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Department of Microtechnology and Nanoscience (MC2)
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Abstract
Frequency combs are a key technology for many applications, such as optical clocks,
precision spectroscopy, and wavelength division multiplexing (WDM) in optical com-
munications. Integrated frequency combs leveraging the Kerr nonlinearity can oper-
ate with milliwatt-level pump powers, though their conversion efficiency (CE) typi-
cally remains below 10%. In recent years, photonic molecules have been introduced
to overcome the problem of generally low CE observed in microcombs. Reported
efficiencies have exceeded 50% by transitioning from single cavities to photonic
molecule configurations. To date, these levels of CE have only been demonstrated
for microresonators with an FSR of 100 GHz. For low FSR photonic molecules, this
improvement is challenging due to higher intrinsic losses and a power distribution
across a larger cavity volume. In this thesis, we used Ikeda map-based simulations
to identify critical design parameters for achieving higher CE in low FSR configura-
tions. We characterized existing chips and compared measured comb spectra with
simulations to extract key parameters and quantify the currently achievable CE for
different FSRs. This data was used to analyze the influence of multiple parameters
on the CE, including coupling factors, input power, and comb detuning. Based
on these investigations, we developed improved parameter sets for microresonators
with repetition rates of 25 GHz and 50 GHz. The simulated CE increased from 25%
(simulation of existing devices) to over 45% for the 25 GHz design. For the 50 GHz
design, we present a parameter set that achieves a CE of over 65%. These CE val-
ues can be achieved over a range of commonly used input powers in the milliwatt
regime. Our results demonstrate the potential to design photonic molecules with
tailored FSRs, enabling greater flexibility across applications.
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1
Introduction

Integrated silicon nitride microresonators enable compact and cost-effective fre-
quency comb generation, expanding the possible applications across a wider range
of fields [1]. These advantages are primarily enabled by the compatibility with
CMOS fabrication processes. Silicon nitride, as a platform, offers a relatively high
third-order nonlinearity and therefore, enables efficient four-wave mixing (FWM).
Additionally, it features low optical losses, which support the realization of high-Q
resonators [2].
Microring-based frequency combs are used in applications ranging from optical
clocks [3] and LIDAR [4] to communication systems [5], frequency synthesis [6] and
spectroscopy [7]. Each of these applications requires a specific FSR to meet its tech-
nical requirements. In this thesis, we focus on low-FSR microresonators (< 50 GHz),
which are particularly important for parallelization in communication systems and
for frequency synthesis. Given the current limitations in microwave bandwidth,
there is a need for photonic solutions that bridge the gap between the microwave
and optical domain. In the context of massively integrated parallel WDM, a low
frequency spacing between the comb lines is desirable to fully exploit the available
communication bands. Additional requirements for parallel WDM systems are high
power per comb line and high CE from the pump power into the comb lines.

In recent years, so-called photonic molecules have been presented as a solution to
enhance the CE of microring frequency combs from below 10% to above 50% CE
in measurements [8]. The fundamental principle of photonic molecules is similar to
standard microrings. By accumulating power in the cavity, the nonlinear effect of
FWM is initiated and new frequencies are generated. When achieving a balance
between gain and loss, as well as the pulse distortion of the Kerr effect and the dis-
persion, a dissipative Kerr soliton (DKS) will form. The increase in CE is achieved
by adding an auxiliary ring to the microresonator system and making use of the
mode splitting that occurs from the coupled rings. This overcomes the red detuning
requirement of the pump laser and enables frequency matching between the pump
laser and the resonance frequency of the microresonator, resulting in a significant
increase in CE. To date, conversion efficiencies of 50% have only been demonstrated
for microresonators with an FSR of 100 GHz. This thesis aims to evaluate sev-
eral existing photonic molecule designs, identify potential limitations and develop a
25 GHz design with high CE.
Designing low FSR photonic molecules comes with two fundamental challenges.
First, the increased length of the resonator results in higher roundtrip losses, as-
suming a constant loss factor. Second, the larger cavity volume complicates the
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1. Introduction

accumulation of sufficiently high intracavity power, which initiates the nonlinear
effect of FWM.

During this thesis work, we started by characterizing existing chip designs in the
linear regime. This allows for the extraction of key design parameters, namely the
coupling strength between the bus waveguide and main ring, and between the main
and auxiliary ring. The nonlinear characterization, which investigates the generation
of frequency combs, is used to determine the comb spectrum and current CE limits.
With these parameters, the chips are simulated, using a Matlab code employing the
Ikeda Map and Split-step Fourier Method [9]. Two different models are used for
the simulations: a simplified shifted-pump model and a full system model, called
the coupled cavity model and capable of predicting detailed comb spectra. By
comparing the simulation results, the capabilities and limitations of each model are
assessed. Additionally, simulations were carried out to improve our understanding
of the dependencies between the chip and simulation parameters on the resulting
CE. Parameters that are investigated are the coupling strength between the rings,
input power, detuning, and extrinsic and intrinsic Q. Based on these results a new
designs for 25 GHz and 50 GHz FSR are developed. For a comprehensive analysis,
the new designs are also evaluated in their scalability with respect to input power,
intrinsic Q and FSR.
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2
Theory

The theory chapter intends first to provide an overview of microresonators in the
linear regime and introduce key concepts that are utilized for the soliton genera-
tion [10]. Next, the soliton generation process in a single cavity resonator is out-
lined, along with the most important equations used to model and simulate the
phenomenon. Expanding on these fundamental concepts, double cavity microres-
onators, also called photonic molecules, are introduced as an approach to enhance
the CE of DKSs. The critical concept of avoided mode crossings is explained, as
it is the underlying physical mechanism enabling the CE improvement in photonic
molecules.

2.1 Microresonators

Figure 2.1: Schematic of a ring resonator coupled to a bus waveguide.

A microresonator in its simplest form is a waveguide ring structure that is coupled
to a bus waveguide, which provides the input and output ports. For a structure as
in Fig. 2.1, the coupling relation between electric fields can be modeled as a point
coupler with

[
Eout
E2

]
=
[√

1− θ i
√

θ

i
√

θ
√

1− θ

] [
Ein
E1

]
, (2.1)

where θ is the power coupling ratio between the bus waveguide and the resonance.
Let E denote the normalized optical fields, such that P = |E|2 holds. The input
and output fields from the bus are represented by Ein and Eout. The fields E1 and
E2 correspond to the fields immediately before and after the coupling region and,
after and before the roundtrip propagation, respectively.
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2. Theory

The field evolution during propagation through the waveguide between coupling
sections is described in the linear regime by

∂E

∂z
= −α

2 E + iβ(∆ω)E , (2.2)

where z is the propagation direction and α denotes the loss constant of the waveg-
uide. The propagation constant β(∆ω) includes the phase and group velocity, the
group velocity dispersion (GVD) coefficient, and higher-order dispersion effects.
Solving the differential equation, Eq. 2.2 yields in the field evolution over one round
trip with

E1 = E2 exp
(
−α

2 + iβ(∆ω)L
)

. (2.3)

Combining the roundtrip propagation (Eq. 2.3) and the coupling condition between
bus waveguide and ring, the transmission spectrum of the microring is given by [10,
11]

T =
∣∣∣∣Eout

Ein

∣∣∣∣2 =
∣∣∣∣∣ei(π+ϕ) a− te−iϕ

1− taeiϕ

∣∣∣∣∣
2

. (2.4)

Here, the phase accumulated during a single roundtrip is given by Φ = βL and the
field amplitude a decays exponentially as a = e−αL/2. t is the amplitude transmis-
sion coefficient.

Figure 2.2: Transmission spectrum of a microring resonator with FSR =
100 GHz [10].

Figure 2.2 shows an example transmission spectrum of a microring resonator, in-
cluding its most significant characteristics. The spacing between the resonances
corresponds to the FSR and is defined as

FSR = c0

ngL
. (2.5)

The depth of the resonances reflects the loaded quality factor Q of the resonator,
a figure of merit that quantifies how many roundtrips the light propagates through
the ring before the amplitude is attenuated by a factor of 1/e. The quality factor
can be derived as [10, 12]
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2. Theory

Q = ω0

FWHM
= ω0F

FSR
≈ ω0ngL

√
ta

2(1− ta)c0
, (2.6)

with FWHM being the width of the resonance at half maximum. It can also be
described using the Finesse F and the FSR of the resonator. The loaded quality
factor can be decomposed into the intrinsic quality factor, which accounts for internal
losses αi, and the extrinsic quality factor, which accounts for coupling-related losses
αc. The relation between the different quality factors is

Q−1 ≈ Q−1
i + Q−1

e . (2.7)

When αi,cL ≪ 1, the approxiamtions a, t ≈ 1 and 1 − exp (−αi,cL

2 ) ≈ αi,cL

2 hold,
allowing to relate the loss coefficients to the quality factors by [12]

αi ≈
2πng

λ0Qi

, αc ≈
2πng

λ0Qe

. (2.8)

For Qi > Qe, the system is considered overcoupled, allowing power to build up in
the resonator, which is essential for initiating FWM and the formation of solitons.
If Qi < Qe the system is undercoupled and for Qi = Qe it is critically coupled.
The extrinsic quality and the coupling loss factor are directly linked to the power
coupling coefficient θ with

θ = 1− exp(−αcL) . (2.9)

2.2 Dispersion in Microresonators
Microresonator modes experience two main types of dispersion: material and geo-
metrical dispersion. Material dispersion arises from the inherent frequency depen-
dence of the refractive index n(ω). For a pulse consisting of different frequency
components, defined through the linewidth ∆λ, this results in a slightly different
refractive index ng for each frequency within the pulse. The second type of dis-
persion, geometrical dispersion, results from the confinement strength of the mode
within the core, in contrast to the part of the wave that propagates in the cladding.
As a result, different parts of the mode experience different refractive indices. The
spatial and frequency-dependent refractive indices result in different group velocities
vg = c/ng within the pulse, causing a temporal distortion of the pulse described by
group velocity dispersion GVD = ∂

∂ω
1

vg(ω) [13].

The overall dispersion effects in a microresonator can be described by a Taylor
expansion of the propagation constant around a reference frequency ωref [10]

β(ω − ωref) = β0 + β1

1! (ω − ωref) + β2

2! (ω − ωref)2 + · · · = 2πµ

L
, (3.12) (2.10)

5



2. Theory

Figure 2.3: Exemplary transmission spectrum of a microresonator with FSR =
50 GHz with anomalous dispersion and the corresponding dispersion D coefficient
> 0 (adapted from [10]).

where β0 = (2πn + Φ)/L defines the phase accumulation along the propagation,
with the total roundtrip phase given by β0L. β1 = ng/c describes the inverse group
velocity and

β2 = 1
c

{
2∂n(ω)

∂ω
+ ω

∂2n(ω)
∂ω2

} ∣∣∣∣∣
ω=ω0

(2.11)

is the group velocity dispersion coefficient, describing how the pulse shape changes
over time. n(ω) is the effective refractive index, taking both the material and geo-
metrical dispersion into account. β also includes higher-order dispersion terms such
as β3, β4,... However, their influence on the field is negligible for our simulations.

For buried strip waveguides, which are used for the microresonators in this thesis,
the propagation constant cannot be analytically calculated anymore. Therefore, it
has to be numerically determined or measured directly from manufactured samples.
A common method to determine the dispersion of microresonators is to analyze the
deviation of the FSR over different mode numbers µ [14, 15]

ωµ = ω0 + D1µ + D2

2! µ2 + · · · ; µ = 1, 2, ... . (2.12)

The different orders of dispersion are related to the group velocity and GVD as

D1 = − 2π

Lβ1
, D2 = −LD3

1
2π

β2 (2.13)

For the generation of bright DKS, anomalous dispersion is a necessary condition
to balance the pulse distortion induced by the Kerr nonlinearity. Respectively,
normal dispersion is needed for dark pulses [16]. Fig. 2.3 illustrates the transmission
spectrum and dispersion profile of a resonator with anomalous dispersion. Hence the
integrated dispersion parameter is Dint = ωµ− (ω0 + D1) > 0 (β2 < 0) and Dint = 0

6



2. Theory

at µ = 0. For normal dispersion, D < 0 (β2 > 0) holds. This dispersion regime is
achieved through dispersion engineering, which involves tailoring the cross section
of the waveguide such that the combination of material and geometrical dispersion
results in an anomalous dispersion profile.

2.3 Frequency Comb and Soliton Generation in
Microresonators

For the generation of frequency combs in microresonators, a sequence of physical
steps must be performed and controlled by adjusting several system parameters to
reach the regime in which DKS exist. In this section, we will focus on so-called
bright solitons, which are solitons where localized intensity peaks form within the
resonator. This type of soliton requires anomalous dispersion to form. In contrast,
dark solitons feature a constant high CW intensity in the resonator with an intensity
dip as a soliton. The soliton generation process is initiated by locating the pump
laser frequency on the blue side of the resonance (ωp > ωres) and then moving it to-
wards the resonance. If the laser frequency approaches the resonance frequency and
the system is overcoupled, power builds up in the microresonator. Once the power in
the microresonator reaches a threshold power Pth, the Kerr effect initiates four-wave
mixing (FWM), generating new frequency lines within the gain region. These initial
states are called Modulation Instability (MI) combs. These newly generated comb
lines also experience Kerr nonlinearity, leading to the formation of subcombs (Step
1).
The ongoing FWM generates additional frequencies, resulting in a chaotic comb
(Step 2). The Kerr effect, combined with increasing temperature resulting from high
intracavity power, leads to a redshift of the resonance. To maintain efficient cou-
pling, the laser must be red-detuned relative to the cold-cavity resonance (ωp < ωres).
The detuning is defined as δ0 = (ωres−ωpump)tR. With increasing detuning, the sys-
tem enters a regime where the Kerr-induced spectral broadening and anomalous
dispersion compressing of the pulse are in balance, forming dissipative Kerr solitons
(DKS) (Step 3) Further increasing the detuning together with a decreasing intra-
cavity power leads to an energy loss of the solitons. This results in a reduction
in the number of solitons, since less solitons can be sustained in the system. The
remaining solitons will have a higher peak power (Step 4). Eventually, the system
reaches a state where only a single soliton remains. This soliton self-stabilizes due to
the thermal shift introduced by the soliton power and the red-detuned pump laser.
In theory, this soliton is stable over time. However, real-word perturbations, such
as a drift in pump frequency and mechanical vibrations, can destabilize the system,
resulting in the collapse of the soliton after multiple hours (Step 5) [17, 18].

2.3.1 Mathematical description
The mathematical modeling of dissipative Kerr solitons (DKS) in microresonators
relies primarily on two key equations, which together form the Ikeda map. The first
equation is the Nonlinear Schrödinger Equation (NLSE). We assume a single-mode

7



2. Theory

(a)

(b)

Figure 2.4: Simulated laser scan from the blue-detuned to the red-detuned side
of the resonance. (a) showing the average intracavity power evolution during the
comb generation process. The blue line is the power evolution of the simulation, the
yellow lines show the possible soliton states that could be entered during the scan.
The red area indicates where solitons cannot exist. Breathers exist in the yellow
area and DKS can exist in the green area. (b) depicts the optical power spectra and
the temporal intracavity power at specific points during the scan (reproduced with
permission from [17]).

waveguide and neglect polarization effects. This is a fair assumption, as buried
waveguides have a preferred polarization mode, and cross-polarizations are filtered
out before coupling the light into the chip. In this form, the NLSE is given by [19]

∂E(z, τ)
∂z

= −αi

2 E − i
β2

2
∂2E

∂τ 2 + iγ|E|2E, (2.14)

and describes the electric field traveling through the microresonator (z) and how the

8



2. Theory

pulse evolves over time (τ = t−z/vg). Eq. 2.14 extends the linear form of Eq. 2.3 by
including nonlinear effects. The NLSE accounts for internal losses αi, group velocity
dispersion β2 and the Kerr-nonlinearity γ, obtained as

γ = n2
ω0

cAeff
(2.15)

n2 being the nonlinear refractive index coefficient, ω0 being the pump frequency, c
being the speed of light in vacuum and Aeff being the effective area of the mode in
the waveguide.

The second key equation describes the coupling between the bus waveguide and the
microresonator using Coupled Mode Theory. The field after the coupling process,
and before the next roundtrip is defined as

E(m+1)(z = 0, τ) =
√

θEin +
√

1− θE(m)(z = L, τ)eiϕ0 , (2.16)

Ein being the input electric field, E(m) being the field at the end of the m-th roundtrip
and E(m+1) the field after coupling, but before the next roundtrip. Additionally, the
phase accumulated during the roundtrip compared to the pump field is accounted
for by Φ0.

Using Eq. 2.3 and Eq. 2.16, the full system dynamics of a microresonator pumped
with a CW laser can be described. Together these equations form the so-called Ikeda
map, which serves as the foundation for the mathematical modeling of the fields in
the simulation code. A more detailed description of the modeling is provided in
Section 3.3. For a high Q resonator, implying low internal losses and low coupling
losses per round trip (αiL, θ ≪ 1), the field changes over one roundtrip become
negligible. Under this assumption, the Ikeda map equations can be combined into a
partial differential equation. This equation is known as the driven damped NLSE or
Lugiato-Lefever equation (LLE), named after Lugiato and Lefever, who introduced
the equation for soliton modeling in cavities [20]. The combined equation is given
by [16]

tR
∂E(t, τ)

∂t
=

[
−α− iδ0 − iLβ2

2
∂2

∂τ2 + iγL|E|2
]

E +
√

θEin.
Loss Detuning Dispersion Kerr effect Coupling

(2.17)

Variations within each roundtrip are captured using the fast varying time variable
τ and the field evolution over several round-trips is described using the slow varying
time variable t. tR is the roundtrip time and the loss factor α defines the total
roundtrip loss, including internal losses and coupling losses with α = (αiL + θ)/2.
δ0 is the phase that the light in the cavity accumulates per roundtrip in reference
to the pump laser, defined as δ0 = 2πl−Φ0 [rad]. The detuning is equivalent to the
detuning defined in Section 2.3.

The LLE, Eq. 2.17, is commonly used in its normalized form

∂E(t, τ)
∂t

=
[
−1 + i(|E|2 −∆)− iη

∂2

∂τ 2

]
E + S. (2.18)

9



2. Theory

To obtain the normalized LLE, the following normalizations are applied:

• t→ αt/tR

• τ → τ
√

2α
|β2|L

• E → E
√

γL
α

The normalized pump strength is given by S = Ein(γLΘ/a3)1/2 and the normalized
detuning is given by ∆ = δ0/α. η defines the type of dispersion, with −1 being
anomalous dispersion, needed for bright solitons.

For the simplest steady-state solution of the LLE with a homogeneous field, hence
∂E/∂τ, t = 0, the so-called cubic equation of optical bistability can be derived [21]:

X = Y 3 − 2∆Y 2 + (∆2 + 1)Y, (2.19)

with X = |S2| and Y = |E|2. It can describe the intracavity power depending
on the detuning ∆ and the input power S. From the bistability equation or the
corresponding curve (Fig. 2.5) the threshold power

Pth = α

γL
(2.20)

that has to be achieved in the cavity to initiate Modulation Instability (MI) can
be derived [10]. This threshold represents the minimum intracavity power required
for the parametric gain to exceed the cavity losses, allowing newly generated fre-
quencies within the gain bandwidth to be sustained. This starts the FWM process
and initiates the DKS comb generation. The bistability curve itself illustrates the
shift of the resonance for a given nonlinear coefficient γ with increased detuning.
Additionally, it demonstrates the necessity of approaching the DKS regime from the
blue-detuned side, allowing the system to evolve on the stable branch (solid line) of
the curve. The dashed line is the unstable branch, which represents a non-physical
state.

2.4 Coupled Cavity or Photonic Molecule
In recent years, the photonic molecule has been presented as an adapted version of
the microring resonator, enabling much higher CE. These photonic molecules consist
of a main ring with the same dimensions as the corresponding single cavity layout,
and a second much smaller ring, as depicted in Fig. 2.6. This additional ring is called
auxiliary ring. By locating the auxiliary ring in close proximity to the main ring,
the modes in both systems interact, resulting in a shared transmission spectrum.
This interaction is described by the coupled-mode theory. When the resonance of
the main ring and the auxiliary ring are close in frequency, avoided mode crossing
occurs, resulting in two new resonances defined by the eigenvalues of the system.
This resonance splitting is similar to the state splitting in diatomic molecules. Hence
the name photonic molecules. These split resonances enable operating the laser

10



2. Theory

Figure 2.5: Exemplary bistability curve illustrating the intracavity power and
the resonance shift introduced by the Kerr effect, whose strength is given by the
nonlinearity coefficient γ (adapted from [10]).

in the center of the red-shifted resonance, while the comb frequencies themselves
still fulfill the condition of being red-detuned in reference to the cold non-coupled
resonance [9]. In the following section, the system of photonic molecules will be
discussed in greater detail.

(a)

(b)

Figure 2.6: Comparison between a single cavity microresonator (a) and a coupled
cavity microresonator (b). i. shows the schematic of the microresonators, ii. the
transmission spectrum with the pump location indicated by the dashed line, iii. the
soliton in the time domain in the ring and iv. the resulting comb spectrum with the
pump line in the center (adapted from [22]).

2.4.1 Avoided mode crossings
By putting the two rings in close proximity to each other the modes in the resonators
interact and coupled-mode theory has to be applied to describe the system. Due
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2. Theory

to avoided mode crossing, the resonance will split if the main and the auxiliary
resonance are close in frequency. These resonance locations, so called supermodes,
are the eigenfrequencies of the new combined system and given by [9]

Figure 2.7: Measured transmission spectrum of a photonic molecule with FSR =
25 GHz and a minimal resonance distance of 2κ/2π = 0.89 GHz.

ω(s,a) = ωmain + ωaux

2 ±
[

(ωmain − ωaux)2

4 + |κ|2
]1/2

, (2.21)

where κ is the coupling coefficient between the main and the auxiliary ring. If
ωmain = ωaux the equation can be simplified to

ω(s,a) = ωmain,aux ± κ , (2.22)

with δf = 2κ/2π denoting the closest frequency separation between the resonances.
The mode crossing causes a transmission spectrum such as in Fig. 2.7. The coupling
strength between the rings is also often described by the power coupling coefficient,
which is given by

θc =
(

2πδf

FSRmain

)2

. (2.23)

2.4.2 DKS in Photonic Molecules

The dynamics of a photonic molecule can be described using an adapted form of
the equations used for the single cavity system. Unlike in the single cavity system,
the field in the auxiliary ring must also be modeled, and the coupling between the
rings must be taken into account. This set of equations describes the field evolution
in the main ring as A1 and in the auxiliary ring as A2 [10]
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∂A1

∂z
=
−α1

L
− i

δ1

L
− i

β
(main)
2

2
∂2

∂t2 − iγ1|A1|2
A1 + iκzA2 + i

√
θAin

L
(2.24)

∂A2

∂z
=
−α2

L
− i

δ2

L
− d

∂

∂t
− i

β
(aux)
2
2

∂2

∂t2 − iγ2|A2|2
A2 + iκzA1 . (2.25)

The terms within the parentheses describe the field evolution, governed by the NLSE.
The parameter d represents the walk-off factor, indicating the offset in group ve-
locity between the two cavities. The additional terms account for coupling effects,
where κz defines the coupling strength between the two rings. The units of κz are
[rad/k], hence it is related to the propagation constant of the two modes. According
to [10] κz ≈ κ2π(LD

(main)
1 D

(aux)
1 )−1/2. θ characterizes the coupling between the bus

waveguide and the main ring.

The photonic molecule configuration enables significantly higher conversion effi-
ciency, defined as

CE =
∑

i Pline,i − Pline,pump

Pin,pump
. (2.26)

Pline,i is the power of each frequency line in the comb, Pline,pump is the power of the
pump line and Pin,pump is the input pump power. The CE serves as a figure-of-merit
for how efficiently the pump power is utilized to generate comb lines.
This enhanced CE is achieved by operating the pump laser at the center of the split-
resonance, rather than red-detuning it as in the single cavity configuration. This is
feasible, since the comb frequencies themselves remain red-detuned relative to the
uncoupled resonance location. To ensure that the pump frequency is located in the
resonance center, the detuning is defined as half the distance between the resonances
δ0 = 2πFSR−1δf/2, as depicted in Fig 2.6 ii.
As a result of matching the pump and the resonance frequency, the intracavity
power increases and higher detuning values become accessible. This in turn leads
to the generation of a higher number of comb lines [23]. The soliton formed in the
photonic molecule exhibits higher peak power, a broader comb shape and a reduced
pump line intensity within the spectrum. However, the auxiliary ring leads also to
an additional loss factor for the main ring, since the power will distribute over both
rings.
An additional advantage of the photonic molecule is a broader existence range of
the soliton states, which has been extensively studied in [9, 8]. This wider existence
range simplifies the experimental comb generation process. Simulations have shown
that the coupling strength between the two rings strongly influences the size of the
existence range. Deviations of κ significantly reduce the size of the existence range
and shift the existing range to other detuning values.
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3
Methods

3.1 Chip Layout

The fabrication process and the waveguide design for microresonator photonic chips
in silicon nitride (Si3N4) have been extensively investigated and optimized in previ-
ous works [24][2]. As a result of these prior developments, the chips characterized
in this thesis are based on a Si3N4 buried waveguide structure with silicon dioxide
(SiO2) cladding. Si3N4 exhibits numerous advantages for nonlinear photonic appli-
cations. First, it has a relatively high nonlinear refractive coefficient n2, enabling
FWM. Second, its low material losses, combined with an optimized fabrication tech-
nique, allow for microresonators with high Qi exceeding 10 million. Additionally,
the fabrication process allows for standard deposition methods, such as low-pressure
chemical vapor deposition (LPCVD), enabling compatibility with CMOS technology
and allowing for high-volume and low-cost manufacturing processes [25].
The waveguide cross section has been specifically engineered such that anoma-
lous dispersion is achieved, which is an essential condition for the generation of
a bright soliton. The waveguide geometry depicted in Fig. 3.1a yields a GVD
of β2 = −80 ps2/km. The waveguide exhibits a refractive group index of around
ng = 2.1 and achieves a Qi of around 10 million. However, microresonators with Qi
values up to 19 million have been demonstrated in [2], using similar geometries.

The basic waveguide fabrication process follows a standard lithographic process.
The substrate consists of a thermal wet oxidized SiO2 substrate. On top of the
substrate, a layer of Si3N4 is deposited. Subsequently, a photoresist layer is applied
and electron-beam (ebeam) lithography is used for a high-precision development of
the resist pattern. The final waveguide structure is then etched into the Si3N4 layer.
Afterwards, the top cladding layer of SiO2 is applied using chemical vapor deposition
to encapsulate the waveguide structure [24].

For this thesis, two different photonic molecule designs with a main ring FSR of
25 GHz and 100 GHz have been characterized. To achieve 25 GHz FSR with the
given ng a radius of approximately 910 µm is required. However, the writing field
of the ebeam is too small to develop a circular structure with the specified radius.
Therefore, a more space efficient finger-shaped resonator layout is employed, as de-
picted in Fig. 3.1b. This layout has been specifically designed to overcome the
problem of higher order mode (HOM) generation, primarily caused by mode mis-
matching between the bent and straight waveguide. By employing an adiabatic bent
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Thermal SiO2
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1800 nm

(a) (b)

Figure 3.1: Schematic of (a) the cross section waveguide structure and (b) the
25 GHz photonic molecule layout realized in a finger structure to improve space
efficiency. The integrated heater pads are used to apply a voltage and thereby
enable control over the resonance locations.

geometry, the HOM generation is suppressed, resulting in a single-mode transmis-
sion spectrum [2]. For the coupling between the bus waveguide and the main ring,
an adiabatic coupler is utilized. This coupler layout provides two degrees of freedom
for adjusting the coupling strength: the length of the coupling region and the gap
between the waveguides. For the coupling between the main and auxiliary ring,
a point coupler is deployed. Hence, only the gap between the waveguides defines
the coupling strength. The auxiliary ring is also weakly coupled to a separate bus
waveguide, theoretically enabling the possibility to characterize the auxiliary ring
parameters. However, the chip stages used in this work, together with the current
chip design, do not allow direct characterization of the auxiliary ring. The outputs
of the waveguides for the auxiliary ring are located on the same side of the chip,
which does not allow both facets to be coupled to the taper fibers due to space
constraints. Instead, the Q values of the auxiliary ring are assumed to be similar to
the values reported in [9].
The 100 GHz layout follows the same structure as the 25 GHz layout. Although
due to a smaller resonator radius of around 228 µm, a simple circular resonator is
sufficient. Consequently, both the bus-main and main-auxiliary coupler are imple-
mented as point couplers.

To introduce an additional degree of freedom to the transmission spectrum of the
photonic molecule, thermal heaters are added onto the two microresonator rings. By
applying a voltage to the heater pads, the temperature of the rings can be manually
adjusted, resulting in a redshift of the resonances. This thermal tuning effect is
used during the comb generation process in the laboratory to move the auxiliary
resonance towards the main ring resonance.
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3.2 Measurements

Figure 3.2: Simplified schematic of the measurement setup. The power level of the
CW laser source is adjusted using the VOA. The power level is observed by the PM.
The polarizer filter is used to filter out the TM mode, leaving only the fundamental
TE mode. The chip features heater pads to apply a voltage that controls the position
of the resonances. After the chip, the power is measured by a diode that forwards
the signal to an oscilloscope. For comb measurements, the optical spectrum analyzer
(OSA) is connected.

For both the linear characterization and the comb generation, a similar lab setup is
used. A schematic of the setup, including the elements for the comb generation, is
depicted in Fig. 3.2. The chip is placed on a stage and coupled to the fiber using
tapered fibers, which are placed in close proximity to the chip facets. The coupling
losses are approximately 3 dB per facet. The on-chip power can be measured using a
powermeter (PM) placed in front of the chip, with the coupling losses accounted for
by subtracting the corresponding value from the PM reading. To ensure single-mode
operation, a polarization controller is placed in front of the chip.
For the linear characterization, the laser is swept over the relevant frequency range
to obtain a full transmission spectrum of the resonances. This process is known
as swept wavelength interferometry (SWI) and uses frequency calibration of the
resonances in the spectrum. As a reference, we either use a Menlo laser or a Mach-
Zehnder interferometer. The SWI process is described in detail in [26]. From the
transmission spectrum, the FSR and the GVD can be directly determined. By fit-
ting a Lorentzian function to the resonances, the quality factors Qi and Qe can be
extracted.

For the comb generation, a similar setup is used as for the linear lab measurements,
with additional control mechanisms for the input power, the auxiliary ring resonance
location and the pump laser frequency. A variable optical attenuator (VOA) is
placed after the laser for the input power control and a voltage is applied to the
heater pads on the chip to control the resonance locations.
To generate the comb, the offset between the rings, pump detuning and input power
have to be gradually tuned, following a specific path. The process is started by
locating the auxiliary ring resonance and the laser frequency on the blue-detuned
side of the main resonance. First, we tune the pump frequency toward the resonance
until nonlinear effects, such as MI, occur. Next, the voltage Vaux applied to the
auxiliary heater pad is gradually increased. This thermal tuning shifts the auxiliary
ring resonance towards the main ring resonance, hence generating the mode splitting.
During this process, multiple states may be observed on the OSA, from MI combs
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over chaotic comb forms and multiple solitons in the cavity. At this point, the laser
power is locked to a low power state, resulting in a lower input power. By carefully
continuing to increase the auxiliary ring heater voltage, a stable DKS state can be
achieved. The CE can then be optimized by further reducing the input power. An
in-depth overview of the generation of efficient comb states is presented in [8, 9].

3.3 Simulation Model
All simulations of Kerr frequency combs within this thesis were performed using
a custom simulation code based on the work of Óskar Helgason, presented in [8].
The code implements the Ikeda map consisting of two equations: the coupling equa-
tion between the bus waveguide and the ring (Eq. 2.16) and the NLSE (Eq. 2.14).
The nonlinear differential equations are solved by applying the split-step Fourier
method [19], which simulates the field evolution in the cavity over time. Two ver-
sions of the code were used to simulate different aspects of the designs: the single-
cavity with shifted pump (SP) code and the coupled-cavity (CC) code.

All simulation models start by defining all input parameters, which include: FSR,
δ0, Qi, Qe, ng, Pin, GVD β2, and the nonlinear coefficient γ.
In the single cavity simulations, these input parameters are used to compute an
initial steady-state CW solution by finding the roots to the polynomial form of the
bistability equation (Eq. 2.19). From this initial solution, the field evolution over
multiple roundtrips is simulated using the coupling matrix and split-step Fourier
method. The description and simulation of solitons have been extensively studied
in [18].

The SP code is a modified version of the single-cavity code, adapted to model spe-
cific aspects of photonic molecule behavior. Although the SP code is employed to
investigate othe photonic molecule behavior, it takes only a single resonance into
account. The influence of the second ring is incorporated by introducing a phase
shift to the pump frequency, ensuring frequency matching of the pump into the main
resonance. This is achieved by setting the detuning of the pump to zero and ap-
plying the detuning shift only to the remaining frequency components of the comb.
This model enables the frequency comb to be sustained at higher detuning values,
resulting in combs with higher CE. However, it is important to note that the model
does not account for the loss introduced by the auxiliary ring, which results in a
overestimation of the CE.

To simulate the full dynamics, the CC code is employed, extending the model to
include two coupled rings. The adjusted full system equation, combined from the
LLE and the coupling matrices between the bus and main ring and between the
main ring and auxiliary, is significantly more complex than the single cavity system.
Instead of two steady-state solutions, the CC can support up to 9 solutions. Con-
sequently, it is not feasible to determine an initial field. To address this problem,
the simulation process is started with the power build-up process in the photonic
molecule, following the soliton generation steps discussed in Section 2.3. Therefore,
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Figure 3.3: Schematic of the ring layout used for the coupled cavity simulations.
The system consists of two rings of identical length L. Each ring is coupled to a
bus waveguide with the coupling strength defined by the power coupling ratio θ.
The CW laser input Ain, including noise, is coupled to one side of the waveguide.
The output signal at the end of the waveguide is denoted as At. A1 and A2 are the
optical fields in ring 1 and ring 2, respectively.

three vectors are defined for Pin, δ0 and the offset between the main and the auxiliary
resonance to dynamically adjust the system parameters. The offset vector simulates
how the auxiliary resonance is moved towards the main resonance, initiating the
split-resonance state. The detuning vector defines the laser position relative to the
cold main resonance. Starting with a negative value, it simulates the laser moving
into the red-detuned side (ωp > ω0). The power vector is initialized with a high in-
put power to induce gain in the resonator and therefore initiate the FWM process.
Subsequently, the power is gradually reduced to reach the regime where stable and
efficient solitons exist.

The simulation layout of the photonic molecule is a simplified two-ring structure with
equal physical length, as illustrated in Fig. 3.3. However, the FSR of the rings is the
actual FSR and therefore includes the size difference of the rings. To accurately re-
flect the dispersion profile, the refractive index is adjusted to ng,aux = c0/(L1FSR2),
with L1 being the physical length of the main ring and FSR2 being the actual FSR
of the auxiliary ring. The number of longitudinal modes in each ring is modified
to reflect the number of modes, based on the modulus of the FSRs, specifically
mod(FSR2, FSR1).

To simulate the field propagation over a roundtrip in the CC model, both the Ikeda
map and the split-step Fourier method are employed. First, the main ring length is
divided into two segments of size h = L1/2 and the dispersion parameter D is deter-
mined from the wave constant. The roundtrip simulation begins with the coupling
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Algorithm 1 Coupled Cavity Roundtrip Simulation
h = L/2
For n = 1 to Nroundtrips
D = iβ0 + iβ1ω + β2

2 ω2 % define dispersion operator
Bus - main ring coupling

Ain =
√

Pin + N
At = Ain

√
1− θ1 + A1

√
θ1

A1 ← A1
√

1− θ1 + Ain
√

θ1
Multisteps (A1)

N = iγ|A|2 % define nonlinear operator
A← A · ehN/2 % half nonlinear step
For n = 1 to Nsteps − 1

A← F
(
ehDωF−1(A)

)
% full linear step

A← A · ehN % full nonlinear step
end
A← A · ehN/2 % half nonlinear step

Multisteps (A2)
[...]
Main - auxiliary ring coupling

A1 ← A1
√

1− θc + A2
√

θc

A2 ← A2
√

1− θc + A1
√

θc

Multisteps (A1)
[...]
Multisteps (A2)
[...]

end

between the bus waveguides and the main and auxiliary ring, respectively. Subse-
quently, the propagation of the fields over half a roundtrip in each ring is simulated
using the Split-step Method. This is implemented by dividing the propagation step
into segments of equal size (h/2). In the first segment, the nonlinear effect is ap-
plied using the nonlinear operator N = iγ|A|2, while D = 0. The linear segment
applies the dispersion effects by using the dispersion coefficient D, while N = 0.
This propagation description corresponds to the function referred to as "Multisteps"
in Algorithm 1. After simulating half a roundtrip, the coupling between the rings
is calculated, defined by the power coupling coefficient θc. The Multistep process is
then repeated to simulate the second half of the roundtrip propagation. The total
number of simulated roundtrips is defined by Nroundtrips [9].

3.3.1 Design Flow
For the simulations in this thesis, both the SP and CC code were used. The opti-
mization process was structured in a certain design flow to reduce simulation time
and ensure comparability across designs. Certain parameters, such as Qi and the
GVD, are fixed properties of the chip and serve as input chip parameters. Next, the
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last chip parameter, the coupling strength between the bus waveguide and the ring,
is defined using Qe. Based on these inputs, all remaining parameters are automat-
ically calculated. Once the chip parameters are set, the simulation parameters Pin
and δ0 can be optimized. These are the same parameters used for the experimental
comb generation to optimize the CE. In general, higher detuning leads to more comb
lines and thus higher CE, while lower Pin improves the CE due to a more favorable
ratio in the CE definition.

In the SP simulation, the optimization process is straightforward. The chip and the
simulation parameters are defined simultaneously and the LLE yields a steady-state
solution of the field in the ring. This allows for a direct evaluation of the CE at the
given parameters. The detuning is then stepwise increased and the Pin is decreased
until the point of maximum CE is found.
In contrast, the CC simulation involves a more complex workflow. First, the chip
parameters are defined and then parameter vectors for the offset, the detuning and
the input power leading to the final simulation parameters must be found. Since
the coupling between the rings is now taken into account, the final detuning value is
directly calculated from the coupling coefficient κ. At the final step, Pin is reduced
to find the maximum CE for the given chip configuration. However, to optimize the
detuning, κ must be adjusted. This requires iterating over increasing coupling values
and finding a new vector each time, until the maximum detuning and corresponding
κ values are identified. Only in the next step the same process is repeated for another
Qe, finding the corresponding Pin and detuning value. Once multiple optimized
designs are found, a descending optimization path can be identified to find a design
that meets a specific target input power.
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(a) (b)

Figure 3.4: Visualization of the optimization process used for the (a) Shifted Pump
and (b) for the Coupled Cavity code.
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4
Results

This thesis aims to enhance photonic molecule design with a FSR = 25 GHz in
terms of CE, building upon an existing chip design from the Ultrafast Photonics
group at Chalmers. For chips with an FSR of 100 GHz, CEs exceeding 50% have
been demonstrated in both simulations and measurements. In contrast, lower-FSR
configurations have not yet achieved comparable performance. As an initial step,
various existing chip designs were characterized to extract key parameters, including
the Qe, Qi and the coupling coefficient between the two rings κ. These parameters
were then used to construct simulation models that replicate the comb generation
behavior of the physical chips. Based on this foundation, different parameter sweeps
were performed to improve the understanding of their influence on the CE. These
simulations led to an improved design for both 25 GHz and 50 GHz FSR configu-
rations, achieving CE of 45% and 65%, respectively. The new designs were further
analyzed in terms of their scalability with regard to input power, Qi and FSR.

4.1 Chip Characterization of Existing Designs
As a starting point, multiple chips with FSRs of 25, 50 and 100 GHz were character-
ized, extracting their linear design parameters. These chips feature varying physical
parameters, including the gap size between the bus waveguide and main ring, as
well as the gap size between the main and auxiliary ring, which were swept across
several values. From these chips, the following parameters were extracted from the
transmission spectrum measurement: GVD, FSR, Qe, Qi. These parameters provide
an overview of how the chip parameters vary when the physical sizes of the chip are
adapted. This data is used for the next iteration of chip fabrication. For the chips
used for comb generation, the coupling strength between the main and auxiliary
ring κ was also measured. An overview of the measured parameters is provided in
Appendix A.

Using two fabricated chips, with FSRs of 25 GHz and 100 GHz, frequency combs
were generated to characterize the spectral comb shape and quantify their CE. The
measured spectra were used to validate the simulation framework and to document
the current experimentally achievable CE for both designs. Both combs have a
sech-shaped comb and a line spacing corresponding to their FSR. Therefore, the
comb with 25 GHz has 4× more comb lines within a set bandwidth compared to
the 100 GHz design. At minimal input power, the measured chips reach CE of 6 %
for 25 GHz and 51 % for 100 GHz FSR. These results demonstrate the significant
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discrepancy between the designs in terms of current CE.

For the numerical simulation, we used the parameters extracted from the linear
characterization measurements. The simulation input parameters are the following:
FSR, GVD β2, Qe and Qi from the main ring and the resonance split introduced by
the auxiliary ring κ (Listed in the Appendix A). The quality factors of the auxiliary
ring were not directly measured. Instead, we assumed a slightly decreased intrinsic
Q of 6 million compared to the main ring. For the extrinsic Q, we used a similar
value to that reported in [8], specifically 40 million. These assumptions are consid-
ered reasonable, as supporting simulations showed that the auxiliary ring’s quality
factors have negligible effects on the resulting comb.

Fig. 4.1 demonstrates good agreement between the measured and simulated spectra.
The CE is predicted accurately by the simulations, but there is a difference in the
final input power for the 100 GHz resonator. A detailed comparison of Pin and the
resulting CE is provided in Tab. 4.1. This discrepancy can have various reasons.
One possible explanation is that fibre-to-chip coupling losses might differ from the
assumed values, meaning the losses are not distributed evenly between the input
and the output facet. Another factor that might influence the Pin is a deviation in
the extrinsic and intrinsic Q from the assumed values. The extrinsic Q decreases
with increasing wavelength and the intrinsic Q is an average across all measured
modes. The redshift of the measured comb shape compared to the simulation is
Raman-induced and caused by the high soliton peak powers. Since this effect is not
included in the simulation model, a small discrepancy arises between the measured
and the simulated comb shape.

Table 4.1: Comparison of measurement and simulation data. Pin from simulation
and measurement with resulting CE.

FSR = 25 GHz FSR = 100 GHz
Measured Simulated Measured Simulated

Pin (mW) 19.95 19.95 10.47 7.50
CE (%) 6.34 5.57 51.08 50.84

4.2 Parameter Investigations

To gain a better understanding of photonic molecules, we investigated the impact
of various parameters on the CE using the SP and CC codes. Starting with the chip
parameter Qe, which defines the coupling strength between the bus waveguide and
main ring. Next, the influence of θc, the coupling strength between the two rings,
was examined. The last chip parameter investigated is the size of the auxiliary ring.
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Figure 4.1: Measured comb spectra for (a) FSR = 25 GHz and (b) FSR =
100 GHz compared to simulation, using the characterized parameters from the lin-
ear chip measurement. To compensate for losses occurring after the chip in the
laboratory setup, the measured spectra are normalized to the simulated comb line
power. The resulting CE from the measurement are 6.3 % and 51.1 % for 25 GHz
and 100 GHz, respectively.

4.2.1 Input Power and Extrinsic Q

One of the key parameters, which is usually defined before the design process, e.g.,
set by the application, is the input power, Pin. Accordingly, we begin by analyzing
the effect of the input power on the CE. From theory, it is known that achieving
a stable single soliton requires a balance between the nonlinear Kerr effect and the
dispersion, as well as between gain and loss. This fundamental principle is described
by the LLE (Eq. 2.18). Since the input power serves as the driver for generation
parametric gain in our system and Qe is the free parameter to adjust the losses αtot
from 2.8, there is a direct correlation between these two parameters. To maintain
the balance of the soliton, the nonlinear phase shift introduced by γL|E|2, which is
also dependent on Pin, must be compensated with a corresponding detuning value δ0.

For the SP simulations, we performed a sweep over different values of Qe, adjusting
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the corresponding Pin and δ0 for each point. The coupling coefficient κ was set to
the maximum value at which a comb could still form. The maximal CE is reached
close to the minimum input power at which the soliton can still be sustained. δ0
has to be maximized to achieve the highest CE, as a higher δ0 leads to a higher
peak power and lower pulsewidth [23]. This narrow pulse in the time domain, in
turn, corresponds to a broader comb spectrum with more comb lines. The SP sim-
ulation results, represented by the circles in Fig. 4.2, show the combinations of Qe
and Pin that yield maximal CE for these parameters. In the upper right region of
the line formed by the simulation points, the optimal CE is not reached and can be
improved by decreasing either Pin or Qe. In the lower left region of the parameter
space, where both Qe and Pin are small, no soliton states are supported anymore.
In addition, there is a point of maximal CE for one specific combination. For an
FSR of 25 GHz this optimum occurs at Qe = 2 million, with a corresponding Pin of
6.3 mW. As the FSR increases, this optimum shifts to lower Qe values and higher Pin.

In the case of the CC simulations, which take into account the auxiliary ring, one
more parameter must be considered. The coupling rate between the main and
auxiliary ring κ. As a result of the coupling between the rings, avoided mode cross-
ing occurs. Hence, the main and auxiliary resonances will be separated by κ for
ωres,main = ωres,aux. To ensure that the laser couples into the resonance, the detuning
per roundtrip is set to be δ0L = 1

2κ/(2πFSR). The CC simulations can predict the
CE and comb shape with high accuracy, as demonstrated in Section 4.1.

The simulation results of the CC simulation show a similar behavior in terms of
the correlation between Qe and Pin compared to the SP simulations. As before, the
points represent the combs with the lowest possible Pin and highest δ0 for a given Qe,
resulting in a converged frequency comb with the highest achievable CE. However,
the overall CE level obtained is lower. This reduction in CE can be explained by
the losses introduced by the auxiliary ring, as seen from the perspective of the main
ring. Because of the power distribution over both rings, the soliton loses power and
the CE is diminished. Additionally, the simulations indicate that in the case of CC,
the CE converges towards a constant value instead of reaching a distinct maximum.
This trend becomes more visible in Fig. 4.3.

In Fig. 4.3 the CE is plotted over Pin, Qe and θ1. The comparison between the dif-
ferent parameters demonstrates that Pin and θ1 follow the same trend, where there
is a threshold Pin and θ1 under which efficient DKS cannot be generated. This likely
results from the low input power, which is not sufficient to introduce enough gain to
the system, such that it can be balanced with a low power coupling factor θ1. Above
this threshold, the CE reaches a maximum and then appears to converge towards
a stable value. Due to the inverse exponential relationship between Qe and Pin, a
narrow range of Qe corresponds to a wide range of Pin. Consequently, this results
in a significantly different CE trend when plotted over Qe.

For the SP simulations, we also observe a cutoff Qe, below which the CE drops
significantly. This might be caused by elevated intracavity powers, which need to
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Figure 4.2: Comparison of simulation results from SP and CC simulations, pre-
senting the correlation between Input Power and Qe for different FSRs.
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Figure 4.3: Comparison of simulation results from SP and CC simulations, pre-
senting the trend of CE depending on Pin, θ1 and Qe.
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be kept in balance with increasing detuning. However, it seems that at a certain
detuning value, the comb cannot be sustained anymore in the SP simulations. In-
terestingly, for the CC simulations, especially for the 25 GHz design, we observe a
constant CE value that the CC simulation converges to. If Qe can be further re-
duced, the limit set by the SP simulations might be surpassed by using the photonic
molecule layout. In that case, the range of high CE DKS would be expanded to
even higher input powers, enabling wider comb spectra and higher power per line.
However, decreasing Qe requires higher input powers for gain generation, making
the comb generation overall more challenging.

The figure also demonstrates that the cutoff or converged region of Qe decreases
with increasing FSR. One possible explanation is that lower intracity powers, re-
sulting from larger cavity volumes, require lower coupling values to maintain the
optimal balance between input power and coupling losses. Increasing coupling and
input power further will only maintain the balance, but cannot improve the ratio of
outcoupled comb power anymore. Higher FSR resonators, with lower cavity volume,
can sustain high intracavity power at higher power coupling values, resulting in a
different cutoff behavior.

4.2.2 Coupling Coefficient between the Rings
The second critical parameter identified in this thesis, which significantly influences
the CE, is the coupling coefficient κ between the main and the auxiliary ring. To
simplify the simulation process, we set the detuning to a fixed value that corresponds
to half of the maximal resonance separation induced by the auxiliary ring, with

δ0 = 2π
(fres1 − fres1)

FSR . (4.1)

This ensures that the pump laser is always centered within the resonance. We simu-
lated the 25 GHz photonic molecule at different Qe and determined the correspond-
ing maximum coupling coefficient and thus the highest detuning value. Fig. 4.4a
presents an overview of the simulation results and demonstrates that with decreas-
ing Qe (increasing Pin), the maximal detuning value increases. Since the detuning
is defined with Eq. 4.1, κ has to be increased as well. This effect arises from the
increasing intracavity power with higher Pin, which leads to a stronger nonlinear
effect and hence redshift of the cold resonance. To compensate for this stronger
redshift, the detuning value must be increased.

Additionally, we investigated the CE when increasing the coupling coefficient at a
fixed Qe. Exemplary shown for a Qe of 1 and 2 million in Fig. 4.4b and 4.4c. They
show that with an increasing coupling coefficient, the ratio of mean power in the
auxiliary ring relative to the main ring decreases. The ratio is defined as

Ratio = P aux

P main
. (4.2)

, where P denotes the mean power in the auxiliary and main ring, respectively. The
decreasing power ratio results in a smaller percentage of the overall power residing
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Figure 4.4: Simulation results of the CC code, when sweeping over different Qe,
detuning values and coupling coefficient, respectively, showing the corresponding
conversion efficiency, (a) an overview over a wide parameter range. Specifically, Qe

of 1 million (b) and 2 million (c) were chosen to show the change in CE in reference
to the power ratio between the auxiliary and main ring.

in the auxiliary ring, resulting in a higher peak soliton power in the main ring. Con-
sequently, the CE of the resulting comb increases. Simultaneously, the required Pin
to support the single soliton state decreases, since less energy is needed to achieve
high soliton powers.

However, it is important to mention that there is a maximal coupling coefficient over
which a DKS comb generation is not possible anymore. Additionally, it becomes
more difficult to find a vector reaching the single soliton state. Therefore, it may be
reasonable to leave a margin to the coupling coefficient used for a final design that
goes into fabrication. This ensures a easier comb generation on the physical chip
itself.
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4.2.3 Auxiliary Ring FSR
An additional parameter investigated in this thesis is the FSR of the auxiliary ring.
However, the accuracy of the model in capturing the influences of the auxiliary
ring size is difficult to assess. The limitations of the model arise from the two-ring
model with identical ring lengths, introduced in Section 3.3. While the number of
modes is adjusted to match the actual size of the auxiliary ring, it is defined as an
integer. Contrary, in practice, the ring size ratio is a non-integer to avoid strong
mode coupling. Furthermore, the quality factors of the rings are kept constant when
the ring FSR is varied.
From the comparison between simulation and measurements, it becomes evident
that mode crossings can be predicted accurately for the 100 GHz design, but not
for the 25 GHz design. Despite these difficulties, some initial trends can still be
observed in the simulation results.

In general, it can be said that the ring size is a trade-off. While a high FSRaux leads
to lower losses and reduced power stored in the main ring, a low FSRaux results
in more mode crossings in the frequency domain. These mode crossings, in turn,
enable more potential auxiliary ring resonances, which can be shifted into the main
ring resonance for comb generation on the chip.
The selected design was simulated with varying ring size ratios M, keeping the
decimal digits constant. These simulations showed that for both designs, changes
in FSRaux have minimal influence on the CE. For the 25 GHz design a change from
M = 9.51 to M = 6.51 leads to a CE change of < 1%. However, the simulations
indicate that higher κ and δ0 values can be achieved with higher FSRaux. Likely
due to a higher proportion of the power remaining in the main ring, enabling higher
detuning values. For the 100 GHz design, the FSRaux had to be increased for high
Pin designs to reach high CE and detuning values that correspond to those found in
the SP simulations.

4.3 Presentation of new 25 GHz Design
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Figure 4.5: Comparison of comb spectra from the previous 25 GHz design from
measurements and simulation to the new layout designed for Pin = 9 mW.
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Based on the parameter investigations, a new 25 GHz design was developed, which
will be manufactured in the next fabrication cycle. The design is optimized for an
input power of 9 mW, which is a feasible value for integrated lasers. To achieve
maximum CE at Pin = 9 mW, the Qe from the original chip design was reduced
to 1.5 million. The coupling factor corresponding to the maximum detuning value
is κ/2π = 1.5 GHz. Additionally, the FSR ratio FSRaux/FSRmain was increased to
9.51. With these parameters, a CE of up to 45% was achieved in the simulations. In
the comb spectrum, the power per line is increased and the comb shape flattened,
as shown in Fig. 4.5.

It is important to note that in simulations, it was possible to reduce the Pin below
the measurement value for the existing design, which already leads to an increased
CE. However, compared to the maximum CE of 26.3% achieved in simulation with
the previous design, the CE of the new design achieves a significant improvement,
reaching 45% CE.

4.3.1 Input Power Scaling
For further investigation, the new design was also examined in terms of its power
scaling abilities. Similar investigations were previously conducted in [8] for a 100 GHz
design using SP simulations. In Fig. 4.6, the power scaling is demonstrated with
results of the CC code. As expected and consistent with the previous results, the
power per line increases with increasing input power. Additionally, the parameter
scaling follows the same trend observed in the results of the 100 GHz design, where
the bus-ring and ring-ring coupling must be increased to adapt to higher input pow-
ers.
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Figure 4.6: (a) Scaling of parameters for changing input powers for the 25 GHz
design and (b) the corresponding comb spectra with relative constant CE.

The results of the SP simulations exhibit a exponential trend for all parameters. In
comparison to those results, deviation from this exponential trend can be seen in
the low input power range for these new simulations. Those derivations might result
from the fact that at low input powers below 5 mW we are below the threshold power
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reaching the constant CE regime. Additional derivations can also be caused by the
different simulation models that were used and the fact that the pump detuning was
not considered in these simulations, since it was set to zero.

4.3.2 FSR Scaling
After designing a new high CE 25 GHz photonic molecule, we investigated how the
designs scale with varying FSR. Therefore, designs with a FSR of 25, 50 and 100 GHz
were compared at specific Pin. Fig. 4.7 shows the comparison at a Pin of 12 mW.
This comparison introduces a parameter trend across FSRs, which can simplify the
design process when adapting to arbitrary FSR values.

The comb spectra of the designs with 25 GHz and 50 GHz FSR exhibit similar
comb shapes, differing primarily in the power per comb line. In contrast, the
FSR = 100 GHz comb spectrum is more narrow. This indicates that a higher detun-
ing and coupling between the rings can be achieved, resulting in a even higher CE
and a comb shape more closely aligning with the other two designs. One possible
explanation for the current limitation is that the auxiliary rings’ FSR is too small,
resulting in a decreased power level in the main ring.

Overall, the comb scaling demonstrates that, at a common input power, the achiev-
able power per line for low FSR designs reduces. One strategy to counteract this
effect is to reduce the intrinsic losses of the resonators, for example, by minimizing
sidewall roughness. Simulations have demonstrated that an increased Qi allows for
a reduced input power while keeping the remaining parameters fixed. This, in turn,
results in higher power per line at constant input power.
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Figure 4.7: (a) Scaling of parameters for designs with FSR of 25, 50 and 100 GHz
at a constant Pin = 12 mW and (b) the corresponding comb spectra.
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5
Conclusion & Outlook

This chapter aims to reflect the work conducted during the thesis and summarize
the key findings. We started with the characterization of existing chip layouts to
define the current state of achievable CE for photonic molecule designs with different
FSRs. To improve the CE for low-FSR photonic molecules, the extracted parame-
ters from the measurements, along with extensive simulations, were used to define
key parameters and their influence on the CE. The simulations were conducted on
two models implemented in Matlab: the shifted pump and coupled cavity model.
Both models are based on the Ikeda map and the Split-step Method. The chip
parameters investigated include the coupling strength between the bus waveguide
and main ring, as well as the coupling strength between the main and auxiliary
ring. Additionally, simulation parameters like the input power and the detuning of
the pump laser were analyzed with respect to their influence on the CE. Further-
more, initial investigations regarding the influence of the auxiliary ring size were
conducted. Utilizing these findings, new designs with 25 GHz and 50 GHz FSR were
developed and their input power scaling capabilities were examined. Combining all
solutions, we derived general FSR scaling rules.

Using simulations, we demonstrated that Qe exhibits an inverse power-law depen-
dence on the input power. Hence, if a design has a target input power, the correct
coupling strength between the bus waveguide and main ring must be chosen. This
relation also depends on the FSR of the design. Given a constant input power, a
higher Qe must be chosen for low-FSR designs. Simulations investigating the cou-
pling strength between the rings show that with increasing coupling, the power level
in the auxiliary ring is reduced. This leads to a more favorable power distribution
between the rings. The higher power in the main ring comes with a higher peak
soliton power and, therefore, higher Kerr nonlinearity. This increased power, in
turn, enables higher detuning values, which correspond to a higher CE due to the
increased number of comb lines 4.4a. The detuning should always be chosen such
that the pump laser is located in the red-detuned resonance. The simulation results
also indicated that a smaller auxiliary ring further pushes the limit of maximum de-
tuning in the photonic molecule system, enabling even broader comb spectra. These
are essential to achieve flatter comb spectra, which are needed for communication
applications and lead the path to octave-spanning low-FSR combs.

This thesis presents improved designs for 25 GHz reaching CE of 45% over a broad
input power range in simulations. Additionally, a 50 GHz design reaching 65% was
developed. Alongside these investigations, a universal design process was developed,
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using the SP simulations to find an initial value combination of Qe, Pin and detun-
ing. These values can then be used to perform more detailed simulations in the CC
code, allowing us to find the upper limit of the coupling strength between the rings
and predict more accurate values for the comb shape and achievable CE.

The fabrication of the new design is currently in process. The chosen configuration
is a 25 GHz device intended for operation at 10 mW input power. Future measure-
ments of these chips will be used to verify the simulation results. Afterwards, the
new designs could be used in a system-level application, e.g. a communication link,
to demonstrate a proof of concept.

The simulations during this thesis also raised some further research questions. Most
notably, the influence of the auxiliary ring size. For the 25 GHz simulations, the
code cannot accurately predict the mode crossing influences on the comb shape as
it does for 100 GHz devices. This indicates that the influence of the auxiliary ring is
not fully captured in the model. We believe this originates from the simplified ring
structure with identical ring lengths used in the code. Further research is necessary
to investigate this aspect and potentially adapt the simulation model.
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A
Appendix

This appendix provides detailed information about the characterized devices from
this thesis. Starting with Tab. A.1 listing all chip parameters used for simulations.
Later, further plot give insights into the resonances, which were most likely used
for the comb generation. This match is done, only comparing the measured wave-
length in the comb generation with the resonances of the transmission spectrum.
Additionally, the plots from the dispersion and quality factor characterization are
provided.

Table A.1: Parameters for 25 GHz and 100 GHz FSR configurations, which where
used for the comb simulations.

Parameters\Layout 100 GHz 25 GHz
FSR main (GHz) 99.69 24.96
FSR aux (GHz) 99.69 24.96
GVD β2 (ps2/km) −91.1 −77.5
Qi (million) 11.3 10.5
Qe (million) 1.3 4.82
κ/2π (GHz) 1.2 0.9

(a) (b)

Figure A.1: Measured resonances of the (a) 25 GHz and (b) 100 GHz devices used
for the comb generation in this thesis.
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Figure A.2: Dispersion and quality factor development over the measured spec-
trum of the (a,c) 25 GHz and (b,d) 100 GHz devices. Providing detail insights into
the GVD of the chip and the quality factor at the resonance used for the comb
generation.
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