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Active feedback control of photonic molecule microcombs

ANTON LÖÖF
Department of Computer Science and Engineering
Chalmers University of Technology and University of Gothenburg

Abstract
Frequency combs generate coherent and evenly spaced spectral lines. This enables
applications within optical communication, for wavelength division multiplexing;
metrology, for measuring time and frequency; spectroscopy, for probing a sample at
multiple frequencies at the same time, and more. One novel implementation of these
devices consists of two coupled resonators in a planar integrated Si3N4 platform. The
device, called a photonic molecule, generates a coherent frequency comb by four wave
mixing from a single input laser. A frequency comb generated by this device has
been actively stabilized by thermal control of the pump to resonator detuning.
The feedback system measures the generated comb power and changes the tempera-
ture of the resonators, via integrated heaters, to thermo-optically alter the location
of the longitudinal modes of the coupled resonators. This changes the detuning
such that the converted power remains constant. The control system is evaluated
by measuring the stability and phase noise of the repetition rate of the comb. Long
term stability is found to increase five-fold with the controller enabled and phase
noise is improved by 5 dB for offset frequencies within the integrating bandwidth of
the controller compared to a free-running comb in the same state.
These results enable the use of photonic molecules for spectroscopy by increasing the
stability of the comb as well as for optical communication by reducing phase noise.
The results also make the photonic molecule easier to work with as it becomes less
sensitive to environmental effects.
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1
Introduction

Optical frequency combs provide a means of connecting traditional microwave sources,
like crystal oscillators, with traditional optical sources, like lasers, by generating
multiple equidistant lines in the frequency domain [1, 2]. This connection is bidi-
rectional, meaning that a comb can produce a microwave clock from an optical
reference as well as the other way around [3]. Using a comb to down-convert an
optical source to a microwave frequency gives a relative stability that exceeds that
of the best cesium clocks, which account for the current definition of time [2, 3, 4, 5].
The high accuracy of the comb makes it useful in multiple areas where precise
measurements of time, frequency or length are needed, such as metrology [4], spec-
trometry [6, 7, 8], astronomy [9] and radio frequency (RF) synthesis [10]. One could
even use two correlated frequency combs to coherently measure the phase and am-
plitude response of a substance [11, 12, 13]. The multiple equidistant frequency
lines are also of use for wavelength division multiplexing in optical communications
[14, 15, 16].
However, commercially available fiber frequency combs are expensive, large and fea-
ture repetition rates in the Radio Frequency (RF) regime [5, 17]. Some applications,
such as optical synthesis [18], benefit from repetition rates above RF [3] and new
applications in lidar and integrated metrology could emerge if the physical size of
the comb generating device decreases [19]. Increased repetition rate and reduced
size can be achieved by implementing a comb on chip; a microcomb [19]. A low
noise soliton microcomb balances nonlinearity and dispersion as well as loss and
input power in an optical resonator. This leads to a repetition rate defined by the
geometry and materials of the chip and not the speed of the driving electronics [19].
However, such a system would still need external equipment such as a pump laser
and stabilizing control electronics.
An issue with traditional microcombs is that the conversion efficiency is either low
[20] or pose limits in design parameters [21, 22]. This is because the formation of
a comb requires pumping the resonator off resonance [23, 24, 22] which means that
only a portion of the power can couple to the resonator. Reference [22] solves this by
coupling two resonators of different sizes as shown in Figure 1.1, which allows a comb
to form while coupling a larger proportion of power into the system compared to a
single microresonator. The dual ring system is called a photonic molecule, because
of its similarity to molecules [25], and allows for a higher conversion efficiency [22, 26]
at the cost of a more complicated system [22]. The molecule seen in Figure 1.1 also
contains integrated heaters, which enable control of the resonators by the thermo-
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1. Introduction

Figure 1.1: Image of photonic molecule. Two ring resonators, primary and sec-
ondary, fabricated in Si3N4 are shown alongside an input and output waveguide.
Connection points for both primary and secondary heater as well as a common
ground are highlighted in the figure. The secondary ring is much smaller than the
primary ring. The input waveguide is located in the top left of the figure and fed
with a continuous wave laser. If the conditions are right, a comb is generated and
output via the top right waveguide. Continuous Wave (CW).

optic effect [22].
The long term stability and phase noise of the microcomb is necessary both for
understanding its noise performance limits as well as its use in applications. Phase
noise is a limiting factor for the bit rate in communication system whereas long term
stability is important for metrology and spectroscopy which require long integration
time. A critical parameter that characterizes a soliton microcomb is its detuning δ,
which corresponds to how far off resonance the resonator is pumped [24, 27]. The
detuning is the difference between the frequency of the pump laser and the adjacent
resonant frequency, or longitudinal mode, of the resonator. To achieve a long term
stable comb, one of these parameters, the mode location or the pump frequency,
must be actively tuned to account for variations in the other.

2



1. Introduction

1.1 Goal
The goal of the thesis is to stabilize an initiated soliton microcomb in order to reduce
phase noise, increase stability and reduce impact of external disturbances enabling
longer and less noisy experiments.
Similar stabilization systems have been developed previously [28, 29]. However,
these systems modulate the pump laser frequency to achieve stability. This is a
disadvantage since this acts directly onto one of the degrees of freedom in the comb
spectrum [30]. This in turn makes it difficult to implement applications where
multiple combs have to be derived from the same optical source such as dual comb
spectroscopy [13].

1.2 Constraints
The thesis project is constrained by the following constraints:

• The project uses an off the shelf development board, a STEMLab 125-14 [31],
as controller

• The project uses prefabricated photonic molecules in a low loss Si3N4 platform
[32]

• Stability and noise reduction in combs will be achieved by active control, not
by engineering an intrinsically better device

• The project will not lock any output from the comb to a frequency reference
as demonstrated by [30]

1.3 Thesis outline
The report is divided into five chapters. The second chapter presents relevant theory
in order for the reader to understand the following content. The third chapter
explains the methods used to solve the problem while the fourth chapter presents
the results from solving the problem. The report is finished with a conclusion of the
work done and potential future work in the fifth chapter.

3
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2
Theory

The intended audience of this thesis is a student studying embedded electronic design
as well as researchers working with microcombs. Here relevant theory is listed such
that this audience is easily able to understand the utilized methods, implemented
system and final results.

2.1 Light propagation in optical waveguides
Planar electromagnetic waves, E = E0 exp(iβ(ω)z), where z is the direction of
propagation, are the basis of many concepts that are used throughout this thesis.
The propagation constant β is of particular interest. It relates to the refractive index
of the material that the wave propagates, as seen in Equation 2.1. The effective index
n is a function of optical angular frequency ω because the dielectric constant varies
with frequency which in turn varies because of resonances in the molecular structure
of the atoms of the dielectric. This relation is commonly Taylor expanded.

β = ωn(ω)
c

= β0 + β1(ω − ω0) + β2(ω − ω0)2/2 + O(ω − ω0)3 (2.1)

One of the terms in Equation 2.1 requires extra attention, β2 or the group velocity
dispersion. It causes different frequencies to propagate at different speeds resulting in
a broadening of an incoming broadband pulse. Dispersion is split into two categories,
β2 > 0 defines normal dispersion which account for the case when high frequencies
propagate slower than slow frequencies and β2 < 0 defines anomalous dispersion,
resulting in the opposite effect.
Light must be confined and directed inside a chip for on chip photonics which is
achieved by a dielectric waveguide. An electromagnetic field is guided by a waveguide
if its effective index ne is between the refractive index of the core and cladding of the
waveguide. Multiple pairs of fields Exy, Hxy satisfy this requirements. These fields
are commonly expressed as a sum of the eigenfields or modes of the waveguide. The
eigenvalue of the mode is its propagation constant β(ω) ∝ ne from which dispersion
is calculated.
These eigensolutions are found numerically using a finite element solver for each
geometry. Figure 2.1 shows the power distribution of a mode propagating in a
buried waveguide. Notice that the majority of the power propagates inside the core
and thus interacts with the core material. The linear and nonlinear properties of
this material are important for the creation of optical circuits.
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2. Theory

Figure 2.1: Cross section of buried waveguide with simulated mode power distri-
bution for a first order mode. The top and bottom cladding are made from SiO2
and the core is Si3N4. Light propagates in the longitudinal direction, z. The core
carries a large amount of power while the cladding carries a smaller amount. Differ-
ent geometries allow for different proportions of the power to propagate inside the
core and cladding.

2.2 Microresonators
Microresonators are the fundamental building blocks that microcombs are built on.
For the reader to understand microcombs some aspects of a microresonator must be
explained. A drawing of a microresonator is shown in Figure 2.2. It consists of a
bus waveguide coupled to a closed loop. Light entering the bus gets coupled to the
loop and if the phase of the light coupled from bus to loop matches the phase of the
light propagating in the loop the fields will constructively interfere and the power
inside the cavity increase. The frequencies for which this constructive interference
occurs depends on the phase delay of the resonator which in turn depends on β.
These frequencies are called the longitudinal modes of the resonator.

The dynamics of a resonator is formally explained by a two by two coupler at the
bus/loop interface, with coupling coefficients t, r, and the propagation delay in the
ring, Ea, Eb, as shown in Figure 2.2. A two by two coupler splits the field from two
incoming ports between two outgoing ports according to its coupling matrix. The
coupling matrix for a lossless coupler is given in Equation 2.2. Propagation inside
the ring waveguide is described by Equation 2.3 where L is the length of the loop,
α the loss and β the propagation constant.

[
Eout

Ea

]
=
[

t ir
ir t

] [
Ein

Eb

]
(2.2)

Eb = Ea exp(−αL) exp(iβω) = Eaα′ exp(iβω) (2.3)
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2. Theory

Figure 2.2: Schematic of a microring resonator, two waveguides one straight and
one round are coupled at a single point with the coupling coefficients t, r. The
electric field at different locations is related by Equations 2.2 and 2.3.

Solving Equations 2.2 and 2.3 for the power transmission yields Equation 2.4, which
is a periodic function whose minima corresponds to the longitudinal modes of the
resonator where a large proportion of the pump power circulates inside of the cavity.

Tthrough =
(

Eout

Ein

)2

= t2 + α′2 − 2tα′ cos βL

1 + t2α′2 − 2tα′ cos βL
(2.4)

Equation 2.5 is an expression, derived from Equation 2.4, for the longitudinal modes,
where l is an integer called the longitudinal mode number. The distance between
two longitudinal modes gives the resonator Free Spectral Range (FSR) which is a
commonly utilized parameter to describe the length of resonators. The resonators
used in this thesis will feature an FSR ffsr = 50 GHz which corresponds to a ring
radius in the order of 200 µm [22, 32].

Lβ(ωl) = 2πl (2.5)

The maximum amount of power that can be built up inside the cavity depends on the
losses of the cavity as well as the pump power. The cavity losses are characterized by
the quality factor Q = ωτ of the cavity where τ is the expected photon lifetime inside
the cavity [3]. The cavities utilized in this thesis are of Q ≥ 1 × 106 [32, 22] which
result in a large number of photons inside the cavity and thus sufficient buildup of
power inside to enable nonlinear effects at low input powers [3].

2.2.1 Coupled microresonators
Two or more microresonators can be coupled to create a system of coupled mi-
croresonators. If the longitudinal modes of the resonators are sufficiently close, new
longitudinal modes are generated by the interaction of the fields between the res-
onators [22]. These new modes are given by Equation 2.6 [22] where ωp,n is the n-th
mode of the primary resonator, ωs,m is the m-th mode of the secondary resonator
and κ is the coupling coefficient which depends on the geometry of coupling inter-
face between the resonators. The longitudinal modes given by Equation 2.6 are the

7



2. Theory

longitudinal modes that should be excited in order to generate a frequency comb in
the resonator.

ωs,a = ωp,n + ωs,m

2 ±
√

(ωp,n − ωs,m)2

4 +|κ|2 (2.6)

2.2.2 Thermal dependence
As a sweeping pump laser approaches a longitudinal mode of a resonator, more and
more power is coupled into the resonator. This results in more power loss inside
the resonator some of which is absorbed by the device and heats the device up.
The thermo-optic effect then changes the refractive index of the materials inside
the waveguide that changes the propagation constant, β, of the mode propagating
inside the resonator [33]. A different propagation constant results in a different set
of longitudinal modes through Equation 2.5. The thermo-optic effect in Si3N4 is
positive [34] which shifts the longitudinal modes to a lower frequency.
The thermal shift in longitudinal modes has a different effect on the system depend-
ing on from which direction, in frequency, the longitudinal mode was approached
from. The shift causes less power to be coupled into the resonator which decreases
the temperature and a stable system is achieved if the mode is approached from the
blue side (lower wavelength, higher frequency). However, if the approach is made
from the red side, more power is coupled into the resonator causing even more drift
of the modes and instability [29].
This effect also influences the shape of the resonance. Normally a resonator exhibits
a Lorentzian transmission spectrum [33]. However, because of thermal effects this is
not the case and the resonance tunes red as more power is coupled into the resonator.
This phenomena is described by Equation 2.7 [33]. ∆T is the temperature difference
between the resonator and ambient, Cp the heat capacity of the resonator, Ih a
measure of dissipated power inside the resonator, λ0 the cold resonance wavelength,
λp the pump wavelength, α the coefficient of the combined effect of thermo-optic and
thermo-elastic effects on the resonant wavelength, ∆λ the linewidth of the resonance
and k the thermal conductivity between resonator and ambient.

Cp∆̇T = Ih

λp−λ0(1+α∆T )
∆λ/2

2
+ 1

− k∆T (2.7)

2.3 Kerr nonlinearity
The fundamental principle behind microcomb initiation and one of the four bal-
ancing effects in stable soliton operation is nonlinearity. The refractive index of a
material is dependent on the intensity of the incoming light according to Equation
2.8 where n1 is the low field refractive index, n2 is the Kerr coefficient and I (W m−2)
the intensity of the incoming field [3, 19]. In the context of microcombs, the Kerr
nonlinearity is responsible for creating the new frequencies that make up the lines
of the comb.
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Figure 2.3: Typical spectral and temporal shape of a frequency comb. The left
figure shows the frequency domain where evenly spaced phase coherent pure fre-
quencies cover the bandwidth of the comb. The right figure shows the time domain
representation. It is a train of pulses that repeat with the same frequency as the
distance between the lines in the frequency domain. The pulses act as an envelope
on top of the fundamental optical frequency and repeat with the line spacing of the
comb.

n = n1 + In2 (2.8)

2.4 Soliton microcombs
Microcombs are optical devices that generate several evenly spaced and phase coher-
ent optical frequencies from a single one [1]. This looks like a comb in the frequency
domain, as seen in Figure 2.3. This corresponds to a train of pulses in the time
domain as seen in Figure 2.3 as all lines are in phase. This pulse, a pulse that stably
propagates through a dispersive medium without changing shape, is called a soliton
[1].
The structured output of a comb in a microresonator is a result of a balance between
four effects. On one hand Kerr nonlinearity is balanced against dispersion. And on
the other hand losses, both intrinsic losses in the waveguide as well as extrinsic losses
at the output port, are balanced against the input power into the resonator. The
phenomenon is explained mathematically with the dampened and driven nonlinear
Schrödinger equation [19].
The output spectrum of an ideal comb is given by narrow lines at the frequencies
specified by Equation 2.9 [1, 5], where k is an integer number, known as the mode
number, and f0, fr are the offset frequency and repetition rate respectively.

fn = f0 + kfr (2.9)

The pulses seen in Figure 2.4 shows how Equation 2.9 relates to the time domain.
The pulses are separated by a time 1/fr and the additional phase between carrier
and envelope is related to the offset frequency f0 [3].

9



2. Theory

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
Time [ps]

-6

-4

-2

0

2

4

6

A
m

p
lit

u
d

e
 [

A
.U

]

Comb output time domain

Figure 2.4: Two pulses from the comb in Figure 2.3. Notice the phase shift between
the carrier and envelope waves that appear between cycles. The first pulse has one
peak after the main peaks whereas the second pulse has one peak before the main
peak. The pulse-like nature of the comb stems from the fact that the generated
optical frequencies are all phase coherent.

Photonic molecule microcombs operate with the same principles as the microcombs.
However, the wide soliton existence regime [22] and additional degree of freedom,
two heaters instead of one, enable simpler operation practically.

2.5 Soliton in photonic molecule
To create a soliton in a photonic molecule microcomb, two things must happen.
The mode of the resonators must first be aligned by shifting the uncoupled resonant
frequency of one or both of the cavities to the same frequency [22]. The shift is
realized by altering the temperature of the resonators using on-chip microheaters
as the mode depends on β (Equation 2.5). The thermo-optic effect changes n, and
thus β, as T changes. The second step is to align the pump laser frequency with a
longitudinal mode of the coupled cavities which begins building up power inside the
cavity.
The buildup of power inside the cavity enables nonlinear effects inside the cavity and
which create new frequencies by a process called Four Wave Mixing (FWM) [19, 18].
FWM consumes two photons of equal frequency (and thus energy) and produces two
new photons while conserving energy and momentum of the photons [3, 18]. The
conservation of energy causes the two generated photons to be equidistant from the
pump frequency (E = ℏω) which means that sidebands are generated symmetrically.
The new frequency circulates inside the cavity and if it aligns with a longitudinal
mode and the amount of converted power is sufficient to overcome intrinsic and
extrinsic cavity losses the nonlinear effects repeat at the new frequency. This process
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2. Theory

of FWM and buildup at the longitudinal modes of the cavity repeats until a comb
is formed.

2.6 Noise in microcombs
The noise of a microcomb depends heavily on its formation [24, 19]. A low noise
comb is achieved in two ways. It is either formed into a low noise state or evolves
into one. A low noise state is achieved when dispersion and cavity decay rate are
equal and the detuning is small [24]. The cavity decay rate is increased by both
intrinsic losses as well as power leaving the resonator to be used in applications.
Both these parameters are somewhat tunable during design [35] and manufacturing
of the comb.

In the context of comb generation, a low noise comb is formed when the initial
FWM process generates new lines separated from the pump by exactly one FSR.
However, depending on the cavity itself other non integer multiples of the FSR could
be generated instead [24] which constitutes the noisy state.

The dominant source of noise in Si3N4 microcombs is the thermo-refractive noise [36]
which acts in the kHz to MHz range [37]. This noise stems from thermal fluctuations
in the cavity that alter its resonant frequency through thermo-optic and thermo-
elastic effects [33], thus changing the detuning which affects the comb repetition
rate and offset frequency through Raman self-frequency shift [?, 38]. Other noise
sources such as shot- and quantum noise also affect microcombs but are of lower
magnitude and much more broadband.

The relation between detuning and repetition rate is nonlinear and contains a flat
region [39]. This is because the relation between repetition rate and detuning is
influenced by both Raman frequency shift [38] and soliton recoil [39]. This means
that there exists a point in the δ, fr relation around which a small variation in
detuning has a minimal impact on the repetition rate. This point is called the quiet
point and the microcomb should be operated at this detuning to minimize both
phase noise and drift.

2.7 Soliton power in microcomb
A soliton propagating in a microresonator is characterized by a detuning dependent
power as described by Equation 2.10 [27, 29], where Aeff is the size effective area
of the propagating optical mode and η = Q/Qexternal, Q the loaded quality factor,
n2 the Kerr nonlinearity coefficient and δ the detuning. This means that a constant
detuning can be achieved if one locks the output power level to a fixed point. This
results in compensation of variations in β1 from thermo-optic noise. Such a system
has been demonstrated in [28] for single resonator microcombs.

Psol = 2ηAeff

n2Q

√
−2ncβ2δ (2.10)
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2. Theory

Equation 2.10 only holds when one or more solitons propagate in the comb [29].
Other comb states that appear while initiating a soliton microcomb show no an-
alytical relation between detuning and power. These states must be avoided for
operation of the control system. This limitation is not an issue during operation
as the soliton state is desired for operation. However, the limitation makes the
controller unusable during initiation as other states appear before a soliton forms.

2.8 Photodiodes, mixing and beating
Photodiodes (PDs) are essential for measuring photonic systems. Since they allow
the optical domain to be viewed by instruments that respond to electric signals.
A PD produces an electrical current proportional to the incoming optical power as
shown in Equation 2.11.

I = αPo = α|e|2 (2.11)

A photodiode converts the incoming optical power to a current. This intrinsic
nonlinearity means that they act as mixers. Consider two optical signals e1 =
a1 sin ω1t and e2 = a2 sin ω2t both interacting with a photodiode. This gives a
current as follows.

I = α(e1 + e2)2 = α(a2
1 sin ω1t

2 + a2
2 sin ω2t

2 + 2a1a2 sin ω1t sin ω2t) (2.12)

Equation 2.12 can be compared to a traditional microwave mixer. The sin2 terms
will generate power at 0 Hz and 2ωi whereas the third term will generate power at
ω1 −ω2 and ω1 +ω2. Since ωi is above the bandwidth of electronics (about 200 THz),
only the 0 Hz and ω1 − ω2 components of the signal will be visible after the PD.
The method described above of combining two optical signals, mixing them with a
photodiode and removing the high frequency components is called beating. It is a
technique commonly used for photonic measurements.

2.9 Fiber to chip interface
Classical optical equipment is interfaced with optical fibers. However, the chips
capable of generating frequency combs are not interfaced with fibers. They instead
have tapered couplers placed at their edges which allow a lensed fiber to couple light
into or out of the chip. This setup is visualized in Figure 2.5 as seen from above.
The coupling between fiber and chip is as good as possible when the optical mode
propagating inside the fiber overlaps with a mode that is allowed to propagate inside
of the waveguide.
Losses of 2 dB to 3 dB are expected at each coupling interface. As seen in Figure 2.1,
the mode inside of a waveguide is about the size as the waveguide itself. This means
that achieving a perfect overlap requires sub-µm positioning accuracy, precision and
stability.

12



2. Theory

Figure 2.5: Two lensed fibers couples light into and out off the chip containing the
photonic molecule. Misalignment of these fibers result in optical losses.

Fine adjustment for the coupling stages is achieved by piezoelectric controllers which
extend and retract the fibers by an applied voltage [40]. These stages are capable of
positioning the fibers within 200 nm. However, they can not keep this position for
an extended duration as thermal expansion and human interaction move the fibers.
This results in additional losses to the input and output of the comb. The input
power is essential for the existence of a comb [22]; if the drift is too large the comb
could be destroyed.
The proposed comb stabilization method relies on locking the detuning dependent
soliton power to a constant. If the output coupler in Figure 2.5 moves the measured
comb power would be affected by the additional loss. This causes the controller
to lock the comb to another detuning, introducing additional noise and drift. This
adds an extra term to the converted power measured off chip, Equation 2.13, where
α represents the coupling loss and Psol the soliton power from Equation 2.10.

Psol,out = αPsol(δ) (2.13)

The system is less sensitive to drift of the input coupler. The existence regime for
photonic molecule microcomb is quite large [22] both in terms of detuning and input
power. The Raman shift is also independent of input power [?] which means that
variations in input coupler loss do not correspond to variations in repetition rate.

2.10 Control theory
This thesis deals with controlling a frequency comb therefore basic concepts within
control theory are useful for understanding the methods and results.
Figure 2.6 shows a typical controlled system. The linear system F is controlled
by negative feedback and the linear controller C. Its transfer function is given by
Equation 2.14 for a traditional PID controller.

U/E = Kp + Ki

s
+ Kds (2.14)
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Figure 2.6: A controlled system with input X and output Y . Noise sources Ni

represent noise added at different locations in the system. The controller C controls
the input of the uncontrolled system F such that the error signal E is kept at zero.
N2 represents noise coupled onto the control signal. This noise has a large impact
on the state of the system as it is coupled straight into the input of the system F .
Noise from the input signal, N1, as well as noise from the feedback loop, N3 can be
attenuated by the controller and is of lesser importance. Section 3.5.4 relates the
noise sources shown in this figure to the physical system.

Figure 2.6 also shows noise sources. Noise from N2 has the largest effect on the
system as the controller is unable to compensate for that noise before it influences
F and thus the output Y . The two other noise sources N1 and N3 are compensated
for within the bandwidth of the controller C.
The terms of the PID controller determine the stability and speed of the controller.
A higher proportional gain Kp gives a faster but less stable, and therefor more prone
to overshoot and oscillations, controller. A larger Ki gives a better compensation
for low frequency errors and a smaller residual error in steady state, it also degrades
stability. The Kd term on the other hand increases the stability margins making the
system more stable but increases the influence of noise on the system. In general
Kp, Ki should be as large as possible to avoid oscillations, whereas Kd should be set
to keep output noise low and enable an increase of Kp and Ki.
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3
Methods

This chapter explains the system used to control the photonic molecule microcomb
as well as the methods used to evaluate the performance of the comb and control
system combined.

3.1 Repetition rate measurement
One important parameter of the controller is its noise performance. The amount of
noise that is added or removed by actively controlling the comb is of interest if the
controller is to be used for any noise sensitive measurement. This is the performance
metric of the controller. These measurements are to be performed out of loop on
both a controlled comb and a free running comb in order to isolate the impact of
the controller.
The simplest measurement of the comb repetition rate is to connect a PD and
frequency counter of sufficient bandwidth to the output of the comb. The photodiode
will produce a pulse for each incoming pulse of light which is counted by the counter.
This is unfeasible, but not impossible, since the repetition rate fr of the utilized
combs is about 50 GHz and the fastest currently available photodiodes reach about
50 GHz [41]. However, smaller resonators with even larger FSR can not be measured
directly. Thus, an indirect method has to be used.
Such a method modulates a part of the comb with an RF tone. Assuming that
this modulation is strong enough to show nonlinear effects in the modulator, the
spectrum in Figure 3.1 is achieved [42]. Beating this spectrum on a photodiode with
a bandwidth below that of the modulation oscillator gives a single low frequency
tone fm which is related to fr according to Equation 3.1 [42], where n is an integer
indicating how many higher order sidebands has been generated by the nonlinear
modulator. The method is called Optoelectric Downconversion and its setup is
visualized in Figure 3.2.

fr = nfeom ± fm (3.1)

A disadvantage of this method is that changes in the reference frequency feom are
multiplied by n before influencing the measurement. This limits the smallest mea-
surable drift and phase noise using the method. This also amplifies phase noise
from the reference to the measured repetition rate. This method also introduces a
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Figure 3.1: Effect of nonlinear modulation on comb output. The frequency fm is
sufficiently low to be counted by conventional electronics. Case when n = 6 and the
repetition rate is larger than nfeom in Equation 3.1

large loss of power because of the high insertion loss of the modulator. This limits
the optical signal to noise ratio that is achievable, thus setting a limit for noise
measurements.

Another disadvantage with the method is that the absolute value of the repetition
rate requires multiple measurements with different feom. However, as the purpose of
this measurement is to track changes in repetition rate and not the absolute values,
the method is suitable.

3.2 Locking the pump laser frequency

A stable pump laser is essential, since it affects the offset frequency of the comb
[19]. A phase locked loop achieves this using a tunable laser and a fixed laser if
a beat note between the two can be observed in the microwave domain [1]. A
commercially available octave spanning frequency comb [17] locked to a microwave
Global Positioning System (GPS) source is used as a reference.

The low repetition rate of the commercial comb creates beat notes within the RF
domain which are locked to a microwave signal that is in turn locked to the reference
clocks in the GPS satellites giving any laser traceability to the definition of time.
Figure 3.3 illustrates the lock, the part surrounded by dotted lines is available as a
commercial system from [17].

16



3. Methods

Figure 3.2: Repetition rate measurement setup [42] using Optoelectric Downcon-
version (OEDC). Shows out of loop measurement of fr using Equation 3.1 and the
nonlinear modulation shown in Figure 3.1. The ESA can also be used to measure
the phase noise of the repetition rate. However, it will also be influenced by the
phase noise of the reference oscillator. Electro-Optic Modulator (EOM), Electrical
Spectrum Analyser (ESA)

Figure 3.3: Block diagram of method to lock any controllable laser to an external
GPS reference. The dotted lines correspond to the commercial system [17]. Global
Positioning System (GPS), Photodiode (PD)
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3. Methods

3.3 Measuring the response time of the heater
The heater power is the primary control signal by which the comb is stabilized.
This is because it is able to control the pump resonance detuning, by changing the
resonant frequency of the system. In order to compensate for the thermo-optic of
the first order noise of the comb, the control loop should be able to operate around
the 1 MHz range. It is therefore of interest to measure how quickly the heater is
able to thermo-optically control the comb.
The resonator should be pumped at low power to minimize the impact of ther-
mal instability [33]. The low power condition is verified by fitting a Lorentzian,
L, (Equation 3.2) as the thermally unstable state is characterized by a triangular
resonance [33]. The laser frequency is swept across resonance and the transmission
spectrum is recorded. This is then fit to Equation 3.2 where ai are fit parameters
and ω optical frequency.

L = a0 + a1

1 + ( ω−ω0
ωfwhm

)2 (3.2)

The weakly pumped resonance is then subject to steps in heater power. These steps
result in a change of refractive index and thus a change in resonance frequency
which translates to a change in output power from the resonator. The measured
power should increase as the heater moves the longitudinal mode closer to the pump
frequency and decrease vise versa. An exponential function (Equation 3.3) is fit to
both rising and falling edges of the step to calculate the time constant of both
heating and cooling on both sides of resonance. This method assumes that the
response from heater power to transmission is linear. The response is a nonlinear
Lorentzian, and therefore nonlinear effects are expected. However, a Lorentzian can
be approximated by a linear equation for |t − a2| ⪅ a3 and sign(t − a2) constant.

T = T∞ − (T∞ − T0) exp (−t/τ) (3.3)

The left half of Figure 3.5 shows the transmission of the resonator as the wavelength
of the input laser is swept linearly. Equation 3.2 is successfully fit to the data
meaning that the resonator is pumped at sufficiently low power to avoid thermal
nonlinearity and instability.
One input and output combination of the weakly pumped resonator is shown in the
right half of Figure 3.5. It shows the exponential increase and decrease from which
the time constants were extracted by fit of Equation 3.3.
Figure 3.6 show response times for different step sizes. A nonlinear behavior, a
changing time constant with input amplitude, is seen. This is expected as the
transfer function from detuning to transmitted power is proportional to 1/δ2. Heat-
ing also appears faster than cooling which is expected as the heating element, the
heaters, have higher thermal coupling to the resonator than the cooling element,
conduction to ambient. This could be resolved by using a Peltier element, which is
capable of both heating and cooling, for thermal control. pro The response times are
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Figure 3.4: Measurement setup for heater response time measurement. A laser
weakly pumps the resonator slightly off resonance while the transmission is moni-
tored by a photodiode and oscilloscope. The signal generator applies a step function
to the heater which shifts the resonance frequency of the resonator. The event is
captured by the oscilloscope and fetched for post processing.
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Figure 3.5: Left: Transmission as a function of time as the wavelength of the pump
laser is swept linearly. A Lorentzian function (Equation 3.2) is fit to the data to
show that the resonator is weakly pumped. Right: Input to the heater and output
of resonator when the resonator was pumped from the red side.
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Figure 3.6: Resonator transmitted power response time when excited by a power
step at the resonator’s heater. The left figure shows the red detuned case, where the
pump laser is placed red, at a larger wavelength, of the resonance. The right figure
shows the blue detuned case. Notice that the figures are quite similar meaning that
nonlinear thermal effects of a microresonator are dampened in the experiment.

similar for both sides of the resonance which is expected as the Lorentzian resonance
is symmetrical around the longitudinal mode for low pump power. The response
time varies between 8 µs to 22 µs. Therefore, a maximum control loop bandwidth
of about 100 kHz can be used with the integrated heaters. [43] also uses heaters
for thermal control of combs and estimates the time constant of the thermal events
around 10 kHz.

3.4 Photonic molecule microcomb initiation
The physical initiation of a photonic molecule is explained in Section 2.5. However,
how this is done in practice influences the design of the control system as well as an
automated initiation system.
First, an operating point should be located. The operating point is the laser fre-
quency in combination with the applied electrical power to both heaters. An op-
erating point supporting comb generation is found by sweeping the laser frequency
across the FSR of the cavity with largest FSR and moving the resonances to a split
using the heaters. A good operating point is identified by an increase in converted
power as the laser sweeps across the resonances. The laser can then be tuned past
the first and towardscharacterised the second resonance until a frequency comb is
created.
Second, the comb is tweaked to a soliton state such that Equation 2.10, which enables
active control through converted power, holds. This is achieved by fine adjustment
of the heater powers to change the detuning. The heater operating point is usually
in the order of several V and the comb state is tuned to a soliton by 10 mV or
1 mV adjustments. A single soliton comb state is characterized by a flat or linearly
decreasing power spectrum as well as a repetition rate as set by the geometry. Both
the optical spectrum and the down-converted repetition rate, as explained in Section
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3.1, are monitored to find a suitable comb state.
The controller is then activated. However, if a large voltage step, multiple 10 mV,
is applied to the heaters the comb will be pushed beyond the previously found
operating point and collapse. The state of the controller must be reset and its
output set close to the middle of its range before activation. The converted power
set point must also be selected to the current state of the comb to avoid large output
steps. Operation in the quiet point is beneficial for comb stability as discussed
previously. The quiet point is found by changing the set point of the PID controller
and monitoring the output spectrum for a local minimum. This works because
the soliton power is characterized by a specific detuning and detuning is related to
soliton power via Equation 2.10.

3.5 Control system
The control system is visualized in Figure 3.7. It shows the control system with
both in and out of loop measurements as well as the equipment needed to find the
operating point of the photonic molecule. The signal generator is used to tune the
operating point of the heaters to allow for comb generation.
The control loop consists of a narrow and sharp band pass filter that picks one or
two comb lines to use for measuring the converted power. Few lines are used in
order to avoid the controller believing that redistributing the comb power is stable.
This power is detected and a set amount, the set point, is subtracted off to create
an input signal for the PID controller. It alters the primary heater power in order
to keep the converted power stable. The input signal to the controller is monitored
externally to understand how well the used PID parameters stabilize the converted
power.
Two measurements are taken out of loop. One is the total power measured which
is dominated by the laser power that gets transmitted through the resonator. The
other is the electrical spectrum around the opto-electrically down-converted rep-
etition rate of the comb. Both of these measurements should be constant if the
controller manages to overcome environmental changes and stabilize the comb.

3.5.1 FPGA and processing system
The Red Pitaya (RP) combines an Xilinx system on chip featuring programmable
logic and a hard ARM processor with two 14 bit ADCs and DACs [31]. All four
converters of the RP operate at 125 MS s−1 with an analog bandwidth of 60 MHz.
The processing capabilities of the RPs programmable logic enables real-time signal
processing applications where as the processing system provides a familiar environ-
ment for development of user interfaces. The project is available as an open-source
software but closed-source hardware product which invites contributions from the
community [31].
One such contribution from the community combines a PID controller with a wave-
form viewer [44]. Its user interface allows for configuration of PID parameters and
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Figure 3.7: System overview for stabilizing a photonic molecule microresonator.
The primary heater is controlled by a PID controller using a set point in converted
power as an error signal. The optical filter selects a few lines to be used as a measure
of the converted power. The performance of the controller is measured both in loop
with PD1 and the voltmeter as well as out of loop with OEDC. Optoelectric Down-
conversion (OEDC), Electrical Spectrum Analyser (ESA), Proportional-Integral-
Derivative (PID), Photodiode (PD), Analogue to Digital Converter (ADC), Digital
to Analogue Converter (DAC), Optical Spectrum Analyser (OSA), Red Pitaya (RP).
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offset for the error signal as well as enabling, disabling and resetting the regulator
all while observing the input and output of the system in real time. This flexibil-
ity is especially useful since the manual frequency comb initiation sequence is quite
involved.

3.5.2 Signal converters
The DAC is located between the controller and the system, N2 from Figure 2.6, and
thus its noise performance is essential for the noise performance of the control loop.
A converter with a large resolution or a converter with a large bandwidth followed
by a low-pass filter at the maximum loop bandwidth should be used to reduce both
quantization noise and uncorrelated random noise on the control signal.
The ADC quantizes the response of the system before the PID controller. The noise
added by the converter is an input to the controller and can be compensated for by
the control loop. A higher resolution and or lower noise converter is beneficial but
not as critical as the DAC that controls the comb.

3.5.3 Amplifier
The integrated heaters require some power to be driven. Their resistance varies
within 50 Ω to 500 Ω and are able to operate with voltages up to 5 V to 10 V before
breaking. The lower the resistance the lower the maximum operating voltage. This
means that up to 0.5 W is needed to utilize the full dynamic range of the heater. The
DACs inside the RP are able to output their full range into a 50 Ω load. However,
their full range is only ±1 V. A power amplifier is therefore needed to control the
heaters with the RP.
The operational point of the system must be found prior to enabling the controller.
This requires adjustment of heater voltage which then should be combined with the
controller output. A summing amplifier accomplishes this as shown in Figure 3.7.
The amplifier is coupled to the input of the photonic molecule and noise contri-
butions from the amplifier are reflected in the output before compensation by the
control system. This means that a low noise amplifier with a sufficient power rating
should be used.

3.5.4 Noise sources
Figure 2.6 shows three noise sources N1, N2, N3 which all correspond to some physical
phenomena in the designed system. N1 is noise in the set point, this would be caused
by the digitization of the set point. As the set point is constant during operation
the system is not influenced by this noise. However, the dynamic range of which
values of detuning the system can be locked to is determined by the resolution of
the set point.
N2 represents noise between the controller and the comb. This includes quantization
noise in the DAC, electronic noise from the summing power amplifier and any signal
picked up by the connection between amplifier and comb.
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Figure 3.8: Setup for minimizing the losses through the coupling stage by actively
moving the lensed fibers. The transmitted optical power is measured and the motion
stages acted on via serial commands to maximize the optical power. A low pass filter
removes interference from the comb stabilizing controller. Personal Computer (PC),
Analogue to Digital Converter (ADC), Photodiode (PD).

N3 includes the thermo-refractive noise from the comb, shot noise and electronic
noise from the PD that converts the optical power to a voltage, as well as quantiza-
tion noise in the ADC.

3.6 Compensating for drift of coupling
The input and output lensed fibers need to supply the comb with a constant power
to keep the soliton state [22] as well as keep the output loss constant as to not change
the measured converted power when the detuning is constant. This requires a stable
coupling. One method to achieve that is to package the chips, which eliminates the
need for coupling stages altogether. This can be done by fusing a fiber onto the
edge of the chip [45]. However the available chips do not have this capability and
another method must be used.
One such method is to actively try to maximize the transmission power. This is
achieved by measuring the transmission, moving one axis of the stage, measuring
again and picking the position with highest transmission power. This procedure
is continuously repeated for all six axes of the input and output stages to keep
the power at the highest possible value. Figure 3.8 shows the feedback loop from
transmitted power to stages. The PC runs the algorithm as described above. The
real time performance of a desktop PC is limited but sufficient in this case as actions
can only be taken every couple of 100 ms as the mechanical movement of the stage
is slow.
As the transmitted power depends on detuning and the comb is stabilized by control-
ling detuning, there is a possibility for interference between the coupling controller
and the comb controller. The two controllers are decoupled from each other by in-
serting a sharp digital low pass filter in the signal path of the coupling stabilizer as
indicated in Figure 3.8.
This control scheme was evaluated while pumping the resonator off resonance and
thus not generating a comb in order to avoid any interaction between the two control
loops.
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Results

This chapter presents the performance, with respect to stability and phase noise,
evaluation of the control system acting on a photonic molecule frequency comb. It
also investigates two sources of errors and outlines a fix to one of them.

4.1 Repetition rate long-term stability
The down-converted spectrum of the comb repetition rate was monitored for an
extended duration with and without the PID controller enabled. Figure 4.1 shows
the evolution of the spectrum for both cases. The controlled case shows an increased
stability with lower frequency drift compared to the uncontrolled case. The reduced
drift is also seen in the converted power measurement where the converted power
is fixed when the controller is enabled and not fixed when it is uncontrolled. This
comparison is shown in the lower left part of Figure 4.1. A down converted repetition
rate peak to peak drift of 5 kHz during a time interval of 20 min is achieved for a
nominally 50 GHz fr photonic molecule when the controller is active. In contrast,
the repetition rate of the uncontrolled comb drifts by 25 kHz during a similar time
frame.
The repetition rate drift is correlated to the change in transmitted power which
is seen in the lower right of Figure 4.1. The observed drift in transmission power
corresponds to about 0.2 dB peak to peak. Both transmitted power and repetition
rate are related to the detuning of the comb; the transmission power by Equation 2.4
and the repetition rate via Raman soliton self frequency shift [?, 38]. The detuning
is also related to the converted power via Equation 2.10. However, losses in the
output coupler would introduce an additional, time dependent loss to the system
that is not accounted for in Equation 2.10. This loss causes the converted power set
point which the controller locks to to correspond to a different converted power on
chip. Different converted powers on chip could explain how the detuning changes
while the measured converted power does not.
The observed change in detuning could also be explained by Equation 2.10 as it
contains an n. The photonic molecule microcomb is controlled by change its tem-
perature which in turn will influence n. A change in n is used to control δ to stabilize
the comb. However, the n found in Equation 2.10 means that the soliton power can
remain constant even when the detuning is changing as long as the temperature is
changing as well. This dependency could be the cause of some of the observed drift
when the controller is active.
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Figure 4.1: Stability of repetition rate with and without the PID controller en-
abled. Top left figure shows a controlled comb whereas the top right shows a free
running one. A more yellow color corresponds to a higher power level. Spectrum
is sampled with a resolution bandwidth of 100 Hz. The bottom left figure shows
the converted power which is locked to a fixed value for the controlled comb and
influenced by ambient effect for the uncontrolled comb. The bottom right shows
how the power of the pump laser transmitted through the resonator correlates with
the repetition rate for a controlled comb.
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4.2 Impact of optical filter
The impact of the bandwidth of the converted power optical filter (location given in
Figure 3.7) was investigated. Figure 4.2 shows the relationship between converted
power and repetition rate for an optical filter bandwidth of one and four comb lines.
The controller is configured identically for both measurements to enable comparison.
However, the narrow filter allows for a wider range of stable PID parameters. The
systems can be considered comparable, apart from the different optical bandwidth,
as both measurements feature a repetition rate minimum around 218.99 MHz and
the minima occur at a similar converted power per line. The difference in converted
power per line at the minimum repetition rate can be attributed to an offset error
in the RPs ADC.
The variation in repetition rate around one converted power corresponds to a short
term measurement of drift. The narrower filter contains about half of the drift
compared to the wider filter when comparing around the quietest point which is
located slightly right of the minimum repetition rate.
The shape of the graphs in Figure 4.2 is also interesting. Both filter bandwidths
show a second order relation with one noisy side, towards lower converted power, and
one less noisy side. The point with lowest the frequency noise is located at slightly
higher converted power than the local minima in repetition rate. This provides
insight for how one would lock the repetition rate optimally to a frequency reference
using a phase locked loop.

4.3 Repetition rate phase noise
Figure 4.3 shows the measured phase noise of the down-converted repetition rate of
a comb. The comb is not generated by the same chip as the combs from Figure 4.1
as that chip was destroyed. The stability of this device is slightly worse than the
device shown in Figure 4.1.
The left part of Figure 4.3 shows the phase noise when the input laser is locked to a
GPS reference and the right figure when the input laser is free running. Notice that
locking the input laser has about the same impact as locking the detuning with the
heaters. The lowest phase noise is achieved when both locks are used at the same
time.
Figure 4.4 shows phase noise measurements with different PID controller settings.
The Ki component of the controller was changed between measurements while keep-
ing Kp constant. An increase in phase noise of the controlled case in relation to the
uncontrolled case is seen for offset frequencies larger than Ki. This confirms that the
frequency range within which the controller is able to compensate for phase noise is
related to the integrating bandwidth of the controller.
The controlled phase noise with the locked input laser is degraded slightly at large
offset frequencies as seen in the right plot of Figure 4.3. This degradation is caused
by the controller as its integrating bandwidth is limited to about 5 kHz for stability.
The bandwidth of the heater is larger than that and excess signals generated by
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Figure 4.2: Measured repetition rate as a function of converted power set point.
Multiple measurements have been performed on the same set point to get a sense
of the noise at that lock. A second order relation between converted power and
repetition rate is seen.
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Figure 4.3: Single side-band phase noise of down converted repetition rate (using
OEDC) for a controlled and uncontrolled comb. The input pump laser is locked to
a GPS via a commercially available frequency comb [17] in the left figure and not in
the right one. Both figures show the noise floor as given by the reference oscillator
used for OEDC.
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the controller influences the comb. We predict that this noise can be attenuated by
increasing the integrating bandwidth of the controller.

The top and bottom left part of Figure 4.4 show two cases of instability. The phase
noise is seen to increase locally around 1 kHz and 8 kHz respectively. These peaks
correspond to oscillations in the controller output around those frequencies indicat-
ing an improperly tuned controller. These oscillations can and should be removed
by changing Ki, Kp or Psol. However, this was not done for this measurement.

The uncontrolled measurements from Figure 4.4 are not the same. Notably is a
degradation in uncontrolled phase noise seen as Ki increases. This correlation is
probably caused by some other environmental effect resulting in the uncontrolled
case achieving different comb states for different measurements. The measurements
are taken in increasing order of Ki and the comb was tuned to a low noise state
at the start of the measurement sequence. This means that the uncontrolled comb
started in a low noise state, in the top left figure, to then degrade as time passed
to a higher noise state which is seen in the bottom right part of Figure 4.4. None
of the measurements is more true than any other as the uncontrolled comb drifts
between different states throughout normal operation. The drift of the uncontrolled
comb should be taken into consideration when performing long term measurements
of uncontrolled combs.

4.4 Reference oscillator

Equation 3.1 shows the relation between reference oscillator and measured repetition
rate. The equation implies that drift and phase noise from the reference oscillator
is multiplied by the factor n before affecting the measurement n = 2 = 3 dB combs
were used in this thesis.

The change in frequency of the utilized reference oscillator for OEDC was measured
and the results are shown in Figure 4.5.

Figure 4.5 contains what could be an exponential decrease. This could also be
explained by thermal effects as people entered and left the room causing a change in
temperature. These effects are sufficiently small to be discarded as an error source
for the long term measurements presented in this thesis. However, if OEDC is to
be used for more accurate combs, then a thermal controller should be used for the
reference oscillator.

The phase noise of the reference oscillator was measured and the result is shown in
Figure 4.6. The phase noise of the oscillator is much lower than the phase noise of
the uncontrolled and controlled comb (see Figure 4.3) for low offset frequencies. For
those frequencies, it is concluded that the controller compensates for noise in the
system. For large offsets is the phase noise of the reference lower than that of the
comb. However, more stable combs, or combs with larger repetition rates, will soon
be limited by the phase noise of the reference.
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Figure 4.4: Comparison of phase noise performance for four different values of Ki.
Images show different behaviors. Bottom and top left figures contains an oscillation
which is visualized as a peak in phase noise. All figures show a degradation in phase
noise from the controlled case after the integrating bandwidth of the controller.
Different Ki are shown to correspond to different uncontrolled phase noise plots.

Figure 4.5: Measurement of the reference oscillator stability used for OEDC. A
total variation of 150 Hz peak to peak is achieved for a 25.1 GHz oscillator.
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Figure 4.6: Reference oscillator single side band phase noise. It is lower than the
measured phase noise of the comb for all frequencies.

4.5 Compensating for coupler drift
The performance of the coupling controller was evaluated without an active comb.
Figure 4.7 compares the coupling losses with and without the coupling controller.
The controlled losses decrease at the start of the experiment because the coupling
was not optimal before starting the measurements. In contrast, the uncontrolled
experiment started right after the controlled one and was therefore optimally coupled
from the start. Steady state noise is similar between the two measurements. The
uncontrolled losses begin to increase significantly halfway through the experiment
while the controlled case remains constant.
Both experiments have significant variations in loss around the 2500 s point. The
timing of these variations is purely a coincidence as the experiments were performed
back to back and were not exposed to the same environmental effects.
The start of the controlled measurement shows a decrease in losses. This is the
controller compensating for a sub-optimal coupling. However, the controller is not
able to do this reliably for large errors in initial coupling. It is likely to get stuck
in a local minimum in coupling strength. This is not an issue as finding the initial
maximum only takes a few minutes manually.
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Figure 4.7: Coupling losses with and without the transmitted power maximization
algorithm enabled. No comb is present in the device. The uncontrolled system starts
drifting halfway through the experiment while the controlled one remains constant.
Experiments are performed back to back with the controlled one running first.
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5
Conclusion

A photonic molecule microcomb was stabilized by active feedback control of the
detuning. Detuning was measured indirectly as soliton power and altered by mov-
ing the longitudinal mode of the cavity thermally. This control scheme increases
the long-term stability of the comb as well as decreases its phase noise within the
bandwidth of the controller.

This result enables future research around photonic molecule microcombs by decreas-
ing their phase noise, increasing their lifespan and thus the length of an experiment
as well as reducing their sensitivity to external forces such as acoustic vibrations
and temperature.

These improvements facilitate the further development of photonic molecule mi-
crocomb towards applications such as spectroscopy, optical telecommunication and
metrology. To achieve these long term goals more research is needed within stabi-
lization of the photonic molecule microcomb. The sections below outline such future
research.

5.1 Coupling stability
The stability of a photonic molecule microcomb controlled by locking the converted
power to a constant value seemed limited by coupling stability. Further research
should go towards eliminating coupling drift from the equation by proper packaging
as done in [45] or active control of the coupling stages as demonstrated in this
thesis. The purpose of that research is to achieve as low drift as possible as well
as investigate if the measured correlation between transmitted power and repetition
rate is caused by coupling drift.

5.2 Phase noise measurement method
The method used for measuring phase noise, OEDC, requires a stable, high power
and high frequency reference oscillator. These three things are difficult to engineer
into the same oscillator and thus the accuracy of the measurements in this thesis
is limited by the oscillator at hand. Future work into control of combs should
consider a direct detection scheme of the repetition rate using faster photodiodes
and spectrum analyzers. Purchasing another reference seems futile as last year’s
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Figure 5.1: Block diagram of overpower protection. It protects the microheaters
by multiplying the digitized voltage and current inputs and comparing the product
to a user set point.

model of high frequency signal generator from Keysight has similar phase noise
performance at a lower output power [46] when compared to the available oscillator.

OEDC also provides poor optical signal to noise ratio at the photodiode before
the phase noise analyzer. This is because significant comb power is lost during
modulation. A high optical signal to noise ratio is needed to avoid the shot noise
limit of the PD. Compensation for this requires extra RF and optical amplifiers as
well as optical filters which introduces extra complexity and noise sources.

Direct detection, in which the the repetition rate is detected with a single sufficiently
fast photodiode is also possible. This works around the two aforementioned issues
but requires a fast photodiode or comb with a low repetition rate as used by [47].

5.3 Heater robustness

The microheaters found on the photonic molecules, which can be seen in Figure
1.1, are quite fragile and breaking one makes a device unusable. I broke quite a
few during this thesis. A few paths could be explored to improve the heaters. One
of them is the design of the heaters where the interesting design parameters are
maximum power capability and bandwidth. The distribution of these parameters
could also be investigated as a power that broke one of my heaters did not break
another.

An electronic power limiter could also be explored. It should measure current
through and voltage across the heater, multiply them and introduce a large se-
ries resistance via a, for instance, series transistor if the power reaches a set point.
A schematic sketch of such a system is shown in Figure 5.1. The bandwidth of its
control system could be similar to the heater bandwidth, about 100 kHz. However,
I’ve only destroyed heaters when initiating a comb manually. Thus a smaller band-
width, say 1 kHz, could be used to grant protection from the user of the comb. The
pass transistor should be dimensioned such that the heater bandwidth is unaffected.
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5.4 Locking to a frequency reference
Locking the output spectrum to a converted power set point has shown to signifi-
cantly improve both stability and phase noise. However, better performance could
probably be achieved by locking to a frequency reference as it directly measures and
compensates for variations in the parameter of interest, the repetition rate.

5.5 Requirements on control system
The utilized controller, the RP [31], is significantly over-dimensioned for the control
system. A smaller, cheaper and lower power with a higher digital resolution solution
could be constructed from audio grade signal converters and a micro controller or
smaller FPGA. Such a system would be more suitable for use in consumer applica-
tions. However, the phonoic molecules are not yet sufficiently mature for commercial
deployment meaning that the cost of an over-dimensioned system is negligible.
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A
Working with PID and photonic

molecule microcombs

This appendix is intended as documentation for the researchers wanting to use
the control methods developed in this thesis for future work with microcombs. It
describes how the RP is used and pitfalls that I ran into.

A.1 Control software
Two methods have been used. One is the lock-in+PID1 the other is using pyrpl2.
The user interface of lock-in is in my opinion better than that of pyrpl. However
pyrpl has a few technical advantages. It is able to be interfaced with via python and
enables more flexible analysis of the signals by running an oscilloscope and spectrum
analyser at the same time as the PID controller. However, it is also limited in some
manners. Firstly, there is no Kd available in the pyrpl controller even though the
module is called PID and secondly is the maximum value of Ki limited to a few
tens of kHz. None of these limitations are present in the lock-in controller. These
limitations are not significant as Kd can be left unused in a lot of cases and the
limited Ki matters little as the heaters are unable to operate over 100 kHz. I would
therefor recommend pyrpl.
Using pyrpl is a three step process. First open the pyrpl software, called pyrpl-
windows, and navigate to the PID module. Make sure that Ki, Kp = 0, Ival = 0 and
that the correct inputs and outputs are selected. The PID controller is now disabled
and the comb can be initiated. Second, verify the relation between converted power
and heater voltage, what I write here applies when there is a π phase between
converted power and heater voltage, i.e an increase in heater voltage decreases the
converted power and set a set point for the converted power. The set point as
entered in the user interface is the voltage to lock the converted power to. You are
now able to enter Kp and Ki which should be positive. 0.01 < Kp < 2, Ki < 10000
has worked well for me just make sure that there are no oscillations. The scope app
of the pyrpl works well for this observation. The spectrum of the input signal can
be observed in the spectrum analyser module to see how the controller attenuates
errors. The controller is working properly if the input is attenuated for f < Ki.

1https://marceluda.github.io/rp_lock-in_pid/
2https://pyrpl.readthedocs.io/en/latest/
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A. Working with PID and photonic molecule microcombs

Third should the PID module be closed in the user interface in order to allow
python to access the module. The python script will fail to interface with the RP
once however the second attempt has always worked for me.
Be careful about using the arrow keys to change PID parameters. The user interface
has a velocity based control which I find counterintuitive to use. Every time I tried
using the arrow keys to tweak parameters I lost the comb.

A.2 Optical filter
A narrow band and steep optical filter for selecting the comb lines for the converted
power is needed if the best stability is required. A wider filter makes the system
more sensitive to state changes that redistribute the converted power between the
lines. The effect of different filter sizes is investigated more in the thesis itself.
The stop band attenuation of the filter is also of importance. If a few lines are
used for measurement must those lines be selected close to the pump to have signif-
icant power for detection. The stop band attenuation of the filter therefore sets the
amount of pump power seen in the converted power measurement. As the detuning
increases is the converted power increasing (equation 2.10) however the pump power
transmitted through the resonator decreases as more power gets coupled into reso-
nance. Leakage between pump and converted power measurement therefore reduces
the sensitivity of the measured power to the detuning.
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