
Ministry of Higher Education and Scientific Research 

University of Baghdad 

Institute of Laser for Postgraduate Studies 

                     

 

 

 

Design of Compact Subwavelength 

Grating-Assisted (De)Multiplexer for 

Mode Division Multiplexing Systems 

 

 

 A Thesis Submitted to the Institute of Laser for 

Postgraduate Studies, University of Baghdad in Partial 

Fulfillment of the Requirements for the Degree of 

Doctor of Philosophy in Laser / Electronic and 

Communication Engineering 

 

 

By 

Zaid Lateef Hussain 

 B.Sc. Laser and Optoelectronics Engineering- 2002 

M. Sc. Laser and Optoelectronics Engineering -2005 

 

Supervisor 

Prof. Dr. Raad Sami Fyath 

 

 

2022 AD                                                                                                      1443 AH 



Certification 

 
 I certify that this thesis was prepared under our supervision at 

the Institute of Laser for Postgraduate Studies, University of Baghdad, in a 

partial fulfillment of requirements for the degree of a Doctor of Philosophy 

in Laser/ Electronic and Communication Engineering. 

 

 

 

Signature: 

Name: Dr. Raad Sami Fyath 

Title: Professor 

Address: Department of Computer 

Engineering, Al-Nahrain 

University. 

Date: 17/03/ 2022 

(Supervisor) 

 

 

 

 

 

 

In view of the available recommendation, I forward this thesis for debate by 

Examining Committee. 

 

 

Signature: 

Name: Hanan Jaafar Taher 

Title: Asst. Prof. 

Address: Head of scientific committee,  

               Institute of Laser for Postgraduate     

               Studies, University of Baghdad. 

Date: 17/03/ 2022 

 



Examination Committee Certificate 

 
 We certify that we have read this thesis “Design of Compact Subwavelength 

Grating-Assisted (De)Multiplexer for Mode Division Multiplexing Systems” and as 

examination committee we examined the student in its contents and in our opinion it is 

adequate with standards as a thesis for the degree of Doctor of Philosophy in Laser/ 

Electronic and Communication Engineering. 

 

 Approved by the deanship of Institute of Laser for Postgraduate Studies, University of    

Baghdad, 

Signature: 

Name: Prof. Dr. Hussein A. Jawad 

Title: Dean  

Address: of Institute of Laser for Postgraduate Studies, University of Baghdad. 

Date:       /      / 2022 

Signature: 

Name: Dr. Abdul Hadi M. Al-Janabi 

Title: Professor 

Address:  Institute of Laser for 

Postgraduate Studies, University of 

Baghdad. 

Date:       /      / 2022 

(Chairman) 

 

Signature: 

Name:  Dr. Jassim Kadhim Hmood 

Title: Professor 

    Address: Department of Laser and   

    Optoelectronics Engineering, University  

    of Technology. 

Date:       /      / 2022 

(Member) 

Signature: 

Name: Dr. Shelan Khasro Tawfeeq   

Title:  Assistant professor 

Address:  Institute of Laser for 

Postgraduate Studies, University of 

Baghdad. 

 Date:       /      / 2022 

(Member) 

Signature: 

Name:  Dr. Anwaar Abdul Satar A. Al- 

Dergazly 

Title: Assistant professor 

    Address:  Department of Laser and     

    Optoelectronics Engineering, Al-Nahrain   

    University. 

       Date:       /      / 2022 

(Member) 

 

Signature: 

Name: Dr.Tahreer S. Mansour 

Title: Assistant professor 

Address: Institute of Laser for  

Postgraduate Studies, University of 

Baghdad. 

Date:       /      / 2022 

(Member) 
 Signature: 

Name:  Dr. Raad Sami Fyath 

Title: Professor 

    Address:  Department of Computer 

Engineering, Al-Nahrain University.                         

    Date:       /      / 2022 

(Supervisor) 



Acknowledgement 

                I would like to thank my supervisor Prof. Dr. Raad Sami Fyath who 

gave me the opportunity to join in the fiber laser group and work on such an 

active area. I own the deepest gratitude for his superb guidance, support and 

constant encouragement throughout my research work and thesis writing. 

                I would like to express my sincere gratitude to Prof. Dr. Hussein A. 

Jawad, Dean of Institute of Laser for Postgraduate Studies, for his advice, help 

and encouragement during my research work. Special thanks to Dr. Jawad K. 

Hasan, Asst. Dean of the institute of Laser for Postgraduate Studies, Asst. Prof. 

Dr. Tahreer Safa’a Mansour, head of the engineering and Industrial 

Application Dept. for their advice, help and support. 

                I would also like to acknowledge and give thanks to all the faculty 

member of Institute of Laser for Postgraduate Studies, especially to                   

Prof. Dr. Abdul Hadi M. Al-Janabi, Asst. Prof. Dr. Mohammed K. Thaher,             

Asst. Prof. Dr. Shelan Khasro Tawfeeq, and Dr. Hanan Jafar Tahir for their 

valuable suggestions and advice. 

                I am grateful for the funding support from the Iraqi Ministry of Higher 

Education and Scientific Research; University of Baghdad; Institute of Laser 

for Postgraduate Studies. 

                Many thanks to all my friends and colleagues in the Institute of Laser 

for Postgraduate Studies. 

                Finally, big thanks to my entire family especially, my mother and my 

wife for helping me to get through the difficult times, for all their emotional 

support, understanding, and care they provided. 

Zaid 



I 

 

 
 

Abstract 

Silicon photonics based on Silicon-On-Insulator (SOI) has become the 

perfect solution to design photonic integrated circuits (PICs). Utilizing the 

SOI platform, optical devices with low loss, compact size, and wide 

operating bandwidth can be obtained. Recently, new technologies have 

attracted great attention in the design of photonic structures for their abilities 

to enhance the performance and footprint of the already existing devices and 

introduce new devices with new forms. One of these technologies is the 

subwavelength grating (SWG) technology. 

The work in this thesis consists of two main parts. In the first part,  

multimode interferometer MMI-based (de)multiplexers are designed using 

the SWG technology. First, a 3-TE mode (de)multiplexer is designed using  

SWG in the MMI section. Then the device design is modified to a 3-TE mode 

all-SWG (de)multiplexer. The performance of both devices is compared to 

each other in addition to comparison to their conventional counterpart. It is 

noticed that the SWG devices showed wider operating bandwidth (>160 nm) 

(1.470 to 1.630) µm, and more compactness (≈ 70% footprint reduction) 

compared to the conventional waveguide-based device. Second, two 4-TE 

modes (de)multiplexers are designed using conventional and SWG-assisted 

MMI coupler. A significant enhancement is observed in the performance of 

the device through maintaining low losses (> -0.5 dB) performance with 

wider operating bandwidth (140 nm) (1.480–1.620) µm, and the footprint 

shrank about 30% compared to the conventional waveguide-based device.  

In the second part of the thesis, a new scheme of (de)multiplexers based on 

SWG-assisted cascaded asymmetric directional couplers (SWG-ADC). 

Three SWG-ADC-based devices are designed, a 12-TE mode, 12-TM mode, 

and 24-mode (de)multiplexers. The 12-modes device is a six-stage structure 

and each stage supports a certain number of high-order modes based on the 

desired design. The results showed higher-order mode excitation with low 
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insertion loss, crosstalk, and broad operating bandwidth. Finally, both TE- 

and TM-mode devices are connected through polarization splitters for mode 

guidance purposes, leading to a new device of double mode number of 

multiplexing. 

All the proposed (de)multiplexers are designed and simulated using Rsoft 

photonics CAD ver. 2020.03 software package described in appendix A. 
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CHAPTER ONE 

Introduction 

1.1 General Introduction 

Due to the rapid growth in the telecommunication networks as a result of the 

increase in the number of users, applications, and services connected through 

it, many needs are required to maintain the quality of the services such as 

speed, flexibility, and reconfigurability which are the most important 

requirements. For that reason, optical communication thrived in solving 

many issues through the use of light for data transmission where the 

information must be sent in the near infrared spectrum extending from 0.85 

to 1.65 µm wavelength. Photonics term was introduced in the ’60s to 

designate the manipulation of light as the generation, emission, transmission, 

modulation, signal processing, switching, amplification, or 

detection/sensing. Manipulating the light requires the use of some 

optical/photonic elements such as waveguides made from a dielectric 

material with high permittivity which means a high refractive index that 

produces total internal reflection to guide the light as required. Thus, 

Photonic Integrated Circuits (PICs) are required to be used, where several 

functions are integrated into these devices for optical communication to be 

achievable [1]. 

In 1969 Stewart E. Miller introduced the first PIC used in optical 

communications and signal processing where the capability of the dielectric 

waveguide to steer the laser and the implementation of the circuitry for an 

integrated laser were discussed [1]. PICs have several advantages, such as 

mechanical, thermal, and acoustic isolation eased by the miniaturization of 

the circuit besides the low consumption of the power. Devices like frequency 

filters, couplers, and phase modulators, are also investigated, and thus the 

basis for contemporary PIC was laid. Photonics has become essential in 



2 

 

 
 

many applications of everyday life. Optical fibers are the backbone of every 

communication network [2], and for energy and capacity enhancement, the 

copper interconnects were replaced with integrated optics [3,4]. 

Additionally, due to photonics potential in developing solutions in both 

telecommunications and Datacom, it is considered as the main technology of 

the H2020 program of the European Commission and is used in many 

applications e.g. energy generation [5,6], metrology [7], spectrometry [8], 

and sensing [9]. 

Many materials with a variety of advantages have been used for PICs design 

and fabrication. Silicon was the dominant one due to its unique 

characteristics as a semiconductor material. It can be extracted from silica 

which is greatly abundant and overcomes the fact that silicon is not found as 

a pure element on earth's crust. In addition to the capability of manufacturing 

silicon wafers with high purity to be considered an economical material for 

PIC's fabrication. The challenges in the use of Si in optical interconnects are 

propagation losses resulting from scattering of the light from waveguides 

sidewalls, high fiber-to-waveguide coupling losses, and low electro-optic 

coefficient. These were overcome by the use of new nanofabrication 

techniques, leading to a huge number of ultra-compact high-performance 

photonic devices [10]. Thus, for these reasons, silicon is an attractive 

material that is intensively employed in the industry of microelectronics. As 

silicon integration capacity is significantly increasing, this led to one of the 

most important technical challenges is tackled which is the steadily growing 

data traffic flowing across the global network. Also due to the growth in the 

number of connected internet services resulting from 5G technology and 

Internet of Things (IoT) services and the demands for new services such as 

cloud computing, big data, and streaming requires enormous data 

management. Figure 1.1 depicts the annual growth in internet traffic inside 

data centers from 2010 to 2025 exceeding the 100 zettabytes (1 zettabyte = 

1021 bytes) threshold in 2021. 
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Since that data traffic is exponentially increasing, the data centers are 

consuming the energy in the same manner, so their operator is aiming to 

reduce the energy required for single-bit transmission and thus costs and 

environmental effect is reduced accordingly [11]. For the huge demand for 

faster data rates and wider bandwidth, it is important to utilize the potential 

of silicon photonics in improving the energy consumption and performance 

inside and outside these data centers. 

 

 

 

Figure 1.1: Internet traffic as a function of time reported by Cisco [12]. 

 

 

1.2 Optical Multiplexing Techniques 

To handle huge capacity demands, optical interconnects that are silicon-

based are evolved using several multiplexing techniques which allow multi-

channel transmission/reception over a single waveguide. Wavelength-

division multiplexing (WDM) is a widely employed technique, through the 

utilization of silicon high-bandwidth density of silicon which as a result 

allows data transmission over different wavelengths [13]. In the dense 

wavelength division multiplexing (DWDM) category, the wavelength 

spacing is about 100 GHz or less which provides channels to be multiplexed 

in the wavelength domain [14]. Each wavelength is represented by a laser 
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source, thus high stabilization and careful alignment of these sources are 

required which implicates additional cost and system complexity [15]. 

Another category of WDM is the coarse wavelength division multiplexing 

(CWDM) which supports 18 wavelength channels with 20nm spacing. This 

category offers relaxation in limitations presented in DWDM [16]. The 

second technique for capacity expansion is the polarization division 

multiplexing (PDM) in which the two states of polarization of light are used 

as different transmission channels which in the end doubles the current 

number of channels from a single wavelength source [17]. Solving Maxwell 

equations gives sets of solutions in a planar waveguide which are the 

transverse electric (TE) mode and transverse magnetic (TM) mode. These 

modes are orthogonal to each other. In combination with other multiplexing 

techniques such as WDM, the bandwidth of the optical system can be 

expanded considerably [18]. For a higher capacity, physical channels are 

spatially distributed and placed together on a single chip giving rise to what 

is called the space-division multiplexing technique (SDM). This technique 

can combine other techniques in one system. The main drawback of this 

technique is the complexity in design, where several photonic components 

and waveguides are employed [19]. Finally, with the rapid development of 

the platforms based on refractive index contrast, light modes selection and 

manipulation became easy leading to the use of these modes as discrete 

transmission channels. This technique is called mode division multiplexing 

(MDM) [20]. In this technique, the capacity of the optical system is expanded 

using multimode waveguides which are capable to support several modes (or 

spatial Eigen modes). Again, Maxwell equations are solved under certain 

boundary conditions of the multimode waveguide, and the result is translated 

as eigenmodes, these modes are orthogonal and they do not interfere [21]. 

Thus, the capacity of the optical system is expanded directly proportional to 

the number of these modes. WDM and PDM are considered as already well-

developed mature techniques for optical capacity enhancement whereas 
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MDM and SDM are promisingly developing. All these techniques are 

complementing each other adding extra degrees toward the higher capacity 

of the optical systems. Currently, MDM attracts much attention due to its 

low losses and high integration level. 

Mode (de)multiplexers, depicted in Figure 1.2, are the key element in most 

MDM designs. Their function is to separate and combine the optical modes 

at the input and output of the system [22]. 

 

 

 

 

 

 

 

 

 

Figure 1.2: Basic scheme of mode (de)multiplexing operation in MDM 

systems. 
 

 

Several mode (de)multiplexers are designed based on bulk-optics, fibers, and 

waveguides [23, 24] as presented in Table 1.1. The bulk-optics multiplexers 

are built with spatial light modulators or phase plates [25–28], which offer 

efficient spatial mode separation and high selectivity. The main drawbacks 

of this type come from the fact that these devices are of high losses, bulk 

size, and are difficult to align. For fiber-based mode (de)multiplexers, 

photonic lanterns are utilized using few-mode fiber (FMF) with single-mode 

fibers (SMFs) attached to them [29-30]. This type of multiplexing offers 

compact size and low losses advantages accompanied by poor mode 

selection and fabrication difficulty disadvantages. 

Finally, to achieve a high degree of compactness, low losses, ease of 

fabrication, and integration capability, waveguide-based mode 

(de)multiplexers are considered. This type can be built using coupler-based 
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structures which nowadays are the key components in PICs that are 

employed in several optical signal processing and routing such as multimode 

interferometers (MMIs) couplers [31,32], and directional couplers [33-38]. 

The MMIs have the advantages of low losses, wide operating bandwidth, 

compactness, and flexible fabrication tolerance [39,40]; thus, making them 

the right choice for optical systems capacity enhancements. In contrast, the 

directional couplers are attractive for their capability to produce devices with 

a high output number, scalability, and flexibility to generate any high-order 

mode based on phase match condition satisfaction between a multimode and 

a single-mode waveguide [41].  

 

Table1.1 Mode (de)multiplexer’s structures [24]. 

Setup Advantages Disadvantages 

Bulk-optic Low crosstalk 
Bulky; Difficult to 

align 

Fiber Small size; Low loss 

High crosstalk; 

Difficult to fabricate 

“excluding FBG” 

Planar-waveguide Small size; Low crosstalk Need mode rotators 
 

 

 

1.3 Concept of Waveguide Modes 

The dielectric waveguide comprises two main layers, the core which is a high 

index layer covered with a low index layer called cladding. The optical wave 

is mainly confined and propagates along with the longitudinally extended 

core. The propagation characteristics of a waveguide with an optically 

isotropic material are expressed through specific parameters, the dielectric 

constant 𝜀(𝑥, 𝑦)/𝜀𝑜 which is independent of the z-direction, and the 

transverse profile of the material refractive index 𝑛(𝑥, 𝑦). There are two 

main types of waveguides as shown in Figure 1.3. First, the planner 

waveguide in which the cladding sections (normally the lower layer called 

film and the upper as cover) form a sandwich shape around the core layer in 

a specific plane, for example, x -plane having an index profile 𝑛(𝑥) and thus 
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the optical field is confined in one-dimension accordingly. The second, is the 

nonplanar waveguide where the cladding is surrounding the core in all 

transverse directions which means 𝑛(𝑥, 𝑦), and thus this waveguide has two-

dimensions optical field confinement, examples of this type are optical fiber 

and channel waveguide [42]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Types of waveguides: (a) Planar waveguide (b) Nonplanar 

waveguide [42]. 

 

As a nonplanar type, the channel waveguide can be categorized into subtypes 

shown in Figure 1.4 which include [42]: 

 

1. The buried waveguide in which the high refractive index core is buried 

into a low index medium. Normally, in this type, the core has a 

rectangular cross-section. 

 

2. The strip-loaded waveguide is formed by loading a dielectric strip of 

low refractive index into a planer waveguide that already has optical 

field confinement in the x-direction. The function of the strip is to 

provide optical field confinement in the y-direction. Note that the 

loaded strip of thickness and index d, 𝑛3, respectively; placed above 

the guiding core of the index 𝑛1, so that 𝑛3 < 𝑛1. 

𝒏𝟏 

𝒏𝟐 

𝒏𝟑 
𝒏𝟏 

𝒏𝟐 

 (x,y,z) 

𝒏𝟏 > 𝒏𝟐, 𝒏𝟑 

   (a) 

 (r,Φ,z) 

𝒏𝟏 > 𝒏𝟐 

   (b) 

𝒙 

𝒚 

𝒛 
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3. The ridge waveguide this waveguide has a similar structure to the 

strip-loaded one, except the guiding core is the ridge (or the strip) 

which is of a high index. This type has the property of strong optical 

field confinement since the core is surrounded by a low index cladding 

from three directions. 

4. The rib waveguide, again this type is similar to the strip or ridge one, 

the difference is both the planar layer and the strip layer are forming 

the guiding core of high index. 

5. The diffused waveguide, where the high index area is created within 

the substrate by dopants diffusion, for example, doping LiNbO3 

waveguide with Ti diffusion. In this type, the core and substrate 

boundaries are not clearly defined because of the diffusion process, 

also the core is not of symmetrical dimensions, i.e. has 𝑑 thickness in 

the x-direction and 𝑤 width in the y-direction. 

 

 

 

Figure 1.4: Representative channel waveguides [42]. 
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To have an idea about optical waveguide modes, consider a planar step-index 

waveguide shown in Figure 1.5, which is comprised of three dielectric layers, 

the core, the cover, and the cladding of refractive indices 𝑛1, 𝑛2, and 𝑛3, 

respectively. Note that 𝑛2, 𝑛3 < 𝑛1, and when 𝑛2, = 𝑛3 is a symmetric 

waveguide, whereas 𝑛2 ≠ 𝑛3 is an asymmetric waveguide [43]. 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Planar waveguide scheme [42]. 

 

The term optical mode refers to the solution of Maxwell's equations 

satisfying certain boundary conditions and does not change its spatial 

distribution while propagating through the medium. By solving the below 

curl equations in each layer, modes can be obtained by imposing the 

boundary conditions where tangential components of E and H are continuous 

across the interfaces [44, 45] 

 

                                     ∇ × 𝑬 = 𝑖𝜔𝜇𝑜𝑯                                                  (1.1) 

 

                                     ∇ × 𝑯 = −𝑖𝜔𝜀𝑜𝑛
2𝑬                                           (1.2) 

 

 

These equations give two linearly polarized sets of solutions, the transverse 

electric (TE), and the transverse magnetic (TM) modes [44,45].  

 

𝒙 

𝒚 

𝒛 
Core (𝒏𝟏) 

Cladding (𝒏𝟑) 

 (x,y,z) 𝒏𝟏 > 𝒏𝟐, 𝒏𝟑 

𝒙 

𝒏(𝒙) 

𝒅 

Cover (𝒏𝟐)  
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i. Transverse Electric (TE) modes 

In this case, the field components E𝑥 = E𝑧 = 0, whereas E𝑦 satisfy the 

following equation [45] 

 

                                         
𝑑2𝐸𝑦

𝑑𝑦2
+ (𝑛2𝑘𝑜

2 − 𝛽2)𝐸𝑦 = 0                            (1.3) 

 

                                                 𝑘𝑜 = 𝜔√𝜀𝑜𝜇𝑜 = 𝜔 𝑐⁄  

 

And the magnetic field components can be related to the E𝑦 component as 

follows 
 

                     𝐻𝑥 = −
𝛽

𝜔𝜇𝑜
𝐸𝑦,     𝐻𝑦 = 0,       𝐻𝑧 = −

𝑖

𝜔𝜇𝑜

𝑑E𝑦

𝑑𝑥
                       (1.4) 

 

Equation (1.3) can be solved for each layer by substituting the refractive 

index 𝑛1, 𝑛2, and 𝑛3 for the core, cover, and cladding layer, respectively. and 

since these indices are fixed, a general solution can be written as: 

 

                      𝐸𝑦 = {

𝐵𝑐 exp[−𝑞1(𝑥 − 𝑑)] ; 𝑥 > 𝑑

𝐴 cos[𝑝𝑥 − Φ] ; |𝑥| ≤ 𝑑

𝐵𝑠 exp[𝑞2(𝑥 + 𝑑)] ; 𝑥 < −𝑑

                              (1.5) 

 

where the constants 𝑝, 𝑞1, and 𝑞2 are wavenumbers at the core, cladding, and 

cover, respectively. these constants have the following formulas [43] 

 

         𝑝 = 𝑛1
2𝑘𝑜

2 − 𝛽2,  𝑞1
2 = 𝛽2 − 𝑛2

2𝑘𝑜
2, 𝑞2

2 = 𝛽2 − 𝑛3
2𝑘𝑜

2                     (1.6) 

 
 

The rest of the constants are determined by the boundary conditions at the 

interfaces at which previously mentioned the tangential components of E and 

H are continuous with index discontinuous. From a mathematical point of 

view, E𝑦 and H𝑧 are continuous at 𝑥 = ±𝑑. E𝑦 is continuous when 

 

                      𝐵𝑐 = 𝐴 cos[𝑝𝑥 − Φ]; 𝐵𝑠 = 𝐴 cos[𝑝𝑥 + Φ]                       (1.7) 

 

As H𝑧 ∝
𝑑E𝑦

𝑑𝑥
, 
𝑑E𝑦

𝑑𝑥
 must be continuous at 𝑥 = ±𝑑, which is only satisfied if  
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         𝑝𝐴 sin[𝑝𝑑 − Φ] = 𝐵𝑐𝑞1; 𝑝𝐴 sin[𝑝𝑑 + Φ] = 𝐵𝑠𝑞2                        (1.8) 

 

Assuming 𝐴 = 1, yields Φ must satisfy the following 

 

                tan[𝑝𝑑 − Φ] = 𝑞1 𝑝⁄ ; tan[𝑝𝑑 + Φ] = 𝑞2 𝑝⁄                           (1.9) 

 

Solving equation (1.9) gives 

 

                    2Φ = 𝑚𝜋 − tan−1(𝑞1 𝑝⁄ ) + tan−1(𝑞2 𝑝⁄ )                        (1.10) 

 

                 2𝑝𝑑 = 𝑚𝜋 + tan−1(𝑞1 𝑝⁄ ) + tan−1(𝑞2 𝑝⁄ )                         (1.11) 

 

where 𝑚=0,1,2.. is an integer. Equation (1.11) represents the eigenvalue 

equation. Several solutions of 𝑚 represent TEm modes. Note that these 

modes can be divided into odd and even ones [43] 

 

 

ii. Transverse Magnetic (TM) modes 

      In this case, the field components H𝑥 = H𝑧 = 0, whereas H𝑦 satisfy 

      the following [45] 

                          
𝑑2𝐻𝑦

𝑑𝑦2
+ (𝑛2𝑘𝑜

2 − 𝛽2)𝐻𝑦 = 0                                        (1.12) 

and the electric field components can be related to the H𝑦 component as 

follows 

             𝐸𝑥 = −
𝛽

𝜔𝜇𝑜
𝐻𝑦,     𝐸𝑦 = 0,       𝐸𝑧 = −

𝑖

𝜔𝜇𝑜

𝑑𝐻𝑦

𝑑𝑥
                          (1.13) 

For TM modes, a similar procedure followed for TE mode can be followed 

here solving equation (1.12). Here, 𝐸𝑧 need to be continuous at the 

boundaries, thus 𝑛−2 𝑑𝐻𝑦

𝑑𝑥
 is continuous at 𝑥 = ±𝑑. The eigenvalues are 

having the following form  

 

                2𝑝𝑑 = 𝑚𝜋 + tan−1(𝑛1
2 𝑞1 𝑛2

2𝑝⁄ ) + tan−1(𝑛1
2 𝑞2 𝑛3

2𝑝⁄ )        (1.14) 

 

taking into account the indices of all layers since 𝑛2 ≠ 𝑛3. 

Similarly, the TM modes can be divided into odd and even modes. 
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1.4 Fundamentals of Subwavelength Grating (SWG) Technology 

As mentioned earlier, silicon (Si) has attracted much interest in several 

photonic applications due to its high compatibility with complementary 

metal-oxide-semiconductor (CMOS) technology. As a core material, its high 

refractive index offers a degree of contrast compared to the cladding layers, 

and thus the propagating light is highly confined [46]. Yet, the refractive 

index of Si is fixed which limits the design flexibility that might be required 

in the design of certain components such as multiplexers and couplers where 

refractive index matching needs to be satisfied.  

To overcome this limitation, certain technology to manipulate and engineer 

the refractive index became a need which is found through the 

subwavelength grating (SWG) technology [47].  

The term subwavelength grating refers to a periodic structure of dimensions 

that are less than the wavelength of the light propagating smoothly in the 

form of Bloch mode through them so that there is no reflection or diffraction 

to occur [48]. This can be achieved by the adjustment of certain parameters 

of the SWG structure and thus, a waveguide with enhanced optical properties 

is obtained compared to the conventional counterpart which interns greatly 

affects the design of low loss, highly compact, ultra-broad bandwidth optical 

devices [49]. Thus, SWG has been employed in the design and fabrication 

of a wide spectrum of photonic based on SOI platforms, such as beam power 

splitters [50,51], polarization beam splitters [52-55], optical phase shifters 

[56,57], Y-junctions [58], adiabatic couplers, directional couplers [59], 

micro-ring resonators [60], and MMI couplers [61-63]. In particular, the 

operating bandwidth of directional couplers and MMI couplers acting as 

optical 3-dB couplers has been expanded by SWG [62]. 
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1.4.1 Introduction to The Periodic Structures 

The periodic structures are analyzed using a theorem found by G. Floquet 

developed by F. Bloch which is called the Floquet-Bloch (FB) theorem. First, 

Floquet found the solution of a linear differential equation with periodic 

coefficients [64]. Later, Bloch generalized Floquet results as he studied the 

electron propagation in the periodic crystal structures [65]. To introduce the 

Floquet-Bloch theorem, consider a differential equation that has a stationary 

state 𝜉(𝑧), and a periodic coefficient 𝑃(𝑧) with a period Λ, so that              

𝑃(𝑧 ±  𝛬) = 𝑃(𝑧) [66] 

 

                                             
𝑑2𝜉

𝑑𝑧2
+ 𝑃(𝑧)𝜉(𝑧) = 0                                  (1.15) 

 

Using the FB theorem to solve the above equation, yields a linear 

combination form 

 

                                        𝜉(𝑧) = 𝑒𝑖𝑘𝑧𝑢(𝑧)                                                          (1.16) 

 

where 𝑢(𝑧) is a periodic function satisfying the condition 𝑢(𝑧 ±  𝛬) = u(𝑧) 

[66]. 

 

One of the major applications of the FB theorem is to solve the equations of 

the EM field propagating in an optical periodic waveguide. The scheme of 

such a waveguide is shown in Figure 1.6, which depicts a segmented core, 

cover, and substrate of refractive index 𝑛1, 𝑛2, and  𝑛3, respectively. The 

extending core in the z-direction of segment thickness 𝑎, period or pitch 

denoted by Λ, and duty cycle 𝐷. 𝐶 = 𝑎 Λ⁄  [67]. Note that the periodically 

varying refractive index of the structure has the following mathematical 

formula [68,69] 

 

                                 𝑛(𝑥, 𝑦, 𝑧) = 𝑛(𝑥, 𝑦, 𝑧 ±  𝛬)                                  (1.17) 
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Figure 1.6: Schematic diagram of a periodic waveguide [68]. 

 

The field of the structure can be expressed as the FB theorem states [68] 

                                   �⃗⃗� (𝑥, 𝑦, 𝑧) = �⃗⃗� 𝐵(𝑥, 𝑦, 𝑧)𝑒−𝑧𝛾𝐵                             (1.18) 

where �⃗⃗� 𝐵 represents the periodic part of the formula of period Λ along the z-

direction that satisfies the condition �⃗⃗� 𝐵(𝑥, 𝑦, 𝑧)=�⃗⃗� 𝐵(𝑥, 𝑦, 𝑧 ±  𝛬). Also, the 

same procedure applies to the magnetic part of the field. Note that, the 

transmission properties are expressed by the exponent term of equation 

(1.18). Here 𝛾𝐵 is the complex propagation constant which can be expressed 

as a complex quantity with  𝛼𝐵 the attenuation constant as the real part which 

is related to the length of the path, and 𝛽𝐵 the propagation constant the phase 

changes along with the periodic structure. Thus, 

                                      𝛾𝐵 = 𝛼𝐵 + 𝑖𝛽𝐵                                                 (1.19) 

The complex effective index of the structure can be expressed as [68] 

         𝑛𝑒𝑓𝑓−𝐵 = 𝑛𝑒𝑓𝑓,𝐵,𝑟 + 𝑖𝑛𝑒𝑓𝑓,𝐵,𝑖 = −𝑖
𝛾𝐵

𝑘𝑜
=

𝛽𝐵

𝑘𝑜
− 𝑖

𝛼𝐵

𝑘𝑜
                     (1.20) 

 

where 𝑘𝑜 is the free space wavenumber, 𝑘𝑜 = 2𝜋 λ𝑜⁄ , 𝜆𝑜 is the wavelength 

of the light in free space. Normally only the real part of the effective index 

is considered. 
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1.4.2 Principle of SWG Waveguides 

Generally, as presented in Figure 1.7 below, the operation of the periodic 

waveguide can be classified into three main regions: radiation, Bragg 

reflection, and subwavelength dispersion-less regions based on the ratio of 

the wavelength of the propagating light 𝜆 to the pitch length 𝛬 of the structure 

[70]. In the radiation region, where 𝜆 𝛬⁄  is low, the propagating light through 

the waveguide is diffracted. In the second region of the Bragg reflection 

region where the pitch length is a multiple of 1/2 of the wavelength of the 

light satisfying the Bragg condition, here the real effective index follows a 

linear relation to the 𝜆 𝛬⁄  ratio. The third region which is the focus of the 

work is the subwavelength grating region, where the pitch is too short 

compared to the wavelength (𝛬 ≪ 𝜆) so that the diffraction effects are 

completely suppressed [68]. In the subwavelength grating region, the 

structures can be considered as a new homogenous medium with an effective 

index and optical properties that can be adjusted through manipulating the 

parameters of the SWG geometry, thus completely new design approaches 

are in hand [68,71]. 

 

 

Figure 1.7: FB real refractive index as a function of the wavelength-to-

pitch ratio [72]. 
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Modeling of subwavelength structure as an equivalent homogeneous 

medium was done using effective medium theory (EMT). Rytov was the first 

who studied the EM properties of a medium with Λ ≪ 𝜆 and found 

approximated formulas for the refractive indices (in 𝑥 and 𝑧-direction) of 

the equivalent medium known as Rytov’s formulas [69,72] 

 

                              𝑛𝑥𝑥
2 = 𝐷. 𝐶. 𝑛1

2 + (1 − 𝐷. 𝐶). 𝑛2
2                              (1.21) 

                            𝑛𝑧𝑧
−2 = 𝐷. 𝐶. 𝑛1

−2 + (1 − 𝐷. 𝐶). 𝑛2
−2                           (1.22) 

where 𝑛1 and 𝑛2 are the refractive indices of the core and cladding layers, 

respectively. Note that, both indices are greater than 1, and 𝑛𝑥𝑥 >> 𝑛𝑧𝑧 for 

𝐷. 𝐶 range (0-1). These indices can be adjusted by manipulating the 𝐷. 𝐶, 

thus controlling the guidance and the confinement of the modes through the 

structure accordingly [68]. 

 

 

1.5 Multimode Interference Coupler 

The multimode interference (MMI) coupler has been developed in recent 

years to be one of the main components in MDM applications for its 

capability to design devices of low losses, compact in size, low power 

imbalance, and the fact of no need for cascading topology for higher ports 

number [73]. The operation of the MMI is based on the concept of self-

images where the input field profile is regenerated as single or multiple 

images over periodic intervals along the propagation direction of the 

waveguide [74]. A multimode waveguide supports a certain number of 

guided modes when the light enters the MMI section. It excites high-order 

modes, and with the interference of these modes, self-images of the input 

light are generated along the MMI section. The quality of the image can be 

enhanced through large mode counters and small phase errors [74, 75].  
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1.5.1 MMI Principle of Operation 

The basic scheme of an MMI coupler is shown in Figure 1.8. It comprises a 

multimode section with single-mode input/output waveguides (ports) located 

at specific positions. The refractive indices of the core and the cladding 

layers are denoted by 𝑛1 and 𝑛2, respectively. The coupler is distinguished 

by a set of parameters which are the length and the width denoted by 𝐿𝑀𝑀𝐼, 

and  𝑤𝑀𝑀𝐼, respectively. 

Assume the multimode section supports 𝑚 modes of mode number 𝜈=0, 1, 

…, (𝑚-1) at the designed wavelength λ. The propagation constant 𝛽𝑣 and the 

wavenumber 𝑘𝑥𝑣 are related by the following dispersion formula [75,76]: 

 

                                         𝛽𝑣
2 + 𝑘𝑧𝑣

2 = 𝑘𝑜
2𝑛1

2                                          (1.23) 

 

 

Figure 1.8: Basic scheme of the MMI coupler [75].  

 

where 𝑘𝑧𝑣 = (𝑣 − 1)𝜋 𝑤𝑒⁄ , 𝑤𝑒 is the effective width of the MMI section 

given as [78] 

                                 𝑤𝑒 = 𝑤𝑀𝑀𝐼 +
𝜆

𝜋
(𝑛1

2 − 𝑛2
2)−1 2⁄

                                  (1.24) 

 

Normally, 𝑤𝑒 ≃ 𝑤𝑀𝑀𝐼. Substituting 𝑘𝑥𝑣 in equation (1.23), one can get the 

propagation constant formula [76] 
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                                   𝛽𝑣 = 𝑘𝑜𝑛1 −
(𝑣−1)2𝜋𝜆

4𝑤𝑒
2𝑛1

                                         (1.25) 

 

The beat length is defined as the reciprocal of the difference between the 

propagation constant of the fundamental and the 1st order modes and has the 

following formula [76] 

 

                                      𝐿𝜋 =
𝜋

𝛽0−𝛽1
=

4𝑛1𝑤𝑒
2

3𝜆
                                         (1.26) 

 

Assume the field at the entrance of the MMI coupler (𝑧 = 0) is expressed in 

terms of the product of the 𝑣-th mode excitation coefficient given as 𝑐𝑣 and 

its distribution 𝜑𝑣 as follows [77] 

 

                                       𝜓(𝑥, 0) = ∑ 𝑐𝑣𝜑𝑣(𝑥)𝑣                                    (1.27) 

The excitation coefficient is given by 

                                       𝑐𝑣 =
∫𝜓(𝑥,0).𝜑𝑣(𝑥)𝑑𝑥

√∫𝜑𝑣
2(𝑥)𝑑𝑥

                                         (1.28) 

 

The field at any point along the coupler is expressed as 

 

            𝜓(𝑥, 𝑧) = ∑ 𝑐𝑣. 𝜑𝑣(𝑥). exp (−𝑗(𝜔𝑡 − 𝛽𝑣𝑧)𝑣                              (1.29) 

 

Substituting 𝛽𝑣 from equation (1.25) into (1.29), gives 

 

            𝜓(𝑥, 𝑧) = ∑ 𝑐𝑣. 𝜑𝑣(𝑥). exp (−𝑗
𝑣(𝑣+2)𝜋

3𝐿𝜋
)𝑣                                   (1.30) 

 

where the exponent part represents the phase term of the field. Under certain 

situations, at distance 𝑧 = 𝐿 even and odd field images 𝜓(𝑥, 𝐿) of the input 

field 𝜓(𝑥, 0) are produced with respect to the plane 𝑥 = ± 𝑤𝑒. Based on the 

above analysis, the self-imaging properties can be investigated using three 

interference mechanisms [78]. 
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a. General Interference mechanism (GI) 

 

In this mechanism, there is no restriction on mode excitation, i.e. all 

modes are allowed to interfere constructively (𝑣=0,1,2,3…). Also no 

restriction on the location of the exciting input field. The generated 

images are located at distances [78] 

 for a single image         𝐿 = 𝑝𝑀𝑀𝐼(3𝐿𝜋)                           (1.31) 

 for an N-fold image      𝐿 =
𝑝𝑀𝑀𝐼

𝑁
(3𝐿𝜋)                           (1.32) 

            where, 𝑝𝑀𝑀𝐼 is a periodicity integer, normally (𝑝𝑀𝑀𝐼 = 1). 

 

b. Restricted Symmetric Interference mechanism (SI) 

In this mechanism, the input field is placed at the center of the MMI 

coupler, i.e. 𝑥 = 0, to obtain only evenly symmetric images (𝑣 =0,2,4) 

located at distances [78] 

                                                    𝐿 =
𝑝𝑀𝑀𝐼

𝑁
(
3𝐿𝜋

4
)                                    (1.33) 

 

c. Restricted Paired Interference mechanism (PI) 

In this mechanism, an even symmetric input field is fed to the MMI 

coupler at specific positions (𝑥 = ±𝑤𝑒 6⁄ ). The excitation coefficient 

for 𝑣 =2,5, 8,…, is zero due to their odd symmetry. The images of the 

input field are obtained at distances [78] 

 

                                       𝐿 =
𝑝𝑀𝑀𝐼

𝑁
 𝐿𝜋                                                (1.34) 

Note that, the contributing modes that come in pairs are 0-1, 3-4, and 

6-7…, which is the reason for the name of this mechanism. And thus, 

the number of input ports is limited to two. 
 

Based on the above discussion, while keeping the width and beat length 

parameters of the MMI coupler fixed, the length in the SI mechanism is 4x 

shorter than that of the GI and PI mechanisms. For the PI mechanism, the 

length is three times shorter than that in the GI mechanism. Yet, the GI 
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mechanism offers flexibility in input field position, the number of ports, and 

the capability to produce single, and multiple images [78]. Figure 1.9 depicts 

field propagation and first image generation for each type of interference 

mechanism. 
 

 

Figure 1.9: MMI optical field distributions for (a) General Interference; 

(b) Symmetric Interference; (c) Paired Interference. Values on both axes are 

in μm. 

 

1.5.2 SWG-MMI Coupler 

As introduced before, to improve the performance and overcome the 

bandwidth limitations of the conventional waveguides, a SWG section is 

introduced to replace that in the MMI section. The contribution of the SWG 

is interpreted as the modification of the refractive index part in equation 

(1.26) as follows [68]: 
 

                                    𝐿𝜋 =
𝜋

𝛽0−𝛽1
=

𝑛𝑧𝑧
2

𝑛𝑥𝑥

4𝑤𝑒
2

3𝜆
                                                       (1.35) 

 

with the proper adjustment of the term 
𝑛𝑧𝑧

2

𝑛𝑥𝑥
, the beat length dependence on 

wavelength can be reduced considerably, and thus the operating bandwidth 

of the proper coupler expands accordingly. This adjustment is done by 

selecting the right pitch length and duty cycle of the SWG section. 
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1.6 Optical Phase Shifters 

Optical phase shifters (OPS) are an essential part of a wide spectrum of 

MDM devices and applications. Their operation must not be confused with 

that of the optical delay line (ODL) which is distinguished as a time-domain 

delay, whereas the OPS adjusts the phase of the optical signal to a reference 

one by the change of the effective refractive index. The OPS can induce a 

phase shift from 0 to 360o. In OPS, the phase slightly changes along the 

optical path within the order of one wavelength, whereas in ODL, the time 

delay between optical signals requires that the optical path needs to be 

greater than one wavelength [79]. OPSs are categorized into two groups 

based on the inclusion of a control element or not to induce the required shift. 

the first one is the active phase shifter which requires a control element to 

induce the phase shift mainly using two mechanisms, the thermo-optic effect 

and the free-carrier plasma dispersion [80]. In contrast, for the passive phase 

shifter, no control element to induce the phase shift is required and it is only 

based on the path difference between two waveguides of different 

dimensions (length and width) [57].  

 

1.6.1 Passive Phase-Shifting Technique 

The commonly used scheme of the passive PSs shown in Figure 1.10, 

comprises, two parallel waveguides, a reference waveguide of length 𝐿𝑠, and 

width 𝑤𝑠 , and another waveguide of length 𝐿𝑝𝑠, and width 𝑤𝑝𝑠 whose 

geometrical dimensions are modified by the amount ∆𝐿𝑝𝑠 and/or ∆𝑤𝑝𝑠 to 

induce the desired phase difference at the output end.  Generally, any 

waveguide produces a certain phase shift on the optical signal propagating 

through it given as [57]: 

For the upper waveguide 

                                     Φ𝑈(𝜆) = −𝛽𝑈(𝜆, 𝑧). 𝐿𝑝𝑠                                         (1.36) 
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For the lower reference waveguide:  

                                        Φ𝐿(𝜆) = −𝛽𝐿(𝑧, 𝜆). 𝐿𝑠                                  (1.37) 

The total phase shift ΔΦ(λ)  at the output end is  

                              ΔΦ(λ) = Φ𝐿(𝜆) − Φ𝑈(𝜆)                                       (1.38) 

where the 𝛽’s are the phase constants of the fundamental mode propagating 

across the corresponding waveguide. 

 

Figure 1.10: Schematic of passive phase-shifting structure. 

 

 

1.6.2 Theoretical Analysis of a Passive Phase Shifter 

This sub-section first presents the theoretical analysis of the operation of the 

passive PSs using the conventional waveguides. Later, with the use of SWG 

technology, a counterpart is designed to address and overcome the 

limitations observed in the conventional type. 

 

i. Conventional Passive Phase Shifter 

Consider two parallel waveguides are shown in Figure 1.11, of equal length 

𝐿𝑝𝑠 and different widths 𝑤𝑝𝑠, and 𝑤𝑠 corresponding to the upper and lower 

waveguides, respectively. These waveguides are placed at a certain 

separation so that to ensure no interference occurs between their optical 

signals. The desired phase shift ΔΦ(λ) is achieved through the width 

dissimilarity of the two waveguides. Using equations (1.36) to (1.38), yields 

[68] 
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                   ΔΦ(λ) = Φ𝐿(𝜆) − Φ𝑈(𝜆) = [𝛽𝑈 − 𝛽𝐿]. 𝐿𝑝𝑠                      (1.39) 

Substituting the difference in the propagation constants gives 

 

                 ΔΦ(λ) =
2𝜋

𝜆
(𝑛𝑒𝑓𝑓_𝑈 − 𝑛𝑒𝑓𝑓_𝐿). 𝐿𝑝𝑠 =

2𝜋

𝜆
∆𝑛𝑒𝑓𝑓𝐿𝑝𝑠                  (1.40)  

 

where 𝑛𝑒𝑓𝑓 is the effective refractive index of the fundamental mode in the 

corresponding waveguide.  

 

Figure 1.11: Schematic of conventional width-based passive phase-shifting 

structure [57]. 

 

The length of the waveguides 𝐿𝑝𝑠 is chosen so that initial phase shift ΔΦ𝑜 at 

the desired wavelength (λ𝑜) is generated. Thus the length can be calculated 

using a modified form equation (1.40) for the length as follows [57]: 

                                       𝐿𝑝𝑠 = ΔΦ𝑜
𝜆𝑜

2𝜋∆𝑛𝑒𝑓𝑓(𝜆𝑜)
                                    (1.41) 

 

Again, equation (1.40) can be rewritten including the initial phase shift due 

to the selection of the phase shifter length as in equation (1.42), which shows 

that the phase shift contains two parts, a constant part at the designed 

wavelength and a variable part that changes with the wavelength. 

                              ΔΦ(λ) = ΔΦ𝑜
𝜆𝑜

∆𝑛𝑒𝑓𝑓(𝜆𝑜)

∆𝑛𝑒𝑓𝑓(𝜆)

𝜆
                               (1.42) 

Introducing the effect of effective index change in terms of the width change 

of the waveguides. The propagation constant 𝛽 has the formula 
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                                    𝛽𝑣 = 𝑘𝑜𝑛1 −
𝜋𝜆

4𝑤𝑒
2𝑛1

2                                            (1.43) 

from equation (1.20), the effective index related to the propagation constant 

as [57] 

                               𝑛𝑒𝑓𝑓 =
𝛽

𝑘𝑜
= 𝑛1 −

𝜆2

8𝑤𝑒
2𝑛1

                                        (1.44) 

Since  ∆𝑛𝑒𝑓𝑓 = 𝑛𝑒𝑓𝑓_𝑈 − 𝑛𝑒𝑓𝑓_𝐿, then 

                               ∆𝑛𝑒𝑓𝑓 =
𝜆2

8𝑛1
[

1

𝑤𝑒_𝐿
2 −

1

𝑤𝑒_𝑈
2 ]                                       (1.45) 

Thus, equation (1.40), can be modified again including the waveguide width 

contribution as [57] 

                                   ΔΦ(λ) =
𝜋𝜆

4𝑛1
[

1

𝑤𝑒_𝐿
2 −

1

𝑤𝑒_𝑈
2 ] 𝐿𝑝𝑠                            (1.46) 

where 𝑛1 is the refractive index of the core material, 𝑤𝑒, is the effective width 

of the corresponding waveguide (with L for lower, U for upper). 

 

ii. SWG-assisted Passive Phase Shifter 

For bandwidth and loss enhancement, the conventional waveguides 

considered in the previous section are replaced with a SWG alternative as 

shown in Figure 1.12. These waveguides consist of segments of thickness 𝑎 

arranged periodically with pitch length . Both are of length 𝐿𝑝𝑠, and widths 

𝑤𝑝𝑠, and 𝑤𝑠 of the shifter and reference waveguide, respectively. 

 

Figure 1.12: Schematic of SWG passive phase shifting structure [57]. 
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Again, the SWG technology contribution is interpreted in terms of the 

refractive index modification of the new homogenous medium utilizing 

equations (1.21) and (1.22). The phase difference of equation (1.46) can be 

rewritten as [57]: 

                                    ΔΦ(λ) =
𝜋𝜆

4

𝑛𝑥𝑥

𝑛𝑧𝑧
2 [

1

𝑤𝑒_𝐿
2 −

1

𝑤𝑒_𝑈
2 ] 𝐿𝑝𝑠                       (1.47) 

 

The wavelength dependence of equation (1.47) can be improved through 

proper selection for the values of SWG parameters 𝐷. 𝐶 and  where the 

refractive index ratio changes accordingly. 

1.7 Asymmetric Directional Coupler 

The directional coupler is a PIC device that transfers the optical field 

between two closely placed waveguides. The basic scheme of a standard 

directional coupler is shown in Figure 1.13, where the evanescent wave 

extends from the first waveguide and is coupled into the second one. The 

directional couplers can be found in two structures, the symmetric directional 

coupler  (SDC) whose waveguides are identical as shown in Figure (1.13-a), 

and the asymmetric directional coupler (ADCs), whose waveguides are of 

different dimensions “non-identical” as shown in Figure (1.13-b). The SDC 

type is used to build power and polarization splitters [81], whereas the ADC 

type is widely used in MDM (de)multiplexing techniques due to their 

flexibility, scalability, and structural simplicity for capacity enhancement 

and high-order mode excitation from an input fundamental mode [82,83].  
 

 

Figure 1.13: Scheme of directional couplers (a) SDC (b) ADC [83]. 
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In the ADC multiplexer, efficient power transfer and high-order mode 

excitation is based on the satisfaction of the phase-matching condition 

[𝑛𝑒𝑓𝑓_𝑇𝐸0 - 𝑛𝑒𝑓𝑓_𝑇𝐸𝑚 ≈ 0] between the single-mode access waveguide and 

the main multimode waveguide of effective indices 𝑛𝑒𝑓𝑓_𝑇𝐸0, and 𝑛𝑒𝑓𝑓_𝑇𝐸𝑚, 

respectively. These waveguides are closely placed with certain coupling 

parameters (length and gap) and the excited modes can be observed at the 

output end as shown in Figure 1.14. The amount of the optical power coupled 

from the access waveguide to the main multimode waveguide can be 

expressed in terms of the coupling coefficient as [84] 

                               𝜅2 =
𝑃𝑇𝐸𝑚

𝑜𝑢𝑡

𝑃𝑇𝐸0
𝑖𝑛 = 𝑠𝑖𝑛2(𝐷 ∗ 𝐿𝑐)                                      (1.48) 

where  𝑃𝑇𝐸𝑚
𝑜𝑢𝑡  , and 𝑃𝑇𝐸0

𝑖𝑛  are the power of the output TEn high-order mode, 

and the input TE0 mode, respectively. 𝐷 is the coupling gap and 𝐿𝑐 is a 

coupling length. 

 

 

Figure 1.14: Simulated light propagation in an ADC for different excited 

high-order modes. 

 
 

1.8 Literature Survey 

This section presents a brief survey of related published work. It focuses on 

the use of MMI couplers and ADC couplers as mode (de)multiplexing 
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devices and the application of subwavelength grating technology in this 

field. Note that the operating wavelengths of the reported work are 1.55 µm. 

In 2017, Jafari et al. [85] proposed a two-mode SWG-assisted 

ADC-based (de)multiplexer. The losses of the proposed device are < 0.5 dB, 

the crosstalk is < -15 dB over an operating bandwidth of 65 nm extending 

over the range (1.5-1.565) µm. 

In 2017, Dai et al. [83] proposed a 10-channel dual-polarization 

conventional ADC-based (de)multiplexer. It supports four TM and 6 TE 

polarized modes. This device shows worst-case losses of 1.8 dB and 

crosstalk of -15 dB over operating bandwidth -90 nm (1.52-1.6) µm. 

In 2018, Truong et al. [86] proposed a three-mode conventional 

MMI-based (de)multiplexer. The designed device offers insertion loss > -0.9 

dB and crosstalk < −17 dB over an operating bandwidth of 40 nm (1.525-

1.565) µm. It features an overall footprint of (5×400 μm2). 

In 2019, Herrero-Bermello et al. [87] proposed an MMI-based 

polarization splitter using tilted SWG segments. The losses of the designed 

device are < 1 dB and an extinction ratio > 20 dB over an operating 

bandwidth of 131 nm (1.4-1.7) µm, also the device footprint is (4 x 100 μm2). 

In 2020, Nath et al. [88] proposed a five-mode ADC-based 

(de)multiplexer based on a conventional silicon-on-insulator (SOI) 

waveguide, for on-chip optical interconnects. The device exhibits an 

insertion loss of -0.24 dB and crosstalk of -33 dB with 40 nm (1.53-1.57) µm 

operating bandwidth. The overall coupling length of the device is about 40 

μm. 

In 2020, Zhou and Sun [73] proposed a two-mode MMI-based 

(de)multiplexer using a conventional (SOI) platform. Device performance 

showed an insertion loss > -1 dB, crosstalk < -15 dB, 40 nm (1.53-1.57) µm 

operating bandwidth, and an overall footprint of (2.7x43.7 μm2). 
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In 2020, González-Andrade et al. [89] experimentally 

demonstrated a two-mode MMI-based (de)multiplexer using subwavelength 

grating technology. The performance of the device showed an insertion loss 

> -1.1 dB, crosstalk better than -18 dB, and an operating bandwidth of 120 

nm (1.52-1.64) µm. The total area of the device is (3.7⨯38.6) μm2. 

In 2020, Chen and Xiao [82] proposed a polarization beam 

splitter built using an SWG-assisted directional coupler. The device was 

characterized by an insertion loss > -0.13 dB, an extinction ration > 23 dB, 

and an operating bandwidth of 40 nm (1.52-1.56) µm. The device has a 

coupling length of 10 μm.  

In 2021, Shiran et al. [90] designed and fabricated a dual-mode 

MMI splitter based on SWG technology. Experimental results of the device 

showed an insertion loss > -0.1 dB, crosstalk better than -17 dB, over an 

operating bandwidth of 100 nm (1.5-1.6) µm. The device footprint is 5x48 

μm2. 

In 2021, Jiang et al. [91] proposed a four-mode ADC-based 

(de)multiplexer based on an SWG-assisted waveguide. The experimental 

results showed minimum operating bandwidths < 100 nm (1.5-1.6) µm. The 

insertion loss is > -1.7 dB, the crosstalk is always better than -15 dB. The 

coupling length of the proposed device is about 50 μm. 

 

This survey shows that the conventional waveguide-based (de)multiplexers 

are high order devices but have limitations in operating bandwidth and 

losses, and those who use the subwavelength grating technology are limited 

in the number of high-order modes. Thus, this thesis combines the benefits 

of both fields, in designing higher-order mode capacity devices, with low 

losses, wider operating bandwidth, and higher compactness. Table 1.2 lists a 

summary of the devices reported in the literature with the main specifications 

and performance indicators. 
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Table1.2 Literature survey summary 

Ref# Strcture Approach I.L C.T B.W (µm) Area 

[85] 
SWG-assisted ADC-

based (de)multiplexer 
Theoratical -0.5 -15 1.500-1.565 - 

[83] 
Conventional ADC-

based (de)multiplexer 
Theoratical -1.8 -15 1.52-1.60 - 

[86] 
Conventional MMI-

based (de)multiplexer 
Theoratical -0.9 -17 1.525-1.565 5×400 

[87] 

SWG-assisted MMI-

based polarization 

splitter 

Theoretical -1 - 1.400-1.700 4×100 

[88] 
Conventional ADC-

based (de)multiplexer 
Theoratical -0.24 -33 1.530-1.570 - 

[73] 
Conventional MMI-

based (de)multiplexer 
Theoratical -1 -15 1.530-1.570 2.7×43.7 

[89] 
SWG-assisted MMI-

based (de)multiplexer 
Expieremental -1.1 -18 1.520-1.640 3.7×38.6 

[82] 

SWG-assisted ADC-

based polarization 

beam splitter 

Expieremental -0.13 -23 1.520-1.560 - 

[90] 
SWG-assisted MMI-

based splitter 
Theoratical -0.1 -17 1.500-1.600 5×48 

[91] 
SWG-assisted ADC-

based (de)multiplexer 
Theoratical -1.7 -15 1.500-1.600 - 

 

1.9 Aim of The Thesis 

The thesis aims to design low loss, compact, wideband, and fabrication 

tolerant devices using subwavelength grating technology that can be used in 

advanced optical communication systems. 

1.10 Contributions 

The main contributions of this thesis are proposing, designing, and 

simulation of 

i. Three-TE mode MMI-based (de)multiplexer using subwavelength 

grating technology. 

ii. Four-TE mode MMI-based (de)multiplexer using both conventional 

and subwavelength grating-based technology Si/SiO2 platform. 

iii. Twelve-TE mode SWG-assisted ADC (de)multiplexer. 

iv. Fourteen-TE mode SWG-assisted ADC (de)multiplexer. 

v. Twelve-TM mode SWG-assisted ADC (de)multiplexer. 

vi. Twenty Four Dual-polarization SWG-assisted ADC (de)multiplexer.
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CHAPTER TWO 

Design of Multimode interferometer-based (De)Multiplexers 

Using SWG Technology 

 

 

 

 

2.1  Introduction 

This chapter introduces a general mathematical framework of an N×N MMI-

based mode (de)multiplexer, along with design and simulation results of a 

subwavelength grating assisted, and all-subwavelength grating 3×3 

(de)multiplexers. These devices are designed to operate at the standard 

optical communication wavelength of 1.55 µm. The analysis introduced in 

this chapter can be considered as basic guidelines to implement an MMI-

based (de)multiplexer with a desired number of ports. 

 

 

 

 

 

 

2.2  N-mode (De)multiplexer 

The basic scheme of the MMI-based N-mode (de)multiplexer is presented in 

Figure 2.1. It acts as a 1×N-port device that comprises three main parts 

cascaded sequentially which are a 1×N power splitter, phase shifters, and 

N×N MMI coupler. The splitter and the MMI parts are designed utilizing the 

concept of the transfer matrix which depends on the order of the input modes, 

whereas the phase shifter is designed so that certain demultiplexing operation 

is satisfied. Thus, each output port of the device is assigned for a given input 

mode with no or minimum output detected at other output ports. Note that 

the nonlinear optical effects in the optical components are negligible. 
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Figure 2.1: Simplified block diagram of N-mode (de)multiplexer. 

 

Let the transfer matrices of the input coupler under the n-th mode excitation, 

phase-shift stage, and MMI are Tcn, TΦ, and TMMI, respectively, generally 

described by equations (2.1-2.3). The elements of these matrices can be 

calculated from 𝐴𝑖𝑗 = 1 √𝑁 𝑒𝑗𝜑𝑖𝑗⁄ , where the phase 𝜑𝑖𝑗 is given by [78]: 

 If (i+j) even                 𝜑𝑖𝑗 = 𝜑𝑜 + 𝜋 +
𝜋

4𝑁
(𝑗 − 𝑖)(2𝑁 − 𝑗 + 𝑖) 

 If (i+j) odd                  𝜑𝑖𝑗 = 𝜑𝑜 +
𝜋

4𝑁
(𝑗 + 𝑖 − 1)(2𝑁 − 𝑗 − 𝑖 + 1) 

where 𝜑𝑜 is a constant phase. Note that the Tcn matrix is an input mode order 

TEn mode, where n=0,1,…N.  

 

                                         𝐓𝐜𝐧 ≡ [𝐓𝐜𝐧]N×1 = [

c0,n

⋮
cN−1,n

]                             (2.1) 

 

                                        𝐓𝚽 = [𝐓𝚽]N×N = [
ejΦo … 0

⋮ … ⋮
0 … ejΦN−1

]            (2.2) 

 

      𝐓𝐌𝐌𝐈 ≡ [𝐓𝐌𝐌𝐈]N×N = [

  m0,0 m0,1    … 
m1,0 m1,1    …

⋮ ⋮    …

… m0,N−1

… m0,0

… ⋮
   mN−1,0 mN−1,1 … … mN−1,N−1

]       (2.3) 

 

The matrix corresponding to the nth-order mode Tdn of the device is given 

by: 
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           𝐓𝐝𝐧 ≡ [𝐓𝐝𝐧]N×1 = 𝐓𝐌𝐌𝐈. 𝐓𝚽. 𝐓𝐜𝐧 = [

(t0)n

(t1)n

⋮
(tN−1)n

]                                    (2.4) 

 

where the value of the matrix elements t0, t1, ….,tN-1 depends on the order of 

the input field. Assume the input field is excited by 𝑁 TE-modes having 

electric field amplitudes Ei,0, Ei,1,…., and Ei,N-1, and the field amplitudes at 

the 𝑁 output ports are denoted by Eo,0, Eo,1,…., and Eo, N-1. Both parameters 

can be expressed in matrix form as: 

 

                                      𝐄𝐢 ≡ [𝐄𝐢]N×1 = [

Ei,0

⋮
Ei,N−1

]                                    (2.5) 

 

                                    𝐄𝐨 ≡ [𝐄𝐨]N×1 = [

Eo,0

⋮
Eo,N−1

]                                    (2.6) 

 

Then 

 

                                                           𝐄𝐨 = 𝐓𝐝. 𝐄𝐢                                                      (2.7) 
 

where 
 

                      𝐓𝐝 ≡ [𝐓𝐝]N×N = [[𝐓𝐝,𝟎] [𝐓𝐝,𝟏] … … [𝐓𝐝,𝐍−𝟏]]             (2.8) 

 

Combining equations (2.7) and (2.8) and using equations (2.4), (2.5), and 

(2.6) gives 

 

Eo,0 = (t0)0. Ei,0 + (t0)1. Ei,1 + ⋯ + (t0)N−1. Ei,N−1 

Eo,1 = (t1)0. Ei,0 + (t1)1. Ei,1 + ⋯ + (t1)N−1. Ei,N−1 

. 

. 

           Eo,N−1 = (tN−1)0. Ei,0 + (tN−1)1. Ei,1 + ⋯ + (tN−1)N−1. Ei,N−1  (2.9) 
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2.3   Three-Mode (De)multiplexer 

This section presents the mathematical framework and design steps of the 

three-mode (de)multiplexer for both SWG-assisted MMI coupler and the 

all-SWG coupler devices. 

 

2.3.1.  Subwavelength Grating Assisted (De)multiplexer 

In this subsection, the design concept, parameters selection, and 

performance of the SWG-assisted (de)multiplexer are presented. 

 

2.3.1.1 General Description 

First, using the analysis introduced in the previous section to obtain the 

matrices describing the performance of a 1×3 mode (de)multiplexer whose 

output is excited using three input modes TE0, TE1, and TE2. The device 

consists of a 1×3 trident splitter connected to a 3×3 subwavelength grating  

+assisted MMI coupler with phase shifters placed at the arms of the splitter 

as shown in Figure 2.2. Equation (2.1) can be set based on design 

requirements for each case of input mode of this device as follows [86]: 

 

                                         𝐓𝐜𝟎 =
1

√2
[j 0 j]T                                      (2.10) 

                                         𝐓𝐜𝟏 =
1

√2
[j 0 −j]T                                   (2.11)      

                                         𝐓𝐜𝟐 =
1

√2
[0 1 0]T                                    (2.12) 

 

The subscripts 0,1, and 2 are used with a matrix 𝐓𝐜 to distinguish the three 

input modes TE0, TE1, and TE2 respectively. Note that ±j = e±j
π

2  according 

to Euler's identity. Now, investigating equations (2.10-2.12), yield, the 

following findings: 
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i. The trident splitter guides TE0 (TE1) mode through the outer arms with 

50% amplitudes of the input field and is in phase (out of phase). 

ii. The trident splitter guides the input TE2 mode directly through the 

central arm with equal amplitude of the input field. 
 

 

 

Figure 2.2: Schematic of 1×3 mode (de)multiplexer. 

 
 

The 3×3 MMI coupler is designed to operate as a 3-dB splitter when the field 

is injected into either of the side input ports, i.e. the input power is split 

equally between the outer output ports and the MMI is acting as a 2X2 

coupler. Whereas for the case of field injection into the central port, the 

output is detected at the central output port only, which means in this case, 

the MMI is acting as a 1x1 coupler with Φ1 =0, the signal at the central input 

port is guided directly to the central output port. Thus, based on that analysis, 

for the case of TE0 (TE1) mode corresponding to the two outer input/output 

arms of the original MMI with the following transfer matrix [86] 

 

                                  𝐓𝐌𝐌𝐈(𝟎,𝟏) =
1

√2
[

j j
−j j

] =
j

√2
[

1 1
−1 1

]                       (2.13) 

 

When Φ0 and Φ2 phases are introduced at the two outer inputs of the trident 

splitter, equation (2.13) is modified to 

 

               𝐓′
𝐌𝐌𝐈(𝟎,𝟏) = 𝐓𝐌𝐌𝐈(𝟎,𝟏) [ejΦ0 0

0 ejΦ2
] =

j

√2
[ ejΦ0 ejΦ2

−ejΦ0 ejΦ2
]          (2.14) 

 



35 

 

 
 

similarly, the trident splitter can be treated as a 1X2 coupler corresponding 

to the outer arms transmission. Thus, for TE0 and TE1 in equations (2.10) and 

(2.11) can be modified to [86] 

                                     𝐓𝐜𝟎
′ =

1

√2
[
j
j
] , 𝐓𝐜𝟏

′ =
1

√2
[

j
−j

]                                        (2.15) 

 

According to that, the (de)multiplexer can be modeled as shown in Figure 

2.3. 

 

 

Figure 2.3: A simplified 3-mode (de)multiplexer for TE0 and TE1 modes 

excitation. 
 
 

The outputs of the two outer ports of the (de)multiplexer can be calculated 

as 

                              [
Eo,0

Eo,1
] = 𝐓𝐌𝐌𝐈(𝟎,𝟏) [𝐓𝐜𝟎

′ ⋮
⋮

𝐓𝐜𝟏
′ ] [

Ei,0

Ei,1
]                   (2.16) 

 

That analysis is utilized to obtain the output fields of the 2X2 MMI for the 

following two cases: 

 

1. Case (a): Input Mode = TE0 

 

                                    Eo,0 =
j

2
[ejΦ0 +     ej(

π

2
+Φ1)]                           (2.17) 

                                    Eo,1 =
j

2
[−ejΦ0       + ej(

π

2
+Φ1)]                      (2.18) 
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Let the phase shifter be inserted at the output of the first outer arm of the 

trident to impose a π/2 phase shift. Setting Φ0 = π/2 and Φ1 =0 in equations 

(2.17) and (2.18) yields 

 

Eo,0 =
j

2
[ej

π
2 + ej

π
2] =

j

2
[2j] = −1 

Eo,1 =
j

2
[−ej

π
2 + ej

π
2] = 0 

 

Thus, under that phase condition, the single output is detected at the outer 

ports of the 3×3 MMI coupler. 

 

2. Case (b): Input Mode = TE1 

 

                                         Eo,0 =
j

2
[ejΦ0 +     ej(−

π

2
+Φ1)]                    (2.19) 

                                         Eo,1 =
j

2
[−ejΦ0       + ej(−

π

2
+Φ1)]               (2.20) 

 

  setting Φ0 = π/2 and Φ1 =0, equations (2.19) and (2.20) yields 

 

Eo,0 =
j

2
[ej

π
2 + e−j

π
2] = 0 

Eo,1 =
j

2
[−ej

π
2 + e−j

π
2] = −1 

 

This means that single output is also detected but on the other outer port of 

the (de)multiplexer. Important remarks related to the previous analysis are 

given in the following 

 

1. When Φ0 =- π/2 and Φ1 = 0, equations (2.17) and (2.18) become Eo,0 =

0 and Eo,1 = 1, respectively, when TE0 is excited at the 

(de)multiplexer input. Similarly for TE1 mode, equations (2.19) and 
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(2.20) yield the two outputs Eo,0 = 1 and Eo,1 = 0, respectively. Thus 

Φ0 =- π/2 and Φ1 = 0 condition is also useful to separate the input TE0 

and TE1 modes into two individual output ports of the 3×3 MMI 

coupler. 

2. Considering the case of Φ0 =0 and Φ1 = π/2 (i.e., the π/2 phase shifter 

is placed at the other outer port of the tri-junction). Under these phase 

shifters, equations (2.17) and (2.18) become Eo,0 = 0 and Eo,1 = −1, 

respectively. Also, equations (2.19) and (2.20) become Eo,0 = j and 

Eo,1 = 0, respectively. 

 

3. When the accumulation phase θa of the optical field of the guided 

modes propagating through the input 1×3 coupler is taken into 

account, then the transfer matrix of this coupler is modified to [86] 

 

𝐓𝐜𝐧
′ = 𝐓𝐜𝐧ejθa      for n=0,1, and 2 

 

This makes each of the (de)multiplexer output fields is multiplied by 

the factor ejθa. Thus the phase θa doesn’t alter the function of the 

(de)multiplexer but introduces an extra phase shift for all the output 

fields. 

 

Next, introduces the contribution of the subwavelength grating (SWG) effect 

in the MMI coupler of the designed device presented in Figure 2.4. As 

described in chapter 1, the SWG structure can be constructed as illustrated 

in Figure 1.6. which is the main concept of SWG, with two layers of 

refractive indices 𝑛1 and 𝑛2 are periodically arranged with pitch length 

denoted by Λ, where Λ << λ to ensure that the dispersion effect is suppressed 

and stratify that the structure serves as a homogeneous medium of an 

equivalent refractive index that can be expressed by equations (1.21 and 

1.22), based on the polarization of the propagating E-field. 
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Figure 2.4: Schematic of the 3-TE mode SWG-MMI (de)multiplexer. 

 

By introducing the SWG, the MMI coupler length formula to achieve the 

designed function of the coupler is described by equation (1.35). For a 

complete demultiplexing operation a 𝜋 2⁄  phase shift needs to be induced 

between the outer arms of the splitter before being connected to the SWG-

MMI coupler. This phase shift is obtained through a passive phase shifter 

based on the difference between two waveguides of a certain length 𝐿𝑝𝑠 and 

different widths 𝑤𝑠 and 𝑤𝑝𝑠 of straight and phase shifter, respectively. The 

induced phase shift can be expressed as in equation (1.46). 

𝒘𝒂 
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2.3.1.2 Device Dimensional Parameters Selection 

Here, the dimensional parameters of each part of the (de)multiplexer should 

be carefully adjusted at the operating wavelength of 1.55 µm. The device is 

designed on an SOI platform in the form of a rib waveguide with a height H 

= 500 nm and a slab height h = 220 nm [85]. The rib waveguide is composed 

of silicon (Si), silicon dioxide (SiO2), and SU-8 polymer layers with 

refractive indices of 3.476, 1.444, and 1.58, respectively, at 1.55 µm. The Si 

is used to act as a core layer, the SiO2 of 0.5 μm thickness as a cladding layer, 

and the 0.5 μm thickness of a SU-8 polymer as a cover layer. The first part 

to design is the trident splitter which comprises three arms connected from 

their input end to a main stem of width 𝑤𝑖𝑛, which is wide enough to support 

high-order modes. The outer ones are S-bent arms identical to each other 

with equal widths and lengths denoted by 𝑤 and 𝐿𝑡, respectively. The central 

arm is a straight waveguide with a width of 𝑤𝑐. The widths are chosen to 

support the fundamental mode (TE0) utilizing the effective index analysis of 

the guided modes through the rib waveguide, as shown in Figure 2.5. This 

Figure depicts the effective refractive index of the guided mode along the 

waveguide as a function of its width. The single-mode operation can be 

achieved for widths < 0.5 m, and for a three modes operation, the width of 

the waveguide needs to be set to a value > 1 m. 

Simulation has been carried out to choose the proper values for the arms 

width 𝑤 and 𝑤𝑐 to achieve the desired operation of the splitter described in 

𝑖 and 𝑖𝑖 in section 2.3.1.1, and the result is shown in Figure 2.6, which depicts 

the change of the normalized transmission of the trident splitter as a function 

of the arm width. The red and black plots are corresponding to the outer and 

central arm widths, respectively. From this figure, it is obvious that 

maximum transmission and minimum crosstalk can be achieved when the 

widths are set to 𝑤 > 0.4 µm and 𝑤𝑐 < 0.3 µm. Thus, the widths 𝑤 and 𝑤𝑐 

are set to 0.5 and 0.2 µm, respectively. For the input stem waveguide, its 
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width 𝑤𝑖𝑛 is set to 1.2 µm so that the three arms fit exactly and can handle 

the three designed modes. 

 
 

 
 

Figure 2.5:  Effective refractive index vs. width of the input of tri-junction. 
 

 

 
 

Figure 2.6: Variation of the tri-junction output power with branch width. 

𝒘𝒊𝒏 (m) 
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The next parameter to simulate is the arm length 𝐿𝑡 and select the proper 

value to satisfy the designed splitting and guidance operation. Figure 2.7 

depicts the simulation result presenting the normalized transmission of the 

splitter as a function of variation in arm's length. From this Figure, the 

desired operation can be achieved with a length ranging from (20-30 m). 

Thus, in the design, 𝐿𝑡 = 27µm is chosen as an acceptable value so that the 

trident splitter shows maximum transmission and minimum crosstalk for all 

three modes. 

 

 

Figure 2.7: Variation of the tri-junction output power with branch length. 

 

The second part to design is the SWG-MMI coupler. The main parameters 

for this part are the width, length, pitch length, and duty cycle denoted by 

𝑤𝑀𝑀𝐼, 𝐿𝑀𝑀𝐼, , and 𝐷. 𝐶, respectively. For compactness, flexibility, and 

high-performance purposes, the parameters 𝑤𝑀𝑀𝐼, , and 𝐷. 𝐶 are set to 4.5 

m, 0.2 m, and 50%, respectively. Regarding the desired operation of the 

SWG-MMI coupler explained earlier by the concept of self-imaging as a 

function of the length of the MMI section. The SWG-MMI length LMMI is 

simulated around the theoretical value predicted by equations (1.31) and 
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(1.32) where both the two-folds and direct images (representing TE0 (TE1), 

and TE2 cases, respectively) appear at the same point on the output end. 

Figure 2.8 shows the simulation result which is the field distribution along 

the SWG-MMI coupler for the cases when the input field is side and center-

injected into the MMI coupler, respectively. Based on this result, the desired 

images can be obtained when 𝐿𝑀𝑀𝐼 = 57 µm, (excluding access waveguide 

length of 5 µm length). 

 

Figure 2.8: Optical field distribution along the SWG-MMI coupler 

(a) upper edge (b) lower edge (c) center. Values on both axes are in μm. 

 

Note that ports with proper tapering for smooth field transition are located in 

the center of the SWG-MMI at (y=0), while the side ports are initially at    

(𝑦 = ±𝑤𝑀𝑀𝐼/𝑌 ), where 𝑌 is a dimensionless integer related to the number 

of the ports 𝑌 ≤  𝑁, and later adjusted to obtain the maximum output from 

the coupler. Thus, numerical simulation is conducted for this purpose and 
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the result is depicted in Figure 2.9 which shows the normalized transmission 

of the SWG-MMI coupler as a function of the change in the 𝑌-parameter. 

From this Figure, it is obvious that the optimum value for port location is 

when 𝑌 = ±2.3. 

 

 

Figure 2.9: Dependence of the SWG-MMI output on port adjustment 

parameter. 
 

 
 

Finally, designing the 𝜋 2⁄  phase shifter with main parameters the width and 

length denoted by 𝑤𝑝𝑠 and 𝐿𝑝𝑠, respectively. A numerical simulation is 

conducted to design a tapered phase shifter and the result is depicted in figure 

(2.10) which represents the phase difference variation as a function of shifter 

width and length. During simulation, the width and length are ranged over 

the values (0.25-0.4) µm and (2.5-4.6) µm, respectively. The π/2 phase 

difference can be obtained with several combinations of both parameters. 
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Again, for compactness and desired performance purposes, 𝑤𝑝𝑠 and 𝐿𝑝𝑠 of 

0.39 µm and 2.5 µm are set, respectively. With that phase, the two 

components of TE0 (TE1) mode are interacted and guided to the designed 

structure output ports. Note that any parameter combination that satisfies the 

desired phase shift can be selected. 

 

 

Figure 2.10: Dependence of the phase shift induced by the PS as a function 

of its width and length 𝑤𝑝𝑠 and 𝐿𝑝𝑠, respectively. 

 

 

A summary of the main geometrical parameter values is listed in Table 2.1 

which are considered later to evaluate the performance of the designed 

device. Also, the designed device’s overall area is 4.5 × 120 μm2. 
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Table 2.1. Device main geometrical parameters for the designed 

SWG-MMI (de)multiplexer. 

 

Section Parameter Value (µm) Description 

Tri-junction 

splitter 

𝑤𝑖𝑛 1.20 
Input stem 

waveguide width 

𝑤 0.50 Outer arm width 

𝑤𝑐  0.20 Central arm width 

𝐿𝑡 27 
Tri-junction arm 

length 

S-bent 1.50 Outer arm bent 

π/2 Phase shifter 
𝑤𝑝𝑠 0.39 Phase shifter width 

𝐿𝑝𝑠 2.50 Phase shifter length 

SWG-MMI 

coupler 

𝑤𝑀𝑀𝐼 4.50 
SWG-MMI 

coupler width 

𝑤𝑎 0.90 
Access waveguide 

width 

𝐿𝑀𝑀𝐼 (periods) 57 (285) 
coupler length 

(segments) 

 (𝐷. 𝐶) 0.20 (50%) 
Segments pitch 

(Duty cycle) 

 

 

2.3.1.3 Device Performance Evaluation 

The performance of the designed device is evaluated utilizing the Rsoft 

photonics suit through observation of the designed optical modes as they 

propagate across the device from the input to the output ports. Figure 2.11 

depicts the optical intensity pattern for each case on the input modes at the 

designed wavelength of 1.55 µm for (a) TE0, (b) TE1, (c) TE2, and (d) all the 

three modes, which are injected into the device, respectively. It can be 

noticed that the TE0 (TE1) mode output is observed at the right (left) port, 

while the TE2 mode is guided to the central output port, respectively. This 

confirms the successful (de)multiplexing of the three modes TE0, TE1, and 

TE2 as predicted over simulation and analysis. 
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Figure 2.11: Optical intensity distribution of the guided mode along the 

device when the input is (a)TE0, (b) TE1, (c) TE2, and (d) all three. Values 

on both axes are in μm. 

 

 

It is worth mentioning that the proposed device is also capable to operate as 

a three-mode multiplexer with similar performance characteristics compared 

with demultiplexing operation state where the three output modes TE0, TE1, 

and TE2 are obtained from the TE0 mode at the input end. This is illustrated 

in Figure 2.12 where the input and output transverse field profiles (x-y plane) 

are given for different input modes. 

  

(a) (b) (c) 
y 

z 

(d) 
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Figure 2.12: Transverse field profile of the input field (left) and output 

field (right) for (a)TE0, (b) TE1, and (c) TE2. 

 
 

Second, evaluate the losses and operating bandwidth of the device by 

considering two essential parameters in multiplexing devices which are 



48 

 

 
 

insertion loss and crosstalk. The insertion loss denoted by I.L is the ratio of 

the desired output power (𝑃𝑜𝑢𝑡)𝑑𝑒𝑠𝑖𝑟𝑒𝑑  to the input power 𝑃𝑖𝑛, given by    

 

                                        𝐼. 𝐿(𝑑𝐵) = 10 log10
(𝑃𝑜𝑢𝑡)𝑑𝑒𝑠𝑖𝑟𝑒𝑑

𝑃𝑖𝑛
                          (2.21) 

 

and the crosstalk denoted by C.T represents the ratio of the desired emitted 

power (𝑃𝑜𝑢𝑡)𝑑𝑒𝑠𝑖𝑟𝑒𝑑   to the undesired emitted output power (𝑃𝑜𝑢𝑡)𝑢𝑛𝑑𝑒𝑠𝑖𝑟𝑒𝑑 

, given by 

                                    𝐶. 𝑇(𝑑𝐵) = −10 log10
(𝑃𝑜𝑢𝑡)𝑑𝑒𝑠𝑖𝑟𝑒𝑑

(𝑃𝑜𝑢𝑡)𝑢𝑛𝑑𝑒𝑠𝑖𝑟𝑒𝑑
                 (2.22) 

 

The results of the calculations are shown in Figure 2.13 which are the 

insertion loss variation of the device as a function of the wavelength of the 

input light. The wavelength varies over the range (1.500-1.600) µm. From 

this Figure, it can be noticed that the device shows minimum loss at the 

designed wavelength of 1.55 µm with an I.L of -0.8 dB. Further, the proposed 

device has  3-dB- and 1dB-bandwidths of 120 nm and 70 nm, respectively. 

Figure 2.14 shows the calculated crosstalk C.T of the device for each case of 

the input modes. Again, this Figure confirms the fact that minimum crosstalk 

is achieved at the operating wavelength with C.T lower than -18 dB. Table 

2.2 lists the insertion loss and total crosstalk when the device operates at λ = 

1.55 µm. 

 

Table 2.2. Device insertion loss and total crosstalk at λ = 1.55 µm. 

 

 

A performance comparison between the proposed device with a related 

conventional 3×3 (de)multiplexer reported in [86] has been conducted. The 

Parameter TE0 mode TE1 mode TE2 mode 

I.L (dB) -0.79 -0.85 -0.94 

C.T (dB) -17.9 -31.6 -19.8 
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results are listed in Table 2.3. It can be noticed that the proposed device 

offers low losses similar to the conventional device. The operating 

bandwidth of the proposed device is 120 nm. Thus, the designed 

(de)multiplexer has 3 times wider bandwidth compared to that reported in 

[86]. Further, The footprint of the proposed device represents 27% of that of 

the conventional device. 

 

Table 2.3 Performance comparison of the designed device with the 

previously reported one. 

Ref# Structure B.W(µm) 
C.T 

(dB) 

I.L 

(dB) 

Area 

(µm)2 

86 

3-TE 

Conventional 

(de)multiplexer 

(1.525-1.565) < -17 > -0.9 5×400 

This 

device 

3-TE SWG-

assisted 

(de)multiplexer 

(1.490-1.610) < -15 > -1.0 4.5×120 

 

 

 

Figure 2.13: Insertion Loss of the proposed structure performance. 
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Figure 2.14: Crosstalk of the proposed structure, (a)TE0, (b) TE1, (c) TE2. 
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2.3.2.  All-Subwavelength Grating Three-Mode (De)Multiplexer 

 

In this subsection, the three-mode (de)multiplexer as shown in Figure 2.15 

is designed and simulated completely utilizing subwavelength grating 

technology for further improvement in the performance to achieve wider 

bandwidth, while keeping control on the low loss compactness features 

obtained from the previously designed device. The proposed device is 

capable of the same demultiplexing operation described in the previous 

section. Note that the same waveguide structure is used in the design. 

 

 

 

Figure 2.15: Schematic of the all-SWG 3-TE mode (de)multiplexer. The 

inset represents the waveguide cross-section. 

 

 

2.3.2.1 Device Dimensional Parameters Selection 

 

Starting with the SWG-trident splitter to design wherein this device is 

identified by a set of parameters which are arms width, length, pitch length, 

and duty cycle denoted by 𝑤, 𝑤𝑐, 𝐿𝑡, Λ𝑡, and 𝐷. 𝐶𝑡, respectively. To ensure 

𝒘𝒑𝒔 

𝒘𝒄 

𝒘 
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that mode splitting and guidance considered in the previously designed 

splitter are maintained, the widths of the splitter are set to 0.5 m, and 0.25 

m corresponding to 𝑤 and 𝑤𝑐, respectively. These values will be checked 

later after setting the SWG parameters of the splitter which are Λ𝑡, and 𝐷. 𝐶𝑡. 

The SWG parameters are chosen carefully so that smooth propagation of the 

optical field with maximum confinement within the waveguide, 

compactness, and ease of fabrication are guaranteed. Numerical simulation 

is conducted for this purpose and the result is depicted in Figure 2.16 which 

is the variation of the normalized transmission of the trident splitter in 

response to the variation of the duty cycle 𝐷. 𝐶𝑡 for different values of pitch 

length Λ𝑡. From these results, it is clear that the desired splitter operation can 

be achieved when Λ𝑡 is 150 or 160 nm with 𝐷. 𝐶𝑡 extending over the range 

(60-75%), thus Λ𝑡 and 𝐷. 𝐶𝑡 are chosen to be 160nm, and 70%, respectively. 

Next, investigating the choice of arms width is serving the targeted operation 

through numerical simulation in each case of the input modes TE0 (TE1), and 

TE2. The simulation result is shown in Figure 2.17 representing the 

normalized output power of the splitter as a function of arms width. This 

Figure confirms that the selected widths are perfect for the designed 

operation.  

The final parameter to be selected is the arm’s length 𝐿𝑡 which needs to be 

set to a value where both compactness and the designed operation are 

guaranteed. A numerical simulation is conducted and the result is shown in 

Figure 2.18 which represents the variation of the normalized output power 

of the trident splitter as a function of arm’s length changing over the range 

(5-30) m for each case of the input modes, and it is clear that at 𝐿𝑡= 20 m 

can be chosen since at this value the requirements mentioned earlier of 

compactness and good performance are satisfied. 
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Figure 2.16: The Trident normalized output power vs. Λ𝑡  and 𝐷. 𝐶𝑡 

 

 

 

Figure 2.17:  Trident normalized output power as a function of arm width. 

 



54 

 

 
 

 

Figure 2.18: Trident normalized output power as a function of arm's 

length. 

 

Moving forward to the next part of the device, which is the SWG-phase 

shifter. Note that in this device, the phase difference is given by equation 

(1.47). checking the formula, one can say that the main parameters 

representing such a phase shifter are the width, length, pitch length, and duty 

cycle denoted by  𝑤𝑝𝑠, 𝐿𝑝𝑠, Λ𝑝𝑠, and 𝐷. 𝐶𝑝𝑠, respectively. Note that the 

parameters  Λ𝑝𝑠, and 𝐷. 𝐶𝑝𝑠 are kept the same as that of the trident splitter 

for smooth field transition between device parts and design simplicity, and 

numerical simulation is conducted to design 𝑤𝑝𝑠 and 𝐿𝑝𝑠 only for the values 

to produce a 𝜋/2 phase shift at the ends of the splitter. The simulation result 

is illustrated in Figure 2.19 where the phase difference as a function of 𝑤𝑝𝑠 

for different values of  𝐿𝑝𝑠 is plotted and it shows clearly that there is 

flexibility in selecting these two parameters to achieve the target phase shift. 

In this device, it is suitable to set 𝑤𝑝𝑠, and 𝐿𝑝𝑠 to 0.31 and 7 µm, respectively. 

Another set of parameters can be considered for the 𝜋/2  phase shift. For 
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example, 𝑤𝑝𝑠 and 𝐿𝑝𝑠 to 0.21 and 5 μm, respectively, or 𝑤𝑝𝑠 and 𝐿𝑝𝑠 to 0.31 

and 3 μm, respectively, and so on. 

 

 

 

Figure 2.19: Phase shift difference variation of the SWG-PS with its 

width and length 𝑤𝑝𝑠 and 𝐿𝑝𝑠, respectively. 

 

 

The last part to design is the 3×3 SWG-MMI coupler distinguished by its 

main parameters 𝐿𝑀𝑀𝐼, 𝑤𝑀𝑀𝐼, 𝑀𝑀𝐼, and 𝐷. 𝐶𝑀𝑀𝐼. The parameters 𝑤𝑀𝑀𝐼, 

𝑀𝑀𝐼, and 𝐷. 𝐶𝑀𝑀𝐼 are set as 4 m, 0.2 m, and 50%, respectively. 

Numerical simulation is conducted to find the optimum value for the SWG-

MMI length 𝐿𝑀𝑀𝐼 at which the desired self-images described previously are 

obtained. The results presented in Figures 2.20 and 2.21 show the SWG-

MMI coupler normalized output power variation as a function of the length 

𝐿𝑀𝑀𝐼 and the intensity distribution over the coupler for each case of input 

mode, respectively. These figures confirm that the desired coupler’s 

operation is achieved at  𝐿𝑀𝑀𝐼 = 45 μm (excluding access waveguides 

length). 
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Figure 2.20: Coupler output variation in response to the change in coupler 

length LMMI. 

 

 

Figure 2.21: Optical field distribution along the SWG-MMI coupler: 

(a) upper edge (b) lower edge (c) center. Values on both axes are in μm. 
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A summary of the device's main geometrical parameters is given in Table 

2.4. The designed device’s overall area is 4 × 95 μm2. 

 

Table 2.4. Device main geometrical parameters for the proposed all-SWG 

(de)multiplexer. 
 

Section Parameter Value (µm) Description 

Trident 

splitter 

𝑤𝑖𝑛 1.25 
Input multimode waveguide 

width 

𝑤𝑜 0.50 Outer arm width 

𝑤𝑐 0.25 Central arm width 

𝐿𝑏 (segments) 20 (125) Arm length 

Arc bent 1.50 Bent 

𝑇 (𝐷. 𝐶𝑇) 0.16 (70%) Trident pitch (Duty cycle) 

Phase 

shifter 

𝑤𝑝𝑠 0.31 Phase shifter width 

𝐿𝑝𝑠 (segments) 7 (40) Phase shifter length 

𝑝𝑠 (𝐷. 𝐶𝑝𝑠) 0.16 (70%) Shifter pitch (Duty cycle) 

SWG-

MMI 

coupler 

𝑤𝑀𝑀𝐼 4 Coupler width 

𝑤𝑎 0.80 Access waveguide width 

𝐿𝑎 (segments) 5 (25) 
Coupler ports length 

(segments) 

𝐿𝑀𝑀𝐼  (segments) 45 (225) Coupler length (segments) 

𝑀𝑀𝐼 (𝐷. 𝐶𝑀𝑀𝐼) 0.20 (50%) MMI pitch (Duty cycle) 

 

 

2.3.2.2 Device Performance Evaluation 

 

The optical conversion performance of the proposed device is verified using 

the Rsoft photonics CAD suit. Figure 2.22 depicts the demultiplexing 

operation for each of the input modes TE0, TE1, and TE2 at the input end 

guided to the corresponding output port successfully. It is worth saying that 

the device can act as a multiplexer generating the designed modes from the 

fundamental mode TE0 as an input mode as shown in Figure 2.23. 
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Figure 2.22: Optical field distribution of the proposed device when 

operating as a demultiplexer for the input mode (a)TE0, (b) TE1, (c) TE2. 

Values on both axes are in μm. 

 

 

 

Figure 2.23: Optical field distribution of the proposed device when 

operating as a multiplexer for the input mode (a)TE0, (b) TE1, (c) TE2. 

Values on both axes are in μm. 
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The mode transverse cross-section profile at the input and output ends for 

both operations also confirm both operations of the designed device, as 

shown in Figure 2.24. The left and right are the input and output modes, 

respectively. 
 

 

 

Figure 2.24: Transverse field profile of all-SWG 

(a) demultiplexer, (b) multiplexer. 

 

The performance of the proposed device is evaluated through insertion loss 

(𝐼. 𝐿) and crosstalk (𝐶. 𝑇) parameters assessment using equations (2.21) and 

(2.22), respectively. the result is depicted in Figures 2.25 and 2.26. These 
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Figures show the calculated insertion loss and crosstalk as a function of the 

operating wavelength of the input mode extending over the range (1.470-

1.630) µm, thus the 3-dB operating bandwidth is 160 nm. Table 2.5 gives 

device insertion loss and crosstalk at the design wavelength of 1.55 µm. 
 

 

Table 2.5. (De)multiplexer insertion loss and crosstalk at λ = 1.55 µm. 

Parameter TE0 mode TE1 mode TE2 mode 

I.L (dB) -1.28 -1.38 -1.02 

C.T (dB) -25.02 -40.3 -25.7 
 
 

 

A performance comparison between the proposed device with related 

(de)multiplexing devices in [73] and [86] and the reported designed SWG-

assisted device reported in the thesis. The comparison results are listed in 

Table 2.6. The proposed device offers low losses. The operating bandwidth 

of the proposed device is 160 nm which means that the designed 

(de)multiplexer has 4 times wider bandwidth compared with these devices. 

It can be noticed that the designed device shows the minimum footprint 

among them too. 

 

Table 2.6 Performance comparison of the designed device with the 

previously reported devices. 
 

Ref# Structure B.W (µm) C.T(dB) I.L(dB) 
Area 

(µm)2 

73 

2-TE mode 

Conventional 

(de)multiplexer 

1.530-1.570 <-15 >-1.00 3×44 

86 

3-TE mode 

Conventional 

(de)multiplexer 

1.525-1.565 <-17 >-0.90 5×400 

This work 
(SWG-assisted 

device) 

3-TE SWG-

assisted 

(de)multiplexer  

1.490-1.610 < -5 > -1.0 4.5×120 

This work 

3-TE-mode  

All-SWG 

(de)multiplexer 

1.470-1.630 <-16 >-1.38 4×95 
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Figure 2.25: Insertion loss spectrum of the proposed all-SWG 

(de)multiplexer. 
 

 

 

Figure 2.26: Crosstalk per port of the proposed all-SWG (de)multiplexer 

when excited by: (a)TE0, (b) TE1, (c) TE2. 
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2.3.3. Operation Bandwidth Extension 

This subsection presents how the designed devices are modified so that they 

can cover other optical communication wavelength bands e.g. O+C band, 

and C+L band while keeping the main demultiplexing operation and losses 

unchanged. 

 

2.3.3.1 O+C/C+L Band Operating (De)multiplexer 

First, the device introduced in Figure 2.4 is modified to operate at the O+C 

bandwidth with wavelength extending over the range (1.260-1.565) µm, and 

central wavelength at =1.4125 µm. Based on equation (1.26), the shorter 

the wavelength is the longer the beat length becomes, and as a result, a longer 

SWG-MMI coupler is required while keeping the other parts of the 

(de)multiplexer the same of 𝐿𝑀𝑀𝐼= 65 m. Figure 2.27 shows the optical 

field distribution of the guided mode across the new (de)multiplexer for each 

case of the input modes.  

 

 

Figure 2.27: Optical field distribution of the guided mode along the O+C 

(de)multiplexer when the input mode is (a)TE0, (b) TE1, (c) TE2. Values on 

both axes are in μm. 
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Next, the same concept is applied to employ this device to operate at the C+L 

bandwidth where the wavelength extends over the range (1.530-1.625) µm, 

and the central wavelength is =1.5775 µm. Note that the required SWG-

MMI coupler is almost the same as the previously designed coupler with 

𝐿𝑀𝑀𝐼= 55 m. Figure 2.28 shows the optical field distribution of the guided 

mode across the new (de)multiplexer for each case of the input modes. It is 

important to mention that the insertion loss and crosstalk are kept as 

minimum as possible for both devices. 

 

 

 Figure 2.28: Optical field distribution of the guided mode along the C+L 

(de)multiplexer when the input mode is (a)TE0, (b) TE1, (c) TE2. Values on 

both axes are in μm. 
 

 

2.3.3.2 C+L Band Operating All-SWG (De)multiplexer 

In MDM applications, it is required to design devices that operate over a 

wide bandwidth, i.e. extending the bandwidth to a range beyond the C-band 

towards the L-band allowing the use of current technologies to be used over 

the C+L band with no need to add new hardware resources. The reason for 

considering the L-band is both C and L bands' attenuation losses are almost 

the same, also the erbium-doped fiber amplifier can be tuned easily to 
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operate for the new C+L band. Based on the 100 GHz ITU wavelength grid 

issued for WDM, the L- and C- band covers 10 THz. The L-band covers 50 

channels from 190.9 THz (1.57041 µm) to 186 THz (1.61178 µm), while 

The C-band covers 50 channels too, starting from 195.9 THz (1.53033 µm) 

to 191 THz (1.56959 µm). Thus C+L starts from 1.53033-1.61178 µm with 

a central wavelength of 1.56959 µm which is the new wavelength of the 

proposed device of the scheme shown in Figure 2.29. The SWG segments 

are of thickness 𝑎𝑖 with duty cycle 𝐷. 𝐶 = 𝑎𝑖 Λ𝑖⁄ . To satisfy the desired 

operation, numerical simulation is conducted for the optimum splitter 

dimensions including arm's widths, length, and pitch (duty cycle), denoted 

by 𝑤1, 𝑤2, 𝐿𝑠, and Λ𝑠 (𝐷. 𝐶) %), respectively. The results are depicted in 

Figure 2.30 (a-c), which shows the normalized transmission of the splitter as 

a function of each of these parameters. Based on the results, the parameters 

can be set to 0.5 m, 0.27 m, 25 m, and 0.16 (70%) m for 𝑤1, 𝑤2, 𝐿𝑠, 

and Λ𝑠 (𝐷. 𝐶) %), respectively. 

 

 

 

Figure 2.29: Schematic diagram of the C+L Band all-SWG 

(de)multiplexer. The inset is waveguide cross-section and SWG details. 
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Figure 2.30: Splitter transmission as a function of arms 

(a) width (b) length (c) duty cycle. 
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Next, designing the dimensions of the shifter are which is distinguished by 

its main parameters, the length 𝐿𝑝𝑠 which is set to 3 m for compactness 

purposes, and the width 𝑤𝑝𝑠 chosen through numerical simulation to achieve 

a 𝜋 2⁄  phase shift. Figure 2.31 depicts the phase variation with the change of 

𝑤𝑝𝑠. The desired shift is achieved where 𝑤𝑝𝑠= 0.31 m. 

 

 

 

Figure 2.31: Phase difference as a function of shifter width 𝑤𝑝𝑠 . 

 

The final section to be designed is the 3×3 SWG-MMI coupler which acts as 

a 3-dB splitter for the case of TE0 and TE1 mode, and in the case of TE2 

mode, it guides the field from the central input port to the central output port. 

This section is parameterized via three main parameters which are MMI 

length 𝐿𝑀𝑀𝐼 , width 𝑤𝑀𝑀𝐼, pitch length Λ𝑀𝑀𝐼 to satisfy these requirements. 

Initially, 𝑤𝑀𝑀𝐼  and Λ𝑀𝑀𝐼 (𝐷. 𝐶 %) are set to 4 m, and 0.2 m (50%). 

Numerical simulation is conducted to obtain the value of 𝐿𝑀𝑀𝐼 where the 

described operation is satisfied. Figure 2.32 shows the normalized 

transmission of the SWG-MMI coupler in response to the change in its 

length. The results show that the suitable 𝐿𝑀𝑀𝐼 value is 45 m. 
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Figure 2.32: Coupler transmission as a function of the length 𝐿𝑀𝑀𝐼. 

 

A numerical simulation is carried out to monitor the intensity distribution 

over the (de)multiplexer for each case of input modes at the operating 

wavelengths 𝜆𝑙𝑖𝑔ℎ𝑡 = 1.5696 µm, 1.5303 µm, and 1.6118 µm, the results are 

shown in Figures 2.33, 2.34, and 2.35, respectively.  

 

 

Figure 2.33: Intensity distribution across the C+L band all-SWG 

(de)multiplexer at 1.5696 µm for input mode (a) TE0, (b) TE1, (c) TE2. 

Values on both axes are in μm. 
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Figure 2.34: Intensity distribution across the C+L band all-SWG 

(de)multiplexer at 1.5303 µm for input mode (a) TE0, (b) TE1, (c) TE2. 

Values on both axes are in μm. 
 

 

Figure 2.35: Intensity distribution across the C+L band all-SWG 

(de)multiplexer at 1.6118 µm for input mode (a) TE0, (b) TE1, (c) TE2. 

Values on both axes are in μm. 
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To evaluate the performance of the device, equations (2.21) and (2.22) are 

revisited to calculate the insertion loss (I.L), and crosstalk (C.T) dependency 

on the operating wavelength of the injected light. The results are presented 

in Figure 2.36. 

 

 

Figure 2.36: Device performance dependency on operating wavelength. 

 

Table 2.7 lists the insertion loss and crosstalk readings of the proposed 

device for each of the input modes at the wavelengths 1.5303, 1.5696, and 

1.6118 µm which shows that the designed device offers performance with 

losses > -1.7 dB and crosstalk lower than -17 dB over the C+L band. 

 

Table 2.7 Device performance indicators for the C+L band all-SWG 

(de)multiplexer. 
 

wavelength 

(µm) 

I.L (dB) C.T (dB) 

TE0 TE1 TE2 TE0 TE1 TE2 

1.5303 -1.4 -1.7 -1.4 -24 -23 -18 

1.5696 -0.8 -0.73 -0.55 -19.3 -22.4 -17.3 

1.6118 -1.17 -1.2 -1 -18 -25 -15 
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2.4   Proposed Four-TE Mode (De)multiplexer 

This section presents the design and performance evaluation of the 

proposed 4-mode (de)multiplexer utilizing two different Si/SiO2 

platforms, first, the conventional waveguide, and second, the SWG-

assisted waveguide. 
 

2.4.1 Conventional Four-Mode (De)multiplexer 

The first device is shown in Figure 2.37 which is the conventional 4-mode 

(de)multiplexer designed using a strip waveguide. It supports four input 

modes TE0, TE1, TE2, and TE3, and the structure consists of three main parts, 

a 1×4 beam splitter, a 4×4 MMI coupler, and two 𝜋 2⁄  phase shifters inserted 

at certain arms of the splitter to achieve the desired (de)multiplexing 

function. The waveguide structure is a rib/ridge based on the SOI platform 

with Si, SiO2, and air, as core, substrate, and cover materials with refractive 

indices at the operating wavelength of 1.55 µm are 3.46, 1.45, and 1, 

respectively.  

 

 

Figure 2.37: Conventional 4-TE mode (de)multiplexer scheme. 
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The demultiplexing operation can be described in two cases: 

 

a) If TE0 (TE1) mode is injected into the main stem, the mode is split and 

guided through the outer arms of the splitter, and the output is 

observed through port5 (port2) of the MMI coupler. 

b) If TE2 (TE3) mode, the mode is guided through the inner arms of the 

splitter, and the output is observed through port4 (port3) of the MMI 

coupler. 

 

The parameters of each part to satisfy the desired operation are selected 

through numerical simulation. Starting with the 1×4 splitter section which 

comprises the main stem of width 𝑤𝑖𝑛 and four S-bend arms of length 𝐿𝑏 

attached to it. The outer arms are of width 𝑤𝑏1, and the inner ones of width 

𝑤𝑏2. The splitter is designed to act as a 3-dB splitter where it splits the input 

mode between a specific set of arms equally. A numerical simulation is 

conducted for the splitter normalized transmission as a function of widths 

and length is carried out for the values where the desired operation is 

achieved and the results are depicted in Figures 2.38 (a and b). It is obvious 

that for the required splitter operation the widths 𝑤𝑏1, 𝑤𝑏2, and 𝑤𝑖𝑛 can be 

set to 0.5 μm, 0.3 μm, and 1.3 μm, respectively. Also the length 𝐿𝑏 set to 70 

μm. 

Next is to design two passive phase shifters both of equal length 𝐿𝑝𝑠 with 

widths denoted by 𝑤𝑝𝑠1, and 𝑤𝑝𝑠2 corresponding to shifter 1 and shifter 2, 

respectively. Note that the length 𝐿𝑝𝑠 is set to (3 μm) and  numerical 

simulation is carried out for the optimum width 𝑤𝑝𝑠 at which the desired 

phase shift 𝜋 2⁄  is obtained. The result is depicted in Figure 2.39 where it is 

clear that 𝑤𝑝𝑠1 and 𝑤𝑝𝑠2 can be set to 0.3 μm and 0.22 μm, respectively. 



72 

 

 
 

 

 

 

Figure 2.38: Splitter transmission evolution as a function of the branch 

(a) width (b) length. 
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Figure 2.39: Phase difference as a function of the width 𝑤𝑝𝑠 for a phase 

shifter designed with 𝐿𝑝𝑠 = 3 μm. 
 

 

To finalize this device, a 4×4 MMI coupler is designed. This part is 

characterized via its main parameters, the width, and length denoted by 

𝑤𝑀𝑀𝐼, and 𝐿𝑀𝑀𝐼 , respectively. The MMI function is to operate as a 3-dB 

coupler for the field injected from any of its input ports located at position x, 

where x is given as below [78] 

 

                                    𝑥𝑖 =
𝑤𝑀𝑀𝐼

𝑁
(𝑖 + 0.5) −

𝑤𝑀𝑀𝐼

2
                               (2.23) 

 

where i=0, 1, 2,..N, and N is the number of ports. The width 𝑤𝑀𝑀𝐼  is set to 

4.5 μm, while the MMI length is numerically simulated for the desired 

operation and the result is shown in Figure 2.40, depicting the normalized 

transmission of the coupler as a function of length variation and it is clear 

that the length should be set to 𝐿𝑀𝑀𝐼=100 μm for maximum output to be 

extracted from the coupler. 



74 

 

 
 

 

Figure 2.40: Conventional MMI coupler transmission as a function of  

𝐿𝑀𝑀𝐼. 

 

The performance of the device is evaluated through intensity distribution 

monitoring across the device and calculating both I.L and C.T for each case 

of the input modes. The results are shown in Figures 2.41 and 2.42 (a and b). 

 

 
 

Figure 2.41: Intensity distribution of the guided mode along the 

(de)multiplexer with conventional MMI coupler. 

Values on both axes are in μm. 
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Figure 2.42: Conventional device performance as a function of wavelength 

(a) I. L (b) C. T. 
 

 



76 

 

 
 

It is obvious the device has an insertion loss is > -0.5 dB and the crosstalk is 

lower than -15 dB at λ=1.55 µm. The operating bandwidth is 80 nm (1.510-

1.590) µm. The total footprint of the device is 4.5×173 (779 m2). Table 2.6 

gives a summary of the design and performance parameters of each device. 

 

 

Table 2.8 Conventional device geometrical and performance parameters. 

Parameter Value 

Core index (𝑛𝑐𝑜) 3.46 

Cladding index (𝑛𝑐𝑙) 1.45 

Cover index (𝑛𝑐𝑜𝑣𝑒𝑟) 1 

Outer arm width (𝑤𝑏1) 0.5 m 

Inner arm width (𝑤𝑏2) 0.3 m 

Branch length (𝐿𝑏) 70 m 

Phase shifter1 width (𝑤𝑝𝑠1) 0.34 m 

Phase shifter2 width (𝑤𝑝𝑠2) 0.2 m 

Phase shifter length (𝐿𝑝𝑠) 3 m 

MMI coupler width (𝑤𝑀𝑀𝐼) 4.5 m 

MMI coupler length (𝐿𝑀𝑀𝐼) 100 m 

Operating bandwidth (nm) (1510-1590) µm 

Overall area (m2) 4.5×173 (780) 

𝐼. 𝐿 (dB) 
TE0= -0.2, TE1= -0.2 

TE2= -0.1,TE3= -0.3 

𝐶. 𝑇 (dB) 
TE0= -19.4, TE1= -17.8 

TE2= -22.1, TE3= -17.3 
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2.4.2 SWG-assisted (de)multiplexer 

The conventional four-TE mode MMI coupler is replaced with an SWG-

assisted counterpart. The new device scheme is shown in Figure 2.43. The 

splitter and the phase shifters are kept the same consideration for the 

conventional device. Also, the operation of the device is maintained and its 

performance is evaluated based on 𝐼. 𝐿 and 𝐶. 𝑇. The SWG section of the 

same width 𝑤𝑀𝑀𝐼 but different length 𝐿𝑀𝑀𝐼(𝑆𝑊𝐺) . It comprises segments 

with (𝑎) thickness,  pitch length, and 𝐷. 𝐶𝑆𝑊𝐺 = 𝑎 ⁄  duty cycle. The 

values of  and 𝐷. 𝐶𝑆𝑊𝐺 (a) of the SWG section are set to 0.2 μm and 50% 

(0.1 μm), respectively, and the length is simulated at which the desired 

operation is satisfied. The results are depicted in Figure 2.44 which shows 

that maximum transmission can be obtained at 𝐿𝑀𝑀𝐼(𝑆𝑊𝐺) =50 μm. 

 

 

 

 

Figure 2.43: SWG-assisted 4-TE mode (de)multiplexer scheme. 
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Figure 2.44: SWG-MMI coupler transmission as a function of 𝐿𝑀𝑀𝐼(𝑆𝑊𝐺) . 

 

Based on this result, the SWG offers 50% shortness in the length of the MMI 

than the conventional coupler. The performance evaluation results are done 

similarly to the conventional one and the results are shown in Figures 2.45 

and 2.46.  

 

Figure 2.45: Intensity distribution of the guided mode along the 

(de)multiplexer with SWG MMI coupler. 

Values on both axes are in μm. 
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Figure 2.46: SWG-assisted device performance as a function of 

wavelength (a) 𝐼. 𝐿 (b) 𝐶. 𝑇. 
 

 

The insertion loss and crosstalk of the new device are maintained with         

𝐼. 𝐿 > -0.5 dB and 𝐶. 𝑇 < -15 dB at 1.55 µm same as conventional. The 
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operating bandwidth is 140 nm (1.480-1.620) µm. Thus, extra bandwidth of 

75% is gained from the design using the SWG technology. The footprint of 

the device is 4.5×100 (553 m2), which means the SWG offered a 30% 

shrink in the length of the device which in turn the overall footprint shrinks 

accordingly. Table 2.7 gives a summary of the design and performance 

parameters of each device. 

 

 

Table 2.9 SWG –assisted device geometrical and performance parameters. 

Parameter Value 

Core index (𝑛𝑐𝑜) 3.46 

Cladding index (𝑛𝑐𝑙) 1.45 

Cover index (𝑛𝑐𝑜𝑣𝑒𝑟) 1 

Outer arm width (𝑤𝑏1) 0.5 m 

Inner arm width (𝑤𝑏2) 0.3 m 

Branch length (𝐿𝑏) 70 m 

Phase shifter1 width (𝑤𝑝𝑠1) 0.34 m 

Phase shifter2 width (𝑤𝑝𝑠2) 0.2 m 

Phase shifter length (𝐿𝑝𝑠) 3 m 

MMI coupler width (𝑤𝑀𝑀𝐼) 4.5 m 

MMI coupler length (𝐿𝑀𝑀𝐼) 50 m (250 periods) 

Period () 0.2 m 

Duty-cycle (𝐷. 𝐶𝑆𝑊𝐺) 50% 

Operating bandwidth (nm) (1.480-1.620) µm 

Overall area (m2) 4.5×123 (550) 

𝐼. 𝐿 (dB) 
TE0= -0.40, TE1= -0.39, 

TE2= -0.40, TE3= -0.30 

𝐶. 𝑇 (dB) 
TE0= -24.9, TE1= -27.3, 

TE2= -25.5, TE3= -28.3 
 

 

Performance comparison between the proposed 4-TE mode devices and their 

related counterparts reported in [49] and [86] and the comparison results are 

listed in Table 2.10. The proposed devices offer lower losses. Their operating 

bandwidth is wider than that reported in [86]. Further, The designed device 
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offers a 27% shrink in the footprint compared to that of [86] and a higher 

capacity than that of [49]. 

Table 2.10 Performance comparison of the designed device with the 

previously reported devices. 

Ref# Structure BW (µm) 
C.T 

(dB) 
I.L (dB) Area (μm2) 

49 

2-TE mode 

SWG-assisted 

(de)multiplexer 

1.300-1.700 < -20 > -0.84 3.7×36 

86 

3-TE mode 

conventional 

(de)multiplexer 

1.525-1.565 < -17 > -0.9 5×400 

This work 

4-TE mode 

conventional 

(de)multiplexer 

1.510-1.590 

< -15 > -0.5 

4.5×173  

4-TE mode 

SWG-assisted 

(de)multiplexer 

1.480-1.620 4.5×123 
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CHAPTER THREE 

Design of High-Order Mode (De)Multiplexers Using 

Cascaded Subwavelength Gratings 

3.1 Introduction 

This chapter presents the design and performance simulation of different 

mode (de)multiplexers based on cascaded asymmetric directional couplers 

(ADCs) and utilizing subwavelength grating (SWG) technology. First, two 

devices are designed to support 12 and 14-TE mode (de)multiplexing.      

The design later is modified for 12-TM mode and further expanded for      

24-dual-polarization (12-TE/12-TM mode) operation. 

 

 

3.2  Twelve-TE mode SWG-assisted ADC (De)multiplexer 

 

3.2.1 General Description and Parameters Selection 

In this section, a twelve (TE0-to-TE11) (de)multiplexer of the scheme shown 

in Figure 3.1 is designed based on cascaded ADCs geometry utilizing SWG 

technology. The proposed device comprises a main SWG multimode bus 

divided into six sections and eleven single-mode access waveguides coupled 

to it through SWG joints. Numerical simulation is carried out via Rsoft 

photonics CAD suite to design and optimize the device’s main parameters 

and performance evaluation. The device is built based on an SOI platform in 

a rib/ridge waveguide form with 500 nm height and 220 nm slab height [85]. 

The waveguide consists of silicon (Si) as core material, silicon dioxide 

(SiO2) as cladding, and air as cover. These material refractive indices are 

3.476, 1.444, and 1, for Si, SiO2, and air, respectively. The SWG structure is 

Si/SiO2 segments of thickness 𝑎 periodically repeated over pitch length . 

The effective refractive index of the resultant section can be estimated using 

equations (1.21) and (1.22). The parameters  and 𝐷. 𝐶 are chosen so that 
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the field can smoothly propagate through the structure with minimum losses 

and thus, maximum output transmission is achieved. The designed device 

comprises six SWG-assisted ADCs as sections of different widths 𝑤𝑖 (with 

i=1,2,…,6) connected through tapered waveguides of length 𝐿𝑡. each section 

has several single-mode access waveguides of width 𝑤𝑔𝑖 attached to it with 

a certain coupling length and gap denoted by 𝐿𝑐 and 𝑔𝑖, respectively. To 

reduce possible crosstalk between these access waveguides are S-bended to 

separate them from each other and the SWG-bus. 

 

 

Figure 3.1: Schematic of the proposed 12-mode multiplexer. The inset 

shows the waveguide, input and output modes transverse cross-sections, the 

SWG, and coupling parameters. 
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For efficient mode coupling and thus high-order mode excitation where the 

fundamental TE0 input mode is converted into TEn mode (n=1,2,…11), the 

phase-matching condition between the modes of the access waveguide and 

the SWG-bus must be achieved by adjusting their width and thus their 

effective indices to be almost equal [𝑛𝑒𝑓𝑓(𝑤𝑔𝑖) − 𝑛𝑒𝑓𝑓(𝑤𝑖) ≈ 0] to trigger 

the mode excitation process, where 𝑛𝑒𝑓𝑓(𝑤𝑖), and 𝑛𝑒𝑓𝑓(𝑤𝑔𝑖), are the 

effective index of the desired high-order mode excited in the i-th section and 

the fundamental mode of the access waveguide, respectively. as the desired 

effective index for mode coupling is achieved, the power from the access 

waveguide is coupled into the target bus section and transformed to the high-

order mode. In the design of such structures, either several high-order modes 

to be excited share the same main bus width but different access waveguide 

widths or vice versa. In this device, for ease of fabrication and design 

dimensions stability, the main bus sections are selected to support as 

maximum allowed modes per section, while keeping the access waveguides 

dimensions the same as much as possible. 

The first step is to choose the parameters of the SWG-bus distinguished as 

𝑤𝑖, , 𝐷. 𝐶, and 𝐿𝑡. Initially, the length 𝐿𝑡 is set to 10 m for smooth 

transmission of the field between the sections of the main bus. Numerical 

simulation is carried out for  and 𝐷. 𝐶 at where maximum transmission is 

achieved at the device output and the result is depicted in Figure 3.2, which 

depicts the normalized transmission as a function of  and 𝐷. 𝐶 varied over 

the ranges (0.1-0.3 m), and (50%-100%), respectively. For compactness 

and ease of fabrication, it is required to select , and 𝐷. 𝐶 to 0.15 m, and 

50%, respectively. Next, calculating the effective index 𝑛𝑒𝑓𝑓(𝑤𝑖) for the 

allowed modes to propagate in the waveguide based on its width and the 

result is shown in Figure 3.3. 
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Figure 3.2: Normalized transmission as a function of  and 𝐷. 𝐶 

at 1.55 µm. 

 

 

 

Figure 3.3: Effective index of the guided TE-mode as a function of 

waveguide width. 
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For the designed device, the widths are set as shown in Table 3.1 to support 

the desired mode configuration. 

 

Table 3.1 SWG-bus sections widths for the 12-TE mode device. 
 

Mode Waveguide (𝑤𝑖) Width (m) 

TE0 Directly inject 

TE1 𝑤1 1.00 

TE2 
𝑤2 1.63 

TE3 

TE4 
𝑤3 2.50 

TE5 

TE6 
𝑤4 3.30 

TE7 

TE8 𝑤5 4.00 
TE9 

TE10 
𝑤6 5.00 

TE11 
 
 

 

 

 

Moving to the next part to select the optimum width 𝑤𝑔𝑖 and coupling 

parameters 𝐿𝑐 and 𝑔𝑖 of the single-mode access waveguides that are attached 

to each section to achieve a robust phase-matching condition and excite the 

desired high-order TE-mode while keeping the ease of fabrication at a 

reasonable margin. Referring to Figure 3.2, the phase-matching condition for 

certain high-order mode excitation is satisfied at the point where the TE0 and 

that high-order mode curves intersect and thus have the same effective index. 

Further, the width 𝑤𝑔𝑖, the gaps 𝑔𝑖 and the lengths 𝐿𝑐 of the joints are 

optimized through numerical simulation so that high mode coupling and 

maximum transmission are achieved. The results are summarized in Table 

3.2 where the geometrical parameters for each mode are given. During 

simulation, it is noticed that large gaps are associated with long coupling 

length, which means weak coupling and a large footprint, whereas smaller 

gaps are obtained with shorter coupling lengths, although this may be 

challenging from a fabrication point of view. Thus, to balance these 
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requirements, the gaps and lengths are designed in ranges of 80-100 nm, and 

8-13 m, respectively. 

Table 3.2 Access waveguide geometrical parameters for the 

12-TE mode device. 

Mode 𝑤𝑔𝑖 (m) 𝑔𝑖 (nm) 𝐿𝑐 (m) 

TE0 Direct inject 

TE1 0.43 80 9 

TE2 0.43 80 8 

TE3 0.37 85 8 

TE4 0.36 80 8 

TE5 0.30 100 8 

TE6 0.30 100 8 

TE7 0.24 100 8 

TE8 0.30 100 10 

TE9 0.25 100 10 

TE10 0.30 100 13 

TE11 0.26 100 13 
 

 

 

 

 

3.2.2 Device Performance Evaluation 

Field propagation and the performance of the designed devices are 

investigated in each case of high-order mode excitation of the twelve modes. 

The propagation along the z-axis is simulated via the Rsoft photonics suit 

CAD and the results are shown in Figure 3.4 where the device operates as a 

multiplexer where an input TE0 mode is injected into the access waveguide 

and converted to the phase-matched high-order mode. It is worth mentioning 

that the designed device is also capable to give the same results for the case 

of demultiplexing operation. 

Next, device performance is checked based on insertion loss 𝐼. 𝐿 and 

crosstalk 𝐶. 𝑇 calculated at the designed wavelength of 1.55 µm for each case 

of the excited high-order mode using equations (2.21) and (2.22), 

respectively. The 𝐼. 𝐿 calculation results are given in Table 3.3 which is clear 

that the device offers an insertion loss > -0.6 dB. 
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Figure 3.4: Intensity distribution across the 12-TE mode 

(a) TE0-TE3, (b) TE4-TE7, (c) TE8-TE11. 

The inset shows the output modes transverse cross-sections. 

Values on both axes are in μm. 
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Table 3.3 Device insertion loss (dB) at 1.55 µm. 

 

Output mode I.L (dB) 

TE0 -0.03 

TE1 -0.55 

TE2 -0.21 

TE3 -0.60 

TE4 -0.30 

TE5 -0.42 

TE6 -0.60 

TE7 -0.50 

TE8 -0.06 

TE9 -0.30 

TE10 -0.16 

TE11 -0.04 

 

The 𝐶. 𝑇 is the measure of how much the output ports are affecting each other 

in the case of demultiplexing operation. Figure 3.5 depicts device crosstalk 

for each case of input high-order modes where it is always < -15 dB. 

 

 
 

Figure 3.5: Crosstalk of the proposed 12-TE mode device for 

demultiplexing operation. 
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The operating bandwidth of the device is determined at which the losses are 

maintained within 1-dB and/or 3-dB margins over a wavelength range of 

(1.400-1.700) µm. The results are shown in Figure 3.6 which confirms the 

ultra-broadband and low loss operation of the designed device. These results 

are also summarized in Table 3.4 which shows both 3-dB and 1-dB operating 

bandwidths. 

 

 

 

 

 

Figure 3.6: Insertion loss of the proposed 12-TE mode device as a function 

of wavelength TE0-TE6, (b) TE7-TE11. 
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Table 3.4 12-TE mode device operating bandwidths. 

 

Mode 3-dB Bandwidth (µm) 1-dB Bandwidth (µm) 

TE0 > 0.5 > 0.5 

TE1 1.250-1.700  1.370-1.700 

TE2 1.400-1.700 1.460-1.680 

TE3 1.220-1.700 1.330-1.640 

TE4 1.250-1.700 1.360-1.640 

TE5 1.300-1.700 1.400-1.660 

TE6 1.350-1.700 1.410-1.600 

TE7 1.480-1.660 1.510-1.630 

TE8 1.460-1.640 1.500-1.600 

TE9 1.490-1.640 1.520-1.610 

TE10 1.480-1.600 1.510-1.580 

TE11 1.520-1.700 1.530-1.590 
 

 

 

 

 

Furthermore, the results in Table 3.4 reveal that all modes are covering the 

entire C-band (1.530-1.565) µm in wavelength-division multiplexing 

(WDM) networks. Thus, the proposed device can be employed in the MDM-

WDM network to achieve the hybrid multiplexing technology for further 

improvement in the link capacity. 

 

Finally, errors during the fabrication process may occur which affect the 

quality of operation of the device. Fabrication tolerance is investigated by 

checking the performance stability in response to the deviation of the width 

of the access and SWG-assisted waveguides from their optimum values. The 

results are presented in Figure 3.7, where the device shows acceptable 

performance within the ±Δ𝑤𝑖 equals ±5% around the desired value. 
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Figure 3.7: Effect of fabrication error on the insertion loss of the 12-TE 

modes device. 
 

 

 

 

3.3  Fourteen-TE mode SWG-assisted (De)multiplexer 

In the previous section, a 12-mode (de)multiplexer is designed with the main 

SWG-assisted bus and 11 access waveguides attached to it to excite the 

desired modes. In this section, the device is expanded to serve as a 14-TE 

mode (TE0-to-TE13) (de)multiplexer by adding a new SWG-bus section of 

width (𝑤7). Figure 3.8 presents the effective index variation as a function of 

the new section width, which is possible to say that 𝑤7 can be set to 5.5 m 

to handle both TE12 and TE13. The parameters of the new section are also 

summarized in Table 3.5.  

 

Table 3.5 Geometrical parameters of the added sections 14-TE mode 

device. 

Mode 𝑤𝑔𝑖 (m) 𝑤7 (m) 𝑔𝑖 (nm) 𝐿𝑐 (m) 

TE12 0.27 
5.50 

130 13 

TE13 0.24 130 13 
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Figure 3.8: Effective index of the TE12 and TE13 modes as a function of 

waveguide width. 
 

 

The performance of the new section is investigated by checking the intensity 

distribution across the device for each case of mode excitation. Also, the 

insertion loss, crosstalk, and operating bandwidth are calculated. The results 

are depicted in Figures (3.9-3.11), respectively. From Figure 3.9, it is clear 

that the device has losses > -0.4 dB at the design wavelength of 1.55 µm. 

The crosstalk of the demultiplexing operation is always < -30 dB. The 

performance of the device is summarized in Table 3.6. 

 

Table 3.6 Added section performance parameters. 

Mode I.L (dB) C.T (dB) 3-dB bandwidth (µm) 

TE12 -0.30 
> -30  (1.450-1.650) 

TE13 -0.40 
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Figure 3.9: Intensity distribution across the device when exciting  

(left) TE12, (right) TE13. 

Values on both axes are in μm. 

 

 

 

 

Figure 3.10: Insertion loss of the proposed 14-TE device as a function of 

wavelength. 
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Figure 3.11: Crosstalk of the proposed 14-TE device as a function of 

wavelength. 
 

 

Fabrication error for the new section is investigated in terms of maintaining 

low losses while deviating from the optimum value of the section width. The 

result is depicted in Figure 3.12 which shows that the performance remains 

within the 3-dB margin while the width deviates by ±3.5 % from the 

optimum value of the SWG-bus. 

 

 
 

Figure 3.12: Effect of fabrication on the insertion loss of the 14-TE device. 
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3.4  Twelve-TM mode SWG-assisted ADC (De)multiplexer 

In this section, a twelve TM-mode SWG-ADC-based (de)multiplexer of the 

scheme shown in Figure 3.13 is designed. The same concept presented in 

section 3.2 for TE polarization is applied here for the TM. The proposed 

device comprises a main SWG multimode bus divided into six sections and 

eleven single-mode access waveguides coupled to it through SWG joints. 

Numerical simulation is carried out to design and optimize the device’s main 

parameters and to evaluate the performance.  

 

Figure 3.13: Schematic configuration of the proposed 12-TM mode 

multiplexer. The inset shows the input and output modes transverse cross-

sections. 

 

The same SWG-bus sections considered for TE-modes are used for the TM-

modes as presented in Table 3.7. The modification applied via numerical 

z 

x 

y 
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simulation on the parameters of the single-mode access waveguides 𝑤𝑔𝑖, 𝐿𝑐 

and 𝑔𝑖 to excite the desired high-order mode at the designed SWG-bus 

section. The simulation results are presented in Table 3.8 and Figure 3.14. 

 

 

Table 3.7 SWG-bus sections widths 

 of the proposed 12-TM device. 

 

Mode Waveguide (𝑤𝑖) Width (m) 

TM0 Directly inject 

TM1 𝑤1 1.00 

TM2 
𝑤2 1.63 

3TM 

TM4 
𝑤3 2.50 

TM5 

TM6 
𝑤4 3.30 

TM7 

TM8 𝑤5 4.00 
TM9 

TM10 
𝑤6 5.00 

TM11 

 

 

Table 3.8 Access waveguide geometrical parameters  

of the proposed 12-TM mode device. 

 

TM 𝑤𝑔𝑖 (m) 𝑔𝑖 (nm) 𝐿𝑐 (m) 

TM0 Directly inject 

TM1 0.46 300.00 6.40 

TM2 0.48 300.00 6.40 

3TM 0.38 400.00 6.40 

TM4 0.35 400.00 5.40 

TM5 0.30 300.00 5.20 

TM6 0.35 300.00 5.20 

TM7 0.32 300.00 3.00 

TM8 0.32 300.00 3.00 

TM9 0.28 300.00 3.00 

TM10 0.31 300.00 2.00 

TM11 0.28 300.00 2.00 



98 

 

 
 

 

Figure 3.14: Effective index of the guided TM-modes as a function of 

waveguide width. 
 

 

3.4.1 Performance Evaluation of the Proposed Device 
 

The performance and field distribution along the proposed device for each 

case of the twelve TM output modes is investigated via the Rsoft photonics 

suit CAD. The results are shown in Figure 3.15, where the device operates 

as a multiplexer. The input exciting mode TM0 is injected into the specific 

port of the access waveguides and the phase-matched high-order mode is 

excited with the maximum transmission. The transverse cross-section of 

each of the output modes is presented in Figure 3.16. The performance of the 

designed device is checked based on insertion loss and crosstalk at the 

designed wavelength of 1.55 µm given by equations (2.21) and (2.22), 

respectively.  

 

𝒘𝟏 𝒘𝟑 𝒘𝟐 𝒘𝟒 𝒘𝟓 𝒘𝟔 
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Figure 3.15: Intensity distribution across the 12 TM-mode device for each 

case of excited high-order mode. 

Values on both axes are in μm. 
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Figure 3.16: Excited high-order mode cross-section detected at the output 

end of the 12 TM-mode designed device. 

 
 

Table 3.9 12-TM mode device insertion loss (dB) at 1.55 µm. 

Excited high-order mode Insertion loss (I.L) 

TM0 -0.00007 

TM1 -0.27 

TM2 -0.38 

3TM -0.63 

TM4 -0.25 

TM5 -0.61 

TM6 -0.39 

TM7 -0.40 

TM8 -0.57 

TM9 -0.72 

TM10 -0.40 

TM11 -0.50 
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The calculated insertion loss 𝐼. 𝐿 (dB) is given in Table 3.9 which is obvious 

that the device shows a maximum insertion loss of -0.7 dB. The crosstalk 

𝐶. 𝑇 (dB) measures the effect of the output ports on each other in the case of 

demultiplexing operation, and the result is shown in Figure 3.17 where the 

device always shows crosstalk lower than -15 dB.  

The 1-dB/3-dB operating bandwidths of the device are calculated over a 

wavelength range (1.400-1.700) µm. The results are depicted in Figure 3.18 

(a and b) and shown numerically in Table 3.10. The device shows minimum 

operating bandwidth of 130 nm, and 190 nm for 1-dB and 3-dB, respectively. 

 

 

 

 

Figure 3.17: The proposed device crosstalk for demultiplexing operation. 
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(a) 

 

 

(b) 

 

 

 

Figure 3.18: Insertion loss spectrum of the 12-TM mode device operating 

bandwidth (a) TM0-TM6, (b) TM7-TM11. 
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Table 3.10 12-TM mode designed device operating bandwidths. 

Mode 1-dB bandwidth (µm) 3-dB bandwidth (µm) 

TM0 > 0.5 > 0.5 

TM1 1.390-1.700 1.250-1.700 

TM2 1.390-1.700 1.200-1.700 

3TM 1.350-1.610 1.240-1.630 

TM4 1.420-1.600 1.300-1.660 

TM5 1.490-1.620 1.470-1.660 

TM6 1.400-1.690 1.270-1.700 

TM7 1.410-1.670 1.290-1.700 

TM8 1.430-1.700 1.320-1.700 

TM9 1.440-1.650 1.350-1.700 

TM10 1.420-1.660 1.330-1.700 

TM11 1.470-1.640 1.390-1.700 

 

A comparison between the performance of the designed devices and the 

recently reported ADC-based (de)multiplexers is presented in Table 3.11. 

The proposed devices offer lower losses, higher-order modes, and wider 

operating bandwidths compared to those reported in both [88] and [91]. 

 
 

Table 3.11 Performance comparison of the designed devices with the 

previously reported ones. 

Ref# Structure 
No. of 

modes 
I.L (dB) C.T (dB) B.W (µm) 

88 

Conventional 

ADC-based 

(de)multiplexer 

5 TE -0.24 < -33 (1.530-1.570) 

91 

SWG-assisted 

ADC-based 

(de)multiplexer 

3 TE > -1.7 <-15 (1.500-1.600) 

This 

work 

SWG-assisted 

ADC-based 

(de)multiplexer 

12 TE > -0.6 < -15 (1.480-1.600) 

12 TM > -0.7 < -15 (1.490-1.620) 
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3.5  Dual-polarization SWG-assisted ADC (De)multiplexer 

For the sake of capacity increase in the optical transmission system, hybrid 

systems supporting both mode- and polarization-division multiplexing 

(MDM-PDM) technology have proved their effectiveness. Such systems, 

multiplexes two differently polarized modes, the TE-modes and TM-modes. 

First, the system is made so that each polarization has its structure using the 

previously designed ones. Then the two structures are combined through a 

suitable polarization beam splitter (PBS) placed on certain pair of input 

TE0/TM0 ports. The overall setup is shown in Figure 3.19, where the right 

side represents the TE- modes and the left side for the TM-modes. This setup 

can serve 24 modes in total, i.e. double the capacity of previously designed 

devices with the same performance characteristics in terms of losses and 

operating bandwidth. The field propagation along the structure for each case 

of excited mode is presented in Figure 3.20. 

 

 
 

Figure 3.19: Schematic configuration of the proposed 24-mode 

multiplexer. 

z 

x 

y 
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Figure 3.20: Field propagation of the proposed 24 modes across the 

designed structure (a) TE1/TM1 to TE6/TM6, (b) TE7/TM7 to TE10/TM10, 

(c) TE11/TM11. Values on both axes are in μm. 

z 

x 
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To combine the operation of the previously designed devices for 24 modes 

of expansion, their input ports are required to be connected through 

polarization beam splitters (PBSs) connecting the counterpart ports from 

each device. The schematic diagram of the designed MMI-based PBS is 

shown in Figure 3.21. The splitter consists of a main section of width and 

length denoted by 𝑤𝑝𝑏𝑠 and 𝐿𝑝𝑏𝑠, respectively, and input and output ports of 

width 𝑤𝑎. The dimensions of the splitter are chosen through numerical 

simulation so that each port is assigned to a specific type of mode 

polarization with maximum transmission and minimum to the other one. In 

this device, the TE-mode is observed at the end of the left output port 

whereas the TM-mode is observed at the right one. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.21: Schematic configuration of the polarization beam splitter. 

 

The two main parameters of the splitter are simulated for the desired function 

where the length is scanned over the range (36-38 m) and in parallel, the 

width is scanned over the range (0.9-1.3 m), note that these ranges are 

chosen for compactness purposes and avoid adding additional complexity to 

𝑳𝒑𝒃𝒔 

𝒘𝒂 

𝒘𝒑𝒃𝒔 

𝒚 

𝒙 𝒛 

𝑷𝒐𝒓𝒕#𝟏

𝑷𝒐𝒓𝒕#𝟐

𝒊𝒏𝒑𝒖𝒕 𝑷𝒐𝒓𝒕 
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the structure. The results are depicted in Figures 3.22 and 3.23. From these 

results, it is obvious that the splitter shows acceptable performance at the 

values of  1 m and 37.6 m for 𝑤𝑝𝑏𝑠 and 𝐿𝑝𝑏𝑠, respectively. 

 

 

 

 
 

Figure 3.22: Splitter port#1 normalized transmission for the case of 

(a) TE modes, (b) TM modes. 
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Figure 3.23: Splitter port#2 normalized transmission for the case of 

(a) TE modes, (b) TM modes. 
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After setting the desired values of the parameters, the designed polarization 

splitter is simulated and the results are depicted in Figure 3.24 for each case 

of the input polarization. 

 

 

 

Figure 3.24: Field propagation of the proposed polarization beam splitter. 

The left for TE mode and the right for TM mode. 

Values on both axes are in μm. 
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CHAPTER FOUR 

Conclusions and Suggestions for Future Work 

4.1 Conclusions 

This thesis has presented a work that focuses on the design and performance 

investigation of the multimode interferometer (MMI)-based and asymmetric 

directional coupler (ADC)-based (de)multiplexers built using 

subwavelength grating (SWG) technology and operating at the C-band 

wavelength range. The main goal is to obtain better compactness, 

performance, and operating bandwidth in comparison to the existing 

counterpart devices. The following points are the main conclusions drawn 

from the work 

i. A 3-TE mode (de)multiplexer using a 3×3 SWG-assisted MMI 

coupler, phase shifter, and a tri-junction splitter has been successfully 

designed and operated. The numerical simulations obtained from 

device performance evaluations show that the device has an insertion 

loss > -1.3 dB, crosstalk better than -15 dB, and an operating 

bandwidth of 120 nm (1.490–1.610) µm. The designed device’s 

overall footprint is as compact as 4.5 × 120 μm2 and can offer good 

performance even with fabrication imperfections. 

ii. A 3-TE mode (de)multiplexer presented in point (i) is later built 

completely using SWG technology and its performance is re-

evaluated. Consequently, while maintaining low losses, a compact and 

ultra-wideband device has been obtained. The insertion loss of the 

device is > -1 dB, crosstalk reaching -65 dB over an operating 

bandwidth of 160 nm (1.470 to 1.630) µm. The footprint of the 

designed device is 4 × 95 μm2, i.e. about 30% shrink in the overall 

area. Again, the new device shows a good performance in response to 

the errors that might occur during the fabrication process.  
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iii. A 4-TE mode MMI-based (de)multiplexer has been presented for the 

first time, first using a conventional MMI coupler, then replaced with 

an SWG- assisted MMI coupler. The performance of both devices has 

been evaluated and compared to address the enhancements obtained 

from considering the SWG technology. 

iv. The conventional 4-mode MMI coupler device showed an 80 nm 

operating bandwidth (1.510–1.590) µm with insertion loss and 

crosstalk > -0.5 dB and < -15 dB, respectively. The overall footprint 

of the device is 4.5 × 173 (780 μm2). 

v. While the insertion loss and crosstalk remain as low as the 

conventional device, the SWG-assisted MMI coupler device showed 

a 140 nm operating bandwidth (1.480–1.620) µm. The overall 

footprint of the new device is 4.5 × 123 (550 μm2). Thus, the SWG 

technology offers low losses, a 30% enhancement in the compactness, 

and 75% additional operating bandwidth of the new device compared 

to the conventional counterpart. 

vi.  An ultra-broadband and low loss 12-TE mode multiplexer has been 

designed based on SWG technology and waveguides cascading 

structure. 

vii. The designed device shows insertion loss and crosstalk > -0.6 dB, and 

< -15 dB respectively, and a minimum bandwidth of 120 nm (1.480-

1.600) µm. Further, the device offered a good degree of compactness 

with a 300 μm overall length. 

viii. A 12-TM mode multiplexer is designed based on SWG technology 

and waveguides cascading structure. the losses of the device obtained 

are > -0.7 dB, and < -15 dB for insertion loss and crosstalk, 

respectively. the minimum operating bandwidth of the designed 

device is 130 nm (1.490-1.620) µm. 
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ix. For an extra capacity, a 24-mode (de)multiplexer has been obtained 

through the connection of previously designed 12-TE and 12-TM 

mode devices with carefully designed polarization beam splitters. 

x. Finally, these results confirm that the SWG technology serves the 

purpose to design wideband, low insertion loss, and fabrication 

tolerant devices that can be used in silicon photonic integrated circuits 

and WDM to expand the transmission data rate capacity. 

 

4.2 Suggestions for Future Work 

The work in this thesis can be extended in the future to address the following 

points 

i. Fabricating of the proposed devices to investigate their performance 

practically. 

ii. Expanding the MMI-based devices to operate in the TM-mode. 

iii. Designing an all-SWG 4-TE mode device. 

iv. Using new material platforms for implementing the designed devices 

and investigating their performance in the new environment. 

v. Studying the nonlinear phenomena that might occur and their effect 

on the performance of the designed devices. 
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Appendix A  
Rsoft Photonics Suit package 

 

The RSoft CAD is the core program in the RSoft Photonic Device Tools and 

acts as a control program for the passive device simulation modules 

BeamPROP BPM, FullWAVE FDTD, BandSOLVE, GratingMOD, 

DiffractMOD RCWA, FemSIM FEM, and ModePROP EME. It is used to 

define the most important input required by these simulation modules: the 

material properties and structural geometry of a photonic device. A user will 

typically first design a structure in the CAD interface and then use one or 

more simulation engines to model various aspects of the device performance. 

 

 

 























































































 الخلاصة

الحل الأمثل لتصميم الدوائر  (SOI) السيليكون على العازل تقنية علىالمعتمدة الضوئيات السليكونية تمثل 

مكن الحصول أ هذه التقنيةجوهر التوصيلات البينية الضوئية. باستخدام  هيالتي  (PICs) و الضوئية المتكاملة

واسع. في الآونة الأخيرة ، جذبت التقنيات نطاق ترددي تشغيلي وصغير ،   حجمضة ، خسائر منخفذات  على

الأجهزة الموجودة  و ابعادالجديدة اهتمامًا كبيرًا في تصميم الهياكل الضوئية للسيليكون لقدرتها على تحسين أداء 

 ً الطول  بأستخدام المحزز مادون إدخال أجهزة جديدة بأشكال جديدة. إحدى هذه التقنيات هياضافة الى   سلفا

 . الموجي

مقياس بأستخدام  ارسال مضاعفاتيتكون العمل في هذه الأطروحة من جزأين رئيسيين. الجزء الأول ، تم تصميم 

  SWG باستخدام النمط تم تنفيذ مُضاعِف ثلاثي  أولاً  .SWG تقنيةب مدعوما (MMI) التداخل متعدد الوسائط

تم مقارنة أداء كلا  .SWG بناءه كليا بأستخدام تقنية الو تم توسيع تصميم الجهاز ثم فقط.  MMI في قسم

حيث لوحظ  حفاظ الاجهزة المصممه  الجهازين مع بعضهما البعض بالإضافة إلى المقارنة مع نظيرهما التقليدي

 160مصحوبه بزيادة في النطاق الترددي للاجهزة المصصمه حيث وصلت الى  على نسبة خسائر منخفضه

 الدليل الموجي% مقارنة مع تلك الخاصه بالجهاز المعتمد على 70المساحه الكلية تصل الى  نانومتر و تقليص في

و أخر التقليدي  MMI باستخدام مقرنمضاعفات رباعية النمط . ثانيًا ، تم تصميم اثنين من التقليديمن النوع 

لوحظ تحسين كبير في أداء  حيث  ةمة المستخدتقنيالمزايا  لبيانتم مقارنة أداء الجهازين . SWGمدعوم بتقنية ال

 الترددي نطاقالعرض  زياده في ديسيبل( مع 0.5-الجهاز من خلال الحفاظ على أداء منخفض الخسائر )< 

 .مربع ميكرومتر (4.5x123) إلى في حجم الجهاز الجديدص نانومتر( وتقل 140) الى يتشغيلال

على أساس المقرنات الاتجاهية المتتالية غير  الإرسالمضاعفات تصميم في الجزء الثاني من الأطروحة ، تم 

.الجهاز الاول تم تصميم ثلاثة أجهزة حيث  (SWG-ADC)مدعومة بمحزز مادون الطول الموجي   المتماثلة

و الثالث يدعم  TM نمط مغناطيسي مستعرض 12مستعرض و الجهاز الثاني يدعم  TE نمط كهربائي 12يدعم 

من ست مكون عبارة عن هيكل  نمط 12الجهاز ذو عن طريق ربط الجهازين الاول و الثاني. هجين  نمط 24

 ناقلالبناءً على التصميم المطلوب. تم تحسين الاقتران بين  الانماطعدداً معينًا من  تدعم مراحل كل مرحلة

مصممة تعتبر . الاجهزة الSWGالنواقل الفراعيةعن طريق استخدام وصلات مدعومه بتقنية الالرئيسي 

ئر بنطاق ترددي تشغيلي واسع مقانة مع تلك خساكونها منخفضة الذات ترتيب أعلى بالإضافة إلى  مضاعفات

من خلال فواصل  TM و TE التشغيلي. أخيرًا ، يتم توصيل كل من الأجهزة ذات الوضعمن النوع التقليدي

تم تصميم  .ضع مزدوج لتعدد الإرسالالاستقطاب لأغراض توجيه الوضع ، مما يؤدي إلى جهاز جديد ذي و

 .Rsoft photomics CAD ver 2020.0 برنامج  المقترحة ومحاكاتها باستخدام جميع معددات الإرسال
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