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Abstract 

The thesis is based on an industry project offered to our research laboratory. The 

industry required the feasibility evaluation of designing a spectrometer that scans the C-

band (1530 – 1565 nm) with a resolution of lower than 1 GHz, has a scanning speed of 

at least 10 Hz, a maximum occupied area of 10 square centimeters, and a maximum 

consumed power of 3 watts. A compact integrated solution to fulfill the requirements was 

considered. The ring resonator and arrayed waveguide grating (AWG) were selected as 

the fine and coarse filter, respectively; being the main components of the spectrometer. 

Among different integrated platforms silicon nitride was chosen because of its relatively 

low loss performance and small footprint compared to other available platforms. The ring 

resonator needs to have a resolution of lower than 1 GHz and be tunable over its free 

spectral range (FSR) to scan the whole C-band. The AWG on the other hand needs to 

separate the individual resonant frequencies that exit the ring resonator. Conventional 

AWGs have bell-shaped channel profiles and cannot achieve flat output responses for 

varied input frequency. Thus, the incoherent weighted summation technique was used to 

construct virtual channel profiles (VCP) from AWG channel profiles to attain a flat on-

resonance frequency response over the C-band. This method requires the ring resonator 

FSR to be as large as possible relative to AWG channel spacing, and the AWG channel 

profiles have overlapping passbands that intersect sufficiently above noise level, to 

achieve desired crosstalk performance. After choosing the right method and finding out 

performance requirements for the ring resonator and AWG, the feasibility of designing a 

silicon nitride ring resonator to have a resolution of lower than 1 GHz was evaluated. This 

step includes bend simulation to acquire the minimum bend radius, transmission 
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simulations to know the right power coupling ratio to achieve a resolution of lower than 1 

GHz and determining the minimum gap size in the ring coupler region. Next, the thermal 

tunability of the ring resonator was assessed by simulation to determine maximum 

tunable FSR of the ring resonator, its consumed power, and scanning speed. In the 

following, based on the requirements imposed by the incoherent weighted summation 

method, and known maximum tunable ring resonator FSR, design specifications for the 

AWG were determined, and the feasibility of designing the target AWG was evaluated by 

simulation. Finally, the combined performance of the ring resonator and AWG was 

simulated to evaluate the spectrometer as a whole. The industry requirements for the 

spectrometer including the frequency range, resolution, consumed power, scanning 

speed, and area are met. The scanning of the C-band with a resolution of lower than 1 

GHz significantly beefs up the capacity of the band by allowing the use of a huge number 

of channels and the effective monitoring of the band to use empty channels or replace 

damaged ones.  

 

 

 

 

 

 

 

 



iv 
 

 

 

Dedicated to: 

Ehsan 
 

 

 

 

 

 

 

 

 

 



v 
 

Acknowledgements 

Pursuing a Ph.D. program typically requires four to five years to complete; 

however, my journey extended beyond this timeframe. Throughout this period, I 

encountered unforeseen challenges and gained invaluable lessons that transcended the 

scientific scope of my research. Although I faced setbacks that occasionally hindered my 

progress, I remained firm in my determination and ultimately reached the finish line. As a 

resolute individual, I worked tirelessly to achieve my goal. Nevertheless, the support I 

received from numerous individuals was pivotal, without which I could not have 

succeeded. I am grateful to all those who supported me. 

I express my gratitude to Professor Ramanand Tewari and Professor Neda Nabavi 

for their inestimable support, which extended beyond the academic sphere. Additionally, 

I extend my appreciation to Ms. Suzanne St-Michel, Professor Michel Saydé, Mr. Mathieu 

Leclair, and Ms. Alexandra McAllister for their generous support and insightful guidance. 

I wish them all the very best. 

I appreciate the financial support provided by the Department of Electrical 

Engineering and Computer Science through teaching assistantships and by the Financial 

Aid and Awards Office through scholarships. I extend my heartfelt gratitude to Mr. Daniel 

Melanson and Ms. Myriam Diafwila for their thoughtful and kindly support. 

I express my profound appreciation to Professor Michel Labrosse, Dean of the 

Faculty of Engineering, for his gracious support in ensuring my program proceeded 

without administrative obstacles. Additionally, the uninterrupted support provided by the 

Graduate Office of the Faculty of Engineering was instrumental. I am greatly thankful for 



vi 
 

all the support received. In particular, I extend my sincere gratitude to Ms. Sylvie Chénier 

for her considerate guidance and priceless advice. 

Despite being thousands of miles away, my mother and grandmother consistently 

provided steady support and encouragement throughout my journey. They made every 

effort to ensure my success and well-being. I express my deepest appreciation for their 

unconditional and precious support and kindness. 

Finally, and most significantly, I express my profound gratitude to my brother and 

true friend, Ehsan. His essential and unwavering support lifted me from despair, as though 

guiding me to rise. I am deeply grateful to Ehsan for his steadfast presence during my 

most challenging moments. 

 

 

 

 

 

 

 

 



vii 
 

Acronyms 

2D Two-Dimensional 

3D Three-Dimensional 

ADS Asymmetric Double Strip 

AWG Arrayed Waveguide Grating 

BPM Beam Propagation Method 

CCPR Cross-Coupling Power Ratio 

CMT Coupled Mode Theory 

EME Eigen-Mode Expansion 

EO Electro-Optic 

ER Extinction Ratio 

EON Elastic Optical Network 

FDM Finite Difference Method 

FEM Finite Element Method 

FPR Free Propagation Region 

FPV Fabrication Process Variation 

FSR Free Spectral Range 

FT Fourier Transform 

FWHM Full Width at Half Maximum 

GMZDI Generalized Mach-Zehnder Delay Interferometer 

MEMS Micro Electro Mechanical Systems 

MMI Multi-Mode Interferometer 

MTM Matrix Transfer Method 

MZDI Mach-Zehnder Delay Interferometer 

MZI Mach-Zehnder Interferometer 

PE Piezo-Electric 

PEC perfect electrical conductor  

PEG Planar Echelle Grating 

PIC Photonics Integrated Circuit 



viii 
 

SDN Software Defined Networking 

SOI Silicon On Insulator 

TO Thermo-Optic 

VCP Virtual Channel Profile 

WGM whispering gallery mode 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 
 

Table of Contents 

Chapter 1 Introduction.......................................................................... 1 

1.1 Motivation and specifications ............................................................................. 1 

1.2 Spectrometer components ................................................................................. 3 

1.3 Integration platform ............................................................................................ 6 

1.4 Objectives .......................................................................................................... 9 

1.4.1 Establishing a suitable method to achieve a flat spectrometer response ... 9 

1.4.2 Feasibility evaluation of a silicon nitride ring resonator with a resolution of 
lower than 1 GHz .................................................................................................... 10 

1.4.3 Tunability evaluation of the ring resonator over its Free Spectral Range 
using thermal tuning ............................................................................................... 10 

1.4.4 Feasibility evaluation of an Arrayed Waveguide Grating design to attain a 
flat on-resonance spectrometer response .............................................................. 11 

1.5 Contribution to knowledge ................................................................................ 11 

1.6 Thesis structure ................................................................................................ 13 

1.7 Publications ...................................................................................................... 15 

1.7.1 Published and directly related to the thesis .............................................. 15 

1.7.2 Published and indirectly related to the thesis ........................................... 16 

Chapter 2 Method ................................................................................ 17 

2.1 Introduction ...................................................................................................... 17 

2.2 Fundamental principles .................................................................................... 17 

2.3 Method ............................................................................................................. 19 

2.3.1 Arrayed Waveguide Grating thermal or mechanical tuning ...................... 19 

2.3.2 Passband flattened Arrayed Waveguide Grating ..................................... 19 

2.3.3 Arrayed Waveguide Grating channel superposition ................................. 20 

2.4 Spectrometer architecture ................................................................................ 37 

2.5 Summary of the main findings .......................................................................... 38 

Chapter 3 Ring Resonator Resolution ............................................... 40 



x 
 

3.1 Introduction ...................................................................................................... 40 

3.2 Theory .............................................................................................................. 40 

3.3 Waveguide ....................................................................................................... 44 

3.4 Ring resonator simulations ............................................................................... 46 

3.5 Ring coupler design ......................................................................................... 50 

3.6 Summary of the main findings .......................................................................... 59 

Chapter 4 Ring Resonator Thermal Tuning ....................................... 60 

4.1 Introduction ...................................................................................................... 60 

4.2 Method ............................................................................................................. 65 

4.3 Studied waveguides ......................................................................................... 68 

4.4 Ring resonator thermal tuning .......................................................................... 71 

4.4.1 Heater layout ........................................................................................... 72 

4.4.2 Heater material and power supply ........................................................... 73 

4.4.3 Heater width and its vertical position ....................................................... 75 

4.5 Simulations....................................................................................................... 77 

4.5.1 Bend ........................................................................................................ 77 

4.5.2 Heater distance from waveguide core...................................................... 79 

4.5.3 Heater width effect ................................................................................... 80 

4.5.4 Scanning rate ........................................................................................... 86 

4.5.5 Sensitivity to over-heater cladding thickness ........................................... 90 

4.5.6 Effect of heater material ........................................................................... 91 

4.6 Discussion ........................................................................................................ 94 

4.7 Summary of the main findings .......................................................................... 95 

Chapter 5 Arrayed Waveguide Grating Design ................................. 97 

5.1 Introduction ...................................................................................................... 97 

5.2 Theory .............................................................................................................. 97 

5.3 Design specifications ....................................................................................... 99 

5.4 Design ............................................................................................................ 100 



xi 
 

5.4.1 Waveguide ............................................................................................. 101 

5.4.2 Nonuniformity ......................................................................................... 102 

5.4.3 Input and output waveguides ................................................................. 103 

5.4.4 Arrayed waveguides .............................................................................. 104 

5.4.5 Rowland circle and Arrayed Waveguide Grating order .......................... 105 

5.5 Spectrometer performance ............................................................................ 113 

5.6 Summary of the main findings ........................................................................ 116 

Chapter 6 Conclusion ....................................................................... 118 

6.1 Summary ........................................................................................................ 118 

6.2 Contribution to knowledge .............................................................................. 120 

6.3 Future research .............................................................................................. 122 

References ............................................................................................ 124 

Appendix A ............................................................................................ 141 

Appendix B ............................................................................................ 142 

 

 

 

 

 

 

 

 

 



xii 
 

Table of Figures 

Fig. 2.1. Schematic representation of AWG output channel profiles and the location of 

resonant frequencies of a ring resonator. ....................................................... 18 

Fig. 2.2. Schematic view of unweighted incoherent summation configuration with 2 AWGs. 

RR; ring resonator, DA; detector array, DAQ; data acquisition system, Ch; AWG 

output channel. Adapted from M. Hasan et al. [56], licensed under Creative 

Commons Attribution 4.0 International. .......................................................... 23 

Fig. 2.3. Overlapped channel profiles of two parallel AWGs. Dotted channel profiles 

represent AWG1 while solid ones account for AWG2. RR; ring resonator, Ch; 

AWG output channel. Adapted from M. Hasan et al. [56], licensed under 

Creative Commons Attribution 4.0 International. ............................................ 24 

Fig. 2.4. Output power of the unweighted summation of two adjacent AWG channel 

profiles versus resonant frequency within one ring resonator FSR for different 

AWG channel profile bandwidths. RR; ring resonator. a) 2 parallel AWG, and b) 

3 parallel AWG configurations. Adapted from M. Hasan et al. [56], and M. Hasan 

et al. [57], licensed under Creative Commons Attribution 4.0 International, and 

Optica Open Access Publishing Agreement, respectively. ............................. 25 

Fig. 2.5. Schematic view of unweighted incoherent summation configuration with 3 AWGs. 

RR; ring resonator, DA; detector array, DAQ; data acquisition system, Ch; AWG 

output channel. Adapted from M. Hasan et al. [56], licensed under Creative 

Commons Attribution 4.0 International. .......................................................... 26 

Fig. 2.6. Overlapped channel profiles of three parallel AWGs. Dotted channel profiles 

represent AWG1, solid ones are for AWG2, and dashed ones are for AWG3. 

RR; ring resonator, Ch; AWG output channel. Adapted from M. Hasan et al. [56], 

licensed under Creative Commons Attribution 4.0 International. .................... 27 

Fig. 2.7. Schematic representation of a Gaussian profile and resonant frequency. ....... 29 

Fig. 2.8. An example of VCP and the effect of ring resonator FSR on crosstalk............ 32 

Fig. 2.9. The effect of AWG channel spacing (CS) on the crosstalk caused by neighboring 

resonant frequency. ........................................................................................ 34 

Fig. 2.10. Schematic view of the experimental setup with two parallel AWGs. RR; ring 

resonator, PD; photo detector. Adapted from M. Hasan et al. [57], licensed under 

Optica Open Access Publishing Agreement. .................................................. 35 



xiii 
 

Fig. 2.11. Comparison of the synthesized output power versus the resonant frequency of 

the ring resonator using Gaussian (weighted summation) and Rectangular 

(modified unweighted summation) methods. Adapted from M. Hasan et al. [57], 

licensed under Optica Open Access Publishing Agreement. .......................... 36 

Fig. 2.12. Schematic view of the spectrometer .............................................................. 37 

Fig. 3.1. a) all-pass, b) add-drop ring resonator. ........................................................... 43 

Fig. 3.2. The cross section of the ADS waveguide illuminated by the fundamental TE 

mode at 1550 nm. Adapted from G. M. Hasan et al. [83], licensed under Creative 

Commons Attribution 4.0 International. .......................................................... 45 

Fig. 3.3. a) Effective and group index characterization of the ADS waveguide at 1550 nm 

for the three lowest modes versus the length of the top side of its upper strip. 

Adapted from G. M. Hasan et al. [83], licensed under Creative Commons 

Attribution 4.0 International. ........................................................................... 46 

Fig. 3.4. Bend loss versus ring radius for the ADS waveguide with a width of 200 nm lower 

than the standard waveguide at the wavelength of 1565 nm. Markers show data 

points, and the solid line is the fitted curve. .................................................... 48 

Fig. 3.5. Frequency responses of the ring resonators at their drop ports with a resolution 

of lower than 1 GHz for two FSR values of 50 GHz, and 150 GHz. ............... 49 

Fig. 3.6. The right-hand side of relation (3.17) versus the minimum gap size ............... 57 

Fig. 3.7. The picture of the fabricated chip which includes ring resonators with the same 

FSR of 50 GHz but different gap sizes. RR; ring resonator. Adapted from G. M. 

Hasan et al. [83], licensed under Creative Commons Attribution 4.0 

International. .................................................................................................. 58 

Fig. 3.8. The comparison of the simulated and measured CCPR values. Adapted from G. 

M. Hasan et al. [83], licensed under Creative Commons Attribution 4.0 

International. .................................................................................................. 59 

Fig. 4.1. Cross-section of a waveguide and heater. ...................................................... 67 

Fig. 4.2. Schematic cross-section of the simulated waveguides. a) ADS, b) AN800 and 

AN400. The shapes are not to scale. ............................................................. 69 

Fig. 4.3. A comparison of the fundamental TE mode effective indexes for the three 

standard-sized waveguides versus wavelength. ............................................ 71 

Fig. 4.4. Heater shape designed for a ring resonator with the highly resistive part 

highlighted. ..................................................................................................... 72 



xiv 
 

Fig. 4.5. Typical waveguide and heater cross-section and temperature distribution...... 76 

Fig. 4.6. Optical loss versus the vertical distance between a waveguide core and the Cr 

heater (TOX) for the ADS, AN800 and AN400 waveguides. ........................... 80 

Fig. 4.7. Required temperature increases from the room temperature for ring resonators 

with different FSRs versus heater width for a) ADS, b) AN800, c) AN400 

waveguides. Threshold lines define the safe operating limits for heaters. ...... 83 

Fig. 4.8. Required tuning power for a wavelength shift by the amount of one FSR versus 

heater width. ................................................................................................... 85 

Fig. 4.9. Scanning rate versus heater width for a) ADS, b) AN800, c) AN400 waveguides. 

Markers indicate acquired data. ..................................................................... 89 

Fig. 4.10. Applied heat rate waveforms and corresponding phase shifts versus time for 

the AN400 waveguide equipped with a 5 µm wide Cr heater. ........................ 90 

Fig. 4.11. Tuning power versus heater width for three different OHX values for AN800-

based ring resonators. .................................................................................... 91 

Fig. 4.12. Optical loss versus the vertical distance between a waveguide core and the Al 

heater (TOX) for the ADS, AN800 and AN400 waveguides. ........................... 92 

Fig. 4.13. The comparison of the Cr and Al heaters for ADS-based ring resonators; a) 

required temperature rise from the room temperature, b) consumed tuning 

power for a tuning by the amount of one FSR. ............................................... 93 

Fig. 5.1. Schematic view of the tapered arrayed or output waveguides at the FPR 

interface. ...................................................................................................... 104 

Fig. 5.2. Captured power percentage versus the number of arrayed waveguides. ..... 109 

Fig. 5.3. The entrance interface of arrayed waveguides illuminated by the input 

waveguide. The number of waveguides are 95. ........................................... 110 

Fig. 5.4. The AWG layout. Dimensions are in µm. ........................................................ 111 

Fig. 5.5. The output frequency response of the designed AWG. ................................. 112 

Fig. 5.6. The generated VCP (blue) and overall spectrometer response (red) for three 

different ring resonator resonant frequencies with respect to center frequency 

of the C-band; a) -100 GHz, b) zero, c) +100 GHz. The FSR of the ring resonator 

is 300 GHz. The channel spacing and -3dB bandwidth of the AWG are both 

equal to 100 GHz. ........................................................................................ 115 



xv 
 

Fig. 5.7. The spectrometer frequency response for different ring resonator tuning 

frequencies. .................................................................................................. 115 

Fig. 5.8. 3D transmission (dB) views of a) the VCP and b) spectrometer response versus 

frequency and ring resonator resonant frequency. ....................................... 116 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvi 
 

List of Tables 

Table 1.1. The comparison of three CMOS compatible integration platforms. Numerical 

values are approximate values at 1550 nm. ..................................................... 7 

Table 4.1. Practical specifications for two different heaters ........................................... 74 

Table 4.2. Bend loss for fundamental TE and TM modes in ADS, AN800, and AN400 

waveguides for different FSRs ....................................................................... 77 

Table 4.3. Optimum TOX values for Cr and Al heaters for negligible optical loss due to the 

heater presence while minimizing the vertical distance between the waveguide 

core and heater. ............................................................................................. 92 

Table 5.1. Specifications of the AWG .......................................................................... 110 

Table 5.2. Comparison between the conventional and designed AWGs ..................... 112 

 

Table A.1. The thermal and electromagnetic properties of the materials used in the 

simulations ................................................................................................... 141 



 

1 
 

Chapter 1 Introduction 

1.1 Motivation and specifications 

Nowadays, with the invention of the internet and advance of digital technology, 

communications infrastructure across the globe needs to be regularly upgraded to meet 

exponentially growing capacity requirements. Optical fibers, due to their higher center 

frequencies with respect to microwave transmission means, provide high speed data 

channels while not being affected by weather conditions and electromagnetic interference 

[1], [2]. Nonetheless, due to high user demand, optical communications face challenges 

in their available capacity [3], [4].  

Different methods are proposed that improve the capacity of optical 

communication systems [5], [6]. One of the techniques to improve channel efficiency is to 

pack optical channels closer to each other. While dense packing of data channels is easier 

in the microwave domain, performing the technique in the optical domain adds flexibility 

to replace data channels in the optical domain without needing to down modulate the 

entire signal to the microwave domain and up modulate it back to the optical domain. To 

take advantage of densely packed optical channels, high-resolution optical filtering [7], 

[8], [9] is required to comprehensively monitor the band and find out each channel’s state 

and adjust allocations to channels based on availability and user requests. This flexibility 

allows the optical network to be programmable and easier to manage on how and to 

where data should be flowed. This concept is called Software Defined Networking (SDN) 

[10], [11], [12], and its implementation on the physical layer (fiber optics layer) makes it 

an Elastic Optical Network (EON) [13], [14].  
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Another application of high-resolution optical filters is in sensing [15], [16], [17]. 

high-resolution optical filters, which are usually achieved by light resonating at a certain 

frequency, are sensitive to the slightest changes in the surrounding environment and thus, 

can be used in bio-photonics to detect molecular changes in a certain tissue. Also, they 

can be used for structural health monitoring of civil infrastructure to detect changes in the 

dimensions of structures.   

High-resolution optical filters also have applications in nonlinear optics [18], [19]. 

An optical resonator needs to have a high resolution to unfold nonlinear properties such 

as four-wave mixing or Kerr effects used for generating frequency combs or creating ultra-

fast optical switches.  

The comprehensive monitoring of an optical network requires cost effective 

technology and hence, compact integrated solutions that leverage the economics of mass 

production. On-chip technologies not only reduce the room occupied by the device and 

thus, make it easier to mount on platforms with space limitations, but also decrease power 

consumption, sensitivity to ambient factors such as temperature, humidity, shock, and so 

on [20], [21].  

The C-band (1530 – 1565 nm) is the most crowded optical band in communications 

and has drawn significant attention from academia and industry to improve its efficiency. 

In 2018, the feasibility evaluation of designing a spectrometer with the following 

specifications was proposed by industry to our research group: 

1) Monitoring range: C-band (1530 – 1565 nm) 

2) Resolution: < 1 GHz 
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3) Scanning rate: > 10 Hz 

4) Power consumption:  < 3 W 

5) Measurement accuracy: < 1dB 

6) Size: < 10 cm2. 

The length of the C-band is 35 nm or equivalently 4.4 THz. The capability of 

scanning the C-band with a resolution of lower than 1 GHz allows partitioning it into 4400 

channels, each with a bandwidth of no more than 1 GHz, significantly improving the band 

capacity, its flexibility, and network efficiency. On the other hand, the specified limits in 

power consumption and spectrometer size implies that a compact integrated 

spectrometer is the right choice because of cost effectiveness alongside the other 

advantages of an integrated solution namely reduced vulnerability to ambient conditions 

such as mechanical vibration, temperature, moisture and so on.  

In the following, the components used in the spectrometer design are selected and 

the right platform that satisfies the specifications is introduced. Next, the objectives of the 

thesis are clarified. Then, the thesis structure is demonstrated. Finally, the list of 

publications worked on during the program that are directly or otherwise related to the 

thesis is provided. 

1.2 Spectrometer components 

Spectrometers are used to determine the state of spectrum in a signal. Optical 

spectrometers are categorized into four general types in [22]:  
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The first type are dispersive devices. The prism is a good example of it in bulk 

optics where light is directed at a distinct angle depending on its frequency and is read 

out on the receiver plane [23]. Examples of on-chip dispersive components are Planar 

Echelle Gratings (PEG) [24], [25], and Arrayed Waveguide Gratings (AWG) [26], [27].  

The second type is the narrowband filter. They filter out a certain frequency 

spectrum at the resonant frequency of the filter. These filters do not have just one 

resonant frequency; rather, the filter can generate a comb of resonant frequencies over a 

certain frequency band where each comb element is a resonant frequency spaced from 

the adjacent resonant frequency by the free spectral range (FSR) of the filter. The 

resonant frequency array can move versus frequency by tuning the filter. Fabry-Pérot 

filters [28], and whispering gallery mode (WGM) resonators [9], [29] are examples of 

narrowband filters in bulk optics while ring resonators [30] are for integrated optics. They 

can achieve sub-GHz resolutions provided their loss is reduced sufficiently. However, to 

scan a certain bandwidth they need to be tuned by the amount of their FSRs. 

The third type is the Fourier Transform (FT) spectrometer. They are made of 

interferometers where light is split into at least two branches. The light gains different 

phase in each path depending on optical path length difference and frequency. The 

frequency response of the spectrometer is repeated in each FSR, which is dependent on 

optical path length difference. The Michelson interferometer [31] and Mach-Zehnder 

interferometer (MZI) [32] are examples of FT spectrometers. Tuning is achieved by 

changing the phase shift in the paths of the interferometer.  
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The fourth type of spectrometers is reconstructive spectrometer [33], [34], which 

as the name suggests, reconstructs its input spectral response from the spatial and 

frequency components of the received response as well as the expected spatial and 

frequency patten for all spectral components by carrying out computations. It is possible 

to extract the spectrum of any signal — with certain resolution that is dependent upon the 

length of the signal in time domain — using this method provided mathematical 

calculations are effectively conducted.   

Based on the specifications of the industry defined spectrometer, the second type 

is a suitable option as it has the potential to achieve sub-GHz resolution. The first and 

third type cannot achieve the specified resolution and sweep the C-band with that 

resolution. The fourth type may work well, but needs a large amount of computation, 

which adds to its complexity and power consumption. Thus, the ring resonator is a 

suitable candidate to achieve a resolution of lower than 1 GHz as a compact integrated 

narrow band filter.  

The ring resonator must be made on a low loss platform to achieve a resolution of 

lower than 1 GHz, and its resonant frequency must be tunable over its FSR to scan the 

entire frequency range within the FSR. To scan the C-band with a ring resonator, its FSR 

needs to be larger than the length of the C-band which is circa 4.4 THz. The FSR of a 

ring is inversely proportional to its radius; hence, increasing the FSR requires tighter 

bends. On the other hand, its radius must be large enough to prevent bend loss to 

negatively impact the resolution. The ring resonators made on available photonics 

integrated circuits (PIC) platforms cannot reach an FSR in the order of THz because of 

the required tight bends that enormously augment bend loss and thus, cannot have a 
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resolution of lower than 1 GHz. Consequently, the ring resonator FSR is going to be lower 

than the C-band length. In this case, multiple resonant frequencies exist within the C-

band and a second filter is needed to separate the resonant points for a full C-band scan. 

The resonant frequencies of the ring resonator can be spaced enough so that a dispersive 

filter such as a PEG or an AWG as a coarse filter can separate the resonant frequencies. 

The AWG and PEG apply the same mechanism to separate light into different frequency 

components. In both devices, light is radiated into an array and each array element adds 

a specific phase shift to light. After traversing in the array, depending upon the array phase 

arrangement, light is directed toward the device output at a distinct angle. The phase shift 

is dependent on frequency. Therefore, each frequency component gains a different phase 

shift and is directed to the output at a different angle. The AWG is selected as the coarse 

filter, and in combination with the ring resonator as the fine filter, constitutes the key 

components of the spectrometer. 

1.3 Integration platform 

Among available PIC platforms, CMOS compatible platforms are desired due to 

their easy integration with electronic circuitry [35], [36], [37]. Three well-known CMOS 

compatible platforms are the doped silica [38], [39], [40], [41], silicon on insulator (SOI) 

[42], [43] and silicon nitride (𝑆𝑖3𝑁4) [44], [21]. The doped silica platform consists of a silica 

cladding and a silica core doped with germanium to slightly increase its refractive index 

with respect to the cladding. The SOI has a silicon core and a silica cladding. The silicon 

nitride platform has a silicon nitride core and a silica cladding. The approximate values of 

the refractive indices of the three platforms at 1550 nm are displayed in Table 1.1.  
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Table 1.1. The comparison of three CMOS compatible integration platforms. Numerical 
values are approximate values at 1550 nm.  

 
Core refractive 

index 
Cladding 

refractive index 
Loss Footprint 

Doped silica 1.4515 1.444 low high 

SOI 3.48 1.444 high low 

Silicon nitride 1.977 1.444 low moderate 

The doped silica has the lowest loss because of its lowest index contrast as well 

as the relatively low intrinsic loss in silica. This makes it a proper candidate for low-loss 

applications. However, the components made of it take up more area because of a limit 

in bend radius for a specified bend loss, which is due to the low index contrast. The SOI 

on the other hand, can put up with the tightest bends because of its highest index contrast 

and hence, requires the lowest footprint, but its loss is the highest as well. In an SOI 

waveguide, the higher refractive index difference scales up waveguide scattering loss as 

the high index contrast causes more interaction between a confined mode and the 

waveguide core boundaries, and thus, loss increases. Moreover, silicon intrinsically has 

a higher absorption loss than silica and silicon nitride. The silicon nitride platform is 

between the two other platforms in terms of footprint and loss, although its performance 

is closer to the doped silica. The loss of silicon nitride is in the same order as that of the 

doped silica, while its corresponding footprint is between those of the doped silica and 

SOI.  
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To gain a better insight into the effect of loss in resolution, the resolution of the SOI 

is compared to that of the silicon nitride platform. The spectrum of a signal is achieved by 

taking the Fourier Transform of it when its unlimited time-domain profile is available. In 

practice, a signal is available for only a limited amount of time, and thus, short-time Fourier 

transform is used to acquire its spectrum. In this case, the resolution of the obtained 

spectrum is: 

where ∆𝑡 is the duration of the signal. If the signal is sufficiently narrowband, the envelope 

of the signal traverses at the group velocity 𝑣𝑔 = 𝑐 𝑁𝑔⁄  , where 𝑐 is light speed in vacuum 

and 𝑁𝑔 is the group index defined as: 

where 𝜆0 is the wavelength at which the group index is calculated and 𝑁𝑒𝑓𝑓 is the effective 

index of the mode. A spectrometer must have a means of storing a signal of 

duration Δ𝑡 sufficient to meet the desired resolution. Hence, storing a segment of the 

signal envelope corresponds to propagation over a path length Δ𝑙 given by: 

The rough values of the group index for typical single mode SOI and silicon nitride 

waveguides are 3.5, and 2, respectively. If ∆𝑓 = 1 𝐺𝐻𝑧, the corresponding rough values 

of Δ𝑙 are 8.5 cm and 15 cm, respectively. In the case of a ring resonator, the signal must 

circulate inside the ring without significant loss to traverse the required distance for a 

resolution of lower than 1 GHz. That is, α Δ𝑙 ≪ 1 needs to be satisfied, where α is loss 

 ∆𝑓 ≅ 1 ∆𝑡⁄  (1.1) 

 𝑁𝑔 =  𝑁𝑒𝑓𝑓 −  𝜆0

𝑑𝑁𝑒𝑓𝑓

𝑑𝜆
 (1.2) 

 Δ𝑙 = 𝑣𝑔Δ𝑡 = (𝑐 𝑁𝑔⁄ )Δ𝑡 ≅ (𝑐 𝑁𝑔⁄ )(1 Δ𝑓⁄ ) (1.3) 
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(1/cm). This gives the loss for the silicon nitride waveguide as 𝛼 ≪ 0.07 (−0.3 𝑑𝐵/𝑐𝑚) 

and for SOI equal to 𝛼 ≪ 0.12 (−0.5 𝑑𝐵/𝑐𝑚). The magnitude of loss for practical silicon 

nitride waveguides is in the same order as 0.3 𝑑𝐵/𝑐𝑚. However, for the SOI, the typical 

loss is 2 𝑑𝐵/𝑐𝑚 because of the higher intrinsic loss of silicon and extra scattering loss at 

waveguide walls emanating from the higher index contrast. It is obvious that attaining a 

resolution of lower than 1 GHz is unlikely with the SOI platform, while silicon nitride at the 

cost of tolerating some insertion loss may achieve this resolution. In conclusion, as high 

resolution and low footprint are key in this project, silicon nitride is opted for the 

spectrometer design. 

1.4 Objectives 

At this point, silicon nitride is selected as the right integration platform. Moreover, 

the ring resonator and AWG are chosen as the fine and coarse filter, respectively. The 

objectives of the thesis are as follows: 

1.4.1 Establishing a suitable method to achieve a flat 

spectrometer response  

In a cyclic AWG, the output channel profiles are bell-shaped and not flat. Moreover, 

the envelope of its channel profiles falls off towards the edges of the band by as much as 

-3dB. Thereby, the combination of a ring resonator and an AWG may work well as a 

spectrometer only for the frequency ranges at which the resonant frequencies of the ring 

resonator are within the -3dB passband of each AWG channel profile. Even within the -

3dB passband, the output channels have varied insertion losses depending on their 
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position within the band, preventing the spectrometer from having a flat frequency 

response. A technique is required and needs to be established to achieve a flat response 

in the spectrometer as the band is scanned.  

1.4.2 Feasibility evaluation of a silicon nitride ring resonator with 

a resolution of lower than 1 GHz 

For the ring resonator, it is first required to evaluate the feasibility of achieving a 

resolution of lower than 1 GHz. The resolution in a lossy ring resonator is dependent on 

total loss including waveguide intrinsic loss, scattering loss, bend loss as well as loss in 

ring coupler regions. Loss negatively impacts resolution. In such a case, adjusting the 

cross-coupling power ratio (CCPR) in the ring couplers improves the resolution. 

Therefore, for a practically used waveguide, bend loss must be calculated, and then the 

right value for the CCPR needs to be computed. Subsequently, the gap value in the 

middle of the ring coupler for the corresponding CCPR must be found. Performing these 

computations is key in the feasibility evaluation of attaining a silicon nitride ring resonator 

with a resolution of lower than 1 GHz.  

1.4.3 Tunability evaluation of the ring resonator over its Free 

Spectral Range using thermal tuning 

The ring resonator must be tunable over one FSR. There are several tuning 

methods for PIC components. They include thermal tuning [45], piezo-electric tuning [46], 

electro-optic tuning [47], etc.. Thermal tuning is the most common tuning method, which 

is performed by a resistive heater that is deposited on top of a waveguide. The heater is 
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connected to an electrical circuit and the electrical current passing through it heats it up. 

The generated heat irradiates downward and increases the temperature at the 

waveguide. As refractive indices are temperature dependent, changing temperature 

modifies the mode effective index, and as a result, tuning is conducted. It is slower than 

the other methods but is easier to implement as the tuning can be applied to any 

waveguide material unlike the other methods that call for specific types of waveguide 

materials. The thermal tunability of ring resonators with different FSRs are to be assessed 

to identify the tuning limits of silicon nitride ring resonators. The simulations provide 

valuable information on the tunability extent, scanning speed, and consumed tuning 

power of silicon nitride ring resonators.  

1.4.4 Feasibility evaluation of an Arrayed Waveguide Grating 

design to attain a flat on-resonance spectrometer response 

An AWG needs to be designed according to the specifications required by the 

method for a flat on-resonance spectrometer response. First, the AWG design feasibility 

needs to be examined. Then, the overall performance of the spectrometer encompassing 

the ring resonator and AWG and applying the above-mentioned technique must be 

evaluated. 

1.5 Contribution to knowledge 

The architecture of the spectrometer on silicon nitride platform with a ring resonator 

as the fine filter and the AWG as the coarse filter together with a method to flatten the on-
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resonance response was introduced to scan the C-band with a resolution of lower than 1 

GHz.  

The incoherent weighted summation method was used to achieve a flat on-

resonance frequency response regardless of the position of resonant frequencies. It 

makes Virtual Channel Profiles (VCP) with the weighted summation of AWG output 

channel profiles at instantaneous resonant frequencies of the ring resonator and filters 

out each tunable resonant frequency. Its optical part is simpler than the coherent 

superposition method while its electrical part does not need handovers between channel 

profiles. It can achieve a flat unity on-resonance response for any resonant frequency 

while keeping the crosstalk caused by neighboring resonant frequencies at a sufficiently 

low level. Also, the effect of nonuniformity of the envelope of AWG channel profiles on the 

spectrometer response is removed by using this method.  

The silicon nitride ring resonator was evaluated to determine its bend radius limit 

and the feasibility of achieving a resolution of lower than 1 GHz. Also, the design of the 

ring coupler by using different methods was evaluated. It was noted that a resolution of 

lower than 1 GHz was attainable for silicon nitride ring resonators at the expense of some 

insertion loss. Moreover, the super-mode theory combined with the mode effective index 

simulation results was proved to be the right technique to determine the size of the 

minimum gap in the ring coupler. 

The thermal tunability of silicon nitride ring resonators for different waveguide-

heater structures was assessed. The effects of heater material, heater width, and heater 

distance from the waveguide were examined. The ring resonator FSR limit for tuning by 
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the amount of one FSR was identified. Furthermore, scanning speed and tuning power 

values were computed for rings with different waveguides, heaters, and radii.  

The use of multiple parallel AWGs was replaced with a consolidated AWG that was 

designed to have desired overlapping channel profiles. The design of the special AWG 

proved to be feasible. The wider input waveguide reduces the number of arrayed 

waveguides and thus, the overall footprint of the AWG. The reduced footprint not only 

reduces the fabrication cost of the component but also improves the insertion loss as the 

arrayed waveguides become shorter. By applying the mentioned technique, a flat 

scanning of the C-band is achieved even though the AWG channel profiles are bell-

shaped, and the envelope of the AWG channel profiles is not flat in a cyclic AWG. 

1.6 Thesis structure 

The structure of the thesis is as follows:  

In chapter 2, a novel method to achieve a flat on-resonance response for a 

spectrometer consisting of a ring resonator as the fine filter with a resolution of lower than 

1 GHz and tunable over its FSR, and an AWG as the coarse filter is introduced. The 

desired requirements for the ring resonator and AWG for the method to work properly are 

identified.  

The evaluation of the ring resonator with the aim of achieving a resolution of lower 

than 1 GHz is performed in chapter 3. First, the constituent waveguide of the ring 

resonator is introduced. Then, bend simulations are performed to find out the right range 

of ring radii. Next, the CCPR is computed for the ring resonator with a resolution of lower 
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than 1 GHz. Finally, the design of the ring coupler with the aim of determining the gap 

size in the middle of the ring coupler is carried out. 

Chapter 4 is devoted to the tunability assessment of the ring resonator over its 

FSR. Thermal tuning simulations are carried out for a structure with a resistive heater 

placed atop the waveguide in the ring area. The resistive heater heats up the ring 

resonator and thus, the resonant frequency is tuned by changing the mode effective 

index. The limits of applied electrical tuning power for a safe operation for different 

waveguide-heater structures are determined. The effects of the waveguide type, heater 

width and the vertical distance of the heater from the waveguide as well as the heater 

material on consumed tuning power are also evaluated. Finally, scanning speed for ring 

resonators with different radii and waveguide-heater structures are calculated. The 

simulations shed light on the thermal tunability of silicon nitride ring resonators. 

The feasibility of designing a special AWG based on the constraints imposed by 

the method is evaluated in chapter 5. First, design specifications for the AWG are 

extracted. Next, the AWG is designed and simulated; and finally, the performance of the 

spectrometer including the ring resonator as the fine filter and AWG as the coarse filter, 

with the application of the method is assessed by simulation.  

The thesis is summarized in chapter 6. It includes a summary of the main findings, 

original contributions to knowledge, and suggestions for future work. 
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and understanding of PIC design, I have contributed to two publications: 

1. Weifeng Zhang, Houman Ghorbani, Tong Shao and Jianping Yao, "Mode-

Division Multiplexed PAM-4 Signal Transmission in a Silicon Photonic Chip," 2019 
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2019, pp. 1-4, doi: 10.1109/MWP.2019.8892155. 

2. Weifeng Zhang, Houman Ghorbani, Tong Shao and Jianping Yao, "On-Chip 

4×10 GBaud/s Mode-Division Multiplexed PAM-4 Signal Transmission," in IEEE Journal 

of Selected Topics in Quantum Electronics, vol. 26, no. 2, pp. 1-8, March-April 2020, Art 

no. 8302308, doi: 10.1109/JSTQE.2020.2964388. 
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Chapter 2 Method 

2.1 Introduction 

In this chapter a scheme is proposed to achieve a flat on-resonance spectrometer 

response. First, the fundamental principles in the spectrometer design are discussed by 

taking into account the performance requirements. Then, a virtual channel synthesis 

technique to obtain a flat spectrometer response is explained. The parameters affecting 

the quality of the spectrometer response are also discussed. Finally, the operational 

mechanism of the spectrometer is illustrated. The findings of this chapter pave the way 

for the right simulations to be conducted in the following chapters to assess the feasibility 

of implementing the spectrometer. 

2.2 Fundamental principles 

As stated in Chapter 1, the spectrometer needs to be made of photonics integrated 

circuits (PIC) components and scan the C-band (1530 – 1565 nm) with a resolution of 

lower than 1 GHz. Silicon Nitride was chosen as the integration platform to achieve low 

loss performance. The ring resonator was selected as a fine filter to achieve a resolution 

of lower than 1 GHz, and the arrayed waveguide grating (AWG) was selected as the 

coarse filter to separate the resonant frequencies of the ring resonator. The reason to 

have both filters in the spectrometer is the fact that ring resonator has a limit in the 

maximum free spectral range (FSR) that it can have. The minimum bend radius due to 

bend loss and the maximum tunable FSR constrain the ring resonator to have an FSR 

much smaller than the length of the C-band, which is circa 4.4 THz. As such, scanning 
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the C-band with a ring resonator generates a comb of resonant frequencies that need to 

be separated. Moreover, the comb generated must be tunable over the FSR of the ring 

resonator to scan the whole C-band. The separation of the resonant frequencies is done 

by the coarse filter, which is an AWG in this project. The conventional AWG has multiple 

outputs, each with a bell-shaped channel profile. To separate the resonant frequencies of 

the ring resonator, the AWG channel spacing must be at most equal to the FSR of the 

ring resonator to direct different resonant frequencies to distinct output ports. However, 

because of the bell-shaped nature of the AWG channel profiles, the insertion loss of the 

AWG output significantly varies as the frequency is tuned. Fig. 2.1 shows the schematic 

representation of the AWG output channel profiles and the location of resonant 

frequencies in black arrows. The black arrows move along the frequency axis as the ring 

resonator is tuned, experiencing uneven insertion loss. This requires a modification of the 

AWG to resolve the problem. 

 

Fig. 2.1. Schematic representation of AWG output channel profiles and the location of 
resonant frequencies of a ring resonator. 
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2.3 Method 

In this section, first the methods used to overcome the problem of uneven AWG 

channel profiles are introduced and then, the method applied in the thesis is described. 

2.3.1 Arrayed Waveguide Grating thermal or mechanical tuning 

Some techniques attempt to tune the AWG output channel profiles. The AWG 

channel profiles may be shifted over frequency by applying thermal tuning to the arrayed 

waveguides for the case of the channel spacing being equal to the ring resonator FSR 

[48], [49]. This is possible but would require a large amount of tuning power to affect the 

arrayed waveguides especially in silicon nitride platform, which is larger in size than SOI 

based AWGs, and thus, is inefficient. Mechanical tuning of the AWG input using micro 

electromechanical systems (MEMS) may also do the same tuning of the WG output 

channel profiles, which complicates the implementation [50], [51].  

2.3.2 Passband flattened Arrayed Waveguide Grating 

Other techniques flatten the passband of the AWG channel profile. Authors in [52] 

modified the shape of the input waveguide into a parabola followed by a multi-mode 

interferometer (MMI) to attain a flat band with the length of the AWG channel spacing. 

The response is flattened but does not fully cover the whole channel spacing and has a 

steep drop at the edges of the passband. It also has ripples in the flat part. The problem 

of steep drops may be fixed by widening the input structure; however, it will cause 

overlapping outputs and will require a handover between the outputs. Moreover, the 

flattened response is only achieved for a limited frequency range in the signal input. 
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Another technique is modifying the magnitudes and phases of the arrayed waveguides 

[53]. It is noted that the output far field image is obtained by taking the Fourier transform 

of the array consisting of the outputs of the arrayed waveguides. This method requires 

manipulating the arrayed waveguides individually to adjust their amplitude and phases, 

which might be challenging especially in an AWG with many arrayed waveguides.  

2.3.3 Arrayed Waveguide Grating channel superposition 

The third way to attain a flat response for a spectrometer encompassing the ring 

resonator as the fine filter and the AWG as the coarse filter is the superposition of AWG 

channel profiles. A conventional AWG with identical input and output waveguides — that 

is, the output center to center distance is minimized for optimum AWG performance while 

the output waveguide width at the interface is maximized for a maximum channel 

bandwidth, and the input is identical to the output to minimize the mode mismatch 

insertion loss— does not have overlapping passband channel profiles. To acquire a flat 

on-resonance frequency response, optical (coherent) or electrical (incoherent) 

superposition method may be considered. 

2.3.3.1 Coherent (optical) superposition 

In the optical superposition method, which has been reported in [54], [55], the ring 

resonator FSR is equal to the AWG channel spacing and thus, at a certain ring detuning 

point, each resonant frequency is exiting from corresponding AWG output. The AWG has 

two inputs that are connected to the output of a synchronous Mach-Zehnder delay 

interferometer (MZDI) or in the case of a generalized MZDI (GMZDI), the AWG has 

multiple inputs. Each AWG input creates a distinct set of virtual output channel profiles 



 

21 
 

that is identical to the ones created by the other inputs expect for being shifted in 

frequency due to different input waveguide positions. The illumination of the (G)MZDI 

outputs are arranged versus frequency in a way to keep the AWG output frequency 

channel profile peaks aligned with the center of respective output ports. Hence, the AWG 

output channel profiles are formed by a weighted superposition of the virtual channel 

profiles. The optical superposition method flattens the AWG output channel profiles with 

the addition of optical components including a (G)MZDI and switch, which increases the 

design and implementation complexity and overall footprint affecting insertion loss and 

fabrication cost. 

2.3.3.2 Incoherent (electrical) superposition 

The electrical (incoherent) superposition of channel profiles is another technique 

to overcome the problem of uneven AWG channel profiles and is reported in [56], [57]. In 

this technique, the superposition of AWG channel profiles is performed in the electrical 

domain at the output of photodetectors. The superposition may be conducted with the 

unweighted or a weighted summation of overlapping channel profiles.  

2.3.3.2.1 Unweighted summation 

The unweighted summation of AWG channel profiles is performed by summing the 

electrical power amounts of AWG outputs. The technique aims at achieving a flat on-

resonance response as the resonance frequency of the ring resonator is tuned. To 

achieve a flat on-resonance response, adjacent AWG channel profiles need to intersect 

at -3dB lower than their peaks. This design ensures the summation of two adjacent 

channel profiles achieves a flat frequency response at the peaks and the intersection 
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point. The summation, however, has, although slightly, lower values elsewhere within the 

two adjacent peaks. By tuning the ring resonator and using the technique, an almost flat 

response is achieved at instantaneous resonant frequency points. The superposition of 

all AWG outputs, however, encompasses the other resonant frequency components as 

well. Hence, to minimize the effect of other resonant frequencies, only two adjacent 

overlapping AWG channel profiles must be used in the summation. The selection of the 

two adjacent channel profiles depends on the position of the resonant frequency with 

respect to AWG channel profile peaks. A handover of the AWG channel profiles takes 

place when the resonant frequency is aligned with the peak of an AWG channel profile. 

Conventional cyclic AWGs have Gaussian-like channel profiles so that adjacent channel 

profiles intersect at a value that is an order of magnitude lower than their peaks. 

Therefore, to achieve -3 dB overlapping AWG channel profiles, and to ease the handover 

process, 2 or more AWGs need to be used. The AWGs must be identical except for one’s 

channel profiles being shifted by the amount of half of its channel spacing. In this case, 

the parallel combination of two AWGs responses generates overlapping channel profiles 

that can obtain -3 dB intersection between adjacent channel profiles. 

Fig. 2.2 represents the schematic view of the unweighted incoherent summation 

method using N=2 AWGs. The parallel AWGs are identical except for their output channel 

profile shifted in frequency by the amount of 1/2 of their channel spacing. If the -3dB 

bandwidth of each channel profile is 1/2 of the channel spacing of individual AWGs, then 

the parallel combination forms two interlaced AWGs with overlapping channel profiles that 

intersect at -3dB.  
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Fig. 2.2. Schematic view of unweighted incoherent summation configuration with 2 
AWGs. RR; ring resonator, DA; detector array, DAQ; data acquisition system, Ch; AWG 
output channel. Adapted from M. Hasan et al. [56], licensed under Creative Commons 

Attribution 4.0 International. 

In this case, the ring resonator FSR is equal to each AWG’s channel spacing. 

Therefore, the handovers take place 2 times during the ring resonator tuning over its FSR. 

The combined AWG channel profiles together with the ring resonator resonant 

frequencies are illustrated in Fig. 2.3. Dotted channel profiles represent AWG1 while solid 

ones account for AWG2. The ring resonator has an FSR of 50 GHz, which is the same as 

each AWG channel spacing. Channel profiles have the -3 dB bandwidths equal to 25 GHz 

each. This technique still produces ripples in the output power versus ring resonator 

resonant frequency. Its crosstalk performance is not desirable either. To improve the 
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crosstalk, the bandwidths of the AWG channel profiles can be reduced; however, it further 

degrades the flatness of the output power.  

 

Fig. 2.3. Overlapped channel profiles of two parallel AWGs. Dotted channel profiles 
represent AWG1 while solid ones account for AWG2. RR; ring resonator, Ch; AWG 

output channel. Adapted from M. Hasan et al. [56], licensed under Creative Commons 
Attribution 4.0 International. 

The resultant output power obtained by the summation of two adjacent channel 

profiles versus the position of resonant frequency for different -3 dB bandwidths of AWG 

channel profiles is displayed in Fig. 2.4a. It is seen that for a fixed AWG channel spacing, 

a lower AWG channel profile bandwidth increases the ripples. An improvement of 8 – 10 

dB in crosstalk at the cost of up to 1 dB ripple is achieved.  
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Fig. 2.4. Output power of the unweighted summation of two adjacent AWG channel 
profiles versus resonant frequency within one ring resonator FSR for different AWG 
channel profile bandwidths. RR; ring resonator. a) 2 parallel AWG, and b) 3 parallel 
AWG configurations. Adapted from M. Hasan et al. [56], and M. Hasan et al. [57], 
licensed under Creative Commons Attribution 4.0 International, and Optica Open 

Access Publishing Agreement, respectively. 

To further improve the crosstalk, N=3 parallel AWGs may be used. Similar to the 

previous case, the N=3 parallel AWGs are identical, each with a channel spacing equal 

to the ring resonator FSR, and -3dB bandwidth equal to 1/3 of the channel spacing. The 

only difference with the N=2 configuration is that their channel profiles are shifted by 1/3 

of the channel spacing with respect to each other. The schematic is shown in Fig. 2.5.  
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Fig. 2.5. Schematic view of unweighted incoherent summation configuration with 3 
AWGs. RR; ring resonator, DA; detector array, DAQ; data acquisition system, Ch; AWG 
output channel. Adapted from M. Hasan et al. [56], licensed under Creative Commons 

Attribution 4.0 International. 

 If the -3 dB bandwidth of each channel profile is 1/3 of each AWG’s channel 

spacing, the combined frequency response represents an interlaced set of channel 

profiles that intersect at -3dB power transmission point as depicted in Fig. 2.6. In this 

example, the AWG channel spacing and the ring resonator FSR are both 51 GHz, and 
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each channel profile has a bandwidth of 17 GHz. Dotted channel profiles represent 

AWG1, solid ones are for AWG2, and dashed ones are for AWG3. 

 

Fig. 2.6. Overlapped channel profiles of three parallel AWGs. Dotted channel profiles 
represent AWG1, solid ones are for AWG2, and dashed ones are for AWG3. RR; ring 

resonator, Ch; AWG output channel. Adapted from M. Hasan et al. [56], licensed under 
Creative Commons Attribution 4.0 International. 

To form a virtual channel profile for each resonant frequency, two adjacent channel 

profiles of the interlaced channel profiles (see Fig. 2.6) are used at each resonant point 

(channel profiles whose peaks are the closest to the resonant frequency). Like N=2, 

handovers between channels take place when a resonant frequency is aligned with a 

channel profile peak. Thus, handovers take place 3 times during the ring resonator tuning 

over its FSR. In this case, adjacent resonant frequencies have much lower amounts in 

the selected two channel profiles than the case of 2 AWGs, and thereby, crosstalk is 

improved without having to further compromise the flatness of the frequency response. 

However, the extra AWG adds to the required footprint and the complexity of the splitter. 

The summation of two adjacent AWG channel profiles versus resonant frequency in the 
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N=3 AWG configuration for 3 different AWG channel profile bandwidths is shown in Fig. 

2.4b. The ring resonator and AWG channel spacing are both 51 GHz. It is noted that the 

performance for the AWG bandwidth of 17 GHz is better than the other two cases in terms 

of ripples, which is due to their intersection with adjacent channel profiles at -3 dB lower 

than the peaks.   

2.3.3.2.2 Weighted summation 

The weighted summation of all channel profiles is the technique used in this thesis, 

which is also described in [57]. In the proposed method, a virtual channel profile (VCP) is 

synthesized for each resonant frequency that enters the AWG. The VCP is made by a 

normalized weighted summation of each output of the dispersive device. The weights are 

real numbers between 0 and 1, and their magnitudes are proportional to the frequency 

distance between the respective resonant frequency and the peak of each channel profile. 

The passband of each AWG channel profile may be approximated by a Gaussian profile 

whose peak is the same as the channel profile peak and its full width at half maximum 

(FWHM) is equal to the -3 dB bandwidth of the channel profile. Each weight then is set to 

be the magnitude of the respective Gaussian profile at the position of the resonant 

frequency for which the VCP is made. Fig. 2.7 illustrates the schematic view of a Gaussian 

profile and a resonant frequency that is distanced by the amount of ∆f from the peak. It is 

noted that the weight becomes closer to its maximum as the resonant frequency is placed 

closer to the peak and vice versa. As a result, the channel profiles whose peaks are closer 

to the resonant frequency have larger weights and thus, are more important in the 

formation of the VCP. Each resonant frequency that enters the AWG (see Fig. 2.1), 



 

29 
 

requires a VCP to be filtered out. Therefore, if the number of channel profiles is M, then 

at each detuning stage, M weights are generated for each resonant frequency.  

 

Fig. 2.7. Schematic representation of a Gaussian profile and resonant frequency. 

The ring resonator detuning point is informed to the processing unit through a 

wavelength meter [58] that reads out the resonant frequencies of the ring resonator 

instantaneously, and subsequently a unique set of weights are made for each resonant 

frequency for the respective detuning point. Once the weights are generated, the VCP for 

each resonant frequency is made as a normalized weighted summation of all channel 

profiles as: 

where 𝑗, 𝑀, 𝑤𝑖𝑗, and 𝐻𝑖(𝑓) are the 𝑗𝑡ℎ resonant frequency, the number of channel profiles, 

the weight corresponding to 𝑗𝑡ℎ resonant frequency and 𝑖𝑡ℎ channel profile, and 𝑖𝑡ℎ 

channel profile, respectively. The goal is to achieve a flat response at the resonant 

frequency. Thus, the VCP needs to remain constant at the resonant frequency for which 

 𝑉𝐶𝑃𝑗(f) = ∑ 𝑤𝑖𝑗𝐻𝑖(𝑓)𝑀
𝑖=1 / ∑ 𝑤𝑖𝑗

2𝑀
𝑖=1  (2.1) 
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it is formed as the resonant frequency is tuned. To evaluate the VCP value at the resonant 

frequency, two cases for the position of the resonant frequency are considered: 

A) the case of  ∆𝑓 = 0 

When ∆𝑓 = 0, the resonant frequency is aligned with the peak of a channel profile 

(see Fig. 2.7). If the background noise as well as the other channel profiles at this 

resonant frequency are at least an order of magnitude lower than the primary channel 

profile, then in relation (2.1), the other terms are negligible compared to the one 

corresponding to the primary channel profile, and the VCP becomes: 

In (2.2), 𝐻1(0) and 𝑤1𝑗 are the magnitude and corresponding weight of a channel 

profile at its peak, respectively, and are both equal to unity and thus, the VCP becomes 

unity.  

B) the case of 0 < ∆𝑓 < ∆𝑓0 

In this case, ∆𝑓0 is defined as channel spacing, and the resonant frequency may 

be anywhere between two adjacent channel profiles. With the constraints applied in case 

A, stating that at the peak of a certain channel profile the magnitudes of the other channel 

profiles are well below it, it is understood that for 0 < ∆𝑓 < ∆𝑓0, only the two channel 

profiles at either side of the resonant frequency can have noticeable values. Hence, (2.1) 

may be simplified to: 

 𝑉𝐶𝑃𝑗(∆𝑓 = 0) = 𝑤1𝑗𝐻1(0) 𝑤1𝑗
2⁄ = 1. (2.2) 

 𝑉𝐶𝑃𝑗(𝑓)  =  [𝑤1𝑗𝐻1(𝑓) + 𝑤2𝑗𝐻2(𝑓)] [𝑤1𝑗
2 + 𝑤2𝑗

2 ]⁄ . (2.3) 
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Relation (2.3) is unity provided the intersection point between the two channel 

profiles is at least an order of magnitude above noise level. 

Therefore, to obtain the flat unity VCP for all frequencies, both conditions in A and 

B need to be fulfilled, that is,  

• At the peak frequency of a certain channel profile, the peak value must be at least 

an order of magnitude above the magnitude of the other channel profiles and noise 

level, and 

• The intersection points of the adjacent channel profiles must be at least an order 

of magnitude above noise level.   

At this point, the only remaining thing is the evaluation of the crosstalk caused by 

adjacent resonant frequencies as according to (2.1) all channels are included in the 

formation of a VCP; hence, the other resonant frequencies are present in the VCP, and 

their effects must be mitigated. As stated, for a certain resonant frequency, the channel 

on either side of it are the closest channels and thus, have the largest weights. The 

weights of channels become smaller as their peaks are placed farther from the primary 

resonant frequency. Hence, the adjacent resonant frequencies must be placed as far as 

possible from the primary resonant frequency so that the weights of the channels in which 

the adjacent resonant frequencies are sizable, are small enough and do not cause 

significant crosstalk. In other words, the ring resonator FSR must be as large as possible. 

To better realize the effect of ring resonator FSR on crosstalk, a VCP is created for 

channel profiles that are spaced by the amount of 25 GHz and intersect at -3dB. The 

primary resonant frequency is aligned with a channel profile peak. Two rings with FSRs 
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of 30 GHz and 50 GHz are considered. The VCP as well as the combined ring resonator 

and virtual channel responses are shown in Fig. 2.8. It is noted that a larger FSR 

significantly improves crosstalk.  

 

Fig. 2.8. An example of VCP and the effect of ring resonator FSR on crosstalk. 

It is noted from Fig. 2.8 that a designer must maximize the FSR of the ring 

resonator for better crosstalk performance. However, the maximum achievable tunable 

ring resonator FSR is limited. Therefore, adjustments must be made in the design of 

channel profiles for a specified ring resonator FSR to obtain desired crosstalk. For the 

case of a fixed amount of ring resonator FSR, two approaches may be taken to improve 

crosstalk. 

• Keeping transmission at the intersection points of channel profiles unchanged and 

reducing channel spacing, or 

• Keeping channel spacing unchanged and reducing transmission at channel profile 

intersection points. 
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Both methods lower the -3dB bandwidth of channels and the weights of channel 

profiles at a certain distance from the primary resonant frequency is scaled down, 

resulting in improved crosstalk. Reducing channel spacing increases the susceptibility of 

AWG channel profiles to the arrayed waveguides phase error [59], which is caused by 

fabrication imperfection; thus, degrading phase error crosstalk. Thereby, the first method 

although improves neighboring resonant frequency crosstalk, it has a negative effect on 

phase error crosstalk. On the other hand, the second method keeps the channel spacing 

unchanged, but reduces the transmission amount at the intersection points, which 

reduces the distance between the intersection points and noise level, again increasing 

the susceptibility of AWG channel profiles to the arrayed waveguides phase error, which 

increases background noise level. Hence, both methods have pros and cons, and neither 

is preferred to the other. Fig. 2.9 demonstrates the effect of reduced channel spacing on 

improving the crosstalk emanating from neighboring resonant frequencies. In this 

example, the ring resonator FSR is fixed to 150 GHz, and the VCP is formed for two 

cases. In the first case, the channel spacing is 50 GHz, while in the second case it is 75 

GHz. In both cases, adjacent channel profiles intersect at -3dB, which fulfills the design 

requirements. As a result, unity transmission is attained at the primary resonant frequency 

(in this case f=0). The AWG with reduced channel spacing has significantly improved 

crosstalk. 
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Fig. 2.9. The effect of AWG channel spacing (CS) on the crosstalk caused by 
neighboring resonant frequency. 

The incoherent weighted summation method achieves unity response for any VCP 

for any primary resonant frequency provided the design constraints are respected. Its 

optical architecture is much simpler than the one for coherent superposition method and 

unlike unweighted summation method, can achieve a unity on-resonance response as 

frequency is tuned by the ring resonator. Moreover, handovers between channels are not 

required as every channel has a weight, and it makes the electrical part simpler to 

implement. Furthermore, the intersection points between adjacent channel profiles do not 

need to be at -3dB necessarily, which is another design flexibility. Also, in the absence of 

a need for channel handover, the ring resonator FSR is not required to be an integer 

multiple of channel spacing. Another advantage of this method is that although the 

envelope of the channel profiles of a cyclic AWG has nonuniformity, because of the 

normalized weighted summation, a flat unity on-resonance frequency response can be 

achieved at any frequency point over the band. In general, the incoherent weighted 
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summation method is simpler in architecture in optical and electrical domains and enjoys 

fewer design restrictions while achieving a better performance. 

To compare the performances of the unweighted and weighted summation 

methods, an experiment was conducted by other members in our research team. In the 

experiment, a tunable ring resonator with an FSR of 50 GHz was connected to two parallel 

AWGs each a channel spacing of 50 GHz and -3 dB bandwidth of 20 GHz. The input ports 

of the AWGs are different so that the combined AWGs’ frequency response are interlaced 

channel profiles, separated by 25 GHz. The schematic view of the implemented circuit is 

illustrated in Fig. 2.10.  

 

Fig. 2.10. Schematic view of the experimental setup with two parallel AWGs. RR; ring 
resonator, PD; photo detector. Adapted from M. Hasan et al. [57], licensed under Optica 

Open Access Publishing Agreement. 

Both the unweighted and weighted summation techniques are applied to calculate 

the output power of the spectrometer versus the resonant frequency of the ring resonator. 

The comparison of the results achieved is shown in Fig. 2.11. The rectangular weighting 

method stated in the figure is the same as the unweighted summation method except that 

each of the two AWG channel profiles that are used between two successive hand-overs, 
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is multiplied by its own distinct constant coefficient to attain a flatter response. The 

Gaussian weight refers to the weighted summation method. 

It is seen that the weighted (Gaussian) summation technique has a flatter response 

as expected. The ripples in the weighted method are due to the interlaced AWG channel 

profiles not being spaced evenly while the weighted are generated for evenly spaced 

channel profiles. The uneven arrangement of the interlaced channel profiles is due to the 

imperfect thermal trimming of the AWGs that is performed by placing a hot plate under 

the AWG. Moreover, no wavelength meter is used in the formation of the synthesized 

output power profile, and thus, the generated weights are not accurate. 

 

Fig. 2.11. Comparison of the synthesized output power versus the resonant frequency 
of the ring resonator using Gaussian (weighted summation) and Rectangular (modified 
unweighted summation) methods. Adapted from M. Hasan et al. [57], licensed under 

Optica Open Access Publishing Agreement. 
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Even though multiple AWGs may be used in parallel to achieve overlapping 

channel profiles with interleaved channels, the parallel AWGs can be consolidated into 

just one AWG. This is demonstrated in Chapter 5. This innovation further reduces optical 

implementation complication, insertion loss, chip footprint, fabrication cost, and the 

mentioned measurement trimming issues of the parallel AWGs. Once the maximum 

achievable tunable ring resonator FSR is determined in Chapter 3 and 4, the design of 

the special AWG can be conducted accordingly. 

2.4 Spectrometer architecture 

With the incoherent weighted summation technique, and the consolidation of 

multiple parallel AWGs into one, the architecture of the spectrometer consists of a ring 

resonator with a resolution of lower than 1 GHz that is tunable over its FSR, a specially 

designed AWG to possess passband overlapping channel profiles that intersect at desired 

transmission level, a wavelength meter, and the processing unit. The schematic of the 

proposed spectrometer is shown in Fig. 2.12. 

 

Fig. 2.12. Schematic view of the spectrometer 

Light is first fed into the ring resonator. The ring resonator generates a comb of 

resonant frequencies at its drop port. The comb elements are spaced by the amount of 
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the ring resonator FSR, where each comb element has a bandwidth of lower than 1 GHz. 

Tuning the ring resonator for one resonant frequency over the FSR shifts all resonant 

frequencies by the amount of one FSR and thus scans the whole band. A splitter (for 

example 99% - 1% power division) splits the output comb of the ring resonator into two 

parts. The larger part is then fed into the AWG and ultimately, the photodetector array 

outputs are fed into the processing unit. The smaller output of the splitter enters the 

wavelength meter.  At any tuning moment, instantaneous resonant frequencies are read 

out by the wavelength meter and informed to the processing unit to generate the right 

instantaneous set of weights for each instantaneous resonant frequency. Once the 

weights are generated, corresponding VCPs are formed to filter out each resonant 

frequency. By tuning the ring resonator over its FSR with a certain scanning speed, the 

whole C-band is scanned with a resolution of lower than 1 GHz.  

2.5 Summary of the main findings 

First, fundamental principles in the spectrometer design consisting of the need for 

ring resonator with a resolution of lower than 1 GHz and tunable over its FSR, an AWG 

to separate the resonances of the fine filter, and the need for a method to achieve a flat 

on-resonance response when scanning the C-band are clarified. Next, different 

techniques that have been used to achieve flat scanning are introduced and 

subsequently, the method used in this work is elucidated. The method is called incoherent 

weighted summation, which makes a flat on-resonance response to scan the C-band by 

the superposition of interlaced AWG channel profiles in the electrical domain. Then, the 
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proposed spectrometer architecture is described by introducing its constituent 

components and explaining its scanning mechanism.  
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Chapter 3 Ring Resonator Resolution 

3.1 Introduction 

This chapter is devoted to the analysis of the silicon nitride ring resonator to 

evaluate the feasibility of achieving a ring resonator with a resolution of lower than 1 GHz. 

The chapter starts with introducing the ring resonator and its related theory to obtain 

insight into the design of the ring resonator with a resolution of lower than 1 GHz. Next, 

the constituent waveguide in the ring resonator is introduced. In the following, simulation 

results to identify the bend loss, and required cross-coupling power ratio in the ring 

coupler are illustrated. Then, the method to determine the minimum gap size in the ring 

coupler for a specified cross-coupling power ratio is demonstrated and finally, the 

minimum gap size for a ring resonator with a resolution of lower than 1 GHz is obtained. 

3.2 Theory 

The ring resonator is one of the photonics integrated circuits (PIC) components 

that is used in filtering an spectrum at its resonant frequencies [60], [61], [62], [63], [64], 

[65], [66]. There are two types of ring resonators with the first being named as the all-

pass ring resonator, and the second as the add-drop ring resonator. 

The all-pass ring resonator consists of a ring that is placed adjacent to a straight 

waveguide as shown in Fig. 3.1(a). Light enters from the input port and is partially coupled 

into the ring. At certain frequencies, the phase shift that light gains in one complete trip in 

the ring is an integer multiple of 2π. In this case, the light that has traversed in the ring 

becomes in-phase with the new light that is just coupled into the ring from the waveguide, 
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increasing its magnitude. The phenomenon is called resonance and the frequency at 

which it takes place is the resonant frequency as illustrated in equation (3.1): 

where 𝜆𝑟𝑒𝑠 = 𝑐/𝑓𝑟𝑒𝑠 and is resonant wavelength, 𝑐 is light speed in vacuum, 𝑚 is a positive 

integer, 𝐿 is ring circumference, and 𝑁𝑒𝑓𝑓 is the effective index of a mode that causes 

resonance. It is noted that there are numerous resonances for a certain ring, each 

corresponding to a specific value of 𝑚. The interval between the resonances is called the 

free spectral range (FSR): 

in which, λ is the wavelength around which FSR is computed, and 𝑁𝑔 is the group index. 

The group index corresponds to the velocity of a group of frequencies that are studied (in 

this case, the frequencies within one FSR), and is defined as: 

where 𝜆0 is the wavelength at which the group index is calculated. The all-pass ring 

resonator filters out the resonant frequency and passes the rest of the spectrum by 

making a notch in its output frequency response.  

Fig. 3.1(b) shows the add-drop ring resonator, which has two waveguides. Light 

enters from the input port and exits at the through-port at non-resonant frequencies. At 

 𝜆𝑟𝑒𝑠 =
𝑁𝑒𝑓𝑓𝐿

𝑚
 ,                 𝑚 = 1,2,3, … (3.1) 

 𝐹𝑆𝑅 =  
𝜆2

𝑁𝑔𝐿
  (3.2) 

 𝑁𝑔 =  𝑁𝑒𝑓𝑓 −  𝜆0

𝑑𝑁𝑒𝑓𝑓

𝑑𝜆
 (3.3) 
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resonant frequencies, however, light exits from the drop port and a notch appears at the 

through-port. Hence, resonance frequencies are separated from input spectrum. 

Similarly, light entering from the add port at resonant frequencies exits from the through-

port. The power transmission of an add-drop ring resonator is expressed in [62] as: 

where 𝜑 = 𝑁𝑒𝑓𝑓𝐿
2𝜋

𝜆
, 𝑟1 and 𝑟2 are amplitude self-coupling ratios (e.g. from input to pass) 

in the first and second ring coupler regions, respectively, and 𝑎 is single-pass amplitude 

transmission (the amplitude transmission of light for one complete trip inside the ring), 

and is related to power attenuation coefficient α (1/cm) by: 

The coefficient α takes in all losses in a single-pass trip including absorption loss, 

scattering loss, bend loss and loss in the ring couplers. It is noted that at resonance, 𝜑 

becomes an integer multiple of 2𝜋 and for a lossless ring (𝑎 = 1), and identical couplers 

transmission at drop port becomes unity. In a lossy ring resonator, 𝑎 < 1, and the drop 

port experiences insertion loss. 

 𝑇𝑑 =
(1 − 𝑟1

2)(1 − 𝑟2
2)𝑎

1 − 2𝑟1𝑟2 acos(𝜑) + (𝑟1𝑟2𝑎)2
 (3.4) 

 𝑎2 = 𝑒−𝛼𝐿 (3.5) 



 

43 
 

 

Fig. 3.1. a) all-pass, b) add-drop ring resonator. 

The full wave at half maximum (FWHM) of frequency response, which is also called 

-3dB bandwidth or resolution is computed in [62] using relation (3.4) as: 

Relation (3.6) indicates that the resolution can be minimized when the parameter 

𝑟1𝑟2𝑎 tends to unity. Thus, reducing loss and outcoupling from the ring scales down 

resolution.  

The goal of this chapter is to examine the possibility of designing a ring resonator 

with the FSR of at least 50 GHz and the resolution of lower than 1 GHz at the C-band. 

The quality factor (Q) of a resonator is defined as the ratio of its resonant frequency to its 

resolution. The finesse of a resonator is the ratio of its FSR over its resolution. Hence, the 

requirement of this study is to achieve a Q of 200,000 and a finesse of at least 50. There 

has been significant work on high-Q resonators. WGM resonators have achieved ultra-

high Q performances. However, they are mounted structures and are not considered as 

integrated circuit components [9], [67], [68]. Higher order ring resonators can achieve 

high-Q performances, but their multi-ring nature complicates the design and increases 

 𝐹𝑊𝐻𝑀 =  
(1 − 𝑟1𝑟2𝑎)𝜆𝑟𝑒𝑠

2

𝜋𝑁𝑔𝐿√𝑟1𝑟2𝑎
. (3.6) 
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their vulnerability to fabrication imperfection [69], [70]. Micro-disks and micro-donuts that 

generally enlarge the waveguide cross-section inside the resonator have also been used 

for high-Q applications. Nevertheless, the generation of higher order modes in the 

resonator consumes part of the optical power, increasing the loss. Also, the generated 

higher order modes degrade the crosstalk [71], [72], [73], [74], [75], [76], [77], [78]. Other 

authors have reported high-Q ring resonators, but the low loss (high-Q) performance 

attained at the cost of lower than 50 GHz FSRs [79], [80]. In the following the low loss 

waveguide used in this work is first introduced and characterized, and then, ring resonator 

response simulation is carried out. 

3.3 Waveguide  

The waveguide structure used for the ring resonator has a core consisting of two 

separate silicon nitride strips with a  lower layer thickness of 75 nm and an upper layer 

thickness of 175 nm separated by a 100 nm thick silica layer. The width of the top side of 

the upper strip is 1100 nm with a sidewall etching angle of 82 degrees with respect to the 

horizontal axis for the whole structure. These dimensions ensure a single mode operation 

in the C-band. It is introduced by industry and is referred to as the Asymmetric Double 

Strip (ADS) waveguide [81], [82]. The double layer nature of the waveguide is to 

overcome the fracture issue in thick silicon nitride layers caused by mechanical stress. 

With a double layer waveguide, not only is the stress issue resolved, but also the effective 

index of the mode scales up. This makes the waveguide more tolerant to tighter bends 

than a single layer structure with similar thicknesses of each layer. Another advantage of 

this waveguide is that at the chip ends where fiber coupling is required, the upper layer 
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may be tapered down to zero thickness, leaving only the lower layer. This action makes 

the waveguide mode spread much more in the cladding and thus, fiber coupling is 

conducted with less mode mismatch loss. The guaranteed maximum intrinsic loss by the 

manufacturer for the straight waveguide is 0.5 dB/cm. The cross-section of the waveguide 

together with the fundamental TE mode at 1550 nm is presented in Fig. 3.2. Photon 

Design’s FIMMWAVE tool was used to simulate the structure. The simulations were done 

by applying the finite difference method (FDM). Non-uniform horizontal and vertical 

meshes were used and increased in multiple simulations until the results converged. The 

fabrication process variation (FPV) for the waveguide was stated to be ±200 nm using 

contact lithography, which means a fabricated waveguide may be wider or narrower than 

the desired width by up to 200 nm. 

  

Fig. 3.2. The cross section of the ADS waveguide illuminated by the fundamental TE 
mode at 1550 nm. Adapted from G. M. Hasan et al. [83], licensed under Creative 

Commons Attribution 4.0 International. 
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The effective index and group index of the waveguide versus the width of the upper 

strip’s top side for the three lowest modes at 1550 nm are demonstrated in Fig. 3.3. It is 

noted that at 1100 nm and even with 200 nm extra width due to fabrication process 

variation error, the waveguide remains in the single mode regime. 

 

Fig. 3.3. a) Effective and group index characterization of the ADS waveguide at 1550 
nm for the three lowest modes versus the length of the top side of its upper strip. 

Adapted from G. M. Hasan et al. [83], licensed under Creative Commons Attribution 4.0 
International. 

3.4 Ring resonator simulations  

In this section the evaluation of the possibility of attaining an add-drop ring 

resonator to filter out light with a resolution of lower than 1 GHz over the C-band (1530 – 

1565 nm) using the introduced waveguide is carried out. In the first step, bend loss needs 

to be computed to determine the right value for the ring radius and FSR. Bend simulations 

are performed using Photon Design’s FIMMWAVE tool for TE polarization because of its 

better robustness in putting up with tighter bends compared to TM polarization. 

  
(a) (b) 
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Maintaining a bound mode for a certain bend radius becomes challenging when a 

waveguide is narrower, and the wavelength is larger. As such, bend simulations are 

performed for the waveguide whose width is 200 nm lower than the standard value of 

1100 nm and at the largest wavelength in the C-band (1565 nm). Such simulation results 

are reliable for a wider waveguide and a lower wavelength, too. The numerical method 

used in the bend simulations was FDM. Three walls of the simulation cross-section had 

perfect electrical conductor (PEC) boundary conditions (where no outward radiation is 

expected), but the 4th wall where power moves away from the waveguide (causing bend 

loss) had an absorption layer boundary condition before the PEC wall. The role of the 

absorption layer is to attenuate the radiating light and prevent it from reflecting into the 

waveguide core. The thickness of the absorption layer is determined by multiple 

simulations for a certain waveguide structure until the results converge. In our case, its 

thickness was computed to be 1 µm. Fig. 3.4 depicts the bend loss versus ring radius for 

TE polarization for the ADS waveguide with a width of 200 nm lower than the standard 

waveguide at the wavelength of 1565 nm. The radius is defined as the distance between 

the center of the ring and the middle of the waveguide. It is noted that for radii equal to or 

larger than 180 µm, the bend loss is an order of magnitude less than the intrinsic 

waveguide loss. Hence, a radius equal to or larger than 180 µm does not negatively affect 

the resolution and thus, the value of 𝑎 remains constant in (3.6). Therefore, tuning the 

outcoupling values 𝑟1 and 𝑟2 adjusts the resolution. It should be noted that other than 

intrinsic and bend loss, the loss in the transition from the pure ring to the ring coupler, 

which occurs because of a mismatch between the straight and bend modes, and the loss 

caused during a cross-coupling in the ring coupler because of different propagation 
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constants of the straight and bend waveguides, also affect parameter 𝑎. Unfortunately, it 

was not possible to simulate the ring coupler for the purpose of loss evaluation because 

of technical difficulties in the simulation, which are elaborated later in the chapter. 

Therefore, it is expected that 𝑎 will have a lower value in practice than the one used in 

this simulation. Nonetheless, adjusting 𝑟1 and 𝑟2 can still compensate for 𝑎 and maintain 

a resolution of lower than 1 GHz. 

 

Fig. 3.4. Bend loss versus ring radius for the ADS waveguide with a width of 200 nm 
lower than the standard waveguide at the wavelength of 1565 nm. Markers show data 

points, and the solid line is the fitted curve. 

The add drop ring resonator in this design has identical ring couplers so 𝑟1 = 𝑟2. 

Resolutions were computed using MATLAB for rings whose radii are 180 and 540 µm, 

corresponding to FSRs of 150, and 50 GHz, respectively. In both cases, the bend loss is 

negligible compared to the intrinsic waveguide loss. Using (3.4), (3.5), and (3.6), 

computed cross-coupling power ratio (CCPR) values for the ring resonators with the 

resolutions of lower than 1 GHz and the FSRs of 50 and 150 GHz are 4% and 1.35%, 

respectively. The MATLAB code is provided in Appendix B. Fig. 3.5 displays the frequency 
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responses of the two ring resonators at the drop port using (3.4) and performed in 

MATLAB. The insertion loss values at the resonant wavelengths for both rings are the 

same and equal to -3.4dB. The length difference between the two peripheries has a 

negligible effect on the single pass transmission (𝑎), resulting in similar insertion loss 

amounts. The extinction ratio (ER), which is the difference between the maximum and 

minimum values of power transmission over an FSR, is higher for the ring with larger 

FSR. It is due to the lower amount of cross-coupling into the ring in non-resonant 

frequencies; and thus, less power exits through the drop port. The quality factor values 

for both cases are 200,000 while the finesse values for the rings with the FSRs of 50 GHz, 

and 150 GHz are 50, and 150, respectively.  

 

Fig. 3.5. Frequency responses of the ring resonators at their drop ports with a resolution 
of lower than 1 GHz for two FSR values of 50 GHz, and 150 GHz. 
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3.5 Ring coupler design 

Once the values of CCPR in the ring couplers (see Fig. 3.1(a)) are determined, the 

ring coupler needs to be designed to find the minimum gap size between the ring and 

straight waveguide for desired CCPRs. 

There are several methods that may be considered for the study of a ring coupler 

structure. The Coupled Mode Theory (CMT) is a basic theoretical method for analyzing 

couplers [59], [84], which may be used as a rough initial estimation; however, as it 

assumes orthogonality between the modes of the two waveguides (which is not the case), 

and some simplifications in the formulae, it cannot be considered precise.  

A second option is applying the beam propagation method (BPM) [85], [86]. 

Although effective for low index contrast structures, it does not achieve rigorous results 

where reflections take place in a structure. The silicon nitride ring coupler has sharp 

angles, and the platform is relatively high index contrast; thus, the BPM is inefficient. 

Another method is to perform 3D FDTD [87], [88] simulations. It is accurate but 

only effective for a structure that the number of generated meshes are small enough for 

the simulation to take reasonable time; otherwise, the resultant massive computational 

burden renders the simulation very slow and inefficient. 

The next option is 2.5D FDTD [89], which is an intermediate technique that 

collapses the 3D structure into a 2D one — e.g. replacing the 3D ring coupler with the 2D 

surface shown in Fig. 3.1(a). It first computes the effective index of the fundamental 1D 

slab mode in the 3rd dimension and then performs a 2D FDTD simulation for the 2D 



 

51 
 

structure, separately. Finally, the two results are combined. The method is useful for 

planar components in which the vertical slab does not change in dimensions, and also for 

a structure that only the lowest vertical slab mode for a certain polarization is excited with 

no significant coupling between vertical modes. It is much faster than 3D FDTD but is not 

as rigorous; because it ignores the inherent nature of a 3D structure where vertical 

coupling can take place between electromagnetic modes.  

Yet another method is the Eigen-mode expansion (EME) method [90], [91], which 

uses several Eigen-modes in the cross-section — normal to the direction of wave 

propagation — of a structure to constitute the real existing mode profile by adding up the 

weighted Eigen-modes. The EME method works reliably for a structure without sharp 

angles. However, sharp angles in a structure require a huge number of Eigen-modes, and 

thus, may result in failure. The silicon nitride ring coupler due to having waveguides with 

lower index contrast than the ones in platforms like silicon-on-insulator (SOI), requires a 

larger distance between the ring and straight waveguide for the coupling to be considered 

negligible. Hence, at the ends of the coupler, the ring waveguide acquires a larger angle 

with respect to the straight waveguide, and the EME method fails. 

One effective method is the use of the super-mode theory [92], [93]. This method 

considers the two waveguides in a coupler as a single structure and calculates the two 

lowest order modes (called symmetric and anti-symmetric super-modes, which are 

orthogonal) at the input cross section — normal to the direction of wave propagation — 

of the coupler. The coefficient of each super-mode is computed by taking the overlap 

integral of the super-mode and the mode in each input waveguide. Provided the two 

waveguides in the coupler are parallel and the cross section remains unchanged, the two 
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super-modes maintain their respective effective indices as they traverse along the 

directional coupler. At the coupler output, the two super-modes arrive with a certain phase 

difference and thus, their overlap integrals with individual output modes determine each 

output amplitude. The method is rigorous provided the waveguides are well separated at 

input/output interfaces, and the mode profile of the super-modes well match with the 

individual input/output mode profiles and so the overlap integrals show no mismatch. 

Otherwise, the overlap integrals reveal mismatch loss and inaccuracy in results. 

Nevertheless, the technique is utilized with acceptable accuracy [83], [93]. A low-loss 

coupler may be modeled as: 

where 𝑟 and 𝑘 represent amplitude self-coupling and cross-coupling ratios, respectively. 

If the normalized coefficients of the super-modes with respect to input/output individual 

modes are chosen as:  

where 𝑆 and 𝐴 correspond to symmetric and anti-symmetric super-modes, respectively, 

the overlap integral between the super-modes and the individual modes at the 

input/output interface gives  

 𝑇 = (
𝑟 𝑘

−𝑘∗ 𝑟∗) , 𝑤𝑖𝑡ℎ  |𝑟|2 + |𝑘|2 = 1 (3.7) 

 𝑆 =
1

√2
 (

1

1
) ;             𝐴 =  

1

√2
 (

1

−1
) (3.8) 

 𝑀 =
1

√2
 (

1 1
1 −1

). (3.9) 
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It is shown in [93] that if 𝛽𝑆 and 𝛽𝐴 are the propagation constants of the symmetric 

and anti-symmetric super-modes, respectively, the transfer matrix of the coupler is 

computed as: 

in which, 𝐸 is the transfer matrix of the super-modes within the coupler and 𝑙 is the coupler 

length. Also, 

Relation (3.10) is consistent with (3.7) and CCPR is the square of amplitude cross-

coupling ratio, and is equal to 

Relation (3.12) computes the CCPR for a directional coupler with parallel 

waveguides as already stated. A ring coupler, however, has a varying gap between its 

waveguides. To apply the super-mode theory to this structure, the ring coupler may be 

divided into a host of concatenated couplers, each with a small enough length so that for 

each section, the gap may be presumed constant, and relation (3.12) can be applied. 

Hence, the ring coupler can be modeled as a cascade of numerous small concatenate 

couplers. The overall transfer matrix is then attained using the Matrix Transfer Method 

(MTM) and is computed by multiplying the transfer matrixes of the cascaded elements. 

For a matrix in the form of the RHS of (3.10) we have 

 
𝑇 = 𝑀−1𝐸𝑀 = 𝑀−1  (

exp(−𝑗𝛽𝑆𝑙) 0

0 exp(−𝑗𝛽𝐴𝑙)
) 𝑀 

 

(3.10a) 

 𝑇 = exp(−𝑗𝛽+𝑙) (
cos(𝛽−𝑙) − jsin(𝛽−𝑙)

− jsin(𝛽−𝑙) cos(𝛽−𝑙)
) (3.10b) 

 𝛽+ = (𝛽𝑆 + 𝛽𝐴) 2⁄  (2.11a) 

 𝛽− = (𝛽𝑆 − 𝛽𝐴) 2⁄  (2.11b) 

 CCPR = |𝑘|2 = 𝑠𝑖𝑛2(𝛽−𝑙) = 𝑠𝑖𝑛2((𝛽𝑆 − 𝛽𝐴)𝑙 2⁄ ). (3.12) 
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Thus, the cascade of the small couplers results in 

where 

in which, 𝑁, 𝑔𝑖, Δ𝑧, 𝑛𝑆, and 𝑛𝐴 are the number of the small couplers, gap size at the 𝑖th 

coupler, and the length of the 𝑖th coupler, and symmetric and anti-symmetric super-mode 

effective indices, respectively. If 𝑁 ⟶ ∞, then Δ𝑧 ⟶ 0, and the summations in (3.15a) 

and (3.15b) turn into integrals as: 

where 𝑧𝑚𝑎𝑥 is the distance from the center of the coupler to the point where the coupling 

starts/ends. At 𝑧𝑚𝑎𝑥 the two super-modes have identical effective indexes beyond which 

no coupling occurs. Hence, the integral limits for 𝜑− can be extended to ±∞ as the 

integrand tends to 0 beyond 𝑧𝑚𝑎𝑥.  

 

(
cos(𝐴) −𝑗𝑠𝑖𝑛(𝐴)

−𝑗𝑠𝑖𝑛(𝐴) cos(𝐴)
) ∗ (

cos(𝐵) −𝑗𝑠𝑖𝑛(𝐵)

−𝑗𝑠𝑖𝑛(𝐵) cos(𝐵)
) 

=(
cos(𝐴 + 𝐵) −𝑗𝑠𝑖𝑛(𝐴 + 𝐵)

−𝑗𝑠𝑖𝑛(𝐴 + 𝐵) cos(𝐴 + 𝐵)
) 

(3.13) 

 𝑇 = exp(−𝑗𝜑+) (
cos(𝜑−) − jsin(𝜑−)

− jsin(𝜑−) cos(𝜑−)
) (3.14) 

 𝜑+ =
2𝜋

𝜆
∑

𝑛𝑆(𝑔𝑖) + 𝑛𝐴(𝑔𝑖)

2
Δ𝑧

𝑁

𝑖=1

 (3.15a) 

 𝜑− =
2𝜋

𝜆
∑

𝑛𝑆(𝑔𝑖) − 𝑛𝐴(𝑔𝑖)

2
Δ𝑧 

𝑁

𝑖=1

 (3.15b) 

 𝜑+ =
𝜋

𝜆
 ∫ [𝑛𝑆(𝑥) + 𝑛𝐴(𝑥)]𝑑𝑧

+𝑧𝑚𝑎𝑥

−𝑧𝑚𝑎𝑥

 (3.16a) 

 𝜑− =
𝜋

𝜆
 ∫ [𝑛𝑆(𝑥) − 𝑛𝐴(𝑥)]𝑑𝑧

+𝑧𝑚𝑎𝑥

−𝑧𝑚𝑎𝑥

 (3.16b) 
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On the other hand, above a certain minimum gap size, [𝑛𝑆(𝑥) − 𝑛𝐴(𝑥)] may be 

modeled by an exponential function so: 

For a ring coupler with a circular ring and a straight waveguide, the gap (𝑥) is 

related to 𝑧 as: 

where 𝑟 and 𝑥0 are the outer radius of the ring, and the gap size in the middle of the 

coupler, respectively. Using Taylor series and for 𝑧 ≪ 𝑟, relation (3.18) may be 

approximated as:  

This allows 𝜑− in (3.16) to be analytically computed as: 

The cross-coupling power ratio (CCPR) is computed as: 

To calculate the CCPR for the ADS-based ring coupler, the effective indices of the 

two lowest order (even and odd) super-modes are computed versus gap at 1565 nm with 

FIMMWAVE tool. Within a certain band, coupling in a coupler is maximum at the largest 

wavelength; thus, designing the ring coupler to achieve the target value of the CCPR at 

1565 nm means that the CCPR at any other wavelength remains below that CCPR target. 

 
𝜋

𝜆
 [𝑛𝑆(𝑥) − 𝑛𝐴(𝑥)]  ≃ 𝑏𝑒−𝑑𝑥. (3.17) 

 𝑥(𝑧) = 𝑥0 + 𝑟 (1 − √1 − (𝑧 𝑟⁄ )2) (3.18) 

 𝑥(𝑧) ≃ 𝑥0 + 𝑧2 2𝑟⁄  (3.19) 

 𝜑− ≃ ∫ 𝑏𝑒−𝑑(𝑥0+𝑧2 2𝑟⁄ )𝑑𝑧 = 𝑏𝑒−𝑑𝑥0√2𝑟𝜋 𝑑⁄
+∞

−∞

 (3.20) 

 𝐶𝐶𝑃𝑅 = 𝑠𝑖𝑛2(𝜑−).  (3.21) 
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Therefore, the target resolution of lower than 1 GHz is guaranteed in the entire C-band. 

Fig. 3.6 depicts 
𝜋

𝜆
 [𝑛𝑆(𝑥) − 𝑛𝐴(𝑥)] versus the minimum gap size of the ring coupler. It is 

seen that for smaller values of the minimum gap, the difference between the super-modes 

is significant, while at larger gap values, the curve tends to zero. It is due to the fact that 

as the two waveguides part company, the two super-modes become closer in value and 

eventually identical when there is no coupling. Applying (3.17) to this curve, which is equal 

to a curve-fitting to an exponential function discloses the constant parameters of 𝑏 and 𝑑, 

whose values are 1.432 x 105 and 2.45 x 106, respectively. Subsequently, using (3.20) 

and (3.21) the values of 𝑥0 for the rings with radii of 540 and 180 µm and their 

corresponding CCPR of 4% and 1.35% — as calculated in the previous section — are 

computed. Both cases have identical values of 𝑥0 = 1.337 µ𝑚. For the case of fabrication 

with ±200 nm FPV, one might choose 𝑥0 = 1.537 µ𝑚 in the design, to ensure achieving a 

resolution of lower than 1 GHz in the worst FPV scenario. However, an increased 

minimum gap size results in an increase in insertion loss of transmitted power. That is, for 

a fabricated component with a real value of 𝑥0 = 1.537 µ𝑚, the CCPR for the rings with 

radii of 540 and 180 µm become 1.5%, and 0.5%, respectively, and their corresponding 

insertion loss values are -7.2 dB for both rings. Hence, adding a safety factor for FPV 

compensation may result in increased insertion loss. It should be noted that at the time 

the design was performed, the manufacturer was using contact lithography. Recently, it 

has started to use stepper lithography, which has an improved FPV performance. 
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Fig. 3.6. The right-hand side of relation (3.17) versus the minimum gap size 

The designed ring resonator was fabricated in different minimum gap values for a 

ring resonator with the FSR of 50 GHz to verify the validity of the simulations. Fig. 3.7 

shows the picture of the fabricated chip with four ring resonators that have the same FSR 

but have different gap sizes.  
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Fig. 3.7. The picture of the fabricated chip which includes ring resonators with the same 
FSR of 50 GHz but different gap sizes. RR; ring resonator. Adapted from G. M. Hasan et 

al. [83], licensed under Creative Commons Attribution 4.0 International. 

The measurements of the ring resonators were carried out by other members of 

our research team. A comparison of the calculated and measured CCPR for the four 

minimum gap sizes of the fabricated ring resonators is performed by the other group 

members and is demonstrated in Fig. 3.8. A good agreement exists between the 

simulated and measured results. 
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Fig. 3.8. The comparison of the simulated and measured CCPR values. Adapted from 
G. M. Hasan et al. [83], licensed under Creative Commons Attribution 4.0 International. 

3.6 Summary of the main findings 

The design feasibility evaluation of a silicon nitride ring resonator with a resolution 

of lower than 1 GHz and a finesse of at least 50 was performed in this chapter. First, the 

waveguide was introduced and characterized, and bend simulation was conducted to 

identify its bend loss. Then, the CCPR for a resolution of lower than 1 GHz was computed 

and finally using the super-mode theory, the minimum gap size of the ring coupler for the 

resolution of lower than 1 GHz was calculated. 
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Chapter 4 Ring Resonator Thermal Tuning 

4.1 Introduction 

Photonic integrated circuits (PIC) have revolutionized the photonics industry by 

dramatically reducing the system size from metre scale to just centimetres by gathering 

all components of a subsystem on a chip, which not only makes it easy for installation 

and maintenance, but also increases their reliability against mechanical vibrations, 

fluctuations in ambient temperature, and scales down the attenuation due to multiple fiber 

connections [94], [95], [96]. Monitoring an optical band consisting of many channels is 

key in communications systems to detect empty channels and allocate new signals to 

them. It also helps spot channels with defunct transmission. High resolution optical filters 

are required to detect optical channels with narrow bandwidth. The C-band spanning from 

1530 to 1565 nm is one of the most crowded bands in optical communication systems. 

Fragmenting this band into sub-bands each with a bandwidth of lower than 1 GHz creates 

a huge number of narrow bands which calls for fine filtering. Scanning the C-band with a 

single fine PIC filter is very challenging. Hence, fine filtering in conjunction with coarse 

filtering has been proved as a practical answer to scan a wide spectrum with narrow-band 

channels. A combination of a ring resonator [62] as a fine filter and an arrayed waveguide 

grating (AWG) [97] as a coarse filter is a viable option which has been proposed to scan 

a wide optical band [83], [98], [99], [100].  

The ring resonator as a key PIC component is used as a highly selective tunable 

filter. Its transmission function consists of a regular comb of narrow resonances 

(transmission peaks or notches depending on the configuration). The frequency interval 
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between resonances is known as the free spectral range (FSR). Low loss design of a ring 

resonator ensures its high-resolution performance as a fine filter. The resonant frequency 

of the ring resonator can be tuned by inducing a change in the effective index of the mode 

traversing the ring waveguide thereby adjusting the total optical path length. A path length 

change of one wavelength tunes the resonance comb over one FSR. In conjunction with 

a means of selecting any individual comb line, tuning over a single FSR is sufficient to 

effectively tune a single comb line over an arbitrarily broad band. It is noted that the goal 

in the above-mentioned configuration is to design a high-resolution ring resonator and 

ensure its tunability over an FSR. 

An AWG on the other hand, acts as a coarse filter, where depending on the circuit 

architecture, it will require a channel spacing equal to one or a fraction of the FSR of the 

ring resonator. Such configurations make it feasible to scan the whole desired band by 

tuning the ring resonator by the amount of one FSR. Due to their dispersion mechanism 

arising from the phase difference between grating arms, AWGs are susceptible to phase 

errors, which degrade their performance [101]. To enhance their robustness against 

phase errors, different techniques such as using arrayed waveguides that are less 

sensitive to fabrication process variation (FPV) errors [102], designing on a low index 

contrast platform [103], designing with a larger channel spacing [59], could be applied. 

Thus, one would aim at an AWG designed on a low loss platform, made of waveguides 

resilient to FPV errors and with a large channel spacing. This requires a high-resolution 

ring resonator with the right FSR to be tunable over its FSR to fulfill the AWG requirement 

in the described scheme. 
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High-resolution ring resonator design needs to minimize the loss emanating from 

the scattering, absorption, bend, ring coupler mode mismatch as well as straight-to-bend 

mode mismatch loss in case of race-track resonators. Among many available PIC 

platforms, silicon nitride (Si3N4) has the advantage of low loss compared to silicon on 

insulator (SOI) [21], [104] while attaining a smaller footprint compared to doped silica 

devices [38]. A silicon nitride ring resonator enjoys a relatively small footprint and high 

FSR compared to one made on doped silica platform for a certain bend loss as design 

target due to higher core to cladding refractive index contrast which admits tighter bends; 

It also has less waveguide loss than an SOI platform, enabling the attainment of higher 

resolution filters for a certain FSR. Its higher achievable FSR compared to doped silica-

based ring resonators for specified bend loss, allows an AWG design with a larger channel 

spacing, enhancing the AWG performance in terms of phase errors. Moreover, an 

increased channel spacing in an AWG decreases the number of output channels of the 

AWG, significantly reducing the complexity of the layout and the number of 

photodetectors and overall cost of the device. 

The design of a low loss silicon nitride ring resonator with emphasis on the ring 

coupler for a resolution of lower than 1 GHz for a ring resonator with an FSR of 50 GHz 

has been investigated in [83]. A ring resonator with a higher FSR while maintaining a 

resolution of lower than 1 GHz requires less cross coupling power in the two ring coupler 

regions, which is usually achieved by increasing the gap in the couplers. While the on-

resonant transmission remains unity in a lossless ring resonator regardless of the gap 

size, the increased gap in a lossy ring resonator will, however, result in an increase in the 

insertion loss. This is a trade-off between a high resolution and a low insertion loss design. 
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A designer needs to minimize the effects of all loss mechanisms to achieve the best 

performance.  

Fine tuning of ring resonators has been demonstrated using a variety of physical 

effects including electro-optic (EO), piezo-electric (PE), and thermo-optic (TO) tuning. EO 

tuning mechanism alters the optical properties of the waveguide core or cladding by 

applying electrical field to the waveguide so that the effective index of the traversing wave 

changes. It calls for materials whose optical properties change significantly by applying 

electric field. In CMOS platforms, usually part of the cladding is replaced with special 

matters like lithium niobate or liquid crystal to achieve desired tuning [47], [105], [106], 

[107], [108], [109]. PE tuning causes mechanical change in the physical dimensions of 

the structure such as waveguide cross-section or length by applying electric field. The 

change in physical dimensions brings about optical tuning [46], [110], [111], [112]. TO 

tuning changes material refractive index by heating. It can be achieved by depositing a 

layer of highly resistive metal atop the waveguide structure. The resistive heater needs 

to be placed sufficiently away from the waveguide so that the caused optical loss resulting 

from light interaction with metal remains negligible. Applying electrical current to the 

heater scales up its temperature, heating the entire structure underneath. The 

temperature change causes the refractive index of the core and cladding to shift and so, 

tuning is obtained. [45], [113], [114], [115], [116]. While mostly highly resistive metals are 

used as heaters, other materials such as graphene are also considered for TO tuning 

[117], [118], [119]. The advantage of graphene is its significantly lower absorption loss 

compared to metals, so it can be placed very close to the waveguide, increasing thermal 

efficiency. Its implementation is more challenging than resistive metals, though. Tuning 
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can also be conducted using doped matter near the waveguide structure [113], [120]. For 

some dopants, light interaction with them generates heat and TO tuning mechanism takes 

place. For others, the dopant increase directly changes the structure refractive index and 

tuning is achieved.  

The thermo-optic tuning, albeit slower than the other methods, is the simplest to 

implement due to simply depositing a layer of resistive metal above the waveguide 

structure to act as an electrical heater. The other methods call for specific materials less 

suited to deposition or the waveguide material itself to posses the desired EO or PE 

properties, imposing restrictions on the photonic design or adding to the complexity and 

cost of manufacturing. While many research groups have used thermal heaters for tuning, 

the tuning investigation itself has not widely been discussed. The design and analysis of 

a thermo-optic phaser shifter for a tunable Mach-Zehnder Interferometer (MZI) on an SOI 

platform has been performed in [121]. Authors in [122] carried out the design of a thermo-

optic phase shifter for a silicon nitride MZI, exploring the design trade-off between different 

parameters. A study on silicon nitride thermal tuning was performed in [123] examining 

the effects of heater material, trenches and undercuts on performance. 

In this chapter, the thermal tunability of silicon nitride ring resonators with different 

FSRs for three practically used waveguide structures operating over the C-band for the 

fundamental TE mode is assessed considering the FPV errors impacting the device 

performance. Applying data from practical materials as well as considering the FPV errors 

in the simulations ensures the obtained results are reliable and consistent with the 

performance of a fabricated chip. The effect of design variations on the electrical power 

needed for tuning is assessed and the extent of the tunability range of ring resonators 
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which is limited by the maximum safe operation temperature is estimated. While the 

targeted application of the tunability analysis of silicon nitride ring resonators in this thesis 

is the wavelength scanning function of an on-chip spectrometer, tunable ring resonators 

have a wide range of applications in different circuits as reconfigurable filters and 

modulators.  

4.2 Method 

The goal is to design a tunable ring resonator that has negligible bend loss 

compared to the intrinsic loss of the waveguide. First, the bend loss of rings made of 

various waveguides are evaluated using Photon Design’s FIMMWAVE simulation tool. 

Proper ring resonator radii that demonstrate negligible bend loss are identified. Then, with 

the computed radius limits, ring resonator tunability is assessed in the fundamental TE 

mode. Proper distances between the heaters and waveguide cores are calculated so that 

mode losses caused by the presence of the resistive heater remain negligible compared 

to the total losses. 

Tuning a ring resonator is conducted by changing the mode effective index in the 

ring waveguide. The needed change in the mode effective index for a resonance shift 

equal to one FSR is  

where 𝜆0 𝑎𝑛𝑑 𝐿 represent the central wavelength and the physical length of the ring, 

respectively. The variation in the effective index change in (4.1) due to shifting the local 

wavelength within the C-band is negligible. The thermal tuning of PIC components is 

 ∆𝑁𝑒𝑓𝑓 = 𝜆0 𝐿⁄  (4.1) 
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conducted by heating the structure, so the refractive indices of the materials vary due to 

their dependence upon temperature. The temperature dependence of a material 

refractive index is linear to a good approximation and can be represented as: 

where T is temperature, 𝑇0 is the room temperature (293.15 °K), and dn/dT is refractive 

index temperature coefficient, which is a constant over the wavelength and temperature 

of study, and 𝜆 is the wavelength [124]. The structure of the waveguides in the studied 

ring resonators in this work consists of silicon nitride as core and silica as cladding with 

refractive index temperature coefficients equal to 2.45 x 10-5 /°K and 0.95 x 10-5 /°K, 

respectively. Fig. 4.1 depicts the cross section of a silicon nitride waveguide with a heater 

atop. The terms BOX, TOX, and OHX stand for buried oxide, top oxide, and over-heater 

oxide layers, respectively. Passing an electrical current through the resistive heater brings 

about a rise in temperature of the heater which subsequently increases the temperature 

in the waveguide cross section as heat traverses down away from the heater, resulting in 

a change in the refractive index of the material which alters the effective index of the mode 

and shifts the resonant wavelength of the ring resonator. 

 𝑛(𝜆, 𝑇) = 𝑛(𝜆, 𝑇0) + (
𝑑𝑛

𝑑𝑇
) . ∆𝑇 (4.2) 
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Fig. 4.1. Cross-section of a waveguide and heater. 

COMSOL Multiphysics’ finite element method (FEM) is used to simulate heat 

transfer as well as the optical mode of the waveguide (fundamental TE mode) in the 

presence of thermally induced refractive index change. Simulations consist of steady-

state and time-dependent parts, with the former aimed at determining the ultimate heater 

temperature and total required electrical power for tuning over one FSR, while the latter 

is aimed at determining the tuning speed. All boundaries of the structure are set to free 

air convection, except the bottom side which is placed atop a heat sink with the constant 

room temperature.  

In the first stage of the steady-state simulations, the two-dimensional (2D) cross-

section of the waveguide and heater is simulated to find the required ultimate temperature 

in the heater for the desired shift in the effective index to take place. This simulation also 

reveals the limits in the heater width considering the maximum allowed temperature in 

the heater for its safe operation. In the second stage, the three-dimensional (3D) chip is 

simulated with the voltage applied to the resistive heater circuit to determine the required 

electrical power to increase the temperature of the heater to the value obtained in the first 
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stage. The temperature dependence of the heater resistance is considered to achieve 

reliable simulation results. 

Next, time-dependent simulations are conducted to calculate the scanning speed 

for a tuning by the amount of one FSR and then going back to its initial state. The electrical 

power is applied as a triangular waveform whose frequency is the scanning rate. The 

power starts from zero and reaches its peak where a tuning equal to an FSR is attained; 

It then goes down to zero to complete one period of scanning where the resonant 

wavelength goes back to its initial state. In practice, a wavelength meter is used to 

measure the resonant wavelength on the fly as tuning is carried out. The tuned 

wavelength will follow the triangular shape of the applied electrical power with a certain 

time delay. However, the top and bottom peaks will be rounded off as the settling time for 

a certain tuning is theoretically infinite, and the maximum applied power only exists for a 

moment before starting to decrease. In other words, the electrical power calculated in the 

steady state simulations and applied in the form of a triangular waveform, cannot achieve 

a full FSR tuning. The higher the scanning rate becomes, the lower amount of the FSR is 

tuned. To overcome this problem, the applied power is increased provided the heater 

operates without failure. By applying the maximum allowed power to the heater at the 

peak of the triangular waveform, and targeting a full FSR tuning, the highest possible 

scanning rate can be computed. 

4.3 Studied waveguides 

The FSR of a ring resonator is inversely proportionate to its radius. So, an 

increased FSR calls for a tighter bend, and increases the bend loss. Therefore, 
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waveguide cross-sections with stronger light confinement in the core which makes them 

more tolerant to tighter bends are preferred. Three silicon nitride waveguide structures, 

designed by industry [81], [125] are studied taking account of their FPV errors to acquire 

trustable simulation results. The schematics of the three waveguide cross-sections used 

in the simulations are presented in Fig. 4.2. 

 

Fig. 4.2. Schematic cross-section of the simulated waveguides. a) ADS, b) AN800 and 
AN400. The shapes are not to scale. 

The first waveguide structure has a core consisting of two separate silicon nitride 

strips with a  lower layer thickness of 75 nm and an upper layer thickness of 175 nm 

separated by a 100 nm thick silica layer. The width of the top side of the upper strip is 

1100 nm with a sidewall etching angle of 82 degrees with respect to the horizontal axis 

for the whole structure. This waveguide structure is referred to as the Asymmetric Double 

Strip (ADS) waveguide, which is also elaborated in Chapter 3. The waveguide is more 

tolerant to tight bends compared to other available types by the same manufacturer, which 

better fulfills the requirement of tighter bends and consequently higher FSRs [44]. It 

supports a single mode regime for TE polarization regardless of its FPV error. The FPV 
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error of this waveguide fabricated by contact lithography is up to 5% change in the 

thickness of deposited layers and ±200 nm in waveguide width. It should be noted that 

the manufacturer now is using the stepper lithography with much smaller FPV error values 

compared to the older contact lithography, based on which our design and simulation are 

performed.   

The second and third waveguides have single cores of 800 nm and 400 nm 

thicknesses, and are named as AN800 and AN400, respectively [25]. The width of the top 

side of the strips are 1 um with an etching angle of 89 degrees. The FPV errors for both 

cases are up to ±4 nm in thickness change and up to ±10.4 nm in width change. The 

AN800 waveguide structure has the highest mode confinement among the studied 

waveguides and thus, has more tolerance to tighter bends. It also allows the heater to be 

placed closer to the core due to light penetrating less into the cladding, which reduces  

the required tuning power. The AN400 is a single mode waveguide over the C-band for 

either polarization while AN800 takes in higher order modes as well, so care must be 

taken in the design of components with AN800 to ensure that higher order modes are not 

excited. To compare the three waveguides, the effective indexes of the fundamental TE 

modes of the standard-sized waveguides versus wavelength over the C-band are 

computed using FIMMWAVE tool and depicted in Fig. 4.3. It is noted that the ADS and 

AN800 waveguides have the lowest and highest effective indexes, respectively. The 

higher effective index is an indicator of more light confined in the silicon nitride core of the 

waveguide. This allows tighter bends as well as closer vertical distance between the core 

and heater (see Fig. 4.1), which are explained further later in the chapter. 
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Fig. 4.3. A comparison of the fundamental TE mode effective indexes for the three 
standard-sized waveguides versus wavelength. 

4.4 Ring resonator thermal tuning 

The refractive index of the waveguide materials varies with temperature; thus, 

heating the waveguide results in a change in the effective index of the mode propagating 

in the waveguide and shifts the resonant wavelength of a ring resonator. Resonance 

wavelengths are spaced by the amount of one FSR; hence, tuning the resonant 

wavelength by the amount of one FSR scans the whole band. An increase in the FSR 

needs a larger shift in the mode effective index to sweep that FSR, which requires a higher 

temperature in the heater. The items that need to be considered in the heater design are 

the material, layout, power supply, width, distance from the waveguide core, and the 

presence of a cladding layer deposited over the heater (see Fig. 4.1). 
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4.4.1 Heater layout 

A heater is designed to deliver thermal power to an optical waveguide structure in 

an efficient way. For a ring geometry, a convenient way to lay out a heater is to follow the 

waveguide underneath. Fig. 4.4 illustrates the shape of the heater in our design. The 

circular shape ensures the heater remains close to the waveguide for efficient tuning. The 

metals outside the circular section are for connecting to a power supply and are made of 

a different metal with relatively lower resistivity (in this case silver) in order not to dissipate 

power in unwanted regions of the circuit. It should be noted that the heater layout is not 

restricted to a full-ring case, and it can have layouts that cover the ring partially, e.g., a 

half-ring heater, in which case the resistance is halved. The amount of the tuning power, 

however, does not change for a different heater layout as the thermal power consumed 

for a certain shift in resonance wavelength, is constant. Hence, a full-ring heater draws 

less current than for example a half-ring and operate at a lower temperature. 

 

Fig. 4.4. Heater shape designed for a ring resonator with the highly resistive part 
highlighted. 
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One important matter in the heater design is the minimum distance between the 

positive and negative ports of the circuit. As the two opposite ports at the two ends of the 

heater experience a significant voltage difference, dielectric breakdown can take place if 

the two ports are placed too close. Dielectric breakdown is proportional to permittivity. 

The higher the permittivity, the more voltage difference is required for a breakdown. The 

minimum distance calculation is usually carried out by assuming air as the material 

between the ports of the heater, which is the case when no cladding exists over the heater. 

Air has the minimum permittivity among dielectrics and thus has the lowest dielectric 

breakdown value. So, a design for air works safely for other dielectrics, too. The value of 

the dielectric breakdown for air is 3 kV/mm. Once the maximum applied voltage to the 

heater is determined, the minimum safe distance can be identified. 

4.4.2 Heater material and power supply 

The heater needs to be made of a material with high resistivity to produce a large 

amount of heat from the electrical current flowing through it. On the other hand, as the 

electrical resistivities of metals normally have positive temperature coefficients, injecting 

power with a current source can cause thermal runaway. It is because the metal 

resistance increases by temperature rise and thus, constant injected electrical current 

scales up the drawn electrical power which causes the device to overheat and fall apart. 

Therefore, the power needs to be fed into the heater by a voltage source to ensure the 

total injected power remains under control and guarantees a safe device operation. 

The heater failure takes place because the heater and waveguide cladding on 

which the heater is deposited possess different thermal expansion coefficients. As the 
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structure is heated, the two objects expand with different expansion ratios causing a bend 

in the structure. An excessive bend can induce either of the waveguide or the heater 

structures to fall apart if either object reaches its own yield stress i.e., the amount of the 

stress that causes a migration from the elastic region to the plastic one — in this case 

being a physical break for silica cladding or for the heater. Another factor that causes a 

heater failure is the detachment of the heater from the waveguide once the applied 

surface tensile stress due to the heating exceeds the limit. Hence, the design of the heater 

must consider the operational limit, which is represented in terms of a maximum electrical 

current density for a certain heater cross-section or equivalently, a maximum temperature 

in the heater, usually obtained by experiment and provided by a manufacturer. Table 4.1 

shows two different heaters deposited on silica cladding made of Chromium (Cr) [24] and 

Aluminum (Al) [25] and their practical data consisting of thickness, electrical current 

density limit, temperature limit, and electrical resistivity at the room temperature. The 

limiting temperature for the Cr heater was not provided by the manufacturer and was 

achieved through the simulation of the heater operating at the limiting current density. 

Table 4.1. Practical specifications for two different heaters 

Heater Cr Al 

Layer Thickness (nm) 150 400 

Resistivity at room 
temperature (ohm.m) 

7.5 ~ 9 e-7 3.3 e-8 

Current density limit 
(MA/𝑐𝑚2) 

1.33 3 

Temperature limit (°K) 506 473 



 

75 
 

It should be noted that the resistivity of a thin film metal differs from that of a pure 

material and the values in Table 4.1 are acquired from the manufacturers. Moreover, the 

temperature-dependent resistivity properties of the metals need to be included in the 

simulation [126]. The thermal and electromagnetic properties of the materials used in the 

simulation are provided in Appendix A. Also, heater thickness is a value usually set by 

manufacturers, which is related to the fabrication technology. The higher resistivity a 

heater has, the less electrical current it draws for a certain electrical power dissipation.  

4.4.3 Heater width and its vertical position 

Fig. 4.5 illustrates a waveguide and heater cross-section and a steady-state 

temperature distribution in COMSOL. It is deduced from the figure that a wider heater 

irradiates a larger area and so a lower heater temperature is needed for a certain amount 

of tuning [19]. Conversely, a narrower heater width requires a higher temperature in the 

heater. 

Operation at a higher temperature is not preferred as it limits the extent of the 

tunability due to heater failure; hence, a wider heater is preferred to a narrower one. On 

the other hand, for a heater that is wider than the waveguide core by an order of 

magnitude, the required heater temperature remains almost constant as can be deduced 

from Fig. 4.5. Heater temperature is related to electrical current density. Therefore, 

excessive increase in the heater width will scale up the total current. The electrical power 

is proportional to the resistance multiplied by the square of the current. Although a wider 

heater has a reduced resistance, the squared effect of current prevails, and the total 

amount of the electrical power is raised. A trade-off between a higher operational 
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temperature with a narrower heater and a higher consumed power with a wider heater 

can be made.  

 

Fig. 4.5. Typical waveguide and heater cross-section and temperature distribution. 

Moreover, as seen in Fig. 4.5, a larger distance between the waveguide core and 

heater, calls for a higher temperature in the heater for a certain tuning to take place; On 

the other hand, the interaction of a metallic heater with an optical mode result in optical 

loss, which is undesirable. Thus, the selection of the distance between the heater and 

waveguide core must be carefully performed to minimize the heater temperature while 

the added optical loss remains negligible. For the application of this work which aims at 

obtaining a low-loss ring resonator, minimizing the optical loss is pivotal; however, a 

design for a minimized power consumption may tolerate more optical loss than this 

application.  
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4.5 Simulations  

4.5.1 Bend  

The first step in characterizing the heater is bend loss evaluation, which 

determines appropriate values for the ring radius for the fundamental TE and TM modes 

of the waveguides. The bend loss analysis considers a worst-case scenario, in which the 

waveguide core has the minimum dimensions within the bounds of the FPV errors 

guaranteed by the manufacturers. Moreover, operation at the upper edge of the C-band 

(1565 nm) is assumed in the simulations as the bend loss increases with wavelength. 

Bend loss simulations for the ADS waveguide are conducted with 5% less thickness for 

layers as well as 200 nm less waveguide width. A similar approach is followed for AN800 

and AN400 waveguides with 4 nm less thickness and 10.4 nm less width. Bend 

simulations are carried out by applying the Finite Difference Method (FDM) mode solver 

of Photon Design’s FIMMWAVE tool and for bend radii corresponding to FSRs that are 

multiples of 50 GHz. Table 4.2 displays the computed bend loss values for both 

fundamental TE and TM modes for ADS, AN800, and AN400 waveguides for different 

FSRs.  

Table 4.2. Bend loss for fundamental TE and TM modes in ADS, AN800, and AN400 
waveguides for different FSRs 

     Mode 
FSR 

ADS 
TE 

ADS 
TM 

AN800 
TE 

AN800 
TM 

AN400 
TE 

AN400 
TM 

50 GHz 

Negligible 

0.4 dB/cm 

Negligible Negligible 

100 GHz High 
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150 GHz 0.004 dB/cm 

High Negligible 

Negligible 200 GHz 0.144 dB/cm 

300 GHz 

High 400 GHz 0.02 dB/cm 

500 GHz 0.4 dB/cm 

Simulation results reveal that the ADS waveguide has negligible bend loss 

compared to the waveguide intrinsic loss — 0.5 dB/cm as a specified maximum value 

provided by the manufacturer— for the TE mode for FSRs up to 150 GHz and a bend 

loss amount of 0.144 dB/cm for an FSR of 200 GHz. Rings with higher FSRs exhibit 

excessive bend loss. The TM mode, on the other hand, demonstrates a significant bend 

loss, which is not negligible compared to the intrinsic loss even for a ring with an FSR of 

50 GHz. This means that the ADS waveguide is only reliable for the TE mode operation 

in rings with FSRs of up to 150GHz or 200GHz depending upon application requirement. 

The AN800 waveguide results show negligible bend loss for both polarizations in rings 

with FSRs of up to 500 GHz. Its declared intrinsic loss is 0.2 dB/cm. Rings made of the 

AN400 waveguide have negligible bend loss for FSRs up to 500 GHz for the TE mode. 

For the TM mode, bend loss is negligible for an FSR of 300 GHz, and a trivial bend loss 

of 0.02 dB/cm exists for the FSR of 400GHz — in comparison to the intrinsic loss of 

roughly 0.3 dB/cm as a value provided by the manufacturer for the AN400.  With bend 

simulation results, maximum suitable FSRs of the ring resonators made of the three 

waveguides are determined.  
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4.5.2 Heater distance from waveguide core  

To find out optimum values for TOX (see Fig. 4.1), extra optical losses of 

waveguides due to the presence of the heater are computed by varying TOX thicknesses 

considering the minimum waveguide dimensions guaranteed by the manufacturers within 

the bounds of the FPV errors. Photon Design’s FIMMWAVE tool is used to conduct the 

simulations. The heater width is chosen to cover all the width of simulated cross-sections 

to ensure the acquired amounts of optical losses are reliable as worst-case scenarios. As 

the ADS waveguide is only reliable for the TE case according to the bend simulation 

results, only the TE mode is evaluated. The corresponding simulations of the AN800 and 

AN400, however, are conducted for both polarizations. It should be noted that except for 

the case of a polarization-independent ring resonator, a typical ring resonator is 

birefringent due to the asymmetrical geometry of the ring coupler and the waveguide 

birefringence, and thus, it is usually designed to operate with a specific polarization state 

only. In the simulations of the bend loss and the vertical position of the heater, however, 

both TE and TM polarizations are examined to ensure that the calculated allowable bends 

and the vertical positions of the heaters work well for either polarization. As mode expands 

with wavelength in the waveguide cross-section, this simulation is also carried out at 1565 

nm to capture the maximum possible loss. As this application calls for minimum loss, an 

optimum TOX value is the minimum possible value at which added optical loss due to a 

heater presence is negligible compared to waveguide intrinsic loss. The simulation was 

conducted for TOX values with steps of 0.5 µm. Fig. 4.6 demonstrates the optical loss 

versus the vertical distance (TOX) between a waveguide core and Cr heater that is 20 

µm wide and 150 nm thick (see Table 4.1) for the ADS, AN800 and AN400 waveguides.  
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Fig. 4.6. Optical loss versus the vertical distance between a waveguide core and the Cr 
heater (TOX) for the ADS, AN800 and AN400 waveguides. 

It is seen from the figure that the optimum TOX values of the ADS, AN800, and 

AN400 waveguides are 3.5 µm, 2 µm, and 3.5 µm, respectively. As expected, the AN800 

has a lower TOX value than the other waveguides because of a larger core size, which 

accommodates a larger amount of a mode inside the core and less light spreads in the 

cladding; thus, the heater can be placed closer to the waveguide core, which lowers the 

required heater temperature. It is also noted that the TE mode is spread less than the TM 

mode in the cross-section and as such, experiences less loss. 

4.5.3 Heater width effect 

Steady-state thermal simulations are carried out for varied heater widths in ring 

resonators with different FSRs to assess the effect of the heater width on the power 

consumption and tunability extent. The heat transfer coefficient in free air convection 

boundary conditions is set to 10 𝑊/𝑚2𝐾. Optical mode simulations in COMSOL using the 
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FEM meshes are conducted for the fundamental TE polarization at the upper edge of the 

C-band (1565 nm) as the worst-case scenario. The surface area of the simulated chip is 

16 x 16 𝑚𝑚2— the typical size of the optical chips. The contact pads as seen in Fig. 4.4 

are made of silver which has an order of magnitude lower resistivity than the resistive 

heater. The gap between the two silver pads is 40 µm which ensures that a dielectric 

breakdown is prevented provided that the applied voltage is kept below 120 V. The silicon 

substrate has a thickness of 1.5 mm sitting on a 5 mm thick copper layer for mechanical 

stability. Under-cladding thickness (BOX) is 8 µm (see Fig. 4.1) while TOX value is varied 

with respect to each waveguide structure as discussed in the past section. The resistive 

heater is made of Cr with OHX layer thickness of 2 µm. The simulations are performed 

by applying temperature-dependent electrical resistivity of the heater. As seen in 

Appendix A, Cr heater resistivity varies in practice; the upper bound of the resistivity is 

used in the simulations so that for a certain amount of the injected electrical power, an 

upper bound for the required voltage is identified.  

Fig. 4.7 depicts the needed temperature increases from the room temperature 

(293.15 °K) to tune the ring resonators by the amount of one FSR versus the width of the 

heater. A lower bound of 1.5 µm for the width of the heater is selected in line with the 

minimum feature size allowed for the heater layer by the manufacturers.  
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Fig. 4.7. Required temperature increases from the room temperature for ring resonators 
with different FSRs versus heater width for a) ADS, b) AN800, c) AN400 waveguides. 

Threshold lines define the safe operating limits for heaters.  

As seen, the required heater temperature is scaled down as the heater is widened. 

The reason is that at a certain temperature a wider heater irradiates a larger area. Hence, 

for a certain tuning, a wider heater requires a lower temperature (see Fig. 4.5). Moreover, 

it is observed that the sensitivity of temperature to the heater width is reduced at larger 

heater widths. The reason is that once the heater is wide enough to cover the effective 

area in which the optical mode exists, its temperature pattern in the waveguide cross-

section does not change significantly by further widening of the heater. Furthermore, one 

perceives that for a certain heater width, the temperature change is doubled as one 

doubles the FSR. This is explained by the fact that doubling the FSR doubles the required 

shift in the mode effective index; therefore, the temperature change in the heater needs 

to be doubled provided a linear relationship exists between the heater temperature and 

the mode effective index, which according to Fig. 4.7 is the case for the range of the 

applied temperature.   

 
(c) 

 

0 5 10 15 20

heater width (um)

50

100

150

200

250

300

te
m

p
e
ra

tu
re

 i
n
c
re

a
s
e
 (

K
)

AN400

threshold

FSR = 50 GHz

FSR = 100 GHz

FSR = 150 GHz

FSR = 200 GHz

FSR = 250 GHz



 

84 
 

The threshold lines denote the maximum tolerable temperature for the heater (Cr 

in this case) beyond which the heater falls apart. This constraint along with the bend loss 

simulation results, limit the maximum FSR in the design. Putting together the results of 

bend and thermal simulations, the maximum FSR of the ring resonators made of the ADS, 

AN800, and AN400 waveguides are 200 GHz, 300 GHz, and 250 GHz, respectively. Also, 

it is observed from Fig. 4.7 that there are lower bounds on the width of the heater when 

the design aims at the highest reachable FSR, which is due to the failure temperature 

threshold. For instance, in Fig. 4.7(c), a ring resonator with the FSR of 250 GHz made of 

AN400 waveguide and 150 nm thick Cr heater can be designed only with heaters wider 

than 5 µm. 

The steady-state simulations of the required electrical power to tune the ring 

resonators by the amount of one FSR reveal that the consumed power for a certain 

waveguide and heater structure remains unchanged regardless of the FSR. It can be 

elucidated by a comparison example. We assume P50, T50, P100, and T100 to be the 

tuning powers and the ultimate temperature shifts for a tuning by the amount of one FSR 

for the ring resonators with the FSRs of 50 GHz and 100 GHz, respectively. According to 

Fig. 4.7, doubling the FSR requires doubling the shift in temperature. Thus, T100 is twice 

T50. In the ring with the FSR of 50 GHz, if we inject another P50, the total tuning will be 

100 GHz, and the total power will be 2P50. Thermal power is linearly proportionate to 

temperature shift; so, the temperature shift of the total power of 2P50 will be 2T50 or 

T100. It is observed that the heater temperatures are equal for the 50 GHz ring with 2P50 

and a 100 GHz ring with P100. Electrical current in a certain heater is proportional to 

temperature. Thus, the two heaters need the same currents. The periphery of the ring 
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with the FSR of 50 GHz is twice the ring with the FSR of 100 GHz, so is its resistance. 

Hence, for constant electrical current, the electrical power of the ring with the FSR of 100 

GHz will be half that of the ring with the FSR of 50 GHz. Thus, the power P100 is equal 

to 2P50/2 = P50. In other words, the required power for a tuning equal to one FSR is 

independent of the FSR. This comparison can be done for any other pair of rings with 

different FSRs. 

Fig. 4.8 indicates the thermal power required to tune the ring resonators by the 

amount of one FSR for the three waveguides versus the width of the Cr heater. It is noted 

that the slope rises from almost zero to a constant amount as the width is increased. The 

reason is that at smaller widths there is a notable change in the required temperature as 

the width is increased (see Fig. 4.7); thus, the effect of the reduced temperature 

counteracts the width increase, causing the slope to remain close to zero. At larger widths, 

the required temperature is almost constant, and the effect of the width increase 

dominates, and the power keeps increasing. 

 

Fig. 4.8. Required tuning power for a wavelength shift by the amount of one FSR versus 
heater width.  
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Moreover, it is noted that AN800-based rings consume less power than the other 

two cases due to a closer position of the heater to the waveguide. Also, for a certain FSR, 

AN800-based rings have shorter periphery and therefore, smaller resistance, which 

further reduces the tuning power. 

It is also seen that while AN400 and the ADS cases have the same distance from 

the heaters, AN400 consumes less power than ADS. The ADS waveguide has a mode 

spread over a lager area and thus, needs a higher temperature in the heater to heat up 

the area, ramping up the tuning power. Moreover, the ADS waveguide has larger 

periphery and thus, larger resistance, which also raises the tuning power. 

As observed in Fig. 4.8, the smaller the width is, the less thermal power is required. 

From the power efficiency point of view, a narrower heater is more efficient. However, as 

illustrated in Fig. 4.7, the highest temperature at which the heater can safely operate, 

limits the selection of the heater width, which needs to be considered depending on the 

target FSR in a design. Hence, the optimum heater width differs for different FSRs. 

Thermal tuning efficiency is defined as the amount of dissipated thermal power per one 

FSR. The best thermal tuning efficiencies achieved from the simulations for the ADS, 

AN400, and AN800 waveguides are 350, 264, and 196 mW/FSR, respectively. 

4.5.4 Scanning rate 

The scanning rates of the ring resonators made of the three different waveguides 

versus heater width have been illustrated in Fig. 4.9. The simulation is performed by 

applying a time-dependent triangular heat rate waveform with its minimum at zero and its 

maximum being the maximum tolerable heat rate. This heat rate is equivalent to the 
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temperature of 496 °K at the heater and is unique for any waveguide-heater structure. 

This temperature is 10 degrees below the failing temperature of the Cr heater, acting as 

a safety factor. Acquired tuning rates of lower than 1 Hz were deemed unacceptable due 

to being too slow. It is noted that the scanning speed increases before being stable and 

ultimately descending. The reason for this behavior is explained by taking note of Fig. 4.7; 

the required temperature for a steady-state tuning decreases by widening the heater. It 

means that a wider heater receives a higher amount of power than the required one 

according to Fig. 4.7. As a result, the scanning rate is increased in a wider heater for a 

certain FSR. On the other hand, as the heater is widened, the required temperature 

remains almost constant; however, heat is spread in a larger area under the heater, and 

a smaller portion of the heat reaches the waveguide for tuning; thus, scanning speed is 

reduced at wider heaters as seen in Fig. 4.9.  It is also noted that the scanning speed for 

AN800 is significantly higher than the other two cases. This is due to the heater being 

placed closer to the waveguide core, which causes a more rapid reaction of the 

waveguide to temperature fluctuations in the heater.  
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Fig. 4.9. Scanning rate versus heater width for a) ADS, b) AN800, c) AN400 
waveguides. Markers indicate acquired data. 

The data in Fig. 4.9 are the maximum possible scanning rates achieved by 

applying the triangular waveform whose peak is the maximum allowed thermal power. 

While some applications look for the fastest scan, others accept a lower scanning rate, 

which allows a specified scan to be conducted by a heat rate waveform with reduced 

peak power. Fig. 4.10 displays two heat rate waveforms applied in a 2D waveguide heater 

cross-section with 200 and 700 Hz, respectively. The ring resonator has an FSR of 200 

GHz and is made of the AN400 waveguide equipped with a 5 µm wide Cr heater. The 

corresponding phase shift waveforms are also shown. Both phase shifts are 2π 

(equivalent to 200 GHz scan); however, the slower scan uses less peak power. Thus, a 

trade-off exists between scanning rate and applied thermal power for a certain scan. 
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Fig. 4.10. Applied heat rate waveforms and corresponding phase shifts versus time for 
the AN400 waveguide equipped with a 5 µm wide Cr heater. 

4.5.5 Sensitivity to over-heater cladding thickness  

The sensitivity of the tuning power to the OHX thickness (see Fig. 4.5) was 

evaluated for the case of the AN800 waveguide for three different OHX values and 

demonstrated in Fig. 4.11. Slight fluctuations are most likely due to simulation errors. It is 

observed that a silica layer atop the heater slightly scales up the required tuning power. 

The likely reason for the difference is that when the heater is surrounded by silica, the 

heat spreads omnidirectionally; thus, more power is needed in the heater for tuning; in 

the case of heater exposure to air, heat spreads in silica easier through conduction than 

in air through convection, resulting in a need for less tuning power.   
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Fig. 4.11. Tuning power versus heater width for three different OHX values for AN800-
based ring resonators. 

4.5.6 Effect of heater material 

The effect of heater material on performance is examined by comparing the 

amount of the required temperature rise and tuning power for the two practically used 

heaters introduced in Table 4.1. Similar to the Cr heater, simulations were performed to 

find out proper TOX values for the Al heater with negligible added optical mode loss in 

the presence of the heater. Fig. 4.12 illustrates the optical loss versus the vertical distance 

(TOX) between a waveguide core and Al heater that is 20 µm wide and 400 nm thick (see 

Table 4.1) for the ADS, AN800 and AN400 waveguides. The simulation steps are 0.5 µm. 

Acquired simulation results are then compared to those of the Cr heater and are 

presented in Table 4.3.  
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Fig. 4.12. Optical loss versus the vertical distance between a waveguide core and the Al 
heater (TOX) for the ADS, AN800 and AN400 waveguides. 

Table 4.3. Optimum TOX values for Cr and Al heaters for negligible optical loss due to 
the heater presence while minimizing the vertical distance between the waveguide core 

and heater.  

                      Heater 
Waveguide 

Cr Al 

ADS 3.5 µm 2.5 µm 

AN800 2 µm 1.5 µm 

AN400 3.5 µm 2.5 µm 

It is noted that the TOX values differ for different heaters. Although the Al heater is 

thicker than the Cr heater (see Table 4.1), and aluminum has a larger absorption 

coefficient than chromium (see Appendix A), it can be placed closer to the waveguide. 

This is probably explained by the fact that the refractive index of aluminum is lower than 

chromium and is closer to the refractive index of the silica cladding. This makes it possible 
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for light not to be trapped inside the Al heater, reducing the optical loss. A comparison of 

the performances between Cr and Al heaters in ADS-based ring resonators is presented 

in Fig. 4.13.  

 

 

Fig. 4.13. The comparison of the Cr and Al heaters for ADS-based ring resonators; a) 
required temperature rise from the room temperature, b) consumed tuning power for a 

tuning by the amount of one FSR.  
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As seen in Fig. 4.13, the Al heater requires a lower temperature as it can be placed 

closer to the waveguide and as a result, less thermal power is needed for tuning. Although 

the Al heater has higher power efficiency than the Cr heater, due to its lower resistance, 

it draws higher electrical current from the power supply. For example, a Cr heater with a 

20 µm width placed atop an ADS-based ring with an FSR of 50 GHz draws 23.67 mA 

current for a full FSR tuning, while an Al heater draws 180.88 mA current for the same 

tuning. Supplying such a large amount of current might cause technical problems for the 

electrical setup. Therefore, a heater made of aluminum which has lower resistivity than 

chromium, should be sufficiently small in cross-sectional area to increase the electrical 

resistance and overcome the problem of excessive current.  

4.6 Discussion 

To verify the simulations results, a structure that is already fabricated and tested 

by the manufacturer [81] is simulated. The ring resonator is made of the ADS waveguide 

with the FSR of 50 GHz and heated by a 20 µm wide Cr heater. TOX, and BOX values 

(see Fig. 4.5) are 8 µm each. There is no OHX layer added. The silicon substrate is 1.5 

mm thick and placed above a 5 mm thick copper layer and the chip area is 16 x 16 mm2. 

Boundary conditions are as stated already in the chapter. The expected experimental 

power for a tuning of 50 GHz is said to be no more than 600 mW. Our simulation results 

revealed a power consumption of 574 mW at 1574.5 nm and 584 mW at 1565 nm, which 

verifies the validity of the simulations. 

The performed set of simulations characterized the thermal tunability of silicon 

nitride ring resonators including tunability extent, consumed electrical power and 
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scanning speed. The integration of the tunable ring resonator in the proposed 

spectrometer in Chapter 2 can monitor the C-band with the resolution of lower than 1 

GHz. Bend simulations evaluated the extent of the FSRs that can be reached. The proper 

selection of the vertical position of a heater is key in reducing needed heater temperature 

and tuning power. For instance, an ADS-based ring resonator vertically distanced by the 

amount of 8 µm from a Cr heater with 20 µm width requires a temperature rise of 59.75 

°K and a tuning power of 584 mW for a tuning by the amount of one FSR. It is while a 

TOX value of 3.5 µm reduces the needed temperature rise and tuning power 41.5 °K and 

525 mW — a sizable reduction. Moreover, a proper selection of heater width can decrease 

tuning power while preventing the heater from falling apart due to thermal runaway. 

Reduced tuning power not only decreases total power budget on a chip; but also improves 

crosstalk performance. 

It was also noticed that scanning speed reduces by increasing the FSR. This is 

important in designing a circuit to scan a wide band, consisting of a ring resonator as a 

fine filter integrated with an AWG as a coarse filter as elaborated in the introduction. 

Increasing the FSR of a ring resonator will reduce the number of required outputs in the 

AWG. As a result, the implementation of the PIC will become easier, the chip will occupy 

less footprint, and the overall cost will scale back. However, the scanning speed of the 

wavelength band will be lowered. 

4.7 Summary of the main findings 

The characterization of the thermal tuning of silicon nitride ring resonators made 

of practically used waveguide structures was studied in the C-band. The study included 
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the optical simulation of the waveguide, state-state and time-dependent thermal 

simulations, to find out the maximum tunable FSR, required tuning power, and tuning 

speed. The effects of the OHX thickness, and the material of the heater on performance 

were also evaluated. The simulations were carried out by considering the FPV errors to 

obtain reliable results. A good agreement between the simulation and the measurement 

performed by the manufacturer proved our simulations valid.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

97 
 

Chapter 5 Arrayed Waveguide Grating Design 

5.1 Introduction 

The design of the arrayed waveguide grating (AWG) according to the requirements 

of the incoherent weighted summation method and maximum tunable ring free spectral 

range (FSR) is carried out in this chapter. First, a theory of the AWG and its operation 

mechanism is provided. Then, the design specifications for the required AWG are 

determined. In the following, the method to design the AWG is explained and its simulation 

results are presented. Next, the overall performance of the spectrometer including the 

ring resonator and AWG in terms of its industry defined requirements is evaluated. Finally, 

the chapter is summarized. 

5.2 Theory 

The AWG is a dispersive on-chip component used for (de)multiplexing light into 

different wavelengths [27], [59], [97], [127], [128]. It consists of one (or more) input 

waveguides, arrayed waveguides, output waveguides, and two free propagation regions 

(FPR) where the first FPR is placed between the input and arrayed waveguides, and the 

second FPR is between the output and arrayed waveguides. Light enters the AWG from 

the input. It then spreads in the first FPR and illuminates the arrayed waveguides. The 

arrayed waveguides are arranged from the shortest to the longest, each of which being 

different from the adjacent waveguides by a (usually) constant amount in length. This 

length difference causes the light traversing in each waveguide gain a different phase 

shift. The phase shift difference is represented as: 
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in which, 𝑁𝑒𝑓𝑓, 𝑓, 𝑐, and ∆𝐿 are the effective mode index, frequency, light speed in the 

vacuum, and the length difference between adjacent arrayed waveguides. At the entrance 

of the second FPR, the light coming out of the arrayed waveguides forms a phased array. 

The phase shift arrangement of the array elements directs the light towards a certain 

angle with respect to the normal to the array axis, illuminating the output waveguides 

interface. Varying the frequency of light alters the array phase shift and so the beam is 

moved along the output interface. The amount of the frequency change required for the 

beam to move from the center of one output waveguide to the center of the adjacent one 

is the AWG channel spacing. The total output response of the AWG is obtained by 

computing the overlap integral of the electrical fields of the mentioned output beam and 

the fundamental mode of a specified output waveguide at the output interface. 

The output beam is calculated by taking the endpoints of the arrayed waveguides 

as point sources illuminating the output waveguide interface. It is then revealed that the 

output beam versus angular position is related to the sources versus spatial position by 

Fourier transform. As the input waveguide illuminates the first FPR ununiformly, the 

amplitude pattern of the arrayed waveguides is maximum in the middle and diminishes 

towards either end. On the other hand, its phase experiences a linear change according 

to (5.1). Hence, the Fourier input is an array with bell-shaped amplitude and a linear phase 

distribution. The resultant output is also bell-shaped in its passband with its central angle 

being shifted because of the array phase shift. As such, the output beam moves along 

angular position by varying frequency; thus, at a certain output spatial observation point, 

 ∆𝜑 = 𝑁𝑒𝑓𝑓. (
2𝜋𝑓

𝑐
) . ∆𝐿 (5.1) 
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the output beam demonstrates a bell-shaped passband profile versus frequency. This 

shows that the AWG frequency response at any output waveguide is not uniform; and a 

technique is required to resolve the uneven channel profile problem.  

5.3 Design specifications 

Among different available techniques to overcome the uneven AWG channel 

profile, which are described in Chapter 2, the incoherent weighted summation technique 

was opted for the spectrometer because of a simpler optical architecture, a flat unity on-

resonance response regardless of nonuniformity in the AWG channel profile envelope, no 

need for hand-overs between different channels and consequently, no need for the ring 

resonator FSR to be an integer multiple of AWG channel spacing, and finally no 

compromise between the flatness of the response and neighboring resonant frequency 

crosstalk. It was noted that the ring resonator FSR must be as large as possible for the 

best crosstalk performance. The simulations in Chapter 4 revealed that silicon nitride ring 

resonators can have tunable FSRs of up to 300 GHz. Hence, the AWG design in this 

chapter is carried out considering the ring resonator FSR. The AWG channel spacing 

needs to be small enough so that neighboring resonant frequencies do not cause 

significant crosstalk. Based on the results achieved in Chapter 2, the channel spacing 

between the adjacent channels is set to 100 GHz, which is one third of the ring resonator 

FSR. Also, the intersections points between adjacent channel profiles are chosen to be 

at -3dB, which is well above noise level. While this is not the only choice for the AWG 

design, it meets the requirements specified in Chapter 2 to achieve a flat on-resonance 

response as the resonant frequency is tuned. Moreover, the channel spacing of 100 GHz 
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is larger than the case studied in [57] and thus, is more robust against phase error 

crosstalk. Therefore, the goal is to conduct an AWG design with channels that are spaced 

by 100 GHz and intersect at -3dB power transmission lower than their peaks. 

5.4 Design 

The design needs the adjacent channel profiles to overlap at a point that is -3dB 

lower than the peaks, which is not possible in a conventional AWG whose input and 

outputs are identical at the FPR interfaces. One method to overcome this problem is using 

multiple AWGs in parallel as stated in [57]. For instance, two parallel AWGs where each 

has a channel spacing of 200 GHz and -3dB bandwidth of 100 GHz and are different only 

in the position of their inputs so that when the two AWGs are combined, they make 

interleaved channel profiles with the channel spacing of 100 GHz and intersect at the 

level -3dB below their peaks. This technique requires multiple (2 or more) AWGs in 

parallel, making the design and implementation more complicated. A power splitter is 

required to divide light equally into the number of parallel AWGs. Moreover, the footprint 

is also scaled up. As a result, the insertion loss and fabrication cost are ramped up. In this 

chapter, the parallel AWGs are consolidated into one AWG with an increased input 

waveguide width to achieve the desired channel profile arrangement, which reduces the 

number of optical components, footprint and cost. It is noted that unequal input and output 

waveguide widths results in extra insertion loss in AWG transmission because of mode 

mismatch between each output waveguide and the stigmatic image of the input 

waveguide. However, an increased input waveguide width, reduces the number of 

required arrayed waveguides due to light being spread in a smaller angle in the first FPR 
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and thus, illuminating a smaller number of arrayed waveguides. A reduced number of 

arrayed waveguides reduces the overall AWG footprint and shortens the lengths of the 

arrayed waveguides, improving insertion loss performance.  

5.4.1 Waveguide 

The AN400 waveguide (described in Chapter 4) is used as the input, output, and 

arrayed waveguides of the AWG as it is single mode and no higher order modes are 

generated in the arrayed waveguides and thus, inter-mode crosstalk is absent in the 

design. The width and height of the waveguide are 1 µm and 400 nm, respectively. It has 

a declared intrinsic loss of 0.3 dB/cm. The input, output, and arrayed waveguides are 

widened with linear tapers at the FPR interfaces to minimize the insertion loss and 

increase the channel bandwidth. The design is performed for the TE polarization in 

accordance with the previous simulations. Photon Design’s EPPIPROP and FIMMPROP 

tools are used for simulation. EPPIPROP simulates the AWG as a whole and computes 

the channel profiles for each output. FIMMPROP is used to simulate the tapers to 

compute the fundamental TE mode loss within the tapers and the coupling between the 

neighboring waveguides. As the loss value for the fundamental TE slab mode in the FPR 

regions was not available, in EPPIPROP simulations, the AN400 waveguide loss is 

assumed to be a higher amount of 0.4 dB/cm to increase the reliability of simulation 

results. The fixed radius AWG layout in EPPIPROP was selected for the design. It should 

be noted that this AWG design requires a ring resonator with the FSR of 300 GHz. The 

simulations in Chapter 4, revealed that only the AN800 waveguide can achieve this FSR. 

Thus, a transition in the waveguide thickness from the ring resonator built with the AN800 
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waveguide to the AWG built with the AN400 waveguide is required — it is done by a 

vertical tapering of the AN800 waveguide to reduce its thickness to the same level of the 

AN400.  

5.4.2 Nonuniformity 

There are multiple design approaches for an AWG. The adopted method in this 

thesis is the one introduced in [97]. As the channel spacing between the adjacent outputs 

is 100 GHz, 44 output waveguides enable the full coverage of the C-band. The output 

waveguides need to be placed as close as possible to minimize the maximum angle of 

the beam illuminating the output waveguides. It is because the outer channel profiles 

experience the aberration effect and have larger side lobes than the inner channel 

profiles, degrading their crosstalk performances [129], [130], [131], [132], [133], [134], 

[135]. Reducing the aberration effect is advantageous in better suppressing the crosstalk 

caused by neighboring resonant frequencies in outer channel profiles. To reduce the 

aberration effect, the maximum beam angle illuminating the output interface needs to be 

reduced. Reducing the maximum output beam angle also reduces the nonuniformity in 

the envelope of the output channel profiles. The reason is that outer channels have extra 

insertion loss than inner channels in a cyclic AWG. The insertion loss difference between 

the middle channel and the outer channels on either side of the output array can be up to 

3 dB if the AWG FSR is the same or smaller than the length of the total design band. In 

that case, two beams spaced by the amount of one AWG FSR illuminate two symmetric 

points within the output array with respect to the middle point of the output array, 

simultaneously. The simultaneous illumination of two output points halves the received 
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power on either output channel (a 3 dB reduction) with respect to the case where only 

one beam illuminates the middle channel of the output array. The maximum nonuniformity 

in this design is set to 1 dB, so that multiple output ports are not illuminated concurrently. 

This also ensures that the aberration effect is reduced compared to the case of 3 dB 

nonuniformity.   

5.4.3 Input and output waveguides 

Fig. 5.1 depicts the schematic view of the output waveguides at the FPR interface. 

As already stated, output waveguides must be placed as close as possible. However, 

they must be far enough so that neighbor coupling becomes negligible in the non-tapered 

area. It can be understood from Fig. 4.3 that the AN400 waveguide has higher mode 

confinement than the ADS waveguide. Also, Fig. 3.6 indicates that the ADS waveguide 

has negligible coupling at the gap of 3 µm, as the two lowest order super-modes have 

almost identical values. This means that at the gap of 3 µm, a more confining waveguide 

(AN400) has negligible coupling as well. Hence, the center-to-center spacing of the output 

waveguide array, which is the summation of the gap and the width of the waveguide, is 

set to 4 µm. The gap shown in Fig. 5.1 is set to 300 nm, which is the minimum gap size 

allowed by the manufacturer. The aim of the tapers is to maximize the output power and 

channel bandwidth. The taper must be long enough to minimize the insertion loss. 

However, too long a taper would cause neighbor coupling. Therefore, a trade-off exists in 

the design of the taper. FIMMPROP simulations, which are based on EME method, were 

conducted to calculate the length of the taper. With a length of 20 µm, the taper — starting 
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from 3.7 µm and ending at 1 µm — showed negligible neighbor coupling and insertion 

loss.  

As there is only one input waveguide, the above simulations are not required for 

the input waveguide. The length of the input taper is determined solely by considering the 

insertion loss. The taper length depends on the input waveguide width at the FPR 

interface. Once it is determined, the taper length is then computed.   

 

Fig. 5.1. Schematic view of the tapered arrayed or output waveguides at the FPR 
interface. 

5.4.4 Arrayed waveguides 

The schematic view of the arrayed waveguides is also the same as Fig. 5.1. The 

gap is 300 nm, and widened waveguides at the FPR interfaces are to minimize the 

insertion loss. Similar to output waveguides, the center-to-center distance between 
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arrayed waveguides must be minimized so that the angle between the output cyclic 

beams is maximized [97]. At the same time, the distance must be large enough to prevent 

undesired neighbor coupling. Ideally, coupling between arrayed waveguides should be 

zero to prevent manipulation of their amplitude and phase distributions. For this design, 

the maximum allowed normalized power coupling between adjacent arrayed waveguides 

(outside the tapered regions) is 0.001. EPPIPROP calculates the longest length of the 

arrayed waveguides and determines whether the worst neighbor coupling remains within 

the desired limit. If the neighbor coupling is unsatisfactory, a new center-to-center spacing 

needs to be used in the design until the neighbor coupling limit is satisfied. After several 

try and error, the center-to-center spacing is set to 4.3 µm. Thus, the width of each arrayed 

waveguide at the FPR interface is 4 µm. The length of the linear taper is computed similar 

to output waveguides and is 20 µm.  

5.4.5 Rowland circle and Arrayed Waveguide Grating order 

As instructed in [97], the effective mode width (𝑤𝑒) of the arrayed waveguide at the 

FPR interface is computed. The width in this thesis is 4 µm as already stated. The 

fundamental TE mode profile of the waveguide is computed by FIMMWAVE. The main 

component of this mode, which is horizontal electric field is extracted. The data is plugged 

in the following relation: 

where 𝐸(𝑥), and 𝐸𝑚𝑎𝑥 are the horizontal component of the fundamental TE mode, and its 

maximum value, respectively. The corresponding MATLAB code is provided in Appendix 

 𝑤𝑒 =
∫ 𝐸(𝑥)2𝑑𝑥

+∞

−∞

𝐸𝑚𝑎𝑥
2

 (5.2) 
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B. Next, the width of the far field envelop of the output frequency response is computed 

as: 

where  𝜆, and 𝑁𝐹𝑃𝑅 are the design wavelength (center wavelength of the C-band in this 

case) and the fundamental TE slab mode effective index, respectively. Then, 𝜃𝑚𝑎𝑥 , which 

is the maximum allowed angle of the output beam is computed as: 

where  𝐿𝑢(𝑑𝐵) is the nonuniformity, which is determined in the previous part. There are 

44 output waveguides in this design. Thus, with the computed 𝜃𝑚𝑎𝑥 and computing the 

length of the output array consisting of 22 elements (half of the output array as 𝜃 is 

symmetric with respect to 0), the approximate value of the Rowland mount (𝑅𝑚) is 

achieved. The radius of the Rowland circle (𝑅𝑐) is half that of the Rowland mount. The 

length difference between adjacent arrayed waveguides (∆L) is then calculated by: 

where 𝑑𝑎, 𝑓0, and 𝑁𝑔 are the center-to-center spacing od arrayed waveguides, center 

frequency of the design band, and the group index of the standard-sized arrayed 

waveguides (AN400 with the width of 1 µm). The parameter 𝐷 is called the AWG 

dispersion and defined as 

 𝜃0 =
𝜆

𝑁𝐹𝑃𝑅 . 𝑤𝑒 . √2𝜋
 (5.3) 

 𝐿𝑢(𝑑𝐵) ≈ 8.7 × 𝜃𝑚𝑎𝑥
2 𝜃0

2⁄  (5.4) 

 ∆𝐿 =
𝐷. 𝑁𝐹𝑃𝑅 . 𝑑𝑎. 𝑓0

𝑅𝑚. 𝑁𝑔
 (5.5) 

 𝐷 =
𝑑𝑜

𝐶ℎ_𝑆
 (5.6) 
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where 𝑑𝑜, and 𝐶ℎ_𝑆 are the output waveguide center-to-center spacing, and channel 

spacing, respectively. The approximate AWG order is computed from ∆𝐿 using 

The achieved value for 𝑚 then rounded to the nearest integer value, which becomes the 

actual value used in the design. The slight change applied to 𝑚 has a negligible effect on 

the nonuniformity. The parameters are then input in EPPIPROP to build the AWG layout, 

run it, and ultimately visualize the output channel profiles. The bend radius in the arrayed 

waveguide region must be large enough so that the mode traversing within it does not 

experience a change in the effective index. This ensures that scattering loss in the arrayed 

waveguide region is minimized. The bend radius of this design is 800 µm. After inserting 

the parameters, if the layout is not generated, “star coupler spacing” and “star coupler tilt” 

must be tuned to eventually a valid layout is generated. The input waveguide is initially 

set to be the same as the output waveguide at the FPR interface to minimize the mode 

mismatch loss between the input and output. The number of meshes used in input, output, 

and arrayed waveguides regions are increased in multiple simulations until the results 

converge. After running the simulation, from the visualized output response, the channel 

spacing is measured, and adjustments in 𝑅𝑐 are made to attain the desired channel 

spacing (100 GHz). The FSR is computed using: 

The calculated FSR of the AWG is 64.8 nm, — almost twice as large as the C-

band length — confirming that the output waveguides are not illuminated by more than 

 𝑚 =
𝑁𝑒𝑓𝑓. ∆𝐿

𝜆0
 (5.7) 

 𝐹𝑆𝑅 =
𝑐

𝑁𝑔. ∆𝐿
 (5.8) 
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one beam, concurrently. It is noted that the -3dB bandwidth of channel profiles is less 

than 100 GHz. Thus, in the next step, the width of the input waveguide at the FPR 

interface is increased so much so that the bandwidth reaches 100 GHz. The achieved 

input width is 8 µm. This width is larger than the 3.7 µm wide output waveguides and 

causes an increase in the insertion loss due to the mode mismatch. However, the wider 

input waveguide, directs light in a smaller angle in the first FPR, and as a result, fewer 

arrayed waveguides are needed to capture most of the light. A lower number of arrayed 

waveguides enables shorter arrayed waveguides and makes the overall AWG layout 

smaller. This reduces the insertion loss and fabrication cost. 

The number of arrayed waveguides must be sufficiently large so that the envelope 

of illuminated arrayed waveguides gradually rather than abruptly reaches zero. This is 

important in reducing the side lobe levels in output channel profiles and improving the 

crosstalk, because output channel profiles are related to the envelope of arrayed 

waveguides by Fourier Transform. The number of arrayed waveguides, however, should 

not be too large. Otherwise, the layout would be unnecessarily large and insertion loss 

would be ramped up. To find the optimum number of arrayed waveguides, simulations 

are conducted with different numbers of arrayed waveguides and captured power 

percentages by arrayed waveguides at the interface of the first FPR and arrayed 

waveguides are observed. Fig. 5.2 illustrates the power percentage captured by arrayed 

waveguides versus the number of arrayed waveguides. It is observed that the captured 

power saturates at circa 95 arrayed waveguides. As such, the number of arrayed 

waveguides in this design is set to 95 where more than 99% of the incident light is 

captured by arrayed waveguides. 
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Fig. 5.2. Captured power percentage versus the number of arrayed waveguides. 

Fig. 5.3 shows the intensity of light at the entrance of arrayed waveguides with 95 

waveguides. The intensity of light is gradually reducing to zero at a Gaussian-like pattern 

indicating the enlargement of the input waveguide fundamental mode in the free space. 

The arrayed waveguides capture more than 99% of the light illuminating them. Once the 

optimum number of arrayed waveguides is determined, the AWG layout may become 

smaller in size further. Finally, neighbor coupling is computed for arrayed waveguides for 

the finalized design to ensure the coupling remains below the specified limit of 0.001 for 

the design. It is performed in EPPIPROP, and the result indicated that arrayed 

waveguides are far enough. In case a result is not satisfactory, a new value for arrayed 

waveguides spacing and width at the FPR interface must be chosen and the design 

process needs to be repeated. The values of the parameters used in the design are 

presented in Table 5.1. The layout of the AWG is indicated in Fig. 5.4. Its total area is 2.4 

x 2.7 𝑚𝑚2.  
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Fig. 5.3. The entrance interface of arrayed waveguides illuminated by the input 
waveguide. The number of waveguides are 95. 

Table 5.1. Specifications of the AWG 

input waveguide width at FPR interface 8 µm 

output waveguide width at FPR interface 3.7 µm 

arrayed waveguide width at FPR interface 4 µm 

gap 0.3 µm 

output waveguide center-to-center spacing 4 µm 

arrayed waveguide center-to-center spacing 4.3 µm 

output/arrayed waveguide taper length 20 µm 

bend radius of arrayed waveguides 800 µm 
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design wavelength 1.5475 µm 

Rowland circle radius 745 µm 

number of arrayed waveguides 95 

star coupler tilt 188° 

star coupler spacing 2200 µm 

AWG order 20 

 

 

Fig. 5.4. The AWG layout. Dimensions are in µm. 

Fig. 5.5 shows the simulated output channel profiles of the designed AWG versus 

the frequency normalized to the central frequency of the C-band. The peak insertion loss 

input outputs 

Arrayed waveguides 
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and background crosstalk are 3.3 dB and 33 dB, respectively. It should be noted that the 

achieved crosstalk does not take in the phase error effect. The channel spacing is 100 

GHz and the channel profiles intersect at -3dB, fulfilling the bandwidth requirement of 100 

GHz for each channel. 

 

Fig. 5.5. The output frequency response of the designed AWG. 

To demonstrate the effect of the widened input waveguide, several parameters of 

the designed AWG are compared to those of a conventional AWG whose input and output 

waveguide widths are identical at FPR interfaces and are equal to 3.7 µm. The results 

are demonstrated in Table 5.2. It is seen that although the conventional AWG has better 

peak insertion loss due to the identical input and output waveguides, it cannot achieve 

the required bandwidth for the same 100 GHz channel spacing. Also, the number of 

arrayed waveguides in the designed AWG is significantly lower, resulting in a more 

compact layout.  

Table 5.2. Comparison between the conventional and designed AWGs 
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parameters Conventional AWG Designed AWG 

channel spacing 100 GHz 100 GHz 

-3 dB bandwidth 50 GHz 100 GHz 

number of arrayed waveguides 195 95 

peak insertion loss 2.27 dB 3.3 dB 

footprint 3.5 x 5 𝑚𝑚2 2.4 x 2.7 𝑚𝑚2 

 

5.5 Spectrometer performance 

In this section, the performance of the spectrometer (see Fig. 2.12) is evaluated 

by applying the incoherent weighted summation technique to the combination of a ring 

resonator with a resolution of lower than 1 GHz, tunable over its FSR of 300 GHz, and 

the designed AWG. The VCP of the AWG, and overall spectrometer frequency response, 

generated for three resonant frequencies, are demonstrated in Fig. 5.6. The 

corresponding MATLAB code is attached to Appendix B. The crosstalk with respect to 

adjacent resonant frequencies of the ring resonator is -40dB. It is deduced from the 

figures that for the designed AWG, the neighboring resonant frequency crosstalk is very 

high for ring resonator FSR values below 100 GHz. Crosstalk performance improves by 

increasing the ring resonator FSR. Increasing the ring resonator FSR not only improves 

the crosstalk but also scales down the number of required AWG outputs (for a certain 

crosstalk performance) and subsequently photodetectors, which reduces the footprint, 

insertion loss, and cost. Fig. 5.7 displays the spectrometer frequency response for 
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different ring resonator tuning frequencies. A flat on-resonance frequency response is 

achieved. 3D plots of the VCP and spectrometer frequency response versus observation 

frequency together with resonant frequency of the ring resonator are depicted in Fig. 5.8. 

It is noted that shifting resonant frequency, moves the peaks of the VCP as well as 

spectrometer response. Positions and intensities of neighboring resonant frequencies 

causing crosstalk are clear in Fig. 5.8(b). 
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Fig. 5.6. The generated VCP (blue) and overall spectrometer response (red) for three 
different ring resonator resonant frequencies with respect to center frequency of the C-
band; a) -100 GHz, b) zero, c) +100 GHz. The FSR of the ring resonator is 300 GHz. 

The channel spacing and -3dB bandwidth of the AWG are both equal to 100 GHz. 

 

Fig. 5.7. The spectrometer frequency response for different ring resonator tuning 
frequencies. 

The industry specified requirements of the thesis namely, a resolution of lower than 

1 GHz, the C-band coverage, the limits in consumed tuning power, footprint, and scanning 

speed are satisfied. 
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Fig. 5.8. 3D transmission (dB) views of a) the VCP and b) spectrometer response 
versus frequency and ring resonator resonant frequency. 

5.6 Summary of the main findings 

A special AWG was designed to fulfill the requirements for a flat on-resonance 

scanning of the C-band. The novel AWG eliminates the need for multiple parallel AWGs 

and has significantly fewer number of arrayed waveguides compared to conventional 

AWGs, consequently, reducing the footprint and design complication. The frequency 
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response of the spectrometer consisting of the ring resonator and AWG was simulated. A 

flat on-resonance scanning of the C-band was attained. A crosstalk level of -40 dB was 

achieved for a design with an AWG channel spacing and -3dB bandwidth of 100 GHz 

each, and the ring resonator FSR of 300 GHz. The designed spectrometer meets the 

industry specified requirements. 
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Chapter 6 Conclusion 

In this chapter, first, a summary of the main findings is provided. Next, original 

contributions to knowledge are disclosed. Finally, suggestions for future work are made. 

6.1 Summary  

The project of the thesis was defined in chapter 1, the components and the 

integration platform for the spectrometer were determined and the objectives of the thesis 

were outlined. The ring resonator and arrayed waveguide gratings (AWG) on silicon 

nitride platform were chosen as the main spectrometer components functioning as a fine 

filter and coarse filter, respectively. The first objective of the thesis was to establish a 

method to scan the C-band with rub-GHz resolution and acquire a flat response over 

frequency. The second objective was to evaluate the feasibility of achieving a silicon 

nitride ring resonator with a resolution of lower than 1 GHz. The third objective was to 

evaluate thermal tuning of the silicon nitride ring resonator over its free spectral range 

(FSR), and finally, the last objective was to design a special AWG according to the 

constraints set by the proposed method for the spectrometer to achieve a flat frequency 

response.  

In chapter 2, the method to achieve a flat on-resonance response with the 

spectrometer consisting of a ring resonator as the fine filter and an AWG as the coarse 

filter was introduced. The method is based on the incoherent weighted summation of the 

AWG output profiles, making a virtual channel profile (VCP) for each resonant frequency 

of the ring resonator. The weights are assigned based on the frequency position of the 
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resonant frequencies of the ring resonator with respect to the AWG output channel profile 

peaks. The resonant frequencies are informed to the processing unit using a wavelength 

meter. As the ring resonator is tuned, the resonant frequencies are moved and thus, the 

weights of instantaneous VCPs are altered as well. Applying this technique ensures a flat 

response is attained over the C-band at any resonant frequency irrespective of varied 

insertion loss in AWG output channel profiles. 

The silicon nitride ring resonator was simulated in chapter 3 to assess its 

resolution. Bend simulations determined the range of acceptable radii for a ring. 

Accordingly, the right value of cross coupling power ratio (CCPR) for a resolution of lower 

than 1 GHz for ring resonators with two different FSRs were calculated. Finally, the gap 

size in the middle of the ring coupler is computed using the super-mode theory technique. 

The simulations proved that silicon nitride ring resonators can achieve a resolution of 

lower than 1 GHz.  

In chapter 4, the tunability of silicon nitride ring resonators over their FSRs was 

evaluated for rings with various FSRs and different waveguides and by using resistive 

heaters for thermal tuning. The simulations shed light on the effect of different parameters 

on thermal tuning such as heater width, heater distance from waveguide, and heater 

material. The maximum allowed tuning range to avoid heater failure, and the 

corresponding tuning power were computed. Also, the scanning speed for a complete 

FSR sweep forward and then backward was calculated.  

In chapter 5, the AWG specifications based on the requirements of the incoherent 

weighted summation method and achieved maximum tunable ring resonator FSR are 
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determined. The AWG was then designed and simulated. The designed AWG meets the 

required specifications and the combination of the ring resonator as the fine filter and the 

AWG as the coarse filter with the use of the mentioned method provides a flat on-

resonance frequency response for the spectrometer as it sweeps the C-band with a 

resolution of lower than 1 GHz.  

6.2 Contribution to knowledge 

The architecture of the spectrometer on silicon nitride platform with a ring resonator 

as the fine filter and the AWG as the coarse filter together with a method to flatten the on-

resonance response was introduced to scan the C-band with a resolution of lower than 1 

GHz.  

The incoherent weighted summation method was used to achieve a flat on-

resonance frequency response regardless of the position of resonant frequencies. It 

makes VCPs with the weighted summation of AWG output channel profiles at 

instantaneous resonant frequencies of the ring resonator and filters out each tunable 

resonant frequency. Its optical part is simpler than the coherent superposition method 

while its electrical part does not need handovers between channel profiles. It can achieve 

a flat unity on-resonance response for any resonant frequency while keeping the crosstalk 

caused by neighboring resonant frequencies at a sufficiently low level. Also, the effect of 

nonuniformity of the envelope of AWG channel profiles on the spectrometer response is 

removed by using this method.  
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The silicon nitride ring resonator was evaluated to determine its bend radius limit 

and the feasibility of achieving a resolution of lower than 1 GHz. Also, the design of the 

ring coupler by using different methods was evaluated. It was noted that a resolution of 

lower than 1 GHz was attainable for silicon nitride ring resonators at the expense of some 

insertion loss. Moreover, the super-mode theory combined with the mode effective index 

simulation results was proved to be the right technique to determine the size of the 

minimum gap in the ring coupler. 

The thermal tunability of silicon nitride ring resonators for different waveguide-

heater structures was assessed. The effects of heater material, heater width, and heater 

distance from the waveguide were examined. The ring resonator FSR limit for tuning by 

the amount of one FSR was identified. Furthermore, scanning speed and tuning power 

values were computed for rings with different waveguides, heaters, and radii.  

The use of multiple parallel AWGs was replaced with a consolidated AWG that was 

designed to have desired overlapping channel profiles. The design of the special AWG 

proved to be feasible. The wider input waveguide reduces the number of arrayed 

waveguides and thus, the overall footprint of the AWG. The reduced footprint not only 

reduces the fabrication cost of the component but also improves insertion loss as the 

arrayed waveguides become shorter. By applying the mentioned technique, a flat 

scanning of the C-band is achieved even though the AWG channel profiles are bell-

shaped, and the envelope of the AWG channel profiles is not flat in a cyclic AWG. 
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6.3 Future research 

In this section, suggestions for future work are provided. Some potential directions 

for the continuation of this work are as follows: 

The frequency range of the spectrometer may be extended to cover other optical 

bands, increasing the capacity of the elastic optical network (EON).  

In this thesis, the TE polarization was used for the design of the components. The 

spectrometer may be designed to be polarization insensitive, operating efficiently for 

either TE or TM polarizations.  

Other tuning methods such as piezo-electric (PE) tuning or electro-optic (EO) 

tuning may be considered. The techniques mentioned are faster than thermal tuning and 

an increased scanning speed may be useful in other applications. However, EO tuning is 

sensitive to polarization and the design of polarization insensitive components with the 

EO tuning might pose a challenge. 

Athermal operation of the spectrometer reduces sensitivity to ambient 

temperature. However, such a design that keeps the device at a constant temperature 

cannot be tuned thermally and another tuning method needs to be used. 

To increase thermal scanning speed and isolate adjacent components on a chip 

and reduce thermal crosstalk, trenches may be included between components. However, 

they cannot be placed too close to the waveguides to avoid their contact with an optical 

mode and resultant optical loss. The effect of trenches in reducing thermal crosstalk and 

increasing scanning speed may be assessed. 
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High-Quality ring resonators trap light in the ring and thus achieve a resolution of 

lower than 1 GHz. It, however, may cause unwanted non-linear effects if light intensity 

passes a certain threshold. Future work may evaluate the effects of waveguide type and 

resolution on non-linearity and determine constraints for a linear operation of silicon 

nitride ring resonators. 

The AWG is sensitive to the phase error emanating from fabrication imperfection 

in arrayed waveguides and the slab regions in the FPRs. This brings about distortion in 

AWG output channel frequency responses and an increased background noise level. 

While increasing AWG channel spacing is helpful in reducing phase error effect, other 

techniques such as using arrayed waveguides with reduced mode effective index 

sensitivity to waveguide imperfection may be considered to further improve crosstalk 

performance.  

Rowland circle-based AWGs show the aberration effect, which causes varied side-

lobe levels in different output channel profiles. The effect becomes more pronounced at 

the outer channels of an AWG. The designed AWG in this work may be modified to reduce 

or eliminate the aberration effect so that the spectrometer performance is not degraded 

while scanning the outer frequencies of the band. 
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Appendix A  

The thermal and electromagnetic properties of the materials used in the 

simulations are shown in Table A.1. The presented values are taken on the upper edge 

of the C-band (1565 nm) and at the room temperature (293.15 °K). Empty cells indicate 

that the respective property is not used in the simulations. It should be noted that the 

optical absorption and scattering loss of silica and silicon nitride waveguide structures are 

used combined (separately for each material) in the simulations as provided in section 

4.5 and are not available individually. 

Table A.1. The thermal and electromagnetic properties of the materials used in the 
simulations 

Material 
Specific 

heat 
(J/Kg. K) 

Density 
(Kg/m3) 

Thermal 
Conductivity 

(W/m. K) 

Electrical 
resistivity 

(Ω. m) 

Optical 
absorption 
coefficient 

(1/cm) 

Silica (SiO2) 703 2203 1.38 - - 

Silicon nitride (Si3N4) 650 2900 30 - - 

Silicon (Si) 700 2329 130 - - 

Chromium (Cr) 480 7150 89 7.5~9E-07 3.3825E+05 

Aluminum (Al) 904 2700 235 3.3E-08 1.27E+06 

Silver (Ag) 230 10500 420 1.58E-08 - 
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Appendix B  

MATLAB codes used in simulations are attached here. 

B1. MATLAB code for Fig. 3.5 

The following MATLAB code is used for the simulation of Fig. 3.5. In this code, the 

values of wavelength, effective and group index values, loss, and desired cross-coupling 

power values are input, and MATLAB computes the drop port transmission as well as 

FWHM, FSR, finesse, and Quality factor. 

%--------------------------------------- 
% MATLAB code for Fig 3.5  
clear;  
clc; 
clf; 
 
lam0 = 1.5475e-6; % simulated wavelength 
Neff=1.5303; % mode effective index 
Ng0=1.7694; % group index 
 
 
coupler_loss= 0; % coupling loss for ring coupler #1 
k1 = [sqrt(0.04) sqrt(0.0135)]; % amplitude coupling ratio for ring coupler #1 
loss2= 0.5 ; % intrinsic + bend loss (dB/cm) 
R =[540e-6 180e-6]; % bend radius 
 
L =2*pi*R; % ring length 
lambda =1e-9*(1530:0.0001:1565); % wavelength 
phi =(2*pi./(lambda.'))*Neff*L; % corresponding phase shift in one round-trip 
r1 = sqrt(1-k1.^2); % self-coupling amplitude ratio for ring coupler #1 
r2 = r1; % self coupling amplitude ratio for ring coupler #2 
loss3 = L.*1e2*loss2; % total round trip loss (dB) 
a = sqrt((10.^(-0.1*loss3))*(1-coupler_loss)^2); % round-trip amplitude transmission 
due only to loss   
 
 
phi0 =2*pi/lam0*Neff*L; % phase at the simulation wavelength 
m0 =fix(phi0./2/pi); % integer m value near the simulation wavelength 
lam0_res =Neff*L./m0; % actual resonant wavelength near the simulated wavelength 
FWHM0 =(1-r1.*r2.*a).*(lam0_res).^2./(pi*Ng0*L.*sqrt(r1.*r2.*a))*1e12; % FWHM (pm) 
FSR0 =lam0^2/Ng0./L*1e9; % FSR (nm) 
 
% drop port transmission plot 
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Td= ((1-r1.^2).*(1-r2.^2).*a).'./(1-2*(r1.*r2.*a).'.*cos(phi.')+((r1.*r2.*a).^2).'); 
% Drop port transmission 
plot(lambda*1e6, 10*log10(Td(1,:)), '-b','LineWidth',3); 
hold on; 
plot(lambda*1e6, 10*log10(Td(2,:)), ':k','LineWidth',3); 
legend('FSR= 50 GHz','FSR= 150 GHz','location', 'best','NumColumns',2); 
xlabel('wavelength (um)') 
ylabel('power transmission (dB)') 
xlim([1.546 1.55]) 
ax = gca; 
ax.FontSize = 30; 
box on 
 
F = FSR0*1e-9./FWHM0*1e12; % Finesse 
Q = lam0_res./FWHM0*1e12; % Quality Factor 
%--------------------------------------- 
 
 

B2. MATLAB code to compute the effective mode width of arrayed 

waveguides at the FPR interface 

The effective mode width of arrayed waveguides at the FPR interface is attached. 

%--------------------------------------- 
% Effective mode width computation 
 
 
A1=importdata('The text file extracted from FIMMWAVE.txt'); % horizontal electric 
field 
A2=A1.data; 
plot(A2(:,1),A2(:,2)) % polting the electric field 
integral_1=trapz(A2(:,1),(A2(:,2)).^2); 
w_e=integral_1/(max(A2(:,2))^2)*1e-6; % effective mode width of arrayed waveguides at 
FPR interface 
%--------------------------------------- 

 

B3. MATLAB code for Fig. 5.6 
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The MATLAB code to generate Fig. 5.6 is attached. For any AWG output channel 

frequency response data loaded, and the assigned ring resonator FSR, plots for the VCP 

and overall spectrometer responses can be generated.   

%----------------------------------------- 
% AWG 100 GHz channel spacing and 100 GHz of -3 dB bandwidth 
% Ring resonator FSR 300 GHz 
% waveguide Si3N4 400 nm thick AN400 
% C-band (1530 - 1565 nm) 
 
clear; 
clc; 
clf; 
fig = 0; 
 
fop = 0; % operating centre frequency ~ (-1700, 1700) GHz 
 
% load the data 
lam = readmatrix('AWG_w_4_CH_100GHz_BW_100GHz.xlsx','Range', 'B5:B3504');   % vacuum 
wavelength (um) 
awg = readmatrix('AWG_w_4_CH_100GHz_BW_100GHz.xlsx','Range', 'EG5:FX3504'); % channel 
spectra power (dB) 
 
x = ((1./lam)-(1/1.5475))*299792.458; % frequency offset in GHz from 1.5475 um 
 
p = 10.^(awg/10); % power in Watt 
 
% AWG virtual channel sythesis 
m = 5; % the number of resonant frequencies (arbitrary) 
n = 16*4096; % the number of frequency points 
y = linspace(fop-200,fop+200,m);      % tuning frequency 
xq = linspace(fop-400,fop+400,n);   % source frequency 
 
for j = 1:m 
     f = y(j);    % detuning (GHz) 
     a = zeros(1,n); 
     b = zeros(1,n); 
    for k = 1:44 % number of output channels 
        w = g(f+(k-22.5)*100,100); 
        a = a + w*interp1(x,p(:,k),xq,'spline'); 
        b = b + w*w; 
    end 
      
    z1 = a./b; 
    z2 = h(xq-f,300); 
    z3 = z2.*z1; 
      
    % log plot 
    z1 = 10*log10(z1); 
    z2 = 10*log10(z2); 
    z3 = 10*log10(z3); 
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    fig = fig + 1; 
    figure(fig); 
    plot(xq,z1,'b-',xq,z3,'r-','linewidth',4) 
%     grid on 
%     grid minor 
 
    xlabel('normalized frequency (GHz)') 
    ylabel('transmission (dB)') 
    legend('AWG','Ring + AWG','location','best') 
    axis([fop-400 fop+400 -60 1]) 
    ax = gca; 
    ax.FontSize = 30; 
    box on 
    pause(0.1); 
     
end 
 
 
function t = h(x,fsr) 
% Ring resonator 
bw = 1; % bandwidth (GHz) 
z = exp(1i*2*pi*x/fsr); 
p = exp(-bw*pi/fsr); 
w = 1-p./z; 
t = abs((1-p)./w).^2;     % ring power transmission 
end 
 
function t = g(x,bw) 
% Gaussian AWG channel power spectra / weights 
    sig = bw/(2*sqrt(log(2))); 
    t = (10^(-0.330786941))*exp(-((x/sig).^2));  
    % this coefficient (10^(-0.330786941)) is to make sure the weight 
    % function has the same peak as AWG channel profiles (in this case,  
    % middle channel profile as the primary resonance is around that channel profile)  
end 
%----------------------------------------- 

 

 

 


