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Abstract: 

 We present a new design of a TE0 and TE1 mode division multiplexer and de-
multiplexer based on cascaded multimode interference (MMI) structures using silicon 
waveguides. The new design uses only two multimode interference structures for ease of 
fabrication. The footprint of the device is about 6 µm x400µm, the mode conversion efficiency 
is about 99.6%. The device exhibits low insertion loss of - 0.1 dB and crosstalk better than 40.9 
dB at the operating wavelength of 1550 nm. The proposed device can provide large fabrication 
tolerance of 500nm and 800nm for TE1 and TE0 and a high mode conversion efficiency of 
96%-99.6%. 
 Keywords: Asymmetric directional coupler, mode division multiplexer, multimode 
interference, optical interconnects, silicon photonics. 
 
1. Introduction 
 The rapid growth of data transmission and connectivity has led to the development of 
various technologies, including on-chip wavelength division multiplexing (WDM), advanced 
modulation formats, and mode division multiplexing (MDM) [1] [2]. The phase match 
condition between different modes can be disrupted by even slight variations in the waveguide 
width during fabrication, resulting in performance degradation [3]. To ensure optimal 
performance, it is recommended that fabrication errors are limited to 5 nm or less [4]. As data 
transmission volumes continue to grow rapidly, there is a need for innovative approaches to 
increase the capacity of optical communication systems [5]. To address this, various 
multiplexing techniques have been introduced, with wavelength division multiplexing (WDM) 
being the most widely used for many years [6]. However, the capacity of WDM networks that 
transmit data on a single mode and different wavelengths is reaching the theoretical Shannon 
limit. Additionally, the deployment of dense WDM networks requires multiple precise 
wavelength sources, leading to higher costs and energy consumption. Therefore, the use of 
WDM is limited by the need for multiple sources with precise wavelength tuning. 
 
Integrated mode multiplexers are an essential component of on-chip MDM, which offers an 
additional degree of freedom to increase the transmission scalability [7]. These multiplexers 
are designed to be wavelength-insensitive and have high extinction ratios. Mode division 
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multiplexers (MDMs) and de-multiplexers play a crucial role in the design of optical 
communication systems, and are also among the most challenging components to design. To 
develop mode multiplexers, various materials are used. However, the silicon-on-insulator 
(SOI) multiplexer has gained significant attention due to its compatibility with complementary 
metal-oxide-semiconductor (CMOS) fabrication technology, compact size, and high 
performance [8] [9]. Consequently, there have been several reports on different types of SOI-
based MDMs. 
 Several technologies [10] [11] have been investigated to develop integrated mode 
multiplexers, including Y-junctions, multimode interferometers, ring resonators, asymmetric 
directional couplers (ADC), meta-materials, inversed design, and pixelated waveguides [12]. 
Each of these technologies has its advantages and disadvantages in terms of performance, 
complexity, and cost. Y-junctions are widely used due to their simplicity and compatibility 
with standard fabrication processes. Multimode interferometers offer high extinction ratios and 
low loss, while ring resonators provide narrow bandwidths and compact device footprints. 
ADCs offer broad bandwidths and low crosstalk, while meta-materials and inversed design 
offer unique polarization and mode control. Pixelated waveguides are a relatively new 
technology that allows for precise mode manipulation and can be used to implement more 
complex mode multiplexers. Overall, each of these technologies has its strengths and can be 
used to address different design requirements for integrated mode multiplexers. Multiplexing 
techniques that rely on asymmetric directional couplers (ADCs) have certain drawbacks, such 
as large device footprints, complex and strict designs, and sensitivity to angles. Although 
adiabatic mode evolution-based devices have been reported for relatively high bandwidth 
operations, they often require a large length. In general, the main limitation of ADCs is their 
sensitivity to process variations, which can affect their performance. Additionally, ADCs 
typically have a limited operation wavelength or optical bandwidth, usually only a few tens of 
nanometers. 
 In this design, we present a new method for designing a TE0/TE1 mode multiplexer 
using only multimode interference (MMI) structures. This design offers several advantages, 
including good fabrication tolerance, ease of fabrication, low insertion loss, high crosstalk, and 
high bandwidth. The optical mode multiplexing device utilizes SOI waveguides due to their 
compatibility with CMOS technology. 
2. Proposal of the new cascaded MMI structure 
 A schematic of the proposed two-mode multiplexer is shown in Figure 1. The device 
consists of two cascaded MMIs with length L1 and L2. The silicon waveguide with a height of 
220nm is used. Using the numerical simulations (based on Finite Difference Method-FDM). 
for single mode operation of the input and output waveguides, the width of the waveguide is 
selected to be 500aW nm . To support two modes: the fundamental mode TE0 and the first 

order mode TE1, we choose the width of the input waveguide of 2 1000in aW W nm  . The 

operating wavelength is around 1550nm. 
 The operating principle of the proposed two-mode multiplexer is as follows: Input 
signal is at input port consisting of two modes TE0 and TE1. The first MMI coupler (MMI 1) 
with a width W1 and length L1 is designed to separate the TE0 going out to the output port 1. 
The TE1 shall continue to go the next region (MMI 2). The next region with width W2 and L2 
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supporting multimode operation. We need to carefully design this region to get the mode TE1 
at the output port 2. The input field can be expressed by [13]: 

 
(a) 
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Air

 
(b) 
Figure 1. (a) Proposed two mode multiplexer and (b) cross-section view of the SOI waveguide 
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general interference MMI for large distance between two output ports for reducing loss and 
device footprint [14]. The length of the MMI 1 is chosen to be 1 3L L  to get the output at 

output port 1 for TE0, where 1
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 is the beat length of the MMI 1, i  is the 

propagation constants of the order mode i. As a result, the output signals at the port 1 with 
location 1x  and port 2 with location 2x are [15]: 
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 When two MMI structures with similar widths are connected, and most of the optical 
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power is coupled into the succeeding MMI with negligible loss, the optical power can be 
expressed by superimposing the second MMI propagation modes with nearly the same 
coefficients as in the first MMI region. At the position of z, it can be rewritten as: 
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 First of all, assume that the TE0 with recombination length 0 1TEL (W ) , and the TE1 is 

recombination length 1 2TEL (W ) . The aim of the design is to find out the optimal length: 

 1 0 1 1 1 1TE TEL L (W ) L (W )( )     and 2 1 2 1TEL L (W )( )                                 (6) 

 Where ϵ is the length adjustment. Based on these analytical expressions, we use the 
Eigen-mode Expansion method (EME) and Beam propagation method (BPM) for numerical 
optimal design of the proposed device. 
 
3. Simulation Results and Discussions 
 The field profiles of the fundamental mode TE0 and the first order mode TE1 of the 
input signals at input port with a width of 1000nm are presented in Figure 2. 

 
(a)                                                                    (b) 
Figure 2. Mode profile (a) fundamental mode TE0 and (b) first order mode TE1 

First, we optimal design the first MMI (MMI1). We need to find out the optimal length 
using the numerical simulations around the analytical length of 273 m  calculated from the 

equation 1 1 1
0 1

3
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. Figure 3(a) presents the transmission at output port 1 and 2 for 

the excited input signal TE0. From this simulation, the optimal length of the MMI 1 is 
calculated to be 275 3. m . At this optimal length, we excite the input signal with the TE1 mode. 

The transmission for TE1 mode input at different lengths of the MMI 2 is plotted in Figure 
3(b). The optimal length of the MMI 2 is found to be 115.6 m . 
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                                   (a)                                                             (b) 

Figure 3. Transmission at output port 1 and 2 with (a) TE0 and (b) TE1 
To evaluate the performance of the proposed device, we calculate the mode conversion 

efficiency (MCE), insertion loss (IL) and mode crosstalk (CT) by the following equations [16]: 
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where 0TEP , 1TEP  are normalized powers at port 1 and 2, UndesiredP  is the undesired power 

at port 1 (power of TE1 at port 1 while input is TE0 or power of TE0 at port 2 while input is 
TE1). The insertion losses at different length L1 and L2 are presented in Figure 4. We can see 
that the insertion loss at optimal length is about -0.1 dB compared with about around -2  -3dB 
in the literature. For TE0 mode, we find out the MCE of 99.6% and the crosstalk of 41.3dB at 
the optimal length. For TE1 mode, we have the MCE of 96% and the crosstalk of 40dB at the 
optimal length. As a result, the proposed device provide a good crosstalk compared with other 
research (with crosstalk from -10 to 30dB). 

   
                                            (a)                                                                 (b) 
Figure 4. Transmission at output port 1 and 2 with (a) TE0 and (b) TE1 

Next, we consider the working operation of the proposed device at different 
wavelengths. The transmissions at different wavelengths at port 1 and 2 for input signal TE0 
and TE1 are shown in Figure 5. The simulations showed that a -3dB bandwidth of 80nm for 
TE0 and 40nm for TE1 can be obtained. The achieved bandwidth is quite high compared with 
the published research at 30-100nm. 
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                                            (a)                                                           (b) 
Figure 5. Transmission at different operating wavelengths for output port 1 and 2 (a) TE0, (b) 
TE1 
 To estimate the fabrication tolerance of the (de)-multiplexer, we studied the TE0-TE1 
conversion loss dependence on fabrication deviations for the lengths of MMI 1 and MM2. To 
study the effect of fabrication variability, the length of MMI 1 ( 11L L ) and length of MMI 2 

( 2 2L L ) are changed, where 1L , 2L  are the length deviations due to fabrication error. 

Figure 6 presents the simulation results of the transmission at different 1L , 2L . The 

simulations shows that large fabrication tolerance of 800nm and 500nm for MMI 1 and MMI 
2, respectively for a reduction of 10% in powers. For silicon photonics, CMOS technology is 
used. The process deviation of ± 5 nm is feasible in practice. Therefore, the proposed device 
can get a very high fabrication tolerance. This can provide a flexible fabrication process. 

 
                                            (a)                                                           (b) 
Figure 6. Fabrication tolerance analysis for (a) TE0 and (b) TE1 
 Finally, we simulate the field propagation through the device for input signal TE0 and 
TE1 as shown in Figure 7. The length and width of the whole structure are at the optimal 
lengths, which are calculated from the above analysis. 
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                              (a)                                                          (b) 

Figure 7. BPM simulation results for the proposed device with input signal of (a) TE0 and (b) 
TE1 
 
4. Conclusions 

We have presented a new design of a two mode multiplexer based on only multimode 
interference structures. The SOI waveguide is used for the whole design. The proposed device 
can provide a small footprint of 6 µm x400µm, a small insertion loss of -0.1dB, crosstalk of 
40-41.6dB for TE1 and TE0, large fabrication tolerance of 500nm and 800nm for TE1 and 
TE0 and a high mode conversion efficiency of 96%-99.6%. The proposed device also has 
advantage of ease of fabrication due to the cascaded MMIs. The proposed device can be useful 
for MDM systems and optical interconnects. To have a higher order modes coupled to the 
systems, the device can be extend to the higher order mode multiplexing. 
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