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Abstract 

Optimization of 2×2 Couplers for Optical Frequency Domain Reflectometry 

Tianyuan Xue 

Master of Applied Science 

The Edward S. Rogers Sr. Department of Electrical and Computer Engineering 

University of Toronto 

2020 

This thesis demonstrates broadband, low-loss 2×2 couplers on a silicon photonics platform for chip-

scale implementations of optical frequency domain reflectometers (OFDRs). Silicon nitride curved 

directional couplers and multimode interference couplers were designed, optimized, and evaluated for 

the O-band near a wavelength of 1310nm. Both types of couplers achieved a 1dB imbalance 

bandwidth of >100nm around 1310nm in both candidates. However, the curved directional coupler 

had negligible loss, while the multimode interference coupler had a 1dB excess loss bandwidth 

of >40nm around 1310nm. The results demonstrate the suitability of the silicon nitride-on-silicon 

platform for optical frequency domain reflectometry applications and builds a foundation towards a 

fully integrated photonic OFDR circuit. 

 

 

 

 

  



iii 

 

Acknowledgements 

I would like to first thank my supervisor Prof. Joyce Poon who laid the groundwork for this research, 

who also provided the expertise and support that made this thesis possible.  

Also, I would like to thank the other members and alumni of the group, Dr. Jason Mak, Dr. Zheng 

Yong, Torrey Thiessen, Fu Der Chen, Junho Jeong, Dr. Youngho Jung, Dr. Wesley Sacher, Ilan 

Almog, Thomas Lordello, Dr. Jared Mickkelson, Yisu Yang and Antoine Bois for their assistance and 

support. 

I would also like to thank Dr. Doug Baney and Dr. Greg Vanwiggeren at Keysight and the Natural 

Sciences and Engineering Research Council of Canada for funding this project. 

I would also like to express thanks to AMF formerly known as IME A*Star for their work fabricating 

the devices I designed. 

Lastly, I would like to thank my parents and grandparents for their emotional support throughout 

the years. 

 

 

 

 

  



iv 

 

Table of Contents 
Chapter 1 .................................................................................................................................... 1 

1.1. Theory of operation ........................................................................................................... 4 

1.2. Polarization Diverse OFDR ............................................................................................... 6 

1.3. Spatial Resolution ............................................................................................................. 7 

1.4. Maximum range ................................................................................................................ 8 

1.5. Role of 2×2 couplers ......................................................................................................... 9 

1.5.1. Balanced Detection ..................................................................................................... 9 

1.5.2. Reflection Isolation ................................................................................................... 10 

1.6. Thesis Outline ................................................................................................................. 11 

Chapter 2 .................................................................................................................................. 12 

2.1. SiN-on-Si Platform .......................................................................................................... 13 

2.2. Waveguide dimensions .................................................................................................... 14 

2.2.1. Polarizer .................................................................................................................... 15 

2.3. General Devices ............................................................................................................... 15 

2.3.1. Edge coupler ............................................................................................................. 16 

2.3.2. Interlayer Transitions ................................................................................................ 17 

2.3.3. Ge Photodetector ...................................................................................................... 19 

2.4. Photonic OFDR System Overview .................................................................................. 20 

2.5. Summary ......................................................................................................................... 21 

Chapter 3 .................................................................................................................................. 22 

3.1. Design Goals ................................................................................................................... 23 

3.2. Comparison of 2×2 couplers ............................................................................................ 24 

3.2.1. Multimode Interferometer (MMI) .............................................................................. 25 

3.2.2. Directional Coupler ................................................................................................... 30 

3.2.3. Adiabatic coupler ...................................................................................................... 39 

3.3. Comparison of 2×2 Coupler Options ............................................................................... 39 

3.4. Conclusion ....................................................................................................................... 40 



v 

 

Chapter 4 .................................................................................................................................. 41 

4.1. Test Structures ............................................................................................................... 41 

4.1.1. Polarization Calibration Structures ........................................................................... 41 

4.1.2. Edge coupler Calibration Structures .......................................................................... 42 

4.1.3. Waveguide Cutback Structures ................................................................................. 42 

4.1.4. Transition Cutback Structures .................................................................................. 43 

4.1.5. MMI Cutback Structure ............................................................................................ 43 

4.1.6. Unbalanced Mach-Zehnder Interferometer ................................................................ 44 

4.1.7. Germanium photodetector ......................................................................................... 48 

4.2. Measurement setup 48 

4.3. Conclusion ....................................................................................................................... 49 

Chapter 5 .................................................................................................................................. 50 

5.1. Waveguide Propagation .................................................................................................. 50 

5.2. Interlayer Transitions ...................................................................................................... 52 

5.3. Photodetector Responsivity ............................................................................................. 53 

5.4. MMI Measurements ........................................................................................................ 53 

5.5. Directional Coupler Measurements .................................................................................. 55 

5.6. Discussion ....................................................................................................................... 58 

5.7. Conclusion ....................................................................................................................... 59 

Chapter 6 .................................................................................................................................. 61 

6.1. Conclusion ....................................................................................................................... 61 

6.2. Future Work ................................................................................................................... 63 

 

 

 

 



vi 

 

List of Tables 

Table 2.1: Power coupling between SMF28 fibre mode and minimum dimensions on SiN and Si...... 16 

Table 3.1: MMI parameters ............................................................................................................. 28 

Table 3.2: Curved Directional coupler parameters............................................................................ 37 

Table 6.1: Comparison table for 2×2 couplers on SOI platforms ...................................................... 62 

 

 

 

 

 

 

 

 

 

 

 

  



vii 

 

List of Figures 

Figure 1.1: The cross section of a typical SiN-on-Si platform. TiN is titanium nitride, which is used 

for heating elements. Ge is germanium, which is used for photodetection .......................................... 3 

Figure 1.2: A diagram of an OFDR implementation. Light from a wavelength-swept tunable laser 

source enters a coupler and is split to a path going to the device under test (DUT) and a path going 

to the photodetector (PD) as the local oscillator. The light going to the DUT passes through a 

circulator, and the reflection from the DUT enters the circulator and is directed to the PD. The local 

oscillator and reflection is mixed at the PD using a second 2×2 coupler. A fast Fourier transform 

(FFT) is performed on the electrical output of the PD.  The positions of reflection sites are deduced 

from the FFT. ................................................................................................................................... 5 

Figure 1.3: A diagram of external polarization management assembly; the TE polarized light coming 

from the “TM” probe port under goes polarization rotation (PR) into the orthogonal polarization, 

and a temporal delay τ is applied through a delay line, and combined with the TE polarized light 

from the TE probe port in the polarization beam splitter (PBS) and sent to the device under test 

(DUT), resulting in the TM polarized light in the combined beam containing a temporal delay τ 

relative to the TE polarized light. The 2 polarizations in the back reflections from the DUT is split 

by the PBS, with the TM component acquiring an additional delay τ before it reenters the OFDR 

chip. The TM→TM and TE→TM reflections will be collected at the “TM” probe port with an 

applied temporal delay of 2τ and τ respectively. The TE→TE and TM→TE reflections will be 

collected at the TE probe port with an applied temporal delay of 0 and τ respectively. The difference 

in temporal delays translate to a spatial offset after the interference is Fourier transformed, 

multiplexing the terms of the reflection’s Jones matrix spatially. ....................................................... 7 

Figure 1.4: A diagram of a 2×2 coupler. tb, tc are the bar and cross port coupling coefficient, 

respectively ........................................................................................................................................ 9 

Figure 1.5: A diagram showing balanced photodetection. EDUT is the back reflections from the device 

under test (DUT), ELO is the local oscillator (LO). The outputs at port 3 and 4 are incident on 

photodetectors generating a photocurrent of I3 and I4. The output of the balanced detection is the 

difference between the photocurrents I3 and I4 .................................................................................. 9 



viii 

 

Figure 1.6: A diagram of 2×2 coupler acting as a circulator. The incoming signal from the tunable 

laser source enters through port 1 and is routed to ports 3 and 4. Port 3 is connected to the device 

under test (DUT). Back reflections from the DUT enter through port 3 and is routed to ports 1 and 

2. Back reflections are isolated in port 2. ......................................................................................... 10 

Figure 2.1: Cross-section of the multi-layer SiN-on-Si platform used in this work (not to scale). tSi =

150nm, tSiN = 400nm, tSpacer = 200nm, tBOX = 2μm, tGe = 500nm .................................................... 13 

Figure 2.2: Effective index of supported waveguide modes at 1310nm, Si strip waveguide with a 

height of 220nm and refractive index of 3.507 (left) and SiN strip waveguide with a height of 400nm 

and refractive index of 1.905 (right)................................................................................................. 14 

Figure 2.3: The simulated transmission of TE0 and TM0 modes in a Si strip waveguide with a height 

of 220nm and width of 350nm through a 90° bend with a radius of 10μm ........................................ 15 

Figure 2.4: The geometric definition of the inverse spot size converter and the simulated TE0 mode 

profile at various points along the device. Wtip is the width of the tip, Ltaper is the length of the 

linear taper from the tip width to the nominal waveguide widths of SiN (750nm) and Si (350nm). .. 16 

Figure 2.5: (left) The Ltaper sweep results for the TE0 mode transmission for the SiN inverse taper at 

1310nm. (right) The wavelength sweep for TE0 mode transmission for the SiN inverse taper with 

Ltaper = 500μm. ............................................................................................................................... 17 

Figure 2.6: The geometric definition for interlayer transition between the SiN and Si layers and the 

simulated TE0 mode profile at various points along the device. WSi,tip and WSiN,tip are the tip widths 

of the Si and SiN tapers respectively, and Ltaper is the length of the linear taper in the interlayer 

transition. ........................................................................................................................................ 18 

Figure 2.7: (left) Ltaper sweep results for the TE0 mode transmission of the interlayer transition. 

(right) FDTD simulation results for the TE0 mode transmission of the interlayer transition with 

Ltaper = 100μm ................................................................................................................................ 18 

Figure 2.8: Cross-sectional view of the Ge Photodetector. The silicon (Si) and germanium (Ge) are P 

and N doped respectively to form a P-I-N junction. P+ and N+ doping are used create ohmic 

contacts with the metal. .................................................................................................................. 19 

Figure 2.9: The electric field intensity profile inside the Ge photodetector as simulated by the FDTD 

method. ........................................................................................................................................... 20 



ix 

 

Figure 2.10: A schematic of OFDR implementation on a SiN-on-Si platform using edge couplers, 

interlayer transitions, polarization filters, photodetectors and 2×2 couplers. The light from the 

tunable laser source (TLS) is coupled into the SiN layer through the edge couplers, goes towards the 

2×2 coupler, and is split into the device under test (DUT) and the local oscillator (LO). The back 

reflected signal from the DUT combines with the LO in the second 2×2 coupler, and the mixed 

signals are transited down through interlayer transitions to the Si layer, where it undergoes 

polarization filtering, and is detected by the Ge photodetectors. ...................................................... 20 

Figure 3.1: Schematic overview of 2×2 coupler. Tbar, Tcross are the bar and cross port transmissions 

respectively ...................................................................................................................................... 23 

Figure 3.2: A diagram of slab modes in slab region of the MMI recreated from [44]. Weff is the 

effective width of the slab modes, and WMMI is the width of the slab region ..................................... 25 

Figure 3.3: The geometric definition of proposed multimode interferometer (MMI). LMMI and WMMI 

are the length and width of the slab region of the MMI. Ltaper is the taper length of the entry and 

exit waveguides from the nominal waveguide widths to the entry waveguide width (Wentry). yofs is 

the centerline offset between entry and exit waveguides and the center of the slab region. .............. 27 

Figure 3.4: Initial parameters WMMI, Weff/WMMI sweep in EME solver for calculated worst case single 

port rejection ratio (SPRR, left), and Trefl (right) in the target wavelength range (1260-1360nm) Star 

denotes the initial parameters for MMI design. ................................................................................ 28 

Figure 3.5: Plots of the optimized MMI design transmissions (blue) and splitting ratio (orange), for 

the nominal design (top left), and under different potential fabrication variances, index (±0.02, top 

right), waveguide height(±40nm, bottom left), waveguide width(±75nm, bottom right) .................. 29 

Figure 3.6: The geometric definition of a directional coupler. Lc is the length of the coupling region, s 

is the centerline separation between the two waveguides in the coupling region. .............................. 30 

Figure 3.7: Plot of 
1

𝜅

dκ

dλ
 against waveguide separation for a symmetric directional coupler at 1310nm

........................................................................................................................................................ 32 

Figure 3.8: Plots of the optimized symmetric directional coupler design transmissions (blue) and 

splitting ratio (orange), for the nominal design (top left), and under different potential fabrication 

variances, index (±0.02, top right), waveguide height(±40nm, bottom left), waveguide 

width(±75nm, bottom right) ........................................................................................................... 32 



x 

 

Figure 3.9: The geometric definition of a curved coupling region. Rc is the centerline bend radius of 

the coupling region, Lc is the length of the coupling region traversing an angle of θ, s is the 

centerline separation between the waveguides in the coupling region.   ............................................ 34 

Figure 3.10: Calculated bar and cross port transmissions for the curved coupler with Rc =

79.3μm, Lc = 20.1μm ........................................................................................................................ 35 

Figure 3.11: Plot of coupling ratio (left) and its derivative with respect to wavelength (right) at 

1310nm. Star indicates the optimized parameters. ........................................................................... 36 

Figure 3.12: Calculated bar and cross port transmissions of curved coupler with Rc = 91.8μm, Lc =

27.2μm ............................................................................................................................................ 37 

Figure 3.13: Plots of the optimized curved coupler design transmissions (blue) and splitting ratio 

(orange), for the nominal design (top left), and under different potential fabrication variances, index 

(±0.02, top right), waveguide height(±40nm, bottom left), waveguide width(±75nm, bottom right)

........................................................................................................................................................ 38 

Figure 3.14: A comparison of designed 2×2 couplers on the basis of single port rejection ratio 

(SPRR) and losses accrued from isolating the back reflection from the DUT (Trefl). Stars are the 

nominal designs, and dots are performances after applying fabrication variations in the index, 

waveguide height, and waveguide width. ......................................................................................... 39 

Figure 4.1: The layout of a polarization calibration structure .......................................................... 41 

Figure 4.2: The layout of waveguide cutback spiral structures labelled (1, 2, 3, 4) have relative 

pathlength differences of (0, 1.2, 2.4, 3.6)cm. ................................................................................... 42 

Figure 4.3: The layout of interlayer transition cutback structure labeled (1, 2, 3, 4) have (12, 38, 58, 

78) interlayer transitions ................................................................................................................. 43 

Figure 4.4: The layout of MMI cutback structures in bar and cross port configurations labeled (1, 2, 

3) have (3, 7, 10) consecutive MMIs ................................................................................................ 43 

Figure 4.5: The unbalanced Mach Zehnder interferometer (UMZI) test structure. Top: Layout 

representation, Bottom: Schematic representation, where In1, In2 are the input ports 1 and 2, 

respectively and Out1, Out2 are the output ports 1 and 2, respectively. ΔL is the excess path length 

between the longer arm and the shorter arm of the UMZI structure. ............................................... 44 



xi 

 

Figure 4.6: Simulated group index of SiN strip waveguide as defined in Chapter 2. Dots are 

calculated interferogram cycles with ΔL = 420μm ............................................................................ 47 

Figure 4.7: The layout of a 2×2 PD test structure ........................................................................... 48 

Figure 4.8:  Schematic representation of the measurement setup. DUT: device under test TLS: 

Tunable laser source; PC: polarization controller; SM: source meter; PA: Polarization analyzer; 

OPM: optical power meter ............................................................................................................... 49 

Figure 5.1 (left) Plot of interpolated waveguide propagation losses for SiN and Si strip waveguides. 

(right) Raw cutback measurements for SiN and Si strip waveguide spirals at 1310nm ..................... 51 

Figure 5.2: (left) Plot of interpolated interlayer transition insertion loss. (right) Raw cutback 

measurements of interlayer transition test structures at 1310nm. ..................................................... 52 

Figure 5.3: The measured Ge PD responsivity as a function of wavelength. ..................................... 53 

Figure 5.4: MMI characterization results. (top left) cutback characterization (top right) PD 

characterization (bottom left) raw measurements of bar port cutback measurements at 1.27μm, 

1.31μm, 1.34 μm (bottom right) raw measurements of cross port cutback measurements at 1.27μm, 

1.31μm, 1.34μm ............................................................................................................................... 54 

Figure 5.5: Plots of (left) Trefl (right) SPRR calculated from the photodetector characterization. .... 55 

Figure 5.6: Plot of raw data from unbalanced Mach Zehnder interferometer measurement, Blue and 

red dots indicate the peaks and troughs of the interferogram ........................................................... 56 

Figure 5.7: Plot of curved directional coupler characterization results. (left) unbalanced Mach 

Zehnder interferometer characterization, (right) photodetector characterization .............................. 57 

Figure 5.8: Plot of (left) Trefl (right) SPRR calculated from the photodetector characterization....... 58 

Figure 5.9: Plot of measured unbalanced Mach Zehnder interferometer interference spectra. Green 

and red dots used to visualize the peaks and troughs (left) Without polarization analyzer (right) 

With polarization analyzer............................................................................................................... 59 

Figure 6.1: Schematic of hybrid configuration of 2×2 couplers for OFDR with the curved directional 

coupler (DC) routing the light from the tunable laser source (TLS) to the device under test (DUT) 

and isolating the back reflections from the DUT. and the multimode interferometer (MMI) 

facilitating the interference between the reflections and the local oscillator (LO). ............................ 63 



xii 

 

Figure 6.2: Schematic of on chip polarization diversity achieved with integrated polarization splitter 

rotator (PSR). (top) external bulk optic requirements. Light from the tunable laser source (TLS) is 

split into 2 paths, with one path connected to a delay line to apply a temporal delay τ (TLSdelay) 

relative to the other path (TLSno delay). (bottom) photonic circuit: the light travels from TLSdelay and 

TLSno delay and is routed towards the device under test (DUT) through the PSR, which converts the 

TLSdelay into the TM polarization. The two polarizations in the back reflections from the DUT are 

separated by the PSR, and interfered with the local oscillator on the top (originating from TLSdelay) 

and bottom (originating from TLSno delay) branches of the OFDR. On the top branch, the TE→TM 

and TM→TM reflections will have a relative applied delay of −τ and 0 to the top branch LO 

respectively. On the bottom branch, the TE→TE and TM→TE reflections will have a relative 

applied delay of 0 and τ to the bottom branch LO respectively. The different relative temporal delay 

in each branch translates to a spatial offset after the interference signal is Fourier transformed, 

multiplexing the different terms of the reflection’s Jones matrix spatially. ....................................... 64 

 

 

 

 

 

 

 

 

 



xiii 

 

List of Abbreviations 

DC Directional Coupler 

DFT Discrete Fourier Transform 

DUT Device Under Test 

EME Eigen-mode Expansion 

ER Extinction Ratio 

FDTD Finite-Difference Time-Domain 

Ge Germanium 

LO Local Oscillator 

LPCVD Low Pressure Chemical Vapor Deposition 

MMI Multimode Interferometer 

OFDR Optical Frequency Domain Reflectometry 

PD Photodetector 

PDL Polarization Dependent Loss 

PECVD Plasma Enhanced Chemical Vapor Deposition 

Si Silicon 

SiN Silicon Nitride 

SiN-on-Si Silicon Nitride-on-Silicon 

SOI Silicon-on-Insulator 

SPRR Single Port Rejection Ratio 



xiv 

 

TE Transverse-Electric 

TiN Titanium Nitride 

TLS Tunable Laser Source 

TM Transverse-Magnetic 

UMZI Unbalanced Mach-Zehnder Interferometer 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

 

 

 

Chapter 1 

Introduction 

Silicon (Si) for integrated photonics has been a topic of intense interest and research in the past 

decade. Its suitability as a platform for photonics lies in its transparency in the telecommunication 

wavelengths, opening applications for optical interconnect in telecommunication and computing 

systems. [1]–[4] Si photonic platforms have a high refractive index contrast between the waveguide 

core (usually made of Si) and the cladding, which is often silicon dioxide (SiO2). This results in 

highly confined optical modes, which leads to miniaturization of device dimensions. Si photonics 

leverage mature CMOS compatible fabrication technologies and expertise that have developed 

alongside the microelectronics industry over the last 60 years and has recently developed into a 

foundry model providing inexpensive fabrication services for highly integrated Si photonic circuits for 

research and development as well as commercial use. [5]–[7] While the indirect bandgap of Si 

prevents efficient on chip lasers, there have been demonstrations of bonding III-V to overcome this 

issue. [8], [9] The doping of Si enables optoelectronic integration in the form of phase modulation 

through the carrier dispersion effect, and the epitaxial growth of Ge enables the realization of 

photodetectors in the telecommunication window. [10], [11] These factors all culminate in making Si 

photonics a highly flexible and miniaturized platform capable of integrating passive devices, 

modulators, and detectors all on a single monolithic chip.  
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In the recent years, integration of silicon nitride (SiN) on the traditional silicon-on-insulator (SOI) 

photonic platform have garnered a great deal of interest due to the passive properties of SiN. [12], 

[13] SiN can handle higher powers, owing to its negligible two-photon absorption and Kerr 

coefficient. [14] The lower index contrast of SiN compared to Si makes SiN waveguides less 

dispersive, more tolerant to fabrication variations, and suffer lower losses due to sidewall roughness 

when compared to Si waveguides. [12] The lower thermo-optic coefficient also makes SiN devices less 

sensitive to temperature. [12] By integrating SiN on a SOI platform, a photonic circuit can gain 

access to the superior passive properties of SiN while retaining the active capabilities of Si, reaping 

the best of both worlds. SiN-on-Si photonics platforms have become more popular as several open 

foundries that offer MPW services has integrated of SiN into their photonic platforms. [13] A typical 

SiN-on-Si platform looks like Figure 1.1 with the metal layers and vias for dense optoelectronic 

integration. SiN deposition done through either the Low Pressure Chemical Vapor Deposition 

(LPCVD) or Plasma Enhanced Chemical Vapor Deposition (PECVD) process, the latter of which is 

more easily compatible with active devices requiring doping profiles due to its lower deposition 

temperature (<400oC). [12]  
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Figure 1.1: The cross section of a typical SiN-on-Si platform. TiN is titanium nitride, which is used for 

heating elements. Ge is germanium, which is used for photodetection 

The high integration density and electronic integration of integrated photonics offer an 

unprecedented opportunity for the miniaturization of technologies that traditionally have only 

existed in bulk optic implementations such as optical gyroscopes, light imaging, distance and ranging 

(LIDAR), and quantum optics. [15]–[17] Through integration on a Si photonics platform, these 

technologies stand to benefit from the scalable production, robustness, and miniaturization that only 

integrated optics can offer. 

One technology ripe for photonic integration is optical reflectometry, which is a diagnostic technique 

with widespread applications ranging from optical device diagnostics, distributed monitoring, to 

medical imaging under the name of optical coherence tomography.[18]–[21] There are several 

techniques that fall under the category of optical reflectometry. The first is optical time domain 

reflectometry (OTDR), which sends a pulse of light and times the return pulses to locate reflections. 

The second is optical frequency domain reflectometry (OFDR), which utilizes interference between a 

reference arm and a probe arm as the optical frequency is swept to compute the locations of 

reflections. The third is optical low coherence reflectometry (OLCR), which utilizes white light 
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interferometry to locate reflections with high precision by tuning the reference arm. Each has 

different strengths and weaknesses in terms of maximum distance, spatial resolution, and speed. 

OTDR has a maximum range on the order of kilometers with resolution on the order of meters. [20], 

[22] OLCR has a maximum range on the order of meters and resolution on the order of microns.[23], 

[24]. OFDR offers a compromise between the two by offering submillimeter resolution in a range on 

the order of hundreds of meters and finds application specifically in optical diagnostics of photonic 

wafer and chips due to its superior measurement speed and dynamic range [25], [26]. Without the 

need for ultra-high-speed electronics as in OTDR or the shifting reference arm as in OLCR, OFDR 

stands out as the best candidate for integration on a nanophotonic platform. 

An integrated photonics implementation of OFDR can, in addition to the usual advantages in terms 

of miniaturization, add robustness and lowered costs compared to the bulk optic implementations, 

also present a unique opportunity in enabling wafer level diagnostics by directly integrating the 

OFDR test circuits into the wafer under test. This would enable rapid optical characterization of the 

wafer in reflection without the need for a transmission port. 

In this chapter, we will outline the general operating principle of OFDR, talk about the important 

roles 2×2 couplers play in the realization of an OFDR system implemented on a SiN-on-Si platform 

and conclude with an overview of the organization of the thesis.  

1.1     Theory of operation 

The OFDR technique analyzes and locates the reflections coming back from the device under test 

(DUT) by interfering the reflections with a signal coming from the reference arm, denoted as the 

local oscillator (LO) as the optical source frequency is swept.  The analysis presented below is taken 

from [26]. 
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Figure 1.2: A diagram of an OFDR implementation. Light from a wavelength-swept tunable laser 

source enters a coupler and is split to a path going to the device under test (DUT) and a path going 

to the photodetector (PD) as the local oscillator. The light going to the DUT passes through a 

circulator, and the reflection from the DUT enters the circulator and is directed to the PD. The local 

oscillator and reflection are mixed at the PD using a second 2×2 coupler. A fast Fourier transform 

(FFT) is performed on the electrical output of the PD.  The positions of reflection sites are deduced 

from the FFT.  

 

As the frequency (𝑓) of the tunable laser source is swept at a rate 𝛾, starting from frequency 𝑓0, [26] 

the instantaneous laser frequency (𝑓(𝑡)) is given by 

𝑓(𝑡) = 𝑓0 + 𝛾𝑡. (1.1) 

The electric field of the LO (denoted as 𝐸𝐿𝑂) and the reflections from the DUT (denoted as 𝐸𝐷𝑈𝑇) are 

respectively,  

𝐸𝐿𝑂(𝑡) = 𝐸0 exp(𝑗(2𝜋𝑓0𝑡 + 𝜋𝛾𝑡2)), 

𝐸𝐷𝑈𝑇(𝑡) = √𝑅(𝜏)𝐸0exp (𝑗(2𝜋𝑓0(𝑡 − 𝜏) + 𝜋𝛾(𝑡 − 𝜏)2), 

(1.2) 

where 𝜏 is the temporal delay between the LO and the reflections coming back from the DUT.  

Interfering the two signals in (1.2) yields the expression for the photodetector current, I(t),  

𝐼(𝑡) ∝ |𝐸𝐿𝑂(𝑡) + 𝐸𝐷𝑈𝑇(𝑡)|2 = 𝐸0
2 + 𝑅(𝜏)𝐸0

2 + 2√𝑅(𝜏)𝐸0
2 cos (2𝜋 (𝑓0𝜏 + 𝛾𝜏𝑡 +

1

2
𝛾𝜏2)). 

(1.3) 
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The beating frequency term, 𝑓𝑏𝑒𝑎𝑡 = 𝛾𝜏/2𝜋 , with the accompanying 𝑅(𝜏) amplitude term can then 

be extracted by performing a Fourier transform on the measured interferogram. The beating 

frequency term 𝑓𝑏𝑒𝑎𝑡 extracted by the Fourier transform, is related to the spatial location of the 

reflection by the following relationship, assuming zero group velocity dispersion, 

𝑧 =
𝑓𝑏𝑒𝑎𝑡𝑐𝜋

𝛾𝑛𝐷𝑈𝑇
, 

(1.4) 

where 𝑛𝐷𝑈𝑇 is the group index of the DUT. And the intensity of the beating frequency is 

proportional to the intensity of the reflection at that location through the following relation, 

2

𝑁
|𝐹(𝑧)| = 𝑅(𝑧), 

(1.5) 

where F is the Fourier transform of the time series signal and N is the number of sample points in 

the time series signal.  

 

1.2     Polarization Diverse OFDR 

To enable a polarization distinguishing OFDR measurement for a photonic OFDR implementation, 

an external polarization can be used to introduce a polarization dependent delay between the 

photonic chip and the DUT. This passive external polarization management shifts the beating 

frequency of the various components of the Jones matrix, sacrificing maximum detection range for a 

polarization diverse measurement. An example of this is shown in Figure 1.3. 
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Figure 1.3: A diagram of external polarization management assembly; the TE polarized light 

coming from the “TM” probe port under goes polarization rotation (PR) into the orthogonal 

polarization, and a temporal delay 𝜏 is applied through a delay line, and combined with the TE 

polarized light from the TE probe port in the polarization beam splitter (PBS) and sent to the 

device under test (DUT), resulting in the TM polarized light in the combined beam containing a 

temporal delay 𝜏 relative to the TE polarized light. The 2 polarizations in the back reflections from 

the DUT is split by the PBS, with the TM component acquiring an additional delay 𝜏 before it 

reenters the OFDR chip. The TM→TM and TE→TM reflections will be collected at the “TM” probe 

port with an applied temporal delay of 2𝜏 and 𝜏 respectively. The TE→TE and TM→TE reflections 

will be collected at the TE probe port with an applied temporal delay of 0 and 𝜏 respectively. The 

difference in temporal delays translate to a spatial offset after the interference is Fourier 

transformed, multiplexing the terms of the reflection’s Jones matrix spatially. 

 

Alternatively, polarization management can also be integrated with the photonic OFDR chip by 

utilizing polarization splitters or polarization splitter rotators. [27], [28] 

Following from the Fast Fourier transform step involved for determining the spatial location and 

intensity of the reflections in the DUT, several limitations on the OFDR implementation can be 

derived from properties of the Discrete Fourier Transform (DFT). 

1.3     Spatial Resolution 

The relationship between the width of frequency bins to the sample time for DFT is given as,  

Δ𝑓 =
1

𝑇𝑠𝑎𝑚𝑝𝑙𝑒
, 

(1.6) 

where Δ𝑓 is the width of a frequency bin, 𝑇𝑠𝑎𝑚𝑝𝑙𝑒 is the total sampling time. The corresponding 

relationship in the context of OFDR relates the spatial detection resolution to the range of the 

tunable laser source (TLS) frequency sweep, assuming zero GVD, is given as  
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Δ𝑧 =
𝑐

2𝑛𝐷𝑈𝑇Δ𝑓𝑇𝐿𝑆
, (1.7)[25] 

where Δ𝑓𝑇𝐿𝑆 is the frequency range of the TLS, 𝑛𝐷𝑈𝑇 is the group index of the device under test. This 

shows an inverse relationship between the minimum distinguishable feature size and the range of the 

TLS frequency sweep used in the OFDR technique.  

 

1.4     Maximum range 

From the Nyquist theorem, which relates the time series sampling frequency to the maximum 

frequency extracted from the signal (𝑓𝑚𝑎𝑥), the maximum frequency that can be measured from a 

time series. fnyquist, is given by  

fnyquist =
1

Δ𝑡
, 𝑓𝑚𝑎𝑥 ≤ 𝑓𝑛𝑦𝑞𝑢𝑖𝑠𝑡/2  

(1.8) 

where Δ𝑡 is the time step of the time series data. The corresponding relationship in the context of 

OFDR relates the maximum range, zmax, to the frequency resolution of the TLS sweep is given as,  

𝑧𝑚𝑎𝑥 =
𝑐

4ng(DUT)Δ𝑓
  (1.9) 

where Δ𝑓 is the frequency resolution of the TLS sweep, constrained by either the linewidth of the 

TLS or the sampling frequency of the TLS sweep.  

While the limitations on the linewidth, sweep speed and sampling frequency of the TLS is outside of 

the scope of this thesis, the target spectral bandwidth of the photonic circuit will constrain the 

spatial resolution of the OFDR system. 
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1.5     Role of 2×2 couplers 

 
Figure 1.4: A diagram of a 2×2 coupler. 𝑡𝑏, 𝑡𝑐 are the bar and cross port coupling coefficient, respectively 

A critical device in the operation of OFDR is the 2×2 coupler. On a photonics platform without non-

reciprocal properties, the 2×2 coupler acts both as the circulator, in which the reflections coming 

back from the DUT is redirected towards the interferometer, as well as the interferometer itself, in 

the form of a coherent detector in a balanced configuration. 

1.5.1    Balanced Detection 

  
Figure 1.5: A diagram showing balanced photodetection. 𝐸𝐷𝑈𝑇 is the back reflection from the device under 

test (DUT), 𝐸𝐿𝑂 is the local oscillator (LO). The outputs at port 3 and 4 are incident on photodetectors 

generating a photocurrent of 𝐼3 and 𝐼4. The output of the balanced detection is the difference between the 

photocurrents 𝐼3 and 𝐼4 

One of the major advantage of coherent OFDR techniques is the enhanced sensitivity, owing in large 

part due to the capability for a coherent balanced detector to suppress relative intensity noise 

originating from the TLS. [19], [29] 

Balanced detection involves the mixture of two input signals incident on port 1 and 2 in a 2×2 

coupler as shown in Figure 1.5, using the expressions for 𝐸𝐿𝑂 and 𝐸𝐷𝑈𝑇 from (1.2), the detected 

photocurrents at output ports 3 and 4, I3 and I4, respectively are 
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𝐼3 ∝ |𝑡𝑏𝐸𝐷𝑈𝑇 + 𝑡𝑐𝐸𝐿𝑂|2 =  |𝑡𝑐|2𝐸0
2 + |𝑡𝑏|2𝑅(𝜏)𝐸0

2 + 2√𝑅(𝜏)𝐸0
2|𝑡𝑏𝑡𝑐| cos (2𝜋 (𝑓0𝜏 + 𝛾𝜏𝑡 +

1

2
𝛾𝜏2) + 𝜙) , 

𝐼4 ∝ |𝑡𝑐𝐸𝐷𝑈𝑇 + 𝑡𝑏𝐸𝐿𝑂|2 = |𝑡𝑏|2𝐸0
2 + |𝑡𝑐|2𝑅(𝜏)𝐸0

2 − 2√𝑅(𝜏)𝐸0
2|𝑡𝑏𝑡𝑐| cos (2𝜋 (𝑓0𝜏 + 𝛾𝜏𝑡 +

1

2
𝛾𝜏2) + 𝜙) , 

(1.10) 

where 𝑡𝑏 and 𝑡𝑐 are the bar and cross port coupling coefficients and 𝜙 is the differential phase 

accumulated between the bar and cross ports. By taking the difference between photodetector 

currents, we obtain 

𝐼4 − 𝐼3 = (|𝑡𝑏|2 − |𝑡𝑐|2)𝐸0
2 + (|𝑡𝑐|2 − |𝑡𝑏|2)𝑅(𝜏)𝐸0

2 + 4|𝑡𝑏𝑡𝑐|√𝑅(𝜏)𝐸0
2 cos (2𝜋 (𝑓0𝜏 + 𝛾𝜏𝑡 +

1

2
𝛾𝜏2) + 𝜙). (1.11) 

If the bar and cross coupling coefficients of the 2×2 coupler are perfectly balanced, the DC terms 𝐸0
2 

and 𝑅(𝜏)𝐸0
2, and the relative intensity noise associated with those terms are completely eliminated 

while the signal of interest is doubled. [29], [30] 

1.5.2    Reflection Isolation 

  

Figure 1.6: A diagram of 2×2 coupler acting as a circulator. The incoming signal from the tunable laser 

source enters through port 1 and is routed to ports 3 and 4. Port 3 is connected to the device under test 

(DUT). Back reflections from the DUT enter through port 3 and is routed to ports 1 and 2. Back 

reflections are isolated in port 2. 

On the SiN-on-Si platform, the lack of materials exhibiting non-reciprocal properties means an 

optical circulator cannot be integrated as a part of the photonic circuit. Instead, the 2×2 coupler can 

be used to separate the reflected signal into a port different from the input port.  Figure 1.5 shows 

the process: incident light is launched from Port 1 and the output emerges in Ports 3 and 4. A 

reflection in Port 3 from the DUT is directed into Port 2 and Port 1; thus, the reflection can be 
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characterized in Port 2.  This incurs at least a 6 dB excess loss compared to an optical circulator, 

some of which can be salvaged by using the light from port 4 as the LO for the interferometer.  

 

1.6     Thesis Outline 

This thesis will place an emphasis on the exploration and design of a broadband 2×2 coupler 

optimized for the functions of isolating back reflections from the DUT and facilitating balanced 

detection for the realization of an integrated optics implementation of OFDR. In Chapter 2, the SiN-

on-Si photonic platform will be defined and the basic devices that enable photonic circuits will be 

detailed and designed. An outline of an integrated OFDR implementation will also be presented. In 

Chapter 3, the performance of 2×2 couplers in the roles of isolating reflections and facilitating 

balanced detection will be parameterized and the design and simulation of multiple types of 2×2 

couplers will be optimized and evaluated for those parameters. In Chapter 4, the test structures 

designed for the purpose of characterizing the general devices and optimized 2×2 couplers, as well as 

the measurement setup and methodologies will be detailed. In Chapter 5, the measurement results 

for the various test structures will be provided, and device performances will be extracted from the 

measurement results. In Chapter 6, the conclusions of this thesis will be summarized, and offer some 

future outlooks for this work. 
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Chapter 2 

SiN-on-Si Photonic Platform 

This chapter will introduce the SiN-on-Si foundry processed platform on which the integrated OFDR 

system is proposed and the 2×2 couplers have been fabricated and tested. The strip waveguide 

dimensions will be chosen. Then the need for, the design, and simulation results of general 

components in the SiN-on-Si platform, such as interlayer transitions, edge couplers, polarization 

filters and Ge photodetectors, will be briefly reviewed. This chapter concludes with an overview on 

how the OFDR system would be implemented on the SiN-on-Si platform in terms of the above 

building blocks in addition to the 2×2 couplers to be designed in Chapter 3. 
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2.1     SiN-on-Si Platform 

  
Figure 2.1: Cross-section of the multi-layer SiN-on-Si platform used in this work (not to scale). 𝑡𝑆𝑖 =

150𝑛𝑚, 𝑡𝑆𝑖𝑁 = 400𝑛𝑚, 𝑡𝑆𝑝𝑎𝑐𝑒𝑟 = 200𝑛𝑚, 𝑡𝐵𝑂𝑋 = 2𝜇𝑚, 𝑡𝐺𝑒 = 500𝑛𝑚 

The devices are fabricated on a SiN-on-Si platform provided from the former Institute of 

Microelectronics (IME A*Star), now Advanced Micro Foundry (AMF). The Si photonic layer is 

defined by partial or complete etching of top layer Si of the SOI wafer for strip or rib waveguides. 

Additional layers on the platform are deposited on top of the SOI wafer through a series of 

deposition, etching and planarization steps. [12] The platform is similar to the platform described in 

[12], [31] with a photonic 𝑆𝑖𝑥𝑁𝑦 layer 400nm thick deposited through the PECVD process. PECVD is 

chosen for its compatibility with ion implantation processes, and therefore the optoelectronic 

capabilities in the platform, owing to the lower deposition temperature compared to the LCPVD 

process.[12] However, since PECVD SiN is not stoichiometric, a wider range of refractive indices can 

be potentially realized compared to LPCVD, which results in stoichiometric Si3N4. [32] Metal vias 

connect the active optoelectronics of the platform to the metal (Aluminum) routing layers M1, and 

M2, which can be opened as a bond pad. TiN heaters are also available on this platform but was not 

utilized. 
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This platform leverages the lower waveguide dispersion of SiN for broadband passive devices while 

retaining access to the optoelectronic capabilities of Si, specifically the Ge photodetectors for the 

proposed integrated OFDR system.  

 

2.2     Waveguide dimensions 

A waveguide width sweep was performed for SiN and Si strip waveguides in Lumerical MODE 

solutions and the effective indices for various waveguide modes are shown in Figure 2.2. 

 
Figure 2.2: Effective index of supported waveguide modes at 1310nm, Si strip waveguide with a height of 

220nm and refractive index of 3.507 (left) and SiN strip waveguide with a height of 400nm and refractive 

index of 1.905 (right) 

 

The nominal SiN strip waveguide width was chosen to be 750nm to ensure single mode propagation 

in the entirety of the targeted wavelength range taking into consideration the potential fabrication 

variations in the refractive index, width, and thickness of the waveguides. 

Similarly, the silicon waveguide width was chosen to be 350nm for single mode operation in the 

target wavelength range, taking into consideration the potential width and thickness variations. 
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2.2.1     Polarizer  

 

 
Figure 2.3: The simulated transmission of TE0 and TM0 modes in a Si strip waveguide with a height of 

220nm and width of 350nm through a 90° bend with a radius of 10μm 

 

Due to the poor lateral confinement of the TM0 mode on the Si waveguide dimensions chosen in 

Section 2.2, tight bends leads to a large polarization dependent loss (PDL) in favor of the TE0 mode. 

Tight bends with radii of 10μm were used to filter out the unwanted TM0 mode. The losses incurred 

in a 90° bend is shown in Figure 2.3 with >1dB PDL for TM0 and negligible losses for TE0 between 

1.26μm and 1.36μm, The combination of better mode confinement, high edge-coupling efficiency, and 

the ability to selective filter out TM0 makes TE0 the desired mode for operation. 

2.3     General Devices 

In the following sections, brief descriptions of several devices on the SiN-on-Si platform needed for 

the OFDR implementation are given, as well as their expected performances through simulations in 

Lumerical MODE and Finite-difference Time-domain (FDTD) software. 
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2.3.1    Edge coupler 

 
Figure 2.4: The geometric definition of the inverse spot size converter and the simulated TE0 mode profile 

at various points along the device. 𝑊𝑡𝑖𝑝 is the width of the tip, 𝐿𝑡𝑎𝑝𝑒𝑟 is the length of the linear taper from 

the tip width to the nominal waveguide widths of SiN (750nm) and Si (350nm). 

To efficiently couple light onto and off the chip, inverse taper spot size converters are utilized to 

minimize the mode mismatch between the fibre and the waveguides on chip. [33], [34] The power 

overlap of the mode of an SMF28 fibre and the inverse taper is calculated in the Lumerical MODE 

software and is tabulated in Table 2.1 [35].  

Table 2.1: Table of power coupling between SMF28 fibre mode and minimum dimensions on SiN (200nm) 

and Si (180nm) 

 TE0 TM 0 

SM F28 → SiN  0.71 0.5 

SM F28 → Si 0.17 0.305 

 

The edge couplers are defined in the SiN layer since the mode overlap between the fibre and inverse 

taper is significantly higher due to the larger spacing between the SiN photonic layer and the Si 

substrate compared to the Si photonic layer. The edge coupler designed for this thesis linearly widens 

from the minimum allowable waveguide width on the SiN layer to the strip waveguide width defined 



17 

 

 

in Section 2.2. The linear taper length (𝐿𝑡𝑎𝑝𝑒𝑟), as defined in Figure 2.4, is swept with the Eigenmode 

Expansion (EME) solver in the Lumerical MODE software with the TE0 mode, then its spectral 

characteristics is obtained through a perturbative wavelength sweep. The results are shown in Figure 

2.5, which illustrates that a taper with a length of >500𝜇𝑚 is sufficient for >90% transmission and 

that the coupling efficiency has <10% variation across the wavelength band ranging from 1.26𝜇𝑚 to 

1.36𝜇𝑚.  

 
Figure 2.5: (left) The 𝐿𝑡𝑎𝑝𝑒𝑟 sweep results for the TE0 mode transmission for the SiN inverse taper at 

1310nm. (right) The wavelength sweep for TE0 mode transmission for the SiN inverse taper with 𝐿𝑡𝑎𝑝𝑒𝑟 =

500𝜇𝑚. 

In finding a good trade-off between coupling efficiency and device footprint, an inverse taper length 

of 500𝜇𝑚 was chosen for the inverted spot size converter. 

2.3.2    Interlayer Transitions 

Having two photonic layers on the platform necessitates the efficient transfer of light between the 

two layers, which in this case, the transfer of light from the SiN layer to the Si layer for detection by 

the Ge photodetector. To achieve a low loss and broadband interlayer transition, an adiabatic linear 

taper is utilized, where the waveguides on both SiN and Si layer are tapered to facilitate an adiabatic 

evolution from the propagating mode on one photonic layer to the other. [12], [36]–[38] 
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Figure 2.6: The geometric definition for interlayer transition between the SiN and Si layers and the 

simulated TE0 mode profile at various points along the device. 𝑊𝑆𝑖,𝑡𝑖𝑝 and 𝑊𝑆𝑖𝑁,𝑡𝑖𝑝 are the tip widths of 

the Si and SiN tapers respectively, and 𝐿𝑡𝑎𝑝𝑒𝑟 is the length of the linear taper in the interlayer transition. 

The adiabatic transition is defined as two linear tapers with blunt tip widths 𝑊𝑆𝑖,𝑡𝑖𝑝 and 𝑊𝑆𝑖𝑁,𝑡𝑖𝑝 

constrained by the minimum feature sizes dictated by the design rules for each layer respectively, 

which tapers up to the strip waveguide widths defined in Section 2.2. By minimizing the blunt tip 

widths, the initial perturbation to the propagating mode is minimized and the reflection at the 

transition is reduced. [12] 

 
Figure 2.7: (left) 𝐿𝑡𝑎𝑝𝑒𝑟 sweep results for the TE0 mode transmission of the interlayer transition. (right) 

FDTD simulation results for the TE0 mode transmission of the interlayer transition with 𝐿𝑡𝑎𝑝𝑒𝑟 = 100𝜇𝑚 

The interlayer transition taper length (𝐿𝑡𝑎𝑝𝑒𝑟) was swept in the EME solver in Lumerical MODE 

software. Figure 2.7 demonstrates that a 𝐿𝑡𝑎𝑝𝑒𝑟 of 100μm results in a >95% transmission in the 
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interlayer transition in between 1.26𝜇𝑚 and 1.36𝜇𝑚. 𝐿𝑡𝑎𝑝𝑒𝑟 is chosen to be 100𝜇𝑚 to be fully ensure 

the transition is adiabatic. 

 

2.3.3    Ge Photodetector 

 

 
Figure 2.8: Cross-sectional view of the Ge Photodetector. The silicon (Si) and germanium (Ge) are P and 

N doped respectively to form a P-I-N junction. P+ and N+ doping are used create ohmic contacts with 

the metal. 

 

The photodetector (PD) on the chip is a vertical P-I-N junction similar to the vertical photodetector 

described in [11], [39] The P-I-N junction is formed between the P doped Si photonic layer and the N 

doped Ge which is epitaxially grown on top of the Si layer. The light propagating in Si slab is 

coupled evanescently into the Ge, generating carriers which are swept up by the electric fields in the 

depletion region. The N+ and P+ doping on the Ge and Si layers respectively form the ohmic metal 

contacts with the vias which connect to the metal routing layers M1 and M2. 
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Figure 2.9: The electric field intensity profile inside the Ge photodetector as simulated by the FDTD 

method. 

FDTD simulation result seen in Figure 2.9 is used to ensure that the PD length of >15𝜇𝑚 is 

sufficiently long to absorb the majority of the incoming light in the Ge. The design of the Ge PD is 

standard in the foundry, which has a PD length of 50𝜇𝑚 which should be sufficiently long to 

effectively absorb all the incoming light. 

2.4     Photonic OFDR System Overview 

 
Figure 2.10: A schematic of OFDR implementation on a SiN-on-Si platform using edge couplers, 

interlayer transitions, polarization filters, photodetectors and 2×2 couplers. The light from the tunable 

laser source (TLS) is coupled into the SiN layer through the edge couplers, goes towards the 2×2 coupler, 

and is split into the device under test (DUT) and the local oscillator (LO). The back reflected signal from 

the DUT combines with the LO in the second 2×2 coupler, and the mixed signals are transited down 

through interlayer transitions to the Si layer, where it undergoes polarization filtering, and is detected by 

the Ge photodetectors. 
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A proposed OFDR implementation on SiN-on-Si platform is shown in Figure 2.10. The TLS input 

coupled into the SiN photonic layer by the inverse spot-size converter as defined in Section 2.3.1, 

split into a reference and probe arm through a 2×2 coupler, coupled out, and the back reflection is 

interfered with the reference in a balanced detection configuration before the light is transferred to 

the Si photonic layer through the adiabatic interlayer transition as defined in Section 2.3.2, filtered 

for TM polarized modes through a series of tight bends as defined in Section 2.2.1, and subsequently 

detected with the Ge PD as defined in Section 2.3.3 to measure the interferogram and subsequently 

calculate the location and intensities of reflections in the DUT as detailed in the Chapter 1.  

2.5     Summary 

In this chapter, the SiN-on-Si platform and various devices needed for general operation and the 

photonic implementation of OFDR are described. Devices such as the inverted spot-size converter, 

interlayer transition, TM polarization filter, and Ge PD are designed and simulated to obtain 

expected performance on our SiN-on-Si platform. A proposed architecture for a basic and 

polarization diverse OFDR implementation on a SiN-on-Si platform are described.  
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Chapter 3 

2×2 Couplers Theory and Design 

2×2 couplers that equally divide input fields from each input port into two output ports are 

important devices in integrated photonics and forms the basic building block for many devices 

ranging from optical switches, modulators, and filters. [40]–[42] In the application of an integrated 

optic OFDR implementation, 2×2 couplers are needed to isolate the back reflection from the DUT 

and facilitate the interference between the LO and the back reflection from the DUT. For OFDR 

applications, besides having low loss, it is important for the 2×2 couplers to be as broadband as 

possible to achieve a high spatial resolution.  In this chapter, the theory, design, and optimization of 

different types of 2×2 couplers for those functions will be presented. We will begin with the 

parameterization of the 2×2 coupler performance as it relates to their roles in the proposed integrated 

OFDR system. Then, the theories of various types of 2×2 couplers are presented, followed by their 

design and optimization through a combination of design techniques and simulation in Lumerical 

MODE and FDTD software. This chapter will conclude with the comparison and scoring of the 

optimized designs for different implementations of the 2×2 coupler in their roles in the OFDR 

implementation. 
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3.1     Design Goals 

 
Figure 3.1: Schematic overview of 2×2 coupler. 𝑇𝑏𝑎𝑟 , 𝑇𝑐𝑟𝑜𝑠𝑠 are the bar and cross port transmissions 

respectively 

One of the roles of the 2×2 coupler on a photonic platform without non-reciprocal optical properties 

is to replicate the function of a circulator to redirect and isolate back reflections coming from the 

DUT. However, the drawback of utilizing a 2×2 coupler instead of a circulator for this purpose is the 

excess loss incurred when the light is transmitted from Port 1 to Port 3 and the reflection from Port 

3 is transmitted to Port 2. To evaluate device performance for isolating back reflections from the 

DUT, the back reflected power relative to the input is parameterized as 𝑇𝑟𝑒𝑓𝑙 and is given by 

𝑇𝑟𝑒𝑓𝑙 = 10 × log10( 𝑇𝑐𝑟𝑜𝑠𝑠𝑇𝑏𝑎𝑟), (3.1) 

where 𝑇𝑐𝑟𝑜𝑠𝑠 is the transmission in the cross port and 𝑇𝑏𝑎𝑟 is the transmission in the bar port. When 

𝑇𝑟𝑒𝑓𝑙 is maximized, the loss is minimized. Since 𝑇𝑐𝑟𝑜𝑠𝑠 and 𝑇𝑏𝑎𝑟 are competing factors, 𝑇𝑟𝑒𝑓𝑙 is 

maximized when the outputs are balanced (𝑇𝑐𝑟𝑜𝑠𝑠 = 𝑇𝑏𝑎𝑟), with any insertion losses incurring 

additional penalties. 

To facilitate the interference between the LO and the back reflected signal from the DUT in a 

balanced detector configuration, the DC signal rejection is proportional to the balance of the output 

ports. We define the Single Port Rejection Ratio (SPRR) as a metric of the 2×2 coupler performance 

for balanced photodetection. The SPRR  is the relative intensity of the interference fringes compared 

to the suppressed DC signal, which is given as [30] 
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𝑆𝑃𝑅𝑅 = 10 × log10

4√𝑇𝑐𝑟𝑜𝑠𝑠𝑇𝑏𝑎𝑟

|𝑇𝑏𝑎𝑟 − 𝑇𝑐𝑟𝑜𝑠𝑠|
. 

(3.2) 

SPRR is similarly maximized when the outputs are balanced and insertion losses are low, but SPRR 

is heavily weighted towards the balance of the outputs.  

As previously mentioned, the minimum distinguishable spatial feature of OFDR is inversely 

proportional to the frequency sweep range of the OFDR technique.[43] For this reason, each of the 

2×2 coupler candidates will be evaluated for the worst case SPRR and Trefl within the targeted 

wavelengths ranging from 1.26𝜇𝑚 to 1.36𝜇𝑚. Due to variations in the foundry fabrication processes, 

the couplers will also be evaluated for tolerance against fabrication variations such as over/under 

etching, height variations, and index deviations from the provided refractive index. Additionally, due 

to the sensitivity of OFDR systems to reflections within the system, which can cause second order 

phantom reflections through either interference with the LO, or with real reflections coming from the 

DUT, the reflection of the 2×2 coupler should also be minimized. [19] To summarize, for isolating the 

back reflection from the DUT and mixing the LO and back reflected signals in the OFDR 

implementation, the ideal 2×2 coupler should exhibit a balanced output with minimal insertion loss 

and reflections across the targeted wavelength range of the OFDR system, with resilience to 

fabrication variations. 

3.2     Comparison of 2×2 couplers 

There are multiple devices which can fulfill the role of a 2×2 coupler, including directional couplers, 

multimode interferometer (MMI) couplers, and adiabatic couplers. This section will detail the theory 

behind each of those devices, followed by the design and optimization of each for its role in photonic 

implementation of OFDR. 
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3.2.1    Multimode Interferometer (MMI) 

Multimode interferometers operate by introducing the guided light to a large slab region, in which 

the guided light is decomposed into multiple supported guided modes which propagate and interfere 

to form images at varying distances along the slab. [44]  

 
Figure 3.2: A diagram of slab modes in slab region of the MMI recreated from [44]. 𝑊𝑒𝑓𝑓 is the effective 

width of the slab modes, and 𝑊𝑀𝑀𝐼 is the width of the slab region. 

The dispersion relation of the multimodal region can be approximated through Effective Index Model 

as 

𝑘𝑦𝑣
2 + 𝛽𝑣

2 = 𝑘0
2𝑛𝑟

2:  𝑘0 =
2𝜋

𝜆0
,   𝑘𝑦𝑣 =

(𝑣 + 1)𝜋

𝑊𝑒𝑣
. 

(3.3)[44] 

 

Where v is the mode number, 𝑘0 is the free space propagation constant, 𝜆0 is the wavelength, 𝑛𝑟 is 

the index of the slab region, 𝑊𝑒𝑣 is the penetration depth of the v-th mode. For simplicity 𝑊𝑒𝑣 is 

approximated as 𝑊𝑒𝑓𝑓. 

The waveguide propagation constant for the v-th mode by applying binomial approximation given 

𝑘𝑦𝑣  << k0nr is  

𝛽𝑣 = 𝑘0𝑛𝑟 −
(𝑣 + 1)2𝜋𝜆0

4𝑛𝑟𝑊𝑒𝑓𝑓
2 . 

(3.4)[44] 
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The input image Ψ(𝑦, 0) is decomposed in terms of the guided modes 𝜓𝑣(𝑦), 

Ψ(𝑦, 0) = ∑ 𝑐𝑣𝜓𝑣(𝑦)

𝑚−1

𝑣=0

, 

(3.5)[44] 

here 𝑐𝑣 is the coupling coefficient from the input image to the v-th guided mode. This is generalized 

to the following as the field propagates along z: 

Ψ(𝑦, 𝑧) = ∑ 𝑐𝑣𝜓𝑣(𝑦)

𝑚−1

𝑣=0

exp[𝑗(𝛽0 − 𝛽𝑣)𝑧] = ∑ 𝑐𝑣𝜓𝑣(𝑦)

𝑚−1

𝑣=0

exp [𝑗
𝑣(𝑣 + 2)𝜋

3𝐿𝜋
𝑧], 

𝐿𝜋 =
4𝑛𝑟𝑊𝑒

2

3𝜆0
, 

(3.6) 

where 𝐿𝜋 is the beat length of the two lowest order modes [44]. As the guided slab modes propagate, 

they come in and out of phase and eventually reconstruct the input image Ψ(𝑦, 0) at 𝑧 = 3𝐿𝜋. At 𝑧 =

3𝐿𝜋/2 , (3.6) becomes [44] 

Ψ (𝑦,
3

2
𝐿𝜋) =  ∑ 𝑐𝑣𝜓𝑣(𝑦)

𝑣 𝑒𝑣𝑒𝑛

+ ∑ −𝑗𝑐𝑣𝜓𝑣(𝑦)

𝑣 𝑜𝑑𝑑

=
1 − 𝑗

2
Ψ(𝑦, 0) +

1 + 𝑗

2
Ψ(−𝑦, 0). 

(3.7) 

which produces a two-fold image symmetrically about the center of the slab, which fulfills the 

function of a 2×2 coupler. 

The optical bandwidth of a MMI coupler is inversely proportional to the two-fold image length of the 

slab region.[45] To improve the optical bandwidth, the length of the mode beating region can be 

further reduced by utilizing restricted interference, in which select modes are deliberately not excited 

to reduce the beat length of the MMI.[44] 

Furthermore, we note that  

𝑚𝑜𝑑3(𝑣(𝑣 + 2)) = 0, 𝑓𝑜𝑟 𝑣 ≠ 2,5,8 …  (3.8) 
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Combining (3.8) with (3.6), results in the length required for the condition (3.7) is reduced by a 

factor of 3 to 𝐿𝜋/2 if the slab modes 𝑣 = 2,5,8, … are not excited. This restricted interference can be 

achieved by positioning the waveguide inputs at ± 𝑊𝑒𝑓𝑓/6 about the center of the slab, where the 

nulls of the slab modes 𝑣 = 2,5,8, … are located and are therefore minimally excited as shown in 

Figure 3.2. 

 
Figure 3.3: The geometric definition of proposed multimode interferometer (MMI). 𝐿𝑀𝑀𝐼 and 𝑊𝑀𝑀𝐼 are the 

length and width of the slab region of the MMI. 𝐿𝑡𝑎𝑝𝑒𝑟 is the taper length of the entry and exit 

waveguides from the nominal waveguide widths to the entry waveguide width (𝑊𝑒𝑛𝑡𝑟𝑦). 𝑦𝑜𝑓𝑠 is the 

centerline offset between entry and exit waveguides and the center of the slab region. 

 

The geometric definition of the MMI coupler is shown in Figure 3.3. Initial parameter exploration 

was done in mode solver and eigenmode expansion in Lumerical MODE software by placing the 

input waveguides at a offset (𝑦𝑜𝑓𝑠) of 𝑊𝑒𝑓𝑓/6 and sweeping the width (𝑊𝑀𝑀𝐼), effective width (𝑊𝑒𝑓𝑓) 

while optimizing the length of the MMI slab regions. Spectral characteristics are obtained through 

wavelength perturbation sweeps in the eigenmode expansion results. 
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Figure 3.4: Initial parameters WMMI, Weff/𝑊𝑀𝑀𝐼 sweep in EME solver for calculated worst case single port 

rejection ratio (SPRR, left), and 𝑇𝑟𝑒𝑓𝑙 (right) in the target wavelength range (1260-1360nm) Star denotes 

the initial parameters for MMI design. 

 

A suitable tradeoff between performance in both roles is found with the parameters 𝑊𝑀𝑀𝐼 = 7 𝜇𝑚,

𝑊𝑒𝑓𝑓/𝑊𝑀𝑀𝐼 =  1.12, which are taken as the initial parameters for the MMI design. The initial guess 

was optimized by tuning the MMI length (𝐿𝑀𝑀𝐼), input waveguide width (𝑊𝑒𝑛𝑡𝑟𝑦) and displacement 

(𝑦𝑜𝑓𝑠) in FDTD. The final optimized parameters are summarized in Table 3.1. 

 

Table 3.1: Table of MMI parameters, for the initial guess and the optimized design 

Parameters Initial 

Guess 

Optimized Final 

Design 

𝑾𝑴𝑴𝑰 [𝝁𝒎] 7.0 7.0 

𝑳𝑴𝑴𝑰[𝝁𝒎] 57.6 56.9 

𝒚𝒐𝒇𝒔[𝝁𝒎] 1.318 1.4 

𝑾𝒆𝒏𝒕𝒓𝒚[𝝁𝒎] 1.76 1.81 

𝑳𝒕𝒂𝒑𝒆𝒓[𝝁𝒎]          --- 10 
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Figure 3.5: Plots of the optimized MMI design transmissions (blue) and splitting ratio (orange), for the 

nominal design (top left), and under different potential fabrication variances, index (±0.02, top right), 

waveguide height(±40nm, bottom left), waveguide width(±75nm, bottom right) 

The device performance as well as the tolerances of the MMI 2×2 coupler are shown in Figure 3.5. 

The MMI coupler provides an excellent balance between the output ports, with the splitting ratio 

between the two arms rarely deviating from unity even factoring in fabrication variance. In the 

nominal case, an imbalance of <0.1dB throughout the wavelength span is achieved. Even with 

fabrication tolerances factored in, the worst-case imbalance is <0.3dB. However, in all cases, 

insertion losses become an issue as wavelength deviates from the optimum, with insertion losses of 

<1dB for nominal and <2dB for the worst case. The coupler seems to show additional sensitivity to 

potential linewidth variations. This is explained by substituting the variations into the variational 

relationship between the different dimensions of the MMI coupler, which yields 
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2
|𝜕𝑊|

𝑊
=  

|𝜕𝐿|

𝐿
=  

|𝜕𝑛𝑒𝑓𝑓|

𝑛𝑒𝑓𝑓
. 

(3.9)[45] 

The MMI coupler shows good promise for interfering LO and the reflection from the DUT for 

balanced photodetection, but the insertion losses makes it undesirable for isolating the back 

reflection from the DUT. 

3.2.2    Directional Coupler 

 

 
Figure 3.6: The geometric definition of a directional coupler. 𝐿𝑐 is the length of the coupling region, 𝑠 is 

the centerline separation between the two waveguides in the coupling region. 

A directional coupler operates by bringing two parallel waveguides close together, into the coupling 

region, where the waveguides are separated by a distance 𝑠. In the coupling region, the propagating 

modes in each waveguide become mutually coupled and power transfer between the waveguides 

occur. The waveguides are then brought apart after reaching the desired power coupling. Following 

from orthogonal coupled mode theory, the transmission matrix of a directional coupler is  

𝑇 =  [
𝑐𝑜𝑠𝜃 − 𝑗𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜃 −𝑗𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜃

−𝑗𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 + 𝑗𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜃
], 

𝜃 = √𝜅2 + 𝛿2𝐿𝑐 , tan 𝜙 = 𝜅/𝛿 , 

𝛿 = Δ𝛽/2,  

(3.10)[46] 

 

where 𝜅 is the per-length coupling coefficient, 𝐿𝑐 is the length of the coupling region, Δ𝛽 is the 

difference between the propagation constants of the two waveguides, and 𝛿 is the detuning factor. 
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The power in waveguide 2 when light is launched in waveguide 1 is 

𝑃2(𝐿) = 𝑃1(0)
𝜅2

𝜅2 + 𝛿2
sin2 (√𝜅2 + 𝛿2 𝐿) , 

(3.11) 

where 𝑃1, 𝑃2 are the powers in waveguide 1 and 2 respectively, 𝐿 is the coupling length. The coupling 

coefficient 𝜅 and detuning factor 𝜃 can be related to the difference of the symmetric and 

antisymmetric supermodes effective index in the coupling region through  

√𝜅2 + 𝛿2 =
𝜋

𝜆
(𝑛𝑠 − 𝑛𝑎), 

(3.12)[47] 

where 𝑛𝑠 and 𝑛𝑎 are the effective index of the symmetric and asymmetric supermodes, respectively. 

3.2.2.1    Symmetric directional coupler 

In a symmetric directional coupler, the phase detuning factor, 𝛿, is zero and Eq. (3.11) simplifies to 

𝑃2(𝐿) = 𝑃1(0) sin2(𝜅𝐿), (3.13) 

where 1:1 balanced output is achieved when  

𝐿 = 𝐿𝜋/4 =
𝜋

4𝜅|𝜆0

. (3.14) 

𝐿𝜋/4 is evaluated at the nominal wavelength 𝜆0. Taking the derivative of (3.13) with respect to the 

wavelength,  

𝑑

𝑑𝜆
𝑃2(𝐿𝜋/4) =

𝑑𝜅

𝑑𝜆
𝑃1(0)𝐿𝜋/4 𝑠𝑖𝑛(2𝜅𝐿𝜋/4 ) ∝

1

𝜅

𝑑𝜅

𝑑𝜆
 . 

(3.15) 

Using (3.12) to find (3.15) and plotting 
𝑑𝑘

𝑑𝜆

1

𝜅 
 against the separation of the waveguides demonstrate 

that smaller separation 𝑠 reduces the wavelength dependence of the device as shown in Figure 3.7. 
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Figure 3.7: Plot of 
1

κ

dκ

dλ
 against waveguide separation for a symmetric directional coupler at 1310nm 

Using a waveguide separation of 400 nm, as limited by the design rules, with 𝐿 = 14.07𝜇𝑚, the 

symmetric coupler performance and fabrication tolerances are shown in Figure 3.8. 

 
Figure 3.8: Plots of the optimized symmetric directional coupler design transmissions (blue) and splitting 

ratio (orange), for the nominal design (top left), and under different potential fabrication variances, index 

(±0.02, top right), waveguide height(±40nm, bottom left), waveguide width(±75nm, bottom right) 
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Conventional directional couplers have negligible insertion loss but suffer from narrowband 

performance in the balance of the outputs due to waveguide dispersion, resulting in an imbalance 

of >2dB in the nominal case. They also exhibit poor fabrication tolerances, which further broadens 

the imbalance of outputs, making it a risky device in terms of yield. However, with careful phase 

detuning through breaking the symmetry of the coupling region, the directional coupler output 

balance and fabrication tolerances can be improved. 

 

3.2.2.2    Asymmetric Directional Coupler 

By introducing asymmetry between the two waveguides of a directional coupler, the phase detuning 

factor 𝛿 to become nonzero. This additional asymmetry parameter enables the reduction of 

maximum coupled power from one waveguide to another to a desired ratio. This introduces a new 

degree of freedom which opens the possibility of designing a directional coupler that, instead of a 

monotonic relationship between coupling ratio with wavelength, can instead have a first-order 

dependence on wavelength removed at the desired coupling ratio. [46], [48]. This asymmetry can be 

introduced by choosing different waveguide widths for the two parallel waveguides, but this type of 

asymmetry is generally very sensitive to fabrication variations in the waveguide width [49], [50]. 

Alternatively, the asymmetry may be introduced by curving the coupling region of a symmetric 

directional coupler and has been explored as a fabrication tolerant approach to breaking the 

symmetry of directional couplers.[40], [48], [50], [51] 
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Figure 3.9: The geometric definition of a curved coupling region. 𝑅𝑐 is the centerline bend radius of the 

coupling region, 𝐿𝑐 is the length of the coupling region traversing an angle of 𝜃, 𝑠 is the centerline 

separation between the waveguides in the coupling region.   

The difference in phase accumulated between two waveguides in a curved geometry about a central 

radius (𝑅𝑐) with centerline separation (𝑠) over coupling distance L traversing 𝜃 radians is   

𝛽 (𝑅𝑐 +
𝑠

2
) 𝜃 − 𝛽 (𝑅𝑐 −

𝑠

2
) 𝜃 =  𝑠𝛽𝜃 = Δ𝛽𝑅𝑐𝜃, (3.16) 

which leads to a difference in propagation constant mismatch (Δ𝛽) along the centerline of the 

coupling region of  

Δ𝛽 = 𝑠𝛽/𝑅𝑐 . (3.17) 

By extracting the coupling coefficient through the effective indices of the symmetric and 

antisymmetric mode for a straight coupling region, we can estimate the central radius and coupling 

length of the curved coupler for a desired maximum coupling ratio C provided the bend is weak, as 

follows, 

𝐶 =
𝜅2

(
Δ𝛽
2  )

2

+ 𝜅2 

=
(

𝜋
𝜆

(𝑛𝑠 − 𝑛𝑎))
2

(
𝑠𝛽
𝑅𝑐

)
2

+ (
𝜋
𝜆

(𝑛𝑠 − 𝑛𝑎))
2

. 

(3.18) 
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Manipulating (3.18) to isolate 𝑅𝑐 gives the following relation 

Rc =
2neffs

(ns − na)
√

C

1 − C
  , 

(3.19) 

[48] 

and the length of the coupling region for the curved coupler (𝐿𝑐𝑢𝑟𝑣𝑒𝑑) is 

𝐿𝑐𝑢𝑟𝑣𝑒𝑑 = √𝐶𝐿𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡, (3.20) 

where 𝐿𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡 is the coupling length for 100% power transfer from waveguide 1 to 2 in a straight 

directional coupler with the same waveguide separation.  

The power coupled from the waveguide 1 to 2 when launched in waveguide 1 is 

𝑃2(𝐿) = 𝐶𝑃1(0)𝑠𝑖𝑛2 (𝜅′𝐿). (3.21) 

Following (3.19) and (3.20), we get the initial estimates for the central radius and coupling length by 

setting C = 0.5 to find Rc = 79.3μm and Lc = 20.1μm. The calculated coupling ratio according to 

(3.21) is shown in Figure 3.10 

 
Figure 3.10: Calculated bar and cross port transmissions for the curved coupler with 𝑅𝑐 = 79.3𝜇𝑚, 𝐿𝑐 =

20.1𝜇𝑚 
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The curvature flattens the wavelength response compared to the symmetric coupler; nevertheless, the 

coupler exhibits significant wavelength dependence in the coupling ratio. To further refine the 

estimate of the curvature, we can compute the coupling constant 𝜅 and detuning constant 𝛿 from 

(3.12) and (3.17) for wavelengths around 1310nm and balance the derivative of (3.21),  

𝑑𝑃2(𝐿)

𝑑𝜆
= 𝑃1(0) (

𝑑𝐶

𝑑𝜆
sin2 (𝜅′𝐿) + 𝐶

𝑑𝜅′

𝑑𝜆
𝐿 𝑠𝑖𝑛 (2𝜅′𝐿)). 

(3.22) 

The 𝑅𝑐 and 𝐿 are swept and the calculated 𝑑𝑃2/𝑑𝜆  and 𝑃2 is shown in Figure 3.11. 

 

 
Figure 3.11: Plot of coupling ratio (left) and its derivative with respect to wavelength (right) at 1310nm. 

Star indicates the optimized parameters. 

 

To find the optimal parameters, the intersection of the contour lines 𝑑𝑃2/𝑑𝜆 = 0 and 𝑃2(𝐿)/𝑃1(0) =

0.5 is taken which results in the parameter estimates of 𝑅𝑐 = 91.8𝜇𝑚, 𝐿 = 27.2𝜇𝑚. 

Checking the bend radius in MODE solutions shows negligible radiation losses at 𝑅𝑐 = 91.8um which 

means the curved coupler should suffer minimal insertion losses. The calculated coupler performance 

according to (3.21) is shown in Figure 3.12.  
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Figure 3.12: Calculated bar and cross port transmissions of curved coupler with Rc = 91.8μm, Lc = 27.2μm 

This curved waveguides generate a much flatter wavelength response than the initial curvature in 

Figure 3.10, however since the coupler is scored based on the worst performance in the wavelength 

range, the optimal transmission would have the bar and cross port transmission overlap more, as 

shown in Figure 3.13. Iterative optimization of 𝑅𝑐 and 𝐿 through FDTD simulation yields the final 

optimal parameters which includes the influence of coupling between the waveguides bending in 

before and out after the coupling region, the optimized parameters are found in Table 3.2. 

Table 3.2: Table of curved Directional coupler parameters, for initial guess and optimized design 

Parameters Initial Guess Optimized Parameters 

𝑹𝒄 [𝝁𝒎] 91.8 89.5 

𝑳𝒄 [𝝁𝒎] 27.2 20.0 

 

The final performance and the sensitivities of various fabrication errors of the curved coupler are 

shown in Figure 3.13 
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Figure 3.13: Plots of the optimized curved coupler design transmissions (blue) and splitting ratio (orange), 

for the nominal design (top left), and under different potential fabrication variances, index (±0.02, top 

right), waveguide height(±40nm, bottom left), waveguide width(±75nm, bottom right)  

The curved asymmetric directional coupler, like the symmetric directional coupler shows negligible 

insertion losses. However, by eliminating a first-order wavelength dependence on the coupling ratio 

at the center wavelength, the balance of the outputs of the curved directional coupler is vastly 

improved compared to the symmetric version, resulting in a coupling imbalance of less than 0.4dB in 

the nominal case.  Furthermore, the curved coupler shows resilience to linewidth variations that the 

asymmetric width directional coupler is vulnerable to, and performance is not significant impacted 

by index and height variations, in all considered cases the imbalance remains <1dB. 
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3.2.3    Adiabatic coupler 

Adiabatic 2×2 couplers relies on the principle of adiabatic evolution of modes through gradual 

changes in the waveguide cross-section over long propagation lengths (~mm) [52][53] This type of 

2×2 coupler is generally very broadband but are long. The very large device footprint conflicts with 

the chip real estate required for the number of 2×2 couplers needed in an OFDR system. Therefore, 

the adiabatic couplers were not considered for this thesis. Compact footprint adiabatic couplers have 

been demonstrated, but require subwavelength features for dispersion engineering, which is unfeasible 

on a foundry process due to low tolerance for fabrication variations and feature size limitations [54]. 

3.3     Comparison of 2×2 Coupler Options 

 
Figure 3.14: A comparison of designed 2×2 couplers on the basis of single port rejection ratio 

(SPRR) and losses accrued from isolating the back reflection from the DUT (𝑇𝑟𝑒𝑓𝑙). Stars are the 

nominal designs, and dots are performances after applying fabrication variations in the index, 

waveguide height, and waveguide width. 

Amongst the explored options for 2×2 couplers, MMIs provide the best output balance overall and 

are the most tolerant to fabrication variations. They achieve a SPRR >20dB, but their high 

insertion losses lead to additional losses of >1dB from the optimal -6dB when used to isolate 

reflections. Curved couplers excel in isolating the back reflection from the DUT due to the 

combination of output balance and negligible insertion losses, with losses <0.25dB from the optimal, 
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though its performance is inferior to MMI coupler in terms of the SPRR (<20dB), which can be 

further degraded with fabrication variations. The symmetric directional coupler, even in the optimal 

case has worse performance than the curved counterpart largely due to narrowband performance in 

terms of losses from reflection isolation (>0.25dB) and SPRR (<10dB). The performance is worsened 

when there are fabrication variances. Thus, the MMI coupler and the curved coupler are chosen for 

further exploration in the integrated optic implementation of OFDR.  

3.4     Conclusion 

We have explored and evaluated several options for 2×2 coupler for the role of isolating the back 

reflection from the DUT and facilitating the interference between the LO and the back reflection 

from the DUT, such as MMIs, symmetric and asymmetric directional. Adiabatic couplers were not 

explored due to the amount of chip real estate required which makes on chip OFDR implementation 

impractical.  

The evaluation of the different options for 2×2 couplers shows that MMIs has excellent output 

balance which leads to good performance for mixing the LO and reflection from DUT in a balanced 

detection setup, as indicated by the high SPRR. However, the growing insertion losses as wavelength 

deviates from the center leads additional losses when used to isolate reflections from the DUT. The 

curved coupler performs well in isolating reflections from the DUT due to minimal insertion losses, 

but it has inferior SPRR compared to MMIs. Symmetric directional couplers do not perform as well 

as MMIs or curved directional couplers.  

Thus, the MMI and curved couplers are the most promising candidates for fabrication and testing, 

potentially for a hybrid configuration in which the curved coupler isolates the back reflection from 

the DUT and the MMI facilitates the mixture between the LO and reflections from the DUT. 
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Chapter 4 

Test Structures and Measurement Setup 

In this chapter, we detail the test structures designed and fabricated for the purpose of 

characterizing the SiN-on-Si photonics platform and devices needed for the integrated optic 

implementation of OFDR. The devices include the general components in Chapter 2 as well as the 

2×2 couplers designed in Chapter 3. This chapter will conclude with the measurement setup and 

methodologies for measuring the test structures. 

4.1     Test Structures  

Several test structures were designed to characterize some of the passive devices described in 

Chapter 2, as well as the 2×2 coupler candidates designed in Chapter 3, all of which will be the 

building blocks of an integrated photonic OFDR implementation.  

4.1.1    Polarization Calibration Structures 

 

Figure 4.1: The layout of a polarization calibration structure 

Polarization calibration structures are edge coupled and consists of numerous tight bends with radii 

of 10um on the Si photonic layer are placed on multiple locations on the fabricated chips to calibrate 

and verify the polarization being coupled onto the chip prior to each measurement. This calibration 
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structure enables us to ensure the measurements are characterized with the TE polarization. The 

tight bends have high polarization dependent losses favoring the TE mode which will allow the 

adjustment of polarization controllers to minimize the losses as to calibrate the input polarization. 

4.1.2    Edge coupler Calibration Structures 

An edge coupler calibration structure is a straight waveguide routing from one facet of the chip to 

the other. It is used to extract the edge coupler losses by factoring out external losses from the 

testing setup. 

4.1.3    Waveguide Cutback Structures        

 
Figure 4.2: The layout of waveguide cutback spiral structures labelled (1, 2, 3, 4) have relative pathlength 

differences of (0, 1.2, 2.4, 3.6)cm. 

Waveguide spiral structures are edge coupled test structures placed with path length differences of 

(0, 1.2, 2.4, 3.6)cm of straight waveguide sections between the spirals (1, 2, 3, 4), while keeping the 

rest of the structure functionally identical. By measuring the losses accrued in each of the waveguide 

spiral structure and performing a linear fit of the transmission against the waveguide length, the per-

length waveguide propagation losses can be determined from the slope of the fit. 
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4.1.4    Transition Cutback Structures 

 
Figure 4.3: The layout of interlayer transition cutback structure labeled (1, 2, 3, 4) have (12, 38, 58, 78) 

interlayer transitions 

Interlayer transitions are characterized by edge coupled test structures placed with many interlayer 

transitions in series with randomized intervals to prevent buildup of resonant reflections. [12] Each 

structure (1, 2, 3, 4) has incrementally many interlayer transitions (18, 38, 58, 78). The insertion loss 

for the interlayer transitions can be obtained by performing a linear fit on the measured losses as a 

function of the number of transitions. 

4.1.5    MMI Cutback Structure 

 
Figure 4.4: The layout of MMI cutback structures in bar and cross port configurations labeled (1, 2, 3) 

have (3, 7, 10) consecutive MMIs 

To determine the loss of the MMI, cutback structures for (3, 7, 10) consecutive bar and cross ports 

of the MMI couplers are connected in series in test structures (1, 2, 3) and placed to directly 

characterize their bar and cross port transmission through linear fitting of the measured losses. The 
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unbalanced Mach-Zehnder Interferometer method in the next section does not work well for MMIs 

due to the MMI loss. 

4.1.6    Unbalanced Mach-Zehnder Interferometer 

Edge-coupled unbalanced Mach-Zehnder interferometers (UMZI) test structures are used to 

characterize the coupling ratio of the curved directional couplers indirectly through the extinction 

ratio of the peaks and troughs of the transmission spectrum. [55] 

 

 
Figure 4.5: The unbalanced Mach Zehnder interferometer (UMZI) test structure. Top: Layout 

representation, Bottom: Schematic representation, where In1, In2 are the input ports 1 and 2, respectively 

and Out1, Out2 are the output ports 1 and 2, respectively. Δ𝐿 is the excess path length between the 

longer arm and the shorter arm of the UMZI structure. 

We describe how this method works by analyzing the transmission spectrum of the UMZI.  The 

transmission matrix (𝑆𝐷𝐶) for the directional couplers 1 and 2 are  

𝑆𝐷𝐶1 = [
𝑡𝑏1  𝑡𝑐1

𝑡𝑐1  𝑡𝑏1
∗ ] , 𝑆𝐷𝐶2 = [

𝑡𝑏2  𝑡𝑐2

𝑡𝑐2  𝑡𝑏2
∗ ]. 

(4.1) 

where 𝑡𝑏, 𝑡𝑐 are the lumped bar and cross field transmission coefficients, respectively. The 

transmission matrix (𝑆𝑝𝑟𝑜𝑝) for the unbalanced paths with a length difference of Δ𝐿 between the 

directional couplers 1 and 2 is 
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𝑆𝑝𝑟𝑜𝑝 = 𝑒(−𝛼+𝑗𝛽)𝐿 [𝑒(−𝛼+𝑗𝛽)𝛥𝐿          0
0                           1

]. 
(4.2) 

where  𝛼, 𝛽 are the attenuation and propagation constant through the SiN strip waveguide, and L is 

the shared path length between the two arms of the UMZI test structure. 

The total S matrix for the UMZI test structure is 

𝑆 = 𝑆𝐷𝐶1𝑆𝑝𝑟𝑜𝑝𝑆𝐷𝐶2 = 𝑒(−𝛼+𝑗𝛽)𝐿 [
𝑡𝑏1𝑡𝑏2𝑒(−𝛼+𝑗𝛽)𝛥𝐿 + 𝑡𝑐1𝑡𝑐2        𝑡𝑏1𝑡𝑐2𝑒(−𝛼+𝑗𝛽)𝛥𝐿 + 𝑡𝑐1𝑡𝑏2

∗

𝑡𝑏2𝑡𝑐1𝑒(−𝛼+𝑗𝛽)𝛥𝐿 + 𝑡𝑏1
∗ 𝑡𝑐2         𝑡𝑐1𝑡𝑐2𝑒(−𝛼+𝑗𝛽)𝛥𝐿 + 𝑡𝑏1

∗ 𝑡𝑏2
∗ ]. 

(4.3) 

For an optical input at In1 and In2 in Figure 4.5, we have the output ports Out1 and Out2, the 

intensities 𝐼𝑖𝑛1𝑜𝑢𝑡1, 𝐼𝑖𝑛1𝑜𝑢𝑡2, 𝐼𝑖𝑛2𝑜𝑢𝑡1, and 𝐼𝑖𝑛2𝑜𝑢𝑡2 are given as follows: 

𝐼𝑖𝑛1𝑜𝑢𝑡1 = 𝑆11𝑆11
∗ = 𝑒(−2𝛼)𝐿(|𝑡𝑏1𝑡𝑏2|2𝑒−2𝛼Δ𝐿 + |𝑡𝑐1𝑡𝑐2|2 + cos(𝛽𝛥𝐿 + 𝜙

𝑏
− 𝜙

𝑐
) 𝑒−𝛼Δ𝐿|𝑡𝑏1𝑡𝑏2𝑡𝑐1𝑡𝑐2|2), (4.4) 

𝐼𝑖𝑛1𝑜𝑢𝑡2 = 𝑆12𝑆12
∗ = 𝑒(−2𝛼)𝐿(|𝑡𝑏1𝑡𝑐2|2𝑒−2𝛼Δ𝐿 + |𝑡𝑏2𝑡𝑐1|2 + cos(𝛽𝛥𝐿 + 2𝜙𝑐) 𝑒−𝛼Δ𝐿|𝑡𝑏1𝑡𝑏2𝑡𝑐1𝑡𝑐2|2),  

 

𝐼𝑖𝑛2𝑜𝑢𝑡1 = 𝑆21𝑆21
∗ = 𝑒(−2𝛼)𝐿(|𝑡𝑏2𝑡𝑐1|2𝑒−2𝛼Δ𝐿 + |𝑡𝑏1𝑡𝑐2|2 + cos(𝛽𝛥𝐿 + 2𝜙𝑐) 𝑒−𝛼Δ𝐿|𝑡𝑏1𝑡𝑏2𝑡𝑐1𝑡𝑐2|2),   

𝐼𝑖𝑛2𝑜𝑢𝑡2 = 𝑆22𝑆22
∗ = 𝑒(−2𝛼)𝐿(|𝑡𝑐1𝑡𝑐2|2𝑒−2𝛼Δ𝐿 + |𝑡𝑏1𝑡𝑏2|2 + cos(𝛽𝛥𝐿 + 2𝜙𝑐) 𝑒−𝛼Δ𝐿|𝑡𝑏1𝑡𝑏2𝑡𝑐1𝑡𝑐2|2).   

As the wavelength of the optical input is swept, the 𝛽Δ𝐿 term changes rapidly and an interference 

pattern is formed, with extinction ratios between the peaks and the troughs of 

𝐸𝑅11 =
max(𝐼𝑖𝑛1𝑜𝑢𝑡1)

min(𝐼𝑖𝑛1𝑜𝑢𝑡1)
=  

(𝑒−𝛼Δ𝐿|𝑡𝑏1𝑡𝑏2| + |𝑡𝑐1𝑡𝑐2|)
2

(𝑒−𝛼Δ𝐿|𝑡𝑏1𝑡𝑏2| − |𝑡𝑐1𝑡𝑐2|)2
, 

(4.5) 

𝐸𝑅12 =
max(𝐼𝑖𝑛1𝑜𝑢𝑡2)

min(𝐼𝑖𝑛1𝑜𝑢𝑡2)
=  

(𝑒−𝛼Δ𝐿|𝑡𝑏1𝑡𝑐2| + |𝑡𝑏2𝑡𝑐1|)
2

(𝑒−𝛼Δ𝐿|𝑡𝑏1𝑡𝑐2| − |𝑡𝑏2𝑡𝑐1|)2
, 

 

𝐸𝑅21 =  
max(𝐼𝑖𝑛2𝑜𝑢𝑡1)

min(𝐼𝑖𝑛2𝑜𝑢𝑡1)
=

(𝑒−𝛼Δ𝐿|𝑡𝑏2𝑡𝑐1| + |𝑡𝑏1𝑡𝑐2|)
2

(𝑒−𝛼Δ𝐿|𝑡𝑏2𝑡𝑐1| − |𝑡𝑏1𝑡𝑐2|)2
, 

 

𝐸𝑅22 =
max(𝐼𝑖𝑛2𝑜𝑢𝑡2)

min(𝐼𝑖𝑛2𝑜𝑢𝑡2)
=  

(𝑒−𝛼Δ𝐿|𝑡𝑐1𝑡𝑐2| + |𝑡𝑏1𝑡𝑏2|)
2

(𝑒−𝛼Δ𝐿|𝑡𝑐1𝑡𝑐2| − |𝑡𝑏1𝑡𝑏2|)2
. 

 

Manipulating the expressions from Eq. (4.5), the extinction ratios (ER) can be combined to form 

composite parameters 𝑀11, 𝑀12, 𝑀21,  and 𝑀22. 
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𝑀11 =
√𝐸𝑅11 + 1

√𝐸𝑅11 − 1
= (

𝑒−𝛼Δ𝐿|𝑡𝑏1𝑡𝑏2|

|𝑡𝑐1𝑡𝑐2|
)

𝑗

  𝑀12 =
√𝐸𝑅12 + 1

√𝐸𝑅12 − 1
= (

𝑒−𝛼Δ𝐿|𝑡𝑏1𝑡𝑐2|

|𝑡𝑏2𝑡𝑐1|
)

𝑘

 
(4.6) 

𝑀21 =
√𝐸𝑅21 + 1

√𝐸𝑅21 − 1
= (

𝑒−𝛼Δ𝐿|𝑡𝑏2𝑡𝑐1|

|𝑡𝑏1𝑡𝑐2|
)

𝑙

 𝑀22 =
√𝐸𝑅22 + 1

√𝐸𝑅22 − 1
= (

𝑒−𝛼Δ𝐿|𝑡𝑐1𝑡𝑐2|

|𝑡𝑏1𝑡𝑏2|
)

𝑚

  
 

𝑗, 𝑘, 𝑙, 𝑚 =  ±1   

Combining the parameters found in (4.6), we get 

𝑀11𝑀22 =
𝑒−𝛼Δ𝐿(𝑗+𝑚)|𝑡𝑏1𝑡𝑏2|𝑗−𝑚

|𝑡𝑐1𝑡𝑐2|𝑗−𝑚
=   {

𝑒−2𝛼Δ𝐿 , 𝑖𝑓 𝑗 = 1, 𝑚 = 1

𝑒2𝛼Δ𝐿 , 𝑖𝑓 𝑗 = −1, 𝑚 = −1
 

(4.7) 

𝑀11

𝑀22
=

𝑒−𝛼Δ𝐿(𝑗−𝑚)|𝑡𝑏1𝑡𝑏2|𝑗+𝑚

|𝑡𝑐1𝑡𝑐2|𝑗+𝑚
=  {

𝑒−2𝛼Δ𝐿 , 𝑖𝑓 𝑗 = 1, 𝑚 = −1

𝑒2𝛼Δ𝐿 , 𝑖𝑓 𝑗 = −1, 𝑚 = 1
 

 

By comparing the expressions in (4.7) with the estimated waveguide losses from measurements, we 

can determine the signs of 𝑗 and 𝑚. 𝑗 is positive if  𝑒−𝛼Δ𝐿|𝑡𝑏1𝑡𝑏2| > |𝑡𝑐1𝑡𝑐2|, and is negative 

otherwise. 𝑚 is positive if 𝑒−𝛼Δ𝐿|𝑡𝑐1𝑡𝑐2| >  |𝑡𝑏1𝑡𝑏2| and is negative otherwise. A similar approach can 

be done for k and l. Once 𝑗, 𝑘, 𝑙, 𝑚 are known, the parameters 𝑀11, 𝑀12, 𝑀21, 𝑀22 can be combined to 

obtain  

𝑀11
𝑎 𝑀12

𝑏 𝑀21
𝑐 𝑀22

𝑑 =  𝑒−𝛼Δ𝐿(𝑗′+𝑘′+𝑙′+𝑚′) |
𝑡𝑏1

𝑡𝑐1
|

(𝑗′+𝑘′−𝑙′−𝑚′)

|
𝑡𝑏2

𝑡𝑐2
|

(𝑗′+𝑙′−𝑘′−𝑚′)

, 
(4.8) 

𝑗′, 𝑘′, 𝑙′, 𝑚′ = 𝑎𝑗, 𝑏𝑘, 𝑐𝑙, 𝑑𝑚 

𝑤ℎ𝑒𝑟𝑒 𝑎, 𝑏, 𝑐, 𝑑 =  ±1 𝑎𝑛𝑑 𝑎𝑟𝑒 𝑓𝑟𝑒𝑒𝑙𝑦 𝑐ℎ𝑜𝑠𝑒𝑛 

 

where the value of 𝑗’, 𝑘’, 𝑙’, 𝑚’, can be freely set to +1 or -1 by choosing the correct corresponding 

value for 𝑎, 𝑏, 𝑐, 𝑑. By choosing certain values for 𝑗’, 𝑙’, 𝑙’, 𝑚’, (4.8) becomes 

{𝑗′ = 1, 𝑘′ = 1, 𝑙′ = −1, 𝑚′ = −1} ⇒  |
𝑡𝑏1

𝑡𝑐1
|

4

, 
(4.9) 

{𝑗′ = 1, 𝑘′ = −1, 𝑙′ = 1, 𝑚′ = −1} ⇒  |
𝑡𝑏2

𝑡𝑐2
|

4

. 
 



47 

 

 

By assuming that the directional couplers are lossless,  

|𝑡𝑏|2 = (1 − |𝑡𝑐|2), (4.10) 

which is a reasonable assumption due to the weak curvature of the coupling region combined with 

the low SiN propagation losses [32], the field transmission coefficients can be characterized from their 

ratio obtained in (4.9). 

The interference fringes generated by the UMZI structure have a free spectral range Δ𝜆𝐹𝑆𝑅 of 

Δ𝜆𝐹𝑆𝑅 =
𝜆0

2

𝑛𝑔Δ𝐿
. 

(4.11) 

Where 𝜆0 is the center wavelength, 𝑛𝑔 is the group index of the waveguide. The simulated group 

index of the waveguide dimensions chosen in Chapter 2 is shown in Figure 4.6. 

 
Figure 4.6: Simulated group index of SiN strip waveguide as defined in Chapter 2. Dots are calculated 

interferogram cycles with 𝛥𝐿 = 420𝜇𝑚  

 

Δ𝐿 is chosen to be 420um, which corresponds with a Δ𝜆𝐹𝑆𝑅 of ~2nm, provides ~48 data points in the 

targeted wavelength range of 1.26𝜇𝑚 to 1.36𝜇𝑚, as illustrated in Figure 4.6. 
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4.1.7    Germanium photodetector 

 
Figure 4.7: The layout of a 2×2 PD test structure 

To cross-validate the measurements from the UMZI and cutback structures for the directional 

couplers and the MMI couplers respectively, germanium PDs are connected to the two output ports 

of the curved coupler and MMI couplers through a polarization filter in order to directly characterize 

the coupling and insertion loss of the 2×2 couplers. 

4.2     Measurement setup 

The optical measurements were made with the TLS (Agilent 81600b), passing through a polarization 

controller (Oz Optics FPC-100) and edge coupled onto the chip through a lensed fiber. For each 

measurement, the polarization calibration structure was used to calibrate the light input to be TE 

polarized. The edge coupled output on the other side of the chip is captured by another lensed fiber 

connected to a polarization analyzer (Oz-Optics FPR-01-3A3A-1550-S-S-1) and then measured with 

an optical power meter (Agilent N7744A). The wavelength of the TLS is swept from 1260nm to 

1360nm to capture the spectral characteristic of the test structures. 
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Figure 4.8:  Schematic representation of the measurement setup. DUT: device under test TLS: Tunable 

laser source; PC: polarization controller; SM: source meter; PA: Polarization analyzer; OPM: optical 

power meter 

For the electrical PD measurements, after initial input polarization calibration, four needle probes 

were brought to contact the metal pads connected to the two PDs attached to the output ports of 

the coupler in Figure 4.7, which are connected to an electrical source meter (Keithley 2602B). 

Dependence of the forward bias current on the needle probe placement was observed, likely due to 

varying contact resistance due to probe placement. To match the contact resistance, initial voltage 

sweeps are performed and the IV curves between the two PDs are matched by adjusting the needle 

probe placement. Light is launched into the coupler under test and the PD currents were measured 

under a reverse bias of -1V as the wavelength of the TLS is stepped from 1260nm to 1360nm.  

4.3     Conclusion 

In this chapter, we described the test structures that were placed to characterize the input 

polarization, edge couplers, waveguide losses, interlayer transition losses and the 2×2 coupler 

candidates. Cutback structures are used to characterize the losses of waveguide propagation, 

interlayer transitions, MMI couplers. The theory behind using UMZI test structures to characterize 

the coupling of the curved directional coupler is given. The measurement setup and methodology for 

the optical and electrical measurements are described.  
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Chapter 5 

Measurement Results 

In this chapter, the measurement results of the test structures detailed in Chapter 4 are shown. The 

measured results for waveguide propagation losses and general devices will be compared with 

previously reported results from similar platforms. The bar and cross port transmissions of the 2×2 

coupler candidates are extracted from measurements. Their performance as it pertains to their roles 

of isolating the reflections from DUT and facilitating the mixture of LO and reflections from the 

DUT are evaluated based on the extracted transmissions.  

 

5.1     Waveguide Propagation  

The propagation losses for the strip waveguides with specifications detailed in Chapter 2 were 

measured with TE polarization on the spiral cutback structures detailed in Chapter 4. The results 

for the SiN and Si strip waveguides are shown in Figure 5.1 
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Figure 5.1 (left) Plot of interpolated waveguide propagation losses for SiN and Si strip waveguides. (right) 

Raw cutback measurements for SiN and Si strip waveguide spirals at 1310nm 

 

The interpolated propagation losses differs with previously reported results for similar waveguides. 

[12] notably the SiN propagation loss is obtained as ~1.5dB/cm compared to ~0.3dB/cm reported 

previously. This is likely due to variations in the deposition conditions of the PECVD SiN leading to 

a different composition. Si strip waveguide propagation loss is obtained as ~3.5dB/cm compared to 

~5dB/cm reported previously. This discrepancy may be the result of reduced scattering due to 

smoother sidewalls. 
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5.2     Interlayer Transitions  

The interlayer transition insertion loss was measured with TE polarization on the cutback structures 

detailed in Chapter 4. The results for the interlayer transitions are shown in Figure 5.2. 

 

 
Figure 5.2: (left) Plot of interpolated interlayer transition insertion loss. (right) Raw cutback 

measurements of interlayer transition test structures at 1310nm. 

 

The interlayer transition losses from the cutback structures are ~0.1 dB/transition, compared to the 

0.15 dB/transition reported previously. [12] This falls within the expectation as the smaller tip width 

(𝑤𝑆𝑖𝑁 𝑡𝑖𝑝 = 200𝑛𝑚, 𝑤𝑆𝑖 𝑡𝑖𝑝 = 180𝑛𝑚) compared to the reference (𝑤𝑆𝑖𝑁 𝑡𝑖𝑝 = 300𝑛𝑚, 𝑤𝑆𝑖 𝑡𝑖𝑝 = 200𝑛𝑚) 

[12] may account for the reduced insertion loss due to lower scattering loss at the blunt tip interface. 
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5.3     Photodetector Responsivity 

Photodetector responsivity was measured through a directional coupler where the current from the 

two photodetectors connected to the two outputs are summed and the directional coupler is assumed 

to be lossless. The fibre to chip coupling loss is de-embedded through an edge coupler measurement. 

The extracted Ge PD responsivity is shown in Figure 5.3. 

 

 
Figure 5.3: The measured Ge PD responsivity as a function of wavelength. 

 

The obtained values for the responsivity of ~0.75A/W at a reverse bias of -1V is consistent with 

previously reported values for Ge PD responsivity in the O-band on a similar platform. [32] 

5.4     MMI Measurements 

The MMI bar and cross port transmission were characterized through both the cutback and PD test 

structures described in Chapter 4 in combination with the measured responsivity in Figure 5.3. The 

results are shown in Figure 5.4. 
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Figure 5.4: MMI characterization results. (top left) cutback characterization (top right) PD 

characterization (bottom left) raw measurements of bar port cutback measurements at 1.27𝜇𝑚, 1.31𝜇𝑚, 

1.34 𝜇𝑚 (bottom right) raw measurements of cross port cutback measurements at 1.27𝜇𝑚, 1.31𝜇𝑚, 

1.34𝜇𝑚 

The cutback measurement and the PD measurement show agreement but deviates at shorter 

wavelengths where insertion loss is higher. This is likely due to the cutback measurements getting 

close to the noise floor of the detector causing the cutback interpolated transmission to be higher 

than expected. 

The peak performance of the MMI coupler is shifted towards longer wavelengths, which according to 

the fabrication variation simulation results shown in Chapter 3, indicates possibly a thinner 

width/height or a higher material index than assumed. 
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The performance of the MMI coupler in terms of 𝑇𝑟𝑒𝑓𝑙 and SPRR as defined in Chapter 3 are shown 

in Figure 5.5 

 
Figure 5.5: Plots of (left) 𝑇𝑟𝑒𝑓𝑙 (right) SPRR calculated from the photodetector characterization.  

As expected, the MMI coupler performs well in mixing LO and reflections from the DUT in a 

balanced detection scheme, achieving >18dB SPRR throughout the measured wavelength range. 

However, the high insertion losses of the MMI coupler leads to very poor performance when used to 

isolate the reflections from the DUT, which is compounded by the fact that the peak wavelength of 

the MMI is shifted, with losses of up to -12dB at shorter wavelengths. 

 

5.5     Directional Coupler Measurements 

The raw interferograms measured from the four combinations of inputs and outputs of the UMZI 

test structure are shown in Figure 5.6. 
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Figure 5.6: Plot of raw data from unbalanced Mach Zehnder interferometer measurement, Blue and red 

dots indicate the peaks and troughs of the interferogram 

From the exinction ratios between the maximas and minimas of interferogram, the bar and cross 

port transmissions can be extracted from the process detailed in Chapter 4. By comparing the 

different combination of the interferograms, we can narrow the possible configurations detailed in 

Chapter 4 by comparing them to the expected excess loss of the longer arm. Through this extraction 

of the transmissions of the DC, we find that the transmission of the two directional couplers, even 

though identical on the layout, appears to deviate from each other. The extracted transmissions of 

the directional coupler through UMZI test structure, as well as the PD test structure are shown in 

Figure 5.7. 
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Figure 5.7: Plot of curved directional coupler characterization results. (left) unbalanced Mach Zehnder 

interferometer characterization, (right) photodetector characterization  

 

Noteably, the noise in the extraction of the ER, in combination with the low excess loss on the 

longer arm of the UMZI test structure made the extraction process detailed in Chapter 4 ambigous. 

The PD measurement of the curved DC was used to find the correct values of 𝑗, 𝑘, 𝑙, 𝑚 in (4.6). 

The deviation between the transmissions of the two directional couplers in the UMZI test structure 

and their deviation from the PD measurement of the transmission of the directional coupler indicates 

a high fabrication sensitivity. Nevertheless, the flattened wavelength response due to the curvature of 

the coupling region is clearly present, albeit spectrally shifted towards longer wavelengths, achieving 

a 3dB±1dB bandwidth of >100nm, comparable to previous devices reported in the literature and 

first example of such device on a SiN photonic layer. [40], [51] This combined with the simulation 

results from Chapter 3, indicates a lower height, wider width or higher index than assumed. The 

performance of the DC in terms of 𝑇𝑟𝑒𝑓𝑙 and SPRR are shown in Figure 5.8. 
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Figure 5.8: Plot of (left) 𝑇𝑟𝑒𝑓𝑙 (right) SPRR calculated from the photodetector characterization 

As expected, the circulator losses are near optimal, only deviating by 0.1dB from the optimal 6dB of 

loss for a 2×2 coupler, but the imbalance of the output as the wavelength deviates from the 1:1 point 

leads to worse performance when interfering the LO and reflections from the DUT for balanced 

detection compared to the MMI coupler, achieving only >10dB SPRR in the wavelength range of 

interest. 

5.6     Discussion 

The UMZI measurements of DC transmission coefficients were complicated by the fluctuations in the 

interference pattern formed as wavelength was swept. The fluctuations were likely due to 

polarization rotation occurring in the 500𝜇𝑚 long inverse taper edge couplers due to slanted sidewalls 

that tapers through a square cross-section.[56] The different polarizations in the UMZI arms would 

have different group indices, leading to unordered overlapping of interference patterns between the 

TE and TM polarizations. This causes variations in the depths of the troughs as a function of 

wavelength, especially at low powers (<-20dBm) which leads to uncertainty in the measured ER. A 

polarization analyzer was added to the measurement setup to minimize this effect, but spectral 

fluctuation in the extracted ER was still large enough compared to the low excess loss in the longer 

arm of the UMZI test structure that the identification of the 𝑗, 𝑘, 𝑙, 𝑚, coefficients to differentiate 
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between the different cases mentioned in (4.6) was not possible. The effects of adding a polarization 

analyzer is shown in Figure 5.9. 

 
Figure 5.9: Plot of measured unbalanced Mach Zehnder interferometer interference spectra. Green and red 

dots used to visualize the peaks and troughs (left) Without polarization analyzer (right) With polarization 

analyzer 

In hindsight, a simpler UMZI structure containing a 1x2 MMI as the first coupler and the DC under 

test as the second coupler would make the extraction of transmission coefficients of the DC simpler, 

and halve the ER required to make the same measurement, making it less susceptible to the presence 

of the unwanted polarization. 

The cutback measurements for the MMI coupler also had issues with dipping down to the noise floor 

of the detector due to larger than expected loss. In the future, cutback structures with fewer MMIs 

should be placed. 

5.7     Conclusion 

The measured propagation losses for SiN waveguides is much higher than expected, likely due to 

variations in the composition of the SiN deposited and possibly other fabrication imperfections. The 

propagation losses for Si were lower than expected, possibly due to reduced surface roughness since 

the previous value was obtained from the polished top Si device layer in the SOI. Interlayer 
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transitions insertion loss was lower than expected, which was expected due to reduced scattering 

losses owing to a smaller blunt tip width and height. The measured Ge PD responsivity was 

consistent with previously reported results for the O-band.  

The bar and cross port transmission for the MMI and curved directional coupler were obtained. The 

curved directional coupler was sensitive to fabrication variations due to differing transmissions 

extracted from devices that with identical layouts. The transmission of both the MMI and curved 

directional coupler were spectrally shifted towards longer wavelengths. The variations that match the 

spectral shift in the transmission are a higher material index or a reduced height.  
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Chapter 6 

Discussion, Conclusion, and Future Work 

In this thesis we designed, optimized, and characterized 2×2 couplers and other general devices as 

fundamental building blocks for an integrated photonics implementation of OFDR. The 2×2 couplers 

were designed with two roles in mind. To isolate the back reflected signal of interest from the DUT 

and to facilitate the interference between that signal and the LO for balanced photodetection. To 

parameterize the 2×2 coupler performance in isolating the reflections from DUT and interfering 

signals for balanced detection, 𝑇𝑟𝑒𝑓𝑙 and SPRR were defined in Chapter 3. Two candidates for 2×2 

couplers, the MMI coupler and curved directional coupler were designed, optimized, fabricated, and 

characterized through optical and PD test structures with those two parameters in mind.  

6.1     Conclusion 

The fabricated MMI coupler achieves SPRR >18dB throughout the intended wavelength range. 

However, the insertion losses for the isolated reflection from the DUT were severe, reaching up to -12 

dB within the targeted wavelength range.  

The fabricated curved directional coupler has a near optimal -6.1dB losses for the isolation of 

reflections from the DUT, but the SPRR only reaches >10dB throughout the intended wavelength 

range. 
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The curved directional coupler performs within expected ranges in the presence of fabrication 

variances simulated in Chapter 3. The MMI SPRR performance is worse than expected in the 

presence of fabrication variances, however, due to the strong dependence of SPRR on the balance of 

the output it is more susceptible to fluctuations between the cross and bar port measurements. A 

comparison of the performance between the characterized MMI and curved DC to other 

experimentally demonstrated 2×2 couplers on SOI platforms is shown in Table 6.1  

Table 6.1: Comparison table for experimentally demonstrated 2×2 couplers on SOI platforms.  

Type M aterial 1dB Imbalance 

Bandwidth (THz) 

< 1dB Excess Loss 

Bandwidth (THz) 

Footprint  

(𝝁𝒎 × 𝝁𝒎)  

Adiabatic Coupler w/ 

subwavelength gratings [54] 

Si >16.2* >16.2* 1x50 

Adiabatic Coupler [53] Si >12.5* Not mentioned 6x1100 

Curved Coupler with 

Straight Sections [51] 

Si 11 Not mentioned 3x20 

Curved Coupler [40] Si 15.2 >15.2* 3x20 

MMI [57] Si >4.1*  Not mentioned 3x9 

MMI [58] Si >6.2* >6.9* 4.5x25 

     

This work, curved 

coupler 

SiN  >18.7* >20.37* 5x30 

This work, M M I SiN  >20.37* 12.42 7x45 
*Bandwidth limited by measurement range 

 

Table 6.1 shows that our curved coupler on the SiN-on-Si platform is the most spectrally broadband 

curved directional coupler demonstrated, with slightly larger device footprints as the Si counterparts, 

which can be improved in the future. The large bandwidth is owed to the lower dispersion exhibited 

by the SiN waveguide, with the actual optical bandwidth being even higher than quoted due to 

limitations in the measurement. Adiabatic couplers in Table 6.1 can reach comparable performance, 

but either have very large device footprints or require subwavelength features that are not reliably 

reproduced in foundry fabrication processes. Our MMI on the SiN-on-Si platform shows very large 

bandwidth with respect to the imbalance of the outputs but has a larger footprint due to the lower 
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light confinement compared to Si devices. For future iterations, a tapered slab region like the ones 

described in [59] can be incorporated to further reduce the device footprint. 

Optical fibre 2×2 couplers can be very broadband, with 1dB imbalance bandwidth reaching up to 

200nm around 1310nm (35.1THz) [60]. However, integrated photonic implementations, when 

produced on a commercial scale, should have lower costs. Integrated photonic directional couplers 

should also be free of any insertion losses aside from coupling onto and off the chip, whereas each 

connector or splice needed for fibre couplers will accrue additional losses. 

The advantages and disadvantages of each type of potential on-chip 2×2 coupler are as expected 

from the simulations from Chapter 3. The results indicate that a hybrid approach using both MMI 

and curved couplers is optimal for OFDR, where curved directional couplers are used to isolate the 

back reflections from the DUT and MMI couplers are used for balanced photodetection as shown in 

Figure 6.1. 

  
Figure 6.1: Schematic of hybrid configuration of 2×2 couplers for OFDR with the curved directional 

coupler (DC) routing the light from the tunable laser source (TLS) to the device under test (DUT) and 

isolating the back reflections from the DUT. and the multimode interferometer (MMI) facilitating the 

interference between the reflections and the local oscillator (LO). 

6.2     Future Work 

In this thesis, the basic devices needed for an integrated photonic OFDR circuit have been 

characterized, and next step involves the combination of all these building blocks into a functioning 
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prototype of an integrated OFDR with an off-chip light source. To achieve on chip polarization 

diversity, a polarization splitter rotator can be appended to the OFDR as shown in Figure 6.2.  

 

 
Figure 6.2: Schematic of on chip polarization diversity achieved with integrated polarization splitter 

rotator (PSR). (top) external bulk optic requirements. Light from the tunable laser source (TLS) is split 

into 2 paths, with one path connected to a delay line to apply a temporal delay 𝜏 (𝑇𝐿𝑆𝑑𝑒𝑙𝑎𝑦) relative to 

the other path (𝑇𝐿𝑆𝑛𝑜 𝑑𝑒𝑙𝑎𝑦). (bottom) photonic circuit: the light travels from 𝑇𝐿𝑆𝑑𝑒𝑙𝑎𝑦 and 𝑇𝐿𝑆𝑛𝑜 𝑑𝑒𝑙𝑎𝑦 and 

is routed towards the device under test (DUT) through the PSR, which converts the 𝑇𝐿𝑆𝑑𝑒𝑙𝑎𝑦 into the 

TM polarization. The two polarizations in the back reflections from the DUT are separated by the PSR, 

and interfered with the local oscillator on the top (originating from 𝑇𝐿𝑆𝑑𝑒𝑙𝑎𝑦) and bottom (originating 

from 𝑇𝐿𝑆𝑛𝑜 𝑑𝑒𝑙𝑎𝑦) branches of the OFDR. On the top branch, the TE→TM and TM→TM reflections will 

have a relative applied delay of −𝜏 and 0 to the top branch LO respectively. On the bottom branch, the 

TE→TE and TM→TE reflections will have a relative applied delay of 0 and 𝜏 to the bottom branch LO 

respectively. The different relative temporal delay in each branch translates to a spatial offset after the 

interference signal is Fourier transformed, multiplexing the different terms of the reflection’s Jones matrix 

spatially. 

By introducing a temporal delay 𝜏 to the 𝑇𝐸𝑑𝑒𝑙𝑎𝑦 input relative to the 𝑇𝐸 input, each term of the 

Jones matrix of the reflection will be shifted by the incrementing delays of 𝜏, which manifests as a 

spatial shift when extracting the locations of the reflection. This adds polarization diversity to the 

measurement at the cost of maximum range. 
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Alternatively, polarization insensitive variants of these building blocks with a polarization splitter 

can be used to obtain polarization specific reflection information if the optical input polarization is 

varied, similar to [25]. 

In future iterations, edge couplers can be replaced by grating couplers to utilize the photonic OFDR 

circuit as a wafer level test structure to characterize wafer index variations and basic devices 

diagnostics. [61], [62] The photonic integration of OFDR also allows it to take advantage of the 

offerings of a complex photonics platform, such as thermo-optic tuning of the reference arm of the 

interferometer to perform multiple scans to improve resolution. 

In closing, OFDR is a powerful diagnostic technique that stands to benefit from photonic integration. 

To implement this on the SiN-on-Si platform, several building blocks, the most important of which is 

a 2×2 coupler, have been designed, optimized, and characterized. This thesis has also demonstrated 

the suitability of the SiN-on-Si platform for OFDR due to the combination of the electronic 

integration of SOI with the passive capabilities of SiN for spectrally broadband components. The 

next step is the characterization of a fully integrated OFDR photonic circuit. 
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