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Abstract

The measurement of time, one of the most fundamental aspects of human existence, has un-
dergone significant evolution over the centuries. The second, as the base unit of time in the In-
ternational System of Units (Sl), has seen its definition refined with advances in technology and
science. Initially defined by Earth's rotation, the second found a more stable reference in the tran-
sition frequency of the Caesium atom in 1967 by the Conférence Générale des Poids et Mesures
(CGPM), marking a significant leap in precision and reliability. However, the relentless pursuit of
even greater accuracy has led to the development of optical atomic clocks using ultra-stable lasers
and optical frequency combs.

The definition of the second based on the Caesium atomic clock was a milestone in metrology,
providing a stable and reproducible standard for time measurement. The 9,192,631,770 oscilla-
tions of the Caesium-133 atom offered a precision that was unimaginable with previous methods.
This era witnessed the widespread adoption of atomic timekeeping in various applications, from
global positioning systems (GPS) to telecommunications and beyond. However, the physical lim-
itations of microwave frequencies used in Caesium clocks have prompted the search for more
accurate alternatives.

Recent decades have seen the advent of optical atomic clocks, which promise a new frontier in
timekeeping. Unlike their microwave counterparts, optical atomic clocks utilize transitions in the
optical range, significantly increasing the frequency of oscillations and thus the potential for preci-
sion. The core of this innovation lies in the use of ultra-stable lasers and optical frequency combs.
Ultra-stable lasers provide the incredibly precise and stable frequencies required for optical clocks,
while optical frequency combs serve as rulers to transpose these frequencies with unparalleled
accuracy. This synergy has led to the development of clocks that are orders of magnitude more
accurate than Caesium atomic clocks, heralding a new era in the definition of the second.

Despite their superior precision in laboratory environments, the practical application of optical
atomic clocks faces significant challenges. The primary concerns revolve around their size, weight,
and power requirements, which currently limit their deployability in field operations. These chal-

lenges are particularly pertinent in scenarios requiring portable and energy-efficient solutions,



such as in remote sensing and defense applications. Efforts to overcome these obstacles are in-
tensifying, driven by the profound impact that enhanced timekeeping precision could have across
various sectors. Innovations aimed at miniaturizing these technologies and reducing their power
consumption are crucial for enabling a broad range of applications, from improving global naviga-
tion systems to enhancing telecommunications and beyond.

A key challenge in the adoption of optical atomic clocks is the dissemination of the highly accu-
rate frequencies and time signals they generate. Optical frequency dissemination via optical fibers
emerges as a pivotal technology in this context, enabling the transfer of ultra-precise time signals
over long distances with minimal loss of accuracy. This method leverages advanced photonics and
telecommunications technologies to maintain the integrity of the optical signals, ensuring that the
unprecedented precision of optical atomic clocks can be effectively utilized in applications world-
wide. Whether for scientific research, global timekeeping infrastructures, or advanced navigation
systems, optical frequency dissemination is critical for realizing the full potential of optical atomic
clocks.

This thesis presents the design and realization of an ultra-narrow linewidth laser utilizing a
Fabry-Pérot cavity with an optical length of 25 mm working at room temperature. The cavity is
made from ultra low expansion glass with optically contacted Fused Silica mirrors. The expected
fractional frequency stability of this cavity is 1 x 10715 at 1-second integration time. The resulting
laser system achieves good stability and portability, making it suitable for various applications re-
quiring frequency control. Additionally, the thesis demonstrates the development of a laboratory-
scale optical frequency dissemination setup aimed at distributing the ultra-stable frequency gen-
erated by this narrow-linewidth laser. The optical fiber link employed in the dissemination setup
leverages modern FPGA-based phase-locked loops to ensure simplicity and compactness without
compromising on performance. Through experimental validation and analysis, the thesis show-
cases the effectiveness of this dissemination system in maintaining the stability of the transmitted
frequency. Overall, this work contributes to advancing the state-of-the-art in ultra-stable laser tech-
nology and optical frequency dissemination, with potential implications for fields such as metrol-
ogy, communications, and precision instrumentation.

Chapter 1 lays the groundwork by detailing the foundational concepts and theoretical frame-
work surrounding Fabry-Pérot cavities and the dissemination of frequency via optical fibers. This
initial chapter also explores the various factors that could potentially hinder the performance of
ultra-stable lasers based on Fabry Pérot cavities, alongside the challenges faced in frequency dis-
semination through optical fiber links. It outlines methodologies for detecting and addressing
noise that may affect both the cavity and the link, while concurrently reviewing the current ad-
vancements in ultra-stable laser systems and optical fiber link technologies.

Chapter 2 details the development and testing of a laboratory-scale ultra-stable frequency

dissemination system using a 15 m long optical fiber achieving a residual phase noise, measured



in terms of fractional frequency stability of 2x 10~!® at 1 second integration time. Our aim was
to reliably transfer a stable optical signal within our laboratory while mitigating external noise
through a digital phase-locked loop implemented on an FPGA based board. We also developed a
compact, rack-mountable version for portable use. This work advances stable frequency transfer
technology, with potential impacts across precision timekeeping.

Chapter 3 outlines the progress made in developing a compact and highly stable laser setup,
a project initiated by the work of Alexandre Didier and Séverine Denis. It describes a laser system
that is frequency-locked to an ultra-stable Fabry-Pérot cavity with a double tetrahedral-shaped
spacer made from ULE (Ultra Low Expansion) glass, with a 25 mm optical length. The discussion
extends from the cavity's design and the rationale behind its geometry to the optical and electronic
approaches adopted for frequency stabilization, notably the digital implementation of the Pound-
Drever-Hall (PDH) technique. Further sections delve into the cavity's characterization, addressing
phase fluctuations and thermal expansion considerations, followed by an analysis of identified
limitations and the strategies devised to overcome them, setting the stage for potential improve-
ments in cavity performance.

Chapter 4 details the development of a transportable, ultra-stable laser system, based upon
an updated version of the compact Fabry-Pérot cavity mentioned in Chapter 3. It outlines the novel
features introduced and the key modifications to the system to enhance its stability and portabil-
ity, with particular attention to the choice of INVAR for the new mount due to its thermal and
mechanical advantages. The chapter also describes a redesigned compact power supply system
for low-noise operation. The discussion covers the integration of optical and electronic compo-
nents, highlighting the system’s improved performance. It also highlights the limitations of the
system and potential for future research improvements. A 25 m long optical fiber link setup for
frequency dissemination from this ultra-stable laser system is also mentioned, aiming to connect

ultra-stable lasers across different lab rooms.



Chapter 1

Introduction

1.1 Time and Frequency metrology

Time and frequency metrology is an essential scientific field that deals with accurately mea-
suring time and frequency. Its significance has grown in recent years, as it finds applications in
various areas such as telecommunications, global navigation systems, and scientific experiments
that rely on precise timing.

A critical outcome of time and frequency metrology is the development of highly accu-
rate frequency standards. These standards serve as primary references for measuring time and
frequency with exceptional precision in a wide range of applications. The most notable frequency
standards are atomic clocks, known for their remarkable accuracy and stability. They play a central
role in advancing technologies and scientific research that depend on precise timekeeping.

State-of-the-art optical atomic clocks are advanced timekeeping instruments based on
the precise transitions of neutral atoms or ions. These clocks have achieved remarkable system-
atic uncertainty levels of 10718 and beyond [1-5]. They are crucial tools for various scientific and
technological applications requiring utmost precision.

Concurrently, significant progress has been made in developing ultra-stable lasers us-
ing Fabry-Pérot cavities, demonstrating fractional frequency stability levels as low as 10717 [6-10].
These lasers play a vital role in precise measurements and experimental setups that demand sta-
ble and reliable frequency sources.

However, it is important to note that primary frequency standards with the best accu-
racy are typically realized using atomic clocks such caesium atomic clocks. Optical atomic clocks
are stillunder active research and development, and they have the potential to become an integral
part of future frequency standards as their technology advances.

The integration of ultra-stable lasers and other precise timekeeping methods with atomic
clocks has significantly advanced time and frequency metrology, enabling researchers and engi-

neers to achieve unprecedented levels of frequency stability. These technologies hold the poten-
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1.2. Ultra-stable lasers

tial to drive further scientific exploration and facilitate the development of revolutionary applica-

tions that rely on precise and stable timing.

1.2 Ultra-stable lasers

1.2.1 Introduction

In the introductory part of Chapter 1, an overview will be given about the technique of laser
frequency stabilization using a Fabry-Pérot cavity. The working and the properties of a Fabry-
Pérot cavity will be explained in detail. Following that, an explanation of the principles behind
laser frequency stabilization to a Fabry-Pérot cavity using the Pound-Drever-Hall method will be
provided.

Furthermore, we will discuss the fundamental limits that affect the frequency stability
of an ultra-stable laser. This will involve exploring both physical and technical factors that place
restrictions on the achievable stability of the laser output frequency. These considerations will en-
compass factors such as thermal noise, quantum noise, and other intrinsic limitations influencing
the overall frequency stability of the laser system.

Moreover, an outline of the tools and techniques employed to characterize the fre-
quency stability of an ultra-stable laser will be presented. This will cover advanced measurement
techniques and instruments utilized to evaluate the laser performance in terms of frequency sta-
bility. The methods will include determining phase noise, fractional frequency stability, thermal
noise etc.

Finally, this section will conclude by spotlighting state-of-the-art ultra-stable lasers that
are currently leading in scientific research and technological advancement. This will involve review-
ing the latest developments in ultra-stable laser technology, encompassing innovative designs,
novel methods, and breakthroughs that have achieved remarkable levels of frequency stability in

modern laser systems.

1.2.2 Cavity stabilized lasers

In physics, particularly atomic physics, lasers are important tools in numerous experiments.
Ensuring reproducibility and experiment quality hinges on the laser maintaining a stable, well-
defined absolute frequency. In experiments where laser coherence is relevant, the short-term fluc-
tuations around its mean frequency, known as the laser linewidth, become important. Controlling
the laser linewidth is critical for experiments relying on temporal coherence, ensuring consistent
conditions and meaningful results. In essence, managing the absolute frequency and linewidth of
lasers is crucial for advancing our understanding of fundamental quantum phenomena in atomic

physics. An ultra-stable laser is a very narrow linewidth laser whose frequency is stabilised to
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1.2. Ultra-stable lasers

the resonance frequency of an ultra-stable resonator which in my work was a Fabry-Pérot cavity.

The fractional frequency fluctuations of an ultra-stable laser, stabilized to a Fabry-Pérot cavity, are

fundamentally limited by the length fluctuations of the cavity and are given by the equation 1.1
AL Av

T =, (1.1)

where, AL/L is the fractional length fluctuations of the Fabry-Pérot cavity and Av/v are the frac-
tional frequency fluctuations of the laser. Length fluctuations in a Fabry-Pérot cavity can be caused
by environmental noise including temperature fluctuations, vibrations, pressure fluctuations etc.
which directly affect the frequency stability of the laser. So, in order to design an ultra-stable laser,

one has to realise a system reducing these fluctuations.

1.2.3 Fabry-Pérot Cavity

A Fabry-Pérot cavity consists of a pair of mirrors that exhibit high reflectivity while also
allowing partial transmission. These mirrors are placed at a fixed and predetermined distance
denoted by L. To ensure structural stability and minimize the risk of unwanted deformations or
misalignments that could negatively impact performance, these mirrors are carefully positioned
on a spacer. This is achieved through optical contact. The schematic of a Fabry-Pérot cavity is

shown in Fig.1.1.

Beam

L\

L

Figure 1.1: Schematic of a Fabry-Pérot cavity where S; and S» are the mirror substrates, L is the
optical length of the cavity, C; and Cj are the reflective coatings on the substrates.

The spacer, crucial for the Fabry-Pérot cavity functionality, can be crafted from various materials
like glass, silicon, or sapphire. The choice of material depends on specific application require-
ments. Additionally, to enable reflectivity and reduce optical losses caused by scattering or ab-
sorption, thin films of amorphous or crystalline dielectric materials are applied as coatings onto

the substrates. These coatings play a vital role in optimizing performance.
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1.2. Ultra-stable lasers

The Fabry-Pérot cavity mainly acts as an optical resonator, with resonance frequencies denoted
by v and given by the equation 1.2
mc

= — 1.2
ve= o (1.2)

where, cis the speed of light in vacuum and m is an integer indicating the order of resonance. The
Fabry-Pérot cavity works on the phenomenon of multiple beam interference. From [11, 12], we
know that when light of wavelength A is incident on a Fabry-Pérot cavity, it undergoes multiple re-
flections between the mirrors. Intensity builds up inside the cavity until an equilibrium is reached;
part of the light escapes through both mirrors. The reflected beam from the cavity is the coherent
sum of the part of the incident beam that gets reflected off the first mirror without entering the
cavity and a part of the standing wave inside the cavity that leaks through the first mirror. Both
beams have the same frequency and amplitude near resonance but the phase of the two beams
are strongly dependant on the frequency of the laser beam denoted by v;. If vy, is in resonance
with the cavity, these two beams will be 180° out of phase with each other resulting in destructive
interference between them. This results in the complete disappearance of the reflected beam
and all the light incident on the cavity will pass through. If v, is far from resonance with the cavity,
there is no standing wave inside the cavity; the interference between all the round trip of light is
zero. Therefore, the reflected beam is nearly the incident beam.

The Fabry-Pérot cavity provides multiple resonance modes that can be used to generate
ultra-stable frequency references. The spacing between these resonant frequency modes is called
the free spectral range (FSR) of the cavity. The FSR of a Fabry-Pérot cavity denoted by Avpgg is

given by the equation 1.3
(&

= (1.3)

Avpsg =

The FSR of a Fabry-Pérot cavity generally lies in the radio frequency (RF) or microwave domain and
is dependant on the length of the cavity (L) and the laser phase velocity that is the speed of light in
case of a free space cavity. For an incident laser beam with an electric field (F) with a hypothesis

of no losses (absorption), the incident and reflected electric fields are given by the equation 1.4

Einc — EOe(iwt)
(1.4)
E’r‘ef _ Ele(iwt)

where, Ey and F; are the amplitude of the incident and reflected fields respectively and w = 27y
is the angular frequency of the carrier. The electric field reflection coefficient (F(w.)) for a cavity
with symmetric mirrors of reflectivity (r) and transmitivity (t = v/1 — r2) is given by the equation

1.5 4
Erep r(eiwe/Avrsr _ 1)

F(we) = = . (1.5)

Einc 1 _ r2eiwe/AVFSR
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1.2. Ultra-stable lasers

where, w, = w — w, is the difference between the angular frequencies of the laser and the Fabry-
Pérot cavity with w, = 27 5F measured in radians per second. w, is also known as the angular
frequency detuning measured in radians per second and can be expressed as dVgetuning in Hz. The
reflectivity (r) of the mirrors determines the amount of light that builds up inside the cavity. For
highly reflective mirrors (r > 0.99), an average photon bounces many times between the mirrors
before escaping. The number of round trips of a photon inside the cavity is proportional to the
finesse denoted by F. The finesse for a Fabry-Pérot cavity with highly reflective mirrors is given

by the equation 1.6
T

s

fa (1.6)

The finesse plays an important role in characterizing the cavity capacity to enhance the interaction
of light with its resonance mode. This parameter is derived by comparing the FSR of the cavity with
the full width at half maximum (FWHM) of its resonant peak, often referred to as the linewidth.
Mathematically, finesse is given by the equation 1.7

_ Avpsr

F= S, (1.7)

where, dv signifies the linewidth of the cavity. Finesse is directly connected to the number of
oscillations the resonant mode experiences within the cavity before its energy dissipates. This
relationship is inversely proportional to the losses within the cavity. Consequently, a high-finesse
cavity corresponds to lower losses and the ability to sustain high-Q resonant modes character-
ized by narrow linewidths and exceptional spectral purity. This connection between linewidth and

finesse is illustrated in Figure 1.2.
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1.2. Ultra-stable lasers

1.0 —— Finesse = 50
—— Finesse = 200
—— Finesse = 500

[A.U]

Transmission
Power

—-0.10 —-0.05 0.00 0.05 0.10
f-fo [THZ]

Figure 1.2: Transmission spectrum of a Fabry-Pérot cavity versus frequency for three different
values of cavity finesse where fj is the resonance frequency of the cavity.

A higher finesse indicates a more efficient cavity, capable of confining light for extended durations
and facilitating constructive interference. This leads to distinct, well-defined peaks in the Airy dis-
tribution of transmitted light, showcasing narrower linewidths (blue solid line). Conversely, a lower
finesse results in broader linewidths (red and green solid lines), as the cavity efficiency in storing
light decreases, and interference patterns become less well-defined. In essence, the quality of the
cavity dictates the extent of constructive interference, consequently influencing the linewidth of
resonant modes.

Various experimental methods are available for measuring finesse, dependent on the
type of resonator and available equipment. The ringdown time method is the most commonly
used approach, particularly for optical cavities with high finesse values. This technique involves
switching off the input laser pulse and observing the decay of the resonant field using a high-speed
photodetector. The finesse can be calculated based on the ringdown time and the cavity length.

The higher the finesse, the more time a photon spends inside the cavity. A high finesse
cavity has a very narrow linewidth (6v), making it more sensitive to fluctuations in the frequency of
the laser. To establish a link between the finesse (F) and the linewidth (§v), we use the equation

1.8
AVFSR
Sv = 1.8
v F (1.8)

The intensity of the reflection, the transmission and the phase of the reflected beam near reso-
nance for a cavity with a length of 100 mm and mirror reflectances of 99 %, for a laser at 1.5 um,

is shown in Fig 1.3.
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1.2. Ultra-stable lasers
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Figure 1.3: Red solid line: Intensity of cavity reflection over laser frequency; Blue solid line: Intensity
of cavity transmission over laser frequency; Red solid line (plot 3): Phase of the reflected beam.

From Fig. 1.3, red and blue solid lines represent the intensity of reflection and transmission for a
Fabry-Pérot cavity over frequency respectively and red solid line in the third plot represents the
phase of the reflected signal. When the incoming light is in resonance, the phase of the reflected
light from the Fabry-Pérot cavity displays a distinct change as the reflected intensity diminishes.
When the light is detuned from resonance, the reflected light demonstrates a phase alteration

with an opposing sign. This alteration in phase depends on the direction of the detuning.

1.2.4 Cavity Transmission Modes

Cavity transverse electromagnetic (TEM) modes are a type of resonant mode that can be
sustained in a cavity bounded by two mirrors or reflective surfaces. These modes are characterized
by the spatial distribution of the electric and magnetic fields within the cavity, and are fundamen-
tal to understanding the behavior of electromagnetic waves within optical cavities. Specifically,
the TEM modes exhibit a uniform electric field and a magnetic field that is perpendicular to the

direction of wave propagation.
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The frequencies of the TEM modes are determined by the length of the cavity and the
radius of curvature of the mirrors. These frequencies are separated by the free spectral range of
the cavity. In the context of laser stabilization, the most commonly used TEM modes are the fun-
damental mode (TEMO0O) and higher-order modes such as TEM01 and TEM10. These modes have
different spatial distributions and resonant frequencies, and can be selectively excited by varying
the shape and alignment of the laser beam. However, the TEMOO mode is generally preferred due
because it is easier to couple which leads to a more stable and precise laser output. According
to [13], for a Gaussian standing wave inside a Fabry-Pérot cavity, the necessary conditions for the

electric field to form a stable cavity mode are based on two conditions that are
1. the wavefront curvature condition.
2. the resonance condition.

The wavefront condition states that the curvature of the wavefront at each mirror of the cavity
should match the effective radius of curvature (R) of the mirrors. Applying the wavefront condition
for a Gaussian beam with wavelength X incident on a cavity of length L, the waist (w) of the
Gaussian beam that defines the distance from the beam centre where the electric field amplitude
has fallen to 1/e of its maximum value is given by the equation 1.9

1/4
(1.9)

State of the art Fabry-Pérot cavities can be configured with mirrors that have different radii of
curvature, with the g parameter of each mirror in a general configuration given by
L

s =1— = 1.10
g 7 ( )

where, R; is the radius of curvature of the i*" mirror. Stability in a Fabry-Pérot cavity occurs when

the product of the g parameters for both mirrors satisfies the stability condition 1.11

0<gig2<1 (1.11)

The condition for resonance inside a Fabry-Pérot cavity states that the total round-trip phase shift
of the light must be an integer multiple of 2x. Besides the fundamental mode, there are sev-
eral other higher order modes in a cavity which are known as transverse electromagnetic modes
(I'EM.n). The frequency of a Hermite-Gaussian mode in a Fabry-Pérot cavity is given by the equa-
tion 1.12

n+m+1
VUmng = AVrsr|q + Tarccos [\/9192” (1.12)
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where, ¢ is the principal mode number and m and n are the transverse mode numbers.

Frequency locking on a Fabry-Pérot cavity

The Pound-Drever-Hall (PDH) technique represents a laser frequency stabilization method
that effectively synchronizes a laser frequency with the resonance frequency of a stable Fabry-
Pérot cavity [14, 15]. This widely employed method owes its name to its pioneers, Robert Pound,
Ronald Drever, and John Lewis Hall, and it plays a crucial role in stabilizing the frequencies of
cutting-edge ultra-stable lasers.

In the PDH technique, a laser beam with frequency vy, is directed into a Fabry-Pérot
cavity with resonance frequency v, as described previously. The reflected signal from the cav-
ity contains valuable information about both the cavity resonance and the laser frequency. A
photodetector is employed to detect this reflected signal. Photodetectors have a limited mea-
surement bandwidth, making it impossible to directly measure optical frequencies. However, the
phase shift caused by changes in optical frequencies can be measured. In the PDH technique, the
key parameter of interest is the phase shift of the reflected beam from the Fabry-Pérot cavity.

To accomplish this, an Electro Optical Modulator (EOM) is used to introduce phase mod-
ulation to the incident beam at a specific modulation frequency 2. The modulation depth (3) of
the EOM is carefully set to ensure that 50 % of the power is in the carrier, while the remaining 50
% is in the first-order sidebands.

It is crucial for the modulation frequency €2 to be higher than the linewidth of the cav-
ity. This way, when the phase-modulated carrier beam is directed into the cavity, only the carrier
frequency couples with the cavity, while the sidebands get reflected. These sidebands, operating
at the frequency ), interfere with the reflected beam from the cavity, enabling the phase of the
reflected beam to be detected through a beatnote at €.

Additionally, please note that the PDH technique capitalizes on the symmetric behavior
of the Fabry-Pérot cavity reflection coefficient near resonance, as documented in [12]. Specifically,
when the laser frequency is above resonance, the reflection coefficient derivative is positive, re-
sulting in the reflected beam intensity varying in phase with frequency changes. Conversely, when
the laser frequency is below resonance, the derivative becomes negative, leading to the intensity
behaving out of phase with frequency variations. At the exact resonance frequency, the reflected
intensity is cancelled.

The detected signal is then filtered and demodulated by mixing it with a local oscillator
signal in a mixer. The output of the mixer is directly proportional to the difference in frequency be-
tween the laser and the cavity, which is commonly referred to as the detuning frequency 0 vgetuning-
This detuning frequency is subsequently used to generate an error signal, allowing for precise
frequency stabilization. The implementation of the Pound-Drever-Hall (PDH) technique involves

following the scheme depicted in Figure 1.4.
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Figure 1.4: Scheme of PDH frequency locking technique where vy, is the frequency of the laser, v&
is the frequency of the Fabry-Pérot cavity, Ol is optical isolator, EOM is electro optical modulator,
LO is local oscillator, LF is loop filter, PD is photodiode, PS is phase shifter, LPF is low pass filter,
PBS is polarised beam splitter.

By carefully observing the intensity of the reflected beam versus laser frequency near resonance,
the PDH technique generates an error signal, which is the derivative of the reflection coefficient
with respect to the detuning frequency. This error signal is then used in a feedback loop to tune
the laser frequency. Leveraging this feedback, the system adjusts the laser frequency to match
the cavity resonance, effectively stabilizing the laser output. The intensity of the reflected beam is
quantified by equation 1.13

I(R) = |Eres|* = 32| Eincl?, (1.13)

where I(R) is the intensity of the reflected beam, E,. is the reflected electric field, E;,. is the

incident electric field, and § is the cavity reflection coefficient and is given by the equation 1.14

&

ref
= . 1.14
§ o ( )
Mathematically, the incident electric field of phase-modulated light on the cavity is given by equa-

tion 1.15

Eipe = EgetwttFsin(2t))

i ; ) (1.15)
~ E() Jo(ﬁ)eWt + Jl (5)61(“’4—9)25 _ Jl (B)ez(w—ﬂ)t )

where, J;(i = 0, 1) is the i-th order Bessel function. It comprises the carrier wave at a frequency
w and the two sidebands at frequencies w + Q2 due to the Electro Optical Modulator (EOM) phase
modulation. The reflected electric field, E.,.y, is obtained by multiplying E;,. with the reflection

coefficients, §(w), as shown in equation 1.16
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Erep = Eo | F(we)Jo(8)e™ + F(we + Q) J1(B)e! @D — F(w, — Q)1 (B)el @Dt (1.16)

To indirectly measure the electric field, the power of the reflected signal on the photodiode, de-

noted as I(R), is analyzed. This intensity is given by Equation 1.17

I(R) = |Eyes|?

= PC|S(W6)|2 + Psm(“’e + Q)|2 + Psm(‘% - Q)|2

+ 2v/P.PsRe[F(we)F (we + Q) — T (we)F(we — Q)] - cos (Q) (1.17)
+ 2/ P.PsIm[§(we)F (we + Q) — F (we)F(we — N2)] - sin (2¢))
+ 0[29)]

where,

P.=J3(B) Py 118
Ps == le(ﬂ)PO

It consists of various frequency components, including the carrier frequency (w) producing a DC
signal, the first-order sidebands oscillating at the modulation frequency (2), and higher-order har-
monics (2€2). The modulation depth (5) is chosen such that P.+2P; ~ Py, ensuring the discriminant
D of the error signal is maximised.This optimization enhances the system's sensitivity to frequency
deviations. Further details on how the modulation depth influences the error signal are provided
after equation 1.20.

A frequency mixer is utilized to isolate the phase information carried by the sin({2¢) and
cos(§2t) components. By mixing the photodiode (RF) signal with a local oscillator at the modulation
frequency (©2) and passing it through a low-pass filter, the Pound-Drever-Hall error signal (e) is

obtained which can be expressed as given in equation 1.19

€ = 2/ PP Im[§(we)F" (we + Q) — F(we)F(we — Q). (1.19)

When the modulation frequency is sufficiently high, the sidebands do not enter the cavity, and the
error signal is approximately proportional to Im[§(w)]. When the frequency of the laser is nearby

the frequency of the cavity, e an be approximated as 1.20 [12]

4 e
€ = _7\/ﬁw7 = Déydetuning
T ov

b= PP L R
14 C

(1.20)

where, év is the linewidth of the laser, w, is the angular frequency detuning, 6vgectuning iS the fre-
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quency detuning and D is the frequency discriminant that is the slope of the error signal. It reflects
the system'’s sensitivity to small frequency deviations from the desired lock point. A higher value
of D indicates a steeper slope, which enhances the precision of laser frequency stabilization by in-
creasing the feedback response to any frequency shifts. A steeper slope is particularly beneficial
because it reduces the system'’s vulnerability to various noise sources, such as electronic offsets
or drifts in the control electronics. In essence, a large D improves the robustness of the frequency
lock by ensuring that corrections are applied rapidly and effectively over a wide range of opera-
tional conditions. Moreover, the discriminant can be adjusted by modifying the modulation depth
or amplitude of the modulation sidebands in the stabilization process, as these factors directly
affect the shape and steepness of the error signal. This adjustment further enhances the system'’s

resolution and its ability to maintain tight control over the laser frequency.

1.2.5 Ultra-stable laser characterization tools

In this subsection, | will give a short description about the tools we use to characterise the
frequency noise and stability in oscillators, atomic clocks and ultra stable lasers. Please note that
| will give a short summary of the tools. Detailed explanation can be found in several books and

journal articles available online. To describe the tools | mostly used the books by [16] and [17].

Power Spectral Density (PSD)

Power Spectral Density (PSD) is a measure of the distribution of power within a signal as
a function of frequency. The PSD of a signal is defined as the power per unit frequency, and it
describes how the power of the signal is distributed across different frequency components. As
per Wiener-Khinchin theorem, the PSD is the Fourier transform of the autocorrelation function
(R(t)) of a signal, and it is typically expressed in units of power per hertz. The power spectrum
S(w) of a random process xz(t), specifically known as the two-sided power spectrum denoted by

STI(w) is given by the equation 1.21

“+o00
SH(w) = / R(t)el*tdt. (1.21)

— 00

The autocorrelation function quantifies the similarity between a signal and itself at different points
in time. PSD provides information on how the power of a signal is distributed among different
frequencies.

In the frequency domain, the phase noise in an oscillator is mainly characterized by the
one sided PSD of the random phase fluctuations of (¢) as a function of the Fourier frequency f
from the carrier in a measurement bandwidth of 1 Hz [18]. One-sided PSD is a variant of the PSD
that describes the distribution of power in a signal as a function of positive frequencies only. In con-

trast, the standard two-sided PSD describes the distribution of power as a function of both positive
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and negative frequencies. Please note that, positive and negative frequencies are mathematical
concepts in signal processing where positive frequencies represent counterclockwise oscillations
and negative frequencies represent clockwise oscillations in the complex plane. While real signals
contain both, negative frequencies do not correspond to physical phenomena but are necessary
for fully describing real-world signals in the frequency domain.

The PSD of phase fluctuations, expressed as S, (f) measures the phase noise relative
to the carrier frequency. It provides information about the amount of phase noise power that is
present at each frequency offset from the carrier frequency. The unit of S, (f) is rad?/Hz.

Another term used to characterize the phase noise of a signal is denoted by Z( f), which
is basically the one-sided PSD of the phase fluctuations as a function of frequency f and is given
by the equation 1.22

2(f) = 35,1, (1.22)

In practice, Z(f) is expressed in units of dBc/Hz where dBc refers to the power relative to the
carrier. It describes the power level of the phase noise relative to the carrier power in a 1 Hz
bandwidth at each frequency offset from the carrier. Therefore the relation between S (f) and

Z(f) can be expressed by the equation 1.23

101log[-Z(f)] = 101log;, l;Sw(f)] ,
(1.23)

= 10log;, [S’w(f)] —3dB.

S, (f) can be expressed in terms of the power law [19] which states that the PSD for phase fluctu-
ations is a sum of the integer power of the Fourier frequency. S,(f) in terms of the power law is

given by the equation 1.24
—4
So(f) = bif, (1.24)

1=0

where, b; is the amplitude associated with each power of f. The various types of noise associated

with S, (f) is shown in Fig. 1.5.
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Figure 1.5: Types of noise associated with So(f).

PSD of phase fluctuations can be written in terms of PSD of phase-time fluctuations («(¢)) denoted

by S, (f) and given by the equation 1.25

1
Sx(f) = (27_‘_”0)2 Sw(f) (1.25)

The unit for S, (f) is s?/Hz. Phase noise can also be converted into frequency noise. PSD of fre-
quency fluctuations which characterizes the power of frequency deviations from a reference fre-

quency can be expressed in terms of S, (f) using the equation 1.26

Sav(f) = 7S, (f). (1.26)

Sau(f) is measured in Hz2/Hz. On the other hand, the PSD of fractional frequency fluctuations
Sy(f) characterizes the power of the fractional deviation of the instantaneous frequency from the
nominal or carrier frequency. It tells us how much the frequency of a signal varies relative to its

nominal or carrier frequency over time. S, (f) is given by the equation 1.27

1 £2
Sy(f) = %Sau(f) = 173599(]“)- (1.27)

where, v is the carrier frequency. The unit of S, (f) is Hz~*
The PSD of fractional frequency fluctuations can be represented as a sum of terms,
where each term is characterized by an integer power of the Fourier frequency, denoted as f.

These integer powers, ranging from -2 to +2, correspond to different types of noise. Thus, the PSD
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Sy(f) can be expressed using the equation 1.28

2
Sy(f) =Y hif' (1.28)
1=—2
where h; represents the amplitude associated with each power of f. This power-law expression
is commonly used to estimate the spectral densities of high stability frequency standards [19]. It
provides valuable insights into the different noise contributions and their impact on the overall

frequency stability. Fig. 1.6 illustrates the different types of noise based on the slope of f.
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Figure 1.6: Types of noise associated with .S, (f).

Allan Variance

Allan variance (AVAR) also called 2-sample variance is an important tool used by metrolo-
gists to estimate the frequency instability of oscillators and clocks in the time domain. One can
use standard variance to measure the frequency fluctuations but the problem with this estimator
is that, standard variance is divergent for some types of noise mostly present in clocks such as ran-
dom walk frequency noise and linear frequency drift. Therefore we use AVAR that converges for
all types of noises shown in Fig. 1.6 for time domain characterisation of fractional frequency insta-
bility. For a finite dataset containing N samples, AVAR is defined mathematically by the equation

1.29
N—-1

(Jit1 — Ui)? (1.29)
i=1

oo(1) = %((@iﬂ —-5)?) = ﬁ

where, g; are the discrete fractional frequency averages, the brackets (()) denote an infinite time
average and the term 2 at the denominator is the normalization factor to classical variance for a
classical white frequency noise [20]. The fractional frequency average is calculated by taking the

derivative of the phase z; and is given by the equation 1.30

1
Y = ;(fﬂ(iﬂ) - x;). (1.30)
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Generally, Allan deviation (ADEV) is used which is defined as the square root of AVAR and is given
by the equation 1.31
oy(7) = /o5 (7). (1.31)

The overlapping Allan variance (OAVAR), introduced by [21], makes better use of the available data
by incorporating overlapping samples. OAVAR is computed by dividing the time domain data into
overlapping segments, and then calculating the variance of the frequency fluctuations within each

segment. OAVAR for an N sample frequency data is defined by the equation 1.32

1 N—-2n+1 ,j+n—1
2 = U1 —0:)2
") = AN I D) ; { ; (Fi+1 — ) } (1.32)

Using OAVAR helps in getting a better estimate of the stability of an oscillator but the computa-
tion time is more for OAVAR when compared to AVAR. So, both AVAR and OAVAR can be used to
estimate the stability of an oscillator. However one drawback of AVAR and OAVAR is that, none of
them can distinguish between white and flicker phase noises because the slope of 05(7) versus
7 is the same (77 1) . As a result, to distinguish between these two types of noises, the modified

Allan variance (MVAR) was developed and is defined by the equation 1.33

1 N-3n+2 ,j+n—1 ,i+n—1
mod o (7) = oA (N 30 1 2) Z { Z < Z (yi+1_yi)2)}_ (1.33)

j=1 i=j k=i

Comparing equations 1.33 and 1.32, we can see that an extra averaging is used for MVAR. Using
MVAR, one can easily compute the fractional frequency instability of an oscillator that is mostly

affected by white phase noise.

Relationship between PSD and Allan Variance

If the PSD of fractional frequency fluctuations (S, ( f)) is known, it can be easily converted to
Allan Variance (ay (7)) and modified Allan variance (mod. O'y(T)). In order to establish a relationship
between the PSD of fractional frequency fluctuations (S, (f)) and AVAR, we use the equation 1.34
[22]

sm (wfT)
_2/ S, ( Y (1.34)

In the given context, T represents a time interval, which is determined by the integer n and the
fixed sampling time 7. The fixed sampling time 7, denotes the time interval between successive

frequency measurements or data points in the time domain analysis. However, converting 05(7)
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to Sy (f) is not feasible due to the loss of certain information during the conversion process. Table
1.1 provided below contains the formulae for converting PSD to AVAR and MVAR for different types

of noise, as illustrated in Fig. 1.5 and Fig. 1.6.

| TypesofNoise [ S.(f) | Sy(f) [ So.(f) < Sy(f) | o (1) | mod.oy(r) |
White PN bo ha f? hy =2 0.0760 frhor =2 0.0380 hoT 3
Flicker PN boif L | RS hy = *’V; LOSSESIN@ETIHT) fyy 72 | 0.0855 hyr 2
White FN boof 2 ho ho = I’Vé 1hor! 1hor ™!
Flicker FN bosf 3 | hoyft | hog= by; 1.3863 h_; 0.9352 h_;
Randomwalk FN | b_sf =% | h_of 2 h_g = % 6.5797 2h_oT 5.4283 2h_oT

Table 1.1: Relationship between PSD,AVAR and MVAR [23][24] for different types of noise; fy
denotes the high frequency cutoff of the measurement bandwidth.

1.2.6 Limitations of ultra-stable lasers
Thermal noise of cavity

The fundamental limit affecting the fractional frequency instability in optical cavities is ther-
mally induced noise also called thermal noise [25]. There are various types of thermal noise af-

fecting an optical resonator [26] which include:
1. Spacer, Substrate and coating Brownian noise.
2. Substrate and coating thermoelastic noise.
3. Coating thermorefractive noise.
4. Coating photothermoelastic and photothermorefractive noises.
5. Substrate and coating Stefan-Boltzmann thermoradiation noises.

In my thesis, | will just focus on the thermal noise induced by Brownian motion as this type of noise
is dominant over other thermal noises mentioned in [26]. This Brownian motion directly affects
the fractional length fluctuations in an optical cavity which affects its frequency instability.
Generally, Brownian thermal noise is calculated using the Fluctuation Dissipation The-
orem (FDT) [27, 28]. In order to estimate the thermal noise of a Fabry-Pérot cavity, | used the
equations introduced by [25] and [29], derived using the FDT. They separately calculate the ther-
mal noise of each part of the cavity (spacer, coating and substrates). To facilitate the complex
calculations, they considered that the thermal noise due to each part does not influence the other
part. Finally, to calculate the thermal noise of the whole system, they added the contributions of
each element. The equation determining the total noise spectral density of the cavity with length

L is determined by equation 1.35
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Sa () = S3Pec(f) + 285 (f) + 2857 (f) (1.35)

where, STV (f) is the total PSD of length fluctuations due to the thermal noise, S:Pe¢, S3ub- and
Scoat- gre the displacement noise due to the spacer, substrates and reflective coatings respectively.
The most significant parameters required for the calculation of thermal noise are the mechanical
quality factor @ and the Young's modulus E of the material under study. The noise due to the two

substrates S3u¥- is given by the equation 1.36

o 4/€BT 1—0’2

sub.

Psb (1.36)

where,
- kg is the Boltzmann constant,
- T is the temperature of the substrate,
- 0 is the Poisson's ratio for the material of the substrate,
- wis the laser beam radius,
- dsp = 1/Qsp is the loss angle of the substrate.
The noise of the reflective coatings S5°**(f) is directly dependant on the noise of the substrate

and is given by the equation 1.37

212 6uda
ﬁ 1—0 ¢sp w

S5 (f) = S5 (F) (1.37)

where,
- d is the thickness of the layer of the reflective coatings,
- ¢t = 1/Q.t is the loss angle of the coatings.
To calculate the noise of the spacer SPece”( f), we consider the spacer to be a cylinder of length L,

radius R, and central bore radius r, and we use the equation 1.38

4kpT L
spac. _
S ) nf 2mE(R2,—12)

Dsp (1.38)

where,
- ¢sp = 1/Qsp is the loss angle of the spacer.
We can convert STV (f) into PSD of phase noise S, (f). In order to convert STV (f) to S,(f), we

use equations 1.39 and 1.40

STN
Sy(f) = Lz(f) (1.39)
1/2
So(f) = Sy(f) * f% (1.40)
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PSD of Thermal noise S, (f) has a 1/f slope which indicates that it is flicker frequency noise. So,
we can convert this frequency instability into time domain fluctuations characterized by the Allan-
deviation o(y) of the fractional frequency fluctuations using the equations mentioned in Table 1.6.
From the equations 1.37, 1.38 and 1.36, it is quite evident that the temperature T, laser beam
radius w, thickness of the reflective coatings d, the loss angle ¢ material properties (E, o) and the
length of the cavity (L) directly affect the thermal noise of the cavity. Higher temperatures, smaller
laser beam radii, thicker coatings, higher loss angles and specific material properties contribute
to increased thermal noise levels. Controlling and optimizing these parameters is essential to
minimize thermal noise and enhance the performance and stability of Fabry-Pérot cavity-based

systems.

Thermal expansion

The spacing (L) between the two mirrors in a Fabry-Pérot cavity is sensitive to temperature
fluctuations, which in turn affects the resonance frequency of the cavity as described by Equation
1.1. This dependency on temperature fluctuations is dictated by the coefficient of thermal expan-
sion (CTE) of the cavity material, denoted by «. To mitigate this dependency, materials with low or
negligible CTE are used for the Fabry-Pérot cavity spacer and mirrors. Common materials used for
cavities operated at room temperature include zerodur [30][31], ultra low expansion (ULE) glass
[32], or a combination of ULE spacer with fused silica (FS) substrates [33].

Both ULE and Zerodur are used because their CTE vanishes to the first order at a tem-
perature known as the inversion temperature (1), which is near room temperature [34]. However,
ULE is generally preferred over Zerodur due to its smaller and more stable drift rate. In contrast,
the drift rate of Zerodur is strongly influenced by prior tempering steps, making it less predictable
and often larger than that of ULE. However, an all ULE cavity can be limited by thermal noise pri-
marily from the ULE mirror substrates [25]. To reduce the thermal noise floor, fused silica mirror
substrates have been used, resulting in a factor of 2 improvementin cavity performance compared
to an all ULE cavity, as demonstrated by Legero et al. [35] and Millo et al. [33].

However, the use of fused silica mirrors introduces a disadvantage in the form of a
larger CTE (5 x 10~7/K) compared to ULE, which lowers the CTE inversion point to below 0°C' in-
stead of 10°C to 20°C. To address this issue, techniques such as optically contacting ULE rings to
the mirrors or using special mirror configurations have been employed [25]. Alternatively, some
cavities are based on high @ materials, such as Silicon, which exhibits vanishing CTE at two differ-
ent temperatures of 123 Kand 17 K [36].

In my thesis, | will be utilizing a Fabry-Pérot cavity with a ULE spacer and fused silica
mirrors. The fractional change in spacer length (dTL) due to thermal expansion can be described
by the equation 1.41

L
L aprp(myar (1.41)
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where oy g (T) represents the temperature-dependent coefficient of thermal expansion of ULE.

Around the inversion temperature (1), ayrg can be approximated by the equation 1.42
avre = a(T —Tp) + b(T — Ty)? (1.42)

with a, being the linear temperature coefficient and b, being the quadratic coefficient. a lies in the
range of 1.8 x 1079/K? and b in the range of —10 x 10712 /K3 [35]. Hence, b can be considered as
negligible. Therefore, equation 1.41 can be expressed as 1.43

AL a

- 2(T7T0)2. (1.43)

Legero et al. [35] considered a = 2.4 x 1072/K? and b = 0 for their FEM simulations for a cavity
made of ULE spacer and fused silica mirrors. They also considered the CTE of fused silica to be

constant with a value of 500 x 1079/K.

Acceleration & Vibration sensitivities

Seismic and acoustic perturbations can impose significant limitations on the frequency
stability of a Fabry-Pérot cavity mostly in the lower frequency (kHz) range, as they affect the precise
length between the cavity mirrors. Referred to as vibration noise or acceleration noise (S,), these
perturbations deform the cavity and introduce frequency noise to the laser. Studies by Young et al.
[34] have reported that an acceleration of 1 m/s? can lead to a fractional length change of 2 x 10~ 10
for a cylinder-shaped resonator, underscoring the considerable impact of acceleration noise on
the Fabry-Pérot cavity stability in high-precision applications.

A quantitative relationship between the fractional frequency noise (S,) and acceleration

noise (S,) is commonly expressed using the equation 1.44

Sy(f)= > k}Sa, (1.44)
i=x,y,z
where k, ,, . represent the acceleration sensitivity coefficients, with z, y, and z denoting the trans-
verse, cavity optical axis, and vertical directions, respectively. This equation highlights the influ-
ence of the square of the acceleration sensitivity coefficients for each direction on the fractional
frequency noise, underscoring the importance of understanding acceleration noise characteristics
in different directions for accurate frequency stability analysis.

To mitigate the effects of acceleration noise, a robust vibration isolation system is crucial.
Specialized isolation techniques, such as active or passive vibration isolators, are employed to
minimize the transfer of external vibrations to the Fabry-Pérot cavity. Moreover, optimized cavity
designs that reduce susceptibility to vibrations along the optical axis are implemented. Advanced

Fabry-Pérot cavities are carefully engineered to suppress deformations induced by acceleration
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noise, thereby mitigating the limitations posed by vibration noise on the frequency stability in
precision measurement and high-performance laser systems.

In conclusion, seismic and acoustic perturbations, manifested as acceleration noise,
represent one of the technical limitations to the frequency stability of Fabry-Pérot cavities in the
kHz range. Understanding acceleration noise characteristics and implementing effective vibra-
tion isolation measures and optimized cavity designs is critical for mitigating these limitations and
achieving superior frequency stability in advanced laser systems and precision measurement ap-

plications.

Shot noise and Electronic noise

The PDH technique [12] is commonly used to stabilize the frequency of a laser, as discussed
in Section 1.2.4. It generates an error signal (¢) with a slope denoted by D, known as the frequency
discriminant, which exhibits a linear behavior near the cavity resonance regime. D is directly pro-
portional to the finesse of the cavity and significantly influences the laser performance.

The stability of the laser frequency is affected by two main noise sources: shot noise
and electronic noise. Shot noise, also known as quantum noise, arises due to the random nature
of photon detection by the photodiode in the PDH technique. It results from the discrete nature
of photons and their unpredictable arrival times at the photodetector, causing an irregular flow
of photons and the generation of shot noise.

In the PDH technique, shot noise contributes to the noise on the error signal from optics
(Se) used for frequency stabilization, setting a fundamental limit on the achievable signal-to-noise
ratio on the photodetector [37-39]. It is challenging to distinguish shot noise from other types of
noise, such as frequency noise, as they are combined in the detected signal.

Shot noise is equally split between AM and PM noise. Amplitude Modulation (AM) noise
signifies variations in signal amplitude, leading to fluctuations in the signal strength over time.
Conversely, Phase Modulation (PM) noise entails changes in the phase of a signal, resulting in
random alterations to the timing of the signal cycles. While the PM shot noise contribution is
corrected by the PDH, the AM contribution translates into frequency noise, making it a limiting
factor in achieving the desired frequency stability of a laser. The shot noise generated by the
photodiode contributes to the overall noise on the error signal and affects the frequency stability
of the laser.

On the other hand, electronic noise from various sources like amplifiers, cables, and
other components in the PDH technique detection and control circuitry also affects the laser fre-
quency stability. Electronic noise contributes to the voltage noise of the error signal (Sy). For laser

frequencies close to the resonance frequency of the cavity, a relation can be established between

30



1.2. Ultra-stable lasers

shot noise, electronic noise, and the stability of the laser frequency given by the equations 1.45

1, 1

Sov = pad = ppepe

Sy (1.45)

Ssy is the PSD of frequency fluctuations of the laser and Sy is the voltage noise of the error signal
obtained from the quantum efficiency n of the photodiode and its load resistance R and D is
the frequency discriminant. The higher the value of D, lesser is the sensitivity of the laser to the
voltage noise of the error signal.

For the cavity mentioned in this thesis, the shot noise generated by a photodiode can

be estimated by using the equation 1.46

S, = 2hv x (2P,), (1.46)

where h is Planck’s constant and v is the frequency of the laser light. For a load resistance of 1 kQ
and P,=2.2 uW, we obtain a voltage noise Sy = 7.2x 10719 V2/Hz. Using the equation 1.45 with an
approximate value of D = 1.2 x 1078 W2 /Hz, we can confirm that the influence of the shot noise
is much below the estimated thermal noise limit of the cavity. Hence, we can neglect the effect
of shot noise on the performance of this ultra stable laser. For a detailed explanation on thermal

noise of the cavity mentioned in this thesis, please refer to section 1.2.6 of Chapter 3 of this thesis.

1.2.7 State-of-the-art

Cavity stabilized lasers have applications in various fields of fundamental research ranging

from local oscillators in optical frequency standards [3, 40-42], gravitational wave detection [43,

1, quantum optomechanics [45, 46], fundamental test of physics [47, 48] or for low phase noise

microwave generation [49]. These lasers in the future can be used in detection of dark matter [50]
and atom based gravitational wave detectors [51].

Generally, these cavity stabilized lasers can be categorized on the basis of the size, mate-
rial and working temperature of the cavity. The fundamental limitation of a cavity stabilized laser
is the thermal noise due to intrinsic Brownian motion and the largest contribution comes from the
highly reflective coatings on the mirror substrates [29, 52, 53]. For more details on thermal noise
and its effect on a Fabry-Pérot cavity, please refer to 1.2.6.

Fabry-Pérot cavities initially used amorphous dielectric coatings. Cole et al. [54-56]
proposed a novel technique in replacing the amorphous dielectric coatings by highly reflective
crystalline AlGaAs coatings that lead to the reduction of Brownian noise by ten times at room tem-
perature. Villar et al. [57] and Harry et al. [58] proposed improving the thermal noise performance
of optical coatings by doping tantalum pentoxide (Ta;O5) with titanium dioxide (TiOz). This modifi-
cation reduces the internal mechanical loss in the coating, which is a significant source of thermal

noise, especially in precision instruments like gravitational-wave detectors. By incorporating TiOx,
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they were able to reduce the loss angle of the coating, thus lowering thermal noise, without signif-
icantly increasing optical absorption. Brlckner et al. [59] proposed to use coatingless, diffractive
mirror substrates to reduce the effect of Brownian motion. Some other approaches employed
to reduce the effect of thermal noise in ultra-stable lasers include increasing the beam waist of
the cavity mode which allows better averaging of the thermal noise leading to a reduction in its
influence.

Gregory et al. [60] showed that using mirror substrates with large Young's modulus re-
duces the thermal noise. However, the most viable solution to reduce the thermal noise limitin an
ultra-stable laser is to use ultra-long Fabry-Pérot cavities and working at cryogenic temperatures.

Hafner et al. [6] was the first group from PTB (Germany) to report a fractional frequency
instability of 1 x 107!¢ at an integration time of 1 second to 1000 seconds reaching instabilities
of down to 8 x 10~!7 for their room temperature ULE cavity with optically contacted fused silica
mirrors. The length of the cavity is 48 cm and they managed to reduce the vibration noise to
10719/(ms~2) in all directions (z, y and z). Their cavity is based on a cylindrical geometry with a
measured finesse of 280, 000.

Matei et al. [10] reported two ultra-stable lasers stabilized on a 212 mm long single-
crystal silicon Fabry-Pérot cavity, oriented vertically with a working temperature of 124 K in col-
laboration with PTB (Germany) and JILA (USA). The measured finesse was 500, 000. Additionally,
a vibration sensitivity of below 10~2/(ms~2) in the vertical axis was achieved by exploiting the
three-fold symmetry of the silicon crystal, which was oriented along the <111> direction. This sym-
metry, combined with a three-point support system near the midplane of the cavity, minimized
seismic and acoustic vibration effects. By carefully adjusting the azimuthal angle between the
cavity and the tripod support, they were able to further reduce the vertical vibration sensitivity.
This approach effectively leveraged the anisotropic elasticity of silicon to optimize the system’s
mechanical response . They reported a record fractional frequency instability of 4 x 10717 at in-
tegration times of 0.8 seconds to few tens of seconds. The paper also reports of obtaining an
ultra-low linewidth of 10 mHz with a very low laser frequency drift of 100 uHz/s.

Robinson et al. [8] at JILA presented an ultra-stable laser based on a 6 cm long silicon
cavity cooled to 4 K. The cryogenic temperature of 4 K was achieved using a three-stage cryogenic
thermal damping system. The measured cavity finesse was 500,000. The fractional frequency
instability reached 6.5 x 10~'7 at integration times of 0.8 seconds to few tens of seconds. They
were also the first group to show a linear dependence of the cavity frequency drift to the incident
optical power. The lowest frequency drift of —3 x 107! /second was reported for an incident
optical power of 40 nW.

The state-of-the-art silicon cavity operating at cryogenic temperature and the state-of-

the-art ULE cavity working at room temperature are shown in Fig. 1.7.
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Figure 1.7: Two state-of-the-art Fabry-Pérot cavity designs working at room temperature and cryo-
genic temperature. (a) Cryogenic silicon cavity with a linewidth of 10 mHz [10]; (b) Room temper-
ature ULE cavity with a fractional frequency stability of upto 8 x 10~17 [6].

Aside from thermal noise, acceleration sensitivity poses technical limitation for a cavity-stabilized
laser. Fluctuations induced by acceleration can arise from multiple sources, including seismic ac-
tivity or acoustic noise. These fluctuations can cause changes in the cavity length, ultimately com-
promising the laser stability. To mitigate the impact of these external forces, various approaches
have been proposed, including vibration isolation techniques and methods specifically designed
to reduce acceleration sensitivity.

Young et al. [34] presented a Fabry-Pérot cavity with fractional frequency stability of
3 x 10716 at 1 second integration time in 1999 with a vibration isolation scheme by placing the
entire optical bench on rubber supports. Chen et al. [61] proposed a way to accurately locate the
positions of the support points for the cavity along the optical axis using finite element analysis.

Zhang et al. [9] and Robinson et al. [8] presented a vertically oriented silicon cavity with
vibration sensitivities of the order of 10712/(ms~2) along the vertical axes. They significantly re-
duced vibration sensitivity in their silicon cavity by carefully decoupling the cryocooler from the
cavity. The cryocooler was mounted on a main plate fixed to a stable foundation, while the vacuum
chamber was placed on a mechanically separated split plate. This setup, combined with an active
vibration isolation table and optimized support structures via finite element analysis, reduced vi-
brations by several orders of magnitude, allowing the system to achieve high stability at cryogenic
temperature

Leibrandt et al. [62] presented an ultra-stable laser based on a spherical cavity with an
acceleration sensitivity of 4 x 10~ !1/(ms—2) along the vertical direction and 1.6 x 10~1%/(ms=2) and
3.1x10719/(ms~2) along the two other horizontal directions. The cavity is insensitive to orientation
also. The acceleration sensitivity is mostly reduced due to the symmetric spherical geometry. They
also suggested that using a smaller area support contact for mounting the cavity may also help in

reducing the vibration noise.
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Millo et al. [33] proposed two Fabry-Pérot cavity designs, one with a vertical optical axis
and the next one with a horizontal optical axis. They achieved a vibration sensitivity of better than
or equal to 10711/(ms~2) in both directions for the horizontal cavity. For the vertical cavity, an
acceleration sensitivity of 3.5 x 10712/(ms~2) in the vertical direction and 1.4 x 10~**/(ms~2) in the
horizontal direction was achieved.

The demand for transportable ultra-stable lasers is rising in various scientific fields,
such as geodesy, fundamental physics, atomic clocks, and industrial applications. Precision and
stability are paramount for these applications; however, external actors such as vibrations, tem-
perature fluctuations, and pressure variations can degrade the performance of ultra-stable laser
systems during transport. While vibrations and temperature shifts are common concerns, atmo-
spheric disturbances, specifically changes in air pressure can subtly impact the optical alignment
by causing mechanical stress or deformation in critical components, leading to instability in the
laser frequency or precision. These effects, though not immediately apparent, can reduce the
laser's overall performance after transport.

To tackle this challenge, research is concentrated on developing vibration isolation sys-
tems to shield the laser from external vibrations. Moreover, considerations regarding the size and
weight of these lasers are crucial, particularly for applications in remote or space environments.

In conclusion, the significance of transportable ultra-stable lasers spans scientific, indus-
trial, and commercial domains. Ensuring high performance and stability during transport and in
challenging environments necessitates the continual development of innovative and robust meth-
ods.

Argence et al. [63] reported a transportable ultra-stable laser based on a 100 mm long
cavity for space applications. The cavity is meant to withstand an acceleration of 20 g while it
travels to space. They achieved acceleration sensitivities of (4 + 0.5) x 10~11/(ms~2) along the
vertical direction and (6 & 3) x 10~12/(ms~?2) along the horizontal direction.

Tai et al. [64] have demonstrated a transportable ultra-stable laser system based on a
commercially available fiber laser and a compact, robust optical setup for Pound-Drever-Hall (PDH)
stabilization. The laser cavity has a length of 10 cm and a finesse of approximately 400,000. The
laser system achieved a frequency stability of 2.2x 10~1° over a one-second integration time, mak-
ing it comparable to other state-of-the-art ultra-stable lasers. The portable design of the laser sys-
tem, along with a vacuum system to eliminate environmental noise, makes it an attractive choice
for researchers seeking to conduct experiments in various environments.

Hafner et al. [65] reported a transportable interrogation laser system for a strontium
lattice clock operating at 698 nm based on a 12 cm-long cylindrical, ULE reference cavity with fused
silica mirrors and amorphous dielectric coatings. They reached a stability of 3x10~16 at 1 second
integration time.

The successor to this ultra-stable laser system was Herbers et al. [66], who presented
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a transportable clock laser system based on a 20 cm long cylindrical ULE cavity with fused silica
mirrors and Alg.g2Gag.0sAs/GaAs mirror coatings. The cavity exhibits a finesse of approximately
300,000 and they have reached stabilities of the order of 1.6x10~1¢ at 1 second integration time,
which is among the best achieved for transportable laser systems. The system is also compact
and can be transported to various locations, making it ideal for field experiments.

Similarly, Webster et al. [67] presented a horizontal cubical cavity design based on a
four-point tetrahedral support with an acceleration sensitivity of 2.5x 10~ /(ms~2) and a reported
finesse of 300,000.

Kelleher et al. [68] also presented a transportable cavity stabilised laser based on 6.3 mm
long, cylindrical ULE cavity. The diameter of the cavity is 12.7 mm leading to a total volume of
5.2 mL. The reported fractional frequency instability was 2 x 1014 at 0.1 second integration time

with a finesse of 600,000. Three examples of transportable cavities are shown in Fig. 1.8.

Figure 1.8: Designs of three transportable Fabry-Pérot cavities. (a) Spherical cavity [62] (b) Cylin-
drical cavity [68] (c) Cubical cavity [67].

1.2.8 Conclusion

In this section, a presentation of the theoretical aspects of Fabry-Pérot cavity stabilized
lasers is provided. The working of a Fabry-Pérot cavity is explained, encompassing various cavity
properties such as linewidth, finesse, and transmission modes. The reflection and transmission
spectrum, including the phase behavior within the cavity, is thoroughly described.

Furthermore, the Pound-Drever-Hall technique, a widely used method for frequency
locking of a laser to the resonance frequency of a cavity, is elaborated upon. The fundamental
limitations of a Fabry-Pérot cavity, including thermal noise, thermal expansion, acceleration sensi-
tivity, and electronic noise, are comprehensively discussed, along with the approaches undertaken
by researchers to overcome these limitations.

Sophisticated techniques such as cryogenic cooling, vibration isolation, and advanced
feedback control methods are employed to mitigate the impact of these noise sources on the
laser frequency stability. The characterization of cavity-stabilized laser performance, utilizing tools
such as PSD and Allan variance, is presented in detail, highlighting their significance in evaluating

stability and accuracy.
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Furthermore, the state-of-the-art advancements in Fabry-Pérot cavities are showcased,
including developments in size, geometry, and working temperature. Miniaturized cavities with
optimized geometries, such as monolithic or micro-cavities, offer improved stability and perfor-
mance. Cavities designed to operate in extremely low temperatures, such as cryogenic tempera-

tures have also been developed to cater to specific application requirements.
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1.3 Time and frequency dissemination over optical fiber links

1.3.1 Introduction

Frequency transfer is a critical process with applications in telecommunications, scientific
research, and navigation systems, ensuring precise synchronization and communication. How-
ever, achieving accurate and stable frequency transfer over optical fibers is influenced by several
factors, including fiber length, optical noise, and dispersion effects.

This section explores the theoretical background of frequency transfer over fiber links,
covering the underlying concepts and principles involved. It also addresses the limitations and
challenges, focusing on factors like fiber length and optical noise that impact frequency transfer
system performance. Emphasizing the importance of overcoming these limitations, the section
highlights the significance of achieving precise and reliable frequency transfer in practical applica-
tions.

The state-of-the-art in frequency transfer over fiber links is reviewed, encompassing
advancements in fiber technology, signal processing techniques, and synchronization methods.
Specialized fibers, advanced signal processing algorithms, and digital phase-locked loops (PLLs)
are discussed as promising approaches to enhance frequency transfer performance and mitigate
limitations.

Moreover, the section analyzes different approaches and techniques utilized in fre-
quency transfer for varying link lengths. This analysis covers long-haul links spanning hundreds or
thousands of kilometres, as well as short-haul links covering distances of a few kilometres or less.
It outlines the challenges and solutions associated with each link length, offering insights into the
current research landscape and potential research directions.

By providing an overview of the theory, limitations, state-of-the-art, and link length con-
siderations in frequency transfer over fiber links, this section establishes the foundation for subse-
quent discussions and analysis in the thesis. A thorough understanding of fundamental concepts
and the current research landscape can provide valuable insights into advancements and chal-

lenges in frequency transfer, contributing to its further development for practical applications.

1.3.2 Principle

The principle of optical fiber-based frequency transfer technique relies on a sophisticated
round-trip phase noise cancellation method, facilitated through a bidirectional optical fiber link.
This technique is designed to suppress the optical length fluctuations of the fiber at the remote
end by employing a phase-locked loop (PLL) at the local end to compensate for these fluctua-
tions, as reported in the studies by Ma and Newbury [69, 70]. The phase, and consequently the

frequency, of the light propagating through the fiber is inherently influenced by various environ-
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mental perturbations, such as thermal and acoustic effects, which introduce Doppler frequency
shifts along the path through the fiber, as elaborated in subsection 1.3.3.

To effectively detect and cancel these Doppler frequency shifts over optical fibers, the
optical interferometry concept is combined with electronics in a novel approach. The general

scheme used to implement this technique is shown in Fig. 1.9.
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Figure 1.9: Schematic diagram illustrating the frequency dissemination setup using an optical fiber
link. The components include a photodiode (PD), Faraday mirror (FM), optical isolator (Ol), optical
coupler (OC), local oscillator (LO), and acousto-optical modulator (AOM).

Specifically, a heterodyne Michelson interferometer, a type of optical interferometer that utilizes
a beam splitter or a fiber optic coupler (OC1) to split light from the same source into two different
optical paths, is employed in the conventional interferometry setup. The first path, denoted as
the distance between points A and B in a heterodyne phase detection scheme, serves as a short
reference path. The second path, determined by the distance between points A and C, is used
to transfer the signal through the fiber link. To introduce a frequency shift, an Acousto Optical
Modulator (AOM) is inserted into the beam path at the local end.

At the remote end of the fiber link, a portion of the light is sent back to make a round-trip
through the fiber link by passing through a Faraday mirror (FM2), and is then made to interfere
with the light reflected back from the local end through another Faraday mirror (FM1). FM2 at the
remote end rotates the polarization of light by 90 degrees, which allows for the distinction between
the forward and backward directions of light traveling through the fiber. The reflected light is
then directed to a photodetector (PD1), where a heterodyne beatnote is generated in the radio-
frequency (RF) domain between the round-trip light and a local copy of the original signal at 292,
where Q) represents the introduced frequency shift due to the AOM. The factor of 2 arises from the
round-trip of light. Heterodyne beat detection is employed because it allows for the measurement
of phase and frequency shifts with more precision by converting the high-frequency signal into a
lower, more manageable intermediate frequency in the microwave range. This method increases
sensitivity and improves the signal-to-noise ratio by isolating and amplifying the beat frequency.
The heterodyne process also preserves the phase information of the optical signal.

The beatnote signal contains critical information about the accumulated phase noise
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of the fiber (pp). This beatnote signal is then fed into a frequency mixer, where it is mixed with
a reference signal through the Local Oscillator (LO) input. The resulting mixed signal contains the
dephasing between the reference arm and the long arm of the Michelson interferometer, which
serves as the error signal (¢g) for the servo-loop filter (LF) that is used to correct the phase fluctu-
ations. The servo-loop filter incorporates proportional and integral functions to generate correc-

tions () that are added via the AOM.

1.3.3 Fundamental limits of optical fiber communication systems
Attenuation

Fiber attenuation refers to the reduction in signal power as it travels through an optical
fiber. The amount of signal loss depends on factors such as the wavelength of the transmitted light,
the fiber's length, quality, and the presence of physical or technical mechanisms causing loss. In
telecommunications, fused silica single-mode fibers (such as SMF-28) are commonly used, where
attenuation is typically around 0.2 dB per kilometre in the wavelength window near 1550 nm.

As fiber length increases, especially over several tens or hundreds of kilometres, the
system becomes increasingly susceptible to phase noise. Environmental factors, such as temper-
ature fluctuations and mechanical vibrations, introduce noise that accumulates along the fiber,
resulting in increased phase noise. This phase noise must be canceled to maintain the integrity of
the frequency transfer. Beyond 100 km, attenuation becomes more significant, requiring the use
of amplifiers or repeaters, which may introduce additional noise.

The bandwidth of noise cancellation systems is also affected by the fiber length due
to the round-trip delay. For example, in a 100 km fiber link, the round-trip time is approximately
1 ms. This limits the system'’s ability to correct high-frequency noise fluctuations beyond 1 kHz. As
a result, longer fiber lengths pose greater challenges for real-time noise correction and frequency
transfer over long distances.

Parallelly, as the wavelength increases (A > 1700 nm), absorption by impurities in the
glass leads to greater attenuation. Conversely, at shorter wavelengths (A < 500 nm), intrinsic UV
absorption becomes the dominant factor. Additionally, technical losses from fiber bending and
connectors contribute to overall attenuation. Therefore, it is crucial to implement proper fiber
design, fabrication, and characterization techniques to minimize these losses and ensure efficient,
reliable optical signal transmission.

As part of this thesis, | will investigate a laboratory-scale optical fiber link approximately
25 meters in length, using 1550 nm light. In this setup, attenuation is expected to be negligible for

the purposes of the experiment.
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Phase Fluctuations

Generally, the major sources of noise in fiber-optic connections in telecommunication net-
works are caused by temperature fluctuations and mechanical perturbations mostly due to stress
induced refractive index variation. Mechanical perturbations affect optical fibers at short time
scales (< 100 s). For longer time scales (> 100 s), optical fibers are mostly affected by thermal per-
turbations induced by the change of the refractive index of the fibers due to thermal fluctuations
and thermal expansion. These fluctuations cause a change in the length of the optical path. So, for
time transfer, the fluctuations induce timing errors and in frequency transfer, it induces Doppler
shifts of the transmitted frequency.

Let us consider we have a monochromatic light beam, propagating through an optical
fiber of length L¢iper. A phase shift of v, is introduced while propagation. A relation can be

established between ¢ ¢ and Ly, given by the equation 1.47

W,
P fiver = ?UnL Fiber (1.47)

where, wyq is the angular frequency of light, c is the speed of light and n is the refractive index of
the medium. For a change in phase (dyfiver) during a time dt, the corresponding frequency shift
(Avyiper) can be defined by the equation 1.48

dsafiber ﬂ d(aniber)

Avpiper = - . 1.48
Viibe dt ¢ dti (1.48)

If the frequency shift in the fiber is caused by changes in temperature (dT'), equation 1.48 can be

written by the equation 1.49

dgofiber wo dn dT deiber dT
A iber — = iber 3 1. T 1.49
Viive dt P e 7 TR LT (1.49)
where, %% = a, is called the thermo-optic coefficient of the fiber (dL fiper /dT') /L fiper = cup is the

coefficient of thermal expansion of the fiber glass. s at room temperature has a typical value of
5.6 x 1077 /°C while the thermo-optic coefficient has a value of o, = 1.06 x 1075 /°C [71, 72] which
is about twenty times higher and is the root cause for phase shifts in light through the fiber due
to changes in temperature. Generally, aerial fibers are more prone to noise from environmental
perturbations than fibers buried in the soil [73-75].

The temperature induced length variations in a fiber are much lower compared to tem-
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perature induced refractive index change. Hence, equation 1.49 can be simplified as 1.50

dn d7
dT dt

deriv wo
Ayfiber = fiber ? Lfiber

7 . (1.50)

External pressure, such as from mechanical stress or environmental conditions, can impact the
stability of optical fiber links. Mechanical stress, caused by bending, twisting, or crushing of the
fiber cable, can introduce additional loss or attenuation to the transmitted signal. This can result
in decreased signal strength, reduced signal-to-noise ratio (SNR), and ultimately degraded link per-
formance. This phenomenon is known as the acousto-optic effect. When there is a time-varying
acoustic pressure applied to the fiber, it can result in changes in the refractive index, leading to fre-
guency shifts in the transmitted optical signal. To account for the effect of acoustic pressure on the
refractive index, we replace the term (4 4L) with (42 42) where 22 is the pressure coefficient
of the refractive index and % is the rate of change of pressure with time.

Stimulated Brillouin Scattering

Stimulated Brillouin scattering (SBS) occurs when intense light in an optical fiber interacts
with acoustic waves, causing backscattering at a lower frequency. This process is driven by elec-
trostriction, where the optical field creates density fluctuations in the medium, generating acoustic
waves. The interaction between the forward-propagating light and the backward-scattered light
forms a feedback loop, amplifying the scattered signal. The Brillouin frequency shift (v5) depends
on the optical wavelength (\g) and the speed of sound in the fiber (v;), and is given by the equation
1.51

2nv,
vp = )
Ao

(1.51)

where, n is the refractive index, vs= 6x 10% m/s which is the speed of sound in glass and ) is the
wavelength. For silica-based optical fibers such as SMF-28, which are commonly used in telecom-
munications, the Brillouin frequency shift is typically around 11 GHz for a wavelength of 1550 nm.
SBS becomes more prominent in longer fiber links due to the cumulative effect of scattering over
distance, reducing the power transmission capabilities of optical systems. However, for short
fibers such as a 15 m link, SBS is less significant since the shorter interaction length limits the
energy transfer to backward-propagating Stokes waves. In such short links, the SBS threshold
(the power level beyond which SBS becomes problematic) is much higher, allowing greater optical

power to be used without encountering significant Brillouin scattering [76, 77].

Polarization mode dispersion (PMD)

In optical fibers, mechanical stress can induce changes in the refractive index, leading to the

phenomenon of polarization mode dispersion (PMD), where light propagates with two different
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modes that have orthogonal polarization and different speeds. This results in birefringence, which
can cause propagation delays between orthogonal polarisations and limit the frequency transfer
performance. The time difference between the two polarization modes is known as differential
group delay (tpap). While it is not possible to calculate 7pep analytically, it can be estimated
statistically.

PMD can have detrimental effects on optical communication systems, as it can cause
random fluctuations in the arrival time of different polarization modes of light, leading to signal
distortions and degradation of system performance.

PMD is a well-known effect in optical communication systems and has been extensively
studied in the literature [78-81]. For the specific case of the SMF-28 fiber that is being used in the
thesis, the datasheet indicates a low PMD coefficient of 0.1 ps/\/m [82]. The PMD coefficient is a
measure of PMD in an optical fiber, typically expressed in ps/vkm.

However, in the context of the thesis, where a relatively short fiber link of only 15 m is
being considered, the impact of PMD is expected to be minimal. The calculated DGD for the given
fiber length of 15 m is only 12 fs, which is well below the tolerable limits for most optical fiber
links used for frequency dissemination. Therefore, it is reasonable to neglect the effect of PMD in
this case, and the focus of the thesis can be directed towards other relevant factors affecting the

system performance.

1.3.4 State-of-the-art

Fiber-based time and frequency transfer techniques have been successfully implemented
across various scales, ranging from laboratory to continental distances, to achieve ultra-stable fre-
quency dissemination while preserving spectral purity. Optical fiber techniques offer significant
advantages compared to satellite-based time and frequency transfer techniques such as GPS or
two-way satellite time and frequency transfer (TWSTFT), as reported by Bauch [83], with perfor-
mance levels surpassing satellite-based techniques by over four times of magnitude. This is at-
tributed to the higher frequencies of optical carriers, which enable improved resolution. Satellite-
based systems are limited to an accuracy level of 10~ in one day, as reported by Brown, Lombardi,
and Larson [84-87], which is inadequate for comparing optical clocks due to their higher stability
requirements.

Ultra-stable frequency transfers over optical fiber networks find numerous applications
in various scientific fields, including time and frequency metrology [83, 88-91], high-precision mea-
surements of atomic or molecular absolute frequencies [92-94], radioastronomy [95], fundamen-
tal tests of physics through clock frequency comparisons to test the stability of fundamental con-
stants [96-100], astrophysics including very long baseline interferometry (VLBI) and the NASA deep
space network (DSN), and particle physics such as the Large Hadron Collider (LHC) [107, ]. No-

tably, A. Matveev et al. [92] and K. Predehl et al. [103] reported the measurement of the optical fre-
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quency of the 15-2S atomic transition in hydrogen with a relative uncertainty of 4.5 x 10715 using a
remote Cs frequency standard and a 920 km long optical fiber link, achieving a fractional frequency
stability of 4 x 10~1Y at 2000 seconds. Recent advancements in noise cancellation techniques have
enabled ultra-stable frequency transfer from laboratory or campus scales to continental scales,
achieving accuracy levels as low as 10720 [104].

In the realm of long-distance optical fiber communication networks (exceeding 500 km),
recent advancements have been made in achieving ultra-stable frequency transfers. A notewor-
thy example is the work of M. Schioppo et al.[105], who presented a pioneering 2220 km long fiber
link connecting the United Kingdom and Germany for comparing two state-of-the-art ultra-stable
lasers. These lasers demonstrated fractional frequency instabilities of 7 x 10717, with an integra-
tion time ranging from 30 seconds to 200 seconds. This remarkable achievement represents the
longest fiber link ever constructed for time and frequency transfer.

Prior studies have also reported significant progress in this field. For instance, Droste et
al. [106] achieved a fractional frequency instability of 2.7 x 10~1° at an integration time of 1 second
for an underground optical fiber link spanning 1840 km, which further improved to 4 x 1071 at
100 seconds. Raupach et al. [104] demonstrated even lower instabilities, below 6.9 x 10~2! at
an averaging time of 30000 seconds, by implementing cascaded Brillouin amplification in their
1400 km long optical fiber link connecting PTB, Braunschweig (Germany) and Strasbourg (France).
Stefani et al. [107], Chiodo et al.[108], and Calonico et al. [109] also reported uncertainties at the
level of 10~ through their long-haul fiber links.

These advancements in achieving ultra-stable frequency transfers over long distances in
optical fiber networks open up new possibilities for various applications in fields such as time and
frequency metrology, high-precision measurements of atomic or molecular absolute frequencies,
and fundamental tests of physics.

Fig. 1.10 shows the 2220 km long European fiber link network, that extends from Na-
tional Physics Laboratory, UK to PTB, Germany via SYRTE, Paris and University of Strasbourg, that
was used to compare two state-of-the art ultra stable lasers between these two labs with fractional

frequency stability levels of 7x 10717 [105].
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Figure 1.10: Schematic of the continental scale 2220 km long European fiber link network con-
necting Europe with the United Kingdom. This fiber link network was utilized to compare the
performance of two state-of-the-art ultra-stable lasers between two laboratories, demonstrating
fractional frequency stability levels of 7x10~17 [105].

In the domain of medium to short optical fiber links, notable achievements have been reported
by researchers. Kudeyarov et al. [110] demonstrated a 2.8 km long optical fiber link for charac-
terizing a transportable Yb™ clock, achieving residual noise in terms of FFS (Fractional Frequency
Stability) of 5 x 10716, The fiber link used in this study had a frequency stability of 2 x 10719 at
an integration time of 1100 seconds. Furthermore, NIST researchers in Boulder, Colorado (USA)
presented a network of optical clocks based on AlT, Sr, and Yb™ with uncertainties below 10718,
and the performance of these clocks was compared through fiber links and a 1.5 km long free
space link over a duration of 8 months [111-113].

In another study, Bercy et al. [114] presented a 100 km long fiber link in two different
configurations. The first configuration involved a two-way optical frequency transfer technique us-
ing two optical fibers for each propagation way and unidirectional amplifiers, achieving a fractional
frequency stability of 2 x 10717 at an integration time of 4000 seconds. The second configuration
employed a two-way setup with a single optical fiber and bidirectional amplifiers, which outper-
formed the unidirectional approach with a fractional frequency stability of 5 x 10~2! at the same
integration time of 4000 seconds. These findings highlight the significant advancements in optical

fiber links for time and frequency transfer in medium and short distance ranges, as demonstrated
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by these studies.

In recent years, there has been significant progress in digital electronics for optical sys-
tems, leading to the replacement of conventional analog electrical components. High-resolution
analog-to-digital converters (ADCs) and digital-to-analog converters (DACs), field programmable
gate arrays (FPGAs), and direct digital synthesizer (DDS) RF generators are now widely used in
time and frequency metrology, offering improved performance, software reconfigurability, low
costs, easy integration, easy replication, and compact control electronics for various applications.

Researchers such as Dietrich et al. [115], Huang et al. [116], and Preuschoff et al. [117]
have proposed FPGA-based digital lock-in techniques for frequency stabilization of lasers on Fabry-
Pérot cavities, replacing conventional lock-in amplifiers and analog PID control. Dietrich etal. [115]
also demonstrated the generation of modulation signals required for electro-optic modulation
(EOM) using the same hardware. Furthermore, Software Defined Radio (SDR) setups based on
FPGAs can control multiple channels in parallel with high data rates and computing power, as
shown by Pruttivarasin et al. [118], who proposed an FPGA-based pulsed sequencer and multi-
channel RF generator for trapped atom experiments, replacing bulky and expensive single-channel
analog RF signal generators.

Digital phase-locked loops (DPLLs) are also widely used for phase and frequency control
in various applications. Tourigny et al. [119] implemented a low-cost FPGA-based DPLL based on
an open-source design [120]. Mahnke et al. [121] and Stimpson et al. [122] proposed a software-
defined radio for use in lock-in amplifiers.

DPLLs have also been implemented for optical frequency dissemination over optical
fiber links. Calosso et al. [123] reported the benefits of digital electronics over analog electrical
components in a 47 km long metropolitan optical fiber communication network. Olaya et al. [124-

] successfully implemented an FPGA-based DPLL for a 300 km long optical fiber link, incor-
porating phase detection and fiber noise compensation techniques using a tracking direct digital

synthesizer (DDS) approach on the same FPGA-based board [127].

1.3.5 Conclusion

In conclusion, this section has provided an overview of the theory of frequency transfer over
fiber links, highlighting the fundamental principles and limitations involved in this process. The
significance of frequency transferin various fields, such as telecommunications, scientific research,
and navigation systems, has been emphasized, underscoring the need for accurate and reliable
frequency transfer methods.

The limitations of frequency transfer over fiber links, including factors such as fiber
length and optical noise, have been discussed. However, researchers are continuously working
towards overcoming these limitations through advancements in fiber technology, signal process-

ing techniques, and synchronization methods, as evident from the state of the art in this field.
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The current state of the art in frequency transfer over fiber links has been summarized,
with an emphasis on the use of specialized fibers, advanced signal processing algorithms, and
digital phase-locked loops to improve frequency transfer performance. The advantages of digital

PLLs, such as high stability, flexibility, and adaptability, have been highlighted.

46



1.4. Objectives of thesis

1.4 Objectives of thesis

The primary objective of this thesis is to design and develop a highly stable and trans-
portable laser system based on a Fabry-Pérot cavity with a short length of 25 mm. The cavity
spacer is fabricated using ultra-low expansion glass with fused silica substrates coated with reflec-
tive crystalline coatings made of AlGaAs, known for its high reflectivity and high Q factor in the
desired wavelength range. The intended operating temperature for the cavity is room tempera-
ture, and the expected thermal noise floor is set at an ambitious level of 1 x 10715, reflecting the
stringent stability requirements of the system.

The first goal of the thesis is to improve the performance of an existing Fabry-Pérot
cavity by optimizing the digital electronics scheme that is currently implemented. This will involve
carefully analyzing and optimizing the electronic components, control algorithms, and feedback
mechanisms to minimize noise sources, reduce system complexity, and enhance the overall sta-
bility and performance of the cavity. It is hypothesized that the use of digital electronics, with
its inherent advantages of precision, flexibility, and scalability, can result in a more compact and
efficient cavity compared to analog electronics.

Furthermore, the initial version of the Fabry-Pérot cavity used in this study lacks a co-
efficient of thermal expansion zero crossing, which may have implications on the overall stability
and performance of the system. The thesis aims to investigate the underlying reasons for this
limitation, through experimental and theoretical analyses, and propose appropriate solutions to
overcome this challenge.

The second goal of the thesis is to design a new Fabry-Pérot cavity that surpasses the
performance of the previous version. This will involve a comprehensive analysis of the system re-
quirements and constraints, followed by design and fabrication of a compact setup for the entire
cavity, including specialized boxes for optical fibers and electronics. The emphasis will be on re-
ducing the footprint and size of the electronics compared to the earlier version, while maintaining
or enhancing the stability and performance of the system. The proposed design will be thoroughly
tested and validated, and its performance will be compared with the existing cavity to demonstrate
the improvements achieved.

The subsequent objective of this thesis is to design a compact and noise-compensated
frequency dissemination setup that can effectively distribute the ultra-stable laser signal gener-
ated from the Fabry-Pérot cavity to different rooms for various applications. These applications
may include low-noise microwave generation through frequency comb locking, serving as a refer-
ence for other stable lasers in the laboratory, and other related uses.

The design of the frequency dissemination setup will focus on achieving high stability
and low noise performance. This will involve careful consideration of the system architecture, in-

cluding the selection of appropriate components such as fiber-optic cables, splitters, amplifiers,
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and phase-locking techniques, to minimize the introduction of noise and fluctuations into the
transmitted signal. Special attention will also be given to compensating for potential environmen-
tal and technical noise sources, such as temperature fluctuations, vibrations, and electronic noise,
through innovative noise reduction techniques and advanced signal processing algorithms.

The setup will be designed to be compact, ensuring efficient use of space and easy
integration into different laboratory environments. The frequency dissemination setup will be
thoroughly characterized and validated to demonstrate its performance in maintaining the high
frequency stability of the ultra-stable laser signal during distribution to different rooms. This will in-
volve comprehensive measurements and analyses to quantify the stability and noise performance
of the distributed signal, and comparison with established performance benchmarks.

The successful implementation of the compact and noise-compensated frequency dis-
semination setup will enable the widespread utilization of the ultra-stable laser signal in various
applications, such as precision measurements, frequency metrology, and advanced scientific re-
search, where high stability and low noise performance are critical requirements. The outcomes
of this thesis will contribute to advancing the field of optical frequency metrology and its practical
applications, providing valuable insights and solutions for the design of frequency dissemination

systems in other research and industrial settings.
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Chapter 2

Frequency dissemination over short

optical fiber

2.1 Introduction

In this chapter, | will present a thorough demonstration of the effective realization of a
laboratory-scale frequency transfer system. The system is tested with an ultra-stable laser that
is locked to a Fabry-Pérot cavity. The cavity exhibits a Fractional Frequency Stability (FFS) of 2 x
10~ at an integration time of 1 second. The core aim of this setup is to distribute the highly
stable optical signal produced within one room of our laboratory to another, preserving its spectral
integrity and frequency stability against external disturbances.

To achieve this, we employ compensation techniques to mitigate the noise introduced
by temperature changes and vibrations that occur during signal transmission. Perturbations in the
signal caused by the noise are detected through precise measurements of the optical signal phase
shift. We then utilize a digital phase-locked loop (PLL) implemented using a Redpitaya commercial
board to cancel out these perturbations, ensuring the signal remains stable and pure.

During the course of my doctoral studies, | dedicated significant effort to improve the
noise compensation technique for this fiber link. | will provide a detailed account of the steps taken
to achieve this improvement, including the methodology and experimental procedures. Further-
more, | will present the results obtained during my research, including assessments of residual
noise in the frequency domain (S, (f)) and the time domain (o, (t)). The noise-compensated fiber
link setup that | designed demonstrates residual noise measured at 2x10~!® in terms of FFS at
1 second integration time in the time domain, a significant advancement that makes it suitable for
transmitting signals from cutting-edge cavity-stabilized lasers and optical atomic clocks.

In addition to the laboratory-scale setup, we have also developed a compact version of
the fiber link that is designed to be mounted in a 19-inch rack. This compact setup encompasses

all the necessary components, such as the fiber, amplifiers, detectors, and electronics, integrated
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within a single box, complete with its own low-noise power supply. This compact setup offers
a portable and convenient solution for transferring ultra-stable optical signals between different
locations, without compromising on the signal quality or stability.

In conclusion, the laboratory-scale fiber link setup presented in this chapter represents
a significant scientific advancement in achieving highly stable frequency transfer over short to
intermediate distances. Despite the limitations, such as the requirement for precise environ-
mental control, this technology has the potential for wide-ranging applications in fields such as
telecommunications, astronomy, and timekeeping. Further research and development efforts

hold promise for pushing the boundaries of frequency stability and expanding the practical ap-

plications of this technology.
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2.2 Principle

The development of a laboratory-scale, noise-compensated, ultra-stable frequency dissem-
ination system utilizing optical fibers has been an area of significant interest in recent years [90-
, , ]. One of the promising approaches to achieve this goal is the implementation of the
so-called Doppler cancellation scheme based on a heterodyne Michelson interferometer (HMI)
technique.

The first optical path, which is identified as the short arm of the HMI, serves as a sta-
ble reference point, characterized by a fixed length. This reference provides a benchmark for
comparison with the second optical path, known as the long arm of the HMI. The long arm pri-
mary responsibility is to transfer the optical signal originating from the source. Although this path
introduces frequency shifts primarily through the use of an acousto-optical modulator (AOM), it
remains vulnerable to noise disturbances caused by thermal perturbations and mechanical vibra-
tions. These factors can result in phase shifts in the laser light as it propagates along the long
arm.

As the laser beams from the individual optical paths recombine at the beam splitter, a
beatnote is generated. This beatnote signal carries information related to the phase fluctuations
or shifts that take place in the optical path during the light passage through the long arm of the
HMI. The RF beatnote is detected by a photodiode which allows for subsequent correction using
a PLL. This PLL incorporates the AOM for frequency shift compensation, effectively counteracting
the phase fluctuations.

To obtain a deeper understanding of the principle, | encourage readers to consult Sec-
tion 1.3.2 for an explanation. In summary, the HMI technique furnishes an efficient resolution for
achieving a noise-corrected stable frequency distribution system from a laboratory scale to a con-
tinental scale, using optical fibers. By tackling the hurdles posed by phase fluctuations and noise
disruptions, this methodology offers a substantial enhancement in frequency transfer and signal
stability, thereby broadening the applicability across domains where precision and accuracy hold

utmost significance.

2.3 Optical Scheme

The primary objective of this experiment is to transmit an ultra-stable signal generated
from a laser stabilized on a Fabry-Pérot cavity across two rooms situated 15 meters apart, using
optical fibers. To achieve this goal, an integrated experimental apparatus consisting of both signal
transmission and characterization setups has been implemented. This combined system incor-
porates a HMI for efficient signal transmission and a heterodyne Mach-Zehnder interferometer

(HMZI) for precise system performance assessment, as illustrated in Fig. 2.1.
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Figure 2.1: Laboratory-scale 15 m optical fiber link experimental setup, showing optical fibers
(red lines), radio frequency cables (black dashed lines), and digital signals (black solid lines). Com-
ponents include Faraday mirrors (FM1, FM2), acousto-optical modulator (AOM), optical couplers
(OC1-0C4), numerically controlled oscillators (NCO), optical isolator (Ol), photodiodes (PD1, PD2),
phase noise analyzer (PNA), frequency counter (FC), and frequency doubler (FD).

In the context of time and frequency dissemination over optical fibers, we consider a laser source
operating at 194.4 THz with a corresponding wavelength of 1542.42 nm. This laser emits 14 mW
power, which is directed through an optical isolator (Ol) into a 90:10 splitting ratio optical coupler
(OC1). The system utilizes OC1 to bifurcate the laser beam, effectively distributing it between two
distinct paths: characterization and signal transmission.

The 90 % output of OC1 is channeled towards a 90:10 optical coupler (OC3), which func-
tions as a beam splitter for the heterodyne Michelson interferometer, dividing the incident light
into two separate optical paths. The 10 % portion of OC3 output is reflected back by Faraday mir-
ror FM1, which serves as a reference with phase ¢,y and constitutes the short path. Conversely,
90 % of the light is directed into a 15 m long link via an AOM. This long path constitutes the signal
arm of the Michelson interferometer, guiding the optical signal through a 15 m optical fiber link,
from OC3 secondary output to another Faraday mirror (FM2), with the AOM positioned along the
route. The AOM mitigates environmental perturbations’ impact on the optical signal phase in the
signal arm (¢ p) by introducing a controlled phase (p¢) at an operational frequency of 110 MHz.

Subsequently, the optical signal is subjected to another 90:10 beam splitter (OC4) at
the fiber link output, segregating the signal into two segments. One output port caters to the
user, while the other returns the signal through FM2 to form the HMI long arm. A detector at
the interferometer output port measures the phase difference between the reference and signal

arms. The signal at OC4 possesses a total phase described by the equation 2.1
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or =9p+ pc. (2.1)

Arising from the constructive interference between the round-trip optical signal and the signal re-
flected by FM1, a beatnote forms at 2f,,, = 220 MHz on PD1. This 220 MHz signal carries the phase
variations induced by environmental perturbations along the extensive optical pathway. The pri-
mary objective involves mitigating these phase fluctuations, denoted by ¢ p, through the deploy-
ment of a digital PLL. Upon detection by the photodetector, the 220 MHz signal is demodulated,
revealing the phase perturbations that are subsequently compensated for by the PLL. Following
this adjustment, the corrected signal is conveyed to the optical link by the AOM utilizing a driving
frequency of 110 MHz, which is supplied by a voltage-controlled oscillator (VCO) and a high-power

RF amplifier. An error signal is generated, which is represented by the equation 2.2

€ =2(¢p + 9o — Pref) — ¥o- 2.2)

Here, ¢ denotes the phase of the RF reference signal. When the loop filter is activated, ¢ di-
minishes to zero, indicating compensation of the link phase fluctuations. Ultimately, the noise-

compensated output of the link exhibits a total phase given by the equation 2.3

1
PT = Pref + §<Po~ (2.3)

This equation suggests that the phase at the output of the link, o7, primarily depends on the phase
of the reference arm, ¢,.¢, and the RF reference, ¢o. Consequently, the noise compensation of
the link is fundamentally constrained by the reference arm and the utilized RF reference signal.

The 10 % output of OC1 is employed for characterizing the setup by connectingitto a
50:50 optical coupler (OC2), the second input of which corresponds to the user output (i.e., the
output of OC4). The heterodyne Mach-Zehnder interferometer (HMZI) scheme is implemented
for characterization purposes. The first arm of the HMZ| is formed by the uncompensated path
between OC1 and OC2, while the second arm is established by the ultra-stable link and its output.
A beatnote at 110 MHz is produced due to the interference between the signals of these two arms.
During the characterization process, the user output is rendered inaccessible as it is connected
to OC2. Please note that to assess the performance of the system, the characterisation setup is
placed on the same optical table as the original setup.

In order to assess the performance of the link in time and frequency domain, a Phase
Noise Analyzer (PNA, Rohde & Schwarz FSWP) and a Frequency Counter (FC, K+K FXE) are utilized.
A beatnote forms at 110 MHz and is dispatched to a frequency counter or a phase noise analyzer
to assess the system performance. It is essential to note that the optical path between OC1 and

OC2 is not compensated. Hence, this path is maintained as brief as possible.

53



2.4. Control Electronics

2.4 Control Electronics

This section presents an overview of the electronics scheme for implementing a digital
PLL in optical fiber frequency dissemination. It begins with essential digital signal processing con-
cepts, crucial for understanding the digital PLL architecture and its components’ functionality. The
control electronics scheme, including key elements like ADCs, DACs, and DSPs, will be explored,
highlighting their roles and control algorithms in maintaining phase coherence. The goal is to pro-
vide an understanding of the principles and practical implementations for an effective digital PLL

system in optical fiber frequency dissemination.

2.4.1 Concepts

Nyquist Shannon Theorem

The Nyquist-Shannon theorem states that to accurately transform an analog continuous-
time signal into a discrete-time signal in the digital realm, the signal should be sampled at a rate
of at least twice the frequency of its highest frequency component. This theorem rests on the
principle that sampling an analog signal at specific times causes information loss. To prevent
this loss, the sampling rate must be sufficiently high to capture the full analog signal spectrum,
facilitating precise reconstruction as a digital signal.

The fu, half of the minimum required sampling rate, represents the maximum fre-
qguency that can be accurately represented digitally. The signal frequency to be correctly portrayed
in the digital domain must not exceed the fx. For instance, in the context of an analog-to-digital
converter (ADC) operating at a 125 MS/s sampling rate, the fx equals half of this rate, or 62.5 MHz.
To guarantee accurate digital representation of an analog signal, its frequency must be less than

or equal to this Nyquist frequency.

Aliasing

Aliasing arises when an analog signal is sampled at a rate lower than twice its highest fre-
qguency component. This can lead to higher-frequency components being misinterpreted as lower-
frequency ones, resulting in data loss and distortion of the original signal.

lllustrating this, consider a scenario with a beatnote signal frequency of 220 MHz, sam-
pled by an ADC at 125 MS/s. Here, the Nyquist frequency is 62.5 MHz. To accurately portray the
signal digitally, the sampling rate must exceed twice the signal highest frequency, which in this
case is 440 MHz. However, the FPGA board maximum sampling rate is limited to 125 MS/s, lead-

ing to undersampling. Consequently, the signal is undersampled, causing aliasing. Specifically, the
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220 MHz signal folds back into a lower frequency, determined by the formula 2.4

fA = QfS - fsignala (24)

where, f4 denotes the aliased frequency, fs is the sampling frequency, and fgigna represents
the frequency of the original signal. Hence, in this scenario, the 220 MHz signal appears as a
lower 30 MHz frequency signal. Despite its drawbacks, proper signal processing techniques can
mitigate aliasing, enabling accurate analog-to-digital representation. Notably, the signal phase

remains intact in the digital realm.

2.4.2 Digital PLL Scheme

Creating a digital phase-locked loop involves using FPGA based Redpitaya STEMIab 125-14
board. This board has a System-on-a-Chip (SoC) design and comes with two input and two output
channels. These channels have high-quality 14-bit ADC and DAC converters, allowing accurate
measurement of signal phase and frequency.

The SoC part of the Redpitaya board uses the Xilinx Zynq 7010 embedded processor.
This provides flexibility to program the digital PLL algorithm using software or hardware. The
board internal clock is a precise quartz oscillator running at 125 MHz, giving each channel a con-
sistent sampling rate of 125 MS/s. For achieving phase locking, two different methods are used

depending on the beatnote signal frequency.

2 stage demodulation

The proposed approach involves a demodulation process that uses two stages of multiplica-
tion with a local oscillator to extract the phase information from the 220 MHz signal obtained from

the photodetector. Figure 2.2 depicts the control electronics utilized to implement this technique.
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Figure 2.2: Schematic representation of the control electronics utilized for the fiber link. The sys-
temincludes an active Hydrogen Maser (H-MASER), amplifier (A), Analog-to-Digital Converter (ADC),
Digital-to-Analog Converter (DAC), numerically controlled oscillator (NCO), loop filter (LF), finite im-
pulse response filter (FIR), frequency doubler (FD) and band pass filter (BPF).

The first stage of demodulation is analog, where the frequency is mixed with a 200 MHz signal

generated by a direct digital synthesizer (DDS) that is referenced to an active Hydrogen Maser (H-
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MASER). The signal from the DDS acts as a local oscillator. The resulting output of the mixer is a
signal at a frequency of 20 MHz, which is significantly lower than the fy of 62.5 MHz.

The frequency mixer generates undesired higher frequency components along with the
desired frequency component. To eliminate these undesired components, the signal is filtered
and amplified. This filtering process facilitates the acquisition of a clean 20 MHz signal with a
power output of 11.6 dBm that is fed into the input connector of the Redpitaya.

Moreover, to ensure optimal signal transmission and minimize any signal loss or distor-
tion, a 50 ohm load is included in parallel to the high-impedance ADC input. The board jumper is
also positioned to the +1 V full scale to achieve optimal signal transmission. The inclusion of the
50 ohm load and careful jumper positioning ensures minimal signal reflection and attenuation,
thereby enabling the maximum transfer of energy from the source to the board.

We begin by sampling the input signal using a high-resolution ADC capable of provid-
ing 14-bit data resolution. Following the initial sampling, the signal undergoes a stage of digital
demodulation, where it is subjected to multiplication with a 16-bit amplitude and a 40-bit phase
accumulation register, implemented as a Numerically Controlled Oscillator (NCO). The NCO consti-
tutes a phase reference ¢y. This demodulation process yields a 14-bit data stream, which carries
the residual phase information of the input signal.

To filter the DC components of the demodulated signal and eliminate unwanted arti-
facts, we employ a Finite Impulse Response (FIR) filter. This digital filter is carefully configured
with 25 coefficients, each precisely encoded as 16 bits. Its design specifications include a cutoff
frequency of 4 MHz, effectively limiting high-frequency noise and interference, while ensuring the
preservation of essential signal components. Remarkably, the FIR filter exhibits impressive rejec-
tion capabilities, surpassing 40 dB for frequencies beyond 14 MHz. The filter output consists of a
refined 32-bit data stream, exhibiting enhanced fidelity and reduced noise.

To adapt the data stream from the FIR filter to subsequent processing stages, a dynamic
shifter is introduced. This shifter enables the reduction of the data stream width from 32 bits to
14 bits, optimizing its compatibility with the loop filter and enabling the generation of an appro-
priately scaled correction signal. The dynamic shifter range is precisely adjusted to accommodate
the desired bit reduction while preserving the critical information necessary for accurate phase
correction.

The shifted data stream, now comprising 14 bits, is then forwarded to a loop filter (LF)
equipped with a proportional-integrator function. The proportional and integrator values are care-
fully set to effectively suppress undesirable phase variations, thereby ensuring phase correction.

The LF output is integrated with a constant value to introduce a suitable bias to the
frequency of the output DDS. The DDS, employing a second NCO, serves as the basis for generating
the correction signal. By manipulating the DDS frequency, which is influenced by the LF output,

we effectively control the phase correction process.
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The generated correction signal is then routed to channel 1 of a high-performance DAC,
which ensures reconstruction of the digital signal into its analog counterpart. In compliance with
the Nyquist-Shannon sampling theorem, stringent requirements are imposed on the DAC to guar-
antee optimal signal reconstruction. Accordingly, fx of 62.5 MHz is imposed by the board, neces-
sitating the center frequency of the NCO to be set at 55 MHz, thus ensuring adequate bandwidth
for faithful signal representation. The output of the DAC, carrying the reconstructed analog signal,
undergoes frequency doubling using a dedicated frequency doubler.

To condition the frequency-doubled signal for its intended purpose, it undergoes filter-
ing and amplification. The filtering stage ensures the removal of unwanted noise and spurious
components, while the amplification stage boosts the signal power to achieve the necessary driv-
ing capability.

Finally, the filtered and amplified signal is utilized to drive an AOM. The AOM, operating
in the optical domain, introduces the correction signal to rectify phase fluctuations in the fiber
link. By applying precise control over the AOM, the correction signal effectively modifies the phase
characteristics of the optical signal, aligning it with the desired phase reference.

In order to analyze and evaluate the impact of the digital phase reference on the lock
performance, an additional DDS module is incorporated into the FPGA chip. This DDS module
is based on a third NCO and its output is directed to channel 2 of the DAC. By utilizing this DDS
module, the contribution of the digital phase reference to the lock performance can be precisely
determined.

The Redpitaya embedded processor operates a GNU/Linux operating system. To cater
to time and frequency metrology applications, we employ the oscimpDigital framework. With its
user-friendly GUI, oscimpDigital allows for convenient control of processing blocks, parameter

adjustment, resolution optimization, and precise Pl controller tuning [128].

Direct digital demodulation with undersampling

To simplify the signal processing setup and avoid the need for an RF synthesizer and mixer
at the output of PD1 (Fig. 2.1), we implemented the undersampling technique to directly extract
the phase noise from the 220 MHz signal. The signal from the photodiode, after filtering, is directed
to the input ADC (LTC2145) of the Redpitaya through a differential amplifier, which also serves as
a low-pass filter, providing a bandwidth equal to half the sampling rate (62.5 MHz). However, the
LTC2145 ADC has a much broader bandwidth of 875 MHz, exceeding the sampling rate.

To overcome this limitation and utilize the full measurement bandwidth of the Redpi-
taya, we made a modification to the Redpitaya board. We replaced the differential amplifier with
a broadband RF balun, which acts as an RF transformer to convert the unbalanced signal into a
balanced signal. The output signal from the RF balun was then directly connected to the input

ADC. This modification involved adding three small wires from the RF balun output: two for the
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differential outputs, labeled as V;! and V;,

!

and one for the reference voltage, labeled as V...
These three wires were directly connected to the input track of the ADC, bypassing the differential
amplifier and removing the inductor located between the differential amplifier and the ADC.

The hardware implementation of the undersampling technique on the Redpitaya is il-
lustrated in Fig. 2.3. This picture visually demonstrates the modified configuration and the con-

nections involved in extracting the phase noise using the undersampling technique.

’HH(.

SMAZ

Figure 2.3: Hardware implementation of the technique of undersampling in a Redpitaya board
where the red circles represent the broadband RF balun, EXT. CLOCK is the input for the external
clock.

The updated control electronics scheme for the fiber link using undersampling is shown in Fig. 2.4.
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Figure 2.4: Control electronics scheme for undersampling setup of the fiber link.

When comparing Figure 2.2 and Figure 2.4, notable changes can be observed in the setup. Specif-
ically, the frequency mixer and the 200 MHz signal from the H-MASER have been eliminated. In-
stead, the 220 MHz signal from the photodiode is now directly sent to the Redpitaya after under-
going amplification and filtering. In light of this modification, the filters have been replaced to
accommodate the change in cutoff frequency, which has been adjusted from 20 MHz to 30 MHz.
As a result, undersampling is employed, placing the system in the second Nyquist band of the in-
put ADC. The frequency read by the Redpitaya is 30 MHz for an input frequency of 220 MHz with
the clock frequency of 125 MHz.

Subsequently, we demodulate this aliased 30 MHz signal by providing a 30 MHz signal
from the NCO. It is important to note that undersampling is solely implemented for the input

ADC of the Redpitaya, while the remaining scheme remains consistent with what was discussed in
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Subsection 2.4. Throughout the aliasing process, the phase noise is conserved. For further insights
and results, please refer to Section 2.5. Additionally, for a more thorough understanding of the

concepts of frequency aliasing and undersampling, please consult subsection 2.4.1.

Characterisation

To characterize the fiber link system, we utilize the out-of-loop signal. This signal, not di-
rectly involved in the main control loop, emerges at a frequency of 110 MHz. It's detected on PD2
dueto the beatnote produced between the optical signal single pass through the link viaa 110 MHz
operating AOM and the signal from the laser output before entering the link. The electronic setup

employed for characterization is shown in Figure 2.5.

PD2
J;f
110 MHz
100 MHz
H-MASERW BPF|IPNA/FC
10 MHz

Figure 2.5: Control electronics scheme for the characterization setup of the fiber link, where PNA
denotes the phase noise analyzer and FC represents the frequency counter.

The phase noise analyzer accurately measures the phase noise of the 110 MHz signal due to its
wide bandwidth. However, our experiment frequency counter is limited to a 60 MHz bandwidth.
To work around this limitation, we use a demodulation technique to lower the signal frequency.
This demodulation process follows the same pattern as previously explained, except for substi-
tuting the 200 MHz signal from the synthesizer (which is synchronized to the H-MASER) with a
100 MHz signal. This results in a 10 MHz signal, which falls within the frequency counter band-

width. This demodulated signal is then used for phase noise and FFS measurements.

2.4.3 Passive shielding

In the established optical configuration under discussion 2.1, several paths are identified
as "uncompensated paths", namely those delineated by OC1-OC2, OC1-0C3, OC3-FM1, and OC4-
OC2. These are termed as such due to the phase fluctuations that manifest in these paths and
are not counterbalanced by the PLL. The aggregate length of this uncompensated path totals to
4.5 meters. As a consequence, this length poses a substantial limitation to the overall performance
of the optical link, acting as a bottleneck to its optimal operation.

The proposed strategy to mitigate this challenge involves maintaining these paths in

the utmost stable state attainable. One such solution that has been successfully implemented is
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termed as "thermal shielding". This methodology revolves around the concept of passively reduc-
ing the noise that contaminates these paths. The entire optical setup, with the exception of the
15 meter long optical fiber, is positioned on a floating optical table for this purpose. Awooden box,
that enclosed all the optical fibers on this table, functions as a protective shield against thermal
and acoustic noise.

It is worth noting that these thermal and acoustic noises primarily originate from the
room air conditioning system. This environmental factor can introduce undesirable perturbations
into the optical setup, thereby compromising the stability of the uncompensated paths.

To further address the noise concern, an additional step involves strategic placement
of FM2 in close proximity to OC2, while ensuring that both are connected via fibers of equivalent
lengths. This configuration is based on the premise that slow fluctuating thermal perturbations
will impact the two fibers concurrently and to a similar extent. In this manner, any phase shift in
one fiber will be mirrored in the other, getting cancelled when the optical signals beat or interfere
with each other after OC2 and thereby enabling a level of noise compensation. This simultane-
ity ensures that the output fiber perturbations are adequately matched and compensated for,
thereby enhancing the stability and performance of the optical link.

Through these adjustments, our implementation seeks to effectively manage and coun-
terbalance the phase fluctuations in the optical paths. By maintaining the stability of these paths
and using both active and passive measures to reduce noise, we aim to improve the performance
of the optical link and overcome the limitations imposed by the length of the uncompensated
paths. The effect of passive shielding on the optical setup with the 15 m long fiber link, suspended

over the optical table and the wooden box, is demonstrated by Fig. 2.6.
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Temperature Insulation
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Figure 2.6: Black solid line : Phase noise spectrum of the link without temperature insulation. Red
solid line : Phase noise spectrum of the link with temperature insulation.

The comparative data presented in Figure 2.6 provides valuable insight into the overall impact of
the wooden box on the phase noise spectrum of the optical link. Here, the PSD of the link phase
noise is evaluated both with the box (shown by the red solid line) and without it (shown by the
black solid line). The data reveals that the phase noise profiles in both scenarios exhibit similarity,
barring certain exceptions.

The major divergence is noticeable at lower frequencies, specifically below 10 Hz. At
these frequencies, the wooden box presence seems to significantly reduce the influence of tem-
perature fluctuations on the phase noise spectrum. This is evidenced by a gain of 9 dB at the 1 Hz
Fourier frequency on the PSD when the box is employed. This enhancement suggests that the box
effectively shields the optical setup from the effects of low-frequency thermal noise.

However, for frequencies greater than 60 Hz, the performance of the configuration
with the box is similar to the configuration without the box. It is important to note that these
measurements were conducted at different times of the day. Therefore, the origin of this noise
remains uncertain. The only plausible explanation could be electronic noise originating from the

PLL and optical noise arising from the uncompensated paths of the fiber link.

2.4.4 Use of stable external reference clock

In our experiment, the Redpitaya internal digital electronics operate using a local quartz os-
cillator, specifically the CXO BFBC90 model from TXC corporation, with a frequency of 125 MHz. To
ensure high-frequency stability and low-frequency noise, it's essential to synchronize the system

to a common low-noise oscillator.
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A study in [129] reveals that quartz oscillators exhibit short-term stability around 10~
to 1071% and medium-term stability between 10~7 to 10~ !°. Despite these characteristics, the
stability of the Redpitaya embedded quartz oscillator, a type of CXO, fall short for effective imple-
mentation of PLLs due to the oscillator noise. Thus, achieving precise measurements necessitates
substituting the built-in oscillator with a more stable external reference.

Figure 2.2 demonstrates that the phase fluctuations of a 20 MHz NCO are directly con-
veyed through the optical signal to the distant end of the link. This underscores the NCO pivotal
role in maintaining system stability. Our experimental findings, concerning frequency stability and
phase noise, highlight the adverse impact of the onboard quartz oscillator, employed as the board
reference clock, on the fiber link stability. Consequently, we replace this internal oscillator with a

steady 125 MHz clock signal produced by a DDS locked to an active H-MASER.

2.5 Experimental Results

In this section, we present the results that we obtained with the optical fiber link setup. The results
include the residual phase noise affecting the fiber link and residual noise of the link in terms of

FFS through Modified Allan Deviation (MDEV) for three different configurations that are :
1. stand alone board clocked by the internal quartz oscillator.
2. stand alone clocked by an external referenced clock i.e. a H-MASER.
3. using undersampling technique and the external reference clock.

Our investigation also aims to understand the influence of internal phase fluctuations (g) of NCO1
on residual noise of the fiber optic link. These fluctuations directly affect the endpoint of the
fiber link, posing a fundamental challenge to system performance and constraining the FFS. To
assess performance under this constraint, we utilize another NCO (NCO3) integrated within the
Redpitaya board, concurrently monitoring its output alongside the fiber link performance for real-
time evaluation.

In the locked state, NCO1 operates at 20 MHz to digitally demodulate and extract the
phase information from the incoming signal. As a result, the DDS of NCO3 is matched with this
frequency of 20 MHz. In the unlocked state, the DDS of NCO3 is set at 55 MHz, that is the fre-
quency of NCO2. Open-loop operation doubles NCO1 fluctuations, amplifying their impact, while
closed-loop operation halves their impact through active adjustment. As a result, the NCO3 sig-
nals at 55 MHz and 20 MHz are plotted together for comparative analysis, multiplied by 2 and 0.5,
respectively, and normalized to a carrier frequency of 194 THz.

Please note that the phase noise and FFS measurements represent distinct sets of
data, conducted independently and under varying conditions. These measurements were not per-

formed concurrently, and fluctuations in room temperature due to air conditioning were present
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during each. Consequently, any direct conversion of values from phase noise to frequency noise

may result in discrepancies.

2.5.1 Redpitaya clocked by internal quartz oscillator

We first measured the phase noise and the FFS of the fiber link using the Redpitaya clocked by the

internal quartz oscillator. The measured phase noise spectrum is shown in Fig. 2.7.
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Figure 2.7: Graphical Representation of the PSD of phase fluctuations across different operational
states of the optical fiber link. The black solid line corresponds to the free-running link. In contrast,
the red solid line shows the phase noise spectrum corresponding to the ‘locked’ state of the link.
The influence of the 20 MHz NCO input into the loop filter is given by the blue solid line.

In our experiment, we initially observed phase noise of -17 dBc/Hz at 1 Hz for the free running link
with an f~3 slope until 10 Hz. However, upon engaging the PLL, we noticed a significant reduction
in link phase noise given by -60 dBc/Hz at 1 Hz and -110 dBc/Hz at 10 kHz, with a lock bandwidth
of 40 kHz. These findings demonstrate the effective noise rejection of the PLL for the link. It also
signifies a noise spectrum gain of -48 dB at 1 Hz.

Analyzing the phase noise spectrum of the NCO, represented by the blue solid line, we
observed a contribution of -67 dBc/Hz at 1 Hz at the output of the link. Scaling this to the Redpitaya
internal quartz clock frequency, this corresponds to -33 dBc/Hz at 1 Hz for 125 MHz. These results
align with the measured noise levels of the Redpitaya internal quartz oscillator, as documented
by [129]. It confirms that the performance of the internal digital NCOs of the Redpitaya is entirely
dependent on the clock source. Next, we examine the residual noise of the fiber link in time

domain in terms of FFS using the Redpitaya internal quartz oscillator, as illustrated in Figure 2.8.
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Figure 2.8: The figure represents the residual noise of the fiber link in terms of FFS in the time
domain for different configurations through MDEV, represented by the following symbols: black
dashed line for the free running link configuration, red dashed line for the locked link configuration,
purple dashed line for the NCO with the link unlocked at 55 MHz, and blue dashed line for the NCO
with the link locked at 20 MHz.

From the observations in Figure 2.8, we can analyze the FFS of different measurements. In the
open loop measurements, we achieved a FFS of 5 x 10716 at 1 second that is in accordance with
the measured phase noise of -17 dBc/Hz in the frequency domain, which exhibits a plateau from
1 second to 100 seconds, followed by a gradual decrease in the curve until around the 2000 second
mark. Beyond 2000 seconds, a linear frequency drift becomes evident for longer integration times.

Upon activating the PLL, we observe a significant improvement in FFS. With the PLL
engaged, we achieve a FFS of 8 x 10~'® at 1 second. The FFS plot initially shows a 7'/2 slope,
followed by a plateau until 1000 seconds. However, for longer integration times, a linear frequency
drift is still present.

Based on the data in Figure 2.8, we can conclude that turning on the phase-locked loop
reduces the link instability by a factor of 17 dB at 1 second corresponding to a 48 dB gain. The
measured FFS of 8 x 10718 at 1 second is in accordance of the measured link phase noise of
-60 dBc/Hz at 1 Hz.

Additionally, when we analyze the FFS plots for the 55 MHz signal from the NCO (rep-
resented by the purple circles) and the FFS of the free running link, we observe an overlap from
200 seconds. This suggests that the DDS used to drive the AOM becomes a limiting factor for
integration times longer than 200 seconds when the link is free running.

Similarly, when considering the FFS plots for the locked link and the 20 MHz signal (repre-

sented by the blue inverted triangles), we observe overlapping throughout the measurement. The
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MDEV (See Section 1.2.5 of Chapter 1 to get an understanding about MDEV) plots of the link and
the NCO overlap each other indicating that the phase reference (y() of the DDS in the Redpitaya

device is a limiting factor for the stability of the system.

2.5.2 Redpitaya clocked by external stable H-MASER

In order to enhance the performance of the link, we replaced the internal quartz oscillator
of the Redpitaya with a 125 MHz signal generated by an RF frequency synthesizer. This synthe-
sizer was clocked by an active H-MASER. Following this modification, we conducted a series of
measurements to compare the performance of the link with the Redpitaya clocked by the internal
quartz oscillator. These measurements were carried out under identical conditions to ensure a

fair comparison. Results are shown in Fig. 2.9.
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Figure 2.9: Phase noise for different link configurations with external clock. The black solid line
represents the phase noise spectrum of the free-running link, while the red solid line represents
the phase noise spectrum of the locked link. Additionally, the blue solid line depicts the phase
noise spectrum of the 20 MHz NCO.

The phase noise analysis of the locked link demonstrates a substantial improvement compared
to the free-running link which exhibits a phase noise of -17 dBc/Hz at 1 Hz (represented by the
black solid line). Specifically, at 1 Hz, the phase noise of the locked link is measured at -72 dBc/Hz
(depicted by the red solid line) corresponding to an MDEV of 9.14x 10719 at 1 second integration
time, which is an impressive 55 dB lower than the phase noise of the free-running link and 20 dB
lower than the configuration with the quartz clock. These results highlight the significant reduction
in phase noise achieved through the implementation of the external clock signal.

To gain further insights into the factors contributing to this improved performance, we

turn our attention to the phase noise spectrum of the 20 MHz signal generated by the NCO. Phase
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noise of the NCO is considerably lower than that of the locked link. This observation implies that
the NCO itself is not the limiting factor in achieving lower phase noise in this particular scenario.
Continuing our analysis, we measure the residual noise of the fiber link in the time
domain in terms of FFS with the Redpitaya clocked to the stable H-MASER. This measurement,
illustrated in Figure 2.10, provides valuable information about the residual noise present in the

link under the influence of the H-MASER highly stable clock signal.
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Figure 2.10: Comparison of the residual noise of the fiber link in terms of FFS in the time domain
for different configurations through MDEV for different link configurations. The black dashed line
represents the free-running link configuration, while the red dashed line depicts the locked link
configuration. The purple dashed line corresponds to the FFS of the NCO with the link unlocked at
55 MHz. Finally, the blue dashed line illustrates the FFS of the NCO with the link locked at 20 MHz.

We have successfully achieved very low residual noise measured in terms of FFS with the PLL on.
The measured FFS with PLL on, represented by the red dashed line in Fig. 2.10, reveals a result
of 2 x 10718 at 1 second integration time. It also exhibits a distinctive bump at 10 seconds, with
a value of 8 x 1078, This bump indicates a temporary increase in frequency fluctuations within
that time frame. However, for longer integration times, the stability of the locked link surpasses
expectations, with values reaching below 10718, This is in stark contrast to the free-running link,
which achieved a residual noise level in the time domain of 3 x 10~17.

Furthermore, the FFS plots in Fig. 2.10 also shed light on the behavior of NCO in both the
free-running and locked link scenarios. The FFS of the NCO for the free-running link is represented
by the blue dashed line, while the FFS of the NCO in the locked link is depicted by the blue dashed
line. The NCO FFS curves demonstrate that the NCO itself did not impose any significant limitations
on the overall stability of either link configuration.

Moreover, within the PSD analysis of phase noise for the locked fiber link, we attained a
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phase noise level of -72 dBc/Hz at a Fourier frequency of 1 Hz, equivalent to an MDEV of 9x 10719
at a 1-second integration time. However our recorded FFS was 2x 10718, The difference can be
explained by mostly electronic noise or optical noise arising due to the optical path length fluc-
tuations of the uncompensated paths. Consequently, implementing adequate shielding for both

electronics and uncompensated paths holds the potential to enhance overall system stability.

2.5.3 Redpitaya with undersampling

In this subsection, the results obtained through the application of the undersampling tech-
nique, as described in Subsection 2.4.2, will be presented. The methodology involved bypassing
the antialiasing differential amplifier, which also functions as a low-pass filter, to directly route
the 220 MHz signal from the photodiode to the input ADC of the Redpitaya. To fully exploit the
ADC 875 MHz measurement bandwidth, a broadband RF balun was incorporated into the setup.
Additionally, the Redpitaya was synchronized with an external H-MASER for clocking purposes.

By utilizing the undersampling technique, we achieved good results in terms of noise

rejection as shown in Fig. 2.11.
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Figure 2.11: Comparison of phase noise spectra between the free running link (represented by
the black solid line) and the locked link utilizing the undersampled Redpitaya (represented by the
red solid line).

From Fig. 2.11, we can see that the locked link configuration achieved a very low residual phase
noise level of -68 dBc/Hz at 1 Hz. This represents a significant improvement over the free-running
link, where the residual phase noise measured at 1 Hz Fourier frequency was -17 dBc/Hz. This
marks very low phase noise at low frequencies. At higher frequencies, the locked link continued

to exhibit impressive noise reduction, with the phase noise reaching a floor of -110 dBc/Hz at
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10 kHz. This noise suppression across the entire frequency range emphasizes the effectiveness of
the undersampled Redpitaya in minimizing noise interference and maintaining signal integrity. Itis
important to highlight that the link performance closely aligns with that observed when employing
an approach without undersampling, as discussed in the preceding subsection. The introduction
of undersampling does not yield a noteworthy enhancement in performance. The current perfor-
mance falls slightly below the previous measurements conducted with the H-MASER as the clock
using the standard Redpitaya setup.

To further explore the performance of the undersampled Redpitaya, we examined the

residual noise of the link in terms of FFS, as shown in Fig. 2.12.
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Figure 2.12: Representation of the residual noise of the link in time domain terms of FFS and
using digital electronics clocked by an H-MASER and using the technique of undersampling. Black
dashed line is the FFS for the free running link, red dashed line represents the locked link, purple
dashed line represents the NCO at 55 MHz, and blue dashed line represents the NCO at 20 MHz.

The FFS for the locked link demonstrated a value of 6 x 10718 at 1 second integration time. Thisis a
significant improvement compared to the free-running link configuration, which exhibited an FFS
of 4 x 10716 at the same integration time. Notably, the FFS of the locked link exhibited a bump of
4 x 10718 at 10 seconds, followed by a floor below 10~ %, By directly sending the 220 MHz signal to
the Redpitaya without the need for a mixer to demodulate the signal to 20 MHz using another RF
synthesizer, we effectively streamlined the setup while maintaining performance.The indication
from the blue and purple dashed lines, which illustrate the NCO performance with PLL activated
and deactivated respectively, suggests that the limitations are not imposed by the phase noise of
the NCOs.

The success of the undersampling technique in our configuration highlights its efficacy
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in achieving stable frequency transfers and reducing frequency fluctuations. This improvement is
particularly significant in applications where compact setups are desired without compromising

performance.

2.5.4 Comparison of three configurations

Next, we turn our attention to comparing the residual phase noise and the FFS of the three
configurations discussed in Subsections 2.5.1 to 2.5.3. This comparative analysis will provide in-
sights into the behavior of the link under different conditions. Specifically, we will focus on the
configurations where the link was successfully locked. The results of the achieved residual phase

noise for these locked configurations are presented in Fig. 2.13.
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Figure 2.13: The phase noise spectra of the locked link are represented by the blue solid line for
the configuration with the Redpitaya clocked to the internal quartz oscillator, the black solid line
for the configuration with the Redpitaya clocked to the external stable H-MASER, and the red solid
line for the configuration with the undersampled Redpitaya.

Based on the observations made in Fig. 2.13, it is evident that the link utilizing the Redpitaya
clocked to the internal quartz oscillator exhibits the poorest performance among the three con-
figurations. Conversely, the link locked with the externally clocked Redpitaya, without undersam-
pling, demonstrates improved performance at 1 Hz. However, as the frequency surpasses 20 Hz,
its performance becomes comparable to the undersampled Redpitaya configuration. Notably, for
frequencies above 2 kHz, the link employing the undersampled Redpitaya showcases superior
performance.

To further investigate the behavior of these configurations, we examine the FFS mea-

surements, as depicted in Fig. 2.14.
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Figure 2.14: The figure displays a comparison of different configurations and their correspond-
ing measurements. The red dashed line represent the FFS of the locked link with the Redpitaya
clocked to the internal quartz oscillator. The blue dashed line correspond to the locked link with
the Redpitaya clocked to an external stable H-MASER. The black dashed line depict the locked link
with the undersampled Redpitaya. Additionally, the pink dashed line represents the FFS of state-
of-the-art Fabry-Pérot cavities, while the grey dashed line represents the FFS of the state-of-the-art
optical clocks.

Based on these measurements, we can conclude that using the stand-alone Redpitaya board
is sufficient for carrying signals from ultra-stable Fabry-Pérot cavities with FFS in the range of
10716, However, for state-of-the-art Fabry-Pérot cavities and optical clocks represented by the pink
dashed line and dark gray dashed line, respectively, the stand-alone board clocked to the internal
quartz oscillator is not suitable. When an external clock is utilized for the Redpitaya board, the
performance of the link demonstrates its capability to carry signals from state-of-the-art Fabry-
Pérot cavities with fractional frequency stabilities of 10717 and lower. The limiting factor in this
case is the residual noise of the internal PLL [129]. According to [129], this PLL residual noise can
be reduced by a factor of 2 by employing a 10 MHz reference signal, which would provide a link
residual noise in terms of FFS of below 10717 at 1 second.

Simultaneously, the undersampling technique yields excellent results, demonstrating
its capability to transfer signals from state-of-the-art Fabry-Pérot cavities. Furthermore, comparing
the FFS of the cavities within our department, such as the spherical cavity and the compact cavity,
with the performance of the fiber link using the Redpitaya in its various configurations (orange and
cyan curves), we can conclude that the fiber link with the Redpitaya is suitable for transmitting the
optical signal from one room to another within our department while maintaining spectral purity

and frequency stability.
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2.6 Further Improvements

During the first one and a half years of my doctoral studies, | dedicated my efforts to de-

signing and characterizing the optical fiber link. However, due to time constraints, we were unable

to explore further enhancements to improve its performance. Nevertheless, there are several po-

tential improvements that can optimize this fiber link:

1.

Upgrading the Redpitaya: Initially, we utilized a 14-bit Redpitaya for implementing our digital
PLL. However, there is now a commercially available 16-bit Redpitaya that offers improved

resolution. Utilizing this upgraded version can enhance the overall performance of the link.

Extending undersampling technique: While we employed undersampling solely at the input
of the Redpitaya, it is possible to implement undersampling at the output DAC as well. By do-
ing so, we can directly send the 55 MHz signal to the AOM without the need for a frequency
doubler. This approach avoids the introduction of noise associated with the frequency dou-

bler, possibly enhancing the quality of the transmitted signal [130].

Consideration of polarisation maintaining fibers: Our current link design employed non-
polarisation maintaining fibers. However, for applications involving polarisation-sensitive
signal transfers, it is crucial to employ polarisation maintaining fibers. Making this switch

will ensure the preservation of signal polarisation, resulting in improved performance.

Integration of a second AOM at the user end: To facilitate the marking of incoming and re-
flected optical signals, the incorporation of a second AOM can be highly beneficial. This ad-
ditional component aids in distinguishing and managing the signals effectively, contributing

to an optimized fiber link system.

Employment of a low noise power supply: We suspected that some part of noise observed
in the optical signal could be attributed to the wall power supply provided by the company
for the Redpitaya. Utilizing a low noise power supply, as detailed in Chapter 4 of the the-
sis, would effectively mitigate this issue. This improvement aims to reduce unwanted noise

induced by the power supply, consequently enhancing the quality of the optical signal.
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2.7. Compact electronics for optical fiber frequency dissemination

2.7 Compact electronics for optical fiber frequency dissemina-
tion

In this section, | will present the technique of ultra-stable frequency transfer from a laser locked
to a Fabry-Pérot cavity over a 15 m long optical fiber between two rooms in our laboratory with
a compact and transportable Doppler cancellation setup. First, | will give a description about the
setup that will include the optical setup and the electronics setup. Then, | will present the results |
achieved by transferring a signal from an ultra stable laser locked to a Fabry-Pérot cavity between

two rooms through this fiber link setup.

2.7.1 Scheme

In order to build a compact setup we mounted the optical fiber components including the couplers,
AOM, Faraday mirror, optical isolator and the electronics components for the digital PLL including
the Redpitaya and RF components in a 19 inch rack mountable box. This box has dimensions of
88 mmx483 mmx466 mm (Height, Length, Breadth). We divide the box into three parts that are
the optical part, the electronics part and the power supply part. This was done to separate the
optical components from the electronics components to avoid any perturbations or stray noise
from the active electronics. The scheme of the rack mountable box used to implement the Doppler

cancellation setup is shown in Fig 2.15.
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Figure 2.15: Scheme of a digital doppler cancellation setup in a 19 inch rack mountable, compact
and transportable box. Red solid lines are optical signals; Black solid lines are RF signals; Black
dashed lines are digital signals.
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The optical setup employed follows heterodyne Michelson interferometry principles as discussed
in Section 2.3, with a short arm between OC3 and Faraday mirror (FM1), and a long arm utilizing an
AOM for controlled phase corrections. The AOM output connects to the fiber link front panel. The
short arm, serving as a phase reference, is shielded from environmental effects through place-
ment on a temperature-controlled breadboard, ensuring uniform temperature across the arm.
At the remote fiber link end, signal extraction employs an output port of another optical coupler
(OC4), and part of the signal returns via Faraday mirror (FM2).

To configure control electronics, we used the Redpitaya platform clocked by an active
H-MASER incorporating a digital phase-locked loop for stable operation. Employing the technique
of undersampling outlined in Section 2.4.2, we achieved a compact setup. The 220 MHz signal
from photodiode PD1 underwent amplification, filtering, and direct input into the Redpitaya. The
digital PLL corrected phase fluctuations, and the resulting correction signal was processed, filtered,
amplified, and sent to modulate the optical signal using the AOM.

In order to assess the performance of the link, a dedicated characterisation input port
has been incorporated on the front panel. This input port facilitates the characterisation process
by utilizing a technique called "beating the laser against itself", as described in subsection 2.4.2.
By connecting the user output to the characterisation input port on the front panel, a beatnote
is generated at the modulation frequency of the AOM. This beatnote can be detected using a
photodetector (PD2) and serves as a valuable signal for extracting and evaluating the link perfor-
mance. The characterisation process involves analyzing various parameters and characteristics of
the link based on the observed beatnote. Subsection 2.4.2 provides detailed information on this
characterisation setup, offering insights into how the beatnote can be utilized to extract valuable
performance metrics of the link.

To ensure optimal performance and minimize noise interference, the box incorporates
its own dedicated low noise power supply distribution. A single external high current DC power
supply is utilized to distribute the various voltages required by the different electronic compo-
nents within the box. This distribution is achieved through a specifically designed PCB dedicated
to efficient voltage management. The different electronic components within the box, including
the photodiode, RF amplifiers, and temperature-controlled breadboard, receive their respective
voltages through this dedicated voltage distribution system. By utilizing a dedicated PCB for volt-
age distribution, efficient and reliable power supply is ensured for each component, minimizing
any potential voltage fluctuations or interference. In the case of the Redpitaya, which operates
at a voltage rating of 5V and current rating of 1 A, a compact and low noise power supply solu-
tion is employed. Specifically, TracoPower DC-DC Converters are utilized to provide the necessary
power to the Redpitaya, ensuring stable and clean power delivery. This power supply setup, with
its dedicated voltage distribution PCB and appropriate power supply solutions, plays a crucial role

in maintaining the integrity and performance of the electronic components within the box, con-
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tributing to optimal operation and minimizing potential noise-induced issues. The setup for the

fiber link in a compact rack mountable box is shown in Fig. 2.16.
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Figure 2.16: Optical fiber link control box where Ol is Optical Isolator; OC1, OC2, OC3 are optical
couplers; RP is Redpitaya; Char. is characterisation; FM1 is Faraday mirror; RF components include
amplifiers, couplers, frequency doubler and filters (low pass and badn pass); AOM is Acousto Opti-
cal Modulator; PD is Photodiode; TCB is Temperature controlled breadboard; PS is power supply.

2.7.2 Experimental Results

In order to thoroughly characterize the performance of the optical fiber link, a phase noise
measurement was taken with the digital PLL engaged. The power spectral density (PSD) of the

phase noise over offset frequency is shown in Figure 2.17.
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Figure 2.17: PSD of phase fluctuations versus the offset frequency of the compact optical fiber link
setup.

The results show a link phase noise of -32 dBc/Hz at 1 Hz offset frequency when the PLL was
engaged. When comparing this result to the phase noise measurements obtained in Figure 2.11,
a difference of approximately 36 dB at 1 Hz offset frequency can be observed.

Several factors may contribute to the observed difference in performance between the
compact fiber link setup and the laboratory-scale fiber link. For instance, the compact fiber link
setup lacked thermal insulation as no wooden box was employed for isolation. Furthermore, the
proximity of the electronics to the optical components and the potential for temperature fluctu-
ations caused by the room air conditioning could introduce additional noise that may adversely
affect the link performance. Please note that this setup needs further improvements and more
optimisation which due to shortage of time was not possible during my doctoral studies.

Despite these potential sources of noise, it is worth noting that the main purpose of
the compact fiber link setup was to transfer the frequency from an ultra-stable laser that boasts
an FFS of 7 x 107! at 1 second. The compact fiber link was deemed adequate for this purpose,
effectively maintaining the frequency stability of the ultra-stable laser signal.

Indeed, the compact fiber link setup was successfully utilized to transfer the signal from
one of the ultra-stable lasers locked to a Fabry-Pérot cavity between two rooms through a 25 m

long optical fiber link. More details can be found in Chapter 4 of my thesis.

2.8 Conclusion

This chapter of the thesis presents an in-depth exploration of the design, stabilization, and
characterization of a laboratory-scale 15 meter long optical fiber link using the concept of hetero-
dyne Michelson interferometry. The implementation of a full digital phase-locked loop using a

commercial digital board in three different configurations was performed, including the use of
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the board clocked with its internal quartz oscillator, and by an external stable clock signal from an
active H-MASER.

The concept of undersampling was also demonstrated, which can be utilized to enhance
the compactness of the control setup for the fiber link. The results achieved in the three different
configurations were presented, and it was concluded that the internal quartz oscillator of the dig-
ital board is not sufficiently stable for metrological applications that require the transportation of
an optical signal from an ultra-stable laser or atomic clock. In contrast, the fiber link demonstrated
acceptable stability when clocked by an external stable clock signal, enabling the transportation of
signals from state-of-the-art Fabry-Pérot cavities and optical clocks while preserving the spectral
purity and frequency stability of the signal.

Several optimizations were implemented to enhance the stability of the fiber link, includ-
ing thermal shielding utilizing a wooden box, and the use of a broadband RF balun to convert the
unbalanced input to the ADC to a balanced input to maximize the full measurement bandwidth of
the ADC of the control board. Additionally, a compact version of the fiber link was developed to
locally transport the optical signal from the cavities in the department, while ensuring the preser-
vation of frequency stability.

Overall, the study provides a thorough analysis of the design and characterization of
optical fiber links, and the findings have implications for the advancement of stable fiber links for
a wide range of applications. The design and characterization techniques presented in this study
can be utilized to enhance the precision and stability of optical fiber links, rendering them more
practical and effective for various applications in fields such as metrology, telecommunications,

and sensing.
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Chapter 3

USL based on a compact

Fabry-Perot cavity

3.1 Introduction

This chapter documents the progress made during the second year of my doctoral studies,
focusing on the development of a compact and highly stable laser setup designed by Alexandre
Didier [131] and Séverine Denis. The setup involves a laser system frequency-locked to an ultra-
stable, double tetrahedral-shaped spacer, compact ULE Fabry-Pérot cavity with a 25 mm optical
length. This Fabry-Pérot cavity comprises two mirrors coated with reflective crystalline AlGaAs
coatings for 99.997% reflectivity. Additionally, ULE rings placed atop the mirrors aid in compensat-
ing for the coefficient of thermal expansion (CTE) mismatch between the ULE spacer and Fused
Silica substrates.

Beginning with a discussion on the Fabry-Pérot cavity design and geometry, the ratio-
nale behind selecting the tetrahedral shape, the compact vacuum chamber, and the specially de-
vised cavity mount is highlighted. Following this, insight is provided into the optical and electronics
setup used for achieving frequency stabilization, particularly the implementation of the Pound-
Drever-Hall (PDH) frequency locking technique using digital electronics.

The subsequent section delves into characterizing the cavity, including measurements
such as PSD of phase fluctuations, acceleration sensitivity, and CTE assessment. A discussion
follows on the limitations identified with this cavity.

Concluding this segment, attention is directed toward the strategies employed to ad-
dress encountered challenges while working with this cavity. Furthermore, potential avenues for

enhancing the cavity performance are explored.

77



3.2. Design and Geometry

3.2 Design and Geometry

This cavity was designed and developed by Alexandre Didier [132]. The cavity design incor-
porates a double tetrahedral spacer, as shown in Fig. 3.1, along with a plano-concave resonator
configuration featuring a 240 mm radius of curvature. This particular geometry was carefully se-
lected to maximize cavity symmetries and minimize sensitivities to vibrations and accelerations

across all coordinate axes.

Figure 3.1: Design and geometry of the compact 25 mm Fabry-Pérot cavity based on a ULE spacer
and a double tetrahedral design. The optical axis is along the y direction.

To ensure stable performance, the spacer, measuring 25 mm in length, is fabricated from Ultra
Low Expansion (ULE) glass due to its negligible CTE. To achieve optimal optical performance, two
Fused Silica (SiO2) mirrors with highly reflective crystalline coatings made of GaAs/Alg g2 Gag.gs AS
[56] are optically contacted to the spacer. These coatings are increasingly recognized for their
significant advantages in reducing mechanical losses. These coatings offer an exceptionally low
Brownian noise floor due to their high structural order and superior mechanical quality factors,
reaching up to ten times lower loss angles compared to traditional ion-beam sputtered coatings.
Furthermore, their high thermal conductivity helps dissipate heat efficiently, which is critical for
minimizing thermal distortions during operation. Despite these benefits, birefringent noise arising
from the intrinsic birefringence of the crystalline coatings remains a challenge. This birefringence
can introduce polarization-dependent phase shifts, particularly in high-precision metrology appli-
cations, necessitating careful consideration in the design and use of these coatings [133-136].

The use of different CTE values for the ULE spacer and Fused Silica substrates introduces
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3.2. Design and Geometry

a shift in the CTE zero crossing for the entire setup. To address this issue, 1 mm thick ULE rings
with an inner diameter of 5 mm and an outer diameter of 12.7 mm are employed and contacted
to the back of the mirrors. This configuration helps to achieve a CTE zero crossing near 11°C [35].

The cavity has a free spectral range (FSR) of 6 GHz and a linewidth of 24 kHz [132]. A
high finesse of 247,000 at 1542 nm was measured using the cavity ring-down method.

The entire cavity is housed in a custom cubic vacuum chamber made of stainless steel.
To maintain the compactness of the setup, the chamber is designed to hold free space optical
components on its walls, with tapped holes serving this purpose. A conventional ion pump ensures
efficient vacuum pumping within the chamber.

For passive shielding against thermal fluctuations, the cavity is surrounded by several
layers of shields to maintain a constant temperature. Stainless steel was chosen to provide high
thermal capacitance. The thermal enclosure consists of a central part to hold the cavity and two
side parts for thermal shielding.

The cavity is supported by two Viton pads, each with a 2 mm diameter and 1 mm thick-
ness, resting in 0.5 mm deep pockets on the bottom of the holder. Viton was selected for its me-
chanical damping properties and firm grip. A guided piston mechanism, operated by a top screw,
provides the holding force on the cavity. This mechanism nullifies parasitic rotations during tight-
ening, ensuring precise cavity positioning. The cavity-piston contact is facilitated by a 3.75 mm
diameter Viton ball, effectively distributing contact force and dampening mechanical shocks.

A stainless steel enclosure is attached to a polished cubic copper shield. This copper
enclosure acts as an active thermal shield, reducing the impact of thermal radiation from the exter-
nal environment and maintaining a homogeneous temperature inside the chamber. To minimize
thermal links, insulating materials are used for the screws and posts holding the copper thermal
shield. A Peltier module placed at the bottom of the copper shield enables precise temperature
control within the vacuum chamber.

The cavity is manually placed into the holding enclosure inside the vacuum chamber,
and its alignment on the Viton pads is visually verified. The estimated position error on each
support contactis 0.5mm [137]. For reference, the cavity and its holder with the thermal enclosure

are depicted in Fig. 3.2.
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Figure 3.2: Left: cavity mounted in its stainless steel holder. Right: assembled stainless steel en-
closure attached to the top of the copper shield.

3.3 Experimental Setup

3.3.1 Optical setup

The experimental scheme of the compact Fabry-Pérot cavity is shown in Fig.3.3.
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Figure 3.3: Scheme of USL based on compact Fabry-Pérot cavity : Ol is optical isolator, OC is opti-
cal coupler, EOM is electro optical modulator, PD is photodiode, HWP is half wave plate, QWP is
quarter wave plate, LF1 and LF2 are loop filters, LPF is low pass filter, LO is local oscillator, FR is
Faraday rotator, T is transmitted beam, R is reflected beam, T, and I are the temperature and
current of the laser respectively.

We utilize a fibered external cavity laser diode, specifically the RIO PLANEX 1550 nm Laser Diode,
as our laser source. This diode is a low-noise compact external cavity diode laser (ECDL) housed in
a pigtailed butterfly case. To ensure precise control over the laser diode, we have integrated it into
a custom 19-inch rack-mountable box. This box incorporates a highly stable current source and a
digital temperature controller, facilitating precise control of the laser diode current and tempera-
ture. Additionally, the box features built-in channels for modulating the current and temperature
of the laser diode.

The laser light is directed to a 90:10 fiber beam splitter (OC1) via an optical isolator (Ol).
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The Ol serves the crucial function of preventing any back reflections into the laser from the beam
path. Approximately 90 % of the optical power from the beam splitter is directed to the cavity via
an Electro Optical Modulator (EOM), which modulates the beam at 30 MHz, generating sidebands
around the carrier frequency. The distribution of optical power between the carrier and sidebands
depends on the modulation depth, and only a fraction of the total power remains in the carrier
after modulation. The remaining 10 % of the beam serves as the user output, providing access to
the ultra-stable signal.

To preserve the optical integrity and stability of the system, we employ a second opti-
cal isolator after the EOM, followed by a fiber collimator. This second isolator serves to protect
against any back reflections from the free-space components into the fibered part and reduces
the creation of parasitic etalons that could degrade the laser frequency stability.

Cavity injection is achieved using free-space optical components. The beam from the
optical fiber undergoes mode matching using two 1/2-inch lenses, followed by a half-wave plate,
a polarized beam splitter and a quarter-wave plate to control the power of the incident beam and
the acquisition of the signal reflected from the cavity. The light entering the cavity is circularly po-
larised. The beam is then directed using two 1/2-inch mirrors and injected into the cavity. We get
a beat note signal that is detected via a fast photodiode at 30 MHz and serves as the error signal
for the Pound-Drever-Hall locking technique [12]. The error signal undergoes digital electronic
corrections, which are then transmitted to the laser via adjustments in its current and tempera-
ture. Fast frequency corrections are accomplished through controlling the current of the RIO laser
diode, while slow frequency corrections are made by adjusting the laser diode temperature. The
complete optical experimental setup with the vacuum chamber and the optical components is

illustrated in Fig. 3.4.
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Figure 3.4: Optical setup for the compact Fabry-Pérot cavity. The vacuum chamber is on the right
with the mounted free space components on its wall.
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3.3.2 Control Electronics

The PDH scheme used to lock the frequency of the laser to the frequency of the cavity is imple-
mented via a full digital electronics control scheme which is shown in Fig. 3.5. This fully digital

scheme was designed and implemented by Séverine Denis.

ADC1
Offset

PD Ampliﬁer BPF

[LF1

" ADC
30 MHz 27-33 MHz,

Redpitaya

Figure 3.5: Control electronics for PDH laser frequency stabilisation technique where NCO is nu-
merically controlled oscillator, LF is loop filter, ADC is analog to digital converter, DAC is digital to
analog converter, BPF is band pass filter, PWM is pulse width modulation, d2r is data2ram, Ml is
modulation input, SDN is shift dynamic register and PD is photodiode.

A 30 MHz beat signal is detected using a fast photodiode. After amplification and filtering, the
signal is fed into the RP input ADC. The 30 MHz signal, well within the RP measurement bandwidth
and below its Nyquist frequency of fn =62.5 MHz, generates a 14-bit signal.

The 30 MHz signal is directed to block 1, serving to generate the error signal for PDH
technique. Within this block, there's a setup comprising a digital mixer, two digital NCOs (NCO1
and NCO2), afinite impulse response (FIR) filter, and a shift dynamic register (SDN). NCO1 operates
as the local oscillator, while NCO2 functions as a modulation NCO.

The generated error signal undergoes filtering through an FIR filter, resulting in a 32-bit datas-
tream. Following the filtering process, the SDN simplifies the 32-bit signal by reducing its size down
to a 14-bit signal.

The error signal generated from block 1, progresses to block 2 for the derivation of a
correction signal. This block incorporates two loop filters, LF1 and LF2, integrating proportional
(P) and integrator () functions. Precise adjustments of these parameters yield a correction signal
sent to DAC1 of the RP. This correction analog signal, upon exiting DAC1, directly interfaces with
the laser current controller. This interaction fine-tunes the current until resonance is achieved,
effectively aligning the laser frequency with that of the cavity—a process referred to as fast laser

frequency corrections.
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However, prolonged operation results in the gradual drift of the laser current, leading to
undesirable power fluctuations. To counter this issue, LF2 comes into play, utilizing the error signal
(e2) provided by LF1. LF2's objective is to maintain e; at zero by modulating the laser temperature.
The output of LF2 is then employed as the correction signal for the laser temperature. This signal
is channeled through the pulse width modulation (PWM) port of the RP, ultimately reaching the
laser temperature modulation input, ensuring sustained stability and addressing the long-term
fluctuations arising from the laser current drift.

In addition to frequency locking, we also use the RP to determine the cavity transmission
mode by adding modulation to the laser current and temperature, shifting the laser frequency
through the Fabry-Pérot cavity free spectral range while keeping the PDH loop open. When the
laser frequency is in resonance with the cavity frequency, a transmission occurs, generating an
error signal. This modulation to the current and temperature of the laser is achieved via two
other NCOs (NCO3 and NCO4) while the PDH loop remains open.

The RP's fifth NCO (NCO5), serves the purpose of creating the modulation frequency for
the EOM, delivering it via the second RF output of the RP. The resultant EOM modulation signal,
emerging from DAC2 of the RP, undergoes proper filtering and amplification to reach a power

level of 12 dBm.

3.4 Characterization

This section provides an overview of the measurements conducted to analyze the cavity
during the second year of my thesis. Prior to my involvement in the PhD program, Séverine Denis
and Jacques Millo conducted measurements where a CTE zero crossing was not observed. Simul-
taneously, the measured phase noise and fractional frequency stability exceeded the anticipated
values. Consequently, | dedicated the second year of my thesis to investigating the absence of the
CTE zero crossing. This involved performing FEM simulations by Guillaume Le Tétu, and conduct-
ing theoretical calculations. Simultaneously, efforts were made to optimize electronics to minimize

phase noise. This section provides an overview of these measurements and calculations.

3.4.1 Phase noise

The PSD of phase noise for the USL was assessed by creating a beatnote between the
laser locked to the compact cavity and a telecom laser locked to a spherical cavity with an FFS of
2x1071° at 1 second integration time. The performance of the spherical cavity surpassed that
of the compact cavity, aiding in the determination of the phase noise of the compact cavity. In
Figure 3.6, we present a comparison of the phase noise of the compact cavity with respect to the

spherical cavity for two configurations:
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1. PSD of phase noise of USL with analog PDH locking scheme as measured by Alexandre Didier
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2. PSD of phase noise of USL with fully digital FPGA based PDH locking scheme.

20

= Analog PDH electronics
—— Digital PDH Electronics

=20

-40 4

-60 -

L(f)
Phase Noise (dBc/Hz)

-100 - : : . . .
10° 10! 102 10? 104 10° 106 107

Frequency (Hz)

Figure 3.6: Comparison of phase noise spectrum of the compact cavity for two configurations: Red
solid line represents the phase noise spectrum of the compact cavity using fully digital PDH locking
scheme; Black solid line corresponds to the PSD of phase noise spectrum of the compact cavity
using analog PDH locking scheme; Blue dashed line indicates the cavity thermal noise limit.

With the utilization of the PDH frequency locking scheme, the analog electronics achieved 0 dBc/Hz
at a 1 Hz offset frequency, displaying a slope of f~2 in between 3 Hz and 3 kHz (solid black line).
Transitioning to a digital control system using the RP resulted in a phase noise of 3 dBc/Hz at a
1 Hz offset frequency, displaying a slope of f~2 in between 1 Hz and 30 Hz.

While the analog scheme outperforms the digital counterpart at 1 Hz offset frequency,
the digital system exhibits notably lower phase noise beyond 3 Hz. Notably, in terms of slope, the
analog method follows an f~2 characteristic corresponding to white frequency noise potentially
originating from the electronic frequency-control loop [132], whereas the digital method demon-
strates an f—3 trend corresponding to flicker frequency noise. The shift from an analog to a digital
setup effectively mitigates this white frequency noise, moving the system closer to adhering to the
cavity thermal noise limit.

It's essential to note that the analog electronics measurement was conducted with the
guiding screw fully tightened, securing the cavity firmly through the viton ball. Contrastingly, dur-
ing the digital setup measurement, the guiding screw was loosened, allowing the cavity to rest
solely on the viton pads. This adjustment potentially contributed to improving the phase noise

curve slope from f~2to f~3, indicating that proper force adjustment for cavity stability might aid
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noise reduction.

3.4.2 Acceleration sensitivity

The Fabry-Pérot cavity was designed with a double tetrahedral geometry to minimize vibra-
tional sensitivities. The cavity is supported by a non-hyperstatic three-point holding system, which
ensures balanced forces and effectively eliminates = and z axis translations. FEM simulations con-
firmed very low acceleration sensitivities, below 10712/m.s~2, in all three directions [132].

For acceleration measurements, a dedicated setup was constructed. The vacuum cham-
ber with free-space optical components was mounted on its walls, and pigtailed fiber components
were placed on a thin breadboard supported by four sorbothane mounts at its corners. This as-
sembly was further placed on an active vibration isolation platform capable of modulation in all
axial directions from 0.1 Hz to 200 Hz. The entire setup, along with the laser and control electronics,
was placed on an optical table designed to shield against ground vibrations.

Jacques Millo from the TF department conducted the acceleration sensitivity measure-
ments. To calculate the acceleration sensitivity coefficients & , ., sinusoidal modulation was ap-
plied to the active isolation platform, and the corresponding acceleration noise spectrum S,,, and
phase noise spectrum S, were measured. Accelerations of 10~% m/s? were applied at frequencies

of 2 Hz and 6 Hz. The resulting acceleration sensitivities are presented in Table 3.1.

Axis | Acceleration Sensitivity at 2 Hz | Acceleration Sensitivity at 6 Hz
X 1.5 x 1071 /m.s—2 1.2 x 10719 /m.s—2
y 8.7x 1072 /m.s~2 7.7x 10710 /m.s~2
z 1.1 x 10719 /m.s—2 1.9 x 10719 /m.s—2

Table 3.1: Acceleration sensitivity in three directions (x, y and z) measured at 2 Hz and 6 Hz [132].

From Table 3.1, it is observed that the measured acceleration sensitivities were significantly higher
than those obtained through FEM simulations. Particularly, for the z-axis, the measured accelera-
tion sensitivity at both frequencies was on the order of 107%/m.s~2, much higher than the FEM
simulation values of 10712/m.s~2. For a white acceleration noise level of 95 dBm?s~4/Hz, the vibra-
tion noise contributing to the fractional frequency noise would reach 1.4x 10~ in a quiet environ-
ment. This is very close to the previously calculated theoretical thermal noise limit of 1x10~%2., In
a noisy environment, the vibration noise may become a limiting factor for the frequency stability.
The absence of a free-space optical isolator in the optical path is suspected to allow the formation
of parasitic etalons. These etalons are caused by unwanted reflections between optical surfaces,
and their interference patterns are highly sensitive to shifts in the optical path length. When vibra-
tions occur, they can cause these surfaces to move, altering the path length and modulating the

laser's frequency.
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3.4.3 Coefficient of thermal expansion (CTE)

The CTE measurements were carried out by Séverine Denis. As direct measurement of the
cavity length change is not feasible, we resorted to monitoring the change in frequency, which cor-
responds to relative length variations. This was achieved by locking the laser to the cavity using the
PDH technique. Subsequently, the laser frequency was measured at small temperature intervals
within the vacuum chamber, generating data points that were plotted against temperature.

The primary objective of this analysis was to identify the temperature at which a fitted
line through the data points crosses zero, indicating the inversion point or zero crossing temper-
ature of the cavity, where relative length variations become null. The measurement of the cavity
CTE provides valuable insights into its thermal behavior and aids in the design and optimization

of the cavity performance. The obtained results are shown in Fig. 3.10.
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Figure 3.7: CTE (%) versus temperature under different configurations for the cavity mea-
sured by Séverine Denis and Jacques Millo. The first set (orange points) represents measurements
with the cavity resting on viton pads and secured by a viton ball applying force via a guided screw.
In the second set (blue points), the applied force was reduced by slightly loosening the screw to
examine the effect of lower force on the cavity. The third set (green points) shows measurements
with the screw completely removed, allowing the cavity to rest solely on the viton pads, assessing
the thermal response with no additional force. The black solid line represents the expected be-
haviour of the CTE of the cavity.

The CTE measurements were conducted using three different configurations to thoroughly ana-
lyze the cavity thermal behavior. In the first set of measurements shown by the orange points, the
cavity was positioned as desired, resting on the viton pads, and securely held in place by applying
a specific force from a viton ball through a guided screw.

For the second set of measurements shown by the blue points, the force applied from
the top through the viton ball was slightly reduced by loosening the screw. This allowed for the

examination of the cavity response to a slightly different level of force exerted on it.
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Finally, in the third configuration shown by the green points, the guiding screw was
completely removed, and the cavity was allowed to rest solely on the viton pads. This configuration
aimed to assess the cavity thermal response when there was no additional force applied from the
guiding screw.

Upon examining the measurements from the three configurations depicted in Fig. 3.7,
it becomes evident that there is an absence of a CTE zero crossing at room temperature, con-
trary to the expectation derived from FEM simulations. Extrapolating fitted lines through the data
points reveals that the zero crossing temperature lies significantly below 0°C. Several potential

explanations exist for the failure to obtain the zero crossing, including:

1. FEM simulations yielded inaccuracies in replicating the effective CTE for the composite ma-

terial cavity.

2. A spacer made from ULE with different intrinsic characteristics is being used causing a con-

siderable shift of T; towards a significantly lower temperature.

3. The spacer could be composed of Zerodur, a material frequently used in the construction
of Fabry-Pérot cavities. While Zerodur shares similarities with ULE material, particularly in
exhibiting a CTE zero crossing near room temperature, we assume Zerodur has either a very
small or significantly high zero-crossing temperature. This allows us to approximate its CTE

as a constant value over the relevant temperature range.

4. The cavity holder, composed of stainless steel, could potentially contribute to the absence
of the zero crossing phenomenon. This could stem from the material's inherent thermal

expansion and contraction in response to temperature fluctuations.

5. Asubstantial temperature difference exists between the peltier's temperature and the actual
temperature of the cavity. This disparity arises due to the presence of two shield layers, and

the absence of a sensor to gauge the precise temperature within the cavity.

The hypotheses outlined in points 1, 2, and 3 can potentially find resolution through the construc-
tion of a new cavity incorporating a ULE spacer with a precisely controlled intrinsic CTE. Further-
more, addressing the hypotheses detailed in point 4 involves the fabrication of a new cavity holder
utilizing INVAR, renowned for its minimal thermal expansion characteristics. These strategies have
been systematically implemented and documented in Chapter 4 of my thesis.

To address the concern raised in point 5 regarding temperature monitoring accuracy,
a viable solution involves the installation of a temperature probe within the innermost shield of
the cavity holder. This measure ensures a more precise monitoring of the cavity temperature
dynamics.

Within this chapter, particular emphasis has been placed on an examination of point

3. This involved conducting FEM simulations and thermal noise calculations, documented in the
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subsequent sections to determine whether the cavity spacer material is constructed from ULE or

zerodur.

3.4.4 Thermal Expansion through FEM simulations

To investigate the absence of a CTE zero crossing in the Fabry-Pérot cavity, the initial step
involved determining the material composition of the spacer, whether it is ULE or Zerodur, using
FEM simulations. Guillaume Le Tétu from the TF department conducted these simulations using

COMSOL Multiphysics with the Structural Mechanics and Thermal Stress modules.

Selection of geometry and parameters for simulation
The simulations involved two distinct configurations:
1. Spacer made from ULE with Fused Silica Mirrors and ULE rings.
2. Spacer made from Zerodur with Fused Silica Mirrors and ULE rings.

These simulations were undertaken to gain insight into the material composition of the cavity
spacer and to determine whether Zerodur aligns with the observed behavior in the experimental
CTE plot. In order to ascertain the exact material from which the spacer is composed, we aimed
to simulate the two aforementioned configurations and subsequently plot the relative length vari-
ation (%) of the cavity against temperature (T). This comparison of results would provide us with
theoretical insights. The simulation variables considered for these analyses are detailed in Table
3.2

Property ULE Zerodur Fused Silica Viton
Young's Modulus (Pa) | 67.8 x 10° | 90.3 x 10” 73 x 107 3.5 x 10°
Poisson’s Ratio 0.17 0.24 0.16 0.4
Density (kg/m?) 2210 2530 2202 1600

H.C. (/(kg.K)) 767 800 772 1600
T.C. (W/(m.K)) 1.31 1.46 1.38 0.25
CTE (1/K) Variable | 41.9 x 107 | 5.1 x 1077 | 70 x 1076

Table 3.2: Parameters for FEM simulations, where H.C. represents the heat capacity at constant
pressure, T.C. denotes the thermal conductivity, and CTE stands for the coefficient of thermal
expansion.

To streamline the simulations, we imposed fixed constraints on the viton pads within the software,
thereby restricting their movement in any direction. Fused Silica materials possess constant CTE
within the temperature range of 0°C to 50°C. ULE exhibits a parabolic response, reaching zero
thermal expansion at a specific temperature, after which it inversely rises. Our primary objective
is to identify this inversion point, commonly referred to as the zero crossing. To achieve this, we
assigned constant CTE values for components made from Zerodur and Fused Silica. However, for

ULE components, we treated the CTE as a variable, ranging from 0°C to 50°C, with an anticipated
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inversion point temperature (1) set at 25°C. We calculated the relative length variation for the

ULE spacer concerning temperature change using the equation:

AL
T = aULE(T)AT (31)
where,
-AT is the change in the temperature,
-ayre(T) are the CTE values for ULE.
ayre(T) is given by the equation
aULE(T) = a(T — To) (32)

where,

-a=2.49 x 1079 K=2 [25].

To determine the relative length variation (%) with the change in temperature (T), we chose two
points Py and P; on the centre of the two mirrors respectively. We define the displacement com-
ponents (u,v,w) along the z,y and z axes of these two points as (ug, vg,wg) for Py and (u1, v1,w1) for

Py. The optical axis is y. The positions of Py and P, are shown in Fig. 3.8.

Figure 3.8: Points under consideration for relative length fluctuations due to change in tempera-
ture

To estimate the deformation of the cavity due to the mirrors, superposition of translations along z,
y and z axes and rotations across = and z axes are considered. But according to [131], translations
along the z and z axes are negligible and does not influence the optical axis that is the y axis of

the cavity. Relative length variations are given by the equation

AL \/(Ul —U0)2+(L+U1 —v0)2+(w1 —w0)2 —L
I I (3.3)

where,
- L = 25 mm is the length of the cavity.

Since we are considering negligible effects from the translations across x and z axes, the relative
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length variation due to the y axis is given by the equation

AL o V1 — Vo
T -1 4

Simulation Results

Simulations were conducted across temperatures from 0°C to 50°C, incrementing by 0.5°C.
In Figures 3.9(a) and 3.9(c), stress and displacement maps, respectively, for the ULE spacer at 0°C

and 50°C are depicted.

© ' @

Figure 3.9: Stress and displacement map for 0°C and 50°C for cavity made of ULE spacer : (a) & (b)
stress and displacement map at 0°C respectively; (c) & (d) stress and displacement map at 50°C
respectively.

In examining the stress maps (Figures 3.9(a) and 3.9(c)), it's clear that stress affects the fused silica
spacer junction, aligning with expectations. Stress increases notably at 50°C. These simulations
aimed to highlight that only the fused silica mirrors exhibit length variations with temperature
changes. The displacement maps (Figures 3.9(b) and 3.9(d)) also reveal maximum displacement
within the fused silica domain. Notably, these results remained consistent even when applying
gravitational force, confirming its negligible impact on length variations in response to tempera-
ture changes.

Similar observations were made with a Zerodur spacer. The fused silica domain showed
the most significant stress and displacement changes from 0°C to 50°C. Simulating the same ge-
ometry with a gravitational force of 1g yielded consistent results, reaffirming gravity's minimal

effect regardless of the spacer material.
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Ultimately, we plot the relative length variation (%) against temperature (T') for the
previously mentioned configurations. This graph aims to estimate the cavities' zero crossing tem-

perature and illustrate the curve’s behavior. This plot depicted in Fig. 3.10.
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Figure 3.10: Relative length variation (%) vs. Temperature (T) : Red solid line represents the con-
figuration where the spacer is made from ULE ; Black solid line represents the configuration where
the spacer is made from Zerodur

The plot in Fig. 3.10 illustrates distinct characteristics of the spacers: the ULE-made spacer (red
solid line) shows a parabolic trend indicates an inversion point at around 11°C whereas the Zero-
dur spacer (black solid line) demonstrates a linear trend. To verify this with the experimental data
to determine the material composition of the spacer, we need measurements at temperatures
below 11°C. Unfortunately, due to limitations imposed by the temperature controller, conducting
measurements at temperatures below 11°C, crucial for confirming this theory, is unfeasible with
the current cavity setup. Therefore, the simulations are inconclusive in determining both the cause

for the absence of the CTE zero crossing and the precise material composition of the spacer.

3.4.5 Thermal Noise

Initially uncertain about the spacer material composition, we conducted inconclusive FEM
simulations to estimate its identity. To address this, we aimed to calculate the cavity thermal noise
under two scenarios: one with a ULE spacer and another with a Zerodur spacer. Our hypothesis
was that differing thermal noise effects on the cavity would distinguish between the two materials,
aiding in identification.

To calculate the cavity thermal noise, we modeled the spacer as a double tetrahedron

and optically contacted two mirrors (one plane and one concave) made of fused silica (SiO-) to the
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spacer. These mirrors featured AlGaAs reflective coatings, each with a thickness (w) of 6.83 um.
Simplifying the cavity as a cylinder with a radius (Rs,) of 22 mm and a central bore diameter (rs,)
of 5 mm allowed for the passage of a 190 um laser beam waist.

Considering fused silica’s properties, we used a Young's modulus (E) of 70.3 GPa, a Pois-
son's ratio (crg) of 0.16, and a loss angle (¢;) of 1 x 1076 [138]. The reflective coatings’ properties,
comprising AlGaAs, included a Poisson’s ratio (o..:) of 0.32 and a loss angle (¢.;) of 2.5 x 107°
[56].

To compute the thermal noise for the spacer, we required the properties of ULE and Zerodur.
For ULE, we considered a Young's modulus (E) of 73 GPa, a Poisson’s ratio (o¢q:) of 0.17, and a
loss angle (¢ x) of 1.6 x 1075 [32]. Similarly, for Zerodur, we utilized a Young's modulus (E) of
90.3 GPa, a Poisson’s ratio (0 zerodur) Of 0.24, and a loss angle (¢ zeroqur) Of 3.2 x 1074 [29].

The outcomes of the thermal noise calculations for each component, encompassing the

spacer, mirrors, and mirror coatings, are detailed in Table 3.3.

Type Sgpac(f) S5*(f) Sgeat(f) Se
F~Ym2/Hz) | F~Y{m2/Hz) | F~Ym2/Hz) | f~Y(m2/Hz)

Zerodur(spac.) | 1.6x1073* | 2.1x1073* | 2.3x10734 1x10°33
FS(sub.)
AlGaAs(coat.)

ULE(spac.) 9.7x10736 | 21x1073* | 2.3x1073* | 8.8x 1073
FS(sub.)
AlGaAs(coat.)

Table 3.3: Thermal noise contributions from different components of the Fabry-Pérot cavity, in-
cluding the total thermal noise contribution. The abbreviations used are FS for Fused Silica, spac.
for spacer, sub. for substrate, and coat. for coating.

The calculations are performed for both ULE and Zerodur spacers. Additionally, Table 3.4 illus-

trates the relative contributions of each cavity component to the overall thermal noise.

Type Spacer(%) | Coatings(%) | Substrates(%)
Cavity with Zerodur spacer 15 44 41
Cavity with ULE spacer 1 51 48

Table 3.4: Relative contribution of the spacers made of ULE and zerodur, fused silica mirrors and
AlGaAs coatings on the thermal noise of the Fabry-Pérot cavity

Information from Tables 3.3 and 3.4 highlights the significant impact of thermal noise with a Zero-
dur spacer, contributing approximately 15 % to the total, while the ULE spacer’s impact remains
minimal at 1 %. The dominance of mirror and coating contributions (more than 40 %) in both sce-

narios diminishes the spacer’s influence, resulting in minimal disparity in thermal noise between
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the two materials.

Proceeding with the conversion of total thermal noise (S, (f)) to phase noise (S,(f))
at 1 Hz Fourier frequency and frequency noise (o,(s)) at a 1 second integration time, we found
nearly identical phase noise (-12 dBrad?/Hz at 1 Hz) and frequency noise (1x10~15 at 1 second)
for cavities made from Zerodur and ULE. This similarity underscores the challenge in deducing
spacer material based solely on thermal noise calculations. Thus, the choice of spacer material
seems to exert a limited impact on the cavity thermal noise, maintaining a comparable level in

both instances.
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3.5 Conclusion

This chapter shows the performance evaluation of a compact ULE Fabry-Pérot cavity, showcasing
a measured finesse of 247,000, aligning with an FSR of 6 GHz. Insights into the cavity design,
mounting procedures, and vacuum chamber setup are provided, alongside the implementation of
a digital Pound Drever Hall (PDH) frequency locking technique for improved functionality. Notably,
the digital electronics approach yielded a commendably low phase noise of 3 dBc ata 1 Hz Fourier
frequency, exhibiting an f~3 slope when compared to an f~2 slope from the previously measured
phase noise with analog PDH electronics..

Nevertheless, several limitations came to light concerning the cavity operation. Initially,
thermal noise impeded achieving a fractional frequency stability below 1 x 10~ within a 1-second
integration time. Additionally, measurements revealed that vibration and acceleration sensitivities
exceeded the values predicted by simulations.

A pivotal observation was the absence of a CTE zero crossing. Potential reasons were
identified, primarily focusing on the cavity material composition—whether constructed from ULE
or a similar material like zerodur. The discrepancy could also arise from using ULE with altered
characteristics, potentially shifting the CTE zero crossing and resulting in inaccuracies in our simu-
lations. Despite employing FEM simulations and conducting thermal noise calculations, determin-
ing the cavity material and deciphering the absence of a zero crossing remained inconclusive.

Consequently, a decision was made to develop a new cavity with modifications in design,
employing ULE with controlled and documented intrinsic properties. Detailed information about

this new cavity can be found in Chapter 4 of my thesis.
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Chapter 4

Towards a new Transportable Ultra

Stable Laser

4.1 Introduction

This chapter presents the realization of a new transportable ultra stable laser based on an
updated version of the compact Fabry-Pérot cavity [131] described in Chapter 3 of this thesis. The
chapter begins with an overview of the objectives and structure, followed by a summary of the
key contributions and research questions addressed. The significance and novelty of the work are
highlighted, setting the stage for the subsequent sections.

A description of the modified design and geometry of the Fabry-Pérot cavity is provided.
The changes made to the cavity are explained, emphasizing the improvements in stability and
portability. The design considerations, such as mirror coatings and materials, are discussed, along
with their impact on the performance of the cavity.

The newly designed mount for the Fabry-Pérot cavity, made of INVAR, is presented. The
rationale behind choosing INVAR as the material is discussed, comparing it to other metals like
stainless steel. The advantages and disadvantages of INVAR are evaluated, taking into account
factors such as thermal expansion, mechanical stability, and vibration damping. The detailed de-
sign and construction of the mount are described, highlighting its role in maintaining the stability
and performance of the cavity.

A compact, low-noise, and high-current rated power supply distribution setup designed
for the compact cavity setup and the optical fiber link setup is introduced. The design consider-
ations, circuitry, and components used in the power supply setup are detailed. The functionality
and performance of the power supply distribution system are evaluated, highlighting its role in
powering the electronic components of the cavity setup and the optical fiber link.

An updated and compact optical and electronics scheme designed for the compact cav-

ity and the 25 m long optical fiber link used to disseminate the ultra-stable frequency from the
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USL is presented. Notably, this optical fiber link is 10 m longer than the one discussed in Chapter
2 of this thesis. The extension was made to align with the practical implementation of the setup as
detailed in Chapter 2, where the objective is to compare two ultra-stable lasers positioned in sep-
arate rooms within the laboratory, approximately 25 m apart. The design and integration of the
fiber optical components and electronics for both setups into two 19-inch rack mountable boxes
are described. The synchronization, signal routing, and data acquisition aspects are discussed,
emphasizing the efficient and reliable transfer of the ultra-stable frequency over the optical fiber
link.

The technique of cavity mode matching, which involves adapting the spatial mode of a
laser beam to the resonance mode of the Fabry-Pérot cavity, is detailed. The experimental setup
used to achieve cavity mode matching is presented, along with the procedures employed. Further-
more, the generation of a beatnote with another ultra-stable laser, locked to a spherical Fabry-
Pérot cavity located in a different room, is explained. The utilization of the noise-compensated
optical fiber link to transmit signals between the experimental room and the room housing the
USL locked to the spherical cavity is also discussed.

The measurements conducted with the compact cavity are presented. This includes
the finesse measurement using the cavity ringdown technique. The experimental setup, the data
acquisition procedures, and analysis methods for the finesse measurement are explained. The
measurement of birefringence of the mirror coatings is discussed, including the phenomenon of
mode splitting. The technique implemented to measure the coefficient of thermal expansion (CTE)
of the cavity is described, along with the challenges encountered. The effect of phase noise on the
performance of the cavity and fractional frequency measurements are also presented. Finally, a
detailed conclusion is provided, discussing the issues associated with the cavity and suggesting

future improvements.

4.2 Design and Geometry

The geometric configuration of the cavity was maintained identical to its previous version.
However, in the previous iteration, a notable absence of CTE zero crossing was observed. Our
investigation led us to suspect that this anomaly was attributed to the utilization of an outdated
ULE material for manufacturing the spacer, the CTE of which remained unknown at a specific
temperature.

Considering the impact of this factor, we made the decision to introduce a new and
modified spacer. As part of this modification, we eliminated the ULE rings located on the back of
the mirrors. To counterbalance the CTE mismatch between the fused silica mirrors and the ULE
spacer, we procured a ULE material with a higher intrinsic CTE value. It is anticipated that the

ULE spacer will exhibit a CTE zero crossing at approximately 48+5°C. By taking into account the
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influence of the two fused silica mirrors on the spacer, we calculated an anticipated temperature
inversion for the overall cavity, estimated to occur around 18+5°C. The new and updated Fabry-

Pérot cavity with ULE spacer, Fused Silica mirrors and AlGaAs coatings is shown in Fig. 4.1

Figure 4.1: Updated version of compact Fabry-Pérot cavity. The overall design is maintained. Di-
mensions have been scaled to adapt to the absence of ULE rings using [131].

4.3 Cavity support

The choice to replace the stainless steel support for the cavity with a new support fabri-
cated from Invar 36 was made in response to the identified limitations hindering the achievement
of the desired cavity performance, as detailed in Chapter 3. Stainless steel, being the material
used in the previous support, exhibited sensitivity to temperature fluctuations due to its higher
coefficient of thermal expansion (CTE). It was suspected that this sensitivity introduced challenges
in maintaining dimensional stability as the temperature varied.

Invar 36, also known as FeNi36, belongs to the family of low expansion iron-nickel alloys.
Composed of 64 % iron (Fe) and 36 % nickel (Ni), Invar 36 possesses exceptional properties, with its
most valuable characteristic being an extremely low CTE. In fact, Invar has the lowest CTE among
all metals, making it an ideal choice for applications requiring precise dimensional control under

varying temperature conditions [139][140].

y Metal | CTE(x107°K™1) |
Aluminium 23.6
Copper 17.0
Gold 14.2
Stainless Steel 16.0
Invar 0.5t0 2.0
Super Invar 0.3to 1.0

Table 4.1: Comparison of coefficient of thermal expansion (CTE) for different metals.
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A comparison of the CTE values for different metals further highlights the advantage of Invar 36
over stainless steel. Table 4.1 illustrates that Invar 36 exhibits a CTE range of 0.5 t0 2.0 x 1076 K1,
whereas stainless steel has a CTE of around 16 x10~¢ K~1. This substantial difference of approxi-
mately 14x 1076 K=1 in CTE enables Invar 36 to provide superior dimensional stability and minimize
the impact of temperature variations on the cavity length.

The design of the new support for housing the cavity remains consistent with the previ-
ous version, as detailed in Section 3.2 of Chapter 3. The cavity is securely housed within a central
enclosure comprising three parts, all fabricated from Invar. To ensure proper placement, the cav-
ity rests on the bottom part of the central enclosure using two Viton pads. These pads, 2 mm in
diameter and 1 mm thick, are positioned through 0.5 mm deep pockets machined on the bottom
holder. The cavity is held in place by an Invar piston, guided by translation through the use of an
SS screw and a 3.5 mm diameter Viton sphere, as discussed in Section 3.2.

It is worth noting that modifications were made to the design of the translation system,
specifically the piston, due to the complex geometry and guidance system of the previous version.
Invar is a rigid metal, and machining it requires specialized expertise that is not readily available
in all industries. Therefore, a simpler design was adopted for the translation system to facilitate
the machining process while ensuring the functionality and performance of the cavity.

In addition to the support structure, the thermal shielding technique employed in the
previous version of the cavity remains unchanged. A copper shield with a polished gold surface
acts as the shield, providing effective thermal insulation and protection against external influences.
Figure 4.2 visually depicts the updated support for the new cavity, showcasing the integration of

the Invar 36 components and the overall assembly.
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Piston

1

Figure 4.2: CAD assembly of the enclosure to house the Fabry-Pérot cavity. Blue parts constitute
the inner enclosure made of Invar where the cavity is housed. Brown parts constitute the copper
shield with polished gold layer that acts as a thermal shield to reduce the effect of temperature
fluctuations on the cavity.

By leveraging the unique properties of Invar 36, including its low CTE and dimensional
stability, the new support design not only addresses the limitations associated with the previous
stainless steel support but also accommodates the smaller geometry of the cavity. This compre-
hensive approach ensures improved performance, enhanced temperature stability, and reliable

operation of the cavity in various environments.

4.4 \Vibration Isolation

In order to mitigate the effects of mechanical vibrations, a vibration isolation system has
been implemented. A compact and highly effective active vibration isolation platform, the Table
Stable TS-C30, measuring 300 x 300 x 70 mm (length, width, height), serves as the primary support
structure for the vacuum chamber associated with the Fabry-Pérot cavity.

To augment the vibration isolation capabilities, passive isolation has been incorporated
into the setup. The vacuum chamber, securely fastened onto the active vibration isolation plat-
form, is further mounted on a secondary optical breadboard. This secondary breadboard, resting
on an optical table, is supported by four sorbothane posts situated at the corners of the bread-
board. These posts contribute to passive isolation by effectively attenuating vibrations transmitted

through the optical table. The entire vibration isolation system, encompassing the active vibration
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isolation platform, vacuum chamber, and passive isolation configuration, is depicted in Figure 4.3.
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Figure 4.3: Photograph of the vacuum chamber housing the cavity resting on a vibration isolation
platform (Table Stable TS-C30), where BB1 and BB2 are Breadboard 1 and Breadboard 2.

4.5 Power Supply

4.5.1 Introduction

In our previous version of the ultra-stable laser system and optical fiber link, we utilized
low-noise linear power supplies. However, these power supplies are characterized by significant
size and weight, contributing approximately 35 liters in volume and 30 kg in the weight budget
allocated to the electronics of the fiber link and the compact cavity combined. This reliance on large
linear power supplies was necessitated by the diverse voltage and current requirements of the
various system components. Consequently, the presence of multiple linear power supplies added
considerable bulk to our overall setup. Table 4.2 provides a listing of the voltage and power ratings

associated with several components within the ultra-stable laser and optical fiber link systems.

] Component | Quantity | Voltage (V) | Current (A) | Power (W) |
] RF Amplifiers \ 1 | +24v | 05A | 12W |
RF and DC Amplifiers 1
RIO laser diode 1 +15V 2A 30W
Photodiodes 3
RF Amplifiers 2
Temperature controlled breadboard 1 +12V 23A 28 W
Temperature controller 1
] Red Pitaya \ 2 \ +5V ] 3A | 15w |
’ Total ‘ ‘ ‘ ‘ 35 W ‘

Table 4.2: Voltage, current and power ratings of various electronic components used for the com-
pact Fabry-Pérot cavity and noise compensated optical fiber link.

From Table 4.2, we can observe that our equipment configuration involves the use of five different

voltage levels (+24 V, £15V, +12 V, +5 V) with varying current requirements, resulting in a total
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power demand of 85 W. Notably, the highest power consumptions are observed in the +15 V,
+12V, and +5 V supplies.

This distinction arises due to specific equipment connections. The +15 V supply powers
the laser, one DC amplifier, one RF amplifier, and three fast photodiodes. Meanwhile, the +5 V
supply is responsible for driving two Red Pitayas, each with a current requirement of 1.5 A. Addi-
tionally, the +12 V supply caters to the needs of the temperature-controlled breadboard, which has
a current requirement of 2 A, as well as two RF amplifiers. Understanding these voltage-specific
power allocations is crucial for ensuring appropriate power supply provisioning in our setup. The

power supply distribution for the previous version of the USL is depicted in Fig. 4.4.

Figure 4.4: Picture showcasing the power supply distribution setup for the old USL, featur-
ing two linear power supplies generating 15 V and 12 V. Each linear power supply measures
120 mmx270 mmx225 mm (Height, Length, Breadth) and weighs 6 kg. Right hand side picture
depicts two custom-made electronic boards, which utilized banana cables, to deliver power to the
respective electronic components. So we had a total weight of 12 kg and a height of approximately
3U (where U signifies rack units).

Similarly, the power supply distribution setup for the phase noise compensated optical fiber link

is shown in Fig. 4.5.
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Figure 4.5: Power supply distribution for optical fiber link that includes a combination of four linear
power supplies, supplying +15V, +15 V and +12 V with a total weight of 25 kg and occupying a
dimension of approximately 5U.

Figures 4.4 and 4.5 illustrate the comprehensive power supply distribution for both the USL and
the optical fiber link. Itisimportant to note that for the 5V power supply required by the redpitayas,
the provided AC-DC converter from the company was used in both the setups.

When consolidating the entire power supply configuration, the collective weight approx-
imates 40 kg and occupies 8U in total for the combined setups. This considerable weight and size

render it impractical for portable applications due to its substantial mass and bulkiness.

4.5.2 Power Supply Model

Given the impractical heaviness and size of the linear power supplies, an alternative com-
pact, low-noise power supply solution was devised. Figure 4.6 illustrates the schematic representa-

tion of this compact power supply, showcasing its design intended to achieve a smaller footprint.
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Figure 4.6: Scheme of the new, updated and compact power supply for the USL and the optical
fiber link.

Table 4.2 revealed that both the USL and the optical fiber link necessitated five distinct voltages,
each with varying current ratings, amounting to a cumulative power demand of 85 watts. To fulfill
these specifications, compact AC-DC and DC-DC converters were employed.

A 230 VAC- 24 VDC converter (Traco Power TXLN 200-124) with a high output current of
8.4 A and power rating of 201 W was selected as the main power source. This AC-DC converter has
a length, width and depth of 212 mm, 115 mm and 30 mm respectively. From the 24 VDC output,
power was distributed to four DC-DC converters to generate the required specific voltages. The

chosen DC-DC converters are

1. 24 VDC-12VDC (Traco Power TEN 40-2412WIR) with an output current rating of 3.3 A with

dimensions of approximately 51 mmx25 mmx10 mm (LxBxH).

2. 24 VDC-5 VDC (Traco Power THM 30-2411WI) with an output current rating of 6 A with di-

mensions of approximately 25 mmx51 mmx10 mm (LxBxH).

3. 24VDC-15VDC (Traco Power TRI 10-2413) with an output current rating of 0.7 A with dimen-

sions of approximately 32 mmx20 mmx12 mm (LxBxH).

4. 24 VDC-15 VDC (Traco Power TEL 10-2423WI) with an output current rating of 4 A with di-

mensions of approximately 14 mmx24 mmx8 mm (LxBxH).

For the +15V and-15V power supplies, two 24 VDC-15 VDC converters were used, with the ground
terminal of one connected to the positive terminal of the other to obtain the desired polarities. Al-
ternatively, a single DC-DC converter providing a single -15 V output could be used. Gilles
Martin from the electronics department of Femto-ST Institute developed a specialized compact

PCB dedicated to housing all the necessary DC-DC converters with filtering. The AC-DC module
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was kept separate. This PCB was designed to include adequate filtering mechanisms, ensuring in-
terference avoidance and proficient noise reduction. Subsequently, the PCB was securely housed
within an aluminium enclosure with dimensions of 222 mmx146 mmx56 mm (Length, Width,
Height), serving as a shield against external electromagnetic interference.

The recently introduced compact power supply configuration boasts a power rating of
roughly 201 Watts, surpassing the required capacity for the two setups by a factor of 2.5. Notably,
it maintains a compact form factor, measuring approximately 2U in dimension and weighing only
1 kg. This marks a significant advancement compared to the prior power supply configuration,
which collectively weighed 40 kg and occupied roughly 8U in dimensions. Moreover, the increased
power ratings of this new supply allow for the integration of several additional pieces of equipment

into the setups.

4.5.3 Power Supply Noise Spectrum

To determine the performance of the compact power supply, a voltage noise analysis was
conducted. Please note that due to shortage of time, the whole power supply setup that included
all the DC-DC and AC-DC converters was not characterised. We only characterised the 5V DC-DC
converter that was supplied by a linear Metrix power supply.

We utilized a low-noise Agilent FFT 35670A dynamic signal analyzer for our measure-
ments. To assess the behavior of the power supply output signal across a load, denoted as Ry,
we connected it to the power supply denoted as VDC being tested. The load used in our experi-
ments was a redpitaya. We employed the redpitaya as the load to evaluate its effect on the signals

from three different power supply configurations:
1. Redpitaya supplied by 5V adapter provided by the manufacturer of Redpitaya.
2. Redpitaya supplied by linear Metrix power supply.

3. Redpitaya supplied by DC-DC converter (Tracopower) supplied by linear Metrix power sup-
ply.

In order to ensure the reliability of our measurements and verify that external factors such as
temperature fluctuations and vibrations did not affect the results, we conducted the same mea-
surements in a controlled environment within a Faraday cage. This allowed us to isolate the setup
from external electromagnetic interference. In addition, we included an extra measurement to
assess the machine noise. To accomplish this, a 50 2 load was connected to one of the input chan-
nels of the FFT analyzer, and we carried out the measurements using the same configurations as
before. The power spectral density of voltage noise versus frequency plots for the four previously
mentioned configurations are depicted in Figure 4.7. Measurements performed in and out of the

Faraday cage gave identical results.
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Figure 4.7: Comparison of PSD of voltage noise between different power supplies. The black solid
line represents the noise spectrum of the redpitaya power supply, the red solid line corresponds
to the noise spectrum of the Traco power supply supplied by a linear Metrix power supply and the
blue solid line represents the noise spectrum of the standalone Metrix power supply. The gray
line represents the noise spectrum of the FFT analyser.

The PSD of voltage noise for the above mentioned power supplies at 1 Hz Fourier frequency is

listed in Table 4.3.

] Equipment | PSD (V*Hz"1) | PSD (dBrad®Hz 1) |
Redpitaya Power Supply (black) 7e-09 18
Metrix Power Supply (cyan) 5e-10 6
Metrix-Traco Power (red) 3.5e-12 -15

Table 4.3: PSD of voltage noise for the above mentioned configurations at 1 Hz Fourier frequency.

Figure 4.7 and Table 4.3 provide insights into the performance of different power supplies. It
is evident that the redpitaya power supply, specifically a wall AC-DC adapter, exhibits the poorest
performance at 1 Hz, with a PSD of 7 x 10~ V2/Hz. Comparatively, the linear power supply demon-
strates better performance, with a PSD of 5 x 10710 V2/Hz at 1 Hz. However, the Traco power sup-
ply stands out with the best performance, boasting a significantly lower PSD of 3.5 x 1072 V2/Hz
at 1 Hz. Notably, at higher frequencies, the linear power supply outperforms the Traco power
supply. To enhance the performance of the Traco power supply, appropriate filtering to reduce
higher frequencies can be implemented. Simultaneously, upon reviewing the gray curve depict-
ing the voltage noise from the FFT analyzer, we can observe that it registers significantly lower
noise than the measured voltage noise levels of the power supplies, affirming that machine noise
is negligible within our context.

Additionally, we also observe that the noise spectrum of the Traco power supply in
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a Faraday cage closely resembles that in a normal environment. Similarly, the noise spectra of
the redpitaya power supply exhibit similar behavior in both normal and Faraday cage conditions.
These measurements suggest that room conditions have minimal impact on the performance of
the power supplies. Notably, consistent bumps at 200 Hz and 300 Hz are observed in the Traco
power supply's noise spectra, both in normal and Faraday cage environments. Addressing these
bumps may require effective filtering and shielding measures.

In the third column of Table 4.3, | converted the noise in the powersupply, measured in
V2/Hz, to phase noise, expressed in dBrad?/Hz, using the equation 1.45. This conversion assumes
that all the power supply voltage noise translates into the error signal, leading to potential overes-
timation in the calculated S, (f) values. Further measurements are necessary to fully understand
how the power supplies affect the PDH for the cavity. Time constraints prevented these additional
measurements. Nevertheless, in our comparative analysis, the S.(f) value for the Tracopower sup-
ply supplied by the Metrix power supply at the 1 Hz Fourier frequency reached -15 dBrad?/Hz,
which is lower than the cavity's estimated thermal noise limit of -12 dBrad?/Hz.

As detailed in subsection 4.5.2, our implemented compact power supply setup replaced
the linear Metrix power supply with a compact 24 V Tracopower AC-DC converter to power the 24V
to 15V Tracopower DC-DC converter. While the performance of this specific setup wasn't evalu-
ated due to time constraints, the performance of the 24 V to 5 V Tracopower DC-DC converters
outlined in this section allows an estimation of the composite power supply’s performance. This
estimation suggests that it would meet the necessary standards, performing well below the ther-
mal noise limit of the cavity and the phase noise of the optical fiber link required for frequency

transfer.

4.6 Compact Electronics Boxes

In this section, | will describe a compact and transportable scheme for the USL and the
optical fiber link used for signal distribution. The scheme combines the cavity setup and the optical
fiber link setup into two compact 19 inch rack mountable boxes. These boxes have dimensions
of 88 mmx483 mmx466 mm (Height, Length, Breadth). Box 1 (B1) contains all the fiber optical
components, while the electronics required to operate the cavity and the fiber link are housed in

another box (B2). The updated scheme is illustrated in Figure 4.8.
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Figure 4.8: Schematic of the compact electronics design for the compact Fabry-Pérot cavity and
optical fiber link. The components included are: optical isolator (Ol), optical coupler (OC), photo-
diode (PD), Acousto Optical Modulator (AOM), Electro Optical Modulator (EOM), Faraday mirror
(FM), RF amplifier (A), half wave plate (HWP), quarter wave plate (QWP), frequency doubler (FD),
redpitaya (RP), temperature modulation to the laser (T. Mod.), current modulation to the laser (|
Mod.), power supply (PS), collimator (C), frequency counter (FC), temperature controlled bread-
board (TCB), lens (L), and Faraday rotator (FR).

B1 integrates the necessary fiber optical components for the cavity and optical fiber link. The laser
input is stabilized within the cavity by passing through a PM isolator (Ol) and a 90:10 PM optical
coupler (OC1). Utilizing the 10 % output of OC1, the laser is further stabilized within the cavity using
an EOM and another PM isolator. The fibered output of the isolator is connected to a collimator
positioned on the side of the vacuum chamber via a drilled hole at the bottom of Box 1, minimizing
fiber length. The setup includes lenses (L1 and L2) for mode matching, a HWP, a PBS, a FR, and
injection mirrors as described in Chapter 3.

Additionally, the 90 % output of OC1 is directed to OC2, where the 10 % output is utilized
for cavity characterization by creating a beatnote with a superior USL. For ultra-stable frequency
transfer via a Doppler cancellation scheme, another 90:10 optical coupler is employed. Its 90 %
output feeds a 25 m optical fiber through an AOM, while the 10 % output is reflected back using
FM1 to generate a beatnote signal with the retro-reflected signal from the remote end of the link.
PD1 detects the beatnote signal, which is then transmitted to B2 for further processing with a
digital PLL. To maintain stability, the reference arm of the Michelson interferometer is secured on

top of a temperature-controlled breadboard (TCB). Refer to Figure 4.9 for the picture of Box 1.
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Figure 4.9: Integration of fiber optical components for the compact cavity and optical fiber link
within B1 (88 mmx483 mmx466 mm). C. Laser In is the cavity laser input port, AOM is acousto
optical modulator for the fiber link stabilisation, PD1 is photodiode used for the fiber link, TCB is
the temperature controlled breadboard, EOM is electro optical modulator for the PDH technique.

The second box, B2, houses all the necessary electronics for the system. This includes two Redpi-
tayas dedicated to PDH lock and PLL functions, RF filters, couplers, and a range of RF amplifiers,
including a high-gain amplifier specifically designed to drive the AOM.

To ensure efficient power distribution and connectivity, a compact power supply, as
described in Section 4.5, is also integrated into B2. This power supply provides power to all elec-
tronic components within the box and external components, such as the laser and temperature
controller, via banana connectors located on the front panel of the box. A laboratory-designed PCB
with dedicated DC-DC converters is securely housed in a stainless steel box for effective shielding.

In the setup for the optical fiber link, the 220 MHz signal from photodiode PD1 in B1 is
received through an SMA cable connected to the front panel of B1. The digital phase-locked loop
is implemented using the Redpitaya in an undersampling configuration. The correction signal for
the AOM in B1 is transmitted via an SMA connector on the front panel of the box. Additionally,
two RF couplers are included for monitoring the input and output signals.

Likewise, for the cavity setup, the 30 MHz signal from the photodiode mounted on the
vacuum chamber is received through an SMA cable connected to the front panel of B1. The Pound-
Drever-Hall (PDH) locking technique is established using the second Redpitaya mounted inside B2.

Please refer to Fig. 4.10 for the picture of Box 2.
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Figure 4.10: Merged electronics components for compact cavity and optical fiber link in Box 2
(88 mmx483 mmx466 mm) that includes the compact power supply and RF electronics for both
the USL and the optical fiber link. RP1 is the redpitaya used for fiber link stabilisation, RP2 is the
redpitaya used for PDH technique, PLL I/0 are the input and output ports for the phase locked
loop of the fiber link, PDH I/0 are the input and output ports for the PDH technique.

The complete setup, depicted in Figure 4.8, showcases the integration of the compact cavity and

the optical fiber link using the two boxes.

Figure 4.11: Setup of the compact ultra stable laser based on the compact Fabry-Pérot cavity and
the optical fiber link.

The collective volume of the entire setup, encompassing the electronics, temperature controller,
laser for the optical fiber link, and Fabry-Pérot cavity (excluding the vacuum chamber and vibration
isolation table), amounts to roughly 10U. This is notably more compact compared to the prior

version, which took up around 20U, inclusive of the laser and power supplies. It's worth noting
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that further reduction to 6U is feasible by substituting the temperature controller with a PCB-based
alternative that can be integrated into Box 2. While this enhancement hasn't been implemented

in the current setup, it remains a planned enhancement for future iterations.

4.7 Cavity Mode Matching

Cavity mode matching is a crucial step in the design of an USL. It involves aligning the Gaus-
sian mode of the laser beam with the fundamental Gaussian mode of the cavity. This ensures
efficient trapping and amplification of the light within the cavity, resulting in higher photon den-
sities and stronger optical effects. The mode matching scheme for our USL is illustrated in Fig.

4.12.
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Figure 4.12: The implemented scheme illustrates the mode matching process between the laser
beam and the fundamental mode of the cavity. Key components include a collimator (C), three
lenses (L3, Lo, and L3) for adjusting the beam waist and converging the transmitted beam, a half-
wave plate (HWP), a Faraday rotator (FR), injection mirrors (IM1 and IM2) for fine-tuning the beam'’s
position and angle, a polarized beam splitter (PBS), a beam splitter (BS), and control parameters
such as laser temperature (T ) and laser current (I1).

The laser beam is directed to a collimator through a fibered PM isolator, serving as the final fibered
component in the setup. The collimated output is a free-space laser beam that requires mode
matching with the cavity mode and guidance to the input mirror within the vacuum chamber. Two
lenses, denoted as L; and L. with focal lengths f; and fs, respectively, are utilized to adjust the
beam'’s waist according to the cavity mode.

The beam is further guided into the cavity using two injection mirrors (IM1 and IM2).
IM1 facilitates the positioning of the laser beam on the mirror, while IM2 allows for adjustment
of the beam'’s angle upon entering the cavity. Initial alignment involves visually aligning the beam
with the central axis of the cavity by adjusting IM1. If the beam is approximately aligned, a portion
of itis reflected off the first mirror. Subsequently, IM2 is adjusted to ensure that the back-reflected

beam coincides with the incident beam. The output or transmission of the cavity is then examined.
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At the cavity transmission point, a lens denoted as L3 is employed to converge the trans-
mitted beam. A 90:10 beamsplitter (BS) divides the convergent beam, with 90 % of the output
directed to a photodiode and the remaining 10 % to a CCD camera. The camera tracks the beam's
shape, while the photodiode intercepts the beam. Proper positioning adjustments of L3 enable
imaging of the second mirror of the cavity on the camera, facilitating alignment of the beam with
the cavity optical axis.

Oncetheincidentbeam is roughly aligned with the cavity optical axis, confirmed through
camera imaging, the laser frequency is swept by introducing a small modulation to the laser tem-
perature. During the frequency sweep, multiple TEM modes are observed as flashing patterns on
the camera. Simultaneously, the transmission photodiode shows several peaks corresponding to
each of the excited cavity modes. This spectrum repeats after each free spectral range. By slightly
adjusting the alignment, changes in the intensities of the excited cavity modes can be observed.

To determine the fundamental mode of the cavity (TEM00 mode), a flashing mode is
selected, and its order is determined. The laser frequency is then swept to identify the direction in
which the mode order decreases. Itis important to note that a lower-order mode will exhibit lower
intensity compared to its adjacent higher-order mode. Once a lower-order mode is identified, the
temperature modulation is halted, and current modulation of the laser is initiated. As mentioned
in the control electronics section, temperature modulation has a larger range but slower response,
while current modulation has a smaller range but faster response. Incorporating current modu-
lation assists in maintaining the visibility of the lower-order mode on the screen. The alignment
of the laser is then adjusted to enhance the power in the lower-order mode. The process is re-
peated until the lower-order mode achieves equal or greater intensity than its adjacent higher-
order mode. This iterative procedure continues until the TEM00 mode is attained. The coupling is

estimated to be more than 80 %.

4.8 Measurements

4.8.1 Setup

To characterize the USL locked to the compact Fabry-Pérot cavity, it is essential to conduct
a comparative analysis with a more advanced device that surpasses the performance of our USL.
In our specific case, we employ another USL locked to a spherical Fabry-Pérot cavity, exhibiting a
fractional frequency stability of 2 x 1071° at a 1 second integration time [141].

To generate a beatnote signal between these two lasers, we implement a dedicated
experimental setup, as depicted in Figure 4.13. The USL based on the spherical cavity is situated in
aseparate room (Room B), distinct from the location of our USL based on the compact cavity (Room
A). To facilitate beatnote generation, we employ a compensated fiber link within our experimental

arrangement.
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Figure 4.13: The diagram illustrates the scheme used to generate a beatnote between two USLs
located in separate rooms, achieved through a laboratory-scale noise-compensated optical fiber
link. PLL is phase locked loop, OC1-OC3 are fiber optical couplers, PD1 and PD2 are photodiodes,
FM1 and FM2 are Faraday mirrors, LO is local oscillator, LPF is low pass filter, FC is frequency
counter.

For establishing the interconnection between the two rooms, we connect the output port of the
Acousto-Optic Modulator (AOM) in Room A to a 25 meter long suspended fiber link, enabling trans-
mission to Room B. Within Room B, we extract the laser signal from Room A using a 90/10 optical
coupler (OC2). The 90 % output port of OC2 serves the purpose of beatnote generation, while
the remaining 10 % is routed back to Room A for noise compensation through the utilization of a
Faraday mirror.

The 90 % port of OC2 is subsequently connected to another 2x2 optical coupler (OC3),
with the second input receiving the stabilized output from the USL locked to the spherical cavity.
As a result, a beatnote signal is generated between the two lasers at the output of OC3, which
is subsequently detected using a photodiode (PD2). In our particular case, the frequency of the
beatnote was measured to be 3.8 GHz.

To accommodate the limited measurement bandwidth of our frequency counter, we
employed frequency mixing techniques. Specifically, we mixed the 3.8 GHz beatnote signal with a
3.78 GHz signal from a frequency synthesizer, which is synchronized with an H-MASER. This mixing
process was accomplished using a frequency mixer, resulting in a 20 MHz signal at the output. The
20 MHz signal is subsequently amplified, filtered, and directed to our frequency counter or phase

noise analyzer for further analysis.

4.8.2 Finesse

Joanneés Barbarat from the TF Department provided assistance in conducting finesse mea-
surements for the cavity. To determine the finesse, we utilize the cavity ring down method. This
involves measuring the decay in intra-cavity power and the intensity of transmitted light over time

after switching off the incident light. The finesse is extracted by analyzing the decay curve of the
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transmitted light intensity. The experimental setup for measuring finesse is depicted in Figure

4.14.
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Figure 4.14: Implemented scheme illustrating the Fabry-Pérot cavity ringdown method used to
determine the finesse of the cavity.

Initially, the laser is stabilized on the cavity using the Pound-Drever-Hall (PDH) lock. Then, an RF
switch with a response time of 1 ms connected to an acousto-optic modulator (AOM) is used to
interrupt the incident optical beam. By activating the RF switch, the AOM’s modulation frequency
is blocked, resulting in no transmission of optical power. A photodiode placed at the cavity trans-
mission measures the optical decay time, which is displayed on an oscilloscope. The optical decay

signal and the exponential decay fit for this signal is shown in Fig. 4.15
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Figure 4.15: Exponential decay time of intra-cavity power when the light to the cavity is switched
off, measured as voltage on the photodiode over time. Black curve is the original data and the red
curve is the fitted data.
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Based on the data shown in Figure 4.15, we obtained a decay time (7) of 16.5 us. It is important
to mention that the photodiode used in the measurement had a response time of 8.5 us. To fit
the experimental data (represented by the black solid line in Figure 4.15), we applied a decaying
exponential function (represented by the red solid line) using the equation:

Ft) = A5 4 ¢ (4.1)
Here, A represents the amplitude, t is the time, 7 is the decay time constant, and c is the offset.
The relationship between the finesse (F) of the cavity and the decay time can be expressed by the

equation:

(4.2)

In this equation, ¢ corresponds to the speed of light in a vacuum, and L denotes the length of the
cavity. For a cavity with a length of 25 mm, the finesse (F) is calculated to be 625,000, given the
measured decay time of 16.5 us. This corresponds to a very narrow linewidth of 9.6 kHz which is
corresponds to a significant improvement in terms of the previously measured linewidth of 24 kHz

and a finesse of 247,000 for the old version of the cavity.

4.8.3 Birefringence

The mirrors used in our cavity are coated with crystalline materials that exhibit birefringent
properties [54]. As a consequence, the TEM modes of the cavity are split due to variations in cavity
length experienced by light with different polarizations. To demonstrate this effect, we initially
align the cavity to the fundamental TEM0O mode. Subsequently, by rotating the Faraday rotator
(FR) to adjust the polarization of the incident laser beam, we observe the second TEM00 mode
when scanning the cavity free spectral range. The frequency difference between these two modes
is 2.2 kHz. We optimize the polarization by adjusting the Faraday rotator until the intensity of
the second mode reaches its maximum. Following this, we stabilize the laser and proceed with a

finesse measurement. We achieved the same finesse for the two modes.

4.8.4 Thermal expansion

Our objective is to determine Ty through a systematic approach. The experimental proce-
dure involves initially stabilizing the laser on the cavity, followed by utilizing a phase noise com-
pensated link to generate a beatnote with another ultra-stable laser based on a spherical cavity.
Additional information on the generation of the beatnote can be found in section 4.8.1. Next we
introduce small temperature steps of either 0.5°C or 1°C on the temperature controller. Due to
the presence of multiple layers of shielding within the chamber, a temperature gradient is estab-

lished, necessitating a 24-hour waiting period for the temperature to stabilize. Throughout this
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stabilization period, we continuously measure and record the frequency change of the beatnote
using a frequency counter. Specifically, we observe the change in frequency (A f) normalized to
the laser frequency (v1qser) OVer each temperature step (AT). This yields data points representing
the specific behavior at different temperature intervals.

We commence our measurements from an initial temperature of 33.5°C. During the
experiment, we anticipate a change in the beatnote frequency shift sign when the cavity temper-
ature approaches the inversion temperature. The expected range for T lies between 18°C to
28°C. To visualize the relationship between % and temperature for our cavity, we present

a graphical representation in Fig. 4.16.
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Figure 4.16: Measurement of CTE (%) versus temperature for the USL.

From the Fig. 4.16, we observed no zero crossing or sign change in the beatnote frequency on a
temperature range between 32°C and 5°C. Further temperature reduction was not possible due
to limitations imposed by the temperature controller. Our investigation led us to suspect that the
peltier element, responsible for temperature regulation inside the vacuum chamber and located
at the bottom of the copper shield, was unable to effectively dissipate the generated heat during
the cooling process. To facilitate further cooling, we introduced a heat sink beneath the vacuum
chamber. We positioned four peltier elements on each side of the heat sink to enhance cooling
efficiency. With these modifications in place, we were able to achieve a temperature of 5°C. Addi-
tionally, we implemented a fan to improve air circulation.

Despite these measures, we did not observe any sign change in the beatnote frequency,

even at 5°C. A linear fit to these data points indicates a sign change at -20°C. We identified several
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potential reasons for not achieving a zero crossing in the CTE for our cavity:

1. Accuracy of FEM simulations was compromised by the reduced size of the cavity, which
measures 25 mm, in contrast to larger cavities exceeding 100 mm in length. The shift in
CTE caused by the presence of fused silica on the entire spacer exceeded our expectations

through the simulations, likely due to the smaller length of the cavity.

2. The temperature inside the vacuum chamber could pose a challenge. The temperature
probe, located next to the peltier element on the copper shield, limited our ability to obtain

an accurate measurement of the actual temperature of the cavity.

3. Additionally, we suspect inadequate heat dissipation from the peltier element inside the

vacuum chamber.

4. The transmission of optical power from the laser to the cavity, with a magnitude of 100 uW,
may contribute to cavity heating and cause a temperature discrepancy between the temper-

ature probe reading beside the peltier element and the actual temperature of the cavity.

5. The ULE spacer’s intrinsic CTE might differ from specifications, leading to a shift in the overall

CTE of the composite cavity below 0°C.

Kindly acknowledge that these are hypotheses, requiring thorough investigation to understand
the absence of the zero crossing. Potential steps involve cooling the cavity below 0°C using a low-
power cryogenic cooler, implementing an improved vacuum chamber with superior heat dissipa-
tion, placing a temperature probe in close proximity to the cavity, and measuring the ULE spacer’s
intrinsic CTE without the mirrors. However, due to time constraints, these measures couldn't be

executed during my thesis.

4.8.5 Phase Noise

Furthermore, an examination of the impact of phase noise on the cavity was conducted by
analyzing the beatnote signal with the spherical cavity. The procedure encompassed two primary
steps:

Initially, we assessed the phase noise of the cavity with the fiber link in its free-running
state. Subsequently, we engaged the noise compensation for the fiber link and conducted a repli-
cation of the identical measurement. The Power Spectral Density (PSD) depicting phase noise in
decibels relative to the carrier (dBc/Hz) as a function of Fourier frequency was measured for both

scenarios. The comparative illustration is provided in Fig. 4.17
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Figure 4.17: PSD of phase noise for the updated compact cavity. Red solid line represents the PSD
of phase noise of the cavity measured with the free running link. Black curve represents the PSD
of phase noise for the cavity with a noise compensated link.

We have achieved a commendably low phase noise level of -3.85 dBc/Hz at a Fourier frequency of
1 Hzwith an f~2 slope that corresponds to a fractional frequency stability of 2.8 x10~15 at 1 second
integration time. An analysis of the phase noise curve highlights a noticeable increase in noise
between 4 Hz and 250 Hz in the red curve. Remarkably, this elevated noise is reduced in the black
curve, which corresponds to the PSD of phase noise when utilizing an active noise-compensated
link. Our observation suggests that the noise may originate from the optical fiber responsible for
signal transmission between the distinct rooms as we used a 25 m long optical fiber link in contrast
to a tested 15 m long noise compensated optical fiber link. Increase in the size of the fiber link
need more precise adjustments to the parameters governing the proportional-integral-derivative
control of the PLL for the fiber link setup which could effectively mitigate and diminish this noise.

Furthermore, it's noteworthy that both the red and black curves manifest a distinct peak
at 7 Hz. We attribute this peak to the inherent behavior of the control electronics at this specific
frequency.

Upon comparing the PSD of phase noise between the new and old version of the cavities
(blue curve) as detailed in Chapter 3, a noticeable variance in the slope of the PSD curve becomes
apparent. The prior cavity exhibited an f ~2 slope, whereas the current cavity displays an f~2 slope.
This alteration in slope may be attributed to the utilization of a compact electronics configuration.

Concurrently, during the measurements conducted with the previous cavity version, the
cavity rested solely on Viton pads without any applied holding force via the top viton ball utilizing
the guided screw. By reducing the top viton ball applied force for the new cavity, it may be possible

to further diminish the phase noise, potentially contributing to an enhancement in the slope of

17



4.8. Measurements

the PSD curve.

4.8.6 Fractional frequency stability

A K&K frequency counter was utilized to measure the fractional frequency fluctuations
of the laser. We determined the frequency of the beatnote between our USL and the USL syn-
chronized to the spherical cavity, which possesses a fractional frequency instability of 2x1071° at
1 second integration. The stability of the spherical cavity was measured in an independent experi-
ment by beating with a cryogenic sapphire oscillator, ensuring its fractional frequency instability is
well-characterized before use in our measurements. The resulting data was used to create a plot

illustrating the Modified Allan Deviation (MDEV), shown in Fig. 4.18.
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Figure 4.18: Modified Allan deviation of the compact cavity version 2 (red solid line). Blue solid line
represents the modified Allan deviation for the reference, i.e., the spherical cavity.

Based on the data presented in Fig. 4.18, we attained a fractional frequency instability of 1x 10714
with a 1 second integration time. However, an increase in instability proportional to = was ob-
served for longer integration times. It is important to note that a linear drift was already removed
from the frequency trace before calculating the MDEV. Despite this correction, the increase in in-
stability proportional to 7 persists, which suggests the presence of additional noise sources that
could be influencing the long-term stability of our cavity. . It is worth noting that the anticipated in-
stability of our cavity was 1x 10715 at a 1 second integration time. A comparative analysis against
the thermal noise limit of the cavity (which stands at 1 x 10~!5 for the same integration time) and
the expected MVAR from the PSD of phase noise (amounting to 4 x 10~1° for a 1 second integra-
tion time) reveals a significant disparity among these values. The observed divergence in stability

outcomes could be attributed to the following factors:
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4.8. Measurements

1. Optical Fiber Link Noise: The utilization of optical fiber links to transmit signals between
rooms has introduced noise into our measurements. This noise is primarily attributed to

the suspension of the fibers over tables, which may induce interference.

2. Electronics Interference: The PDH stabilization mechanism and the PLL electronics might be
introducing noise due to insufficient shielding. Proper shielding measures could alleviate

this issue.

3. Our operation at a temperature significantly deviating from the expected coefficient of ther-
mal expansion zero crossing (Ty) for the cavity leads to length fluctuations within the cavity.

This, in turn, can directly impact fractional frequency stability.

4. Lack of Passive Shielding: Absence of passive shielding for the vacuum chamber renders it
susceptible to noise stemming from acoustic vibrations generated by room air conditioning

systems.

To address these challenges and approach the thermal noise limit of our cavity, potential strate-
gies include implementing robust shielding for electronics associated with PDH and PLL, partic-
ularly emphasizing the shielding of redpitaya boards. Operating in closer proximity to the cavity
expected Ty and introducing passive shielding for the vacuum chamber in the form of an enclosure
could collectively contribute to enhanced stability.

It has been noted in Section 4.8.5 that a phase noise of -3.85 dBc/Hz for the cavity at
1 Hz Fourier frequency corresponded to an FFS of 4x1071% at 1 second integration time. The
difference in the observed FFS and the one through the phase noise can be mostly because of the
noise generated by the compact version of the electronics. Proper shielding of the cables and use

of specific filters can help improve the stability more.
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4.9. Conclusion

4.9 Conclusion

In this concluding chapter, a transportable USL based on a compact Fabry-Pérot cavity was
introduced. The revised design and mounting technique of the cavity were presented, alongside
the rationale behind these updates.

The chapter offered an overview of the enhanced Fabry-Pérot cavity scheme, integrated
with a 25 m long optical fiber link setup designed for transmitting the ultra-stable signal from the
cavity between separate rooms. The concept and design of a compact power supply distribution
system with minimal noise and substantial power capacity was also shown. This system catered
to the power requirements of both the cavity and the link electronics.

A detailed examination of the integration process was provided, encompassing the in-
corporation of fiber optical components and electronics associated with the compact cavity and
the optical fiber link setups. These components were seamlessly housed within two distinct 19-
inch rack-mountable enclosures, alongside the compact power supply.

The chapter culminated in an in-depth analysis of the conducted measurements, in-
cluding finesse measurements, mirror birefringence evaluations, coefficient of thermal expansion
assessments, fractional frequency stability assessments, and phase noise measurements. No-
tably, a finesse of 625000 was achieved for this cavity—an achievement for a cavity equipped with
crystalline-coated mirrors. Additionally, a phase noise of -3.8 dBc/Hz at 1 Hz Fourier frequency was
attained, surpassing the previous cavity phase noise by 3.85 dBC/Hz at 1 Hz Fourier frequency.
Moreover, the fractional frequency stability reached a level of 1x10714 at 1 second integration
time.

Notably, CTE zero crossing remained elusive, detailed along with possible explanations.
Future work includes characterizing the whole transportable setup and conducting vibration sen-

sitivity measurements, while further investigating the absence of CTE zero crossing.
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Conclusion and Future Works

In conclusion, this work synthesizes the advancements in developing a transportable ultra-stable
laser, featuring a room-temperature ULE Fabry-Pérot cavity and ultra-stable frequency transfer
over fiber links. Key innovations include the adoption of digital phase-locked loops and the digital
Pound-Drever-Hall method for frequency control, surpassing traditional analog techniques that
not only enhance metrological applications but also set new standards for the integration of digital
electronics in precision measurement technologies.

An aspect of this work involved the design, stabilization, and characterization of a 15 meter op-
tical fiber link employing heterodyne Michelson interferometry and the incorporation of a digital
phase-locked loop in various configurations underscored the challenges and solutions in achiev-
ing metrological level performances, especially in transporting signals from ultra-stable lasers or
atomic clocks without compromising the frequency stability. This work also highlighted the crucial
optimizations needed for enhancing the stability of fiber links, such as thermal shielding and the
use of broadband RF baluns and H-MASERs as external clocks, despite challenges such as fiber
length and optical noise. Digital PLLs, in particular, have been noted for their stability, flexibility,
and adaptability, marking significant progress in the field. A low noise in terms of fractional fre-
quency stability for the fiber link at 2x10~'® at 1 second integration time was measured for the
fiber link. This result ensured easy transport of ultra-stable frequencies from state-of-the-art ul-
tra stable lasers. Additionally, the implementation of a compact and transportable 19 inches rack
mountable 25 m compact fiber link setup with an inbuilt compact and low noise power supply,
designed for local signal transportation from an ultra stable laser, ensuring the preservation of
frequency stability have also been demonstrated.

The second aspect of this work involved the development a transportable ultra-stable laser
featuring a compact, 25 mm ULE Fabry-Pérot cavity, operating effectively at room temperature,
and enhanced by advanced digital frequency stabilization using the Pound-Drever-Hall technique.
The project involved the exploration of two different cavity designs: the first one, designed by
Alexandre Didier. Severine Denis was responsible for the initial implementation of the digital PDH

electronics for this USL, which | further optimized to significantly enhance system performance. My
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contributions were focused on refining this digital PDH setup and investigating the reasons behind
the missing CTE zero crossing. The application of the digital PDH frequency locking technique led
to substantial improvements in system performance, most notably achieving a low phase noise
of 3 dBc at a 1 Hz Fourier frequency with an f~3 slope in contrast to the previously measured f—?2
slope.

Due to the absence of CTE zero crossing for the first version of the cavity, a subsequent ver-
sion was designed and developed. This updated cavity retained the original design but omitted
ULE rings from the mirrors and the spacer was fabricated from ULE with a known CTE. This modi-
fication was aimed at addressing the unexpected absence of CTE zero crossing—a key parameter
for stabilizing cavity dimensional changes with temperature fluctuations, potentially caused by
variability in the material composition of ULE or similar materials like Zerodur. The cavity housing
was replaced with INVAR, a low thermal expansion material suitable for this purpose. Addition-
ally, a 25 mm optical fiber frequency dissemination setup was integrated directly with the cavity,
and the entire system was housed in two 19-inch rack-mountable boxes, housing the optical and
electronics components for both the cavity and fiber link, making the setup both compact and
transportable. A low-noise power supply was also designed to support the entire configuration
and was incorporated into one of these boxes.

The new cavity setup achieved a fractional frequency stability of 1x10~1* at 1 second integra-
tion time and a phase noise of -3.85 dBc/Hz at 1 Hz Fourier frequency was measured for this cavity
through the 25 mm optical fiber link by beating it with another USL based on a spherical cavity. De-
spite these improvements, the new cavity version also exhibited the absence of CTE zero crossing
at room temperature, suggesting ongoing issues with material variability.

Future work will prioritize the characterization of the transportable USL setup, focusing on
vibration and acceleration sensitivity measurements and identifying the reasons behind the miss-
ing coefficient of thermal expansion zero crossing. The cavity has been sent to the Physikalisch-
Technische Bundesanstalt (PTB) in Braunschweig, Germany, for measurements of the ULE spacer’s
intrinsic CTE and to determine the effects of Fused Silica mirrors on the CTE zero crossing shift for
the entire cavity. Further investigations will include a detailed analysis of the cavity electronic sys-
tems, as initial findings suggest electronic noise may be a limiting factor in achieving the cavity's
thermal noise limit. Optimization of the digital phase-locked loop for the 25 meter optical fiber
link and the Pound Drever Hall setup is essential for enhancing stability. The next phase involves
integrating the entire transportable cavity and fiber link system into a mobile rack to assess its sta-
bility and phase noise performance in a compact, deployable configuration. This evaluation aims
to understand the system'’s operational reliability under laboratory conditions. The setup will then
undergo field testing to examine the impact of environmental factors on the laser frequency stabil-
ity. This step will provide data on the system performance and adaptability in various conditions,

contributing to the advancement of frequency stabilization technologies for practical applications.
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This future research will systematically address current challenges and enhance the capabilities of
USL systems for precision measurement and frequency stabilization, focusing on material prop-

erties, electronic noise reduction, and environmental robustness.
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5 Appendix

5.1 Cavity Mount Design
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5.2 Compact Cavity Design
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5.3 Compact Power Supply PCB Layout
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Digital Doppler-cancellation servo for ultra-stable
optical frequency dissemination over fiber

Shambo Mukherjee, Jacques Millo, Baptiste Marechal, Séverine Denis, Gwenhaél Goavec-Mérou,
Jean-Michel Friedt, Yann Kersalé, Clément Lacroiite

Abstract—Progress made in optical references, including ultra-
stable Fabry-Perot cavities, optical frequency combs and optical
atomic clocks, have driven the need for ultra-stable optical
fiber networks. Telecom-wavelength ultra-pure optical signal
transport has been demonstrated on distances ranging from the
laboratory scale to the continental scale. In this manuscript, we
present a Doppler-cancellation setup based on a digital phase-
locked loop for ultra-stable optical signal dissemination over
fiber. The optical phase stabilization setup is based on a usual
heterodyne Michelson-interferometer setup, while the Software
Defined Radio (SDR) implementation of the phase-locked loop
is based on a compact commercial board embedding a field
programmable gate array, analog-to-digital and digital-to-analog
converters. Using three different configurations including an
undersampling method, we demonstrate a 20 m long fiber link
with residual fractional frequency instability as low as 10~ at
1000 s, and an optical phase noise of —70 dBc/Hz at 1 Hz with
a telecom frequency carrier.

I. INTRODUCTION

With the joint progress of ultra-stable Fabry-Perot (FP)
cavities, optical frequency combs (OFCs) and atomic optical
standards, the development of optical frequency references has
reached both an unprecedented level of performances and an
advanced degree of industrial integration. While laboratory
FP cavities have reached the 10~'7 level [1]-[5], many
transportable prototypes have been developed [6]-[9] and
several companies have developed FP-based ultra-stable lasers.
OFCs have also become a wide-spread laboratory tool, and
transportable models have been demonstrated [10]. Optical
atomic clocks have shown the same level of progress, with
both optical lattice and single-ion clocks reaching the 10718
accuracy level and below [11]-[15].

This progress in ultra-stable optical references impacts
many fields, including time and frequency metrology, preci-
sion spectroscopy, microwave photonics [16] and fundamental
physics [17], [18]. Several proposals have argued for the
development of ultra-stable optical fiber networks on the
continental scale [19], [20]. Such networks are already being
deployed within national and international frameworks. In
practice, ultra-stable optical links have been implemented at
several scales, from the laboratory or campus [21], [22] to
inner- and inter-city links [23]-[25] and beyond, with long-
haul fiber links [26]-[29].

Such ultra-stable fiber links are based on a heterodyne
Michelson interferometer in which one of the arms is short-

The authors are with the FEMTO-ST Institute, univ. Bourgogne Franche-
Comté, CNRS, ENSMM, 26 rue de 1’Epitaphe, 25000 Besancgon, France (e-
mail: clement.lacroute @ femto-st.fr).
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ened to exhibit length fluctuations as small as possible. The
second arm includes the required length to transfer the optical
signal to the end-user. The resulting beatnote phase fluctua-
tions are directly related to the length difference fluctuations
between the reference arm and the optical fiber link. If the
length of the reference arm is stable enough, phase fluctua-
tions detected with a photodiode at the interferometer output
corresponds to the link optical length fluctuations caused by
vibrations and thermal perturbations. From this signal an active
loop filter generates a compensation signal to cancel the link
phase noise. This is the so-called Doppler-cancellation scheme
[23], [30], [31], which can also work by post-processing the
link phase fluctuations [32]. State-of-the-art long-haul optical
fiber links reach a residual link fractional frequency stability in
the 10~1” or below for integration times above 1000 s seconds,
on distances of over 1000 km [27], [33]-[35].

In parallel to such advances, the recent years have seen
the advent of digital-electronics in the fields of stabilized
lasers, time-and-frequency metrology and atomic physics.
With analog-to-digital and digital-to-analog converters (ADCs
and DACs), field programmable gate arrays (FPGAs) and
direct digital synthesis (DDSs) having reached levels of per-
formance, integration and ease-of-use competitive with analog
electronics including for radiofrequency (RF) applications,
several laboratories and companies have started to move from
analog to digital electronics control loops [36]-[39]. Such
Software Defined Radio (SDR) setups bring the possibility
to implement different schemes using the same hardware with
the benefit of software long term stability and reconfigurability
when implementing classical analog processing techniques,
and enable the simple duplication of systems and electronic
functions, the possibility to control many different channels
in parallel with a high data rate and strong computing power,
along with small components footprint. Beyond these advan-
tages, discrete time digital signal processing brings a new
paradigm illustrated here with sub-sampling and benefiting
from high order Nyquist zones [40]. Digital implementation
of the local oscillator as a numerically controlled oscillator
(NCO), and mixing in the FPGA removes the classical analog
challenges of local oscillator leakage through the mixer and
I,Q imbalance when recovering the phase from a quadrature
demodulation. This approach has led to numerous novel de-
velopments [41]-[47].

Among these approaches, Tourigny-Plante et al. use the
CORDIC arctan algorithm to digitally extract the signal phase
[45]. The phase-locked loop (PLL) is implemented on the
same board used in this manuscript, clocked by its internal
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Fig. 1: Experimental scheme of the stabilized optical signal transfer through a 20 m long optical fiber link. The stabilization
setup consists in a heterodyne Michelson interferometer (HMI) formed between optical coupler OC3 and the Faraday mirrors
FM1 and FM2. Digital control of the optical phase measured at photodiode 1 (PD1) is performed through a digital phase-locked
loop. Characterization of the link output phase noise is performed by comparison to the laser source through a Mach-Zehnder
interferometer formed between optical couplers OC1 and OC2. Relevant frequencies and phases have been indicated. See text
for details. HM: Hydrogen Maser, OI: Optical Isolator, OC: Optical Coupler, PD: Photodiode, AOM: Acousto Optic Modulator,
PLL: Phase-Locked Loop, FM: Faraday Mirror, NCO: Numerically Controlled Oscillator.

quartz, using an open-source code available online [48]. The
digital PLL is demonstrated on a Doppler-cancellation scheme
similar to the one presented here and characterized in-loop.
Another approach is presented by Cardenas-Olaya et al., using
a tracking DDS scheme that is, to our knowledge, not openly
documented [49]. The noise of the digital instrumentation has
been carefully characterized [50] and demonstrated experimen-
tally by two-way compensation of long-haul optical fiber links
[51].

In this manuscript, we present a digitally controlled
Doppler-cancellation setup developed to provide a stabilized
fiber output to a compact FP cavity [52] on the laboratory
scale. We have put the emphasis on simplicity using off-the-
shelf optical components and a compact, digital electronics
control loop. The digital control loop can be fully reproduced
using the OSC-IMP environment, with all code being openly
released under the CeCILL Licence [53]. As presented in
the next Section, we rely on a simple demodulation scheme
to access the signal phase noise, different from the arctan
approach developed in [45] or the tracking DDS approach of
[49]. While in-situ characterization of the Ref. [50] setup is
implemented using two-way compensation [51], we present a
more traditional Doppler-compensation setup with out-of-loop
characterization. In addition to the standalone configuration
of the digital board, presented also in [45], we characterize
external referencing and undersampling using this board.

Section II presents the setup, including both the optical in-
terferometers and the control electronics. Section III illustrates
the results obtained in three different configurations, namely
using a stand-alone digital board, an externally clocked digital
board, and using undersampling. Section IV puts these results

© 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

in perspective with the current state-of-the-art and applications
of ultra-pure signal optical fiber transfer.

II. METHODS

The aim of the setup is to transfer an ultra-stable signal at
the laboratory scale (few tens of meters) using an optical fiber
while maintaining the spectral purity and frequency stability of
the signal. To do so, the main challenge is to reduce the phase
disturbances caused by the thermal sensitivity and mechanical
vibrations sensitivity of the optical fiber through the path of
the link and to compensate these phase fluctuations using a
PLL.

A. Principle of the compensated link

The link, including the noise compensation, is based on
a heterodyne Michelson interferometer (HMI) scheme (Fig.
1) in which the beam splitter is the fiber coupler OC3. The
short arm of the Michelson interferometer that defines the
phase reference ¢,y of the link is formed between OC3 and
the Faraday mirror FM1. The long arm used to transfer the
optical reference that includes the 15 m of optical fiber is
the path between OC3 and another Faraday mirror FM2 in
which the phase is affected by environmental perturbations
@p. This path includes an acousto-optical modulator (AOM)
driven at f,,, & 110 MHz that adds a controlled phase ¢, to
this arm. The optical coupler OC4 extracts the signal at the
end of the link, with phase ¢,, = ¢ p+¢.. The beatnote signal
on PDI carries the phase of the link at 2f,, ~ 220 MHz and
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is demodulated by an RF reference signal at fo = 220 MHz'.
The error signal € = 2 (¢p + Ye — Yref) — Yo With g the
contribution of this RF reference, vanishes when the loop filter
is activated to compensate the noise of the link. Please note
that the factor 2 comes from the double pass of the light in the
two arms of the HMI. Thus the phase at the output of the link is
Pu = Pref+ %g@g. With this basic model we see that the noise
compensation is ultimately limited by the phase fluctuations
of the reference arm ¢,y and the RF reference ¢y. A more
detailed analysis of the link various noise contributions can be
found in [54].

B. Optical setup

The experiment is fed by a free-running, commercial fibre
laser (NKT Photonics Koheras Adjustik, with a typical phase
noise of 80 dBrad®/Hz at 1 Hz) of wavelength A = 1542 nm
with about 14 mW optical output power. The 90/10 fiber beam
splitter OC1 splits the laser into the two parts of the setup, with
10% going to the characterization part. The light is injected
in the 15 m fiber through the 90/10 coupler OC3 using the
90%-port. At the end of the link the 90/10 coupler OC4 sends
90% to the output port and 10% to Faraday Mirror FM2. With
this configuration 35% of the power injected in the link is
transmitted to the end user (at the output point on Fig. 1) and
the beatnote signal on PDI1 is realized with 8.1% of the laser
output power coming from the reference arm and 0.17% from
the round trip. Should this be too low, this could be increased
to 1.3% by using 50/50 couplers for OC3 and OC4, with an
end user total transmission decreased to 11%.

Since the signal provided by the photodiode PD1 is pro-
cessed by the PLL to phase lock the link (in-loop signal),
it can not be used to evaluate the performances of the link.
A dedicated part of the setup is implemented to characterize
the signal transmitted by the link (Fig. 1). We use a hetero-
dyne Mach-Zehnder interferometer (HMZI) formed between
beamsplitters OC1 and OC2 to characterize the link output
phase noise. One arm of the HMZI is formed by a short
uncompensated fiber path between OC1 and OC2, while the
second arm is formed by the ultra-stable link and its output
fiber.

In practice, the evaluation of performances of the link
requires to place the end close to the beginning. In order
to passively reduce the effect of uncompensated fiber paths
(0OC1-0C2, OC1-0C3, OC3-FM1 and OC4-OC2, with a total
length of 4.5 m), the entire setup except for the 15 m patch-
cord is placed on a floated optical table and underneath a
wooden box that provide passive acoustic isolation and thermal
shielding from the room air conditioning residual temperature
fluctuations.

Moreover, the uncompensated fiber path between OC4 and
OC?2 is partially corrected for by placing the FM2 close to OC2
and using the same length of fiber, so that thermal perturbation,
fluctuating slowly, affect these two fibers similarly and the
compensation matches the perturbations in the output fiber.

IPlease note that in practice we use two different schemes, with cascaded
analog and digital demodulation at 200 MHz and 20 MHz or direct digital
demodulation of the 220 MHz beatnote.

© 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

iii

The ultra-stable link performance is analyzed by charac-
terizing the 110 MHz beatnote signal on PD2 using either
a phase noise analyzer (PNA, Rohde & Schwarz FSWP) or
a frequency counter (FC, K+K FXE) to quantify both phase
noise and fractional frequency stability.

C. Control electronics

Our control electronics is centered on a digital PLL im-
plemented on an FPGA integrated on a system on a chip
(SoC). The commercial board (RP, Red Pitaya STEMlab 125-
14) includes an analog to digital converter (ADC, 14 bits,
125 MS/s/channel, two channels), a digital to analog converter
(DAC, 14 bits, 125 MS/s/channel, two channels) as well
as the SoC including an embedded processor (Xilinx Zynq
7010). Fig. 2 sketches the electronics setup used in the two
first measurements of this work. Modifications for the last
step will be described in section III-C. Compliance with the
Nyquist-Shannon theorem during sampling by the ADC, in
addition to the front-end filters, requires downconverting the
220 MHz of the HMI beatnote signal to 20 MHz, below the
Nyquist frequency fny = 62.5 MHz of the ADC thanks to a
200 MHz signal source that is derived from an active hydrogen
MASER (HM) using a DDS synthesizer. The resulting signal
is filtered and amplified to provide a 11.6 dBm signal to the
input connector of the board taking care to add a 50 2 load
in parallel to the high-impedance ADC input (the jumper on
the board is positioned to the £1 V full scale).

The functions to process the signal for digital PLL are the
same than with analog electronic: demodulation with a phase
reference, low-pass filtering, loop filter and modulation of a
controlled oscillator (see Fig. 2). Data provided by the 14-
bits ADC, processed by these functions and sent to the DAC
are signed and fed with a constant data rate of 125 MS/s.
A 16-bits amplitude and 40-bits phase accumulation register
NCO is the phase reference of the phase-locked loop. The
demodulation is implemented with a multiplication process
with a 14 bits output followed by a finite impulse response
(FIR) filter configured with 25 coefficients each encoded in
16 bits.

In this manner, the signal recorded from the ADC at base-
band is frequency transposed by the multiplication with the
complex NCO acting as an ideal mixer that avoids the classical
imbalance and lack of quadrature issues found in hardware
implementations. The phase detector is a complex to real part
converter since no gain was observed when using the more
time and resource consuming arctan CORDIC implementation
which would extend the linearity range to large phase offsets.
In this short link investigation, no phase slip was observed
once the lock is activated, and the setpoint remains in the
locally linear behaviour of the complex to real phase detector.
Using the CORDIC implementation might be necessary for
implementing longer links, to ensure linearity and avoid cycle
slips.

The FIR filter cutoff frequency is 4 MHz with more than
40 dB rejection for frequencies above 14 MHz. The FIR
output is a 32 bits data stream. A dynamic shifter is then
used to reduce the number of bits to 14 before the loop filter
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while adapting the range to the signal dynamics on the fly for
the generation of the correction signal. The output is added
to a constant value used to bias the frequency of the output
DDS based on a second NCO. Then, data are sent to the
channel 1 of the DAC. As the Nyquist-Shannon sampling
theorem must also be satisfied for this converter, the NCO
center frequency is set at 55 MHz and then the signal is
frequency doubled, filtered and amplified to drive the AOM,
which then corrects the optical fiber link phase fluctuations.
Another DDS is implemented in the FPGA-chip based on a
third NCO that outputs to channel 2 of the DAC. For most
measurements presented below, this allows us to determine the
digital phase reference contribution to the lock performance.
The NCOs are implemented as 40 bits accumulators clocked
at a rate of 125 MHz, leading to a 125-106/240 ~ 0.11 mHz
resolution. The accumulator feeds a lookup table generating a
sine wave encoded with 4096 values matching the 12-bit DAC
resolution.

Fig. 2: Digital control scheme. The digital board offers two
parallel channels. The two channels are similar and benefit
from the digital implementation of duplicating functionality,
emphasizing the flexibility of the SDR approach. We use the
first one for locking. The second channel is used as a DDS
for the experiments presented here. The design is based on
separate blocks each representing a function. ADC: analog
to digital converter. NCO: numerically controlled oscillator.
FIR: finite impulse response filter. dyn shift: dynamic shifter
(adds or removes least significant bit(s), set on-the-fly by user).
LF: loop filter (proportional integrator function). See text for

details.
Details and designs can be found here: https:
//github.com/oscimp/app/tree/master/redpitaya/double_iq_pid_vco

The embedded processor is used to run a GNU/Linux
operating system (OS) dedicated to these applications (Build-
root). A digital signal processing framework dedicated to time
& frequency metrology application has been developed and
is available to the community at https://github.com/oscimp/
oscimpDigital providing a consistent set of the real time signal
processing blocks configuring the FPGA, the Linux drivers
communicating with hardware, and the userspace libraries pro-
viding the flexibility of a user friendly interface for controlling
the various processing blocks. This OS interfaces most of the
basic functions described above, including network connec-
tivity and file storage for long term logging as required for
metrology application, and allows modifications of parameters
by the users such as filter coefficients and DDS’s frequencies.
Among other features, a key one is the optimization of the
resolution in agreement with the range of the error signal
by using the dynamic shift register. This block selects 14
consecutive bits among the data 32 bits. The number of
discarded lowest significant bits n is set by the user (where
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18-n will be the number of discarded most significant bits).
This reduction of the data size can be crucial since each single
mathematical operation enlarges the number of bits required
to losslessly encode the output.

Such an inflation of the number of bits in the data flow is not
relevant because (i) it will rapidly surpass resources available
in the FPGA, (ii) part of the lowest significant bits can often
be neglected and (iii) the output DAC ultimately limits the
resolution (14 bits for the RP).

This is also useful for adjusting the resolution when the
input level range is changing. A high n will ensure that higher
amplitude signals full dynamic is captured without overflows
at the servo input, which is useful for monitoring the signal in
open-loop (monitoring not shown in the circuit diagram), while
a lower n guarantees a full resolution of the nearly vanishing
error signal when the PLL is engaged.

As mentioned above, we use the characterization photodiode
(PD2) to analyze the link output phase noise and fractional
frequency stability carried by the 110 MHz beatnote. While
the PNA input can directly analyze the 110 MHz signal phase-
noise, the frequency counter input bandwidth is 60 MHz.
When measuring fractional frequency stability, we thus mix
the 110 MHz signal from PD2 with a 100 MHz signal from a
synthesizer clocked by an HM in order to generate a 10 MHz
signal.

III. RESULTS

We present the results obtained with our setup, including
both phase noise and fractional frequency stability. We have
investigated three configurations based on the Figs. 1 and 2
general scheme. In §III-A, we use a stand-alone board, and
all the digital electronics controls are clocked by the board
internal quartz oscillator. In §III-B, we use the same scheme
but this time adding a highly stable external clock to the digital
electronics board. In §III-C, the Fig. 1 scheme is slightly
modified as we implement undersampling, again using an
external clock.

A. Using the board internal quartz oscillator

In this section, we use the board internal quartz oscillator
to clock the digital controls. The results obtained are shown
in Fig. 3.

Fig. 3 (a) shows the fractional frequency stability (FFS,
estimated by the modified Allan deviation) of the free-running
(black solid circles) and locked (red solid squares) PD2 signal.
The locked link stability starts at around 8x 1071 at 1 s with
an initial 71/2 slope, followed by a 3x10~!7 plateau until
1000 s and a linear frequency drift for longer integration times.
The correction provides more than a factor of 10 instability
reduction between 1 s and 1000 s, while the link instability is
reduced by a factor 50 at 1 s.

In order to determine the contributions of the digital control
board to the link performances, we have also monitored
the NCO phase fluctuations with the DDS implemented on
the channel 2 of the DAC set to 55 MHz for free-running
measurements and to 20 MHz when the lock is engaged. In
open-loop, the 55 MHz frequency noise will be multiplied
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Fig. 3: Stand-alone digital configuration. (a) Fractional fre-
quency stability of free running link (solid black circles),
locked link (solid red squares), 55 MHz RP output (solid pur-
ple triangles), 20 MHz output (solid inverted blue triangles).
(b) Phase Noise of free running link (black straight line),
locked link (red dashed line), 20 MHz output (blue dotted
line). All RP signals are normalized to the 194 THz carrier
frequency.

by 2 at the board output. In closed-loop, the 20 MHz NCO
frequency fluctuations are divided by 2 through the control
loop at the user end (see II-A). To analyze their contributions,
we scale the 55 MHz and 20 MHz signals by multiplying
their frequency fluctuations by 2 and 0.5, respectively, and
normalize them by 194 THz for FFS plots.

The FFS of the 55 MHz signal shows that the DDS used
to drive the AOM is limiting for integration times longer than
200 s when the link is free running. This phase fluctuation is
cancelled when the loop is closed and we see that the FFS of
a 20 MHz signal scaled to the link output frequency overlaps
with the stabilized link FFS indicating that the phase reference
of the PLL ¢y is the limitation. The corresponding DDS FFS
at 20 MHz is around 1.6 x 10710 at 1 s, consistent with the
measurement presented in [55].

Fig. 3 (b) shows the single-sideband phase noise spectrum
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of the free-running (black line) and locked (red dashed line)
PD2 signal. The locked link instability is —60 dBc/Hz at
1 Hz, reaching a —110 dBc/Hz floor around 10 kHz. The
lock bandwidth is ~ 40 kHz.

Please note that the NCO contribution at the link output is of
about —66 dBc/Hz at 1 Hz. If we scale this back to the digital
board clock frequency, this corresponds to —31 dBc/Hz at
1 Hz at 125 MHz. This is in good agreement with the RP
internal quartz phase noise presented in [55]. This implies
that the NCO performance is entirely determined by the board
internal quartz, justifying the use of an external clock for
improved performance.

B. Using the board clocked by an external clock

To further investigate the fundamental limitation of the RP
we provide an external low noise 125 MHz clock signal to
the digital control board. This signal is generated by a DDS
clocked by an active HM, and is coupled to the board through
a balun to respect impedance matching. The contribution of the
clock signal is now estimated at 107 or below. The results
are shown in Fig. 4.

Fig. 4 (a) shows the fractional frequency stability (estimated
by the modified Allan deviation) of the free-running (black
solid circles) and locked (red solid squares) PD2 signal when
using an external clock. The locked link stability starts at
around 2x10718 at 1 s with a 8x107'® bump at ten seconds,
and then reaches a floor below 107!, The link instability is
reduced by a factor 100 from 1 s to 400 s.

Fig. 4 (b) shows the single-sideband phase noise spectrum of
the free-running (black line) and locked (red dashed line) PD2
signal when using an external clock. The locked link phase
noise is below -70 dBc/Hz at 1 Hz, reaching a —110 dBc/Hz
floor around 10 kHz. The lock bandwidth is ~ 40 kHz, as in
the previous section. The NCO contribution is again consistent
with the external clock phase noise measured by [55].

C. Implementing undersampling with the Red Pitaya

In this section, we use undersampling in order to directly
extract the phase noise from the 220 MHz output of the lock
photodiode PD1. To do so, we have patched the commercial
board by bypassing the anti-aliasing filters to directly send
the signal to the sample and hold of the ADC (this would
be unnecessary for boards such as the STEMlab 122-16 with
direct RF sampling up to 550 MHz). The board unbalanced to
balanced amplifier that acts as a low pass filter is replaced
by a passive balun transformer, so as to benefit from the
full 750 MHz bandwidth of the LTC2145 analog to digital
converter frontend. This enables undersampling the signal,
under the strong assumption of a pure and known beatnote
frequency; this is mandatory for recovering the useful signal
when it does not comply with the Nyquist—-Shannon theorem.

We use this method to avoid the use of a mixer and
synthesizer at the output of PD1. In addition to removing these
potential noise and aging sources, the local oscillator phase is
unknown at startup, whereas the ADC is readily frequency
and phase synchronized over a network disseminating time
and frequency information. Thus, undersampling allows for
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Fig. 4: External clock digital board configuration. (a) Frac-
tional frequency stability of free running link (solid black
circles), locked link (solid red squares), 55 MHz RP output
(solid purple triangles), 20 MHz output (solid inverted blue
triangles). (b) Phase Noise of free running link (black straight
line), locked link (red dashed line), 20 MHz output (blue
dotted line). All RP signals are normalized to the 194 THz
carrier frequency.

coherent acquisition on the large scale of a laboratory. As
shown Fig. 5, we filter and amplify the photodiode signal
and send it directly to the modified board. With an external
clock at 125 MHz, we work in the second Nyquist band of
the input ADC. As a result, the 220 MHz signal is read as
a 2 x 125 — 220 = 30 MHz sine wave. We demodulate this
aliased signal using a 30 MHz NCO. The rest of the setup is
unchanged compared to previous sections.

The fractional frequency stability and the phase noise mea-
surements are shown in Fig. 6 by the dashed curves.

Fig. 6 (a) shows the fractional frequency stability (estimated
by the modified Allan deviation) of the free-running (black
open circles) and locked (red open squares) PD2 signal for
the undersampling scheme. The locked link stability starts at
around 6x107'8 at 1 second with a 4x107'® bump at ten
seconds, and then reaches a floor below 10~ !8. There is a
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Fig. 5: Control electronics, undersampling servo loop setup.
Fluctuations carried by the 220 MHz signal are directly
sampled by a Red Pitaya to implement a PLL. Corrections
are carried by the 110 MHz signal driving the AOM. See text
for details.

PD: Photodiode, LPF: Low Pass Filter, HPF: High Pass
Filter, BPF: Band Pass Filter, AMP: Amplifier, FD: Frequency
Doubler. The coupler is for monitoring purposes only.

1/100 reduction of the link instability from 1 s to 200 s.

Fig. 6 (b) shows the single-sideband phase noise spectrum
of the free-running (black dashed line) and locked (red dashed
line) PD2 signal for the undersampling scheme. The locked
link instability is -70 dBc/Hz at 1 Hz, reaching a -110 dBc/Hz
floor around 10 kHz. The lock bandwidth in this configuration
is around 70 kHz.

IV. DISCUSSION

The results obtained with a commercial board-based digital
control for a Doppler-compensation scheme are very promis-
ing for a wide range of applications that require the local
distribution of an optical frequency reference signal.

The measured locking bandwidth for all configurations is
between 40 and 70 kHz. With our link length of about 20 m
in total, the one-way optical delay 7y, is about 100 ns, which
determines the best achievable, link-delay-limited bandwidth
of 1/(8 X Tink) ~ 1.25 MHz (assuming a 7/4 phase margin).
The digital board main delay stems from the FIR, and is
estimated to be at most 136 ns for our 25-coefficients filter.
Lastly, the analog electronics and AOM contribution to the
delay is of about 1 ps. With this total 1.236 us delay, the
maximum achievable bandwidth in our configuration is around
100 kHz.

Using a stand-alone board, the fractional stability perfor-
mance is compatible with compact ultra-stable cavity setups,
which have demonstrated fractional frequency stabilities in the
range of 10715 as well as ultrastable FP cavities with stabilities
in the range of 1071¢ and slightly below. It is however not
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suitable for the best current FP cavities or atomic clocks.
For applications where the optical signal transmitted through
the link would serve as a microwave photonics source, the
measured phase noise is remarkably low. Assuming perfect
division to 10 GHz, the measured phase noise contribution of
the link would be —155 dBc/Hz at 1 Hz, with a —205 dBc/Hz
floor.

Using an external clock pushes the setup performance
towards state-of-the-art, and its residual fractional frequency
instability is sufficient to transfer signals at the level of the best
FP-based ultrastable lasers in the low 1077, When using an
active HM as a reference, the digital board clock performance
will actually be limited by its internal PLL residual noise [55].
According to [55], using instead a 10 MHz reference signal
would degrade the SoC PLL residual noise by roughly a factor
of 2. Given the typical performance of GPS-disciplined Rb
standards, this would still guarantee a link fractional frequency
stability well below 10717 at 1 s and a negligible NCO
contribution at longer integration times.

Our measured stabilized link performance is however not
suitable for the transfer of the signal from state-of-the art
optical clocks, with instabilities starting at 10~1¢ or below and
integrating as 7~ '/2. The measured noise of our setup seems to
show a floor near 1000 s which is close to the performance of
these clocks. We however believe that the measured fractional
frequency stability is limited by our HMI setup rather than the
link, and that etalon effects due to the absence of a second
AOM near the FM could explain the measured instability.
This could be tested in the future to verify that the presented
setup is compatible with today’s best optical atomic clocks. As
our setup is mostly targeted towards compact, less-demanding
applications, we have not tried to improve the setup limit.
It is clear that the digital board itself should not limit the
setup performance even for state-of-the art performance, as
the NCO contribution is below 1071# at all integration times
and integrates down to the 10722 range. Moreover, the ADC
flicker phase noise is about —109 dBc/Hz at 1 Hz, with a floor
at —146 dBc/Hz, even for a 220 MHz input frequency, as
shown in [56]. This makes the ADC phase noise contribution
well below the best phase noise reported here.

As shown in Fig. 6, the undersampling setup provides the
same results as the regular externally clocked board, with a
simpler setup.

The ch. 2 DDS output is also useful as an indication of
the digital board performance. As described in section III-A,
the in-loop and out-of-loop NCO contributions are scaled
differently, by a factor of 0.5 and 2 respectively. Assuming
they have identical FFS determined by the board clock FFS,
their impact at the optical carrier frequency should differ by
a ratio of 4 x 55/20 = 11. However, we observed that this
ratio ranges between 15 and 20 at 1 s for our measurements,
while for longer integration times, different behaviors are
observed. This seems to imply that the assumption of FFS
determined only by the digital board clock fails, and that
additional frequency noise is added by the NCO. While this
is not a limitation for the purpose presented here, this should
be explained and is currently under investigation.
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V. CONCLUSION

We have implemented a Doppler-cancellation scheme for
optical fiber link phase stabilization that relies on a digital
servo-loop. Using a commercial digital control board in three
different configurations, including using an external clock and
undersampling. Using an external clock, the stabilized link
is compatible with current state-of-the-art optical references.
Using undersampling simplifies the setup while maintaining
this level of spectral purity.

While the fractional frequency stability reached with our
measurements could be improved by improving the optical
setup, we have determined that the digital electronic board
intrinsic noise would limit the performance to the low 10~22
range at 10000 s. This shows that low-cost, small footprint
devices can be integrated to the most demanding metrological
setups. All digital designs are available at
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Fig. 6: (a) Comparison between the external clock (full sym-
bols) and undersampling (with external clock) configurations,
free running link with undersampled Red Pitaya (open black
circles), locked link (open red squares). All RP signals are
normalized to the 194 THz carrier frequency.

(b) Comparison between the Phase Noise of the link with
undersampled Red Pitaya (red dashed, black dashed) and
normal Red Pitaya (red straight, black straight).
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https://github.com/oscimp/oscimpDigital and can therefore be
easily duplicated.
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