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Abstract- We propose a novel optical multimode 

router structure capable of non-blocking routing 

between three ports of the device. The three branches 

of the router have identical structures, each 

consisting of a 1x2 Y-shaped coupler connected to a 

2x2 switch. While the 1x2 Y-shaped coupler is 

designed to split the modes at the input, the 2x2 

switch made of two 2x2 MMIs is used to switch the 

signal to the appropriate output. The routing of each 

mode pair from the input to the output is determined 

by six phase shifters located between the two 2x2 

MMIs. The outstanding advantage of the proposed 

structure is not only the flexible routing of the mode 

to the desired output port but also the ability to 

choose the order of mode to the output. Through the 

beam propagation method (BPM), we show that by 

controlling the phase shifter by 0 or 90 degrees, the 

flexible mode routing cases will be realized with 

insertion loss and crosstalk smaller than 2 dB and -

19 dB, respectively, in a wide wavelength range from 

1.5 µm to 1.6 µm. 

Index Terms- MMI, Y-shaped coupler, optical 

mode router, silicon. 

I. INTRODUCTION

Mode-division multiplexing (MDM) technology is 
attracting the attention of researchers, which 

provides a new approach to achieve multiplexing of 

more channels and improve the coupling capacity 
with a single wavelength carrier [1]. In MDM 

systems, signals are transmitted in different modes 

and guided in the same multimode waveguide. In 
recent years, many types of optical devices for 

mode division multiplexing have been studied, such 

as mode-add/drop multiplexers [2-3], mode 

multiplexers [4-5], mode converters [6], mode-
selective switches [7-8], multimode cross-section 

waveguides [9-10], and multimode switches [11-

12]. Although optical mode routers play an 

essential role in MDM networks, they have not 
been studied much. Therefore, the research on 

multimode optical routers is significant for future 

optical MDM networks [13]. 

There are several optical routers designed based on 

different materials and structures. LCOS-based 
devices achieve good performance in [14-16]. 

However, these designs are bulky and expensive 

and cannot be integrated into small-sized photonic 

chips. In addition, some compact designs that can 
be integrated with high density on photonic chips 

have also been proposed [17-25]. Here, two types 

of optical routers are focused on researching; the 
first type is single-mode optical routers; these types 

of optical routers have flexible, non-congestion 

switching capabilities, supporting the routing of 
signals to multiple ports on the same chip [17-20]. 

A prominent case is the optical router structure with 

five input and output ports [18], which can flexibly 

switch single-mode signals between ports without 
congestion. The most significant disadvantage of 

these types is that they only support single mode, 

not high-order multimode signals. 

The second type of optical mode routing is optical 

routers capable of routing high-order optical modes 

[21-25]. The number of ports and modes achieved 
is impressive. For example, an optical router 

structure with five input and output ports [23] can 

support four modes from TE0 to TE3, 
simultaneously transmitting to one port and routing 

to the remaining four ports. Although this 

multimode router structure supports many modes 
and ports and has no congestion at the output, the 

main disadvantage of these structures is that the 

path and mode order at the output are fixed. 
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This paper proposes an optical multimode router 

with a simple structure capable of flexible output 
selection, non-blocking, and arbitrary mode order 

conversion. Specifically, the paper presents a novel 

design for a three-port optical router that supports 
two modes, TE0 and TE1, using the SOI (Silicon 

on Insulator) material platform. The device consists 

of three identical branches. Each branch is 
constructed by coupling a Y-shaped coupler and 

two multimode interferometers (MMIs). In 

addition, the phase shifters are arranged in suitable 

positions between the MMIs to direct the input 
modes to the desired output ports. The router's 

performance is evaluated and optimized using the 

three-dimensional beam propagation method (3D 
BPM). The simulation results show that the 

achieved light conversion efficiency is very high, 

over 87% over the entire bandwidth spanning from 
1.53 µm to 1.57 µm (entire C-band). Furthermore, 

over a 0.1 µm wide band, the efficiency exceeds 

62% and reaches a maximum of 91% at the center 

wavelength of 1.55 µm. 

Fig. 1. A three-port optical router supports two modes, 

TE0 and TE1. 

II. STRUCTURE AN OPERATING PRINCIPLE

OF THE DEVICE 

The single-branch structure of the optical mode 

router is shown in Figure 2. The branch consists of 
two 2x2 MMI couplers (two input ports and two 

output ports) and a Y-shaped coupler connected. 

The proposed device is based on an SOI (Silicon-
on-Insulator) substrate with the core and cladding  

layers fabricated with Si and SiO2, respectively. 

The refractive index of the core (Ncore) is 3.47, the 
cladding layer (Nclad) is 1.44, and the top cladding 

layer has a refractive index of 1.44. The channel 

waveguide structure used to construct this router 
has a height (H) of 0.22 μm. In addition, taper 

waveguides (truncated cone shape) are placed 

between the access waveguides and the MMI 
multimode interferometers to improve the light 

transmission efficiency. The taper waveguides have 

LTP length and WTP width of 30 μm and 1.0 μm, 

respectively. 

A. Y-Shaped Coupler

A Y-shaped coupler is proposed to convert high-

order modes into low-order modes. This Y-shaped 

structure consists of a primary waveguide in the 
middle and two smaller waveguides designed 

symmetrically on both sides. If the TE0 mode is 

emitted into the primary waveguide, this TE0 mode 

will split into two TE0 modes with the same 
amplitude and phase (Figure 3(a)). In other cases, 

the TE1 mode is emitted into the primary 

waveguide of the Y-shaped coupler; this TE1 mode 
will split into two TE0 modes with the same 

amplitude but 180 degrees out of phase (Figure 

3(b)). 

Fig. 2 (a). Single-branch structure of an optical mode 

router, (b). Channel waveguide structure. 
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Fig. 3. Phase and amplitude relationship of the two-arm 

outputs when transmitting signals to the Y-shaped 

coupler. (a) Transmitting mode TE0, (b) Transmitting 

mode TE1. 

B. Multimode Interferometers – MMI 2x2

Multimode interferometers operate based on the 

self-image phenomenon, which means that from an 

input light field, one or more images will be 
reconstructed at periodic intervals along the 

propagation direction of the waveguide. The 

multimode interferometer consists of a rectangular 

box with a width large enough to support many 
modes and single-mode access waveguides placed 

at the input and output ports. The MMI multimode 

interferometer studied in this paper is a 2x2 MMI 
multimode interferometer (with two inputs and two 

outputs). The length of the 2x2 MMI multimode 

interferometer rectangle is chosen according to the 
general interference mechanism [26], with the 

length according to this mechanism being LMMI = 

23.2 µm and the width WMMI = 4.2 µm operating 

according to the self-image phenomenon. The MMI 
input and output waveguides support only the 

fundamental mode TE0, w = 0.3 µm. The 

wavelength of light transmitted in the multimode 
interferometer λ0 is 1.5 µm. This MMI multimode 

interferometer has two inputs numbered from r = 1 

to 2 (bottom to top) and two outputs from s = 1 to 2 
(top to bottom). These input and output waveguides 

are placed symmetrically concerning the central 

axis of the device at a position relative to the  

horizontal of the x-axis: G1 = ± 0.8 µm. 

Fig. 4. Relationship between input and output phases of 

2x2 MMI ports. 

The relationship between the phase values at the 

output and input of the MMI 2x2 follows the 
formula (1). 

𝜑𝑟𝑠 =
𝜋

4𝑁
(𝑠 − 1)(2𝑁 + 𝑟 − 𝑠) + 𝜋 𝑓𝑜𝑟 𝑟

+ 𝑠 𝑒𝑣𝑒𝑛

𝜑𝑟𝑠 =
𝜋

4𝑁
(𝑟 + 𝑠 − 1)(2𝑁 − 𝑟 − 𝑠

+ 1) 𝑓𝑜𝑟  𝑟 + 𝑠 𝑜𝑑𝑑

(1) 

With r = 1, 2,…, N being the input order from 

bottom to top, s = 1, 2,…, N being the output order 
from top to bottom. 

Figure 4 shows the phase value between the input 

and output ports of the 2x2 MMI. If a signal is 
generated at input r = 1, the signal will divide in half 

the power at output s = 1 and 2. The corresponding 

phase between the input and output ports is shown 
on the right of Figure 4. 

Two cases of mode switching occur when two 
mode TE0 signals are simultaneously transmitted to 

ports 1 and 2 of MMI1, as shown in Figure 5. If two 

signals with the same amplitude and phase are sent 

to the two inputs, they will appear at the output 
ports 1 and 2 with the same amplitude and phase. 

Conversely, if the input signals are sent to the two 

input ports with 180 degrees out of phase, the 
output will receive two signals with the same  
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amplitude but 180 degrees out of phase. 

Fig. 5. Simultaneously transmitting two TE0 mode 

signals to two ports of MMI 2x2. (a) Two signals in 

phase, (b) Two signals out of phase. 

Fig. 6. Output signal synthesis when transmitting two 

TE0 mode signals simultaneously with a phase shift of 

90 degrees. (a) Port 1 is faster in phase; (b) Port 2 is faster 
in phase. 

In other cases, if two signals with the same 

amplitude but 90 degrees out of phase are received 

at the two ports of the 2x2 MMI, there are also two 
possibilities for power synthesis (Figure 6). If the  

signal at input port 1 has a phase 90 degrees faster 

than at input port 2, the signal will be synthesized 
at output port 2. Conversely, the signal will be 

output at output port 1 if the input signal port 2 is 

90 degrees faster. 

C. Phase Shifter

Fig. 7. The waveguide width WPS as a function of optical 

signal phase shift. 

The presented operations of the 1×2 Y-shaped 

coupler and the MMIs show that the selection of 

output conversion modes can be done using six 
phase shifters (PS1, PS2, PS3, PS4, PS5, and PS6) 

arranged between the two multimode 

interferometers MMI1 and MMI2 as shown in 
Figure 1. These phase shifters ideally take on only 

two values, 0 or 90 degrees. 

In this paper, to demonstrate mode switching and 

routing, we use a butterfly waveguide acting as a 

phase shifter in which the phase shift values are 

fixed by its structural design. The butterfly phase 
shifter (see the red inset in Figure 7) is a waveguide 

whose width increases from the two ends to the 

middle of the waveguide. To obtain a phase shift of 
90 degrees, we choose WPS = 0.38 µm and LPS = 20 

µm, as shown in Figure 7. Note that the phase shift 

of 0 degrees corresponds to a straight waveguide 

WPS = w = 0.3 µm. 

III. OPTICAL MODE ROUTER SIMULATION

AND EVALUATION 

To demonstrate the arbitrary routing and mode 

converting operations on the proposed device, two-
mode signals, TE0 and TE1, are fed into the IN1  
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port, respectively. We observe the output port in 

eight cases corresponding to the phase value 
settings for the phase shifters PS1, PS2, PS3, PS4, 

PS5, and PS6. Figures 8 to 9 show the transverse 

electric field distributions inside the device for the 
input modes TE0 and TE1, respectively. The light 

paths passing through the Y-coupler and the two 

MMIs couplers operate precisely, as shown in the 
above theoretical section. These results confirm the 

successful operation of arbitrary routing and mode 

converting between the input and output ports of 

the device. For example, in Figure 8(a), feeding the 
TE0 signal at the IN1 input, the light signal will be 

routed to the OUT2 output with the mode order TE0 

maintained. Figure 8(b) is the result of routing the 
TE0 signal from the IN1 input to the OUT2 output 

port of the second branch of the router. However, 

the OUT2 output is now in TE1 mode instead of 
receiving TE0, as in the case of Figure 8(a). The 

reason for the mode conversion at the OUT2 output 

is that the PS4 phase shifter is designed to be 90 

degrees, while PS3 is 0 degrees, which means that 
the signal is fed into the MMI1 multimode 

interferometer of the second branch will be 180 

degrees out of phase. Thus, the output signal of 
MMI1 is the input of the Y of the second branch, 

and these two signals will have the same amplitude 

but be 180 degrees out of phase. As a result, these 

two signals will be synthesized into the TE1 signal 
at the OUT2 output of the second branch of the 

router. 

The transverse electric modes distribution image 

only gives us a visual representation of the optical 

signal distribution in the device but does not tell us 
precisely how much the optical conversion 

efficiency is and how the desired and unwanted 

signals influence each other. Therefore, we 

continue to further evaluate the optical conversion 
efficiency of this mode converter based on two 

parameters of Insertion Loss (IL) and Crosstalk 

(CT) according to the following formula: 

𝐼𝐿 = 10𝑙𝑜𝑔10 (
𝑃𝑇𝐸𝑗,𝑂𝑈𝑇𝑞

𝑃𝑇𝐸𝑖,𝐼𝑁𝑘

) (2) 

𝐶𝑇 = 10𝑙𝑜𝑔10 (
∑𝑃𝑇𝐸𝑚≠𝑗,𝑂𝑈𝑇𝑞

𝑃𝑇𝐸𝑗,𝑂𝑈𝑇𝑞

) (3) 

Where i, j = 0, 1 denotes the mode index TE0 or 

TE1, and k, q = 1, 2, 3 denotes the three ports of the 

router. 𝑃𝑇𝐸𝑖,𝐼𝑁𝑘
is the power of the input signal

mode TEi transmitted at the input port INk and 

𝑃𝑇𝐸𝑗,𝑂𝑈𝑇𝑞
is the power of the desired mode signal

TEj at the output port OUTq. 𝑃𝑇𝐸𝑚≠𝑗,𝑂𝑈𝑇𝑞
is the

power of the unwanted output signal TEm (with m 

≠ j) considered at the output port OUTq, which 

appears at the output port with the desired signal 
TEj. The units of insertion loss and crosstalk 

parameters are dB. The smaller the insertion loss, 

the smaller the radiation outside the waveguide and 
the higher the optical conversion efficiency of the 

device from the input port INk to the output port 

OUTq. On the other hand, crosstalk represents the 
influence of unwanted mode signals generated at 

the same output and mode signals at the output 

other than the desired mode signal at the output 

OUTq. 

Fig. 8. Image of transverse electric (TE) modes 

distribution when transmitting TE0 signal from input 

IN1 to output ports. (a) TE0 at OUT2, (b) TE1 at OUT2, 

(c) TE0 at OUT3, (d) TE1 at OUT3.

Fig. 9. Image of transverse electric (TE) modes 
distribution when transmitting TE1 signal from input 

IN1 to output ports. (a) TE0 at OUT2, (b) TE1 at OUT2, 

(c) TE0 at OUT3, (d) TE1 at OUT3.
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Fig. 10. Insertion loss as a function of wavelength when 

transmitting TE0 signal at input port IN1. 

Fig. 11. Insertion loss as a function of wavelength when 

transmitting TE1 signal at input port IN1. 

Fig. 12. Crosstalk as a function of wavelength when 

transmitting TE0 signal at input port IN1. 

Figures 10 to 13 show the dependence of insertion 

loss and crosstalk on wavelength range in four 

cases of transmitting input signals TE0 and TE1 at 
input port IN1, respectively. We can see that at the 

center wavelength of 1.55 µm, the insertion loss is  

less than 0.39 dB in all eight cases of routing pairs 

from input port IN1 to output ports OUT2 and 
OUT3 of the mode router, which means that the 

optical transmission efficiency from input to output 

is always higher than 91%, especially the routing 
cases from IN1 to OUT3 corresponding to input 

TE1 and output TE1 have the highest ratio of 

approximately 93% (corresponding to insertion 
loss of 0.31 dB). Meanwhile, the crosstalk at this 

center wavelength varies from −26 dB to −24 dB. 

Considering the entire wavelength range from 1.5 

µm to 1.6 µm, the insertion loss and crosstalk are 
lower than 2 dB and -19 dB, respectively, in all 

routing cases.  

Fig. 13. Crosstalk as a function of wavelength when 

transmitting TE1 signal at input port IN1. 

The BPM beam propagation simulation method 

generally does not provide an accurate solution for 

devices on SOI with relatively sizeable refractive 
index differences. In addition, when all internal 

reflections are considered, the insertion loss and 

crosstalk we calculated here will be more or less 

degraded. However, with the high efficiency 
achieved through simulation calculations, we hope 

that the actual fabrication will achieve adequate 

results. On the other hand, the calculated device 
parameters for the MMI coupler and the Y-shaped 

coupler also give a good signal for the actual device 

fabrication because the operating principle of these 

components is mainly based on one-way light 
interference, which is consistent with the BPM 

simulation method we used. 
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Table 1 compares this paper's results with previous 

publications regarding port numbers, blocking or 

non-blocking routing, multi-mode or single-mode 

support, structure size, maximum performance, 
and flexible mode converting at the output port. 

Specifically, compared with the structures in [18-

24], the device structure proposed in this paper 
supports flexible mode converting at the output 

ports. Furthermore, compared with the structure 

capable of mode converting at the output ports 
[25], this proposed structure can route without 

blocking the output ports. 

IV. CONCLUSION

We have presented a compact optical mode router 

design capable of routing and converting two 
arbitrary modes based on silicon material. The 

device structure at each branch is composed of a 

1×2 Y-shaped coupler symmetrically coupled with 

two 2×2 MMI multimode interferometers. While 
the 1×2 Y-shaped coupler is used to convert TE1 

modes to TE0 fundamental modes at different arms 

and vice versa, the MMI multimode interferometer 
acts as an optical switch to convert the light 

between the two arms of the Y-shaped coupler to 

the desired output. The routing between the input 
and output ports of the router is performed by 

changing the phase of six phase shifters at six 

corresponding locations. Our simulation results 

based on BPM show that the proposed device is 
capable of flexible routing between the router's 

input and output ports. The device can convert 

good optical performance with low loss and 
crosstalk at the output over a wide wavelength 

range of 0.1 µm. 
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