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ABSTRACT OF THE DISSERTATION 

 

Parametric Process on Silicon Microchip Mixer 

 

by 

 

Motohiko Eto 

 

Doctor of Philosophy in Electrical Engineering (Photonics) 

 

University of California San Diego, 2021 

 

Professor Stojan Radic, Chair 

 

Optical parametric process, such as four wave mixing (FWM) is attracted to  

applications for comb generation in Wavelength-Division-Multiplexing (WDM) systems 

 based on fiber-optic systems. The other aspect in these years is the technology based 

 on Photonic Integrated Circuit (PIC) with Complementary Metal Oxide semiconductor 



xx 

 

 (CMOS) technology, which enhanced the integration of optical components for optical 

 parametric processing is called Silicon photonics. In the current status, most studies on 

 optical parametric processing in telecommunication band is studied in Silicon nitride, 

 due to its lower optical loss (linear loss) and low two-photon absorption (TPA) as a 

 nonlinear loss. However, for the integration of the optical components into the well 

-developed CMOS process, it is highly desired to generate comb lines with Silicon-based 

 mixers. In this dissertation, we introduce a new track to generate frequency combs 

 through parametric process through silicon mixer. As a result of this approach, wide 

 spectral bandwidth with dense comb lines with coherence is obtained and stabilized 

 from the accessible manner. 

As a study of mechanism and design aspect, dispersion engineering, phase-

matching condition and TPA effect on the silicon mixer are investigated. For the effective 

FWM, elaborate design for waveguide cross-section and coupling loss composed, and 

enhanced PIN structure with reverse bias is applied to the system. To wrap up, this 

dissertation includes the design and experiment of the parametric mixers based on CMOS 

compatible silicon devise to demonstrate broadband low-noise frequency comb with 

dense lines.          
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Chapter 1 

Introduction 

 

1.1 Motivation 

In the internet era, the global data center traffic is forecasted to be growth 3.2-fold 

by every year between 2016 and 2023, with compound annual growth (CAGR) of 26% 

(Figure 1.1) [1]. It is expected to reach 502 exabytes in 2023. This rapid growth of 

internet traffic demands low-loss broad bandwidth in communication networks, such as 

wavelength division multicasting (WDM, and most optical network is constructed by 

fiber-optic components. However, the increase of channel and accordingly increase of 

components demands higher energy consumption.  To address this, low consumption 

optical components that compatible current device/systems is highly desired. 

 

Figure 1.1 Global internet traffic growth in 2016-2023 
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Optical frequency comb can be used as wavelength channels in communication, 

such as WDM [2]. After the invention of optical frequency comb, this equally spaced 

lines in frequency-domain. The first and most popular scheme is using laser system, 

typically mode-locked laser. The optical frequency combs generated by these systems can 

be applied to the various fields, such as telecommunications [3], molecular spectroscopy 

[4], optical clock [5] and LIDAR [6].  

The other up-coming trend is an integration of optical devices into a silicon chip, in 

the field area of “silicon photonics “[7-14]. In the field of electronics, the fabrication 

technology for silicon chip is developed for a long time and matured. Therefore, the 

development of optical components on a silicon chip is studied and succeeded in both of 

research and industrial level, except for the laser sources, named photonic integrated 

circuit (PIC). Back to optical frequency combs, its generation method is mainly relying 

on laser technology, such as mode-locking in cavity. However, it is unrealistic to 

fabricate optical cavity in the microchip, due to its larger size (~10m in length) for GHz 

order for telecommunication application.  There is the other technique to generate 

frequency a comb, that called four wave mixing (FWM), and is applicable for a chip 

material such as, silicon nitride (SiN), or silica [15-17]. As an application for coherent 

communications [18-20], frequency comb generation with FWM on silicon-based ring 

resonators in telecommunication band is highly desired, due to its compatibility to 

complementary metal-oxide-semiconductor (CMOS) process. Nonetheless, optical loss 

derived from strong free carrier absorption (FCA) originated in two photon absorption 

(TPA) in telecommunication band prevents its application from comb generation except 
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for infrared region [21-23]. Recently, comb generation in a silicon ring resonator 

modulator was studied, but its mechanism is based on electro-optic modulation in a 

silicon ring modulator [24]. 

This circumstance stimulates the work in this dissertation to generate multiple 

tones with silicon mixer, which potentially applicable for the source for the application 

discussed above.  

 

1.2 Dissertation overview 

This Dissertation demonstrates the theoretical framework, design, and 

experimentation and application experiment of silicon mixer. The theoretical 

backgrounds of parametric processing in engineering, coupling constant, and phase 

matching, are discussed in Chapter 2.  

The parametric process for silicon mixer is studied in Chapter 3. With silicon mixer, 

which designed based on the discussion in Chater2, conversion efficiency and TPA effect 

are investigated in simulation and experiment. In the Four Wave Mixing (FWM), which 

is the mechanism for comb generation for silicon mixer, conversion efficiency and TPA 

effect are critical to achieve multiple tones in optical frequency comb.  

According to the investigation of the efficiency of FWM in the silicon mixer, 

system setup and condition to generate optical frequency comb is studied in Chapter 4. In 

this system, input into the silicon mixer is set as multiple tone, is investigated, due to the 

limit of peak power, and the tuning process using phase shifter. From the systematic point 

of view, these are essential elements for enhanced comb generation. Theoretical 
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investigation is described upon the system, and experimental demonstration is following 

to enhanced comb generation. 

 In Chapter 5, the relationship between chromatic dispersion and FWM efficiency 

is more investigated in detail. For chromatic dispersion, it defines the efficiency of FWM, 

and sensitive in the fabrication process for silicon mixer. The effect on the relationship of 

different dimension and efficiency is studied in simulation and experimentally. For the 

chromatic dispersion, interference measurement setup with swept-source is constructed 

and verified its accuracy with measurement for SMF.  

As a source for telecommunication, coherence of the generated is comb is important. In 

Chapter 6, the experiment to measure phase noise of comb is implemented. The input 

setup is revised to decrease phase noise from the system, and as a result, broad spectrum 

between 1525-1600m, at -75 dBm noise floor is also performed.  

In conclusion, the dissertation is summarized with the work and future work in Chapter 7. 
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Chapter 2 

Parametric process and device characterization for silicon mixer 

 

To investigate the mechanism for comb generation in the mixer based on ring 

structure, it is important to introduce the phenomenon related to nonlinear optics and 

structure of ring mixer. For the nonlinear optics, it is crucial to discuss χ3 order of 

nonlinearity and four wave mixing as a primary mechanism for comb generation in this 

dissertation. Accordingly, chromatic dispersion and two photon absorption is discussed 

due to its effect on the efficiency of comb generation. In addition, as micro ring mixer 

structures, nonlinear Schrödinger equation is discussed to study wave propagation in the 

waveguide with nonlinear medium. Other characteristics, such as coupling, Q factor and 

finesse are also discussed to achieve efficient mixing in the ring structure. 

 

2.1 Nonlinear effects in dielectric medium 

In the nonlinear medium, including silicon, polarization is described with 

nonlinearity as following [25], 

P(t) = ε0[χ1E((t) +χ2E2((t) +χ3E3((t) +…]                               (2.1) 

Where ε0 is the permittivity in free space, χ1 is the linear susceptibility, χ2 and χ3 is the 

linear susceptibilities. For the materials those have crystal symmetry, including silicon or 

silicon dioxide (SiO2), the nonlinear effect originate in χ2 is annihilates. Therefore, for 

these materials, third order nonlinearity originated from is applied for nonlinear effects. 
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In this nonlinear medium that exists χ3 in a term in (2.1), input signal causes spontaneous 

emission, that distribute photon in the medium, as white noise. Its distribution follows 

Poisson distribution. The white noise in the χ3 medium is the origin of optical parametric 

process. 

 

2.1.1. Four wave mixing 

Four wave mixing is the process that to generate output signals by interaction 

between input pumps and signals. The photon generated in spontaneous emission can be 

the signal in this process. Four wave mixing is divided into two types that degenerate and 

nondegenerate FWM. In degenerate FWM, the input signal and pump generate another 

frequency, called idler as following (Figure.2.2), 

ωs = ωp + ωp  - ωi                                                        (2.2) 

where ωs ,  ωp , and ωi are the frequencies for signal, pump, and idler. As shown in the 

energy diagram in Figure. 2.2, electron is pumped to excite state via virtual state, and 

emitted as idler frequency. For nondegerate FWM, there are multiple pump frequency. 

For degenerate FWM, in the case of two pumps are incident into the nonlinear medium, 

they generate two idlers, as following (Figure.2.2), 

ωi2 = ωp1 + ωp2  - ωi1       

ωi1 = ωp1 + ωp1  - ωp2                                                       (2.3) 

ωi2 = ωp2 + ωp2  - ωp1       
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In comparison to the degenerate FWM, two pumps have function of pump and idler 

for each other in this case, and the two idlers appear on both sides of the two pumps. In 

the case of multiple pumps, based on this two pump case, each pump has the function of 

pump and idler, and generates side bands as idlers. Furthermore, in the case of those 

idlers have enough power as pumps, other idlers are generated as cascaded sidebands. 

This cascaded degenerate FWM is the essential concept to generate multiple tones in a 

silicon mixer, whose medium has relatively low efficiency as a nonlinear medium. In 

this dissertation, efficiency and cascaded generate FWM are discussed later. 

 

 

Figure. 2.1 Degenerate Four wave mixing 
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Figure. 2.2 Two tone parametric process based on degenerate FWM. 

 

 

2.1.2 Chromatic dispersion 

As another effect in nonlinear medium, different frequency components in an optical 

wave have different delays, named as chromatic dispersion. Because different frequencies 

have different refractive index, it causes delay in the nonlinear medium. This is called 

material dispersion.  In addition, cross-section of the waveguide affects the total 

dispersion, and this is called as waveguide dispersion (Figure 2.3). Subsequently, total 

dispersion is described in wavelength-domain as, 

                             (2.4) 

where n is a refractive index, neff is an effective refractive index depends on the cross-

section of a waveguide. This total dispersion indicates that the dispersion is controllable 

for applications. 
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Figure. 2.3 Example of the relationship between dispersions 

 

2.1.3 Two photon absorption (TPA) 

Two photon absorption is the process that two photons are absorbed to excite 

electron to the excited state in high intensity of light [26]. For silicon, its energy gap (Eg) 

is ~1.12eV in telecommunication band, and this is larger than energy in TPA with 1.6eV 

(Figure.2.4) [27]. Then, excited electron and hole in variance band work as free carriers 

and cause recombination on the surface or interface of a waveguide. This phenomenon 

degrades the efficiency of optical parametric process, such as FWM. To decrease 

generation of free carriers reversed bias on PIN structure in the silicon waveguide, is 

introduced. Its structure is discussed with detail later in Chapter 3.  

 



10 

 

 

Figure. 2.4 Band diagram of two photon absorption 

 

2.1.4 Nonlinear parameters  

For parametric optical amplification including FWM, the gain is evaluated by the 

nonlinear coefficient defined as following,  

                                                                                                            (2.5) 

where n2 is the nonlinear coefficient and Aeff is an effective index calculated by the cross 

section of a waveguide. Table 2.1 shows the nonlinear coefficient and energy gap of the 

nonlinear materials. Silicon has high nonlinear coefficient, and it potentially has high 

nonlinear gain defined by (2.5). However, due to its smaller band gap than that of TPA, 

actual gain is not high as expected; especially the experiment with high intensity of light 

is introduced into a waveguide, such as silicon waveguide in PIC. To overcome this 
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hindrance, PIN structure is introducing in the rib waveguide and diligent management of 

peak power and number of tones, are introduce in this dissertation. 

 

Table 2.1 Nonlinear coefficient and energy gap of nonlinear materials [28] 

 

 

2.2 Micro ring mixer mechanics 

In this dissertation, the structure of mixer is based on mirroring resonator, which 

has the coupler between bus and ring, and a part of the wave from bus waveguide couples 

into the ring and propagate, and couples again in the coupler.  As an advantage of 

adopting this structure, comparing to a FWM in a straight waveguide, it is possible to 

curtail insertion loss in the system. Because typical silicon waveguide loss is ~2dB/cm 

and has free carrier loss from TPA in high intensity of light, a long waveguide does not 

necessarily guarantee high conversion efficiency in FWM. For the design of silicon mixer, 

there are topics to discuss in the following sections. 

 

2.2.1 Nonlinear Schrödinger equation  

Nonlinear Schrödinger equation (NLS) models electromagnetic wave propagation 

in a waveguide. For the field propagates in the nonlinear medium is described as [29], 
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    (2.6) 

where,  

                                                         (2.7) 

and Nc is described in a rate equation as, 

                       (2.8) 

Here, in (2.7), βTPA is TPA induced propagation parameter. In (2.8), Nc is TPA induced 

free carrier concentration, and μ is TPA induced free carrier dispersion (FCD).  

Accordingly, (2.6) includes TPA effect and effect of free carrier absorption originated in 

TPA. This NLS equation is solved with split-step Fourier method discussed in the 

references [30]. 

 

2.2.2 Transmission and phase matching 

For transmission of a mirroring with an amplitude defended by a2 = exp (- αL) with 

attenuation coefficient α [1/cm], self-coupling constant t is introduced, and the 

transmission of a ring is described as (Figure. 2.5) [31,32], 

                     (2.9) 
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Where, φis a phase of propagation wave, and intuitively it has a condition that it is equal 

to the multiple of 2π, ring mixer does not transmit the wave (Tn = 0). Then, related to the 

ring structure, there is a phase matching condition for a wavelength λ 0 and length of a 

ring as, 

φ (λ 0) = neff (λ 0)L .                                              (2.10) 

Therefore, this is related to the multiple integers of 2π for no transmission. 

 

 

Figure. 2.5 Transmission and coupling in a ring mixer 

 

2.2.3 Coupling in a ring  

For coupling in the ring mixer is described as matrix elements, 

                            (2.11) 
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where k is a coupling constant and t is a self-coupling constant, and E t1 and E t2 are the 

fields for bass waveguide and ring, after the coupling in the ring mixer. These have the 

relationship in the case that there is not coupling loss, 

k 2 + t2  = 1.                                                        (2.12) 

When these coupled waves satisfy phase matching condition (2.10), the ring mixer holds 

resonance.  For the spacing between the resonances is called free spectral range (FSR) 

with defined as, 

                                                      (2.13) 

Depending on the relationship between self-coupling constant t and amplitude a, 

there are coupling conditions with FSR. In Figure. 2.6, there are the trends of 

transmission, energy diagram, and pulse propagation for each coupling condition.  In this 

figure, first, t* > a is a under coupling that power coupling in the ring is less than bus 

waveguide. Then traveled power circulated in the ring. Second, t* = a is a under coupling 

that resonance wavelength λ0 cannot come out from the ring, hence extinction ratio is the 

highest in the coupling conditions. Finally, t* < a is over coupling that power coupled 

into the ring is larger than bus waveguide. Then traveled power circulated in the ring. 

Because it is possible to change coupling constant with changing coupling length, it is 

crucial to optimize coupling constant for efficient FWM in the ring mixer. 
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Figure. 2.6 Coupling condition and trends 

 

2.2.4 Q factor and finesse 

To characterize resonance in a ring mixer, Q factor and finesse are introduced. For Q 

factor, which defends shape of resonance, is described as both in experimentally and 

theoretically, 

Experiment: 

                                                     (2.14) 

Theory:  

                                           (2.15) 
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where, λr is a resonant wavelength, and FWHM is full width at half maximum of 

resonance width. For finesse, it is also defined as, 

Experiment: 

                                          (2.16) 

Theory:  

.                                     (2.17) 

In Figure. 2.8, there are trends for Q factor and finesse, for Q factor is related to the 

sharpness of the resonance, and in high Q factor indicates sensitive and low energy loss, 

and low Q factor indicates vice versa. For finesse, high finesse indicates sensitive with 

wide FSR, and low energy loss, and low finesse indicates vice versa. Accordingly, it is 

crucial to choose appropriate Q factor and finesse by selecting parameters in (2.15) and 

(2.17) in device characterization. 
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(a) 

 

 

 

 

 

 

(b) 

 

 Figure. 2.7 Trends in Q factor and finesse for ring mixer (a) Q factor (b) Finesse 
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Chapter 3 

Mixer characterization and design for comb generation 

 

As discussed in chapter 2, it is essential to choose appropriate parameters to design 

silicon ring mixer, for efficient FWM. In this chapter, the design and performance of 

mixer is demonstrated via theoretically and experimentally. In the first half of the 

sections, each factor discussed in chapter 2 is investigated to determine the structure of 

silicon ring mixer. In the later section, there is a simulation of comb generation via FWM, 

based on NLS equation discussed in chapter 2. In the simulation, the structure of the 

mixer is originated from the device characterization, and its performance is securitized 

beforehand device fabrication. Finally, there is a review of silicon mixer design and 

fabrication process through CMOS-compatible multiple project platform (MPW) 

platform. 

 

3.1 Device characterization 

For the mechanism of the comb generation on silicon mixer, device 

characterization has an important role to explore appropriate design based on theoretical 

investigation discussed in chapter 2. Here, the primal parameters, such as dispersion of 

length, length of ring, coupling ratio, and reverse biased PIN structure, are analyzed, 

based on simulation and experimentation for the fabricated device. 
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3.1.1 Dispersion engineering 

In the device characterizing for silicon mixer, dispersion engineering has the 

priority, because it affects the other multiple parameters as length of ring and coupling 

length. As discussed last chapter, dispersion is consisting of material and waveguide 

dispersion, and the material is fixed in silicon in this dissertation. Therefore, the 

procedure is executed for design of waveguide cross section. For the waveguide structure, 

it is a slab waveguide for PIN structure.  In the case that the thickness fixed as H is 275m 

and slab height as h is 55nm, dispersion changes as its width. Figure. 3.1 shows the 

dispersion along with variety of widths. In the figure, the dispersion curve increases as 

the width wider.  
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Fig.3.1 Dispersion of silicon waveguide with variation of width. Waveguide height H is 

275nm, slab height h is 55nm, and variation of width W is between 350 and 500nm with 

10nm step.  

 

To achieve high efficiency in FWM, it is critical to avoid phase mismatch, and it is 

described as [33], 

.  (3.1) 

Then, to decrease phase mismatch, for dispersion terms, D and its 1st derivative should be 

close zero. Therefore, in the variation of width, wider width is appropriate. However, 

there is another restriction for the width, due to the necessity to avoid mode crossing of 

the wave propagating in a waveguide. For this reason, w =460nm is chosen an example 

for the design. Figure.3.2 shows its optical confinement and dispersion.  In this cross 
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section, a quasi-single mode that there is TE1 in (b), and there is not mode crossing 

shown in (c).  

 

 

Figure. 3.2 Example of quasi-single mode waveguide. (a) cross section and modes, (b) 

dispersion curve, and (c) effective index for each mode. 

 

3.1.2 Length of ring 

As discussed in chapter 2, ring length affects the efficiency of FWM, and 

parameters related resonance as Q factor and finesse. For the efficiency of parametric 

process is defined as, 

η = γPL eff                                                          (3.2) 

where, γ is nonlinear length defined as, 
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,                                                         (3.3) 

and L eff is effective length as following, 

.                                                 (3.4) 

Figure.3.3 shows the efficiency of parametric generation described depends on the length 

of ring. Because the effective length saturates in longer length, it is shown that the 

efficiency saturates about L = 6cm in this setting.  Accordingly, as a device parameter, it 

is enough to set the length less than about 6cm. However, from the point of view for 

device fabrication, it is also affected by waveguide loss that is susceptible to surface 

roughness in device fabrication. Then, in the case of the waveguide loss is worse than the 

1.5dB, the appropriate length is less than this setting. 

 

Figure 3.3 Efficiency of parametric amplification. Device parameters are, waveguide loss 

= 1.5(dB/cm), pump wavelength = 1550nm, nonlinear refractive index n2 = 4.0-18, 

effective area A eff = 6.955-14(m2), Pump power P = ~1W (30dBm). 
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For the other factors, there is Q factor and finesse, which related to the resonance. 

Figure 3.4 shows Q factor and finesse along length of ring. As these figures show, both Q 

factor and finesse decrease as the length is longer, i.e., Q factor suggests less sensitive 

and higher energy loss in the ring, and finesse suggests also less sensitivity with dense 

FSR and higher energy loss. However, these changes are relatively smaller comparing to 

their absolute values. Thus, as a factor to design length of the ring, generation efficiency 

is the primal in from these discussions.  

 

 

Figure 3.4 simulation of loaded Q factor and finesse along length of ring (a) Q factor, and 

(b) finesse along length of the ring. Here, waveguide loss is 1.5dB/cm, and group index 

(ng)is set as ng: 4.1186. 

 

Related to loaded Q factor and finesse, Figure 3.5 shows the transmission in the 

ring with different coupling constant.  In the figure, there is a variation of length of the 

ring between 1 and 3cm. As the length increases, the resonance is less sensitive as 

discussed in Q factor. Also, in the longer length, it is difficult to achieve critical coupling 
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and accordingly transmission is in high loss. From this point of view, the appropriate 

length of the ring will not succeed in these lengths. 

 

 

Figure 3.5 Transmission of the ring with different coupling constant. The variation of the 

length of rings are (a) 1cm, (b) 2cm, and (c) 3cm. The device parameters are 

simultaneous as Fig.3.3. Here, waveguide loss is 1.5dB/cm.  

 

 

3.1.3 Coupling ratio 

As discussed in section 3.1.2, it is ideal for efficient FWM to achieve critical 

coupling with appropriate length of the ring. Figure 3.6 shows power splitting ratio based 

on different coupling constant k. the power splitting ratio is defined as k2. For both cases, 

the power splitting ratio increases as the coupling length lc increases due to the mode 

coupling. The slopes are originated in nonlinearity of coupling modes. In (b) that width 

W is 500nm, it is difficult to achieve k2 over 0.5, i.e., k is nearly 0.7. Then, for this cross 

section, it is difficult to achieve critical coupling as mentioned in the last section, except 

for the gap is shortened. However, shortening the gap can be a hindrance in the 
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fabrication process. On the other hand, in (b) that width W is 460nm, it is achievable to 

critical coupling about coupling length lc is 40μm. Then, this is the appropriate design for 

the direction coupler in the silicon mixer. 

 

 

Figure 3.6 Power splitting ratio with different cross section. (a) W = 450nm, and (b) W = 

500nm 

 

 

3.1.4 PIN structure 

In the silicon mixer, to sweep out the carriers, PIN structure is adopted to the 

silicon rib waveguide. Figure 3.7 shows the structure and application of PIN structure in 

the silicon waveguide. In this structure, in each end of slab waveguide, N type dopant and 

P type dopant is doped, and reverse bias is applied through the doping region. By 

applying reverse bias voltage on the PIN structure, carriers that consist of electron and 

hole, are sweep out from the intrinsic region where the wave propagating. Therefore, the 
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scattering in the region is decreases and as a result, the optical loss can also be decreased. 

Furthermore, this carrier generation is proportional to the intensity of light as in the case 

in this dissertation. It is critical to sweep those carriers for efficient FWM. 

 

 

Figure 3.7 Silicon waveguide with reverse bias PIN structure 

 

The efficiency of reverse bias PIN structure is evaluated with carrier lifetime. Average 

carrier lifetime is defined as following [34], 

,                                               (3.5) 

where, carrier lifetime is, 

 ,                                                      (3.6) 

Here, the carrier velocity is defined, with carrier mobility μe,h and electric field E as 

following , 
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                                         (3.7)  

 

Then, the simulated carrier lifetime on the characterized silicon rib waveguide in the 

former sections are shown in Figure 3.8. This Figure shows in higher voltage carrier 

lifetime is decreased. This suggests that the generated carriers are swept out from the 

intrinsic region swiftly. With considering device fabrication, it is important to mention 

the deviation of the slab and carrier lifetime, because the slab thickness affects carrier 

lifetime, and its deviation is inevitable in such a thin layer of order less than 100nm. 

Figure 3.8 shows the deviation of slab height h and carrier lifetime with following 

effective carrier lifetime and slab height [34],  

                          (3.8) 

where, τb is bulk recombination lifetime S is interface recombination velocity, S’ is 

surface recombination velocity, and D is diffusion factor defined by carrier mobility(μ); 

D = μ(kT/e). In this figure, there is 10% deviation for both waveguide height H and rib 

height h. This figure shows the trend that about 50nm thickness of height, the carrier 

lifetime decreases rapidly, and saturates in thick rib height. This also demonstrates 

thicker rib guarantees lower carrier lifetime. However, thin in the thin slab thickness, 

screening effect that the thin slab region performs as a register to decrease electric field in 

the core region. In addition, considering optical confinement, rib thickness should be as 
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less as possible, ideally a rib waveguide. With these considerations, in this dissertation, 

rib thickness is set as h = 55nm. 

In an experiment of FWM of the ring mixer, current from PIN structure can be 

monitored to investigate the state of resonance, because in the resonance mode of a ring, 

more photons are accumulated in the ring than that of out of resonance. Accordingly, in 

resonance, generated photons cause more electrons and holes due to TPA effect discussed 

above and cause more current flow (TPA current) than out of resonance.     

 

 

Figure 3.8 Relationship between deviation of slab height and carrier lifetime. 

 

3.1.5 Avoid additional loss from PIN structure 
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As discussed in above section, PIN structure is useful to reduce PIN structure with 

applying reverse biased voltage, and to suppress the optical loss from TPA effect, its 

depletion region should be as less as possible, such as PN structure and distance between 

the cathode and anode should be as close as possible to strengthen the electric field to 

suppress. However, those distances affect optical loss in case that they are close enough 

to interfere electromagnetic field of optical waveguides. Figure 3.9 illustrates the 

simulation of optical loss against the distance between centers of a waveguide designed 

above and via DD, made of Aluminum, that used in the parameter in design in PDK. Here, 

via width is fixed to 2μm, and waveguide width is 460nm, then the actual distance 

between the two is DD – 1.23μm. The simulation indicates as close as the distance 

between a waveguide and via, more optical loss in the waveguide causes, especially less 

than 2μm. Then in the layout, 2.1μm is chose to compatible between the penalty of 

optical loss and maximization of field strength for PIN structure to reduce optical loss 

from TPA effect. 
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Figure 3.9 Simulation of optical loss from via against waveguide (a) distance against via 

DD shown in (b). (b) cross section of waveguide and via. 

 

For doping region, the idea is the same as the discussion above for via, but the 

effect also depends on the doping concentration of the two dopants, duet to its change of 

refractive index and loss, that changes in the range of index n between ~10-4 and ~10-1 for 

concentration between 1017 and 1020 [/cm3] [35]. Here, the dopants are set as Boron as p-

type dopant and phosphorous as n-type due to fabrication process. Figure 3.10 shows the 

three different design of dopant region. Here, design of waveguide and via is fixed 

discussed above. Figure 3.10 (a), (c), and (e) are design of dopant region with (a) p++ 

and n++ with concentration of 1020 [/cm3], (b) is in addition to p++ n++ region, p+ and 

n+ with 1018 [/cm3] is added, and (c) is in addition to (b), p and n with concentration of 

1017 [/cm3]. The design is started from (a) with a single set of doping regions with 

p++/n++, due to its effectiveness for the compatibility of optical loss and sweeping 

current of TPA effect. Figure 3.10 (b), (d), and (f) show the simulation results of the 

distance between dependence for optical loss for each design of dopant region described 
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in Figure 3.10 (a), (c), and (e). Here, it is denoted that the simulated optical loss does not 

include all factors in optical loss, such as surface roughness, that potentially causes 

optical loss majorly in measurement. The simulation is begun with Figure 3.10 (a) and (b) 

with a simple p++/n++ region, because these highest dopant affects compatibility 

between optical loss and sweeping current to reduce the loss due to TPA. Figure 3.10 (b) 

shows the distance between edge of waveguide and doping region is in case of less than 

~0.9μm, optical loss is dramatically increase. This rapid increase of optical loss from the 

change of index due to the trend in each dopant level. However, the lower concentration 

that 1017-1018 [/cm3] causes less change of refractive index or loss, then these lower 

dopant regions can be designed to closer than higher dopant region, such as 1020 [/cm3]. 

Comparing to the simulation result (Figure 3.10), the design including p/n and p++/n++ 

dopant achieves lowest optical loss with minimizing penalty of optical loss due to dopant 

regions. In this thesis, for fabrication, the design with simple p++/n++ shown in Figure 

3.10(a) is chosen, due to dislocation of implantation may cause and avoid penalty of 

optical loss. However, the design with p+/n+ or p/n shown in Figure 3.10 (c) and (e) has 

a merit to reduce TPA loss, in the case of the fabrication tolerance is enough to be 

verified to satisfy these designs. 

 

 

 

 

 



32 

 

 

 

 

Figure 3.10 Simulation of optical loss from doping region against waveguide (a) cross 

section of p++/n++, (b) simulation result for (a). (c) cross section of p++/n++ and p+/n+, 

(d) simulation result for (c). (e) cross section of p++/n++, p+/n+, and p/n, (f) simulation 

result for (e). 

 

3.2   Comb simulation 

Comb simulation is based on nonlinear Schrödinger equation (NLS) with TPA 

induced FCA as mentioned in the former section. This section clarifies the procedure and 
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simulation results for optical frequency comb generation with two tone and multiple tone 

pump. 

 

3.2.1 Simulation procedure 

Figure 3.11 illustrates the flowchart of simulation for comb generation. First, initial 

parameters related to material (refractive index, carrier lifetime, etc.), structure 

(waveguide, etc.), and pump (power, number of pumps, etc.) are input. Then, simulator 

calculates the effective area Aeff and chromatic dispersion. Following these preparations, 

coupling mode theory is applied to calculate mixing in the ring. The concise description 

of mode coupling is described in (2.10). After the coupling, the propagation in the ring 

mixer is calculated with NLS equation. NLS equation is defined as (2.5). Then, the 

simulation program iterates these modes coupling and propagation calculation repeat 

until saturation of the output as a spectrum.  This iteration is equivalent to the repetitive 

roundtrip in the ring mixer. 
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Figure 3.11 Flowchart of procedure to simulate comb generation. 

 

3.2.2 Multiple tone pump 

For multiple tone pump, the number of input tones is defined by the total peak 

power, because the peak power should not exceed the power to burn the coupling 

(>~20dBm), at the edge coupling between the fiber and silicon chip. For this reason, the 

number of multiple tones is fixed to sixteen tones in this dissertation. Figure 3.12 

demonstrates the simulation and experimental data for the output spectrum for the 

designed silicon ring mixer with 16 tone pumps with different cross section. Because the 

difference in the nonlinear coefficient and other parameters are fixed, the output spectrum 

broadening is different between these output spectrums. Here nonlinear coefficient is 

defined as, 

.                                                       (3.9) 
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This suggests that wider width provides higher nonlinear coefficient and subsequently, 

high efficiency in FWM and broadband spectrum, Figure 3.12 shows comparison 

between measurement (Figure 3.12 (a)) and simulation (Figure 3.12 (b)). The parameters 

are 21dB, (input to 18dBm), and D = ~ -200(ps/nm/km). The spectrum from 

measurement and simulation match in bandwidth except for the input spectrum in the 

input tones, due to its high phase matching possibly occur in the measurement. 

  

 

 

Figure 3.12 Spectrum of comb generation in different cross section to compare effect of 

chromatic dispersion. (a) simulation. (b)  measurement 

 

 

3.3 Design review and fabrication 

Upon these device characterizations, the design of the silicon mixer is established 

and forward to the fabrication process with MPW. In this section, there is the design 



36 

 

review and explanation for the fabrication process based on CMOS platform for silicon 

photonics. 

  

3.3.1 Design review 

 In the silicon photonics, device design is following the Process design kit (PDK) 

[36], In this thesis, PDK is processed with IPKISS based Python [37]. Figure 3.13 

illustrates the design review of the silicon mixer. For the structure, it follows the 

discussion in the former sections. The ring is consisting of the curves and straight 

waveguides for the spacing. For the cross section, the distance of doping region whose 

width is WD, is separated enough to avoid waveguide loss originated in material loss of 

the dopants. The dopant concentrations are set to expect high efficiency in sweep out 

function for reverse bias PIN structure. Both end of bus waveguides is consisting of 

tapered waveguides for the coupling with tapered fiber to improve coupling loss in the 

system. These designs are following design rules with clearing design rule check (DRC) 

for foundry services.  
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Figure 3.13 Design review for silicon ring mixer (a) Top view of the device. The 

expansion is for the optical directional coupler. (b) Cross section at middle of the coupler 

 

 

3.3.2 Layout generation 

As discussed in section 3.3.1, layout generation is processed through PDK based 

on IPKISS. However, the preset code does not have the components for the device in this 

thesis. Then, the code is developed using IPKISS to generate the devices and layers to 

follow manufacturing criteria in fabrication services. The developed layer generation 

code has multiple hierarchy, including main code for the input parameter or choose 

generate layers, sub code consists of specific devices such as ring mixer, and another sub 

code to generate specific structure, such as simple waveguide or PIN doping region. The 
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code also has the function to avoid violation of design rule check (DRC). The device 

parameters to reflect the design discussed in section 3.3.1 without violation of DRC. 

 

3.3.3 Fabrication process 

The fabrication process is compatible to CMOS fabrication process, which widely 

applied in the semiconductor fabrication process. Furthermore, contemporary MPW 

service, which fabricates multiple design on a single wafer within the same process, is 

prominent to slash the cost for the fabrication. In this dissertation, the devices are 

provided through MPW project from IMEC Singapore with drafting by process design kit 

(PDK). Figure 3.14 shows the layer stack in the process. On the silicon on insulator (SOI) 

wafer with 3 µm of buried oxide (BOX), the silicon layer is deposited. Si layer fabricated 

as 275nm thickness and consists of two different etching processes with 110nm etch and 

220nm to characterize two levels of rib waveguides for multiple applications of photonic 

components (Figure 3.14 (a)). After surface oxidation for smoothing surface of silicon, 

especially for waveguides to decrease optical loss, SiO2 cladding is deposited as upper 

cladding. For the doping region, the aluminum electrodes are built on the region fir the 

contact to apply voltage. 

Figure 3.15 shows the Example of fabricated silicon ring mixer. In the middle of 

the ring, there is the heater which has the function as a phase shifter to compensate the 

phase mismatch in the FWM ((Figure 3.15 (a)). Figure 3.15 (b) is the cross section of the 

optical coupler with doped region, pictured by scanning electron microscope (SEM). The 
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SEM image contends that the etched gap, that potentially concerned as the origin of 

deviation of coupling ratio, due to the deviation of thickness. 

 

 

Figure 3.14 The illustration of fabrication layer for the MPW process (a) Si layer 

fabrication, and (b) Full stack of layer. 
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Figure 3.15 Example of fabricated silicon ring mixer. (a) Top view (b) Crosse section of 

the optical coupler 

 

 

3.4. Device performances 

Following the device fabrication, it is important to check the device performance 

before moving on the experiment for the comb generation. There are the demonstrations 

for the device characteristics including waveguide loss and FSR of the fabricated silicon 

mixer. 

 

3.4.1 Overview 
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      To optimize comb generation in the resonance of the ring for comb generation, we 

apply DC current with changing voltage into the heater [38]. For π phase shift, ~38 mW 

is required. Considering coupling loss derived in fabrication tolerance, coupling ratio of 

the coupler is designed for over-coupling, which is matched to critical coupling 

determined by round-trip loss. Within simulation, the chromatic dispersion of waveguides 

is engineered in normal dispersion (~ -200 ps/nm·km) at operation wavelength in our 

experiment (Figure 3.2 (b)), and the waveguide is quasi- single mode (QSM) to suppress 

higher order modes in optical spectrum for comb generation, originated in mode crossing 

[39]. The free spectral range (FSR) of the ring is designed for ~3.125GHz, and this 

design allows tolerance for phase tuning in our experiment, due to its dense spacing 

comparing to the frequency spacing of our 50 GHz input. We estimate the loaded Q is ~ 

6.0 × 104 [40]. Because the resolution of the OSA with 20 pm (OSA20 (Yenista)), the 

extinction ratio may higher than that in the measured spectrum. From Figure 3.3 (c), 

previously, optical comb generation in low normal dispersion is investigated, despite its 

difficulty to occur Modulation instability (MI) comparing to anomalous dispersion 

scheme [38, 41, 42].  We consider that coherent two tone or multiple tone pump input 

enables to generate more tones than single tone input with maintaining its coherence [43]. 

 

3.4.2 Waveguide loss 

Figure 3.16 shows the experimental data for total loss of the silicon waveguide by 

cu-off technique. Figure 3.17 shows the waveguide loss from cut back method for the 

waveguides. From the data, the expected waveguide loss is ~1.35dB. It is denoted that 
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this difference is originated in multiple factors, such as thickness of wafer, surface 

roughness, in fabrication processes. 

 

Figure 3.16 Total loss for the waveguide between different lots 

 

Table 3.1 waveguide loss for the waveguide between different lots from Figure 3.17 

 

 

For waveguide loss, it has spectrum dependence that fluctuates along the 

waveguide. Fig. 3.17 illustrates a spectrum represents waveguide loss in measurement. 
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The measurement is proceeded with noise source in C-L band with cut-buck method. The 

spectrum shows fluctuation between 1.29±0.0114 with standard deviation. This 

fluctuation is expected to be deviation of waveguide width, due to interference between 

the mode from its variation along length mainly in TE mode. 

 

 

Figure 3.17 Waveguide spectrum of straight waveguide 

 

3.4.3 Coupling ratio 

As described in former section in design, coupling ratio is one of the important 

factors for efficient FWM in a ring mixer.  Figure 3.18 and figure 3.19 show the 

measurement data and simulation of coupling ratio with different length of couplers 

between lots. In figure 3.18, coupling ratio in measurement dramatically vary between 

the lots. In figure 3.19, these trends in variation are similar for different length of 

couplers. To investigate these variations against the simulation, it is expected to be 
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originated in variation of fabrication, especially thickness of wafer and slab. Figure 3.20 

and figure 3.21 show the simulation results with considering variation of thickness of 

wafer (i.e., waveguide thickness H) or/and slab h. The simulation shows even 10% 

variations in these parameters are enough to cause difference of coupling ratio, and this 

number is potentially reasonable to be exist in the fabrication processes. 

 

Figure 3.18 Coupling ratio for the waveguide between different lots 
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Figure 3.19 Measurement and simulation data of coupling ratio between different lots 
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Figure 3.20 Simulation data of coupling ratio considering variation of thickness of wafer 

or slab. (a) simulation considering thickness of wafer (b) simulation considering 

thickness of slab 

 

 

Figure 3.21 Simulation data of coupling ratio considering variation of thickness of wafer 

and slab. 

 

3.4.4 FSR 

 Figure 3.22 demonstrates the transmission and FSR from the experiment. (a) 

shows the transmission and the inset shows the selected band for precise inspection. From 
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this data, it reveals that the extinction ratio is 1.5dB. However, due to the resolution of 

the OSA, it is possibly not clarifying the exact extinction ratio. For the extinction ratio, 

there is another experiment in the later chapter with the experiment for comb generation. 

(b) shows the FSR of the mixer with comparison for the simulation. In both 

experimentally and theoretically, the FSR is calculated as, 

.                                                 (3.10) 

where, ng : 4.1186, and length of ring as L : 11.6336 mm. Then, the Figure 3.22(c) 

illustrates the FSR matches between simulation and experiment, and the simulation 

shows the trend that the FSR increases gradually along the wavelength due to the 

nonlinearity in group index. For the experiment, resolution of OSA is 0.02 nm.  
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Figure 3.22 Experimental data for the transmission and FSR of the ring mixer. 

(a)Transmission, (b) FSR with comparison with simulation. 

 

3.4.5 Q factor 

From resonance in the spectrum (Figure 3.23), Q factor is calculated from and 

(2.14) as Q~5.9·104. Due to its dense FSR, resolution is of OSA in this measurement is 

set as 2pm. FWHM for resonance wavelength is picked for calculation. 
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Figure 3.23 Resonance spectrum from silicon ring mixer. Resolution of OSA is 2pm.  

 

3.5 Chapter summary 

 In this chapter, device parameters are evaluated for FWM in the ring mixer. The 

discussed characteristics are chromatic dispersion, length of the ring to define FSR, 

coupling ratio for phase matching, and PIN structure to minimize the penalty nonlinear 

loss from TPA effect. Comb simulation is also demonstrated based on the evaluated 

characterization. 

 Design review and fabrication is also discussed including fabrication process with 

silicon CMOS process, and fabricated device is evaluated experimentally to verify its 

performance is following the design that discussed above to achieve FWM in ring mixer 

demonstrated later next chapters. 

Chapter 3, in part, is currently being prepared for submission for publication of 

the material. Motohiko Eto, Bill Ping-Piu Kuo, and Stojan Radic. The dissertation author 

was the primary investigator and author of this material. 
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Chapter 4 

Frequency comb generation in silicon ring mixer 

 

Consequent to device characterization in chapter 3, we demonstrate four wave 

mixing in the silicon ring mixer. As a system to generate frequency comb with silicon 

ring mixer, the system is composed with an input source with multiple tones and a tuning 

stage for silicon ring mixer. In this chapter, first, the principle of comb generation with 

multiple tone pump with silicon ring mixer is explained. Then the setup and procedure to 

achieve the concept is demonstrated. Accordingly, the experimental results of multiple 

tone inputs are shown. 

 

4.1 Introduction 

      Optical frequency comb in telecommunication band is developed by mode locked 

lasers, electro optic modulation, and four photons mixing (FPM) using ring resonators. In 

the previous work for high Q-factor ring resonators with based four photon mixing, most 

of them are studied for silicon nitride (SiN), or silica [44-47]. As an application for 

coherent communications [48-49], frequency comb generation with FPM on silicon-

based ring resonators in telecommunication band is highly desired, due to its 

compatibility to complementary metal-oxide-semiconductor (CMOS) process. However, 

optical loss derived from strong free carrier absorption (FCA) originated in two photon 

absorption (TPA) in telecommunication band prevents its application from comb 

generation except for infrared region [50-52]. Recently, comb generation in a silicon ring 
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resonator modulator was studied, but its mechanism is based on electro-optic modulation 

in a silicon ring modulator [53]. 

 

4.2 Principle of comb generation with multiple tone pump with silicon ring mixer 

The principle of comb generation is based on FWM, and inherently, it is possible to 

generate comb from the single tone, such a case is demonstrated in other references. 

However, for silicon, due to its lower nonlinear coefficient and TPA inhibits efficient 

comb generation and few tones via silicon modulator in PIC technology, comparing to 

SiN ring mixer which shown as a successful example even generated an octave 

bandwidth including telecommunication band. From these points of view, we apply 

multiple tone as an input source for the silicon ring mixer. 

Figure 4.1 illustrates the principle of multiple tone pump. For the concise and 

intuitive investigation, in this case, the number of inputs is two with separation of ∆f on 

frequency, which is not necessarily equal to FSR, but multiple of FSR of the ring mixer. 

In the following, the process is explained through (1) to (5). 

(1) Input wave travels in the waveguide. 

(2) Partial power couples into the ring according to the coupling ratio in the coupler, and 

the spitted waves travel in the bus waveguide and the ring.  

(3) For the wave propagation in the ring, and sidebands are generated by FWM in a 

single trip in the ring. 

(4) Remained power propagates in ring, and cascade FWM generates other sidebands in 

the ring in the second trip and after. 
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(5) After enough times of trip, the output spectrum is stable. 

For broadband comb generation in this scheme, the setup for multiple tone input and 

silicon ring mixer with high conversion efficiency are the critical factors. For the 

following sections, there are the illustrations for the setup and for the silicon ring mixer, 

its characteristic is already discussed in the former chapters and its conversion efficiency 

is demonstrated experimentally in this chapter. 

 

 

Figure 4.1 Principle of multiple tone pump (a) first round trip, and (b) after first trip 

 

Here, we demonstrate infrared frequency comb in the wavelength between ~1,530-

1,570 nm based on a single silicon ring. The initial input is a single continuous wave 

(CW) laser centered around 1,550 nm, and it generates multiple tones through the two 

cascaded phase modulators (PM) with phase tuning [54]. The generated tones are filtered 

with 50 GHz spacing and pulse shaped with spectral processor based on liquid crystal on 
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silicon (LCoS) chip. Si waveguides have optical loss originated in TPA in 

telecommunication band, hence we designed p-i-n junction for the waveguide with 

applying reversed bias to sweep generated free carriers to reduce this optical loss [55].  In 

the silicon ring resonator, multiple-tone mixing process generates multiple seed tones and 

maintain energy conservation due to degenerate FPM process [44,56-58]. Figure 4.2 

shows the concept of frequency comb generation. For two tone input as simplified case in 

multiple -tone input, these two input tones, generated with frequency spacing ∆, couple 

into the ring resonator. Afterwards, output from the ring resonator shows multiple tones 

with maintaining its spacing as ∆. The two-tone input into the ring resonator for comb 

generation is studied recently using two isolated tunable lasers [59], or single tunable 

laser with PM [60]. Besides, varying FSR spacing with integer of FSR of ring is 

investigated, as our measurement [61]. For these two-tone inputs, the nondegenerate FPM 

occurs and generate sublines (Figure 4.1 (a)).  

                                                    2𝜔1−,1+ ⟶  𝜔2−,2+ +  𝜔1+,1−                                   (4.1)  

For multiple tone input, the generated tones with frequency spacing ∆ also shows the 

output spectrum through the mixing with same spacing in the ring resonator. For 2N seed 

photons (ωN-, N+, ω(N-1)-, (N-1)+,  …, ω1-, 1+) are obliterated to generated frequency tones as 

two tone input. We believe that these multiple tone input occurs more FPM interaction 

around center wavelength and generates more sublines as output spectrum (Figure 4.2(b)).   

       2𝛴𝜔𝑛−,𝑛+ ⟶  𝜔𝑁−,𝑁+ + 2𝜔(𝑁−1)−,(𝑁−1)+ +  ··· +  𝜔1+,1−                   (4.2) 

For the multiple tone input, its phase noise affects to the efficiency of the FPM process 

and output spectrum than two tone input. Accordingly, to maximize generated tones and 
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their optical signal to noise ratio (OSNR) in the output spectrum, it is important to 

maintain its coherence by optimization of the phase of each tone to shape high peak 

power pulse train in the setup, such as spectral processor. 

    

(a)                                                        (b) 

   

Figure 4.2 FWM for comb generation, with multiple tones. (a) Two tone input. (b) 

Multiple tones input) 

 

4.3 Setup and procedure 

Following the principle discussed in the last section, this section describes the 

setup and procedure for the multiple tone input with silicon mixer. The key components 

for the system are the cascaded phase modulators and programmable optical processor to 

generate coherent and flat-top multiple tone input. For the procedure, the tuning is started 

from single pump to multiple pumps with meticulous tuning for phase and flat-peak 

power for the input tones. In addition, for the silicon mixer, phase tuning via heater is 

also critical for phase-matching in the efficient conversion. 
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4.3.1 Setup 

Figure 4.3 illustrates the experimental setup for multiple tone with silicon mixer. 

Figure 4.3 (a) shows setup schematics. The tunable laser operated in c-band at λ0 = 

1550nm. The output is optimized polarization to gain maximum power by a polarization 

controller (PC), and the output is into the cascaded phase modulator consists of Mach 

Zehnder modulator (MZM) with RF clock whose signal input is ~25GHz, to generate 

multiple tones. Then, the preamplifier consists of erbium doped fiber amplifier (EDFA). 

The output from the pre-amplifier is attenuated with variable optical attenuator (VOA), 

and input into the programmable optical processor (POS) (waveshaper, (Finisar) ), for the 

filtering and tuning phase and peak power of generated tones. Then, the output is 

amplified with polarization maintained (PM) amplifier and filtered in band-pass filter (BF) 

to pass the input tones into the chip. Before the input couples into the silicon ring mixer 

with tapered fiber, its polarization is optimized by another PC. On the silicon mixer chip, 

the electrodes are contacted to operate the reverse bias PIN structure and heater which 

has the function as a phase shifter in the operation (Figure 4.3 (c)). 
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Figure 4.3 Experimental setup for multiple tone with silicon mixer. (a) Setup schematics, 

(b) picture of the setup, (c) picture of the silicon mixer on the stage with electrode probe 

for PIN and heater 

 

4.3.2 Procedure 

With the setup, the procedure to generate frequency comb is implemented. Figure 

4.4 illustrates the procedure for multiple pumps with the setup. First, the single pump is 

introduced to study the resonance frequency of the ring mixer with tuning the frequency 

around c band. Also, this single pump experiment has the purpose to investigate 

extinction ratio of the ring mixer, which is difficult to investigate through transmission 

discussed in Section 3.4.2. Then, FWM with two pump waves are investigated to show 

the elemental experiment to analyze the conversion efficiency of FWM. In this two-tone 

pump scheme, it is important to achieve flat peak and coherent phase by optimization 
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thorough the POS, to generate bilateral symmetrical output spectrum. For the device side, 

the heater has the function as a phase shifter and tuned for the phase-matching in the 

FWM in the ring mixer. After these tuning, RF frequency is optimized to achieve most 

efficient FWM, until output spectrum is broadest and shows highest signal to noise ratio 

(SNR). Finally, the multiple tone pump with 16 tones is applied to generate broadband 

comb in the c-band. For the multiple tone pump, its procedure is similar to the two tone, 

pump. However, increased number of tones make the tuning of coherence and peaks of 

the input tones, accordingly it demands precise tuning optimization to achieve high 

efficiency FWM. 

 

 

Figure 4.4 Procedure for multiple pump 
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4.4 Experimental demonstration: Single pump 

Figure 4.5 shows example of spectrum of single pump. In this case, the center 

wavelength is set on ~1561.5nm, in a c-band, with sweeping of wavelength and 

meticulous tuning of phase shifter on the silicon ring mixer. Due to this tuning, the ring 

mixer shows the 2dB as an extinction ratio, between the resonance and out of the 

resonance.  In addition, the electrical current in the TPA structure in the silicon ring 

mixer is simultaneously measured in the experiment, and it demonstrates the increment 

from out of resonance at 4.0mA to the resonance at 5.3mA. This indicates that the ring 

mixer is in the resonance that increases the energy circulating the ring. Then, this 

resonance will contribute the more effective FWM in the ring mixer to generate more 

tones with high SNR with two pump or multiple pumps discussed in the later sections. 

 

 

Figure 4.5 Example of spectrum of single pump 
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4.5 Experimental demonstration: Two pump 

Upon the single pump measurement, the two-pump measurement is executed with 

the procedure discussed in the former sections. Figure 4.6 and Figure 4.7 show the 

spectrums for the two pumps in different condition of the input source. Figure 4.6 is the 

comparison of different RF frequency for the cascaded phase modulators. The conversion 

efficiency, that the difference between the peaks between the two input tones and 

generated tones as sidebands, is highest as ~14dB at 25.255GHz of RF frequency (Figure  

4.6 (b)). For comparison, the conversion efficiency is lower in the other condition that is 

~17dB at 25.225GHz of RF frequency (Figure 4.6 (a)) or ~18dB at 25.275GHz of RF 

frequency (Figure 4.6 (c)). This indicates that the FWM can be shown in each RF 

frequency, because of the FSR of the ring mixer is less than the separation of the two 

input tones. However, it is necessary to precise RF tuning to achieve high conversion 

efficiency in the FWM. Figure 4.7 demonstrates the comparison between different FSR 

separations of the two pumps. In these figures, the conversion efficiency is highest in the 

2FSR ((Figure 4.7 (b)). However, the difference is ~0.1 dB in the other cases that 4FSR 

((Figure 4.7 (a)) and 5FSR ((Figure 4.7 (c)). This suggests the separation of the pump is 

precisely controllable with resolution of its FSR in this silicon ring mixer because this 

scheme uses the multi FSR with the ring with finer FSR than the operation frequency. 

This is the unique approach from the other references shown in the comb generation from 

a ring mixer, which the frequency of the comb is inherently defined as the length of the 

ring. 
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Figure 4.6 Spectrum of two pump with different RF frequency (a) RF: 25.225GHz with 

conversion efficiency of 14dB (b) RF: 25.255GHz with conversion efficiency of 17dB, 

and (c) RF: 25.275GHz with conversion efficiency of 18dB 

 

 

Figure 4.7 Spectrum of two pump with different FSR separation of pump (a) 2FSR, (b) 

4FSR, and (c) 5FSR 

 

Conversion efficiency is 14dBm for 2FSR and its difference between the measurement is 

0.1dB 

 

4.6 Experimental demonstration: Multiple pump 



61 

 

 For multiple pumps, it is based on the tuning condition of two pump discussed in 

the former section. Due to increase of the number of the tones, the system needs POS to 

control not only the phase and peak, but also the number of tones with its capability of 

arbitral filtering. In this dissertation, the procedure to tune the input tones starts from the 

control number of tones by POS, and tuning phase a amplitude o the controlled number 

of tones are executed. Figure 4.8 illustrates the filtering of tones from 30 tones (Figure 

4.8 (a)) to 15 tones (Figure 4.8 (b)) that POS filters the tones every other. Simultaneously, 

it changes the frequency of the wave from ~25GHz that original frequency of 30 tones, to 

~50GHz that the frequency of filtered 15 tones, by this filtering. Further, from this 

filtering, the amplitude and phase of the wave is alternated, and those should be tuned 

after this filtering. 

 

 

Figure 4.8 Example of filtering input tones by POS (a) 30 tones before filtering ~25GHz 

for spacing, (b) 15 tones after filtering for ~50GHz spacing 

 

Filtering for the 15 tones follows the filtering number of tones. In this filtering, the 

amplitude and phase are optimized precisely for efficient FWM in the ring mixer. First, 
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the peak power is set to the same level those deviation is kept less than 2dB. Figure 4.8 

shows the result of the tuning. This tuning will contribute the generation of the tones in 

the FWM in the ring with smooth gradient peaks. In addition, phase tuning of the input 

tones is executed dedicatedly. Figure 4.9 shows its comparison before/after of the phase 

tuning. As its mentioned, after the phase tuning, sidebands are generated next to the 

original 15 tones by improved phase-matching of the input tones. Further, its shape is 

smoothly graduated by well controlled peak power. 

 

 

Figure 4.9 Example of filtering of input tones for 15 tones with 50GHz, with comparison 

before/after phase tuning. The deviation of peak is suppressed less than 2dB, and its 

sidebands are generated by phase-by-phase tuning. 
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Upon the tuning of input wave, tuning on the silicon mixer is implemented. For the 

silicon mixer, its tuning procedure is same as before discussed the former section. In this 

multiple tone scheme, the input power is high (>20dBm), and the increase of tones have a 

possible to burn the coupling between the tapered fiber from the input setup and the 

tapered waveguide for the silicon ring mixer. Then mediate optimization of the coupling 

and gradual increase of the input power until the target is necessarily in the experiment. 

Figure 4.10 demonstrates the result of output spectrum from the silicon ring mixer. For 

comparison, the output spectrums for the input, output without resonance (i.e., out of 

phase), and output within resonance (i.e., in phase), are plot in the figure. Even if the ring 

mixer is in the state without resonance, due to its fine FSR comparing to the spacing of 

input, smooth and broadband sidebands are generated besides the input tones (Figure 

4.9(b)). However, the spectrum in the resonance generates further broadband spectrum 

due to the phase-matching in the silicon ring mixer (Figure 4.9(b)). The number of 

generated tones counts about eighty tones in the resonance state. The generated comb is 

stable in the minimum alignment of the phase tuning in case of the system is stable, such 

as the coupling between the fiber and the chip. For monitoring resonance mode of the 

ring, current from PIN structure (TPA current) is investigated. Typically, TPA current 

shows ~10mA with digital multimeter at out of resonance, and it increases with tuning 

into the resonance mode until ~15mA in the ring mixer. It is denoted that these TPA 

current can be varied from various factors, both device and experiment; for device 

characteristics, PIN structure, coupling loss of the chip, coupling ratio can be the factors, 

and for experiment, input power, pulse compression of the input tones can vary the TPA 

current.      
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Figure 4.10 Output spectrum of the silicon mixer. The tuning condition is input power is 

21dBm, RF frequency is 25.250GHz (i.e., Output frequency is 50.5GHz), and center 

frequency is 1549.4420nm. 

 

For the further inspection on the condition of the comb generation, the comparison 

between different RF frequencies is investigated. Figure 4.11 shows the result of the 

experiment between the RF frequency from 25.217GHz and 25.275GHz. Again, the 

actual frequency of the output is doubled, because of the filtering from POS. In addition, 

for each frequency, the phase is tuned for optimization to gain highest efficiency in the 

FWM in the ring mixer. From this experiment, the frequency at 25.250 GHz and 25.255 
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GHz is gain highest efficiency in this scheme (Figure 4.11 (b), and (c)). This suggests 

that the phase matches well around the wavelength close to the input tones. Then the 

generated sidebands by FWM nearby the input contribute the generation of other 

sidebands apart from the input wavelengths. Then, these frequencies tell the optimized 

frequency to generate smooth and symmetrical comb that we targeted. For comparison, 

Figure 4.11 (a) shows the result in the lower frequency than optimized frequency. As it 

is shown, SNR of generated combs are higher in the shorter wavelengths than the longer 

ones. This indicates that the phase is matched in those shorter wavelengths and causes 

high efficiency in FWM, and vice versa in the longer wavelengths. This is considered to 

the dependence on frequency/wavelength for coupling ratio of the ring mixer. In the 

directional coupler for our silicon ring mixer, it inherently has frequency/wavelength 

dependence due to the nonlinearity of group index. Then, the dependence causes 

frequency/wavelength dependence on the phase matching condition, and efficiency of 

FWM. Figure 4.11(d) shows the lowest FWM efficiency in this figure. This indicates 

that the ring mixer has low phase-matching (i.e., out of resonance) around center 

frequency, and generates a few sidebands. As a result, it cannot other sidebands. 
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Figure 4.11 Comparison of different RF frequency for comb generation. (a) RF: 

25.217GHz, (a) RF: 25.250GHz, (c) RF: 25.255GHz, and (d) RF: 25.275GHz. 

 

 

4.7 Chapter summary 

 In this chapter, FWM in the ring resonator is experimentally demonstrated from 

single pump to multiple pump that 15 tones is a maximum. The chapter begin with the 

discussion of procedure and setup of the experiment to achieve tuned input peaks with a 

high power (~20dBm), coupled to the chip discussed in chapter 3. Due to diligent tuning 

of the input of the peaks, phases, and RF frequencies for input tones, plus tuning on the 

phase shifter fabricated in the ring, broadband spectrum is achieved between 1520 and 

1580 nm at -65dBm noise floor. 

Chapter 4, in part, is currently being prepared for submission for publication of 

the material. Motohiko Eto, Bill Ping-Piu Kuo, and Stojan Radic. The dissertation author 

was the primary investigator and author of this material. 
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Chapter 5 

Dispersion dependence of comb generation 

 

Chromatic dispersion measurement has an importance in the photonics system 

consists of not only optical fibers but also the silicon photonics for applications, such as 

telecommunications. In case of the optical communication system, chromatic dispersion 

affects the distortion of the optical pulse due to its chromatic dispersion. In the other case, 

such as silicon photonics, chromatic dispersion affects the nonlinear phenomena, such as 

four wave mixing (FWM), because of its contribution to phase matching condition. 

 

5.1 Introduction 

Chromatic dispersion measurement has an importance in the photonics system 

consists of not only optical fibers but also the silicon photonics for applications, such as 

telecommunications. In case of the optical communication system, chromatic dispersion 

affects the distortion of the optical pulse due to its chromatic dispersion. In the other case, 

such as silicon photonics, chromatic dispersion affects the nonlinear phenomena, such as 

four wave mixing (FWM), because of its contribution to phase matching condition 

[62,63]. 

One example of the measurement method is known as white light interferometry 

(WLI), which applies a broadband light source into a Mach-Zehnder interferometer (MZI) 

in the system or on a chip. In the case of the systems with an interferometer in a setup, 

most of them need the opt-mechanical system with dedicated alignment for optical paths, 
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with or without MZI [64-67]. On the other hand, in case of silicon photonics chip, they 

need to use MZI on a chip or ring resonator structure on a chip [68-70], and these 

structures potentially cause detailed attention in design and fabrication. In these 

measurements with MZI structure in the setup or a chip, typically a broadband source 

covering interested bandwidth such as a light emitting diode (LED) is applied and output 

spectrum is acquired with optical spectrum analyzer (OSA) [71-73]. However, due to the 

sweeping speed of OSA is not enough to remove the deviation caused by the time-

varying fluctuation form the setup, such as fluctuation by temperature or air. Several 

methods are introduced to reduce this deviation with a feed-back loop, such as a phase-

locked loop [74] or low-coherence technique [75]. However, these methods cast 

complexity on a system to achieve stable measurement. In this paper, we introduce the 

technique to measure chromatic dispersion applying a fast swept-source and MZI with 

optical fibers as a concise, robust, and optical alignment-free method. Swept source is 

commonly used in optical coherence tomography (OCT) known as swept-source optical 

coherence tomography (SS-OCT), due to its high-speed imaging [76, 77], and we 

implement its character of high-speed sweeping to measure interference from the MZI 

structure such as, WLI. 

 

5.2 Theory and implementation 

In our method, we applied swept source as an input source, and the output 

interferogram is similar in the WLI. Then, the interferogram in time-domain is described 

as,  

I(t) = a2cos(ᶲ(t))                                                (5.1) 
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where a is an amplitude of the interferogram. Because the fringes in the interferogram 

appear every 2π phase shift, we can plot unwrapped phase in time-domain. With λ-

reference from the swept-source, the conversion from time-domain to frequency domain 

for the phase is executed. This is discussed in later part, Then, the propagation constant is 

described with the phase ϕ(f) as, 

                                                 ϕ(f) = β(f)*dL                                                       (5.2) 

where dL is a path length difference in the MZI. The propagation constant is expanded as 

a Taylor series for the central frequency f0 as following, 

                           β(f) =β0(f0) +(1/2!) β1(f0) + (1/3!) β2(f0) + ...                            (5.3) 

 Upon the calculation of β, the chromatic dispersion is calculated withβ2(f0) ， 

                                               D(f) = -(2πc/λ2) β2(f0).                                           (5.4) 

 

5.3 Experimental procedures and post-processing  

The setup, shown in Figure 5.1, has a swept-source as an input source, which the 

swept wavelength is between 1510-1610nm which covers C-band in telecommunication. 

Mach-Zehnder interferometer (MZI) with single-mode fibers consists of reference arm, 

which is connected to cascaded optical delay line (ODL) and compensates the 

interference length depending on the optical length of the sample arm, which connected 

to the fiber/device under test (FUT/DUT). The cascaded ODL covers total of 1530ps 

which covers the compensation of the FUT/DUT in our measurement. To maximize 

interference pattern in the measurement, polarization controller (PC) and variable optical 

attenuator (VOA) is connected at the end of each arm for optimization of the outputs 

from the arms. The two outputs from the arms are equalized in output power and 
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optimized polarization and coupled with 50/50 coupler and detected by a photodetector 

(PD). The outputs from PDs are measured by the oscilloscope. The other output from 

swept source is k-clock (A scan) with a rate of 19.7 kHz, which is used as the reference 

of the phase in the interference output measured in the oscilloscope. 

 

 

Figure 5.1. Setup of the measurement 

 

 

Figure 5.2 shows the flowchart of the data processing in our dispersion measurement. In 

the measurement, we measure the interference from MZI with referencing k-clock from 

the swept-source as two separated detectors, with k-clock signal and λ-reference at 

1530.1nm, directly from the swept-source, as shown in Figure 5.1. In the processing, 

analytic signal is acquired with Hilbert transform from the signals [78]. Then the 

unwrapped phase is calculated as an imaginary part of the analytic signal. For the 

unwrapped phase from the interference measurement part, the phase in nonlinear along 

the frequency domain, due to the relationship between the time-domain and frequency-

domain of the interference pattern. Then, we execute conversion from time-domain to 
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frequency-domain with the λ-reference from the swept-source. Then, the phases are 

processed in frequency-domain to calculate chromatic dispersion. 

 

 

Figure 5.2. Flowchart of the measurement 

 

 

5.4 Dispersion measurement for SMF-28  

5.4.1 Interference measurement 

We begin with interference measurement with the setup illustrated in Figure 5.1. 

First, interference from MZI and reference from k-clock is acquired as Figure 5.3 (a). 

Figure 5.3. (b) shows the expanded part at the same time-domain from Figure 5.3. (a). 

The single sweep from longer wavelength to short wavelength is plot as red. These 
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outputs are used in the post-processing, and they demonstrate clear interferograms shown 

in Figure 5.3. (b). Because the two interferograms from MZI, which third and fourth raw 

in the Figure 5.3, do not display apparent interferogram such as k-clock reference, these 

two interferograms are merged with dedicate alignment of each intensity. The fifth raw in 

Figure 5.3. shows the corrected interferogram from MZI. In the following processing, we 

apply this interferogram. 

 

 

Figure 5.3. Output signals of interference measurement for SMF-28 with setup illustrated 

in Figure 5.1. (a) Output signals. From the top, reference of k-clock, λ-reference, two 

interferograms from MZI, and corrected signals derived from the two signals from MZI. 

(b) Expanded area from (a) with green-flamed areas from single sweep with plotted as 

red. 

 

Then, the unwrapped phase is calculated from the interferogram as shown in 

Figure 5.4. At this time, the unwrapped phase has sinusoidal curvature due to its 

nonlinearity in the relationship between time-domain and frequency-domain, which is 

corrected in the conversion from time-domain to frequency domain, discussed in the next 

section. 
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Figure 5.4. Unwrapped phase from the corrected interferogram for SMF-28. 

 

5.4.2 Conversion from time-domain to frequency-domain 

Upon the interference measurement discussed in the former section, to correct 

unwrapped phase with conversion from time-domain to frequency-domain, we used λ-

reference from the swept-source. In our swept-source, its frequency shift ∆f is 100GHz, 

and λ-reference is at 1530.1nm. Then its frequency is revealed as fref = 195.93Thz. In the 

interferogram, the peaks correspond to 2π shift in frequency-domain. Accordingly, the 

number of peaks n from the λ-reference is,  

f = fref + n·∆f.                                          (5.5) 

Figure 5.5 shows the relationship between time-domain and frequency domain in this 

measurement, calculated from eq. (5.5). With this conversion, we applied the relationship 

between the time-domain and frequency-domain to the unwrapped phase for reference 

(i.e., without FUT/DUT) and sample (i.e., with FUT/DUT). From this conversion and 
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pitch of interference in Figure 5.8, resolution of this method is estimated as ~0.64nm. The 

unwrapped phases with conversion from time-domain into frequency-domain and plot 

along wavelength, is shown in the Figure 5.6. 

 

 

Figure 5.5. The relationship between time-domain and frequency domain which 

described as wavelength in the measurement. 

 

 

Figure 5.6. Unwrapped phase for SMF-28 with conversion from time-domain into 

frequency-domain and plot along wavelength. 

 

5.4.3 Dispersion calculation 
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The dispersion calculation is calculated based on the aligned phase shown in the 

Figure 5.5. We applied the calculation discussed in the section 2 into the software of our 

own made with MATLAB®. Figure 5.7 shows the calculated chromatic dispersion and 

dispersion slope with comparison to datasheet, and it demonstrates the good agreement 

with the datasheet in the sample. In this measurement process, once the interference 

pattern is scanned in less than one sec, we can apply the calculation with semi-automated 

software developed by our own, and instantly acquires the dispersion data. 

 

 

Figure 5.7. Chromatic dispersion and dispersion slope for SMF-28 with comparison to 

datasheet. (a) Chromatic dispersion (b) dispersion slope 

 

5.5 Dispersion measurement for silicon waveguide  

According to the measurement for single mode fiber, we implemented to the 

fabricated silicon waveguide as an example of application of our method to phonics 

devices. In the measurement, the method is basically the same for the case of SMF. 

However, the measurement for reference is executed for the short length of Si waveguide, 
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then the other measurement as a sample is executed for the additional length of Si 

waveguide. We used different length with 3.28cm, 5.36, and 7.44cm. The cross section is 

width of 460nm and thickness of 273nm with slab thickness of 55nm. Figure 5.8 shows 

the measurement for the Si waveguides from different slot with simulation is plot with 

dot line. Then the simulation shows good fitting against the measurement. Due to the 

tolerance in the fabrication, we could see variation of difference between ~100 and 900 

[ps/(nm·km)]. For the samples with the dispersion between ~800-900 has much thicker 

thickness of slab/waveguide as different slots from Lot A, and these samples are useful to 

discuss the effect of chromatic dispersion in FWM in the ring mixer, discussed in the next 

section. 

 

 

 

Figure 5.8. Dispersion for Si waveguides. 
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5.6 Dispersion dependence for comb generation 

With the measurement of chromatic dispersion for Si waveguides, we are 

concerned with its contribution to the FWM in the ring mixer. Then, we demonstrated 

frequency comb generation measurement, with the same procedure demonstrated the 

former section. Ring mixers are fabricated on the same chips that we evaluated Si 

waveguides in the section 5.5. Except for the chromatic dispersion, we consider the 

power splitting ratio k of the coupler in the ring mixers will affect the output spectrum. 

Then, the power splitting ratio is also measured in the coupler part, also fabricated on 

each chip [79]. In this measurement, the input power is fixed as 21 dBm, and the phase is 

tuned with the phase shifter fabricated on each device. Figure 5.9 shows the output 

spectrum for 5 different samples that those dispersions are measured in the section 5. As 

we discussed before, this variation of dispersion is originated in the fabrication, mainly 

from the thickness of waveguides/slabs. Figure 5.9 (a) shows 7 tones are input source, 

and Figure 5.9 (c) shows 15 tones are input source. We denote dispersion and power 

splitting ratio for each sample at 1550nm. For Figure 5.9 (a) and (c), comparing each 

sample, both dispersion and power splitting ratio contribute to the smooth and broad 

spectrum as an output, i.e., high power splitting ratio (k = 0.84) and lower negative 

dispersion (D = -147 [ps/(nm·km)]) are suitable for smooth and broad spectrum. These 

parameters contribute to the better phase matching in FWM in the ring mixer, and as 

result, it generates smooth and broad spectrum. As a note, in Figure 5.9 (b), the spectrum 

from D = -216 [ps/(nm·km)] and -337 [ps/(nm·km)] show the process of generation in the 

primary sidebands discussed in other articles [80]. Then the cascaded FWM has enough 

phase-matching, the spectrum can be smoother and broader than those spectra, such as D 
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= -147 [ps/(nm·km)]. In addition, comparison between the spectrum from D = -337 

[ps/(nm·km)] and -878 [ps/(nm·km)] show the effect of chromatic dispersion over the 

power splitting ratio, because even though spectrum D = -337 [ps/(nm·km)] has lower 

coupling (k = 0.68) than D = -878 [ps/(nm·km)] with k = 0.72, it shows broader spectrum. 

This indicates that coupling ratio is not enough to dominate the effect of chromatic 

dispersion to achieve phase-matching in the ring mixer. These trends are also shown in 

the simulation (Figure 5.9 (b), (d)) for both 15 tone and 7 tone inputs. The simulation is 

performed in the same engine described in the former sections. Figure 5.10 shows the -20 

dB bandwidth (BW) for 15 tones in Figure 5.9. It shows the trend that the BW is larger in 

weak negative dispersion. 
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Figure 5.9 Output spectrum of comb generation for different devices according to 

chromatic dispersion D and power splitting ratio k at 1550nm. (a) Output from 15 tones 

input comb. (b) simulation for 15 tones. (c) Output from 7 tones input comb. (d) 

simulation for 7tones.  
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Figure 5.10 -20 bandwidth for 15 tones in Figure 5.9 

 

5.7 Chapter summary 

 In this chapter, experimental evaluation for chromatic dispersion is demonstrated 

through the fiber-based setup, because its importance in the phase matching condition in 

FWM to generate broad spectrum in the nonlinear optics device including ring mixer. 

The validation of the method is evaluated through SMF-28 as a DUT, and its chromatic 

dispersion and dispersion slope is well matched to the datasheet. 

 Upon the verification of the measurement method, variety of chromatic dispersion 

for fabricated silicon waveguides, fabricated on the same chip with the ring mixer, is 

demonstrated with the relationship to spectrum with simulation/experiment. The data 

show that weaker negative dispersion (i.e. close to zero-dispersion, such as D = -147 

[ps/nm/km]), performers broader spectrum due to better phase-matching condition than 

the strong negative dispersion. 
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Chapter 5, in part, is currently being prepared for submission for publication of 

the material. Motohiko Eto, Bill Ping-Piu Kuo, and Stojan Radic. The dissertation author 

was the primary investigator and author of this material. 
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Chapter 6 

Low-Noise frequency comb generation in silicon ring mixer 

 

Upon the former chapters, comb generation from silicon mixer is discussed. In this 

chapter, low-noise frequency comb is demonstrated for the application of 

telecommunication. In addition, the broadened spectrum due to the low-noise input is 

also demonstrated and measurement of device characteristics such as coupling ratio and 

chromatic dispersion discussed in Chapter 5.  

 

6.1 Introduction 

     Low-phase noise frequency comb is important in variety of applications, such as 

metrology and communications [81,82], and phase noise in compact mixer is compared 

in other literature [83-85], and those mechanisms are investigated that those noise 

originated in variable factors [86], such as noise from pump lasers, thermal noise [87], 

and oscillators [88]. In this thesis, silicon mixer is pumped with cascaded phase 

modulator with RF generator, discussed in Chapter 4, that different from most of other 

compact ring mixer pumped by single mode lasers, then this causes complexity of 

causing source pf phase noise in the system.  

     To investigate phase noise through the silicon ring mixer, self-homodyne method is 

deployed with fiber-based frequency comb as an initial source. In this thesis, FWM in 

silicon ring mixer is processed through multiple tone inputs constructed as fiber-optic 
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systems, then the phase noise measurement is attentively investigated considering the 

effect from frequency comb source.  

 

6.2 FWM from Fiber based comb source 

6.2.1. Introduction 

In this section, instead of cascaded phase modulator, fiber-based comb source is 

implemented to verify its effect on the broadband FWM in silicon ring mixer. In the last 

sections, considering the application of FWM thorough the silicon ring mixer in silicon 

photonics components, cascaded phase modulator is implemented to the measurement 

setup. However, those cascaded PMs are potentially containing electric phase noise due 

to RF generators, and they are not suitable for low phase noise measurement implement 

in this section. Then, in this section, part of input com source into the chip is changed to 

fiber-based systems. In addition to decrease phase noise from the input source, 

broadening output spectrum is also expected due to not only lower noise but also higher 

SNR than former setup. 

 

6.2.2 Setup 

The setup is shown in Figure 6.1, that based on self-heterodyne detection [84,85]. 

Comparing to the former chapters, the initial input source is changed from tunable single 

mode laser to low-noise frequency comb (Teratone TT-50 (RAM photonics)). In this 

setup, the wavelength is fixed ~1559nm, due to the specification of the comb source. The 
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optical seed from the comb source is send into the phase modulator (PM) with RF 

frequency around ~25GHz to generate input tones, and the output from the phase 

modulator is filtered with programmable optical processor (POS, waveshaper (Finisar)) 

to tune the phase to maximize FWM efficiency in the 100-meter HNLF by pumped 

thorough EDFA to generate input tones. It is denoted that in Chapter 4, the other phase 

modulator is used in this part, and this change from phase modulator to HNLF has 

contribution to low-noise input tones. After HNLF, the output is filtered with 

programmable optical processor and BF to tune and filter to generate flat-top 15tones and 

pumped with polarization maintain amplifier (PM amp, EAR-5K-C (IPG Photonics)) that 

processed in Chapter 4. The tuned 15 input tones are coupled to the chip and tuned its 

phase with the phase shifter on the chip that is discussed in Chapter 4. 

 

 

Figure 6.1 Setup of the measurement 

  

6.2.3 Experimental results 



85 

 

      As discussed in Chapter 4. In the setup, the peaks and phases are tuned as 15 tones. 

Figure 6.2 demonstrates the comparison between the tuning. Figure 6.2 shows the 

spectrum from HNLF in the middle of the setup and tuned 15tones after POS and BF. 

Due to the pulse compression, instead of phase tuning with POS in the setup from former 

chapter, and output from HNLF has broad spectrum in the C band centered on 1559nm, 

after amplification with a PM amplifier, filtering from BFs, and tunning of peaks and 

phases with POS, 15tones of flat-top peak that is the same procedure discussed in the 

Chapter 4.    

Figure 6.3 and Figure 6.4 show the measured output spectrum from the chip in the 

setup described in Section 6.2. For this measurement, we have chosen the sample with 

the lower negative dispersion(~-200ps/nm/km) and overcoupling (power splitting 

ratio~0.75), and careful alignment of RF tuning. It can be seen in the input tones that 

those SNR drops more than 10 dB that indicates high conversion efficiency in FWM that 

contributes broad spectrum.  As a best result the spectrum can be broaden between 

~1525-1600nm at -75dBm noise floor (red circled in Figure 6.4 (a)). 
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Figure 6.2 Output spectrum from parts of the setup for output from HNLF input to the 

chip (a) spectrum between 1540-1580nm. (b) spectrum between 1550-1570 for expansion. 

 

 

Figure 6.3 Input/Output spectrum from chip. 
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Figure 6.4 Output spectrum from the chip (a) comparison of spectrum between different 

RF. (b) expansion of input tones in the best effort in the (a) (red circled) 

 

6.3 Phase noise 

6.3.1 Introduction 

Phase noise is evaluated single sideband (SSB) phase noise measured on 

oscilloscope and post-processed with discussion of phase noise level, and this is 

comparable to other material schemes [83, 89-91]. To investigate phase noise for 

different tones, PSD for mixing signals from nth tones from outside of input tones are 

demonstrated. 

6.3.2 Setup 

Figure 6.5 illustrates the setup for phase noise measurement. In this setup, comb 

source uses external clock to minimize RF noise, originated in using different clocks 

deployed former setup, and comb out is split into 50/50 coupler to the chip through 
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pumping and filtering similar to the former setups, and the other output is modulated with 

acousto-optic modulator (AOM) with pumping. ~87m SMF is added to match optical 

path to match at the input of the other 50/50 coupler for the homodyne measurement. The 

output from the chip is coupled with the comb out from the input comb source with 50/50 

coupler and the two output of the beat note is send into the grating filter (TB-9P (JDS 

Uniphase)) to filter out to the single tone by each grating filter with separated tones. The 

two filtered output tones are detected by high-speed photodetectors, and the signals are 

measured by oscilloscope. Measured signals for nth tones are mixed and processed as 

PSD analysis as mutual phase noises. 

 

Figure 6.5 Setup for phase noise measurement 

 

6.3.3 Experiment results 

Figure 6.6 illustrates PSD for mixing signal for different tones between 1st and 

10th. In these figures, as the number of tone increase (i.e., far from the input tones), the 
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peaks decrease due to phase mismatch in FWM mainly because chromatic dispersion (~-

250ps/nm/km).   

 

 

Figure 6.6 PSD for mixing signal for different tones between 1st to 10th bandwidth until 

250MHz. 

 

Figure 6.7 shows the SNR of carrier frequency between 1st and 10th. It clearly 

shows the SNR od carrier frequency decrease as the number of tone increase. Then, it is 

expected that SNR can be improved with the chromatic dispersion is close to zero, and 

these SNR can be increase due to higher FWM efficiency, with dispersion engineering. 
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Figure 6.7 SNR of carrier frequency between 1st and 10th. 

 

6.4 Chapter summary 

 In this chapter, the experimental demonstration of improvement of setup for 

FWM with a ring mixer and evaluation of phase noise is performed. For the improvement 

of the setup, input tones are generated by comb source, instead of cascaded phase 

modulators, that contribute higher SNR of input tone with lower noises, and as a result, 

broadened output spectrum between 1520 and 1600 nm at -75 dBm noise floor. 

Chapter 6, in part, is currently being prepared for submission for publication of the 

material. Motohiko Eto, Bill Ping-Piu Kuo, and Stojan Radic. The dissertation author was 

the primary investigator and author of this material. 
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Chapter 7 

Conclusion 

 

7.1 Dissertation summary 

      Recently the demand for high-speed telecommunication is rising the demand for 

low-noise frequency comb source with compact and low energy consumption systems 

which is mainly based on fiber optic systems. This dissertation reaches for this 

application with silicon photonics technology for frequency comb generation through 

cascaded FWM in the silicon ring mixer for coherent optical sources.   

      In the optical parametric process in nonlinear optics, cascaded FWM is the key 

concept for the comb generation in this dissertation which detailed in Chapter 2. For the 

device side, Dispersion engineering derived from material and waveguide dispersion, and 

TPA which hinders efficiency of optical parametric process is discussed with ring 

resonator characteristics such as NLS for guided wave propagation, Q factor and finesse 

reveals the property of resonance mode. In the chapter 3, device characterization to meet 

the concept discussed in chapter 2 is investigated with device performances from 

experimental results such as waveguide loss and FSR. Photonic/electric simulation results 

are demonstrated in the manufacturing capability in the MPW service. In the photonic 

simulation, dispersion engineering is promoted to target -200 [ps/nm/km] to avoid mixing 

loss originated in phase mismatch. For electric simulation, PIN structure is investigated to 

compatible between low optical loss and capability of sweeping electron/hole. Upon the 

device simulations, simulation of comb generation in silicon ring mixer is demonstrated 
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to investigate output spectrum. In the Chapter 4, demonstration of comb generation in 

silicon ring mixer is described with its concept and procedure in the experiment. The 

multiple tone pump, which meticulous tuning of phase and peaks of input tones, enables 

efficient FWM and broad comb generation in the c-band between 1520-1580 nm at -

65dBm noise floor in phase-locked state.       

      For further investigation of comb generation in the silicon ring mixer discussed in 

this thesis, chromatic dispersion is attentively discussed in chapter 5. To investigate 

chromatic dispersion of silicon waveguide, phase difference is measured in the setup 

based on optical fiber system with swept-source. This measurement is optical alignment-

free except for the coupling to the silicon chip, and the robustness of measurement is 

verified with the measurement of SMF as DUT. The experimental data reveals the 

chromatic dispersion is between -100~-900 [nm/nm/km] in the samples that mainly 

caused from device thickness and its contribution to efficiency is discussed with 

experimental and theoretical results that low-negative dispersion with overcoupled 

sample demonstrates higher efficiency and broad spectrum.  For the approach from 

system side, the setup for input tones is revised in chapter 6 to achieve broad and low-

noise spectrum. It also demonstrates the spectrum between 1525-1600 nm at -75dBm 

noise floor covering C -L band in the telecommunication. Phase noise is also investigated 

by hetero detection technique that shows -107dBc/Hz for 8.7MHz carrier frequency from 

two output tones from the generated comb.  

  

7.2 Future directions 
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      In this dissertation, the frequency comb generation is demonstrated in C- L band 

with detailed design and construction, and experiment. However, there are multiple 

themes to be investigated to further possibility for the application. Following sections are 

for those possible themes to be investigated. 

 

7.2.1 Broad spectrum source: cascaded ring mixer 

      In this dissertation, the mixing stage is performed as a single stage. However, to 

overcome broad spectrum within achievable a single mixer, multiple stage scheme is 

demonstrated in fiber system [91].  Figure 7.1 shows the example of setup of the multiple 

stage mixing using silicon ring mixer. For the setup until 1st stage on the chip is the 

similar construction in this thesis to generate spectrum. For the further broad spectrum 

capable on the single stage, pulse compression stage and 2nd stage are added after the 1st 

stage.  As discussed in the chapter 4, for efficient FWM, the high compression of phase is 

important, in this construction, SMF has the role as a pulse compression stage. After the 

pulse compression, input source into the 2nd stage is pumped, due to the insertion loss 

cannot be negligible for broad FWM in the 2nd stage. In the 2nd stage, its phase is tuned 

to lock the phase in the resonance, operated in this dissertation.  
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Figure 7.1 Example of a setup for cascaded ring mixer  

 

7.2.2 Miniaturizing comb system on a silicon chip 

Miniaturizing fiber system on a silicon chips is one has already demonstrated [93-

96]. and application of a comb generation via silicon photonics [97-99]. However, for 

comb generation, it is not performed on silicon device in telecommunication band. This 

dissertation focusses on those application, due to its material is silicon fabricated in 

CMOS compatible process.  
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