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Active Phase Stabilization of a Distance-Scalable Fiber-Optic
Interferometer

by Yerko A. Muñoz Barros

We present the design and implementation of an active phase-stabilization system
for a distance-scalable Mach-Zehnder interferometer aimed to incorporate a 10.8 km
underground optical fiber link at Fermilab. The system employs a coherent self-
homodyne detection scheme with a 90-degree optical hybrid to generate In-phase
(I) and Quadrature (Q) signals, which provide an error signal for a high-bandwidth
feedback loop. A low-latency, Field-Programmable Gate Array (FPGA) controller ex-
ecutes a Proportional-Integral-Derivative (PID) control algorithm, applying real-time
phase corrections via an Electro-Optic Modulator (EOM) to counteract environmen-
tal phase noise. We present a full characterization of the free-drifting phase noise
and demonstrate a significant reduction, quantified by using its standard deviation
and Power Spectral Densities (PSDs). The successful implementation of this feedback
system is expected to achieve robust, long-term phase locking, establishing a stable
interferometric platform for future quantum networking experiments and many other
applications requiring precise phase control over long fiber links.
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Chapter 1

Introduction

1.1 The Need for Phase Stability in Modern Physics

The evolution of physical science in the last century can be distinctly categorized into
two epochs. The "First Quantum Revolution" arose at the turn of the 20th century,
driven by theoretical necessities to explain anomalies such as blackbody radiation and
the photoelectric effect. Here is when Einstein introduced the concept of photons or
quantized light, proposing that light could be thought of as discrete packets of energy,
or "quanta". This era established the fundamental tenets of wave-particle duality:
the recognition that matter exhibits wave-like characteristics and that light possesses
particle-like quantization. This framework allowed for the comprehension of naturally
occurring quantum phenomena, elucidating the periodic table, chemical bonding, and
the electronic band structures that govern semiconductor physics [1, 2].

Technologically, this first revolution was characterized by the exploitation of collec-
tive quantum effects. The development of the transistor, the laser, and the integrated
circuit relied on the statistical behavior of vast ensembles of electrons and photons [3,
4, 5]. While these technologies lead the Information Age [6], they rely on quantum
mechanics for their explanation. We were effectively passive observers, exploiting the
natural behaviors of quantum laws without manipulating individual quantum states.

We are now in the "Second Quantum Revolution" [7]. This paradigm shift is de-
fined not by observation, but by the active engineering of the quantum world. The
objective is no longer solely to miniaturize classical devices to the nanoscale, but to
develop technologies that explicitly leverage the non-classical properties of superposi-
tion and entanglement. Rather than managing ensembles, we now isolate, control, and
measure individual quantum systems, such as trapped ions, superconducting circuits,
or single photons [8, 9]. Photons are now viewed as individual quantum objects that
can be manipulated and controlled, paving the way for new applications in quantum
information science. This transition from descriptive science to applied engineering
allows for the creation of artificial quantum states with no natural analogue, offering
unprecedented capabilities in computation, secure communication, and metrology [10,
11].

However, the transition from classical to quantum engineering introduces a rig-
orous constraint: phase stability. The distributed photon technologies can be inte-
grated with existing optical fiber infrastructure but they are inherently sensitive to
phase noise, which can arise from various environmental factors. Much like the second
quantum revolution has been built around the control of single particles, researchers
nowadays require the same level of control of the medium that contains the quantum
systems.
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Figure 1.1: Asymmetric cryptography process between Alice and
Bob using public and private keys.

In classical optics or communication, information is often encoded in intensity,
which is robust against environmental fluctuations. In contrast, the advantage of
quantum technology often lies in the coherent superposition of states. If we consider
a general qubit state |ψ⟩ = α |0⟩+eiϕβ |1⟩, the relative phase ϕ between the basis states
|0⟩ and |1⟩ is crucial. Any uncontrolled phase shift can lead to decoherence, effectively
collapsing the superposition and destroying the quantum information encoded within.
Therefore, maintaining phase stability is a fundamental requirement for the practical
realization of quantum technologies, making the fight against phase noise a central
challenge in the field.

Phase noise can arise from a variety of sources which we will explore in detail in
Chapter 2. Phase stability is not only critical in quantum computing and commu-
nication, but also in precision measurement applications such as gravitational wave
detections [12] and atomic clocks [13], and telescopes using interferometry. The next
sections will delve deeper into the specific role of phase stability in these topics.

1.1.1 Quantum Networking

Most of the information we create and exchange today is in digital form and it keeps in-
creasing exponentially every day. Recent analyses estimate that approximately 402.74
million terabytes of data are created daily as of the mid-2020s [14]. In this context,
there are countless scenarios where secure and efficient communication is essential,
from banking transactions to private communications, government operations, and
general data management.

Cryptography is the science of secure communication and is a complex field that
includes aspects of various disciplines, such as mathematics, computer science and in-
formation theory. To achieve such secure communication, we first need to talk about
encryption, a fundamental component of cryptography, which involves transforming
readable information (plaintext) into an unreadable format (ciphertext) using an al-
gorithm and a key.

Encryption methods can be broadly classified into two categories based on the type
of keys used: symmetric and asymmetric. For asymmetric cryptography, let’s
consider a practical example where two parties, Alice and Bob, wish to communicate
securely. Bob generates a pair of keys: a public key and a private key. These keys
are not really keys in the traditional sense, but rather large prime numbers that are
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Figure 1.2: Symmetric cryptography process between Alice and Bob
using a shared private key.

mathematically related to one another. In this case, related means that data encrypted
with one key can only be decrypted with the other key. Bob shares his public key with
Alice through a public channel (accessible to everyone), while keeping his private key
secret. When Alice wants to send a message to Bob, she uses his public key to encrypt
the message, transforming it into ciphertext. Once Bob receives the ciphertext, he uses
his private key to decrypt it back into plaintext, accomplishing secure communication
between the two parties. See Fig. 1.1 for a visual representation.

The most known and used method used to generate these related keys is the
Rivest-Shamir-Adleman (RSA) algorithm [15], and its security is based on the as-
sumption that, while it is easy to multiply two large prime numbers together to create
a composite number, it is extremely difficult to reverse the process and factor the
composite number back into its original prime components, a problem known as the
integer factorization problem [16]. However, with the advent of quantum computing,
these classical methods could quickly become vulnerable, since theoretically, quan-
tum computers have been shown to have the potential to outperform classical ones
when addressing integer factorization problems. Shor’s algorithm demonstrates that a
quantum computer can factor large integers exponentially faster than the best-known
classical algorithms [17, 18]. A powerful quantum computer capable of running Shor’s
algorithm could break current encryption schemes in a fraction of the time required
by today’s computers, jeopardising the security of our current communications [19,
20].

To address this weakness of RSA, private key-based encryption schemes have
emerged as a potential solution. Instead of relying on mathematical complexity for
security, we rely purely on the secrecy of a long and random bit string shared key.
This is the principle for symmetric cryptography, where both Alice and Bob share
the same secret key used for both encryption and decryption (see Fig. 1.2). The
main challenge with this, however, is the secure distribution of the key itself. If an
eavesdropper, Eve, intercepts the key Alice sends to Bob during transmission, she can
easily make a copy of it, send it back to Bob, and decrypt any messages sent between
them without their knowledge.

To address this issue, we can take advantage of a direct consequence of quantum
mechanics: it is not possible to create perfect copies of an unknown quantum state,
a principle known as the no-cloning theorem [21]. For secure key transmission Alice
can encode some information into single photons and send them to Bob over a quan-
tum channel1. In this case, the intrinsic properties of quantum mechanics ensure that

1A quantum channel is simply the transmission route for quantum signals.
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Figure 1.3: Photon number distribution in WCPs with different in-
tensities (µ) [29]. CC BY-NC-SA 4.0.

any attempt by Eve to intercept and measure the photons will destroy their quantum
superposition, introducing detectable anomalies that alert the two original communi-
cating parties. This procedure of using quantum mechanics to securely distribute a
key is known as Quantum Key Distribution (QKD), and its simplest protocol is the
Bennett-Brassard 1984 (BB84) protocol, which uses the polarization states of single
photons to encode information [22, 23].

While the BB84 protocol established the viability of QKD taking advantage of
the no-cloning theorem, it remains constrained by practical limitations, since a single-
photon source is required, a technology still in development. Most real-world im-
plementations of QKD use Weak Coherent Pulses (WCPs) as an approximation of
single-photon sources [24]. However, the photon statistics of WCPs follow a Poisson
distribution P (n) = e−µµn/n! (see Fig. 1.3), which introduces vulnerabilities to cer-
tain types of attacks, such as the Photon Number Splitting (PNS) attack [25]. In
this attack, Eve could intercept the multi-photon pulse, split it, measure one photon
to gain information about the key, and then forward the remaining photons to Bob
without introducing detectable disturbances.

To mitigate the risks associated with WCPs, various strategies have been devel-
oped. One common approach is the decoy state method [26], where Alice randomly
varies the intensity of the pulses she sends to Bob. Photons are transmitted by Alice
using randomly chosen intensity levels (one signal state and several decoy states),
making it impossible for Eve to determine which pulses contain multiple photons. If
Eve were to attempt a PNS attack, she would change the intensity statistics of the
received pulses, which Bob can detect by analyzing the detection rates corresponding
to different intensity levels once Alice reveals them after transmission [27, 28].

This method significantly enhances the security of QKD systems using WCPs,
but doesn’t solve another fundamental limit: distance. The maximum distance over
which secure QKD can be performed is limited by losses in the communication channel
(e.g., optical fiber attenuation). As the distance increases linearly, the probability of
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Figure 1.4: Schematic of a TF-QKD protocol. Alice and Bob send
WCPs to an untrusted middle node, Charlie, who performs interfer-

ence measurements.

photon loss increases exponentially, making the maximally achievable key distribution
rates scale with the channel transmittance (R ∼ η). In classical communication,
signal amplification can be used, but in quantum communication, amplification is not
possible without violating the no-cloning theorem [30]. This results in a fundamental
limit known as the repeaterless bound which sets the maximum key rate achievable
without quantum repeaters, a technology still in development [31, 32].

To overcome this limitation, the field advanced to Twin-Field Quantum Key Dis-
tribution (TF-QKD), a novel protocol that allows secure key distribution over much
longer distances without the need for quantum repeaters [33]. In TF-QKD, both Al-
ice and Bob send weak coherent pulses to a central untrusted node (Charlie) that
interferes the incoming signals on a 50:50 beam splitter and detects the outcome us-
ing two single-photon detectors, exploiting first-order single-photon interference2 (see
Fig. 1.4). Consequently, assuming both paths transmittances are equal (ηA = ηB = η),
this mechanism alters the scaling of the secure key rate with respect to the total chan-
nel transmittance from linear (R ∼ η) to square-root (R ∼ √

η), since we only need
one photon to survive the trip from either Alice or Bob to Charlie and not both [34].

In this protocol, the encoding of the photons is done in the relative phase between
the WCPs sent by Alice and Bob, using two bases: X : {0, π} and Z : {π

2 ,
3π
2 }.

For example, consider the case where Alice and Bob encode bit values in the X-
basis. If Alice prepares a pulse with phase ϕA = 0 and Bob prepares a pulse with
phase ϕB = 0, the optical fields arrive at the beam splitter in phase. This results in
constructive interference at one output port (e.g., corresponding to detector D1) and
destructive interference at the other (D2). Conversely, if their phases differ by π (e.g.,
ϕA = 0 and ϕB = π), the interference conditions are swapped, causing D2 to fire.
Upon receiving Charlie’s public announcement of the detection event, Alice and Bob
share their bases and sift their results. That way, they can infer the parity of their
bits without revealing the specific values: if D1 clicked, they know their phases were
identical; if D2 clicked, their phases were opposite [33, 34].

However, the practical realization of this protocol rests entirely on the phase co-
herence and stability of the signals. Since TF-QKD effectively creates a large inter-
ferometer spanning the entire channel length, the optical phase difference between

2First-order single-photon interference demonstrates the wave nature of light at the most funda-
mental level, showing that individual photons interfere with themselves, not with other photons, by
taking multiple paths simultaneously (superposition).
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Alice and Bob must remain well defined during pulse transmission [33]. Even with
perfectly prepared pulses, the microscopic length variation in either path is sufficient
to prevent the high-visibility interference required for successful TF-QKD, so the sys-
tem must employ active phase-stabilization mechanisms to track and compensate for
these channel-induced phase drifts in real time [35], a challenge that we address in
this work.

1.1.2 Precision Metrology

Beyond quantum communication, phase stability is equally central to some of the
most ambitious measurement endeavors in modern science, including the gravitational
wave detectors and atomic clocks mentioned above. Precision metrology, the discipline
concerned with measuring physical quantities at the absolute limits of sensitivity, has
long relied on interferometry as its primary tool, and interferometry is, at its core, a
technology for converting phase information into measurable intensity signals.

The operating principle of any interferometer can be understood from the super-
position of two optical fields. Consider two monochromatic fields of equal amplitude
E0 and angular frequency ω, traveling along two separate paths of lengths L1 and L2

before recombining at a detector. The total detected intensity at one output port is

I =
E2

0

2
(1 + cos (∆ϕ)) , (1.1)

where ∆ϕ = 2π∆L/λ is the phase difference corresponding to the Optical Path Dif-
ference (OPD) ∆L = L1 − L2 [36]. This expression reveals both the power and the
vulnerability of interferometric measurement: the intensity is exquisitely sensitive to
changes in ∆L on the scale of the wavelength λ, but this same sensitivity means that
any unintended perturbation to the path lengths, whether thermal, mechanical, or
acoustic, directly contaminates the measurement as phase noise.

The most striking illustration of interferometry pushed to its ultimate limits is
the detection of gravitational waves by the Laser Interferometer Gravitational-Wave
Observatory (LIGO) [12]. LIGO operates as a Michelson interferometer with two per-
pendicular arms each 4 km long, in which laser light is bounced between suspended
mirrors to build up an effective optical path length of approximately 1200 km. A
passing gravitational wave stretches and compresses spacetime, producing a differen-
tial arm length change ∆L that the interferometer must resolve. The peak strain
sensitivity of LIGO reaches h ∼ 10−23 Hz−1/2, corresponding to an OPD sensitivity
on the order of 10−19 m [37], roughly one ten-thousandth the diameter of a proton.
Achieving this requires that all phase fluctuations be suppressed far below this thresh-
old through a complex setup of passive isolation and active control systems.

A complementary domain of precision metrology is timekeeping. Modern opti-
cal atomic clocks operate by locking a laser to an ultra-narrow electronic or optical
transition in an atom or ion, with fractional frequency uncertainties now reaching
below 10−18 [38, 39]. The clock transition itself acts as a phase reference: any drift
in the laser frequency introduces a time-varying phase error that dephases the atomic
superposition and degrades clock stability. The comparison and synchronization of
such clocks over large distances requires the transmission of a phase-stable optical
frequency reference over fiber links [40, 41]. This challenge of distributing a phase-
coherent optical signal over a long deployed fiber is directly analogous to the one faced
at the Fermilab underground link that motivates this work.
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What unites these applications is a common mathematical structure. In each case,
the quantity of interest — a gravitational wave strain, a clock frequency, a source vis-
ibility — is linearly encoded in the phase ∆ϕ of an optical field. However, the output
of any square-law detector is proportional to cos(∆ϕ), as seen in Eq. 1.1, which is in-
herently nonlinear and sign-ambiguous: it cannot distinguish between +∆ϕ and −∆ϕ,
and its sensitivity vanishes entirely when ∆ϕ ≈ 0 or π. Operating an interferometer as
a linear, high-sensitivity phase transducer therefore requires resolving this ambiguity.
The approach adopted in this work circumvents the problem: rather than locking to
a fixed operating point, we employ hardware to extract components of the field. This
provides the full complex phasor, from which the phase is recovered unambiguously
via the four-quadrant arctangent [42], maintaining constant sensitivity regardless of
the absolute phase value. The theoretical basis and practical implementation of this
detection scheme are developed in detail in Chapter 2.

1.1.3 Telescopes and Imaging

A third domain in which phase stability emerges as a fundamental requirement is
astronomical imaging, particularly in the context of multi-telescope optical interfer-
ometry. To understand why, it is instructive to first consider how a single telescope
forms an image.

A conventional telescope operates as an intensity detector. The electromagnetic
field arriving from a distant source carries both amplitude and phase information, but
the photodetectors at the focal plane (whether photographic plates, CCDs, or infrared
arrays) respond only to the time-averaged intensity of the incoming light, I ∝ ⟨|E|2⟩.
The phase of the optical field is therefore discarded in the detection process. For a
single aperture, this is acceptable: the angular resolution of the telescope is diffraction-
limited by its diameter D, yielding a resolving power of θ ∼ λ/D [43]. To resolve finer
angular features, such as the surface of a distant star or the environment surrounding
a compact object, one must either increase the aperture or find an alternative means
of recovering the spatial phase structure of the incoming wavefront.

The solution lies in aperture synthesis interferometry, a technique that coherently
combines the light collected by two or more spatially separated telescopes. When
two telescopes separated by a baseline B simultaneously observe the same source,
the cross-correlation of their collected fields, known as the visibility [43], encodes
information about the source’s spatial structure at angular scales of λ/B. The fringe
visibility is defined as

V =
Imax − Imin

Imax + Imin
, (1.2)

where Imax and Imin are the maximum and minimum intensities of the interference pat-
tern. A visibility of V = 1 corresponds to perfect fringe contrast, while V = 0 indicates
complete loss of coherence. In principle, baselines of hundreds of meters to kilometers
allow angular resolutions far beyond what any single aperture could achieve. This
technique underlies modern facilities such as the Very Large Telescope Interferometer
(VLTI) and the Center for High Angular Resolution Astronomy (CHARA) array [43,
44].

However, exploiting this technique at optical and near-infrared wavelengths im-
poses stringent requirements on phase coherence. Unlike radio interferometry, where
the electric field can be directly digitized and time-stamped for offline correlation,
optical detectors measure only intensity. The coherent combination of light from two



8 Chapter 1. Introduction

telescopes must therefore occur physically, by interfering the two beams on a beam
splitter before detection. This turns the entire baseline into a large interferometer, in
which the fringe visibility (Eq. 1.2) is exquisitely sensitive to the OPD between the
two arms. A path length fluctuation of δL introduces a phase error of

δϕ =
2π

λ
δL, (1.3)

which immediately reveals the severity of the problem: at optical wavelengths (λ ∼
1µm), a path length variation of just δL = 100 nm already produces a phase error
of δϕ ≈ 0.6 rad, sufficient to wash out a substantial fraction of the fringe contrast.
Maintaining V above a practical threshold therefore requires the OPD to be held
stable to tens of nanometers or better over the duration of an observation.

This is particularly challenging in practice because the optical path through each
telescope arm includes contributions from atmospheric turbulence, mechanical vibra-
tions of the telescope structure, and thermal expansion of the delay lines used to
equalize the paths. Without active compensation, these perturbations cause the in-
terference fringes to wash out on timescales of milliseconds, entirely destroying the
coherence needed for high-resolution imaging. It is worth noting that this difficulty
historically motivated an alternative approach known as Intensity Interferometry, pi-
oneered by Hanbury Brown and Twiss [45], which circumvents phase requirements by
correlating intensity fluctuations between telescopes rather than interfering the fields
directly. While this technique is immune to atmospheric phase noise, it sacrifices
the amplitude information that amplitude interferometry preserves, fundamentally
limiting the angular resolution and sensitivity achievable.

Modern interferometric observatories therefore employ real-time fringe tracking
systems: dedicated subsystems that measure the instantaneous OPD using a bright
reference star and apply corrections via fast-steering mirrors or piezo-actuated delay
lines, in a manner conceptually similar to the active phase stabilization architecture
developed in this thesis. The GRAVITY instrument at the VLTI, for instance, achieves
OPD residuals below ∼ 100µrad by combining a fast metrology laser system with a
high-bandwidth control loop, enabling the imaging of structures on sub-milliarcsecond
scales [46].

The parallel between these examples is therefore direct: the physical quantity of
interest, whether a secure key rate, spacetime dilation or a source image, is encoded
in the optical phase, yet the detection process is inherently sensitive only to intensity.
In the three cases, the degradation of phase coherence across a long optical baseline
is the principal practical barrier, and demands active, real-time phase stabilization
to function. This convergence of challenges across quantum networking, precision
metrology and astronomical imaging underscores the broad scientific relevance of the
stabilization techniques developed in this work.

1.2 Project Goals and Objectives

The practical realization of current quantum networking protocols, such as TF-QKD,
relies entirely on the phase coherence of optical signals transmitted over long distances.
However, optical fibers are inherently sensitive to environmental perturbations, such
as thermal fluctuations and mechanical stress, which introduce severe phase noise and
degrade signal integrity. The primary goal of this thesis is to tackle this challenge
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by designing and implementing an active phase stabilization system for a distance-
scalable Mach-Zehnder Interferometer (MZI). While the ultimate objective is to stabi-
lize a deployed 10.8 km underground optical fiber link at Fermilab, this project focuses
on developing and validating the underlying control architecture within a controlled
laboratory testbed before field deployment.

A fundamental obstacle in achieving active stabilization is the ability to accu-
rately measure the phase error in real-time. A standard MZI doesn’t provide a direct
measurement of the phase difference between its arms, as the output intensity only
depends on the cosine of the phase difference, leading to ambiguity. To overcome this,
we will implement a self-homodyne detection scheme that will allow us to extract the
phase information directly.

Once the phase drift can be accurately measured, the system must be able to coun-
teract these fluctuations rapidly. Because environmental noise, particularly acousti-
cally induced jitter, can extend into high frequencies, traditional mechanical actuators
lack the necessary bandwidth. Therefore, to physically correct the optical path length,
we aim to integrate an EOM into the system. To orchestrate this, the final objec-
tive is the implementation of a low-latency digital control loop. By deploying a PID
algorithm on a FPGA, the system will calculate the required corrections from the
phase error signals and continuously drive the EOM in real-time. By combining these
detection and control strategies, this project seeks to achieve robust, long-term phase
locking, establishing a stable platform for future quantum communication endeavors.
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Chapter 2

Theoretical Principles

This chapter will cover the fundamental concepts needed to understand the design
and operation of the optical interferometer and its phase stabilization techniques pre-
sented in this thesis. It will begin with an overview of the Mach-Zehnder Interferome-
ter (MZI) and its operating principles. From there, we are going to start building our
setup, discussing the propagation of light in optical fibers, including the various noise
mechanisms that can affect signal integrity. The chapter will then explore homodyne
detection and the role of optical hybrids in coherent detection systems [42]. Next, we
will examine phase modulation techniques using EOMs, which are crucial for control-
ling the phase of light in interferometric setups [47]. Finally, we will introduce FPGAs
and their application in real-time signal processing for optical systems.

2.1 Mach-Zehnder Interferometer

The MZI is a widely used optical device first proposed by Ludwig Mach and Ludwig
Zehnder in 1891 used for measuring the phase shift of light [48, 49, 50]. In their
design, a beam of light is split into a sample arm and a reference arm, which are then
recombined before hitting photodetectors (see Fig. 2.1). The intensities measured
at the photodetectors will be different, since the electromagnetic fields will interfere
constructively or destructively depending on the phase difference between the two
arms.

The operation of the MZI can be described mathematically using the principles of
wave interference [36]. When a coherent light source with an electric field amplitude
E0 is split at the first beam splitter, the fields in the two arms can be represented as:

E1 =
E0√
2
eiϕ1 , E2 =

E0√
2
eiϕ2 , (2.1)

where ϕ1 and ϕ2 are the phase shifts acquired in the sample and reference arms,
respectively. Upon recombination at the second beam splitter, the resulting electric
fields at the detectors can be expressed as:

ED1 =
E1 + E2√

2
, ED2 =

E1 − E2√
2

. (2.2)
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Figure 2.1: Schematic of a Mach-Zehnder Interferometer. A coherent
light source is split into two arms by a beam splitter (BS1). The light
in each arm is reflected by mirrors (M). The beams are then recom-
bined at a second beam splitter (BS2), and the resulting interference
pattern is detected by photodetectors (D1 and D2). The intensity at
the detectors depends on the phase difference between the two arms.

The intensities at the detectors, which are proportional to the square of the electric
field amplitudes, can be calculated as:

ID1 = |ED1|2 =
E2

0

2
(1 + cos(∆ϕ)), (2.3)

ID2 = |ED2|2 =
E2

0

2
(1− cos(∆ϕ)), (2.4)

where ∆ϕ = ϕ1 − ϕ2 is the phase difference between the two arms. By measuring the
intensities ID1 and ID2, one can infer the phase difference ∆ϕ, which is sensitive to
changes in the optical path length of the sample arm [51].

While the underlying principles are the same, our work utilizes a fiber-optic im-
plementation of the MZI, where optical fibers are used to guide light through the
interferometer arms. This approach offers several advantages, including compactness,
flexibility, and ease of integration with other fiber-optic components. Nonetheless,
optical fibers are also more susceptible to environmental perturbations, such as tem-
perature fluctuations and mechanical vibrations, which can introduce phase noise and
affect the stability of the interference pattern [52]. The following section will delve
into the propagation of light in optical fibers and the associated noise that comes with
it.

2.2 Optical Fiber Propagation and Noise Mechanisms

Optical fibers are utilized to easily guide light over long distances with minimal loss.
They typically consist of a silica core with a high refractive index surrounded by
a cladding with a lower refractive index, which confines the light within the core
through total internal reflection, and a jacket that offers mechanical strength and
physical protection (see Fig. 2.2).

The total internal reflection phenomenon comes from Snell’s law (Eq. 2.5), which
describes the behavior of light as it passes between two media with different refractive
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Figure 2.2: Structure of a typical optical fiber, showing the core,
cladding, and jacket layers.

indices n1 and n2 with angle of incidence θ1 and angle of refraction θ2 [53]:

n1 sin(θ1) = n2 sin(θ2). (2.5)

Figure 2.3 illustrates how total internal reflection occurs in an optical fiber when
light traveling in the core hits the core-cladding interface at an angle greater than
the critical angle, resulting in the light being reflected back into the core rather than
refracted into the cladding, thus allowing efficient light propagation along the fiber.

The condition for total internal reflection is met when the incidence angle θ1
exceeds the critical angle θc, defined as:

θc = arcsin

(
n2
n1

)
. (2.6)

While ray optics provides an intuitive understanding of light confinement, inter-
ferometric applications require a wave-optical description. In the context of this work,
we utilize single-mode fibers. Single-mode fibers only support the fundamental spatial
mode of a beam of light that propagates along the fiber axis [54]. The fiber is designed
in a way that, for a specific cut-off wavelength, all higher-order fiber spatial modes
are cut-off. The propagation of the electromagnetic field along the fiber axis (z) is
governed by the effective refractive index of the mode, neff , and the propagation
constant β:

β =
2π

λ
neff , (2.7)

where λ is the vacuum wavelength of the laser source. Consequently, for a fiber of
physical length L, the total accumulated optical phase ϕ is given by:

ϕ =
2π

λ
neffL. (2.8)

In an ideal scenario, ϕ would remain constant. However, in a real experimental
environment, both the effective refractive index and the physical length are susceptible
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Figure 2.3: Illustration of total internal reflection in an optical fiber.

to external perturbations. They should be treated as functions of environmental
parameters, primarily temperature (T ) and mechanical stress (σ). Other factors,
such as humidity and pressure, can also influence the fiber properties but typically
have a much smaller effect compared to temperature and mechanical stress. Thus, we
express neff and L as:

neff = neff (T, σ), L = L(T, σ). (2.9)

To quantify the instability of the interferometer, we consider the total differential of
the phase, dϕ, which describes how infinitesimal changes in the environment propagate
to the optical phase. Applying the chain rule to Eq. 2.8:

dϕ =
∂ϕ

∂T
dT +

∂ϕ

∂σ
dσ. (2.10)

Substituting the definition of ϕ, we can expand the partial derivatives to identify
the specific physical mechanisms contributing to the noise:

dϕ =
2π

λ


(
L
∂neff
∂T

+ neff
∂L

∂T

)
︸ ︷︷ ︸
Thermoconductive effects

dT +

(
L
∂neff
∂σ

+ neff
∂L

∂σ

)
︸ ︷︷ ︸
Thermomechanical effects

dσ

. (2.11)

The first term in the brackets accounts for thermal phase noise, driven by the
thermo-optic effect (∂n/∂T ) and the thermal expansion of the silica (∂L/∂T ). The
second term describes acoustically induced noise, where mechanical vibrations stretch
the fiber and alter the index via the elasto-optic effect [55]. These mechanisms intro-
duce random phase drifts that the control system described in later chapters aims to
suppress.

There are other intrinsic noise sources in optical fibers that can degrade signal
quality, such as Rayleigh scattering and Brillouin scattering [56]. The first one arises
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Figure 2.4: Overview of various noise sources affecting light propaga-
tion in optical fibers. Thermal fluctuations lead to changes in refractive
index and fiber length, while mechanical vibrations induce strain and
stress. Scattering processes such as Rayleigh and Brillouin scattering

also contribute to signal degradation.

from density fluctuations in the fiber, causing light to scatter in various directions,
while the second one results from the interaction of light with acoustic waves, leading
to frequency shifts and additional noise components. Figure 2.4 provides an overview
of these various noise mechanisms affecting light propagation in optical fibers. For
short fibers, these effects are typically negligible compared to thermal and mechanical
noise, but they become significant at long distances or high power levels.

There is also polarization noise, which arises from random fluctuations in the
birefringence of the fiber due to environmental perturbations [57]. Birefringence is the
property of a material where the refractive index varies depending on the polarization
state of the light. In optical fibers, birefringence can be induced by asymmetries
in the fiber core, external stresses, or temperature gradients. As light propagates
through the fiber, these fluctuations can cause changes in the polarization state; if the
polarization of the signal arm becomes misaligned with that of the reference arm at
the point of interference, it can lead to reduced visibility and increased phase noise
in the interferometric measurement. Consequently, control of the polarization state is
crucial for maintaining high-fidelity signal detection in fiber-optic interferometers.

Given these propagation challenges and the stochastic nature of the noise sources,
a simple intensity measurement is insufficient to fully characterize the optical signal.
Instead, we require a coherent detection scheme that can extract both amplitude and
phase information from the optical field. The next section will discuss homodyne
detection, which is a widely used technique for achieving this goal.

2.3 Homodyne Detection

While the MZI principles described in Section 2.1 establish the fundamental relation-
ship between phase difference and intensity (Eq. 2.4), standard interferometry presents
a limitation: it yields a scalar measurement proportional to cos(∆ϕ). This leaves an
ambiguity in the sign of the phase and suffers from signal fading when ∆ϕ approaches
kπ.

To overcome this, we employ a Balanced Homodyne Detection scheme utilizing a
90◦ Optical Hybrid [58]. This setup differs from the simple MZI in two key aspects:
it utilizes a strong Local Oscillator (LO) to amplify the weak signal, and it extracts
two orthogonal phase components simultaneously.

Homodyne detection allows us to measure the relative phase between the signal
and the LO with high sensitivity. In a MZI, the LO is nearly identical to the signal,
except for a small phase difference. Both arms carry the same noise coming from the
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Figure 2.5: Schematic of a balanced homodyne detection setup. The
incoming signal and local oscillator (LO) are combined in the hybrid,
producing four outputs with relative phase shifts of 0◦, 90◦, 180◦,
and 270◦. These outputs are then detected by two pairs of balanced
photodetectors to extract the In-phase (I) and Quadrature (Q) com-

ponents of the signal.

Figure 2.6: Schematic of a 90◦ Optical Hybrid architecture. The red
boxes represent 50/50 beam splitters. There is a 90◦ phase shifter in

one arm to create the required quadrature outputs.

laser source, since they are derived from the same beam. This is what we call common-
mode noise and is a significant advantage of homodyne detection, as it allows us to
effectively cancel out this noise during the detection process, improving the signal-to-
noise ratio [59].

Figure 2.5 illustrates the configuration of a balanced homodyne detection setup.
Both incoming signals mix at the hybrid to produce four outputs with relative phase
shifts of 0◦, 90◦, 180◦, and 270◦. Figure 2.6 provides a detailed view of the optical hy-
brid’s architecture. When the signal

(
Es = |Es|eiϕs

)
and the LO

(
ELO = |ELO|eiϕLO

)
combine at the hybrid, the resulting fields at the four outputs can be expressed as:

E1 =
1

2
(Es + ELO), (2.12)

E2 =
1

2
(Es + iELO), (2.13)

E3 =
1

2
(Es − ELO), (2.14)

E4 =
1

2
(Es − iELO). (2.15)
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These optical outputs are coupled into two pairs of balanced photodetectors. Each
pair measures the difference in photocurrents generated by the incident optical powers,
effectively extracting two components of the signal.

For the In-phase component I(t), we consider the outputs E1 and E3. The optical
powers incident on the respective photodiodes are:

P1 ∝ |E1|2 =
1

4
|ES + ELO|2 (2.16)

=
1

4

(|ES |2 + |ELO|2
)︸ ︷︷ ︸

Common-mode Noise

+ 2Re{ESE
∗
LO}︸ ︷︷ ︸

Interference Signal

 (2.17)

P3 ∝ |E3|2 =
1

4
|ES − ELO|2 (2.18)

=
1

4

(|ES |2 + |ELO|2
)︸ ︷︷ ︸

Common-mode Noise

− 2Re{ESE
∗
LO}︸ ︷︷ ︸

Interference Signal

. (2.19)

The balanced detector subtracts these two photocurrents. Assuming identical
responsivity R for both diodes, the resulting differential current iI is:

iI = R(P1 − P3) = RRe{ESE
∗
LO}. (2.20)

Substituting the field definitions ES = |ES |eiϕS and ELO = |ELO|eiϕLO , and
defining the phase difference ∆ϕ = ϕS − ϕLO:

iI = R|ES ||ELO| cos(∆ϕ). (2.21)

Similarly, for the Quadrature component Q(t), the balanced detector processes
outputs E2 and E4. The 90◦ phase shift introduced by the hybrid (represented by the
imaginary term in Eqs. 2.13 and 2.15) results in a sine dependence:

iQ = R(P2 − P4) = RIm{ESE
∗
LO} = R|ES ||ELO| sin(∆ϕ). (2.22)

Equations 2.21 and 2.22 highlight the critical advantage discussed earlier of bal-
anced detection: the "common-mode noise" terms |ES |2 and |ELO|2, which carry the
laser intensity noise, are mathematically cancelled out during the subtraction. This
leaves only the interference terms, significantly improving the signal-to-noise ratio,
and enabling precise phase information extraction.

2.3.1 Phase Recovery

With the orthogonal components iI and iQ available, the instantaneous phase error ∆ϕ
can be retrieved without ambiguity. Unlike the simple MZI intensity measurement,
which is proportional only to cos(∆ϕ), the homodyne system provides the full complex
phasor vector (see Fig. 2.7). The phase is calculated via the four-quadrant arctangent
function:
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Figure 2.7: Phasor diagram illustrating the In-phase (I) and Quadra-
ture (Q) components of the signal. The phase error ∆ϕ is determined

by the angle of the resultant vector formed by iI and iQ.

∆ϕ(t) = arctan

(
iQ(t)

iI(t)

)
. (2.23)

This method provides a linear response to phase changes and maintains constant
sensitivity regardless of the absolute phase value. This calculated phase error ∆ϕ(t)
serves as the input variable for the PID control loop described in the following sections.
The arctangent function’s output lies within the range (−π, π], which is suitable for
small phase deviations around a setpoint (e.g., ∆ϕset = 0). However, for faster and
larger phase excursions exceeding this range, phase unwrapping techniques must be
employed to maintain continuity in the control signal [60].

Once the phase error is quantified, a compensatory mechanism is required to phys-
ically adjust the optical path length and close the feedback loop. This actuation is
performed by an EOM, whose operating principles are detailed next.

2.4 Phase Modulation

Having established a method to precisely measure the optical phase error using ho-
modyne detection, we will require an actuator capable of correcting these fluctuations
in real-time. Given that environmental noise (particularly acoustically induced jitter)
can extend into the kilohertz regime, mechanical actuators (such as piezo-electric fiber
stretchers) often lack the necessary bandwidth. To achieve high-speed stabilization,
we employ an EOM which takes advantage of the electro-optic effect.

This effect, also known as the Pockels effect, is a phenomenon where the refractive
index of certain crystalline materials changes linearly in response to an applied electric
field. Unlike the Kerr effect, which is quadratic, the Pockels effect provides a refractive
index change ∆n that is linearly proportional to the applied electric field E [61]:

∆n ≈ −1

2
n30reffE, (2.24)
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Figure 2.8: Schematic of an Electro-Optic Modulator (EOM). The
applied voltage across the electrodes generates an electric field that
modifies the refractive index of the crystal, thereby changing the op-

tical path length for the light passing through it.

where n0 is the unperturbed refractive index and reff is the effective electro-optic
coefficient of the material depending on the crystal orientation and field direction.

In Fig 2.8 we can see a schematic representation of an EOM. It typically consists
of a crystal (such as lithium niobate, LiNbO3) with electrodes deposited on its surface.
When a voltage V is applied across the electrodes, it generates an electric field E =
V/d, where d is the distance between the electrodes. This field induces a change in
the refractive index of the crystal, which in turn alters the optical path length for
light propagating through it.

Starting from Eq. 2.8, the phase shift ∆ϕ imparted to the light passing through
the EOM can be expressed as:

∆ϕ =
2π

λ
∆nL. (2.25)

By substituting the expression for ∆n, we find that the phase shift is a function
of the applied voltage:

∆ϕ(V ) =
πn30reffL

λd
V. (2.26)

Equation 2.26 demonstrates that the optical phase can be linearly controlled by
an applied voltage. However, physical EOMs and the Digital-to-Analog Converters
(DACs) that drive them possess strict, finite voltage limits. Once the required control
voltage exceeds the dynamic range of the hardware, the actuator will saturate, causing
the control loop to rail and instantly lose the interferometric phase lock.

To achieve the desired robust, long-term phase locking, the control system must be
capable of executing a phase unwrapping or fringe jump strategy. When the actuator
nears its maximum voltage limit, the control logic inside the FPGA must rapidly reset
the applied voltage by an exact ammount corresponding to a 2π phase shift, effectively
"jumping" the phase back into the controllable range [62].

Consequently, active stabilization is reduced to a control loop problem: measuring
the phase error (via homodyne detection), calculating the necessary correction taking
the unwrapping into account, and applying the corresponding voltage to the EOM.
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Figure 2.9: Illustration of the PID control loop. The measured phase
error e(t) is processed by the PID algorithm to generate the control
signal u(t), which is applied to a control device to correct the optical

phase.

However, the efficacy of this feedback loop is strictly limited by its bandwidth and
latency. Since environmental phase noise is a stochastic process occurring at high
and low frequencies, the system must react with a delay significantly shorter than the
noise coherence time. The next section will discuss the principles of feedback control
necessary to achieve this.

2.5 Feedback Control Principles

An FPGA feedback control system is the final component required to stabilize the
optical phase in the interferometer. In this work we worked with the Quantum In-
strumentation Control Kit (QICK) group at Fermilab to build our experiment-specific
control system [63]. The goal of the control loop is to maintain the phase difference
∆ϕ(t) at a desired setpoint ϕset by continuously adjusting the voltage applied to
the EOM based on real-time measurements from the homodyne detection scheme de-
scribed in Section 2.3. The control loop needs an algorithm to compute the appropiate
correction signal from the measured phase error, the most common of which is the
PID algorithm, described next [64].

2.5.1 The PID Algorithm

The standard control loop architecture employed for phase locking is the PID con-
troller. This algorithm calculates a correction signal u(t) based on the history and
trajectory of the error signal e(t) = ϕset −∆ϕ(t). In the continuous time domain, the
control function is defined as:

u(t) = Kpe(t) +Ki

∫ t

0
e(τ)dτ +Kd

de(t)

dt
, (2.27)

whereKp, Ki, andKd are the tunable gain coefficients for each term: The proportional
term (Kp) produces a correction directly proportional to the current error, providing
immediate response to disturbances. Too high of a value will lead to overshoot and
oscillations. The integral term (Ki) accumulates past errors over time. This helps
eliminate steady-state offsets but can introduce lag and instability if set too high.
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The derivative term (Kd) reacts to the rate of change of the error, providing damping
to suppress overshoot and ringing. However, it is sensitive to high-frequency noise
and should be used judiciously.

Figure 2.9 illustrates the PID control loop. The calculated error phase is used to
generate the control signal by using the weights found for each tunable gain coefficient.
This control signal is then applied to the EOM to adjust the optical phase accordingly.

With that, now we have all the necessary components to understand the complete
experimental setup. We have covered the principles of the MZI, the challenges of
optical fiber propagation, the advantages of homodyne detection for phase measure-
ment, the operation of EOMs for phase modulation, and the fundamentals of feedback
control using a PID algorithm. The specific experimental implementation is detailed
in the following chapter.
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Chapter 3

Experimental Methods and Results

3.1 Experimental Setup

Following the theoretical framework established in the previous chapter, this chapter
details the experimental implementation of the phase stabilization system. While the
ultimate objective of this project was to stabilize a deployed 10.8 km underground fiber
link, the development and validation of the control architecture were first conducted
on a controlled laboratory testbed.

This approach allows for the isolation of specific noise sources and the optimization
of the control loop parameters in a stable environment before field deployment. This
chapter describes the experimental setup, the characterization of the optical channel
using fiber spools to simulate long-distance scaling, the digital implementation of the
feedback loop on an FPGA, and the final stabilization results.

To validate the active phase stabilization scheme, a fiber-optic MZI was con-
structed inside a noise-dampening box, built for passive phase noise reduction. It
consists of a metallic structure with plastic walls and a foamed interior that absorbs
vibrations and minimizes external disturbances. The experimental apparatus can be
divided into three main subsystems: the optical layer (interferometer and fiber chan-
nel), the optoelectronic interface (modulation and detection), and the digital control
logic.

3.1.1 Optical Layout

A schematic of the setup is shown in Fig. 3.1. The light source is a Continuous Wave
(CW) laser [Pure Photonics PPCL550] operating at a central wavelength of 1536.6
nm with an advertised linewidth of 10 kHz. The linewidth (∆ν) is a critical parameter
for phase stabilization, as a narrower linewidth corresponds to a longer coherence
length of the optical field (Lc = c/π∆ν). With a linewidth of 10 kHz, the coherence
length of our laser is approximately 9.5 km, which is sufficient for our laboratory
testbed. The narrow linewidth ensures that the phase fluctuations we measure are
predominantly due to environmental noise in the fiber rather than intrinsic laser noise,
allowing us to effectively characterize and stabilize the interferometer.

The laser output is coupled into a single-mode fiber and directed to a 50:50 beam
splitter (fiber coupler), which divides the optical power equally into two paths: the
Reference Arm (LO) and the Signal Arm. The reference arm serves as the stable
phase comparison for the interferometer, while the signal arm incorporates the fiber
spools and the EOM for phase modulation. Both arms are designed to have similar
optical power levels to ensure high interference visibility at the detection stage.
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Figure 3.1: Schematic of the fiber-optic MZI used for phase stabi-
lization. The setup consists of a CW laser source, a 50:50 fiber coupler
to split the light into reference and signal arms. The signal arm can
incorporate a optical-fiber spool to simulate longer distances. A Fiber
Polarization Controller (FPC) is used to manage polarization right
before a Polarizing Beam Splitter (PBS). We can monitor the power
that goes into the detection stage using one arm of the Polarizing
Beam Splitter (PBS) and a Power Meter (PM). The EOM is on the
signal arm, right before the Optical Hybrid, where the two arms mix
in order to obtain the four outputs. Each pair go into a Photodetector,
where we obtain two signals for each detector. The detected signals
are processed by a digital control system to generate feedback for the

EOM for phase stabilization.

Reference Arm

The reference arm serves as the stable phase comparison for the interferometer. In this
path, the light is routed through a second Fiber Polarization Controller (FPC) and
Polarizing Beam Splitter (PBS) to align its polarization state with that of the signal
arm. A Power Meter (PM) is included in both arms to monitor the optical power
levels, which is critical for ensuring that the homodyne detection operates with high
interference visibility and for diagnosing any power imbalances that could degrade the
phase measurement sensitivity.

Signal Arm

The signal arm incorporates a set of optical fiber spools with lengths of 15, 30, and
45 meters. These spools introduce an optical path delay and attenuation, giving a
simulation of the scalability of the interferometer.

Since standard single-mode fiber is not polarization-maintaining, the polarization
state of the light evolves randomly as it propagates through the spools due to ther-
mally and mechanically induced birefringence. To correct for this and ensure high
interference visibility, a manual FPC is placed at the end of the spool. This is fol-
lowed by a PBS, which acts as a polarization filter, ensuring that only light with a
well-defined linear polarization state enters the detection stage.

Crucially, this arm houses the system’s actuator: a Lithium Niobate (LiNbO3)
EOM [EOSPACE]. As detailed in Section 2.4, the EOM allows for high-bandwidth
phase shifting in response to an applied voltage. By placing the EOM in the signal arm,
the control loop can dynamically adjust the phase to track and cancel the fluctuations
accumulated.
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Figure 3.2: Free-running phase noise of the interferometer over a
7.5-second interval for 4 different configurations.

Configuration Phase Standard Deviation (rad)

No spool 3.2886
15 meters spool 13.0973
30 meters spool 10.8655
45 meters spool 31.1137

Table 3.1: Standard deviation of the free-running phase noise for
different configurations. The values indicate the level of phase fluctua-
tions in the absence of active stabilization, with longer spools exhibit-

ing higher noise levels due to increased environmental sensitivity.

Coherent Detection

The two arms are recombined at a 90◦ Optical Hybrid [Optoplex HB-C0AFAS066].
As described in Section 2.3, this passive component mixes the Signal and LO fields
to produce four outputs with relative phase shifts. These outputs are coupled to a
pair of amplified balanced photodetectors [Thorlabs PDB425C], which give us two
monitor outputs (M+,−

I and M+,−
Q ) each. These are voltage outputs that represent

the individual optical power that each of the two internal photodiodes of each device
receives. These allow us to perform the subtraction when going into the FPGA,
yielding the In-phase (I) and Quadrature (Q) voltage signals required for processing.

Inside the FPGA, the I and Q signals are digitized and processed to extract the
instantaneous phase ϕ(t) using the arctangent method and implementing the unwrap-
ping logic. This phase information is then used to compute the error signal for the
feedback loop, which is applied to the EOM to stabilize the interferometer.
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Figure 3.3: Power spectral density of the free-running phase noise
for the same 4 configurations. The spectrum is dominated by low-
frequency components associated with environmental perturbations

affecting the fiber spools.

3.2 Performance Metrics and System Characterization

Before implementing the closed-loop control, the interferometer was characterized in
an open-loop configuration to obtain a high interference visibility, and quantify the
environmental phase noise baseline.

3.2.1 Free-Running Phase Noise

To establish a baseline for the control system performance, the interferometer was left
in a "free-running" state (without active feedback) for a duration of 7.5 seconds. The
instantaneous phase ϕ(t) was recovered from the digitized I and Q signals using the
arctangent method described in Eq. 2.23.

When looking at Fig. 3.2, one can see that the system exhibited significant phase
drift due to environmental perturbations. In Table 3.1, we summarize the standard
deviation of the phase for each configuration, which quantifies the level of phase
fluctuations in the absence of active stabilization. We can see that phase noise is a
stochastic process in our results since the standard deviation does not monotonically
increase with the spool length; the phase standard deviation of the 15 meters spool
setup is larger than the 30 meters spool. Nevertheless, it is clear that longer spools
exhibit higher noise levels due to increased environmental sensitivity. The no-spool
configuration shows the lowest phase noise, while the 45 meters spool configuration
exhibits the highest noise level, which is consistent with the expectation that longer
fiber paths are more susceptible to environmental perturbations.

For this reason, plain phase standard deviation is not a sufficient metric to char-
acterize the noise properties of the system. We will be using the PSD of the phase
as a key metric to characterize the noise properties of the system, since it provides
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Figure 3.4: Integrated power spectral density of the free-running
phase noise for the same 4 configurations.

Configuration Phase RMS (rad)

No spool 0.30
15 meters spool 1.01
30 meters spool 1.53
45 meters spool 2.90

Table 3.2: Phase Root Mean Square (RMS) values obtained by inte-
grating the power spectral density of the free-running phase noise for

different configurations.

insight into the frequency components of the noise and allows us to identify dominant
noise sources.

In the free-running case, the phase noise spectrum (Sϕ(f)) or PSD (see Fig. 3.3) is
dominated by low frequency noise coming from environmental perturbations affecting
the fiber spools. There is a clear bump in the spectrum of all configurations around 102

Hz, indicating the presence of a common noise source at that specific frequency. The
noise floor at higher frequencies is orders of magnitude lower, which indicates that
the dominant noise sources are indeed low-frequency environmental perturbations.
The spectrum also shows that the noise level increases with spool length, which is
consistent with the increased sensitivity to environmental disturbances.

Since the PSD represents the distribution of phase noise power across frequencies,
the total area under the PSD curve represents the total phase noise. One can integrate
the spectrum and take its square root to obtain the total phase Root Mean Square
(RMS) as follows:

∆ϕRMS =

√∫ 1/τint

∆ν
Sϕ(f)df, (3.1)
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Figure 3.5: Calibration curve of the EOM showing the relationship
between applied voltage and induced phase shift. The response func-
tion is extracted from the slope of the linear fit to the data points. An
inset shows a zoomed-in view of one data point, illustrating the phase

shift measurement process.

where ∆ν is the bandwidth of the system and τint is the desired integration time.
This allows us to quantify the total phase noise in terms of an RMS value, which is a
critical metric for evaluating the performance of the stabilization system. Figure 3.4
shows the integrated PSD for the different configurations in the free-running case as
a function of integration time.

Table 3.2 summarizes the final phase RMS values obtained by integrating the
PSD over the entire bandwidth for each configuration. The results clearly indicate
that the phase noise increases with the length of the fiber spool, which is consistent
with the expectation that longer fiber paths are more susceptible to environmental
perturbations.

3.2.2 EOM Calibration

Before implementing the feedback-loop, we need to calibrate the EOM to determine
the voltage required to achieve a change in phase (∆ϕ(V )), which is critical for setting
the control loop parameters. This was done by applying 100 kHz voltage ramps
of different amplitudes to the EOM using a function generator and measuring the
resulting phase shift, taking the difference between the maximum and minimum phase
values achieved. The calibration curve is shown in Fig. 3.5, where we can see a linear
relationship between the applied voltage and the induced phase shift, which is expected
for a well-behaved EOM. An inset in the figure shows a zoomed-in view of one data
point, illustrating the phase shift measurement process.
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Figure 3.6: Closed-loop phase behaviour of the phase for different
spool-length configurations. The active stabilization significantly re-
duces the phase drift and fluctuations compared to the open-loop case.

We can determine the response function from the slope of the linear fit applied to
the data points, which takes Vpp values from 0.5 to 5 volts in steps of 0.5 volts. The ex-
tracted response function ∆ϕ(V ) is approximately ∆ϕ = 2.5035 ∗V + 0.0883. This
calibration curve is essential to prove our EOM has enough range for the proper func-
tioning of the control loop, and to set the appropriate gain for the feedback system
to ensure stability and optimal performance. Also, from the response function, we
can extract the Vπ value replacing ∆ϕ with π, which give us approximately 1.256 V,
indicating that a voltage of 1.256 V is required to achieve a π radian phase shift in
our system.

3.3 Digital Control Implementation

The stabilization logic was implemented on an FPGA platform. This device serves as
the central processing unit, handling signal digitization, phase error estimation, and
feedback generation with deterministic low latency. The FPGA receives the digitized
M+

I andM−
I for the In-Phase (I) signal andM+

Q andM−
Q for the Quadrature (Q) signal

from the photodetectors, computes the instantaneous phase ϕ(t) using the arctangent
method as seen in Eq. 2.23, and then calculates the phase error by comparing ϕ(t)
to our setpoint (for which we tested ϕset = 0 and ϕset = π). The error signal is then
processed through a digital PID controller, which computes the appropiate voltage
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Configuration Open-Loop StDev (rad) Closed-Loop StDev (rad)

No spool 3.2886 0.0246
15 meters spool 13.0973 0.1092
30 meters spool 10.8655 0.1947
45 meters spool 31.1137 0.2496

Table 3.3: Standard deviation of the closed-loop phase noise for
different configurations compared to the open-loop case. The results
demonstrate a significant reduction in phase fluctuations due to the
active stabilization, with the closed-loop system effectively maintaining

the desired phase setpoint across all spool lengths.

correction to be applied to the EOM to counteract the measured phase fluctuations
using the calibration performed.

3.3.1 PID Controller Tuning

The communication between the computer and the FPGA was established using a
kerberized SSH connection, allowing for real-time monitoring and adjustment of the
control parameters during testing. The PID controller parameters were tuned ex-
perimentally, ensuring that the system responds quickly to phase disturbances while
maintaining stability. We followed a systematic approach to tuning, a method known
as the Ziegler-Nichols method, which involves first setting the integral and derivative
gains to zero and increasing the proportional gain until the system exhibits sustained
oscillations. The critical gain and oscillation period were then used to calculate the
appropiate values for the PID parameters using the following formulas [65]:

Kp = 0.6Ku, (3.2)
Ki = 1.2Ku/Tu, (3.3)
Kd = 0.075KuTu, (3.4)

where Ku is the critical gain and Tu is the oscillation period. This tuning process was
repeated iteratively, adjusting the parameters based on the observed system response
to achieve optimal performance in terms of phase noise reduction and stability. The
final tuned parameters were then used for the closed-loop performance evaluation,
which is discussed in the next section.

3.3.2 Closed-Loop Performance

With the feedback loop active, the phase noise was measured again under the same
conditions as the free running case. For the no-spool and the 15 meters spool config-
urations, the desired setpoint was ϕset = 0, while for the 30 and 45 meters spools, we
set ϕset = π. For data analysis, we detrended the phase data by subtracting its mean
value, so that the fluctuations around the setpoint were more clearly visible, and then
we computed the standard deviation of the phase.

As shown in Fig. 3.6, the active stabilization significantly reduces the phase drift
and fluctuations compared to the open-loop case. The phase distributions are more
concentrated around zero, demonstrating that the control loop is succesfully main-
taining the desired phase setpoint. The standard deviations (see Table 3.3) are much
lower, indicating that the system is effectively tracking and compensating for the
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Figure 3.7: Histogram of the phase distributions for the closed-loop
configurations.

phase noise. The no-spool configuration shows the best performance, with a standard
deviation of only 0.0246 radians, a 99.25% phase noise reduction, while the 45 meters
spool configuration has the highest standard deviation of 0.2496 radians, which is still
a significant improvement compared to the open-loop case, since it yields a 99.20%
reduction. These results demonstrate that the implemented feedback control system
is effective in stabilizing the phase of the interferometer across all configurations, even
in the presence of increased environmental sensitivity due to longer fiber spools.

Figure 3.7 shows the histogram of the phase distributions for the closed-loop con-
figurations. The distributions are sharply peaked around zero, indicating that the
control system is effectively suppressing phase excursions. The performance degrades
as the spool length increases, which is expected due to the increased phase noise, but
the control system still provides a significant improvement over the free-running case
in all configurations.

Figure 3.8 shows a comparison of the phase Power Spectral Densities (PSDs) be-
tween the open-loop and the closed-loop configurations for the different spool lengths.
The spectra show a significant reduction in low-frequency noise compared to the open-
loop case, demonstrating the effectiveness of the active stabilization. The control loop
effectively suppresses the low-frequency components of the phase noise, which were the
most detrimental to our system performance. However, some residual noise remains
at higher frequencies, which we can attribute to limitations in the control bandwidth.
The results indicate that while the control system is effective in reducing phase noise,
there are still areas for improvement, such as optimizing the controller parameters
or implementing more advanced control strategies to further suppress high-frequency
noise components. Overall, the results indicate that the implemented feedback control
system is successful in stabilizing the phase of the interferometer.

A direct comparison of the PSD for all configurations is shown in Fig. 3.9, where
we can see the significant improvement in phase noise performance across all spool
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Figure 3.8: PSD of the closed-loop phase noise for different spool-
length configurations. The spectra show a significant reduction in
low-frequency noise compared to the open-loop case, demonstrating

the effectiveness of the active stabilization.

Figure 3.9: Comparison of the PSD of the closed-loop phase for all
configurations.
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Figure 3.10: Integrated power spectral density of the closed-loop
phase noise for the same 4 configurations.

Configuration Open-Loop RMS (rad) Closed-Loop RMS (rad)

No spool 0.30 0.02
15 meters spool 1.01 0.11
30 meters spool 1.53 0.19
45 meters spool 2.90 0.25

Table 3.4: Phase RMS values obtained by integrating the power
spectral density of the closed-loop phase noise compared to the open-

loop case for different configurations.

lengths, with the no-spool configuration showing the best performance as expected.
The results demonstrate that the active stabilization scheme is effective in mitigating
phase noise, even in the presence of increased environmental sensitivity due to longer
fiber spools.

Figure 3.10 shows the integrated PSD for the closed-loop configurations. We can
see that the active stabilization significantly reduces the total phase noise across all
configurations compared to the free-running case. The results (see Table 3.4) indicate
that the control system is effective in suppressing phase noise, particularly at low
frequencies.
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Chapter 4

Conclusion and Future Outlook

4.1 Synthesis of Empirical Findings

The primary objective of this thesis was to design, implement, and characterize an
active phase stabilization system for a distance-scalable fiber-optic MZI. By em-
ploying a coherent self-homodyne detection scheme coupled with a 90-degree optical
hybrid and a low-latency FPGA-based PID controller, the system successfully miti-
gated environmental phase noise in real time. The empirical results demonstrate a
profound improvement in phase stability across various simulated distances. For the
longest tested configuration utilizing a 45-meter fiber spool, the system reduced the
highly volatile free-running phase standard deviation from 31.11 rad to a remarkably
stable 0.25 rad under closed-loop control. Similarly, the integrated PSD confirmed
a reduction in total RMS phase noise from 2.90 rad to 0.25 rad. These findings
definitively validate that the high-bandwidth feedback loop effectively counteracts
the low-frequency thermoconductive and thermomechanical noise sources inherent to
silica fibers.

The system’s performance was consistent across all tested configurations, with the
most significant improvements observed in the longest fiber paths, which are typically
more susceptible to environmental perturbations. This robust stabilization capability
is crucial for applications such as quantum communication and precision metrology,
where maintaining phase coherence over long distances is essential.

4.2 Theoretical Scalability to Real-World Implementation

While the laboratory testbed successfully demonstrated robust phase locking up to
45 meters, deploying this architecture across the target 10.8 km underground optical
fiber link at Fermilab requires addressing additional scalability challenges. As the
optical path length increases, the magnitude of environmental phase drift scales pro-
portionally, placing greater demands on the dynamic range of the system’s actuator.
The Lithium Niobate EOM provides rapid, linear phase corrections, but possesses a
strict, finite voltage limit characterized by its half-wave voltage, Vπ.

A narrower linewidth laser source would be mandatory in order to test the system
at the full deployed 10.8 km length, since the coherence length of the laser must
exceed the total optical path length to maintain a stable interference pattern [66].
The current 10 kHz linewidth laser source, with a coherence length of approximately
9.5 km, is insufficient for testing the deployed configuration. A laser with a linewidth
on the order of 1 kHz or less would be required to ensure a coherence length exceeding
10.8 km, allowing for effective phase stabilization over the full distance.
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4.3 Contextualization and Future Directions

The empirical performance of the stabilization system can be directly contextual-
ized within the operational requirements of modern quantum cryptographic proto-
cols, particularly TF-QKD. TF-QKD exploits first-order single-photon interference
at a central untrusted node to achieve secret key rates that scale with the square
root of channel transmittance [33]. The security and efficiency of this protocol are
inextricably linked to the interferometric visibility, V, which is intrinsically degraded
by residual phase noise.

The theoretical visibility is related to the RMS phase error by the approxima-
tion V ≈ cos(∆ϕRMS). Utilizing the 0.25 rad RMS phase error achieved in the 45-
meter closed-loop configuration, the expected visibility is mathematically estimated as
cos(0.25) ≈ 0.9689, or 96.9%. In QKD systems, the intrinsic Quantum Bit Error Rate
(QBER) contributed solely by phase misalignment is given by QBER ≈ (1−V)/2 [67].
Therefore, the residual phase noise of the current stabilization loop induces a baseline
QBER of approximately 1.55%. This error rate is exceptionally low and comfortably
below the theoretical security threshold of 11% required for secure key distillation
in foundational protocols like BB84 [68]. By maintaining the phase coherence well
within these strict cryptographic bounds, this active stabilization architecture proves
its utility and establishes a highly viable hardware foundation for future long-baseline
quantum networking experiments.

Looking ahead, several avenues for further research and development are appar-
ent. A critical consideration for practical deployment is the coexistence of the classical
stabilization signals and the quantum communication signals within the same fiber in-
frastructure. Since the active phase stabilization scheme relies on bright classical light
co-propagating alongside single-photon-level quantum signals, managing the crosstalk
between these two channels is essential to preserving the integrity of the quantum link.
Recent work has begun addressing these coexistence challenges, demonstrating that
classical and quantum signals can share the same fiber while maintaining high-fidelity
quantum correlations [69]. Extending these findings to the Fermilab 10.8 km link will
therefore be an important step towards integrating this stabilization system into a
fully operational quantum network.

Enhancing the system’s scalability to longer distances will be paramount, partic-
ularly in the context of the 10.8 km link at Fermilab. This will necessitate not only
the implementation of a narrower linewidth laser but also potential refinements to the
feedback control algorithms and PID parameter tuning methods to accommodate the
increased complexity of longer fiber paths. Additionally, exploring alternative mod-
ulation techniques and materials may yield further improvements in phase stability
and system performance. Finally, integrating this stabilization system into a com-
plete quantum communication setup will be a critical step towards demonstrating its
practical applicability in real-world quantum networks.
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