

3.1 Insertion loss analysis

Figure 7 shows the variation in insertion loss (IL) as a function
of wavelength over (1,490-1,550) nm for four input signal cases:
TE/1,490 nm, TE;/1,490 nm, TEy/1,550 nm, and TE;/1,550 nm. The
results indicate that the proposed device achieves low insertion
loss. The TE, and TE; mode signals at 1,490 nm wavelength
exhibit insertion losses of approximately —1.6 dB (points A
and B). Moreover, at 1,550 nm, the corresponding values
for TE1,550nm and TE;/1,550nm are around -1.7dB
(points C and D).

3.2 Crosstalk analysis

Figure 8 depicts the variation of crosstalk (CrT) versus
wavelength over the range (1,490-1,550) nm for four input

DE GRUYTER

signal cases. The results demonstrate that the proposed de-
vice achieves low crosstalk levels. The crosstalk character-
istics are further evaluated in Figure 8. At 1,490 nm, the
TEo/1,490 nm and TE;/1,490 nm signals exhibit crosstalk
values of approximately —13 dB (points N and M). At 1,550 nm,
the corresponding crosstalk values for TEy/1,550 nm and
TE,/1,550 nm are approximately —15dB (points P and Q). The
simulated CrT ranges from approximately —15dB to -13 dB
over the two operating wavelengths, with the worst-case
value occurring at 1,490 nm.

The difference in CrT between 1,490 and 1,550 nm is
mainly attributed to the wavelength-dependent propagation
constants and self-imaging conditions in the MMI sections.
Since the device geometry is fixed, the accumulated phase
and self-imaging conditions are slightly different at the two
wavelengths, resulting in different power levels at the
desired and undesired output ports.

3.3 Fabrication tolerance analysis

To evaluate the fabrication robustness of the proposed de-
vice for integrated mode conversion and wavelength rout-
ing, the investigated geometrical parameters (Ly,) and (Wy,)
are varied by +20 % around their design values for the TE,
mode at 1,490 nm. As shown in Figure 9, when Lin varies
from 40 um to 60 pm (50 um + 20 %), the insertion loss (IL)
changes only slightly from -1.408 dB to -1.395 dB, while the
crosstalk (CrT) remains between -14.56 dB and -14.24 dB.

Similarly, Figure 10 shows that when Wj, varies from
0.88 um to 1.32 pm (L.1pm + 20 %), the IL is maintained
within a narrow range of -1.410 dB to —1.395 dB, whereas the
CrT exhibits a negligible variation from -14.564dB
to —14.558 dB. Overall, the maximum fluctuations in IL and
CrT are limited to 0.015dB and 0.32 dB, respectively, indi-
cating stable simulated performance under dimensional
variations in the investigated input-waveguide length (Lj,)
and width (W;,). A more comprehensive fabrication-
tolerance analysis involving etching depth, silicon thick-
ness, and other process variations will be considered in
future work.

3.4 Performance comparison and discussion

Compared with the devices summarized in Table 3, the main
distinction of the proposed design is the integration of mode
conversion and wavelength routing in a passive MMI-based
SOI structure without active thermal/electrical tuning or
resonant elements. The proposed design, therefore, repre-
sents a trade-off between crosstalk performance, passive
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Table 3: Performance comparison with previously reported integrated devices.

Ref.  Function Mode/wavelength IL(dB)  Crosstalk  Footprint Tuning/mechanism  Tolerance
(dB)
[16] WDM-MDM switch TEq, TE1/2 A; 4 channels  (5.4-9.1) -16.8 <0.07 mm? Thermo-optic MRRs NR
to —24.0
[17] Wavelength/mode selective 2 modes/WDM channels NR NR 23x14 Thermo-optic, 20 NR
switch =3.22mm? elements
[18]  WDM-compatible multimode TEq, TE4/1,551 nm <8.7 NR 0.87 x 0.52 Thermo-optic MRRs NR
switch =0.452 mm?
This  Integrated mode conver- TEq, TE4/1,490, 1,550 nm; (1.6-1.7) -13 3.6 x 344.5 Passive; no active +20 % (Lin and
work  sion + wavelength routing 4 channels to-15dB  =1,240.2pym?  tuning Win only)
=0.00124 mm?

*Measured insertion loss including on- and off-chip coupling losses. NR, not reported.

operation, and structural compactness. A more compre-
hensive evaluation of practical implementation aspects is
beyond the scope of the present numerical study and re-
quires further investigation.

4 Conclusions

In this work, a compact passive SOI photonic integrated
device integrating mode conversion and wavelength routing
has been proposed and numerically investigated. The device
processes four wavelength-mode channels formed by the
TE, and TE; modes at 1,490 and 1,550 nm. The 3D-BPM
simulation results show insertion losses of approximately
1.6-1.7dB and crosstalk levels of -13 to -15dB, with a
compact footprint of 3.6 x 344.5 um? The tolerance analysis
also indicates stable simulated performance for +20 % var-
iations in the investigated input-waveguide length and
width. These results demonstrate the potential of the pro-
posed passive MMI-based architecture for integrated MDM—
WDM applications. Extension to additional wavelengths or
higher-order modes may be possible through further design
optimization and validation.
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