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 Background: In the recent decades, several approaches have been proposed to increase 

the performance of MMI power splitters. These approaches include optimizing the 

index contrast, increasing the input or output channel width, using a genetic algorithm, 

tuning the input taper angle, and using a particular configuration for each coupler. 

However, nonlinear power splitters have not been studied. write background about topic 

of paper. Objective: Proposes a nonlinear multimode interference coupler as a power 
splitter devices base on nonlinear modal propagation analysis (NMPA) method to 

achieve ultra-compact size and optimizes operation performances by critical parameter 

such as input intensity and output width where polydiacetylen is used as core material. 
Results: Optimization is established together for better performance. In the power 

splitter, high-contrasts, high-resolution images at the end of a multimode waveguide 

demonstrated uniformity whereas in linear case, access to high number of self-images is 
not possible. Results show compact dimensions and desirable performance according to 

the established optimization parameters. Notably in this study the nonlinear MMI is 

investigated based on NMPA as a novel potential theory. Conclusion: The optimized 
output power demonstrated the good power uniformity and output facet locality balance 

in the short access length of the multimode interference waveguide. The developed 

MMI power splitter considers the influence of the nonlinear effects on multimode 
interference waveguides Based on NMPA method. The useful optical properties of the 

PDA (used as the core layer in the simulated power splitter) in the nonlinear regime are 

essential in the generation of 11 high-resolution images at 104.64 µm. 
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INTRODUCTION 

 

 Multimode interference (MMI) power splitter devices best constitute on-chip photonic networks that 

provide promising solutions to interconnect bottleneck and high-performance modules. Moreover, MMI power 

splitters are capable of signal processing and special signal distribution functions that aid in routing the all-

optical backplane that interconnects printed circuits boards (PCBs) at high data rates (Lui and Wang, 2007).  

 Power splitting in an MMI coupler is caused by the self-imaging properties of multimode waveguides such 

that the number of outputs refers to the number of self-images at determined lengths of the multimode 

waveguides. Notably the overlap between multimode and outputs waveguides is important as much as self-

imaging formation. The resolution and contrast of images formed at the primordium of the output access 

waveguides demonstrate the uniformity and insertion loss of an MMI splitter device, respectively. The number 

of outputs is considered a significant determinant of the capability of an MMI power splitter. An MMI coupler 

with a large number of outputs has been shown to typically result in poor output uniformity and high insertion 

loss in linear regime (Yin, yang, Jiang, Li, Wang, 2000). In the recent decades, several approaches have been 

proposed to increase the performance of MMI power splitters. Some techniques can improve optimum 

uniformity, reduce insertion loss, and develop high-output access waveguides (). However, these techniques also 

provide several disadvantages and some of them cannot achieve the desired results, also no any studies in 

nonlinear regime. For instance, compact dimension, which is a significant feature of usable devices in integrated 

photonic circuits, remains non-feasible even now. Only few studies focused on the access length of usable 

devices (Wei and Wang, 2010). However, the formation of large number of parallel self-images is not 

achievable on small lengths because access length is a function of beat length in the linear regime (Hosseini, 

Kwang, Zhang, Subbaraman, Xu, and Chen, 2011). Techniques in the linear regime are not capable of 
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decreasing access length, except photonic crystal waveguides that have small beat length, notably they cannot 

operate in large number of outputs. Previous studies reported a minimum access length of 400 µm by create 

polysilicon on thermally grown SiO2 that in fact demonstrated high performance for 12 output devices. 

Moreover, previous studies have proven that optical linear regimes are not successful in centralizing access to 

performance at small lengths. Thus, the compaction effects of MMI couplers should be investigated prior to the 

use of nonlinear effects in MMI power splitters.  

 Nonlinear effects have significant influence on self-image formation (Tajaldini and Jafri, 2014). Thus, 

nonlinear modal propagation in MMI power splitters can be a useful technique for the following: achieving high 

resolution and contrast of images, large number of outputs and decreasing access length. Furthermore, variety in 

width of output facets contributes to change the overlap value at end of central part. The kind of material used in 

MMIs is very important in the presence of nonlinear effects because good materials help achieve effective 

nonlinearity with normal input. 

 Our considered power splitter can be proposed with a high number of output facets, achieve good 

uniformity, and generate low insertion loss, thereby enhancing the performance of the power splitter (Tajaldini 

and Jafri, 2014). In the proposed structure, a polydiacetylene (PDA) crystalline is selected as the material to be 

used for the creation of the multimode waveguide because of its useful nonlinear optical properties (Karaishi, 

Tanaka, Shimajo, and Kajikawa, 2012). Wave propagation is investigated using the nonlinear modal 

propagation analysis method (NMPA). The device is then optimized in terms of access length and outputs width 

for 1×11 power splitter one. The results show that the MMI power splitter with the ultra-compact MMI coupler 

exhibited great efficiency. Moreover, the effect of the nonlinear modal propagation on the PDA-MMI power 

splitter is investigated. 

 

Theory of NMPA: 

 The MMI coupler is introduced to the photonic devices as the simplest structure. Although this device has 

broad applications in the integrated photonic circuits and telecommunications, these applications increase with 

the appearance of nonlinear effects due to the change in the modes of electric field in terms of amplitudes or 

phases. This application exchanges energy among modes (Tajaldini and Jafri, 2014). This advantage leads to an 

ability to control the wave propagation in the medium contributing to signal processing in all-optical functions 

(Tajaldini and Jafri, 2014). 

 The central region of MMI coupler is the multimode waveguide. The access waveguides which are usually 

single mode are fixed at the input and output facets of the multimode waveguide. The performance of these 

devices depends on the interference of guided modes, where the complete constructive interference contributes 

to the formation of the single or multiple self-images at precise distances in the input facet. The interference 

property of the MMI waveguide intensely depends on the refractive indices of the core and cladding regions of 

the Multimode waveguide. In other words, by varying the refractive index in the core region, modal 

interferences phenomena are also changed. In fact, by imposing the intense light into the multimode region, core 

refractive index becomes a function of intensity in the presence of Kerr nonlinear effect; as the result, the modes 

propagate in a different situation according to changes of optical properties. By studying this effect in the 

Multimode interference couplers and applying the obtained results, we can design an all-optical power splitter to 

have small MMIs. In this section, we theoretically study the nonlinear effects in an MMI coupler by studying 

the NMPA method in the central region. 

 The refractive index is shown in Fig. 2 indicates our design. In fact, MMI coupler is assumed as a 

conventional structure. Notably, nMMI must higher than ncladd to confine the light in core region that originate 

from total reflection condition.  

 Critical angle determines the mode expansion in lateral direction depends on core and cladding layer 

refractive index and corporation the boundary condition makes guided modes discrete, which as shown in theory 

of optical waveguides. In other word, critical angle indicates the guided modes number. 

 

 
 

Fig. 1: Refractive index in a ridge waveguide. 
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 The MMI region is isotropic, and the field in this region is a superposition of all the modal fields of the 

MMI. The details of MPA method exist anywhere. For studying the NMPA, the amplitude of the modes are 

considered as a function of propagation direction not only shows phase and amplitude changes in region but also 

the exchange of energy among modes (in the z direction) whereas in linear regime, the amplitude of the modal 

fields is constant in the nonlinear regime. Therefore, we follow the conventional MPA while considering the 

mode amplitudes as a function of propagation direction, and then solve the nonlinear coupled equations of 

guided modes to obtain the electric field throughout the MMI region for applying the Kerr effect on MPA and 

proposing NMPA. 

 The height of MMI coupler is considered to be lower than 1μm that lead to just excite a mode in vertical 

direction (y) so that there is a propagation constant in this direction. The light distribution in 3D is expressed as 
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 After substitute above equation in nonlinear wave equation the below equation is obtained 
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 The second term indicate third-harmonic generation here. The explained procedure in our study can be used 

for third-harmonic generation too with considering the mentioned term in solving the nonlinear coupled 

equations and obtain the modes electric field in the launched and generated frequency; however, because of 

switching application on ω frequency (same frequency as the input) we avoid to consider the third harmonic 

generation and omit the related term.  

 From the above equation we have a dispersion equation as 
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In compare the above equation with Eq. (6) the effective refractive index for core layer is obtained as 
2 2 2 0.5

0[( )]MMI yn n k k 
                                                                                                                                    (5) 

 The core refractive index affects from surrounding layer refractive index as shown in Eq. 5. 

 Notably, the penetration depth of each mode into the cladding region is very small, and has the negligible 

effect on the device performance, then the clad refractive index does not has contribution to this effective 

refractive index in this study, the negligible penetration and single mode in the vertical direction make 

procedure of Effective index method (EIM) easy. In the above method EIM is not an approximation against the 

other. Notably the vertical profile of electric field does not change from input waveguide to the MMI then 

access waveguides should follow the MMI and consider in 2D because they have 100% overlap in the y 

direction due to the having same mode in y direction. 

 In fact, the electric field in y direction is not affected from the nonlinear medium and no need to indicate it 

in the electric field that is the deal of study the medium in 2D.   

 Therefore field distribution of the light in MMI region is expressed by: 
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 where ν is the mode number, Aν(z) is the amplitude of the ν
th

 mode that contains real and imaginary parts, γν 

and βν  are lateral and longitudinal propagation constants of the ν
th

  mode, respectively. With the appearance of 

the nonlinear effect in the MMI region, the refractive index of this region changes and takes a nonlinear part. 

The total refractive index of the MMI region is then given by: 

NlMMIMMI nnInnn  2                                                                                                                                 (7) 
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 where nMMI is the usual weak-field refractive index of guiding structure (linear term), I denotes the intensity 

of the input light, and nNl is the nonlinear refractive of the Kerr nonlinear effect determined by the Kerr 

nonlinear effect.  

 Here, the most important purpose is applying the NMPA to study the nonlinear phenomenon which are 

induced in the multimode waveguide that launched with linearly polarized wave, such phenomenon could 

induce some desirable effects on mode propagations and interactions as in the next will be discussed. 

 The nonlinear modes equation for MMI coupler which is fulfilled NMPA is (from equation 2) 
(3) 2
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 Where Cν(p,q) are the overlap coefficients of the different modes. Here, it is important to highlight that the 

right-hand side of Eq. (10) includes self-phase modulation terms (p=q=ν=s), cross-phase modulation terms 

(p=ν≠q=s), and terms that lead to power exchange among the modes. This set of coupled numerical differential 

equations can be solved using a high-accuracy FDM, but this is time consuming, and memory limitations restrict 

its application to small low- intensity nonlinear MMI (Tajaldini and Jafri, 2014). 

 By solving the set of ν coupled equations of the field amplitudes (ν=0,±1,±2,….), the field amplitude Aν(z) 

of the modes is obtained. Consequently, by using Eq. (1), the field in MMI region will be obtained; numerical 

solve by FDM shows the amplitudes as Interpolating Function that are complex numbers in each point of 

medium. 

 For clarify, we bring some result of self-phase and cross-phase modulation and wave-mixing. 

 

 
 

Fig. 2: Normalized field electric field in MMI length. 

 

 In self-phase modulation effect, the sinusoidal profile is converted to the Gaussian profile without change in 

the amplitude maximum. Fig. 4 show self-phase modulation. However, changes in wavelength, amplitude 

maximum and wavelength shift between two modes originate from cross-phase modulation, wave-mixing, 

respectively. Exchange the energy is clear between two considered modes. 

 The field profile of the guided modes, in general, consists of a superposition of sine and cosine light waves, 

with zero fields at the boundaries of the guiding region. In addition, we assume that there is negligible 

penetration of the fields in the cladding layer as well as Goos-Hanchen shift due to the high contrast index 

which is increased by imposing the nonlinearity.  

 The field amplitude in output port is obtained by evaluating the summation of overlap integral between the 

profile of an output waveguide and the profile of the excited modes of the MMI region. 
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 By calculating the summation of above equation regards to the outputs, the electric field in slightly output is 

obtained. Must be in English, and be submitted electronically in PDF format. Prepare your paper using an A4 

page size.  

 

RESULTS AND DISCUSSIONS 

 

 In this section, an MMI is discussed to access to the optimum power splitter. The optimized parameters for 

the device are determined, notably this discussion is centralized on optimization via output width as an 

effective-structural parameter. Contribution on un-uniformity may give us sensitivity of operation to output 

width. Our considerations are limited to the MMI coupler with following structure: nc=1, nMMI=1.56, 
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WMMI=10μm, χe
(3)

=8.4×10
-18

at λ0=1.55μm, these parameters show: refractive index of clad (Air) and core 

(polydiacetylene), effective width, third order susceptibility and input wavelength, respectively. Where, χe
(3) 

 is 

the third-order nonlinear susceptibility of PDA that seem higher than other third order material. 

 We have practiced on multimode waveguide with different width and find that 1×N- MMI power splitter is 

achievable by study the waveguide in terms of the width. 

 In fact, this study originates from our last result for a 1×11 nonlinear power splitter that has been reported 

based on NMPA first time. To best the knowledge, this paper discusses about the output width distribution on 

uniformity and insertion loss for last nonlinear splitter (Tajaldini and Jafri, 2014). 

 

 
 

Fig. 3: Un-uniformity (dB) and insertion loss versus MMI length (µm), where (a) and (b) show un-uniformity  

and insertion loss, respectively. 

 

 The best length is 104.65μm due to the result from figure 3 where the output width chooses arbitrary. 

Therefore, next steps could be obtained optimum amounts for input intensity which is near the threshold of PDL 

nonlinearity. The result of splitter operation based on variation of input intensity is observed in figure 4. Best 

candidature of input intensity is 20W/μm
2 
because of having lower un-uniformity and insertion loss. 

 

 
 

Fig. 4(a): un-uniformity and (b) insertion loss as a function of the input intensity. 

 

 Furthermore, lower un-uniformity can be achieved by determining the best width for the output facet due to 

the overlap sensitivity to width variation. This parameter is more interest due to non-direct influence against the 

two last parameter.  Figure 5 helps by showing the un-uniformity and insertion loss  as a function output facet 

width. The best uniformity derived result from Figure 5 is 0.75 µm and is equal with 2.625 dB. However, the 

insertion loss is increasing with increase the width. But the deal is thickness of 11 fold images that are lower 

than 0.1μm, when the output width increase to higher than their thickness, cross-talk and correlation also 

increase and cause insertion loss to increase.  Such effects that in nonlinear case is more conventional because 

cross-phase modulation increases cross-talk.   

 The results demonstrate optimized device, where the length of the central part was 104.64 µm, input 

intensity is 20W/μm
2
, and the width of the output facets is 0.75 µm. The input intensity is smaller than half 

intensity threshold of nonlinearity in glass. This level of intensity creates such production only in PDAs. For 

instance, we practiced this method on other materials with similar parameters and free lengths, but the results 

were not obtained even at higher than normal intensity and high magnitude of MMI length. Notably, the input 

and output is considered to be ideal because the main purpose is central part, as such the input intensity is the 

launched intensity and output intensity is obtained from overlap integrals. In fact the real part of coupler that 

shows the real propagation is Multimode waveguide what is the main part of study.    
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Fig. 5: Un-uniformity (dB) in various of output facet width (µm). 

 

 The dimensions of the proposed power splitter show an ultra-compact device compared with the other 

models in linear regimes. The length, width, and height of the proposed splitter were 104.64, 10, and 0.5 µm, 

respectively. Therefore, the nonlinear effect can serve as a developer tool.  

 

Conclusion: 

 This study optimized an ultra-compact MMI power splitter with acceptable performance determined by 

critical parameter such as input intensity, MMI length, and output width, while the last mentioned parameter is 

more desirable for this study. The optimized output power demonstrated the good power uniformity and output 

facet locality balance in the short access length of the multimode interference waveguide. The developed MMI 

power splitter considers the influence of the Kerr nonlinear effect on multimode interference waveguides Based 

on NMPA method. The useful optical properties of the PDA (used as the core layer in the simulated power 

splitter) in the nonlinear regime are essential in the generation of high number of lateral fold images at ultra-

small length. 
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