
VU Research Portal

Engineering Illumination Through Multimode Fibers for Imaging and Metrology

Ivanina, Aleksandra Igorevna

2026

DOI (link to publisher)
10.5463/thesis.1720

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Ivanina, A. I. (2026). Engineering Illumination Through Multimode Fibers for Imaging and Metrology. [PhD-
Thesis - Research and graduation internal, Vrije Universiteit Amsterdam]. https://doi.org/10.5463/thesis.1720

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 13. Jun. 2026

https://doi.org/10.5463/thesis.1720
https://research.vu.nl/en/publications/8210e3d1-5daa-4f91-ab42-44186de03944
https://doi.org/10.5463/thesis.1720


VRĲE UNIVERSITEIT

ENGINEERING ILLUMINATION THROUGH
MULTIMODE FIBERS FOR IMAGING AND

METROLOGY

ACADEMISCH PROEFSCHRIFT

ter verkrĳging van de graad Doctor of Philosophy
aan de Vrĳe Universiteit Amsterdam,

op gezag van de rector magnificus
prof.dr. J.J.G. Geurts,

volgens besluit van de decaan
van de Faculteit der Bètawetenschappen

in het openbaar te verdedigen
op dinsdag 23 Juni 2026 om 9.45 uur

in de universiteit

door

Aleksandra Igorevna Ivanina

geboren te Bryanskaya oblast, Rusland



promotor: prof. dr. A.J. den Boef
copromotor: dr. L.V. Amitonova

promotiecommissie: dr. P.M. Kraus
dr. B.I. Avci
prof. dr. S.M. Witte
prof. dr. P.C.M. Planken
dr. S.A. Sokolov



Engineering Illumination Through Multimode Fibers for Imaging and Metrology

Aleksandra Igorevna Ivanina

Ph.D. thesis, Vrĳe Universiteit Amsterdam, 2026

Cover design: Artwork created by the author, inspired by the illumination of a
metrology mark using complex structured light delivered through
an optical fiber.

Print: IPSKAMP Printing
DOI: http://doi.org/10.5463/thesis.1720

A digital version of this dissertation is available at:
https://research.vu.nl



The work described in this thesis was carried out at the Advanced Research Center
for Nanolithography (ARCNL), a public–private partnership between the University of
Amsterdam (UvA), the Vrĳe Universiteit Amsterdam (VU), the University of Groningen
(RUG), the Netherlands Organisation for Scientific Research (NWO), and the semiconductor
equipment manufacturer ASML.
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1
Introduction

F rom the earliest moments of civilization, light has shaped human progress. It has
illuminated the night, marked the passage of time, and inspired creation myths across

cultures. As our understanding deepened, light became more than a practical necessity. It
became a fundamental means of investigating both the natural world and the universe beyond.

The scientific study of light began in antiquity, when thinkers such as Euclid and Ptolemy
proposed the first theories of vision [1]. In the medieval Islamic world, Ibn al-Haytham’s
Book of Optics introduced systematic experimentation, laying the foundation of modern
optics [2]. Centuries later, Newton’s prism revealed the composite nature of white light,
while Huygens and Young demonstrated its wave-like behavior [3–5]. These early insights
set the stage for the major theoretical advances of the nineteenth and twentieth centuries:
Maxwell’s theory of electromagnetism, which established light as an electromagnetic wave,
and Einstein’s concept of photons, which explained phenomena such as the photoelectric
effect and ushered in quantum physics [6]. Together, they revealed the dual wave-particle
nature of light that underpins modern science.

Hand in hand with theory came instruments that extended the reach of human vision.
The microscope allowed us to see the microscopic world, and the telescope enabled us to
gaze into the vastness of space [7, 8]. Through these instruments, people learned to use light
as a tool, first to reveal what was hidden, and later to probe, manipulate, and measure the
world with increasing precision. From oil lamps to electric bulbs, every advance in light
sources expanded what could be seen and measured.

The first laser was demonstrated by Theodore Maiman in 1960, marking the beginning
of coherent, controllable light sources and leading to the Nobel-recognized development
of lasers [9, 10]. Lasers quickly transformed both technology and science: they became
the backbone of global communications, the drivers of precision manufacturing, and the
enablers of microelectronics. In particular, laser-based nanolithography revolutionized
modern computing. Using light to etch circuits on a nanometer scale has made it possible to
create the microchips that power today’s phones, computers, and data centers. This ability to
manipulate light at the smallest possible scales illustrates a broader theme of illumination,
using light not only to observe the world around us, but also to build the technological
foundations of the information age. The same mastery of light underpins progress across the
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full spectrum of modern optical instruments. For example, in microscopy, confocal imaging
enhances contrast and optical sectioning, whereas super-resolution techniques overcome
the diffraction limit [11]. In astronomy, adaptive optics and space-based telescopes apply
precise control of illumination to peer deeper into the universe, correcting distortions caused
by Earth’s atmosphere and capturing light from the most distant galaxies [12].

These developments demonstrate that progress in science and technology relies as much
on the way we illuminate our subjects as it does on the methods we use to detect them.
Despite these advances, there are still many challenges to overcome. Light can scatter,
distort, or absorb in the materials we want to examine. Fragile structures are hidden, and
complex environments resist illumination. At the same time, the features we seek to detect
are becoming ever smaller, pushing the limits of precision. Thus, the history of optics–from
ancient theories of vision to modern EUV-nanolithography machines–is not only a record of
remarkable successes, but also a continuing story of challenges and open questions.

1.1 Spatial wavefront shaping
The idea of controlling the wavefront of light has its roots in astronomy. In 1953, Babcock

proposed the concept of adaptive optics: by measuring and correcting distortions introduced
by Earth’s turbulent atmosphere, telescopes could, in principle, recover high resolution [13].
This vision was realized decades later with the development of fast wavefront sensors and
deformable mirrors, allowing ground-based observatories to overcome ”seeing” and produce
images rivaling those from space [12].

In parallel, other approaches to undoing wavefront distortions emerged. Speckle
interferometry demonstrated that the fine structure hidden by turbulence could be recovered
by analyzing seemingly random speckle patterns [14]. When a coherent light beam passes
through a rough surface or a medium that scatters light, many partial waves interfere to
form a granular intensity distribution of bright and dark spots, known as a speckle pattern.
Although speckles appear random, they are fully deterministic: the same input field produces
the same speckle field as long as the medium remains unchanged [15]. Returning to the
history timeline, optical phase conjugation (OPC), introduced in the 1970s, offered another
route by generating a time-reversed copy of the distorted field that retraces its scattering
path [16].

The breakthrough into strongly scattering media came in 2007, when Vellekoop and
Mosk showed that coherent light could be refocused through an opaque layer of white
paint by actively shaping the incident wavefront with a spatial light modulator (SLM) [17].
This experiment marked the birth of modern wavefront shaping (WFS) in complex media,
turning scattering from a nuisance into a tool for imaging and control. Following the
pioneering experiment, WFS rapidly developed into a vibrant research field. Follow-up
work formalizes iterative focusing through turbid media [18]. In parallel, digital optical
phase conjugation (DOPC) combined interferometric field measurement with SLM playback,
providing a high-speed, camera-based implementation of time reversal [19, 20]. Together,
these methods showed that light undergoing multiple scattering can be measured, predicted,
and actively controlled. This capability has led directly to biomedical applications, where
WFS has been used to refocus light deep inside living tissue, enabling high-resolution
imaging and optogenetic stimulation beyond the ballistic regime [21–23]. Achieving such
control experimentally requires instruments capable of independently modulating the phase
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and amplitude of light with high precision.
Two main technologies dominate experimental work: spatial SLMs and digital micromir-

ror devices (DMDs) [24–27]. Each comes with its own strengths and limitations, and both
have been adapted with special methods to be able to control the phase and amplitude
of the wavefront. Liquid-crystal SLMs are pixelated electro-optic devices that impose
a continuously tunable phase delay on an incident optical field via electric-field-induced
reorientation of birefringent liquid-crystal molecules. In contemporary WFS systems, the
dominant architecture is the liquid-crystal-on-silicon (LCoS) SLM, operating in reflective
phase-only mode. Here, the local change in refractive index modifies the optical path length
of each pixel, yielding a programmable phase profile while preserving a nearly constant
amplitude. This phase-only operation enables high diffraction efficiencies exceeding 80–90%,
a defining advantage for high-fidelity beam shaping [27].

Although SLMs are primarily used as phase modulators, amplitude control is also
possible, either by combining them with polarizers or by using complex encoding strategies
[28]. Modern commercial LC-SLMs now feature megapixel resolutions, pixel pitches below
4 𝜇m, fill factors above 90%, and phase quantization up to 12-16 bit, enabling exceptionally
accurate wavefront control [26]. However, their principal limitation remains the slow
electro-optic response of viscous liquid-crystal layers. Standard devices operate at video
rates (≈ 60 − 120 Hz), while specialized overdriven or thermally accelerated variants reach
only 0.4–1.7 kHz, with ferroelectric LC-SLMs exceeding 3 kHz only at the expense of binary
phase modulation and poor efficiency [27]. Consequently, LC-SLMs are ideally suited for
static or slowly varying scattering systems, but become suboptimal when the decorrelation
time of the medium falls very quickly. By contrast, DMDs are MEMS-based reflective
SLMs composed of arrays of tilting micro-mirrors, each switching between two stable
angular states to direct light either into or away from the optical path. This enables binary
amplitude modulation at refresh rates exceeding 20− 30 kHz, orders of magnitude faster than
LC-SLMs. Such ultrafast switching makes DMDs exceptionally well-suited for dynamic
WFS in rapidly decorrelating media, including biological tissue, MMFs, and turbulent flows.
However, DMDs are intrinsically amplitude-only devices. Another experimentally important
advantage of DMD-based WFS is the ability to display truly static binary patterns without
temporal flicker [29]. Unlike LC-SLMs, which require periodic voltage inversion to avoid
ionic charge buildup and thus exhibit residual intensity oscillations, DMD mirrors remain
mechanically latched in their state without refresh-induced modulation. This property is
particularly advantageous in feedback-based WFS, where long integration times may be
required to improve signal-to-noise, and temporal intensity fluctuations directly degrade
phase estimation accuracy.

To achieve phase and complex modulation, indirect holographic encoding techniques
are required, most notably Lee holography and the superpixel method [24, 30, 31]. In Lee
holography, the desired phase profile 𝜙(𝑥, 𝑦) is embedded into a high-frequency binary
diffraction grating. The encoded pattern generates multiple diffraction orders upon reflection,
and a spatial filter placed in the Fourier plane selects a single first diffraction order carrying
the target phase information. While this enables effective phase control using a binary device,
the modulation remains quantized and approximate, with fundamental trade-offs between
spatial resolution, phase depth, and diffraction efficiency.

Amplitude control can be added through duty-cycle modulation of the grating within
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each superpixel: increasing the fraction of mirrors in the “on” state raises the intensity of
the selected diffraction order, allowing independent tuning of amplitude and phase [32].
Although this approach is robust and fully compatible with the ultrafast refresh rates of
DMDs, it is inherently inefficient for coherent beam control, with typically a few percent
(1-10%) of incident power contributing to the desired diffraction order, and a drastic reduction
of the effective degrees of freedom available for WFS [27, 31]. Very recently, a new class
of MEMS-based phase-only light modulators (PLMs) has been demonstrated, bridging the
performance gap between LC-SLMs and DMDs. These devices consist of megapixel arrays
of micro-mirrors whose vertical piston displacement, rather than tilt angle, is controlled
electrostatically, enabling direct phase modulation with 4-bit (16-level) precision. Unlike
LC-SLMs, PLMs are polarization-agnostic, and unlike DMDs, they provide native phase
modulation with high optical efficiency (≈ 70 − 90%) [27].

In summary, complementary strengths make both devices, SLM and DMD, indispensable
for WFS, depending on speed, which is the dominant requirement.

Beyond devices, the success of WFS relies on optimization algorithms. Feedback-based
WFS algorithms rely on the principle that the intensity at a chosen target position provides
sufficient information to improve the input phase pattern iteratively. The modulator is divided
into segments, each representing one controllable degree of freedom. Physically, each
segment of a DMD does not act as an ideal continuous phase shifter, but rather as a local
diffractive grating element due to the finite micromirror size and periodic pixel structure.
Under coherent illumination, the DMD therefore behaves as a blazed reflective diffraction
grating, distributing optical power into multiple diffraction orders. By an appropriate choice
of illumination angle (blazing condition), one diffraction order can be preferentially selected
and treated as the effective output field used for feedback optimization, while the remaining
orders are spatially filtered out. By varying the phase of these segments and recording
the resulting feedback, the algorithm gradually aligns the contributions of all segments
constructively at the target [29]. Different variants of feedback-based methods have been
developed [18]. The continuous sequential algorithm updates each segment immediately upon
measurement, the partitioning algorithm modulates large groups of segments simultaneously
to increase signal-to-noise, and evolutionary or genetic approaches explore random trial
fields to maximize the target signal.

The most common approach is the sequential stepwise algorithm. Phase-only modulation
is achieved by dividing DMD into 𝑁 independent segments, where 𝑁 denotes the total
number of controllable degrees of freedom. Each segment is optimized one after another,
indexed by 𝑘 = 1, 2, . . . , 𝑁 (Fig.1.1(a)), while all other segments remain fixed and provide a
static reference field at the target [18].

This reference is characterized by an intensity 𝐼0 and a phase 𝜙0, such that the corre-
sponding complex field can be written as

𝐸0 =
√︁
𝐼0 𝑒

𝑖𝜙0 . (1.1)

The contribution of segment 𝑘 to the field at the target is described by an intensity 𝐼seg and
the phase 𝜙seg. Applying a controllable phase shift 𝜙 to this segment results in the field

𝐸seg (𝜙) =
√︁
𝐼seg 𝑒

𝑖 (𝜙seg+𝜙) . (1.2)
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Figure 1.1: Sequential step–wise WFS algorithm (a) Calibration step: the DMD is divided into 𝑁 independent
segments. For the 𝑘-th segment, three phase values 𝜙seg (0, 2𝜋/3, 4𝜋/3) are projected while all other segments
remain fixed with 𝜙0, and the resulting target intensities 𝐼 (𝑥, 𝑦)𝑘 are recorded at the detector. (b) From the cosine
dependence, the optimal phase 𝜙★

𝑘
for each segment is determined. (c) Measurement step: once all 𝑁 segments

are assigned with optimized phase {𝜙★
𝑘
} is applied simultaneously. The contributions of all segments interfere

constructively at the target, producing a focus at the targeted area.

The total field at the target is therefore

𝐸 (𝜙) = 𝐸0 + 𝐸seg (𝜙), (1.3)

The detected intensity is given by

𝐼 (𝜙) = |𝐸 (𝜙) |2 = 𝐸 (𝜙)𝐸∗ (𝜙), (1.4)

where 𝐸∗ (𝜙) denotes the complex conjugate of 𝐸 (𝜙). Substituting 𝐸 (𝜙) = 𝐸0 + 𝐸seg (𝜙)
yields

𝐼 (𝜙) = |𝐸0 |2 + |𝐸seg |2 + 𝐸0𝐸
∗
seg (𝜙) + 𝐸∗

0𝐸seg (𝜙). (1.5)

Using the definitions of 𝐸0 and 𝐸seg (𝜙) and Euler’s formula 𝑒𝑖 𝜃 = cos 𝜃 + 𝑖 sin 𝜃, the
interference terms can be written as

𝐸0𝐸
∗
seg (𝜙) + 𝐸∗

0𝐸seg (𝜙) = 2
√︁
𝐼0𝐼seg cos(𝜙 − Δ𝜙), (1.6)

which leads directly to the cosine-law dependence of the detected intensity. Substituting the
expressions above gives:

𝐼 (𝜙) = 𝐼0 + 𝐼seg + 2
√︁
𝐼0𝐼seg cos(𝜙 − Δ𝜙), (1.7)
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where Δ𝜙 = 𝜙0 − 𝜙seg is the relative phase offset between the background field and the
contribution of segment 𝑘 . The intensity is maximized for 𝜙 = Δ𝜙, which defines the optimal
phase 𝜙★

𝑘
for that segment (Fig.1.1(b)). As Eq. (1.7) shows, the detected signal exhibits

a cosine dependence on the applied phase 𝜙. Constructive interference is obtained when
the phase of the segment matches that of the background field, 𝜙 = Δ𝜙, which defines
the optimal phase 𝜙★

𝑘
. To determine Δ𝜙 using only a small number of measurements, the

intensity is recorded for a discrete set of known phase shifts. In this work, a three-step
phase-stepping method is employed, in which the phases 𝜙 = 0, 2𝜋/3, and 4𝜋/3 are applied
sequentially. The corresponding measured intensities are denoted by 𝐼 (0), 𝐼 (2𝜋/3), and
𝐼 (4𝜋/3), respectively. These measurements are combined into the complex quantity

𝑆 = 𝐼 (0) + 𝐼 (2𝜋/3) 𝑒𝑖2𝜋/3 + 𝐼 (4𝜋/3) 𝑒𝑖4𝜋/3, (1.8)

from which the relative phase offset is obtained as Δ𝜙 = arg(𝑆). The optimal phase for
segment 𝑘 is therefore given by 𝜙★

𝑘
= arg(𝑆). In diffraction terms, the algorithm achieves

wavefront control by phase-aligning local grating elements in a binary hologram, where
grating position and duty cycle determine the phase and amplitude of the first diffraction order.
After all 𝑁 segments are calibrated, their optimal phases {𝜙★

𝑘
} are applied simultaneously to

the DMD. The interference of all contributions is now constructive at the target, and a bright
diffraction-limited focus emerges at the output of the scattering media (Fig. 1.1(c)).

The performance of an optimization procedure is commonly quantified by the enhance-
ment, defined as the ratio between the intensity at the target after optimization 𝐼opt and the
average intensity obtained for an unshaped (random)𝐼rand incident wavefront [17]:

𝜂 =
⟨𝐼opt⟩
⟨𝐼rand⟩

. (1.9)

Physically, the enhancement reflects the degree to which the phases of multiple scattered
field contributions are aligned at the target position. The enhancement therefore provides a
direct measure of how effectively the available degrees of freedom are used to control light
propagation through a scattering medium. In practice, the enhancement is further limited by
experimental noise, finite modulation depth, and temporal decorrelation of the scattering
medium. While the enhancement 𝜂 measures the relative intensity increase at the optimized
focus, it does not quantify how much of the total optical power is concentrated there. To
assess the efficiency of power delivery, we therefore introduce the power ratio (PR), defined
as the fraction of the total detected optical power contained within the optimized focal region:

PR =
𝐼focus
𝐼total

. (1.10)

Here, 𝐼focus denotes the integrated intensity within the target and 𝐼total is the total transmitted
intensity summed over the entire detection region. The achievable PR is constrained
by the available degrees of freedom used to control the optical field. When only phase
modulation is employed, the redistribution of optical power is limited. Full complex-field
and polarization control allow more efficient energy redistribution and higher achievable
power ratios [18, 33, 34].
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1.2 Transmission matrix
In addition to WFS optimization algorithms, control of light propagation through

scattering media can be achieved using the transmission matrix (TM) formalism. The TM
describes the linear relationship between a set of input modes and the resulting output field.
Once measured, the TM allows direct prediction and control of the transmitted field for any
chosen input [33, 35–39].

For monochromatic light at fixed polarization, we represent the input field as a complex
vector 𝒂 ∈ C𝑁 and the output as 𝒃 ∈ C𝑀 , where 𝑁 and 𝑀 denote the number of controlled
input and measured output channels. The TM 𝑇 ∈ C𝑀×𝑁 acts as a deterministic linear
operator that transforms the input into the output:

𝒃 = 𝑇 𝒂, (1.11)

with each column of 𝑇 corresponding to the output field generated by a single input basis
function. The choice of basis is flexible and may correspond to plane waves, Hadamard
patterns, or pixel-based representations [40].

In practice, the TM of a scattering medium is commonly measured in the spatial basis
defined by the experimental degrees of control and detection. Here, the input channels 𝑛
correspond to discrete spatial segments on an SLM or DMD, while the output channels 𝑚
correspond to pixels on the camera. The light propagation can then be written explicitly as

𝐸out
𝑚 =

𝑁∑︁
𝑛=1

𝑇mn 𝐸
in
𝑛 , (1.12)

where 𝐸 in
𝑛 denotes the complex field modulated by the 𝑛-th input segment, 𝐸out

𝑚 is the field
measured at the 𝑚-th output channel, and 𝑇mn are the complex-valued elements of the
TM [35, 37, 41].

The number of required probe measurements is determined by the number of optical
degrees of freedom in the illuminated region of the medium, which scales approximately
with the area and numerical aperture relative to the wavelength. Each probe illumination
fills one column of the TM, and by scanning through a complete basis of 𝑁 inputs, the full
mapping is assembled.

Each element 𝑇mn encodes both the magnitude of transmission and the optical phase shift
between input and output channels. Since cameras measure only intensity, dedicated strategies
are required to recover this phase information [42, 43]. Interferometric approaches (off-axis
holography, phase stepping) provide accurate and fast access to both amplitude and phase [35,
37, 44–49], but require stable interferometers. Non-interferometric or computational methods,
such as OPC, Gerchberg-Saxton algorithms, phase diversity, and more recently, deep-learning
approaches, avoid references at the cost of additional computation [42, 43, 50–52].

1.3 Random illumination for compressive imaging
Precise control of the illumination is not always required to extract useful information from

a scattering medium. When coherent light propagates through a disordered system, random
interference between multiple scattering paths gives rise to speckle patterns. Although these
patterns appear random, they are deterministic and form a diverse set of illumination fields.
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Rather than attempting to eliminate speckle, these random fields can be used directly as
structured illumination. In particular, speckle-based illumination provides the multiplexed
measurements required for compressive sensing (CS), enabling image reconstruction through
computational inversion. CS is a particularly powerful technique. It enables accurate
reconstruction from far fewer measurements than conventional sampling theory would require
by leveraging the fact that many natural images are sparse or compressible in a suitable
basis [53, 54]. Each structured illumination pattern generates a multiplexed measurement
that mixes spatial information, and a collection of such measurements contains enough
information to recover the image with significantly reduced acquisition time. Figure 1.2
illustrates this principle: in conventional raster scanning, each pixel must be measured
sequentially, causing the acquisition time to grow linearly with image size, whereas CS
captures the scene in a reduced set of structured measurements that jointly encode the full
image content.

Figure 1.2: In conventional imaging (raster scanning), each pixel is measured individually, while CS reconstructs
the object from far fewer multiplexed measurements.

According to the Nyquist–Shannon sampling theorem, perfect reconstruction of a
band-limited signal is guaranteed only if the sampling rate is at least twice the maximum
frequency [55]. For example, if audio contains frequencies up to 20 kHz, a digital recorder
must sample at ≥ 40 kHz, which explains the 44.1 kHz standard for audio CDs. In imaging,
the highest spatial frequency corresponds to the smallest resolvable feature, set by the optical
cutoff

𝜈cutoff =
2 NA
𝜆

, (1.13)

where 𝜆 is the wavelength and NA the numerical aperture. Thus, the sampling pitch must
satisfy

Δ𝑥 ≤ 1
2𝜈cutoff

≈ 𝜆

4 NA
. (1.14)

This condition ensures diffraction-limited resolution, but it also means that conventional
raster scanning often collects far more data points than strictly necessary, limiting imaging
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speed [56]. While the Nyquist–Shannon theorem applies to uniform sampling of arbitrary
signals, natural images are rarely arbitrary. Most contain strong redundancies: edges,
repetitive textures, smooth regions, or dominant low spatial frequencies. As a consequence,
the underlying information can often be represented far more compactly than suggested by
uniform sampling. Formally, let 𝑥 ∈ R𝑁 denote an image. Assume that 𝑥 admits a sparse
representation in a known transform basis Ψ ∈ R𝑁×𝑁 , such that

𝑥 = Ψ𝑠, (1.15)

where 𝑠 ∈ R𝑁 is the corresponding coefficient vector. If only 𝐾 ≪ 𝑁 of these coefficients
carry significant information, the image is said to be 𝐾-sparse in the basis Ψ. The sparsity
fraction is defined as

𝛽 =
𝐾

𝑁
, (1.16)

where 𝑁 is the total number of coefficients in the chosen basis (e.g., the number of pixels
or Fourier coefficients) and 𝐾 is the number of significant, non-negligible coefficients that
actually carry information. Thus, 𝛽 quantifies the fraction of essential coefficients: the smaller
𝛽, the stronger the sparsity and the greater the potential gains in compressive sensing [54, 57].
Even when signals are not exactly sparse, many natural images are compressible, meaning
that most coefficients decay rapidly in magnitude and only a small fraction carries most of the
information. This practical form of sparsity underlies the theoretical guarantees of CS and
enables faithful reconstruction from far fewer measurements than required by conventional
Nyquist sampling [54, 57]. Figure 1.3 illustrates this principle for the Fourier basis: most
energy is concentrated in low spatial frequencies, and retaining only the largest 𝐾 coefficients
yields a visually faithful reconstruction.

Mathematically, the measurement process can be expressed as

𝑦 = 𝐴𝑥 + 𝑛, (1.17)

where 𝑦 ∈ R𝑀 is the vector of the detector signals, 𝐴 ∈ R𝑀×𝑁 is the measurement
matrix formed by the recorded speckle patterns, 𝑥 ∈ R𝑁 is the unknown object, and 𝑛 is
measurement noise. Since typically 𝑀 ≪ 𝑁 , this system is underdetermined. To make
reconstruction possible, one assumes that 𝑥 is sparse in Ψ, i.e. 𝑥 = Ψ𝑠 with only 𝐾 ≪ 𝑁

nonzero coefficients in 𝑠. Reconstruction can then be formulated as an ℓ1-minimization
problem:

min
𝑠

∥𝑠∥1 subject to ∥𝐴Ψ𝑠 − 𝑦∥2 ≤ 𝜀, (1.18)

where 𝜀 bounds the noise level. The recovered signal is finally obtained as 𝑥 = Ψ𝑠.
A wide range of reconstruction algorithms has been developed to solve the underdeter-

mined inverse problem of CS. Classical approaches include ℓ1-minimization [53, 54], greedy
algorithms such as orthogonal matching pursuit (OMP) [58], and basis pursuit [59]. For
imaging applications, regularization strategies such as total variation (TV) minimization
have proven particularly effective in preserving edges and fine structures [57, 60]. Other
works explored Bayesian inference [61], approximate message passing (AMP) [62], and
deep-learning-based reconstructions [50, 63], which offer dramatic gains in speed and
robustness. Using sparsity and randomness, CS enables high-quality image recovery from far
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Figure 1.3: Sparsity in the Fourier basis. Top: original grayscale image (left) and its 2D discrete Fourier transform
(right, log scale). Bottom: a sparse reconstruction obtained by retaining only the 𝐾 ≪ 𝑁 largest Fourier coefficients
(Photo courtesy of David Ramos).

fewer measurements than traditionally thought possible, reducing acquisition times, pushing
resolution beyond classical limits, and expanding the reach of optical imaging into regimes
that were previously inaccessible.

1.4 Outline
Illumination is a crucial factor in imaging: it can be manipulated, adjusted, and

deliberately engineered to enhance image quality and extract more information. This thesis
takes that perspective and uses optical fibers as a platform to show how illumination becomes
a controllable design parameter rather than a fixed constraint for light delivery. Optical fibers
are among the most versatile tools in modern photonics. Widely used for telecommunications,
they guide light over long distances with low loss and minimal footprint. Because they are
thin, flexible, and compatible with diverse optical sources, fibers have become important
in many applications such as sensing, microscopy, and metrology. Inspired by this idea,
the subsequent chapters address specific illumination challenges that we can solve using
multimode fiber (MMF):
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• Chapter 2: presents the theoretical framework for light propagation in step–index
MMFs. It describes the formation of speckle patterns at the fiber output and analyzes
their statistical properties, providing the foundation for understanding how MMFs
generate complex illumination fields and how we can control them.

• Chapter 3: focuses on experimental ways for measuring the complex-valued TM
of MMF, with particular emphasis on phase retrieval methods: in-line and off-axis
holography. Both TM acquisition schemes are compared, and their performance is
evaluated in terms of robustness, speed, stability, and ability to project simple and
complex-shaped targets, highlighting how the choice of method depends on the target
application.

• Chapter 4: demonstrates high-resolution compressive sensing through a flexible
(single-mode–MMF) probe using wavelength-dependent speckle illumination. Image
reconstruction is achieved with a narrow spectral bandwidth (< 10 nm), while
maintaining strong temporal stability and robustness against single-mode fiber bending.
The approach combines computational and experimental methods to enable fast and
flexible sample reconstruction.

• Chapter 5: proposes and experimentally demonstrates the first implementation of
complex speckle illumination for quantitative phase imaging, with the speckle patterns
generated using an MMF. The phase information of pure-phase objects is retrieved
through a non-interferometric and non-iterative reconstruction method, enabling
diffraction-limited phase reconstruction.

Together, these chapters demonstrate that optical fibers are not only passive waveguides but
active components of the imaging system. By combining physical insight, wavefront control,
and computational strategies, the thesis shows how illumination through an MMF can be
treated as a designed and engineered parameter.
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2
Light Propagation Through a

Multimode Fiber

M ultimode fibers are the primary optical elements studied in this work. They support
the propagation of multiple spatial modes, which interfere at the output and produce

complex speckle patterns. While this modal interference can be seen as a drawback, the
large number of supported modes provides a high-dimensional optical space that can be
exploited for controlled illumination. This chapter describes the basic properties of step-index
multimode fibers, the generation and characterization of speckle fields.
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Figure 2.1: Illustration of an MMF. Coherent light coupled into the MMF produces a speckle pattern at the output
(Image courtesy of Ksenia Abrashitova).

O ptical fibers are dielectric waveguides designed to confine and guide light over long
distances with low attenuation. Fig. 2.1 illustrates coherent light propagating through

an MMF and producing a characteristic intensity pattern at the output. Practical optical
fibers became feasible only in the twentieth century with advances in glass purification and
fabrication techniques. Early demonstrations of image transmission through fiber bundles
were reported in the 1950s, notably by Kapany et al [64]. In 1966, Charles K. Kao and
George A. Hockham showed that optical losses in glass fibers were mainly caused by
material impurities and argued that these losses could be reduced below 20 dB/km. This
insight made practical optical communication systems feasible and laid the groundwork
for modern fiber-optic technology. Kao’s contribution was later recognized with the Nobel
Prize in Physics in 2009 [65, 66]. Subsequent advances in fiber fabrication, particularly
the development of low-loss silica fibers in the early 1970s, enabled the rapid expansion of
fiber-based communication networks.

The most widely used material for optical fibers is high-purity silica glass (SiO2), due
to its excellent optical transparency in the visible and near-infrared spectral regions, its
mechanical robustness, and chemical stability. The refractive index profile of the fiber is
controlled by doping the silica core with materials such as germanium or phosphorus, while
fluorine doping is often used to reduce the refractive index of the cladding. Optical fibers are
fabricated using a preform-based drawing process, in which a macroscopic glass preform
with a precisely defined refractive index profile is heated and drawn into a thin fiber. The
geometric and optical properties of the resulting fiber, including core diameter, numerical
aperture (NA), and modal structure, are determined by the design of the preform and the
drawing conditions [67].

2.1 Step-index fiber parameters
A conventional step-index optical fiber therefore consists of a central core with refractive

index 𝑛core surrounded by a cladding with a slightly lower refractive index 𝑛clad, such that
light is guided by total internal reflection at the core–cladding interface. Repeated many
times along the fiber length, this confinement allows light to propagate over long distances
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[68].
The ability of a fiber to capture light is quantified by its NA. From Snell’s law, the NA is

given by
NA = 𝑛0 sin 𝜃max, (2.1)

where 𝑛0 is the refractive index of the external medium (typically air, 𝑛0 ≈ 1) and 𝜃max is
the maximum acceptance half-angle. Thus, the NA and acceptance angle provide the most
intuitive picture: they describe the physical cone of rays that will be guided, as shown in
Fig. 2.2(a). The NA also sets the resolution limit for MMF-based imaging systems, as the
speckle grain size scales with 𝜆/(2 NA).

Figure 2.2: a) Geometry of a step-index optical fiber. The core of refractive index 𝑛𝑐𝑜𝑟𝑒 and radius 𝑎 is surrounded
by cladding of refractive index 𝑛𝑐𝑙𝑎𝑑 . The NA is determined by the refractive index contrast and sets the maximum
acceptance angle 𝜃max for guided light in an external medium of index 𝑛0. b) An MMF supports many modes with
distinct spatial profiles, while c) in a SMF, only the fundamental HE11 mode is supported.

The number of guided spatial modes determines the behavior of an MMF. This is
conveniently described by the normalized frequency, or V-number,

𝑉 =
2𝜋𝑎
𝜆

NA, (2.2)

which depends on the core radius 𝑎, the numerical aperture, and the operating wavelength 𝜆.
For large 𝑉 , the approximate number of guided modes is

𝑀 ≈ 𝑉2

2
. (2.3)

The physics behind this formula is simple: the fiber cross-section acts like a two-dimensional
box where transverse field distributions must satisfy boundary conditions. As the core radius
or NA increases, more field configurations “fit,” just as more resonant states exist in a larger
cavity.

A single-mode fiber (SMF) operates when the normalized frequency satisfies 𝑉 ≲ 2.405,
so that only the fundamental HE11 mode propagates [68]. This mode is stable, has an
approximately Gaussian intensity profile, and is relatively insensitive to bending. In
contrast, when 𝑉 ≫ 2.405, an MMF supports hundreds or even thousands of guided modes
(Fig. 2.2(b)). From a practical perspective, this large number of modes creates both challenges
and opportunities. Modal interference leads to strong spatial scrambling, preventing direct



2

16 2 Light Propagation Through a Multimode Fiber

image transmission through the fiber. At the same time, the high-dimensional modal space
can be exploited for information encoding, structured or random illumination [33, 40, 51, 69].
As a result, MMFs can be used not only as waveguides, but also as controllable complex
optical systems.

2.2 Simulation of light propagation through a multi-
mode fiber

Light propagation in an MMF is governed by Maxwell’s equations subject to boundary
conditions at the core–cladding interface, which produce a discrete set of guided eigenmodes.
Each guided mode is described by a transverse field profile 𝜓𝑚 (𝑥, 𝑦) and a propagation
constant 𝛽𝑚. After coupling into the fiber, the optical field propagates as a coherent
superposition of these modes, with excitation coefficients determined by the spatial profile
of the input field at the fiber facet. During propagation, the modes accumulate phase
at different rates, and their interference at the fiber output produces a granular intensity
distribution known as speckle [15, 68]. While speckle appears random, it is fully reproducible
for a fixed fiber configuration and input field, enabling controlled generation of diverse
illumination patterns for imaging and sensing. In practice, however, quantitative prediction
and experimental design require numerical modeling. For this purpose, we use a simulation
tool that combines a semi-analytical mode solver with a propagation routine, based on the
classical waveguide theory [68, 70].

Any input field at the fiber facet can be expanded into the complete set of guided modes
as

𝐸in (𝑥, 𝑦) =
𝑀∑︁
𝑚=1

𝑎𝑚 𝜓𝑚 (𝑥, 𝑦), (2.4)

Here, (𝑥, 𝑦) denotes the transverse spatial coordinates in the plane perpendicular to the
fiber axis; 𝜓𝑚 (𝑥, 𝑦) represents the normalized transverse field profiles of the guided modes,
indexed by 𝑚, while 𝑀 denotes the total number of modes supported by the fiber at the
operating wavelength. The coefficients 𝑎𝑚 describe the excitation strength and relative phase
of each mode and are determined by the overlap between the input field 𝐸in (𝑥, 𝑦) and the
corresponding modal field:

𝑎𝑚 =

x
𝐸in (𝑥, 𝑦) 𝜓∗

𝑚 (𝑥, 𝑦) 𝑑𝑥 𝑑𝑦. (2.5)

Each mode propagates along the fiber with a propagation constant 𝛽𝑚 = 𝑛eff,𝑚𝑘0, where
𝑛eff,𝑚 is the effective refractive index of the mode, 𝑘0 = 2𝜋/𝜆 is the vacuum wavenumber,
and 𝜆 is the free-space wavelength. After propagation over a fiber length 𝐿, the output field
𝐸out (𝑥, 𝑦) results from the coherent superposition of all excited modes.

𝐸out (𝑥, 𝑦) =
𝑀∑︁
𝑚=1

𝑎𝑚 𝜓𝑚 (𝑥, 𝑦) 𝑒−𝑖𝛽𝑚𝐿 . (2.6)

This expression shows that the observed field results from the interference of all excited
guided modes, each contributing its spatial profile and accumulated propagation phase.
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Equations (2.4)–(2.6) describe the general theoretical framework for modal decomposition
in an MMF. To compute 𝜓𝑚 and 𝛽𝑚, the solver evaluates the dispersion relations derived from
Maxwell’s equations in cylindrical coordinates with boundary conditions at the core-cladding
interface [68]. Defining

𝑢 = 𝑎

√︃
𝑘2

0𝑛
2
core − 𝛽2, 𝑤 = 𝑎

√︃
𝛽2 − 𝑘2

0𝑛
2
clad, (2.7)

Here, 𝑎 denotes the fiber core radius, while 𝑛core and 𝑛clad are the refractive indices of
the core and cladding, respectively. The dimensionless parameters 𝑢 and 𝑤 describe the
transverse field behavior in the core and the evanescent decay in the cladding.

For the scalar, weakly guiding case, the characteristic equation is

𝑢 𝐽𝑚+1 (𝑢)
𝐽𝑚 (𝑢)

− 𝑤 𝐾𝑚+1 (𝑤)
𝐾𝑚 (𝑤)

= 0, (2.8)

The functions 𝐽𝑚 and 𝐾𝑚 are Bessel functions of the first kind and modified Bessel functions
of the second kind, respectively, which arise from the solution of Maxwell’s equations in
cylindrical coordinates.

2.3 Speckle pattern
When many modes are excited with comparable amplitudes, the output field of an MMF

exhibits fully developed speckle. The corresponding intensity follows negative exponential
statistics [15],

𝑃(𝐼) = 1
⟨𝐼⟩ exp

(
− 𝐼

⟨𝐼⟩

)
, (2.9)

Here 𝑃(𝐼) denotes the probability density of measuring an intensity value 𝐼 at a given spatial
position in the speckle pattern, and ⟨𝐼⟩ is the mean intensity averaged over many speckle
grains. For fully developed speckle, the intensity fluctuations are quantified by the speckle
contrast,

𝐶 =

√︁
⟨𝐼2⟩ − ⟨𝐼⟩2

⟨𝐼⟩ , (2.10)

A speckle contrast of 𝐶 = 1 corresponds to fully developed speckle and occurs when the
illumination is fully coherent, many modes or scattering paths contribute, and no averaging
is present. In this case, the intensity fluctuations are maximal and the speckle pattern exhibits
strong bright and dark variations. In contrast, a speckle contrast of 𝐶 = 0 corresponds
to uniform illumination with no intensity fluctuations. This situation arises when the
illumination is completely incoherent or when a large number of independent speckle patterns
are perfectly averaged. In practice, this limit is not reached exactly [71].

2.4 Light control through a multimode fiber
MMFs were long known to scramble light due to mode coupling and were treated primarily

as a performance-limiting factor. With the development of WFS and TM approaches, MMFs
appeared as deterministic linear systems through which light can be controlled. The first
demonstrations of deterministic control in MMFs appeared in 2011, when Di Leonardo and
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Bianchi showed that WFS with a phase-only SLM enables diffraction-limited focusing and
holographic pattern generation at the fiber output [72]. In the same year, Čižmár and Dholakia
introduced full input–output calibration of an MMF by measuring its TM, demonstrating that
the apparently random fiber transformation is deterministic and invertible [73]. An alternative
approach based on digital optical phase conjugation was proposed by Papadopoulos et al.,
who generated bright foci at the distal end of an MMF [74]. Conkey et al. demonstrated that
DMD can replace slower SLMs for high-speed MMF control, enabling dynamic focusing
and imaging [31]. Later works focused on understanding the limits of focusing through
MMFs. Descloux et al. studied aberrations in MMF focusing and showed that insufficient
mode control leads to distorted focal spots, deriving a practical criterion for the number of
controlled segments based on the fiber 𝑉-number [75]. These advances enabled applications
in biomedical imaging. Ohayon et al. demonstrated in vivo two-photon fluorescence
imaging through an MMF using digital phase conjugation [76]. In the same year, Turtaev
et al. developed a holographic MMF endoscope with micrometer-scale resolution and
video-rate imaging using a DMD-based wavefront modulator [77]. Pikálek et al. studied
wavelength-dependent effects in MMF endoscopes and introduced compensation methods
to reduce chromatic and modal dispersion [78]. Gomes et al. achieved near-ideal focusing
through an MMF by measuring both the amplitude and phase of the transmitted field,
reporting that more than 96% of the delivered optical power could be concentrated into a
diffraction-limited focus [79]. Despite these results, MMFs remain sensitive to environmental
changes such as temperature fluctuations, mechanical stress, and fiber bending, which can
strongly affect the output field. This sensitivity has motivated research on improving stability
through recalibration, feedback control, and fiber designs that reduce sensitivity to external
perturbations [40, 80–82]. As a result, MMFs are now widely studied for imaging and light
delivery applications [56, 83–92].

Beyond biophotonics, MMFs are increasingly used in applications where control of
coherence and speckle statistics is essential. We can distinguish two broad classes of
methods for coherence control with MMFs: random methods, which suppress speckle by
averaging many uncorrelated realizations without explicit wavefront control, and precise
methods, which employ measured system response functions (e.g., transmission matrices) to
engineer the output field deterministically. In random methods, speckle suppression relies
on averaging many statistically independent realizations. Under standard assumptions, the
speckle contrast scales as 𝐶 ∝ 1/

√
𝑁 , where 𝑁 is the number of uncorrelated realizations

[93]. Increasing 𝑁 can be achieved by introducing spatial, temporal, angular, or spectral
diversity [94]. A widely used implementation is mechanical scrambling, where moving
or vibrating optical elements dynamically perturb the wavefront. Rotating diffusers and
vibrating membranes generate rapidly fluctuating speckle patterns whose temporal average
appears uniform [95–99]. While effective, these techniques rely on moving parts, increasing
system complexity and potentially limiting mechanical stability and miniaturization. Other
random approaches superpose multiple mutually uncorrelated fields using microlens arrays
[100] multiple emitters, or combinations of fibers and diffusers [101], often at the cost
of added components, synchronization, or multiple lasers. These methods are active. A
particularly attractive random strategy for MMF-based illumination exploits wavelength
sensitivity. Because different guided modes accumulate distinct wavelength-dependent
phases, even sub-nanometer wavelength shifts can strongly decorrelate the MMF speckle
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Figure 2.3: Coherence-control strategies using an MMF, illustrating the qualitative trade-off between performance
and method complexity. Random approaches rely on incoherent averaging of multiple statistically independent
speckle realizations: passive spectral diversity via wavelength scanning or broadband illumination,

∑
𝜆 𝐼 (𝑥, 𝑦, 𝜆) ,

and active spatial decorrelation via fiber motion or input beam scanning,
∑

𝑠 𝐼 (𝑥, 𝑦, 𝑠) , with an incoherent
summation on the camera. Precise control is achieved, enabling deterministic WFS.

pattern [98, 102–104]. This motivates spectral averaging: recording speckle realizations
across a wavelength sweep and summing them on the camera,

∑
𝜆 𝐼 (𝑥, 𝑦;𝜆). Importantly, this

approach does not have to be “active” in the mechanical sense: wavelength scanning can be
implemented without moving parts (e.g., using a tunable laser sweep), providing a compact
and mechanically robust route to passive speckle suppression. Pikálek et al. [78] showed
that modal dispersion sets the characteristic wavelength scale over which MMF speckle
remains correlated, thereby determining how rapidly independent realizations accumulate
with spectral bandwidth.

In contrast to random averaging, precise control methods aim to deterministically engineer
the coherence function of the output field. In MMFs and scattering systems, TM approaches
are used to tailor second-order field statistics and, in principle, to program target coherence
properties by controlling the ensemble of generated fields [105–108].
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3
Transmission Matrix of a

Multimode Fiber: In-line vs
Off-Axis Holography

M ultimode fibers (MMFs) hold great promise for a variety of imaging applications.
However, controlling the complex propagation of light through thousands of modes

in MMFs remains a challenging task. To enable precise wavefront control, the MMF
transmission matrix (TM) must be accurately measured. In this paper, we compare in-line
and off-axis holography as phase retrieval techniques for TM measurement within a single
optical setup. The quality of wavefront shaping is analyzed for different target shapes,
including single-mode and complex free-form projections. Our findings reveal a trade-off in
wavefront shaping: while in-line holography achieves superior focus quality for single-mode
targets, off-axis holography excels in projecting complex-shaped targets. These experimental
findings provide a basis for choosing and optimizing holographic techniques in MMF-based
imaging setups.
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3.1 Introduction

I n recent years, there has been increasing interest in multimode fibers (MMFs) as a promising
tool for optical communication, optical trapping, optical metrology, and endoscopic

imaging [69, 91]. The main challenge in MMF imaging is the complex propagation of light
through thousands of interfering modes, which makes reliable information transmission
difficult [109]. To address this, researchers have developed techniques such as conventional
wavefront shaping [110] and digital phase conjugation [38, 52, 74, 111], enabling the
manipulation of the light’s spatial, temporal, and polarization degrees of freedom to optimize
the fiber’s output [112–114]. Furthermore, accurately characterizing the scattering properties
of complex media is crucial for imaging through turbid samples [115].

A complete solution that enables full control over light propagation through complex
media is to measure a full transmission matrix (TM) of the MMF [39, 41, 73, 116]. TM is a
complex-valued quantity that contains both amplitude and phase information. Therefore,
the choice of phase retrieval method directly affects the accuracy of the TM measurement
and the effectiveness of subsequent light manipulation. Interferometric approaches such
as in-line [35, 37, 117–119] and off-axis holography [36, 45, 79, 120–122] are commonly
used to retrieve phase information. These methods generally have their pros and cons:
in-line holography offers a simple and stable setup but can suffer from blind spots [85] due
to the speckled reference, while off-axis holography avoids these artifacts at the cost of
increased system complexity and sensitivity to phase drift. Active stabilization techniques
with feedback control systems or computational methods may be necessary to compensate
for phase drift [48, 120, 121].

Several studies have compared these approaches. Gross et al.[49] imaged a USAF
resolution target using both methods and found that off-axis enables fast, single-shot
acquisition but suffers from aliasing, while in-line removes unwanted terms and produces
cleaner target projections. Turtaev et al. [81] compared both methods for TM-based light
control using liquid crystal spatial light modulators (LC-SLMs) and digital micromirror
devices (DMDs), to generate focal spots. They reported that DMDs, used with a common-path
reference, achieved higher measurement speed and better focusing fidelity than LC-SLMs,
which were tested with an off-axis reference. The common-path geometry also improved
stability. Cižmár et al. [73] demonstrated both focal spot and complex pattern projection at
the MMF output using a measured TM with the Gerchberg-Saxton algorithm, relying on
iterative computational phase retrieval.

In this work, we experimentally compare two interferometric phase retrieval approaches:
in-line and off-axis holography for TM measurements of an MMF, within the same DMD-
based setup. In contrast to previous studies, we investigate their performance for projecting
both single focal spots and complex-shaped illumination patterns. We found that off-axis
holography delivers higher fidelity for complex-shape projections. In contrast, in-line
holography is more robust and stable for single-spot focusing due to its common-path
geometry, which reduces sensitivity to phase drift. These findings provide practical guidance
for selecting an interferometric phase retrieval method in MMF-based imaging systems
depending on the application requirements.
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3.2 Methods
3.2.1 Transmission matrix

The TM is a mathematical representation of how light propagates through complex
media [41]. Although in our experiments light propagates through guided fiber modes, we
measure and use the TM in the spatial basis, where the input modes 𝑛 correspond to discrete
spatial segments on the DMD, and the output modes 𝑚 correspond to pixels on the output
camera. This basis aligns with the experimental degrees of control and observation, allowing
us to express the light propagation as:

𝐸𝑜𝑢𝑡𝑚 =
∑︁
𝑛

𝑘𝑚𝑛𝐸
𝑖𝑛
𝑛 , (3.1)

where 𝐸 𝑖𝑛𝑛 denotes the complex field modulated by the 𝑛-th DMD segment, 𝐸𝑜𝑢𝑡𝑚 is the
complex field measured at the 𝑚-th camera pixel, and 𝑘𝑚𝑛 are the complex-valued elements
of the TM.

3.2.2 Experimental setup
A detailed picture of the experimental setup is presented in Fig. 3.1. The input facet of

the MMF is scanned with a focused laser beam with a diffraction-limited spot size, where
𝑑𝑙𝑖𝑚 = 0.8 µm, to characterize the fiber. The beam is from a single-frequency laser source
(Cobolt Bolero) with a wavelength of 𝜆 = 640 nm and a maximum power of 300 mW. The
light source has a specified linewidth of approximately 500 kHz, corresponding to a coherence
length on the order of 600 meters. Only vertically polarized light filtered with a polarization
beam splitter (PBS1, Thorlabs PBS251) was used to perform further measurements. The
laser beam was expanded by a telescope (L1, Thorlabs, AC254-040-A-M; L2, Thorlabs,
AC254-125-A-M) to increase the area that hits the DMD with a magnification of 3.12×
to 4 mm diameter. The DMD (Texas Instruments), driven by the DLP9001VIS module
(VIALUX), with 2560 × 1600 micromirrors and a pitch size of 7.6 µm, was used. The DMD
works like a 2D diffraction grating, so the light that is diffracted has many diffraction orders.
One of these orders is isolated using the pinhole (PH, Thorlabs, SM1D12C) placed in the
Fourier plane of L3. The 4f-system with two lenses (L3, L4, Thorlabs, AC508-150-A-ML-
Ø2) was set to image the DMD on the back focal plane of objective OBJ1 (Olympus 20×,
NA = 0.25). OBJ1 was used to couple the light into the MMF. By using camera CAM1
(IDS, U3 − 3880CP-M-GL, pixel size of 2.4 × 2.4 µm, 8 bit), the input facet of the MMF is
imaged for alignment purposes.

For all measurements, a step-index MMF (Thorlabs, FG050UGA) with a core radius, a
= 25 µm, NA = 0.22, and a length of 30 cm was used. The number of guided modes, M,
can be estimated as M = 𝑉2/2, where 𝑉 is the normalized frequency, 𝑉 = 2𝜋𝑎NA/𝜆. The
given MMF supports M ≈ 1450 modes in total, or about 725 modes per polarization. After
propagation through the fiber, the light is collected by objective OBJ2 (Leica 40×, NA =
0.65). The MMF output facet is imaged in camera CAM2 (IDS, U3-3070CP-M-GL, pixel
size 3.45 µm). Inside the MMF, polarization mixing occurs, and PBS2 (Thorlabs PBS251)
is used to separate the vertical polarization, ensuring control and measurement of the same
polarization state. Subsection 3.2.3 provides a detailed explanation of the implementation of
off-axis and in-line holography methods.
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Figure 3.1: The schematic diagram of the experimental setup. The laser beam splits with BS1 directing 10% of
the light towards mirror M4 to create a reference arm. The transmitted beam hits the DMD to generate multiple
illuminations. Subsequently, the beam is coupled into the input facet of the MMF by OBJ1. The beam from the
output facet is collected by OBJ2 and imaged on CAM2 using a tube lens L6. CAM1 is used to display the input
facet of the MMF.

3.2.3 Off-axis and in-line holography
The basic principle behind holographic reconstruction is recording interference patterns

created between a reference beam and an object beam. These two beams, which are coherent
with each other, combine to create an intensity distribution that contains information about the
phase and amplitude of the object beam. Off-axis holography is a phase imaging technique
in which the reference and object beams overlap at a small angle [123]. An interference
intensity profile, 𝐼 (𝑥, 𝑦), can be expressed as:

𝐼 (𝑥, 𝑦) = |𝑂 (𝑥, 𝑦) |2 + |𝑅(𝑥, 𝑦) |2 +𝑂∗ (𝑥, 𝑦)𝑅(𝑥, 𝑦) +𝑂 (𝑥, 𝑦)𝑅∗ (𝑥, 𝑦), (3.2)

where 𝑅(𝑥, 𝑦) and 𝑂 (𝑥, 𝑦) denote reference and object fields, respectively.
The complex field 𝐶 (𝑥, 𝑦) = 𝑂 (𝑥, 𝑦)𝑅∗ (𝑥, 𝑦) can be recovered from the experimentally

measured 𝐼 (𝑥, 𝑦). In our setup, the beam splitter, BS1 R10:90 (Thorlabs, BS025), deflects
a portion of the beam for the off-axis holography reference arm. The mirrors M4 and M5
direct the reference beam towards camera 2. To characterize the TM across hundreds of
MMF modes, a series of input illuminations was projected onto the DMD. We defined the
working area of the DMD as 480 × 480 pixels, divided into 900 segments with the size of
16 × 16 micro-mirrors. A binary device, such as a DMD, creates a sinusoidal grating by
applying the Lee holography method [32]. First, the desired wavefront is converted into
a binary hologram using the Lee method, where the phase and amplitude of the wave are
represented by the position and width of the fringes. Each binary hologram is then formatted
according to the pixel grid (segment) of the DMD. For the experiments, a DMD segment
contains a sinusoidal grating with an encoded phase pattern (𝜑 = 0). All other segments are
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turned off. This means that only one segment reflects the beam towards the MMF, while the
remaining segments deflect the wavefront.

By sequentially activating the segments, we scan the input facet of the fiber as illustrated
in Fig. 3.2(a) and obtain a set of interference patterns on camera 2. A total of 900 interference
patterns were recorded, which formed a stack of measurements over the spatial domain.
The complete stack can be expressed as: I(𝑥, 𝑦, 𝑛) = {𝐼1 (𝑥, 𝑦), 𝐼2 (𝑥, 𝑦), . . . , 𝐼900 (𝑥, 𝑦)},
where I(𝑥, 𝑦, 𝑛) is a three-dimensional dataset with dimensions corresponding to the spatial
coordinates (𝑥, 𝑦) and the image index 𝑛. By applying the Fourier transform to I(𝑥, 𝑦, 𝑛),
the cross-terms can be isolated as distinct sidebands in the frequency domain, as shown
in Fig. 3.2(a). After selecting one sideband using a spatial filter mask, the inverse Fourier
transform is applied to retrieve the complex field, from which the amplitude and phase
information are extracted. Now, the complex-valued image matrices can be reshaped into the
TM as shown in Fig. 3.2(c).

Figure 3.2: Schematic of complex field retrieval from holographic measurements. (a) Off-axis holography. Left:
example DMD pattern where a single segment is active, set constant phase, and is changing the position across the
DMD active area. Middle: resulting interference pattern of the MMF output and the reference plane wave. Right:
sideband isolation in the Fourier domain and inverse transform to retrieve the complex field. (b) In-line holography.
Left: DMD pattern showing a static internal reference region placed within the DMD working area and a modulated
signal segment. The stack of resulting intensity patterns 𝐼 (𝑥, 𝑦, 𝑛) is processed to extract the complex output field.
(c) From right to left: complex-valued output images corresponding to different input modes are flattened and form
a TM.
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In-line holography uses a common beam path for both the reference and signal beams,
reducing the complexity of the optical setup and alignment requirements. It generally
provides a stability advantage over off-axis holography, as the reference and signal beams
share the same optical path. This minimizes relative phase drift caused by vibrations or
environmental disturbances. In-line holography is a technique that involves creating a series
of interference patterns using a predefined object beam with phase shifts.

In our implementation, the reference beam is generated internally by activating a small
20×20 micromirror region within the 480×480 active area of the DMD. This patch provides
a fixed, known phase reference set to “0”, as shown in Fig. 3.2(b). The remaining DMD
segments sequentially scan the object field across the full working area; during this process,
the scanning segment (16×16 micromirrors, 122 × 122𝜇m) partially overlaps the reference
region but never fully covers it, ensuring that the reference is always present in the recorded
interference pattern. Because both reference and object fields co-propagate through the
MMF, they experience identical modal dispersion and mode mixing. At the fiber output, their
interference produces a speckle pattern, from which the complex optical field is reconstructed
using the four-step phase-shifting method [124]. However, since the reference itself is
scrambled by the MMF, it emerges as a random speckle field rather than a smooth wavefront,
with a highly non-uniform and spatially varying phase.

Unlike off-axis holography, where each DMD segment has a fixed phase, in the in-
line case, the relative phase shift between the reference and control sections is varied
in four steps: 𝜙1 = 0, 𝜙2 = 𝜋/2, 𝜙3 = 𝜋, and 𝜙4 = 3𝜋/2. For each of the 900 input
positions, four interference patterns were recorded, resulting in a four-dimensional dataset:
I(𝑥, 𝑦, 𝑛, 𝑝) = {𝐼𝑛,𝑝 (𝑥, 𝑦)}, where (𝑥, 𝑦) are the spatial coordinates, image index 𝑛, and
phase step index 𝑝. The “four-phase method” was used to retrieve the amplitude and phase.
The complex field 𝐶 (𝑥, 𝑦) can be reconstructed as:

𝐶 (𝑥, 𝑦) = 𝐼1 (𝑥, 𝑦) − 𝐼3 (𝑥, 𝑦)
4

+ 𝑖 𝐼4 (𝑥, 𝑦) − 𝐼2 (𝑥, 𝑦)
4

(3.3)

3.2.4 Numerical simulations
To simulate light propagation through the MMF, a semi-analytical scalar mode solver

was implemented under the weak-guidance approximation [125]. The simulation consists
of two steps: calculation of all guided linear-polarized (LP) modes and their propagation
constants, and modal decomposition and propagation of an arbitrary input field. For an input
field 𝐸in (𝑥, 𝑦), the output field after a fiber length 𝐿 is given by:

𝐸out (𝑥, 𝑦, 𝐿) =
𝑁modes∑︁
𝑛=1

𝛼𝑛 𝐸𝑛 (𝑥, 𝑦) 𝑒−𝑖𝛽𝑛𝐿 , (3.4)

where 𝐸𝑛 (𝑥, 𝑦) is the transverse profile of the 𝑛-th guided LP mode, 𝛽𝑛 is its propagation
constant, and 𝑁modes is the total number of guided modes. The coupling coefficients

𝛼𝑛 =
x

𝐸in (𝑥, 𝑦) 𝐸∗
𝑛 (𝑥, 𝑦) 𝑑𝑥 𝑑𝑦 (3.5)

represent the overlap between the input field and each mode [68].
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The guided-mode set {𝐸𝑛, 𝛽𝑛} is obtained by solving the characteristic equation for a
circular step-index fiber core:

𝑢 𝐽𝑚+1 (𝑢)
𝐽𝑚 (𝑢)

=
𝑤 𝐾𝑚+1 (𝑤)
𝐾𝑚 (𝑤)

, (3.6)

with
𝑢 = 𝑎

√︃
𝑘2

0𝑛
2
core − 𝛽2, 𝑤 = 𝑎

√︃
𝛽2 − 𝑘2

0𝑛
2
clad. (3.7)

Here 𝑎 is the core radius, 𝑛core and 𝑛clad are the core and cladding refractive indices, 𝑘0 = 2𝜋/𝜆
is the vacuum wavenumber, 𝐽𝑚 and 𝐾𝑚 are Bessel and modified Bessel functions of order
𝑚, and 𝑚 is the azimuthal index. The quantities 𝑢 and 𝑤 are dimensionless transverse
wave-number parameters. Once the modal basis is obtained, arbitrary input fields are
propagated using Eq. 3.4.

Both in-line and off-axis holography are simulated using the same mode solver and
identical fiber parameters and spatial basis. A single input basis field is a 16 × 16 pxls
(1.7 × 1.7𝜇m) segment at the fiber input facet. The output field is sampled on a 480 × 480
pixel frame. TMoff is obtained by propagating each input segment with “0" phase through the
MMF and extracting the complex output fields directly, corresponding to an ideal, noise-free
off-axis measurement. For the in-line simulation, each input basis segment is sequentially
encoded with four phase shifts (0, 𝜋/2, 𝜋, 3𝜋/2), and each pattern is propagated through the
MMF. The resulting noise-free intensity distributions at the MMF output are calculated. The
complex field is reconstructed using Eq. 3.3, and the resulting complex fields for all basis
vectors constitute TMin.

Once TMoff and TMin are obtained, all subsequent steps are identical for both methods.
The desired output pattern (target, 480×480 pixels) is vectorized, multiplied by the conjugate
transpose of the respective TM to compute the required phase-only input field, which is
numerically propagated through the MMF to obtain the final output intensity distribution.

3.3 Results
3.3.1 Stability characterization

Wavefront engineering on the MMF output requires high interferometric stability. The
in-line configuration provides inherent stability due to its common-path geometry, whereas the
off-axis approach relies on an external reference and is therefore more sensitive to vibration
and air turbulence. To quantify these effects, stability measurements were performed for both
configurations using the same optical setup and a fixed acquisition rate of 120 Hz for off-axis
and 30 Hz for in-line holography, respectively. To allow a direct comparison between the
two phase-retrieval methods, the stability traces are evaluated over the same time window of
7.5 s.

For in-line stability measurements, a sequence of four phases was projected in a single
input position of the DMD segment, which is described in the Methods section. A separate
DMD segment has been used as a zero-phase reference. All other DMD segments were
switched off. A total of 3600 intensity patterns on the MMF output was recorded. The
reconstruction procedure described above was applied to extract 900 light fields (both phase
and amplitude). The area in pixels selected for analysis corresponds to the diffraction limit
of the MMF, which is 𝑑lim = 𝜆/(2 NA) ≈ 1.45 μm. The phase mean value with the 1.45 µm
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× 1.45 µm region was calculated as a function of time. Temporal phase fluctuations in a
diffraction-limited region at the MMF output, measured using in-line holography, are shown
in blue in Fig. 3.3(a). The standard deviation of 900 phase measurements in 30 seconds is
calculated as 0.03 radians.

A similar measurement procedure is applied for off-axis holography. A constant zero
phase was projected onto the same input position of the DMD segment. All other segments
were turned off. A total of 900 interference patterns between the field at the fiber output and
the external reference have been recorded. The phase profiles have then been calculated
as discussed in the Methods section. The standard deviation of 900 phase measurements
over 7 seconds is equal to 0.04 radians. The results are presented in Fig. 3.3(a) (red curve).
Although in-line holography measurements have the potential for greater stability, our results
show very similar performance for both the in-line and off-axis approaches.

3.3.2 Projecting single-mode targets
To control the intensity distribution at the MMF output, the first experiment focused

on generating a “single-mode” projection with a size of the diffraction-limited spot. A
target field 𝐸out was defined as a 0.345 × 0.345 μm region (a 4 × 4 pixel area) at the desired
camera-plane position. The corresponding input field was obtained by backpropagating the
target through the conjugate transpose of the measured TM:

𝐸in = T†𝐸out. (3.8)

The chosen target area is much smaller than the diffraction limit of our MMF (1.45 μm),
ensuring that the desired spot occupies a single spatial mode.

To quantify focusing performance, a power ratio (PR) metric was introduced, defined
as the ratio of the intensity within the focal spot at its half-maximum level, 𝐼foc, to the total
transmitted intensity, 𝐼total:

PR =
𝐼foc
𝐼total

(3.9)

where Ifoc is calculated by integrating the signal within a circular area with a radius equal to
the full width at half maximum (FWHM) of the theoretical diffraction limit of the MMF.

First, we measure the full TM of the MMF using the off-axis holography approach. The
TMoff consists of 419904 × 900 elements, where 419904 represents the size of the flattened
camera image of 648× 648 pixels, and 900 corresponds to the number of DMD segments. A
set of 20 phase masks is used to sample different locations within the fiber core, each mask
producing a single diffraction-limited focal spot after propagation through the MMF. Each
phase mask is projected onto the DMD, and the resulting intensity at the MMF output facet
is recorded. The incoherent sum of 20 individual focal spots is presented in Fig. 3.3(b). The
average PR of focal spots calculated using off-axis TM measurements is PRoff = 41.4± 2.6%.
The theoretical limit of PR corresponds to a perfect diffraction-limited focus, assuming
ideal wavefront control and no background noise or mode-mixing artifacts. Although our
approach did not achieve the theoretical maximum PR, previous work [79] has demonstrated
that PR = 96% is achievable, providing a reference to optimize imaging performance under
various experimental conditions.

The same experimental setup, with the reference arm blocked, is used to measure the
TMin (419904 × 900) of the MMF via in-line holography. A set of 20 phase masks is then
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Figure 3.3: Experimental results. (a) Temporal phase stability of a single speckle grain at the MMF output
measured over a 7 s interval for the in-line (blue) and off-axis (red) configurations. (b,c) Incoherent sum of 20
images of focal spots at the MMF output facet optimized with off-axis (b) and in-line (c) approaches. The scale
bar is 10 µm. (d,e) Reconstructed intensity (d) and phase (e) distributions of the zoomed-in region (2 × 2 µm)
corresponding to the singularity.

retrieved, each corresponding to an optimized diffraction-limited focal spot at predefined
positions on the MMF output facet. Each mask is projected onto the DMD, and the resulting
intensity patterns at the MMF output are recorded. The incoherent sum of 20 individual
projections is presented in Fig. 3.3(c). The average PR of the focal spots optimized using
in-line TM measurements, PRin = 56.4 ± 17.8%.

The large standard deviation is primarily caused by phase singularities in the reference
field, at points where the amplitude vanishes and the phase becomes undefined. At these
locations the interference contrast collapses, preventing reliable phase retrieval. The resulting
“blind spots” visible as dark speckle regions in the zoomed-in images in Fig. 3.3(d,e) degrade
the fidelity of the TM, particularly for specific rows corresponding to those affected regions.
This effect is a known limitation of in-line holography with speckle references, but it can be
reduced by using multiple internal references or advanced calibration procedures [85, 126],
which improve focus quality and suppress the influence of blind spots. Excluding these
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“blind-spot regions”, in-line holography achieves a power ratio PRin = 61.8 ± 6.5%, which is
approximately 50% higher than the value obtained for off-axis holography under the same
experimental conditions.

3.3.3 Projecting complex freeform targets
In the second set of experiments, we investigate the projection of complex, arbitrary-shaped

targets through an MMF using different approaches to measuring TM. A binary 𝜋-shaped
intensity distribution was chosen as the desired output pattern, and the corresponding
optimized input fields were computed using the experimentally measured transmission
matrices TMoff and TMin. The resulting output intensities are shown in Fig. 3.4. Using
TMoff, the projected pattern (Fig. 3.4a) closely reproduces the target shape and maintains
clear boundaries. In contrast, projection using TMin (Fig. 3.4c) fails to recover the structure
of the 𝜋-shape: the output lacks continuity and contains severe distortions. This result is
markedly different from the performance observed for a diffraction-limited spot projection.

The non-homogeneous intensity distribution and rapidly varying phase of the in-line
reference results in a discontinuous shape. Rapid phase changes within the target area, which
in the case of complex shapes can be much larger than the diffraction limit, also disrupt the
image projection. This results in phase discontinuities across the reconstructed field, making
it impossible to reproduce large-scale structures.

Numerical simulations introduced in Section3.2.4 confirm these observations. The
simulated projections are shown in Fig. 3.4(b,d). Wavefront shaping based on TMoff produces
an accurate result, while TMin-based approach fails. This agreement between experiment
and simulation demonstrates that the performance difference arises from the TM acquisition
procedure itself, not from experimental noise or instabilities.

The off-axis simulation with TMoff produces a clear and accurate reconstruction, while
the image projected with the in-line TMin has no distinct boundaries or clearly defined shape.
This agreement between experiment and simulation demonstrates that the performance
difference arises from the TM acquisition procedure itself, not from experimental noise or
instabilities.

To mitigate the limitations of the in-line holography, we applied a reference-field
normalization to TMin, correcting the measured object field 𝐶 (𝑥, 𝑦) using the amplitude and
phase of the reference field 𝑅(𝑥, 𝑦):

𝑂 (𝑥, 𝑦) = 𝐶 (𝑥, 𝑦)
|𝑅(𝑥, 𝑦) | 𝑒

𝑖𝜙𝑅 (𝑥,𝑦) . (3.10)

Figure 3.4(e) shows the simulated target projection after applying the reference-field
correction to TMin. Once the influence of the non-uniform internal reference is removed,
the in-line method produces an output pattern that closely matches the result of the off-axis
approach (compare Fig. 3.4(b,e)). This convergence is expected, as both methods ultimately
operate under the same physical constraints: the use of phase-only modulation, the finite
number of guided modes supported by the MMF, and the diffraction limit imposed by the
fiber’s NA. However, the correction requires independent measurement of the complex
reference field, which removes the experimental simplicity and stability associated with
in-line holography.

To quantify the fidelity of the target projection, the Pearson correlation coefficient (PCC)
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Figure 3.4: Intensity distribution created at the output facet of the MMF: experimental (a, c) and simulated
(b,d,e) data. Results were obtained using off-axis (a,b) and in-line (c,d,e) holography. The binary target is shown in
the top right. (d, e) Simulated result for in-line holography without (d) and with (e) reference field correction. The
scale bar is 10 µm.

was used,

𝑟 =

∑
𝑖 (𝑇𝑖 − 𝑇) (𝑅𝑖 − 𝑅̄)√︁∑

𝑖 (𝑇𝑖 − 𝑇)2
√︁∑

𝑖 (𝑅𝑖 − 𝑅̄)2
(3.11)

which measures similarity between the target intensity 𝑇 and the projected intensity 𝑅, 𝑖 is the
index of all pixels within the chosen ROI. Experimentally, TMoff achieved 𝑟 = 0.51, whereas
TMin produced only 𝑟 = 0.15. Simulations followed the same trend, yielding 𝑟 = 0.82 for
TMoff and 𝑟 = 0.67 for TMin. After correction, TMincorr improved to 𝑟 = 0.79, confirming
that the primary source of distortion in the in-line projections is the spatial structure of the
internal reference.

In summary, off-axis holography enables accurate projection of complex freeform targets
through an MMF, while in-line holography suffers from intrinsic reference-related distortions
that prevent coherent reconstruction of extended shapes. Although reference correction can
partially restore performance, TMoff measurements remain the more robust approach for
complex pattern generation.

3.4 Discussion
To further investigate the relative performance of in-line and off-axis holography for

projecting complex targets through an MMF, we performed a systematic numerical study
using a set of 10 grayscale MNIST digits (0-9). We simulated off-axis and in-line TM
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measurements using identical MMF parameters (core diameter 50 𝜇m, NA = 0.22, fiber
length 1 m) as described in Section 3.2.4. Projection fidelity was quantified using PCC
(Eq. 3.11), evaluated within a fixed region of interest (ROI).

Figure 3.5: Systematic comparison of in-line and off-axis holography methods for wavefront shaping through
an MMF for the MNIST dataset images as targets. (a-c) PCC between the target and projected images as a
function of the number of controlled input segments (a); the target feature size (b); lateral target displacement
across the fiber facet (c). 𝑑lim denotes the diffraction-limited spot size of the MMF. (d) Examples of target intensity
patterns. The target position is shifted from the center from 0 to 20 𝜇m in 5 𝜇m steps (from left to right). The red
square indicates the 20 × 20 𝜇m ROI used for PCC evaluation. (e, f) Intensity distributions on the MMF output
facet obtained by wavefront shaping with TMin (e) and TMoff (f). The white circles indicate the MMF core area.
Scale bar: 20 𝜇m.

(i) Number of controlled modes. The first set of simulations examined how the
projection quality changes with the number of controlled DMD segments. Grayscale digits 1,
3, 5, 7, and 9 with a size of 20 × 20 𝜇m positioned at the center of the fiber facet were used
as targets. For each digit, two optimized input phase patterns were calculated using TMin
and TMoff, respectively. We repeated simulations for different total numbers of controlled
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input segments from 100 to 1600.
The results are presented in Fig. 3.5(a). As the number of controlled segments increases,

the correlation between the desired target shape and actual projection rises and eventually
saturates once the number of controlled segments approaches the fiber’s guided-mode
capacity, which is ∼ 1450 guided modes. Off-axis holography achieves 𝑟 = 0.87 ± 0.02,
whereas in-line holography saturates near 𝑟 = 0.67 ± 0.02.

(ii) Target feature size. In the second set of simulations, we evaluated how target
projection performance using TMin and TMoff methods depends on the feature size of the
target. We used 1600 controlled segments and ten grayscale MNIST digits (0–9) placed
at the center of the MMF output facet as targets. We repeated simulations for different
target sizes varied from 0.5 × 𝑑lim to 2.0 × 𝑑lim, and ROI scaled proportionally (8 × 8 𝜇m
to 32 × 32 𝜇m). The effective feature size of each digit was quantified using the FWHM
of its normalized autocorrelation. 𝐶 (𝑚, 𝑛) = ∑

𝑖

∑
𝑗 𝐴(𝑖, 𝑗) 𝐴(𝑖 + 𝑚, 𝑗 + 𝑛), where 𝑖 and 𝑗

enumerate pixel coordinates of the images, and (𝑚, 𝑛) denote the spatial shifts.
The results are presented in Fig. 3.5(b). For feature sizes below the diffraction limit 𝑑lim,

both methods yield low correlation. Once the feature size exceeds 𝑑lim, the fidelity increases
sharply. Off-axis holography reaches 𝑟 = 0.87 ± 0.02, while in-line holography reaches only
𝑟 = 0.68 ± 0.05.

(iii) Target position across the fiber facet. To evaluate how projection quality varies
across the fiber facet, the 20 × 20 𝜇m targets were shifted laterally five times in 5 𝜇m
steps from the center of the fiber core toward the cladding, as presented in Fig. 3.5(c). For
each position, the optimized input phase mask was calculated. The corresponding intensity
patterns at the MMF output obtained using wavefront shaping with TMin and TMoff are
presented in Fig. 3.5(d) and (e), respectively. As shown in Fig. 3.5(c), the off-axis method
maintains high and stable performance with a slight reduction at the center and near the
cladding. The in-line method shows lower performance and higher noise

(iv) Grayscale vs. binary targets. Finally, we tested the performance quality for binary
and grayscale targets. Optimized phase masks were calculated for grayscale and binarized
versions of five MNIST digits (1–5) projected at the center of the fiber output facet. The
performance of off-axis holography shows 𝑟 = 0.88 ± 0.02 and 𝑟 = 0.84 ± 0.04 for grayscale
and binary targets, respectively. The in-line method followed the same trend but with lower
fidelity of 𝑟 = 0.66 ± 0.06 and 𝑟 = 0.63 ± 0.07. Grayscale targets consistently performed
better because their smoother intensity variations contain fewer high-frequency components,
making them easier to reproduce and less sensitive to noise.

Overall, off-axis holography demonstrates better performance in projecting a variety of
complex targets at multiple locations at the MMF output facet, whereas the in-line method
generally suffers from random phase variations. We note that simulations demonstrate better
performance than experimental results, as shown in 3.4. The numerical model assumes ideal,
noise-free conditions and the same linear polarization at the input and output of the MMF,
whereas in the experiments, light scrambling leads to two orthogonal polarizations at the
MMF output. Because we control only one, the wavefront shaping quality is reduced.

Conclusion
Our findings reveal a key trade-off in wavefront shaping through an MMF using TM

characterization: while in-line holography provides better focus quality and stability for
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single-mode diffraction-limited targets, off-axis holography excels in projecting complex-
shaped patterns. In-line holography benefits from a common-path geometry, where both
signal and reference fields co-propagate through the same MMF. This configuration ensures
minimal phase drift and excellent stability. The issue of phase singularities in the internally
generated reference field is a well-known limitation and has been addressed in prior work
using multiple internal references. These techniques can mitigate “blind spots” and enhance
single-spot focusing efficiency. However, even when singularities are avoided, the inherently
non-uniform and rapidly varying phase of the reference field prevents globally consistent
phase retrieval. Consequently, in-line holography cannot reliably reproduce extended or
complex-shaped targets.

Off-axis holography, in contrast, uses a spatially flat external reference that bypasses
the fiber and avoids modal scrambling. However, this approach comes with trade-offs: the
optical setup is more complex, requiring separate reference and object paths, which increases
sensitivity to environmental disturbances such as vibrations and air turbulence. The off-axis
reference, traveling outside the MMF, picks up independent phase noise. These independent
phase fluctuations introduce temporal phase noise, which is especially detrimental when
projecting diffraction-limited spots, where precise phase alignment is essential for optimal
focusing. As a result, off-axis holography, while ideal for projecting complex targets, is
inherently less stable for single-spot generation than the in-line configuration. Understanding
this trade-off is essential for optimizing MMF-based imaging, beam shaping, and signal
delivery across applications in metrology, telecommunications, and biomedical optics.
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4
Swept-Source Multimode Fiber

Imaging

H igh-resolution compressive imaging via a flexible multimode fiber is demonstrated using
a swept-laser source and wavelength dependent speckle illumination. An in-house built

swept-source allowing for independent control of bandwidth and scanning range is used to
explore and demonstrate a mechanically scan-free approach for high-resolution imaging
through an ultrathin and flexible fiber probe. The computational image reconstruction is
shown by utilizing a narrow sweeping bandwidth of < 10 nm while acquisition time is
decreased by 95% compared to conventional raster scanning endoscopy. Demonstrated
narrow-band illumination in the visible spectrum is vital for the detection of fluorescence
biomarkers in neuroimaging applications. The proposed approach yields device simplicity
and flexibility for minimally invasive endoscopy.
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4.1 Introduction

I n the development of smaller and minimal invasive endoscopes, ultra-thin fibers play
a vital role. Many fiber-based endoscopy configurations have been proposed: bundles

[127–129], fibers with miniaturized optics [130, 131], multi-core fibers (MCF) [132, 133]
and multi-mode fibers (MMF) [84, 86, 88, 134, 135]. MCF or MMF provide imaging in
hard-to-reach places by creating spatially resolved light patterns at the distal fiber end and
collecting the signal from the sample. Usually, a monochromatic beam is sequentially scanned
across the fiber input facet generating independent illumination patterns at the sample plane.
The patterns illuminate the sample and the signal is collected and measured via a “bucket”
detector. The single-pixel configuration allows for the exploration of compressive sensing
algorithms, by using a sub-Nyquist set of patterns and the computational super-resolution
reconstruction of the object [56, 136–142].

However, the crucial component in all those configurations is the need for a light scanning
or wavefront shaping device to create desired illumination patterns at the fiber output.
Commonly, either galvanometric mirrors [139], a spatial light modulator (SLM) [40, 135] or
a digital micromirror device (DMD) [81, 143] are used. Choudhury et al. reported on using
a single mode fiber (SMF) to sequentially illuminate the cores of a MCF, by mounting the
proximal end of the MCF onto a computer controlled stage [133]. Spatial raster scanning or
spatial wavefront shaping have many drawbacks including complexity of the setup, low speed,
and mechanical instability. Here we explore a new way to generate dynamic illumination
patterns for MMF imaging.

The wavelength of light can be used as an additional degree of freedom to control
the spatial profile at the fiber output. Different wavelengths (optical frequencies) have
different speed while propagating through the waveguide and therefore have different phase
delays between guided modes of the MMF on the output [144, 145]. This property enables
unique wavelength dependent speckle patterns at the output facet. Single-pixel imaging via
compressive sensing and wavelength dependent scattering in 𝑇𝑖𝑂2 layer has been recently
demonstrated [146]. A similar concept using an all-fiber setup was proposed by Kubota
et al. in [147]. However, no data on probe’s flexibility and imaging robustness have been
reported. Moreover, in these works, near infrared (NIR) illumination was used, which makes
the demonstrated systems not suitable for future applications in fluorescent imaging, since
most fluorophores operate in the visible wavelength range.

Here we demonstrate an ultra-thin and flexible probe for high resolution fiber imaging in
the visible domain using a custom-made swept laser source and a combined singlemode-
multimode probe. Different samples have been visualised and investigated. Robustness of
the imaging approach was tested by doing calibration measurements prior imaging with
subsequent fiber movements mimicking real application endoscopic movement. The proposed
approach does not rely on any spatial raster scanning or wavefront shaping system and can
potentially provide super-resolution endoscopic imaging.

4.2 Methods
4.2.1 Experimental setup

A swept-source, based on a super-continuum laser (Leukos Rock 400, 4W) and a custom-
made monochromator was built allowing for an access to multiple degrees of freedom,



4.2 Methods

4

37

such as scanning speed, step size, spectral bandwidth of each illumination pattern and the
total bandwidth. The experimental setup is presented in Figure 4.1a). The near-infrared
wavelength range of the pump light was filtered out via two low-pass filters (Thorlabs,
DMLP900) and a band-pass filter (Thorlabs FESH0750) such that only visible (VIS) light in
the range from 400 to 750 nm was transmitted further. The beam was expanded by a factor
of 8.33, using two achromatic lenses (f = 30 mm and 250 mm). The expanded VIS beam hits
a reflective grating (Thorlabs GR50-1205 rules, 1200 l/mm with 500 nm blaze) mounted
on a high-resolution rotational stage (Physics Instruments V-611.998061, connected to a
C-891.130300 PIMag controller). The stage can be rotated in 1 𝜇rad step sizes (equivalent
to 0.000057◦) allowing for precise wavelength selection. The first order fanned-out light
reflected from the grating was focused via a concave mirror (Thorlabs, CM254-750-E02, f =
750 mm) onto the tip of a single-mode fiber (SMF, Thorlabs, P1-460Y-FC-1, core diameter
4 𝜇m), which acts as a pinhole. Based on the components, the theoretical diffraction limited
resolution of the monochromator is 0.02 nm. The narrow wavelength bandwidth used
for illumination leads to relatively low intensities of the pump light. High-power tunable
laser sources could be used for future applications, as our proof-of-principle experiments
demonstrate that a relatively small scanning range allows for imaging.

The SMF output was sturdily mounted on a 2D 𝑥-𝑦 stage opposite to the input facet
of a sturdily mounted multimode fiber (MMF, Thorlabs M42L01, core diameter 50 𝜇m,
length: 1 𝑚). The 𝑥-𝑦 stage allowed to vary light coupling parameters. We investigated
different coupling positions, from the center to the edge of the fiber and conclude that a slight
off-center position give the best speckle patterns, in terms of homogeneous distribution of
speckles. The results can be seen in Suppl. Figure S1. The close distance of less than 50𝜇m
between SMF and MMF ensures that most of the light from the SMF is coupled into the
MMF even for off-center positions.

To calibrate the custom made monochromator, a spectrometer (Ocean Insight, OceanHDX,
max. resolution 0.7 nm) was placed at the distal end of the SMF. The output spectrum
measurements at different rotation angles were taken. The data was linearly fitted, as can
be seen in Figure 4.1b). Since the monochromatic output wavelength is linear related to
the rotational position of the grating, a rotation of 1◦ equals a wavelength shift of around
27.5 nm. That means, a rotation of 0.001◦ (which is within the resolution limits of the
rotation stage), allows a wavelength shift of 0.027 nm (which is matching the resolution of
the monochromator) and similar to the resolution achieved by Redding et al. using a MM
fiber for low-cost spectroscopy [148].

A large-beam achromatic fiber collimator with an adjustable focus (Thorlabs, C40FC-A)
or a fiberport (Thorlabs PAF2-A4A) projected the light onto the sample with a magnification
of 𝑀 = 11.1 or 𝑀 = 44, respectively. The magnified diffraction limit has been calculated as
𝑀 · 𝜆/(2NA), where 𝜆 = 500 nm is the smallest wavelength used. A R70:T30 beam splitter
(Thorlabs BS022) directed the reflected beam towards the sample and the transmitted beam
towards a camera (Basler a2a1920-160um) to record the speckle patterns. An avalanche
photodiode (APD, Thorlabs APD440A2) in combination with a collimating lens or a camera
(Basler acA1300-200um) was used to measure the total intensity transmitted through the
sample. The camera mounted close to the back side of the sample operates as a large area
detector increasing measurement sensitivity. During the processing step, the camera image
was integrated, and results in one intensity value per related speckle pattern, as truly for a
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single pixel detector. The intensities of the speckle patterns vary with wavelength, as can
be seen in Suppl. Fig. S2(d). These wavelength-dependent intensity variations have been
taken into account because both the illumination matrix A acquired during the calibration
and the intensity vector b recorded during the measurements are linearly dependent on the
corresponding intensities.

The grating on the stage was rotated over a scanning range of one degree. At each stage
position, the software waits 2 ms before a camera acquisition was triggered. The binary
transparent samples, “two dots", “zero digit" and “three bars" were in-house made photolitho-
graphically objects etched onto a standard-size aluminum sputtered microscope slide. The
“resolution target bars" sample was part of a negative resolution target (Thorlabs R2L2S1N).
During experiment, the samples were mounted in a 𝑥-𝑦 sample holder (Thorlabs, XYF1/M),
which was additionally mounted on a linear stage to obtain 𝑧-direction displacement.

4.2.2 Imaging protocol
The imaging and reconstruction principle is depicted in Figure 4.1c. For each wavelength,

a unique speckle pattern was passively created via the light scrambling in the MMF. The
examples of speckle patterns for 15 different wavelengths between 514 to 541.5 nm in steps
of 1.83 nm are shown in Suppl. Figure S2a). The cross-correlation graph and correlation
histogram for all the experimentally measured speckle patterns are shown in Suppl. Figure
S2b) and c), respectively. For each color coded speckle pattern, projected on a sample, the
camera acquired an image and the detector behind the sample recorded the total transmitted
intensity. Background measurements were not taken.

The acquired stack of speckle images and related intensities data were loaded and
processed in Matlab 2022a (MathWorks). The speckle images were pre-processed by
extracting their circular region of interest and by zero padding the remaining corners. For
image reconstruction, the two different methods Ghost Imaging (GI) and Compressive
Imaging (CI) were used. Ghost imaging, as in the single pixel imaging approach reconstructs
an object, 𝑂 (𝑥, 𝑦), as the weighted sum of speckle pattern (𝑆𝑃𝑖) with the coefficients
calculated as subtraction of the mean intensity (𝑏𝑚𝑒𝑎𝑛) from the speckle related intensity
(𝑏𝑖) measurement [149]:

𝑂 (𝑥, 𝑦) = 1
𝑀

𝑀∑︁
𝑖=1

(𝑏𝑖 − 𝑏𝑚𝑒𝑎𝑛) × 𝑆𝑃𝑖 (𝑥, 𝑦), (4.1)

where 𝑀 is the number of measurements. Thus, each bucket measurement 𝑏𝑖 is the overlap
between the object and the illumination pattern. The GI can be seen as a vector projection of
the object transmission function over M different random vectors 𝑆𝑃𝑖 . Achieving a good
contrast, requires in practice 𝑀 >> 𝑁2 patterns, which is not given here, therefore the GI
reconstruction could be very poor or not given at all [150].

Compressive Imaging reconstruct a sample from a series of measurements by finding
solutions to underdetermined linear systems using the sparsity constrain. Among several
popular regularization algorithms available we chose to use TVAL3 [151]. TVAL3 often
offers a fairly good solution without any specific precondition due its adaption to non-sparse
sample, compared to other denoising algorithms which work best when the sample is sparse.
Furthermore, the TVAL3 algorithms is preferably used due to its superiority in computational
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speed. The isotropic 𝑇𝑉+ model was chosen for TVAL3: 𝑚𝑖𝑛𝑥∈R𝑛
∑
𝑖

∥𝐷𝑖𝑥∥2, s.t. 𝐴𝑥 = 𝑏,

𝑥 ≥ 0; with 𝐷𝑖𝑥 the discrete gradient of 𝑥 at pixel 𝑖 as described in detail in [151]. The
variables can be split by introducing 𝑦𝑖 = 𝐷𝑖𝑥, and the TV model is now equivalent to:
𝑚𝑖𝑛𝑦𝑖 ,𝑥

∑
𝑖

∥𝑦𝑖 ∥ 𝑝, s.t. 𝐴𝑥 = 𝑏 and 𝐷𝑖𝑥 = 𝑦𝑖 , with 𝑝 = 1 or 2. The following non-default

parameters were set to: maxit = 1500, TVnorm = 1, nonneg = true and isreal = true. TVAL3
allows to set an initial guess as starting reference for its reconstruction routine which might
positively influence the result. In this study, the computed results of GI were used as initial
guess. However, we did not notice any significant advantage of setting this parameter
compared to its default setting of a zero matrix.

For comparison of CI to conventional raster scan imaging, we establish as metric the
compression rate (𝐶𝑅 = (𝑁 × 𝑁)/𝑀), which is a measure to indicated the decrease in
acquisition time in CI. CR was defined by the 𝑁 × 𝑁 pixel size of a reconstructed image,
divided by the amount of speckle patterns (𝑀) used to illuminated the sample. A point-by-
point raster scan image needs 𝑁 × 𝑁 acquisitions while the CI image uses only a fraction
𝑀/(𝑁×𝑁) but retains or even enhances resolution beyond the diffraction limit [56, 136, 138].
The higher CR, the higher the compression, the shorter the acquisition time.
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Figure 4.1: a) Schematic of the experimental setup. A diffraction grating is illuminated by the collimated VIS
spectrum of a supercontinuum laser. Light, which is dispersed into separate wavelengths is coupled to a single-mode
fiber, which serves as a pinhole selecting a single wavelength. The single-mode fiber is connected to the MMF.
Wavelength dependent speckle patterns generated in the MMF illuminate the sample and the total response is
collected by a bucket detector. b) Wavelength at the MMF output as a function of the rotation angle of the grating:
experimental data (circles) and linear fit (red line). c) The main principle of swept-source compressive fiber imaging.
Wavelength dependent speckle patterns “illumination matrix" A) and the corresponding signal from the sample
(vector b) are measured and feed either into the ghost imaging algorithm or into a regularization algorithm to find
the solution x, which is the image of the sample.
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4.3 Results and discussion
In the first set of experiments, different samples, like “bars", the “zero" digit and part of

a “resolution target" were imaged by the proposed swept-source fiber imaging approach. The
results are shown in Figure 4.2. The wavelength scanning bandwidth was set to Δ𝜆 = 55 nm
and 82.5 nm, and a total of 𝑀 = 1000 and 1500 speckle patterns were used with a scanning
step size of 0.055 nm. The overall acquisition time depends on the number of patterns
projected onto the sample, the exposure time of the camera used to record the speckle images
and the rotation stage settling time. For 1000 speckle patterns, an exposure time of 100 ms
and a settling time of 2 ms, the overall imaging time was around 102 s.

Figure 4.2: Swept-source multimode fiber imaging results for different samples (first row) using GI (middle row)
and CI (bottom row) reconstruction algorithms. Resulting image size was 𝑁2 = 128 × 128. Resolution target
(first column) were imaged using 1500 speckle patterns, a scanning step size of 0.055 nm and a bandwidth of
Δ𝜆 = 82.5 nm, resulting in CR = 10.9. “Zero" sample (second column) were imaged using 1000 speckle patterns, a
scanning step size of 0.055 nm and Δ𝜆 = 55 nm, resulting in CR = 16.4. “Three bars" sample (third column) were
imaged using 1000 speckle patterns, a scanning step size of 0.027 nm and a bandwidth of Δ𝜆 = 27.5 nm, resulting
in CR = 16.4. Scale bar: 3 × diff. limit with a diff. limit of 12.6 𝜇𝑚

.

The results of GI, shown in the second row of Figure 4.2, are not representing the
sample but rather display an accumulation of high signals at the center of the image. This
is to be expected since GI relies on a high number of pattern for good reconstruction. In
contrast, the obtained CI reconstructions of the “resolution target" with 𝑁2 = 128 × 128
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pxl (555 × 555 𝜇m2) resembling the sample with soft and blurry edges, which allows for
the sufficient identification of the imaged object. The less complex “zero" digit is rendered
almost perfectly albeit some minor background artefacts are visible. Similar results were
obtained for the pure “three bars" sample. Overall, most segments of the samples were well
reconstructed and could be identified easily via the CI-based swept-source fiber imaging.

4.3.1 Factors that impact image quality
In the next set of experiments, the influence of the final image size on the reconstruction

quality has been investigated. For that, the simple binary sample has been chosen as depicted
in Figure 4.3a). The holes of a diameter 45 𝜇m are separated by a center to center distance
of 75 𝜇m. We opted for a scanning range of 27.5 nm with a rotation of 1◦ in 1000 steps,
starting at 514 nm. The scanning bandwidth and the number of illumination patterns (M =
1000) were kept constant during the measurements.

In Figure 4.3b), the reconstructed results for different N are presented. The reconstruction
image size was varied from N = 64 to N = 192, resulting in different CR from 4.1 to 36.9,
respectively. The first column in Figure 4.3b) displays the GI results, which do not depend
on N. The two dots are clearly visible albeit noisy artefacts are present in the background,
only the pixel grid gets finer with the increasing number of pixels.

Swept-source multimode fiber imaging using CI is shown in the second column. The
visibility of the two dots is increased with the number of pixels in the reconstructed image. A
better signal-to-background ratio, mainly obtained by a diminishing of the background is the
result of the denoising capabilities of the TVAL3 algorithm. For 𝑁2 = 128×128 pxl, meaning
a resolution of 4.3 𝜇𝑚 per pixel, the holes are presented by 10 pixels, matching the size of
the sample perfectly. Compared to GI, compressive imaging (with total variation denoising)
increases the visibility of the two dots by dampening the background and increasing contrast
by sharpening the edges of the two dots. Figure S3 in the Supplementary Information
demonstrates image reconstruction quality simulated for different signal-to-noise (SNR)
levels. Our simulations show that for the relatively low noise case (SNR > 10), good image
reconstruction of a sparse sample could be achieved with the bandwidth of only 5.5 nm.

In the second set of experiments, we investigated the imaging quality as a function of
bandwidth and the correspondent number of illumination patterns. The results for three
different number of speckle patterns: M = 200, 300 and 750, which correspond to bandwidths
of Δ𝜆 = 5.5, 8.25 and 20.63 nm, respectively, are presented in Figure 4.3c). Since the image
size of 𝑁2 = 128 × 128 pxl was kept constant, the CR value is changing (CR = 81.9, 54.6
and 21.8) based on the number of patterns used. For GI, depicted in the first column, the
more patterns used the better is the result. The best results, in terms of contrast and visibility,
could be obtained using CI, as shown in the second column. A bandwidth of Δ𝜆 > 8.25 nm,
meaning only M = 300 patterns (CR = 54.6), suffices for a convincing reconstruction of the
sample. This provides an ample improvement in terms of reducing the scanning bandwidth
compared to the report of Shin et al. [146] where 0.1 nm steps across 100 nm were used.

4.3.2 Imaging via a flexible probe
For real life applications it is crucial to maintain invariant speckle patterns when the fiber

is moved. In the next set of experiments, we investigated the stability of the system over time
and imaging performance while the fiber probe is moved.
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Figure 4.3: a) Sample. b) Swept-source multimode fiber imaging results for Δ𝜆 = 27.5 nm and M = 1000 patterns
as a function of image size within same field of view: 64x64 pxl (top row, CR = 4.1), 128x128 pxl (middle row, CR
= 16.4) and 192x192 pxl (bottom row, CR = 36.9) using ghost imaging (first column) and compressive imaging
(second column) reconstruction algorithms. c) Swept-source multimode fiber imaging results for image size of
𝑁2 = 128 × 128 pxl as a function of bandwidth (or number of speckle patterns): Δ𝜆 = 5.5 nm (top row, M = 200,
CR = 81.9), Δ𝜆 = 8.25 nm (middle row, M = 300, CR = 54.6) and Δ𝜆 = 20.63 nm (bottom row, M = 750, CR =
21.8) for ghost imaging (first column) and compressive imaging (second column) algorithms. For simple binary
objects, imaging using a small bandwidth and high CR is feasible. Scale bar: 3 × diff. limit with a diff. limit of
12.6 𝜇𝑚

.

In the first experiments, we tested the reconstruction stability over time while the fiber is
kept stable. The sample and the swept-source multimode fiber imaging results as a function
of time in minutes are shown in Figure 4.4. At zero time, the illumination matrix A consisted
of M = 1000 flattened speckle patterns in the range from 𝜆1 = 514 to 𝜆𝑁 = 541.5 nm
(Δ𝜆 = 27.5 nm), and the correspondent signal vector b were measured simultaneously. The
image reconstructed using the CI algorithm is presented in Figure 4.4b. It nicely represent the
complex structure of the real sample. The reconstructed images have a size of 𝑁2 = 128×128
pxl (2203x 2203 𝜇𝑚2). We repeated intensity measurements 5 minutes and 10 minutes later
to get b5min and b10min, respectively. Images in Fig. 4.4c) and d) show the reconstruction
results for hybrid measurements: the illumination matrix A was measured at zero time with
the assumption that the speckle patterns would not change over time and the signal from
the sample was measured 5 min and 10 min later, respectively. The Pearson correlation
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coefficients (corr2) between the zero time reconstructed image and images reconstructed
after delayed intensity measurements are equal to 0.98 and indicated in Fig. 4.4c and d. For
both time stamps, the correlation values are high, indicating an excellent agreement with
the original sampling. Similar results are obtained by calculating the structural similarity
index (ssim). Visually, the same assessment can be concluded. Swept-source multimode
fiber imaging system provide robust measurement result over time.

In the second set of experiments, we investigated how moving and bending the single-
mode part of the fiber probe would influence the imaging performance of the proposed
approach. First, we measured simultaneously the illumination matrix A consisted of M = 1000
flattened speckle patterns in the range from 𝜆1 = 514 to 𝜆𝑁 = 541.5 nm (Δ𝜆 = 27.5 nm), and
the correspondent signal vector b. The image reconstructed using CI algorithm is presented
in Fig. 4.5a). We clearly see our sample. The experimental layout of a SMF (yellow) that
corresponds to the measurements is shown in Fig. 4.5d). Then, the SMF was coiled twice as
shown in Fig. 4.5e) and the intensity measurements were repeated. The image presented in
Fig. 4.5b) was reconstructed using the illumination matrix A measured for the first position
of the SMF (as in Fig. 4.5d) and the intensity vector b2loops measured for the second position
of the SMF (as in Fig. 4.5e).

Figure 4.4: Stability over time measurements for swept-source MMF imaging using M = 1000 patterns over
Δ𝜆 = 27.5 nm. (a) Sample. (b-d) CI reconstruction results for 𝑁2 = 128 × 128 and a CR of 16.4: illumination
matrix A and intensity vector b were measured simultaneously (b), A and b5min were measured with 5 min delay in
between (c), and A and b10min were measured with 5 min delay in between (d). The correlation coefficient values
and structural similarity index
between (b) (c) and (b) (d) are indicated. Scale bar: 3 × diff. limit with a diff. limit of 50.1

𝜇𝑚.

Subsequently, a third loop was added, as depicted in Figure 4.5f). The image presented
in Fig. 4.5c) was reconstructed using the illumination matrix A measured for the first position
of the SMF (as in Fig. 4.5d)) and the intensity vector b3loops measured for the third position of
the SMF (as in Fig. 4.5f)). The Pearson correlation coefficients between the image presented
in Fig. 4.5a) and the image presented in Fig. 4.5b) was very close to 1. The correlation
coefficients between the image in Fig. 4.5a) and in Fig. 4.5c) was calculated to be 0.955. The
correlation coefficient slightly drops with changing the SMF configuration from a single loop
to three loops. Nevertheless, taking the harsh treatment and bending into account, the overall
image reconstruction quality remains very good. The “zero" can be clearly distinguished
from the background, although a minute increase in background noise can be noted in
Fig. 4.5c). We conclude, that the deformation of the SMF has no major influence on the
reconstruction quality even for quite extreme bending. However, it is important not to lose
sight of the fact that the one meter long MMF remains the sensitive part of the setup. External
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Figure 4.5: Stability measurements of the proposed swept-source MMF imaging (Δ𝜆 = 27.5 𝑛𝑚, M = 1000)
during fiber movements. Image reconstruction results (a-c) and the correspondent configuration of the SMF (d-e).
Pre-calibration has been done only once. Scale bar: 3 × diff. limit with a diff. limit of 50.1 𝜇𝑚

.

influence like bending or movement will alter the light transmission through the MMF and
would constantly require new calibration. To establish a robust but flexible endoscopic fiber
imaging system, a shorter MMF part should be used. In addition, further ideas to generate
invariant and repetitive speckle patterns (e.g., 3D printed diffractive optical elements or
meta-material layers combined with swept-source illumination) could be explored.

4.4 Conclusion
In this study, we proposed and demonstrated a swept-source fiber imaging approach. We

have shown the feasibility of using wavelength dependent fiber-generated speckle patterns
for fiber-based compressive imaging. We were able to reconstruct a variety of samples using
a bandwidth of Δ𝜆 < 10 nm in the visible range. The relatively narrow VIS bandwidth could
potentially be used for fluorescence imaging applications. The proposed imaging approach
does not require any mechanical scanning device, which simplifies the whole illumination
process compared to experimental setups with galvanometric mirrors or DMDs [88, 139].
Surely, the in-house-built monochromator is an over-engineered device, and can be replaced
by a supercontinuum laser with an acousto-optic tunable filter or by a rapid swept source laser
as commonly used in optical coherence tomography or by a tunable laser as reported lately
[146, 147, 152]. We experimentally demonstrated that the imaging quality of the proposed
approach doesn’t require stability of the fiber probe. The results open up new avenues in the
field of label-free and label-based deep tissue imaging, potentially enabling in vivo all-fiber
based endoscopic high resolution imaging.
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Supplementary information

Figure S1: a) Free space fiber coupling between the single-mode fiber (SMF, Thorlabs P1-460Y-FC-1) and the
multimode fiber (MMF, Thorlabs M42L01). b)-e) obtained speckle patterns for 𝜆 = 487.29 𝑛𝑚 while changing
coupling position. b) and c) coupling close to the MMF center. d) Coupling slightly more off-axis, generating a
homogeneous speckle pattern (preferred configuration) and d) coupling close to the core edge and hence guiding
partially in the cladding. Scale bar: 200 𝜇𝑚.
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Figure S2: a) Examples of normalized speckle pattern for 15 different wavelengths between 514 to 541.5 nm in
steps of 1.83 nm. The scale bar is 100 𝜇m. b) Correlation graph and its corresponding c) correlation histogram
calculated for every pair of experimentally measured speckle patterns. The off-axis average correlation of 0.42
(orange line). Please note that the off-axis correlation value is higher than expected due to the zero padding in the
corners (of the circularly cropped speckle patterns). d) Normalized speckle intensity as a function of wavelength.
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Figure S3: Swept-source fiber imaging simulation results. A set of 200 experimentally pre-recorded speckles
patterns with a total scanned bandwidth of 5.5 nm is used as illumination matrix A. (a) The binary sample. (b-g)
Reconstructed images and the simulated data (the vector b) for different levels of noise. The Pearson correlation
coefficient and the structural similarity index relative to the original sample are indicated within each image. The
diffraction limit is 12.6 𝜇m. The scale bar is 100 𝜇m.
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Swept-source fiber imaging with different noise levels was simulated as presented in
Figure S3. For the simulations, we used 200 experimentally recorded speckle patterns with a
total scanning bandwidth of only 5.5 nm (a step size of 0.0275 nm) and binary sample object
x (two dots presented in Fig. S3(a)). Each speckle has a size of 𝑁2 = 128 × 128 pxl (pixel
size is 4.3 𝜇m) corresponding to 555 × 555 𝜇m field of view. The optical diffraction limit is
12.6 𝜇m. The two dots have a diameter of 16 pxls each, which equals to 68.8 𝜇𝑚.

The speckle patterns (each pattern corresponds to a row in matrix A) were used to
“illuminate" sample x. Illumination was simulated by the multiplication of each speckle
pattern with the sample pixel-wise. The total response, which is one element in the vector
b, was calculated by integration. The regularization algorithm, TVAL3, was fed by the
illumination matrix A and the signal vector b to reconstruct the sample. The results for
noiseless simulations are presented in Fig. S3(b).

To simulate the reconstruction under different signal-to-noise (SNR) conditions, we
added white Gaussian noise to the simulated signal b by using the awgn function (MATLAB).

The SNR was defined as the difference in variance, Δ𝜎, between the noiseless data b and
generated noisy signal, b𝑆𝑁𝑅.
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5
Quantitative Phase Imaging

with a Multimode Fiber
Label-free quantitative phase imaging is vital for optical microscopy and metrology applica-
tions. A multimode fiber stands out as a desirable platform for imaging. Here we propose
and experimentally demonstrate a non-interferometric non-iterative approach for high-speed
high-resolution label-free quantitative phase imaging via a random light scattering in a
multimode fiber.
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5.1 Introduction

MMFs have recently emerged as an ultimate endoscopic technology that enables high-
resolution imaging at the tip of a hair-thin flexible probe [153, 154]. A wide range

of imaging modalities through MMF-based endoscopes have been demonstrated, including
(auto-)fluorescence [76, 155–157], confocal reflectance [158, 159], chemically-selective
[160], super-resolution [161, 162], and 3D [163, 164] imaging. However, even nowadays,
state-of-the-art fiber-based microscopy relies on amplitude-only contrasts. While to visualize
‘phase objects’, such as refractive index variations or matter density, quantitative phase
information is required [90, 165, 166]. As conventional detectors record only the amplitude
of light, advanced approaches are needed to recover the phase. This fundamental problem
stimulates the development of many techniques. Quantitative phase imaging (QPI) is a set
of label-free methods to measure the optical path length delays within the sample. The
problem of recovering the complex wavefront can be solved by interferometric approaches. By
recording interference between an unknown field and a known reference, the incident field can
be reconstructed. The spatial resolution of holographic phase microscopy can be improved
by speckle field illumination [167]. Holography requires extreme environmental stability
and a high-quality reference beam limiting their realizations and applications [168]. A broad
range of techniques that eliminates the use of a reference include Fourier ptychography [169]
and differential phase contrast microscopy [170]. These methods reconstruct the phase shift
from a relatively large sequence of intensity patterns and require iterative computationally
expensive post-processing. One of the most popular non-interferometric QPI methods is
Shack–Hartmann (SH) wavefront sensing [171]. A lenslet array creates focused spots,
the positions of which depend linearly on the local phase. A similar principle of using a
microlens array for multiplexing the angular domain into the spatial domain is also broadly
used in light-field cameras [172]. However, the lenslet manufacturing parameters – total
number, focal length, curvature, and diameter of lenses – limit the resolution and sensibility.
Multiple solutions that utilize structurally modulated light have been proposed to overcome
the limitations [173–176]. Soldevila et al. [176] demonstrated QPI using a sequence of
binary amplitude-only patterns and a single focusing lens. However, this imposes strict limits
on the illumination system.

Despite all the recent progress, the development of a compact high-resolution QPI
remains an important goal. Recently, a reference-free holographic image sensor, which
exploits a commercial diffuser as a holographic lens has been proposed [177]. Introduction of
fiber requires complex probe designs: QPI through a fiber bundle with a GRIN lens [178] and
multicore fiber has been demonstrated [179, 180]. These methods require capturing several
high-resolution images, and/or complex iterative or machine learning-based reconstruction.
High spatial resolution is another major challenge of QPI, especially for compact non-
interferometric sensors [181, 182]. The lateral resolution of optical imaging is generally
limited by the diffraction of light:

𝜇𝑚𝑖𝑛 = 𝑘
𝜆

𝑁𝐴
, (5.1)

where 𝜇𝑚𝑖𝑛 is the smallest resolvable distance, 𝜆 is the wavelength of the incident radiation
and NA is the numerical aperture of the optical system. The critical parameter 𝑘 is determined
by the imaging modality and yields either 0.5 or 0.82 for conventional incoherent and coherent



5.1 Introduction

5

53

Figure 5.1: (a) Schematic of the experimental setup. (b) Experimental workflow depicted through the simulation
results. Complex speckle fields (second column) illuminate the unknown sample (first column). The center-of-mass
coordinates in the Fourier plane relative to the “reference” sample, Δ𝑢𝑛 and Δ𝑣𝑛, together with the total transmitted
power 𝑃𝑚, are recorded by the position-sensitive detector. The Fourier transform is denoted by ℱ, and |ℱ ( ·) |
indicates its magnitude. The matrix S is measured during pre-calibration. The sample phase and amplitude are
reconstructed using the proposed framework.

imaging, respectively. Therefore, the lateral resolution of QPI is generally determined by the
0.82𝜆/𝑁𝐴 diffraction limit [182, 183].

We propose and experimentally demonstrate non-inferometric quantitative phase imaging
using random speckle illumination of an MMF. To the best of our knowledge, this is the first
demonstration of QPI utilizing centroid coordinates and random complex illumination. An
appealing feature is that the lateral resolution is limited by the incoherent diffraction limit
of the illumination, which is 1.5 times better than the diffraction limit of conventional QPI.
Moreover, we eliminate the need for a camera and rely solely on position-sensitive detection
(PSD). We experimentally demonstrate quantitative phase reconstruction of a variety of
phase targets with a simple noniterative algorithm.
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5.2 Main principle
The main idea of the proposed approach is illustrated in Fig. 5.1(a). Coherent light

coupled into an MMF gives rise to a complex speckle pattern, 𝐵𝑚 (𝑥, 𝑦)𝑒𝑖𝜓𝑚 (𝑥,𝑦) . We
use a set of these seemingly random patterns to sample the unknown wavefront. Each
pattern illuminates the unknown sample, 𝐴(𝑥, 𝑦)𝑒𝑖𝜙 (𝑥,𝑦) and a single lens is used to form
phase-sensitive intensity distributions in the Fourier plane for transmitted or reflected light –
a principle also fundamental to Shack–Hartmann sensors or light-field cameras. A position-
sensitive detector in the back focal plane of the lens records the coordinates of the center of
mass, (𝑢𝑚, 𝑣𝑚), and the total transmitted intensity, 𝑃𝑚. Both, the amplitude and phase of
the sample can be computationally recovered using the linear relationship between the local
wavefront slope at the sample plane and centroid displacement in a Fourier plane [184, 185].
As we derive in Appendix A, the position of the centroid (𝑢𝑚, 𝑣𝑚) is linked to the gradient
of the phase by:(

𝑢𝑚
𝑣𝑚

)
=
𝜆F
2𝜋

1
𝑃𝑚

x
(𝐵𝑚 (𝑥, 𝑦)𝐴(𝑥, 𝑦))2∇ (𝜙(𝑥, 𝑦) + 𝜓𝑚 (𝑥, 𝑦)) 𝑑𝑥 𝑑𝑦, (5.2)

where F is the focal distance of the lens; 𝐴(𝑥, 𝑦) ≤ 1 is the amplitude attenuation of the
sample; 𝜙(𝑥, 𝑦) is the phase delay introduced by the sample; 𝐵𝑚 (𝑥, 𝑦) is the amplitude and
𝜓𝑚 (𝑥, 𝑦) is the phase of the 𝑚-th speckle pattern; 𝑃𝑚 =

s
𝐵2
𝑚 (𝑥, 𝑦)𝐴2 (𝑥, 𝑦) 𝑑𝑥 𝑑𝑦 is the

total power transmitted through the sample for each speckle pattern and ∇ = (𝜕/𝜕𝑥 , 𝜕/𝜕𝑦) is
the gradient in two dimensions.

The main challenges of solving Eq. (5.2) for unknown 𝜙(𝑥, 𝑦) and 𝐴(𝑥, 𝑦) include the
computational reconstruction of the wavefront at all points in space from ‘single-pixel’
measurements (centroid position), demultiplexing, and the distillation of the sample field
from the field of complex illumination patterns. As derived in Appendices B and C.1, the
problem can be solved directly if the full calibration of the imaging system is performed and
both amplitude 𝐵𝑚 (𝑥, 𝑦) and phase 𝜓𝑚 (𝑥, 𝑦) of illuminating speckle patterns are known.
While this full transmission matrix pre-calibration is experimentally possible [186], in
real-life scenarios, it might be difficult to measure phase profiles of the speckle patterns.

We propose an elegant solution to reconstruct the unknown sample wavefront using
simplified pre-calibration – only intensity maps 𝑆𝑚 (𝑥, 𝑦) = 𝐵2

𝑚 (𝑥, 𝑦) of the speckle patterns.
While this approach still requires pre-calibration, the recording of intensity patterns without
phase stepping or external references is simpler than the full transmission matrix measure-
ments. The proposed approach works for phase-only samples as well as for measuring (e.g.
time-dependent) phase changes of a sample with a constant amplitude profile. The key is
to implement a differential measurement scheme and use a set of centroid positions (𝑢𝑚0,
𝑣𝑚0) of a reference, e.g. flat phase, sample. For continuous monitoring of phase changes
of a given sample, (𝑢𝑚0, 𝑣𝑚0) are the coordinates of the centroid position at a previous
time-stamp. The gradient of the sample phase can be reconstructed without knowing the
complex phase distributions of illuminating speckle patterns, as derived in Appendix C.2.

The unknown amplitude and phase can be represented by vectors a ∈ R𝑁 , 𝜕𝜙/𝜕𝑥 ≡
𝝓𝑥 ∈ R𝑁 , 𝜕𝜙/𝜕𝑦 ≡ 𝝓𝑦 ∈ R𝑁 , which are the squared amplitudes 𝐴(𝑥, 𝑦)2 and phase gradient
∇𝜙(𝑥, 𝑦) on a grid of 𝑁 pixels. Similarly, we represent the measured relative centroid
positions in the 𝑥 and 𝑦 directions corresponding to the 𝑀 speckle patterns by Δu ∈ R𝑀 ,
Δv ∈ R𝑀 . The unknown amplitude and phase from these measurements can be reconstructed
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as follows:
a = S†p,(

𝝓𝑥
𝝓𝑦

)
=

(
M† 0
0 M†

) (
Δu
Δv

)
,

(5.3)

where
M =

𝜆F
2𝜋

diag(p)−1S diag(a), (5.4)

with S ∈ R𝑀×𝑁 consisting of 𝑀 rows of vec(𝐵𝑚 (𝑥, 𝑦)2), and p ∈ R𝑀 a vector with the
total transmitted power, 𝑃𝑚, for each speckle pattern. The operator diag(·) constructs a
matrix with the given vector on its diagonal, the operator vec(·) converts the matrix into a
vector, and ·† denotes the Moore-Penrose pseudo-inverse [187]. We can explicitly compute
the pseudo-inverse through the singular value decomposition (SVD), and regularise the
computation by truncating small singular values. Note that in case𝑀 < 𝑁 , the pseudo-inverse
can only recover up to elements in the null-space of the matrix. The amplitude map 𝐴(𝑥, 𝑦)
is reconstructed by reshaping and calculating the square root of a and the quantitative phase
map 𝜙(𝑥, 𝑦) is calculated by reshaping and numerically integrating 𝝓𝑥 , 𝝓𝑦 .

5.3 Simulations
The experimental workflow is schematically shown in Fig. 5.1(b) where we also present

our simulation results. We simulate the entire procedure of phase and amplitude imaging
via the proposed approach. A complex sample (𝑁 = 92 × 92 pixels) is presented in
Fig. 5.1(b, first column) together with a ‘reference’ wavefront. As an illumination, a set of
𝑀 = 92 × 92 = 8464 fully-developed random speckle patterns with the diffraction-limited
speckle size is generated. We assume the speckle patterns to be known or pre-characterized
experimentally. Examples of illumination phase 𝜓𝑚 (𝑥, 𝑦) and intensity 𝑆𝑚 (𝑥, 𝑦) distributions
are presented in Fig. 5.1(b, second column). The finite NA of an MMF has been simulated by
using a circular coherent transfer function in the Fourier plane [188]. Each speckle pattern
illuminates the sample, or, in simulations, is multiplied by a sample complex transmission
function 𝐴(𝑥, 𝑦)𝑒i𝜙 (𝑥,𝑦) . The intensity distributions in the Fourier plane are measured at the
back focal plane of the lens or simulated by the Fourier transform [184]. The total transmitted
power and the centroid coordinates for each speckle illumination pattern are obtained. The
procedure is repeated for the reference object with a plane phase profile. The amplitude of
the sample is reconstructed using the first expression in Eq. 5.3, which follows a similar
approach to speckle-based compressive imaging through the MMF [154]. Phase gradients
along the 𝑥- and 𝑦-directions are computed using the second expression in Eq. 5.3. The
spatial phase profile 𝜙(𝑥, 𝑦) is reconstructed by numerical integration. The results of the
simulations and reconstructed amplitude and phase distributions are shown in Fig. 5.1(b,
right).

The proposed MMF-based QPI can be seen as a generalized ultra-compact version of a
SH phase sensor. The spatial resolution of the SH type of sensors is limited by the lenslet
size [189] or a pattern aperture size [176], which in our case is equal to the average speckle
size of 0.5𝜆/𝑁𝐴. Therefore, the resolution of MMF-based QPI is expected to be higher than
the resolution of conventional, e.g. holographic, coherent phase imaging techniques, which
are limited by 0.82𝜆/𝑁𝐴. To characterize the lateral resolution of the proposed approach, we
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Figure 5.2: Simulation results. (a,f,k) Phase samples with distances between the dots of 𝜆/𝑁𝐴 (a), 0.76𝜆/𝑁𝐴 (f),
and 0.5𝜆/𝑁𝐴 (k). Imaging results for conventional coherent imaging (b,g,l) and proposed MMF imaging (c,h,m).
Scale bars are 0.82𝜆/𝑁𝐴. (d,i,n) Horizontal cross-sections along the peaks for the ground-truth phase (blue dashed
lines), conventional imaging (green solid lines), and MMF imaging (red solid lines). The 𝑥-axis is normalized to
𝜆/𝑁𝐴.

simulate imaging of phase-only samples consisting of two phase objects separated by different
distances: 𝜆/𝑁𝐴, 0.76𝜆/𝑁𝐴, and 0.5𝜆/𝑁𝐴, as depicted in Figure 5.2(a,f,k), respectively.
To simulate conventional coherent diffraction-limited imaging without the loss of generality,
we assume that the phase sample is illuminated with a plane wave and account for diffraction
effects by applying the low-pass circular coherent transfer function with the cutoff frequency
NA/𝜆 in the Fourier plane. The procedure is detailed in Supplementary 2 and follows the
standard coherent imaging formulation described by Goodman [190]. The MMF-based
QPI has been simulated as described above (see Fig. 5.1(b)) using a set of 92 × 92 = 8464
fully-developed random speckle patterns. We ensure diffraction-limited illumination by
cutting high spatial frequencies of simulated speckle patterns in the Fourier plane. The
results are presented in Fig. 5.2(b,g,l) for conventional phase imaging and in Fig. 5.2(c,h,m)
for the proposed MMF-based QPI. The horizontal cross-sections along the centers of peaks
are shown in Fig. 5.2(d,i,n) by the solid green line for the conventional and by the solid red
line for the proposed approach, respectively. The ground truth is shown by the dashed blue
line. As expected, the phase structures are distinguishable in Fig. 5.2(b) and not resolved in
Fig. 5.2(g and l), where the feature size is smaller than 0.82𝜆/𝑁𝐴. In contrast, the proposed
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speckle-based QPI allows to resolve peaks at shorter distances as can be seen in Figure 5.2(h,
m) up to a limit of 0.5𝜆/𝑁𝐴. Our simulations confirm that the proposed workflow can be
used for MMF-based QPI. .

5.4 Experimental results
We experimentally demonstrate the MMF-based QPI using a standard MMF (Thorlabs,

FG050LGA) with NAfiber = 0.22, core diameter of 50 𝜇m and a length of about 20 cm,
which is illuminated by a coherent laser beam with a wavelength of 𝜆 = 640 nm. To generate
various speckle patterns, we scan the input facet with a focused laser beam on a circular
uniform grid by displaying different amplitude gratings on the digital micromirror device,
DMD (VIALUX, V9001VIS, 2560 × 1600 micromirrors with 7.6 𝜇m pixel pitch). The
DMD is located in the Fourier plane of the input objective (Olympus Plan Achromat, 20×,
WD = 1.2 mm, NA = 0.4, 𝑓𝑜𝑏 𝑗1 = 9 mm).

The spatial frequency of the projected grating was sampled uniformly [𝑘𝑥 , 𝑘𝑦]=−𝑘0..𝑘0
with 20 steps, which results in up to 400 incident patterns.

As a versatile re-configurable phase sample we use a liquid crystal spatial light modulator,
SLM, (Meadowlark Optics, E19x12-350-850-HDM8, 60Hz frame rate, 1920 × 1200, pxl
size 8 𝜇m). Speckle patterns from the MMF output are magnified 63× to match the screen
size of the SML. As a result, the illumination NA is NAfiber/63 = 3.5 · 10−3. The field of
view is restricted to 780 𝜇m by 780 𝜇m or 90×90 SLM pixels using a 500 𝜇m square pinhole
PH2 (Thorlabs, S500QK) in an intermediate image plane.

The intensity distributions of the speckle patterns, 𝑆𝑚 (𝑥, 𝑦) = 𝐵𝑚 (𝑥, 𝑦)2, are recorded
by a CMOS camera (IDS, 118 fps,10-bits, exposure time 0.05 ms) during the pre-calibration
step that is taking less than 4 s for 20× 20 patterns. Additionally, about 2 sec was required to
transfer data to the SSD. Images are down-scaled to 𝑁 = 120 × 120 pixels. Therefore, the
size of matrix S in our experiments is 𝑀 × 14400. The examples of illumination patterns are
presented in Fig. 5.3(a). By investigating the averaged frequency content of the patterns, as
presented in Fig. 5.3(b), we confirm that the average speckle intensity size is 0.5𝜆/𝑁𝐴. The
diffraction limit together with the limited field-of-view put a threshold on the total number
of uncorrelated speckle patterns. Our experimental configuration is expected to generate
approximately 100 independent speckle patterns. To estimate the number of independent
speckle patterns, we calculate the rank of the experimentally measured matrix S by a singular
value decomposition. The singular values are presented in Fig. 5.3(c) and the rank of S
matches with the number of independent speckle patterns. We test the alignments of the
setup by imaging simple phase samples consisting of linear phase gradients in 2D. The
detailed setup and alignment experiments are discussed in Supplementary 1.
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Figure 5.3: Experimental results. (a) Speckle patterns generated by the MMF, 𝑆𝑚 (𝑥, 𝑦) . The scale bar is
0.5𝜆/NA ≈ 92 𝜇m. (b) Zoomed-in average power spectrum density of the speckle patterns. The scale bar is
2NA/𝜆. (c) Singular values of S plotted in the descending order. (d,e) MMF-based phase imaging results: phase
patterns on the SLM (left), experimentally measured and reconstructed phase (middle), and the cross-sections along
the center of the peaks (right) of the original patterns (dashed blue line) and their images (solid orange line). The
scale bars are 0.82𝜆/𝑁𝐴 = 150 𝜇m. (f) Imaging quality as a function of the number of illumination patterns, 𝑀,
for the sample presented in (e).

In the next set of experiments, we image different Gaussian phase distributions projected
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on the SLM. As an illumination, 𝑀 = 200 random speckle patterns on the output of an
MMF have been used. The intensity distribution of each speckle pattern 𝑆𝑚 (𝑥, 𝑦) and the
corresponding centroid coordinates for the flat phase profile, 𝑢𝑚0, 𝑣𝑚0, have been measured
during pre-calibration. In the imaging step, the same set of speckle patterns has been used
to illuminate the phase sample projected on the SLM and the total power and the centroid
coordinates have been recorded. Then Δ𝑢 = 𝑢𝑚 − 𝑢𝑚0, and Δ𝑣 = 𝑣𝑚 − 𝑣𝑚0 have been
calculated. The simplified version of equation (5.3), where 𝐴 = 1 has been used to calculate
phase gradients:

∇∇∇𝜙 =
2𝜋
𝜆F

S† diag(P)
(
Δu
Δv

)
. (5.5)

Resulting ∇𝜙𝑥 and ∇𝜙𝑦 have been reshaped to 2D matrixes of 120 × 120 pixels each. Phase
has been calculated using inverse (integrated) gradient matlab code.

The reconstruction results are presented in Fig. 5.3(d,e). We see an excellent quantitative
match between the reconstructed images and the original phase patterns. The cross-section
along the centers of Gaussian peaks of the projected patterns (dashed blue lines) and phase
images (orange lines) agree. To investigate how the image quality scales with the number
of speckle illumination patterns, we performed phase reconstruction using various sets of
illumination patterns. The experimental results for 𝑀 = 20, 𝑀 = 60, 𝑀 = 100, and 𝑀 = 140
speckle patterns are shown in Fig. 5.3(f) from left to right. Accurate shapes begin to emerge
with 𝑀 as small as 60 patterns, although the image still exhibits strong noise and low contrast.
A clear improvement is observed with larger values of 𝑀 . For 𝑀 = 140 the image is already
quite good with a relatively smooth background, while for 𝑀 = 200 the experimentally
measured images contain a grid-like structure and an oscillatory background. This can be
explained by several main factors, apart from evident experimental noise. The reconstruction
algorithm uses hard thresholding of singular values, which can be seen as a generalization
of Fourier low-pass filtering. This kind of background is fundamental to coherent imaging
techniques and can also be seen in simulated noise-free images both for conventional and
proposed approaches (Fig. 5.2). In addition, matrix S is recorded in reflection from the SLM,
which results in the superposition of the SLM pixels with the incident speckle patterns. The
periodic pixel boundaries are becoming visible in the final high-resolution images.

In the third set of experiments, we image different complex phase distributions using
𝑀 = 400 speckle patterns generated in an MMF, center-of-mass position detection scheme,
and amplitude-only pre-calibration approach. The phase imaging results for complex phase
samples representing letter ‘O’ (Fig. 5.4(a)), university logo ‘VU’ (Fig. 5.4(b)), and digit ‘9’
(Fig. 5.4(c)) are presented in Fig. 5.4(d-f), respectively. Finally, to experimentally investigate
the resolution limits of the proposed MMF QPI, we image the sample consisting of two
Gaussian phase profiles (see Fig. 5.4(g), bottom) at a close distance of 92 𝜇m, which matches
the theoretical resolution limit of the proposed MMF-based QPI calculated as 0.5𝜆/NA. The
experimental results are presented in Fig. 5.4(g), top. The cross-sections along the peaks
shown in Fig. 5.4(h) demonstrate the excellent agreement between the original phase sample
(dashed blue line) and the reconstructed image (solid red line), confirm the theoretically
predicted resolution enhancement.

To summarize, we propose and experimentally demonstrate MMF QPI based on random
complex speckle illumination and center-of-mass position detection. We have developed
the necessary mathematical framework, conducted simulations, and completed proof-of-
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Figure 5.4: MMF-based QPI of complex phase targets. (a-c) Sample phase patterns projected onto the SLM. (d-f)
Experimentally measured phase patterns representing the letter ‘O’ (d), the university logo ‘VU’ (e), and digit ‘9’
(f). (g,h) Experimental demonstration of high spatial resolution: (g, top) image of a phase pattern consisting of
two Gaussian profiles at a close distance of 0.5𝜆/NA and (g, bottom) the original SLM pattern. The scale bars are
0.82𝜆/𝑁𝐴 = 150 𝜇m. (h) Cross-sections along the centers of Gaussian peaks for the SLM pattern (the dashed
blue line) and MMF-based image (the orange line).

principle reflection mode experimental validation. The proposed approach can be generalized
to arbitrary complex patterns and further utilized in various imaging configurations. The
simulations and experimental results reveal about 1.5 times resolution enhancement compared
to conventional coherent imaging. Note that the proposed approach does not require reference
illumination, iterative reconstruction, any additional assumptions, or free variables. The
spatial resolution and imaging speed can be further improved by advanced computational
approaches, which take advantage of prior knowledge and regularization.

While the research on the ultimate phase sensitivity and maximum imaging speed lies
beyond the scope of this proof-of-principle study, we outline and discuss the main timing
constraints.

The camera is only required for the pre-calibration step, which, while relatively time-
consuming, is performed once before the imaging experiments. During phase imaging, only
the center-of-mass position needs to be detected, which can be achieved by a high-speed
PSD. Consequently, the imaging speed is fundamentally limited by the scanning rate and the
total number of measurements. Commercial DMDs can provide a scanning rate of up to
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22 kHz. Our experiments show that for the given FOV, 400 measurements and an exposure
time of 0.05 ms lead to a good phase reconstruction. Thus, the proposed approach has
the potential to operate at video-rate speeds, reaching 50 frames per second. As it doesn’t
require iterative optimization, the computational run-time does not limit the imaging speed.
The most time-consuming computational step is the matrix inversion (S† in Eq. 2.5), which
can be pre-computed in advance as a part of the pre-calibration procedure. Therefore, our
approach offers relatively high-speed performance compared to other scanning techniques
(e.g. ptychography), while single-shot interferometric methods operating at camera frame
rates (such as off-axis holography) are inherently faster.

Although we rely on a precise calibration of an MMF, calibration does not require
interferometric measurements and is therefore much simpler than measuring the full trans-
mission matrix of an MMF. Our experiments show that in standard laboratory conditions, the
calibration remains stable for over 90 minutes (see Supplementary, Fig. S2). Furthermore,
sensitivity to bending can be mitigated using fiber modeling approach [191], or by advanced
multicore-multimode fibers [192] and swept-source imaging [193], all of which are fully
compatible with the proposed MMF QPI. The MMF-based noniterative QPI paves the way
toward high-speed phase sensors with many applications in life science and the semiconductor
industry.
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Appendix A Theoretical derivations
A.1 Fourier transform theorems

Some theorems regarding the Fourier transform are used in the derivations in this paper;
they are presented here with proof. The Fourier transform of a square-integrable function
𝑓 : R2 → C is written 𝑓̂ = 𝔉{ 𝑓 } and is defined by

𝔉{ 𝑓 }(x) B
∫
R⊭
𝑓̂ (𝝃)𝑒2𝜋𝑖𝝃 ·xd𝝃 . (A1)

Its inverse is given by

𝔉−1{ 𝑓̂ }(𝝃) B
∫
R⊭
𝑓 (x)𝑒−2𝜋𝑖𝝃 ·xdx. (A2)

Lemma .1. For a square-integrable and sufficiently smooth function 𝑓 : R2 → C we have

2𝜋𝑖
∫

𝝃 | 𝑓̂ (𝝃) |2𝑑𝝃 =

∫
𝑓 (x)∇ 𝑓 (x)𝑑x. (A3)

Proof. Express

𝑓 (x) =
∫

𝑓̂ (𝝃)𝑒−2𝜋𝑖𝝃 ·x𝑑𝝃,

∇ 𝑓 (x) = 2𝜋𝑖
∫

𝝃 𝑓̂ (𝝃)𝑒−2𝜋𝑖𝝃 ·x𝑑𝝃,

which yields∫
𝑓 (x)∇ 𝑓 (x)𝑑x = 2𝜋𝑖

∫ ∫ ∫
𝝃′ 𝑓̂ (𝝃) 𝑓̂ (𝝃′)𝑒2𝜋𝑖x· (𝝃−𝝃 ′ )𝑑x𝑑𝝃𝑑𝝃′

Using that
∫
𝑒2𝜋𝑖 · (𝝃−𝝃 ′ )𝑑x = 𝛿(𝝃 − 𝝃′) we get the desired result.

Theorem .2. For a square-integrable and sufficiently smooth function 𝑓 : R2 → C we have∫
R2

| 𝑓 (x) |2∇𝜃 (x)𝑑x = 2𝜋
∫
R2

𝝃 | 𝑓̂ (𝝃) |2𝑑𝝃, (A4)

where 𝜃 = arg( 𝑓 ) denotes the phase of 𝑓 .

Proof. Express 𝑓 (x) = 𝑎(x)𝑒𝑖 𝜃 (x) and apply Lemma .1:

2𝜋
∫
R2

𝝃 | 𝑓̂ (𝝃) |2 𝑑𝝃 = −𝑖
∫
R2
𝑓 (x)

(
∇𝑎(x) + 𝑖𝑎(x)∇𝜃 (x)

)
𝑒𝑖 𝜃 (x) 𝑑x

=

∫
R2
| 𝑓 (x) |2∇𝜃 (x) 𝑑x − 𝑖

∫
R2
𝑎(x)∇𝑎(x) 𝑑x. (A5)

The left-hand side is real-valued, as is the first term on the right-hand side. Since 𝑎 is strictly
real-valued, it follows that

∫
𝑎(x)∇𝑎(x)dx = 0.
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A.2 Main equation
Suppose we illuminate the ultimately thin sample with various illumination patterns. We

analyze corresponding fields in the Fourier plane (far field) of a lens with the focal distance
F. The field of the 𝑚-th illumination pattern as it arrives at the sample plane is given by:

𝐸 inc
𝑚 = 𝐵𝑚 (𝑥, 𝑦)𝑒𝑖𝜓𝑚 (𝑥,𝑦) , (A6)

where 𝐵𝑚 (𝑥, 𝑦) is the amplitude of the incident field, and 𝜓𝑚 (𝑥, 𝑦) is the phase of the incident
illumination, 𝑥 and 𝑦 are coordinates in a sample plane. The incident illumination interacts
with the sample, subsequently getting the amplitude and the phase modulation. The field just
after the ultimately thin sample is given by:

𝐸
sample
𝑚 (𝑥, 𝑦) = 𝛾(𝑥, 𝑦)𝐸 inc

𝑚 (𝑥, 𝑦) = 𝐴(𝑥, 𝑦)𝐵𝑚 (𝑥, 𝑦)𝑒𝑖 (𝜙 (𝑥,𝑦)+𝜓𝑚 (𝑥,𝑦) ) . (A7)

where 𝛾(𝑥, 𝑦) is complex transmission function of the sample, 𝐴(𝑥, 𝑦) is the amplitude
transmission function of the sample and 𝜙(𝑥, 𝑦) is the phase delay that the sample induces.
According to the Fraunhofer diffraction theory, the field in the back focal plane of the thin
lens is proportional to the Fourier transform of the sample field [190].

𝐸out
𝑚 (𝑢, 𝑣) = 𝑒𝑖𝐶

𝜆F
𝔉{𝐸sample

𝑚 }(𝑢/(𝜆F), 𝑣/(𝜆F)), (A8)

where 𝐶 is a coordinate-dependent phase factor, 𝐸out
𝑚 (𝑢, 𝑣) is the field in the back focal plane

of the lens, 𝑢, 𝑣 are the coordinates in the back focal plane of the lens, 𝜆 is the wavelength of
light and F is the lens focal distance.

We now apply theorem .2 with 𝑓 (x) = 𝐸
sample
𝑚 (𝑥, 𝑦) taking into account the relation

stated in equation (A8) to produce a key result of this derivation, a relation between the
measured centroid position (𝑢, 𝑣) and the unknown phase gradient ∇𝜙(𝑥, 𝑦):

2𝜋
𝜆F

x (
𝑢

𝑣

)
·
��𝐸out
𝑚 (𝑢, 𝑣)

��2 𝑑𝑢 𝑑𝑣 = x ���𝐸sample
𝑚 (𝑥, 𝑦)

���2 ∇ (𝜙(𝑥, 𝑦) + 𝜓𝑚 (𝑥, 𝑦)) 𝑑𝑥 𝑑𝑦. (A9)

We note that the left-hand side of equation (A9) corresponds to the spectral power
centroid of the sample field, a measurable quantity that is given by(

𝑢𝑚
𝑣𝑚

)
=

1
𝑃𝑚

x (
𝑢

𝑣

)
·
��𝐸out
𝑚 (𝑢, 𝑣)

��2 𝑑𝑢 𝑑𝑣, (A10)

where 𝑃𝑚 is the total transmitted power expressed by the following equation:

𝑃𝑚 =

x ��𝐸out
𝑚 (𝑢, 𝑣)

��2 𝑑𝑢 𝑑𝑣 = x ���𝐸sample
𝑚 (𝑥, 𝑦)

���2 𝑑𝑥 𝑑𝑦 =
=

x
|𝐸 inc
𝑚 (𝑥, 𝑦)𝛾(𝑥, 𝑦) |2 𝑑𝑥 𝑑𝑦 =

x
𝐵𝑚 (𝑥, 𝑦)2𝐴(𝑥, 𝑦)2 𝑑𝑥 𝑑𝑦.

(A11)

The equation equation (A11) links the unknown intensity transmission function of the sample
𝐴2 (𝑥, 𝑦) with the calibrated intensity distribution of incident patterns 𝐵2

𝑚 (𝑥, 𝑦) and the
measured total transmitted power 𝑃𝑚.
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By multiplying the left and the right sides of equation equation (A9) by the factor
𝜆F/(2𝜋𝑃𝑚) and taking into account equation (A10) we can rewrite equation (A9) in the
following form:(

𝑢𝑚
𝑣𝑚

)
=
𝜆F
2𝜋

1
𝑃𝑚

x
𝐵𝑚 (𝑥, 𝑦)2𝐴(𝑥, 𝑦)2 ∇(𝜙(𝑥, 𝑦) + 𝜓𝑚 (𝑥, 𝑦)) 𝑑𝑥 𝑑𝑦. (A12)

The left side of equation (A12) is the centroid position in the back focal plane of the
lens, the integrated quantity that can be measured with the position-sensitive detector. The
right-hand side of equation (A12) is a functional of the unknown phase gradient of the
sample 𝜙(𝑥, 𝑦), the unknown intensity transmission function of the sample 𝐴2 (𝑥, 𝑦), the
known (pre-calibrated) phase gradient of the illumination pattern, 𝜓𝑚 (𝑥, 𝑦), the known
(pre-calibrated) intensity distribution of the incident illumination 𝐵2

𝑚 (𝑥, 𝑦) and the total
optical power 𝑃𝑚.

Appendix B Special cases
In this section, we consider equation (A12) for three special cases of illumination patterns

and samples: the first case assumes complex illumination patterns and purely phase sample,
the second case assumes complex illumination patterns and phase and amplitude sample
and the third case assumes binary amplitude modulation of illumination patterns and purely
phase sample.

B.1 Complex illumination of a phase-only sample
If the illumination patterns 𝑆𝑚 (𝑥, 𝑦) are complex-valued, and the sample does not induce

amplitude modulation of the incident patterns 𝐴(𝑥, 𝑦) ≡ 1 for ∀𝑥, 𝑦, we can write:(
𝑢𝑚
𝑣𝑚

)
=

𝜆F
2𝜋𝑃𝑚

x
𝐵𝑚 (𝑥, 𝑦)2 ∇ (𝜙(𝑥, 𝑦) + 𝜓𝑚 (𝑥, 𝑦)) 𝑑𝑥 𝑑𝑦. (B13)

We can recognize that the very last term of the right part of the equation is the spectral power
centroid position in the absence of a sample:(

𝑢𝑚0
𝑣𝑚0

)
=

𝜆F
2𝜋𝑃𝑚

x
𝐵𝑚 (𝑥, 𝑦)2 ∇𝜓𝑚 (𝑥, 𝑦) 𝑑𝑥 𝑑𝑦. (B14)

Therefore, we can rewrite equation (B13):(
Δ𝑢𝑚
Δ𝑣𝑚

)
=

(
𝑢𝑚 − 𝑢𝑚0
𝑣𝑚 − 𝑣𝑚0

)
=

𝜆𝐹

2𝜋𝑃𝑚

x
𝐵𝑚 (𝑥, 𝑦)2 ∇𝜙(𝑥, 𝑦) 𝑑𝑥 𝑑𝑦. (B15)

where (Δ𝑢𝑚,Δ𝑣𝑚) is the shift of the power centroid position induced by the phase modulation

of the sample. The introduction of
(
𝑢𝑚0
𝑣𝑚0

)
allows to eliminate the necessity of the complicated

interferometric measurements of the phase of the incident patterns 𝜓𝑚 (𝑥, 𝑦).

B.2 Complex illumination of a phase and amplitude sample
Here we consider the case where the sample is not a purely phase object but modulates

both the amplitude and phase of the incident radiation. To extract the spatial phase profile of
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the sample according to equation (A12), we need to know the phase and intensity profiles of
the incident patterns. As the amplitude modulation of the sample, 𝐴(𝑥, 𝑦), can be calculated
from the total transmitted power measurements 𝑃𝑚 and the illumination patterns can be fully
characterized via pre-calibration, we can define the functionals 𝛼 and 𝛽 as:(

𝛼

𝛽

)
=

𝜆F
2𝜋𝑃𝑚

x
(𝐴(𝑥, 𝑦)𝐵𝑚 (𝑥, 𝑦))2 ∇𝜓𝑚 (𝑥, 𝑦) 𝑑𝑥 𝑑𝑦. (B16)

and rewrite equation (A12) as:(
𝑢𝑚 − 𝛼
𝑣𝑚 − 𝛽

)
=

𝜆F
2𝜋𝑃𝑚

x
(𝐴(𝑥, 𝑦)𝐵𝑚 (𝑥, 𝑦))2 ∇𝜙(𝑥, 𝑦) 𝑑𝑥 𝑑𝑦, (B17)

We are interested not only in the phase map of the sample but in the phase map changes
over time. Assuming that the amplitude transmission function of the sample does not change
we can write down the set of equations similarly to pure phase sample case equation (B15).
The calculation of the sample phase map does not require measuring phase distributions of
the illumination patterns:(

𝑢𝑚0
𝑣𝑚0

)
=

𝜆𝐹

2𝜋𝑃𝑚

x
(𝐴(𝑥, 𝑦)𝐵𝑚 (𝑥, 𝑦))2 ∇

(
𝜓𝑚 (𝑥, 𝑦) + 𝜙𝑡1 (𝑥, 𝑦)

)
𝑑𝑥 𝑑𝑦. (B18)

(
Δ𝑢𝑚
Δ𝑣𝑚

)
=

(
𝑢𝑚 − 𝑢𝑚0
𝑣𝑚 − 𝑣𝑚0

)
=

𝜆𝐹

2𝜋𝑃𝑚

x
𝐵𝑚 (𝑥, 𝑦)2𝐴(𝑥, 𝑦)2 ∇𝜙𝑡2 (𝑥, 𝑦) 𝑑𝑥 𝑑𝑦. (B19)

where (Δ𝑢𝑚,Δ𝑣𝑚) is the shift of the power centroid position induced by the phase difference
at the different moments in time.

B.3 Binary illumination of a phase-only sample
To compare the equations derived in the current manuscript with the equations reported

previously in the literature in reference [176], we also rewrite equation (A12) for the
simplified case of ideal binary patterns and a pure phase sample. Taking into account that
in this case the incident illumination patterns have planar wavefronts ∇𝜓𝑚 (𝑥, 𝑦) ≡ 0, the
sample does not introduce amplitude modulation 𝐴(𝑥, 𝑦) ≡ 1, and the patterns are binary
𝐵2
𝑚 (𝑥, 𝑦) = 𝐵𝑚 (𝑥, 𝑦) = 1 for ∀𝑥, 𝑦 ∈ A𝑚 and 𝐵2

𝑚 (𝑥, 𝑦) = 𝐵𝑚 (𝑥, 𝑦) = 0 for ∀𝑥, 𝑦 ∉ A𝑚, we
get: (

𝑢𝑚
𝑣𝑚

)
=

𝜆F
2𝜋𝑃𝑚

x

A𝑚

∇𝜙(𝑥, 𝑦) 𝑑𝑥 𝑑𝑦, (B20)

where A𝑚 is the region of the sample where the 𝑚th illumination pattern is non-zero,
and 𝑃𝑚 =

s
A𝑚

1 𝑑𝑥 𝑑𝑦 is the area corresponding to that region. This result for the ideal
simplified case is identical to that obtained in [176].

Appendix C Equations in a matrix form
Here we discuss the proposed procedure to solve the equations and reconstruct the

unknown phase of the sample by using the discretized matrix form. We assume that the
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image plane and Fourier plane fields are sampled on a 𝑁1 ×𝑁2 uniform grid with 𝑁 = 𝑁1 ·𝑁2
grid points, where (𝑢′, 𝑣′), (𝑥′, 𝑦′) are the grid coordinates in the Fourier and the sample
plane, respectively, and 𝜖 × 𝜖 is the pixel size in the sample plane. The discrete versions of
the incident illumination and the sample can be introduced as the values averaged over a
respective pixel area 𝐵𝑚 [𝑥′, 𝑦′] exp(𝜓𝑚 [𝑥′, 𝑦′]) and 𝐴[𝑥′, 𝑦′] exp(𝜙[𝑥′, 𝑦′]), Using these
notations and substituting continuous integrals with discrete sums we can transform the
derived integral equations to the systems of linear equations.

C.1 General case
Firstly, we derive the equation to reconstruct the amplitude transmission function of the

sample 𝐴[𝑥′, 𝑦′] from the total transmitted power 𝑃𝑚. We can write the discretized version
of equation (A11) as:

𝑃𝑚 =
∑︁
𝑥′

∑︁
𝑦′
𝑆𝑚 [𝑥′, 𝑦′]𝐴[𝑥′, 𝑦′]2𝜖2, (C21)

where 𝑆𝑚 [𝑥′, 𝑦′] = 𝐵2
𝑚 [𝑥′, 𝑦′] is the discretized power distribution of incident speckle

patterns.
We introduce vector p ∈ R𝑀 representing the total transmitted power for each speckle

illumination pattern with 𝑃𝑚 being the 𝑚th element, the matrix S ∈ R𝑀×𝑁 containing the
power distributions of the speckle patterns, and the vector a ∈ R𝑁 representing the intensity
transmission function of the sample with elements 𝐴[𝑥𝑛, 𝑦𝑛]2. Using these notations, we
rewrite the set of equations C21 in the matrix form:

p = Sa, (C22)

and its solution using the Moore-Penrose pseudoinverse:

a = S†p, (C23)

getting the first equation of the set of equations (3) of the main manuscript. The amplitude
transmission 𝐴[𝑥′, 𝑦′] is reconstructed by the transformation of the vector a into the 2D map
𝐴2 [𝑥′, 𝑦′] and taking the square root. We note that the solution to equation (C22) may not
exist (e.g., when 𝑀 > 𝑁) nor be unique (e.g., when 𝑀 < 𝑁 as often in experiments). The
pseudo-inverse (cf. C23) provides a minimum-norm least-squares solution in these cases. In
particular, in experimentally relevant settings we often have 𝑀 < 𝑁 and we retrieve a up to
components in the null-space of S. We can explicitly compute the pseudo-inverse through
the singular value decomposition (SVD), and regularise the computation by truncating small
singular values.

Secondly, we derive the equation to reconstruct the phase map of the sample 𝜙[𝑥′, 𝑦′].
We use the discretized version of equation (B17)(

𝑢𝑚 − 𝛼𝑚
𝑣𝑚 − 𝛽𝑚

)
=

𝜆𝐹

2𝜋𝑃𝑚

∑︁
𝑥′

∑︁
𝑦′
𝑆𝑚 [𝑥′, 𝑦′]

(
𝐴[𝑥′, 𝑦′]

)2 ∇𝜙[𝑥′, 𝑦′] 𝜖2. (C24)

Introducing the vectors u ∈ R𝑀 and v ∈ R𝑀 representing the 𝑥- and 𝑦-coordinates of the
centroid in the Fourier plane, vectors 𝛼𝛼𝛼 ∈ R𝑀 and 𝛽𝛽𝛽 ∈ R𝑀 representing the functionals of
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the incident speckle patterns and 𝝓𝑥 , 𝝓𝑦 denoting the derivatives in the 𝑥 and 𝑦 directions of
𝜙 on the grid, equation (C24) can be written as:(

u − 𝜶
v − 𝜷

)
=

(
M 0
0 M

) (
𝝓𝑥
𝝓𝑦

)
, (C25)

with
M =

𝜆F
2𝜋

diag(p)−1S diag(a). (C26)

With this, the unknown quantities 𝝓𝑥 , 𝝓𝑦 can be calculated by applying M† to u − 𝛼𝛼𝛼 and
v − 𝛽𝛽𝛽. The phase 𝜙 can be computed from 𝝓𝑥 , 𝝓𝑦 by numerical integration.

C.2 Differential scheme
Similarly, we write the matrix form of equation (B18) as:(

Δu
Δv

)
=

(
M 0
0 M

) (
𝝓𝑥
𝝓𝑦

)
, (C27)

where Δu and Δv are vectors with the elements Δ𝑢𝑚 = 𝑢𝑚 − 𝑢𝑚0 and Δ𝑣𝑚 = 𝑣𝑚 − 𝑣𝑚0
representing the relative shift of the centroid position in respect to the reference point in 𝑥-
and 𝑦-directions, respectively. In this case, the unknown phase gradients can be calculated
as: (

𝝓𝑥
𝝓𝑦

)
=

(
M† 0
0 M†

) (
Δu
Δv

)
(C28)

which is the second equation in the set of equations (3) of the main manuscript.
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Quantitative phase imaging with a multimode fiber:
supplemental document
1 Experimental setup and alignment

The detailed image of the experimental setup is presented in Fig. S1 and stability
measurements are presented in Fig. S2.

Figure S1: Detailed schema of the experimental setup. By a 4f system consisting of lenses L1, L2 (Thorlabs,
AC508 − 150-A-ML�2) the DMD screen is imaged on the back focal plane of Obj1. Pinhole PH1(Thorlabs,
SM1D12C) only allows the +1st diffraction order of the DMD to pass. The output illumination from the MMF is
horizontally polarized by PBS1 (Thorlabs, PBS251 - 1") and projected onto a 500 𝜇m square pinhole PH2 (Thorlabs,
S500QK -�1) by a microscope objective Obj2, (Leica, HC-PL-FLUOTAR, 40×, NA = 0.6, 𝑓𝑂𝑏 𝑗2 = 5mm) and a lens
L3, (Thorlabs, AC254−200-A-ML) with the overall magnification of 40×. Subsequently, the pinhole is imaged on the
surface of the liquid crystal SLM (Meadowlark Optics, E19x12-350-850-HDM8, 60Hz frame rate) by L4 (Thorlabs,
AC254 − 080-A-ML) and L5 (Thorlabs, AC254 − 125-A-ML). We experimentally measure 63× magnification
of a fiber core facet (� = 50𝜇m) onto the SLM plane, which therefore confirms the expected magnification. The
SLM is imaged onto the 2.4 𝜇m-pixel-size image camera (IDS, 𝑈3 − 3070𝐶𝑃1/1.8Monochrome U, 118 fps)
using L5 and L6 (Thorlabs, AC254 − 125-A-ML) without magnification. The Fourier plane of the SLM is imaged
onto the Fourier camera (IDS, U3 − 3880𝐶𝑃1/1.8Monochrome U, 58 fps) with a Fourier lens, L7 (Thorlabs,
AC254 − 200-A-ML). DMD, digital micromirror device; SLM, liquid crystal spatial light modulator; BS, beam
splitter; PBS, polarization beam splitter; L, lens; PH, pinhole; Obj, objective

To ensure the accuracy of optical alignment and data processing, we conducted two sets
of calibration measurements using simple linear phase gradient samples. In the first set of
experiments, we projected various linear phase ramp samples onto the SLM and measured
the resulting phase shifts. For a linear phase ramp along the 𝑥-axis, the shift in the Fourier
plane depends solely on the phase gradient and is independent of the illumination pattern.
This can be immediately seen from Eq. C26:

(
Δu
Δv

)
=

(
M 0
0 M

) (
𝝓𝑥
𝝓𝑦

)
, (S1)
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Figure S2: Long-term stability of the experimental system. A focused beam was projected onto the input facet of
a multimode fiber, and the resulting speckle pattern was recorded on a camera every 3 minutes over 90 minutes.
The correlation coefficient between the first image (at 𝑡 = 0) and each subsequent image was computed using the
normalized cross-correlation formula.

Taking into account that

∇∇∇𝜙𝑥 = ⊮ ·
Δ𝜙𝑥

N1𝜖
, (S2)

∇∇∇𝜙𝑦 = ⊬, (S3)
diag(A) = I, (S4)

where linear vector ∇∇∇𝜙𝑥 (N×1) is the flattened 𝑥 component of the phase gradient, linear
vector ∇∇∇𝜙𝑦 (N×1) is the flattened 𝑦-component of the phase gradient, ⊮, ⊬ are the linear
vectors (N×1) consisting of ones and zeros respectively, I is a unity matrix (M×M), N1 is
the number of pixels in the field of view along 𝑥-direction, 𝜖 is the pixel size, N is the total
number of pixels. Equation 3 from the main manuscript is simplified to:

Δ𝜙𝑥 =
2𝜋N1𝜖

𝜆F
(𝑢 − 𝑢0), (S5)

Δ𝜙𝑦 = 0, (S6)

where Δ𝜙𝑥 is the phase ramp in radians along 𝑥-axis, Δ𝜙𝑦 is the phase ramp along 𝑦-axis
and N1𝜖=780 𝜇m is the size of the field of view in 𝑥-direction.

We performed the measurements for various patterns projected onto the SLM with phase
ramps Δ𝜙𝑆𝐿𝑀𝑥 = 6𝜋, 11𝜋, 16𝜋, 20𝜋, and 30𝜋. We compared the theoretical and experimental
phase ramp values and plotted Δ𝜙𝑆𝐿𝑀𝑥 and Δ𝜙𝑥 as functions of the measured shift in the
Fourier plane 𝑢 − 𝑢0. The results are presented in Figure S3(a). The excellent agreement
between the theoretical and experimental phase ramps indicates a well-aligned optical system
and the correct calibration of the SLM.

In the second set of calibration measurements, we used the proposed approach to image a
simple linear phase gradient, Δ𝜙𝑆𝐿𝑀𝑥 =16𝜋. A comparison between the imaging result and the
SLM pattern in Figure S3(b,c) reveals an excellent agreement, confirming the functionality
of our experimental setup. The success of the calibration measurements has enabled us to
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Figure S3: (a) Theoretical Δ𝜙𝑆𝐿𝑀
𝑥 (solid blue line) and experimentally measured phase ramps Δ𝜙𝑥 (solid orange

line) as a function of the measured shift 𝑢 − 𝑢0 in the Fourier plane. (b) The imaging result for the linear phase
ramp sample in comparison with the SLM pattern (c). The applied phase ramp is Δ𝜙𝑡ℎ𝑒𝑜𝑟𝑦𝑥 = 16𝜋.

shift our focus towards imaging more complex targets, and the results are presented in the
main manuscript.

2 Diffraction limit of the optical system
To accurately provide the simulations of the proposed approach, we first determine the

cutoff frequency of our experimental optical system. In Fig. S4(a) we present the simulated
intensity distribution of an ideal speckle pattern [194] and in Fig. S4(b) the experimentally
measured on our sample. A mean power spectrum of speckle patterns can be calculated as:

PS( 𝑓 ′𝑥 , 𝑓 ′𝑦) = ⟨𝔉{𝐼𝑖 (𝑥, 𝑦)}2⟩, (S7)

where 𝑓 ′𝑥 = 𝑓𝑥/ 𝑓0, 𝑓 ′𝑦 = 𝑓𝑦/ 𝑓0 are the normalized spatial frequencies, 𝑓0 = 2NA/𝜆 is
the theoretical cutoff frequency, NA= 0.0035, 𝜆 = 640 nm and ⟨.⟩ denotes the ensemble
averaging.

The averaged power spectra in logarithmic scale are presented in Fig. S4 (c,d) for an ideal
and measured speckle patterns respectively. White dashed circles mark the spatial frequency
𝑓0. The horizontal and vertical cross-sections of the ideal and experimentally measured power
spectrum are presented in Fig. S4 (e,g and f,h), respectively. Our experimental results match
the theoretical expectation and numerical simulation: power spectrum dramatically decays
at frequencies higher than 𝑓0. The experimental power spectrum has a more complicated
structure compared to the ideal speckles. Four diffraction orders observed along 𝑓𝑦 axis
in Figure S4(d) are attributed to the interference pattern and pixel structure of spatial light
modulator surface superimposed with the experimental speckle patterns. The periodic
modulations with two characteristic frequencies result in 4 peaks, which are not part of the
true experimental power spectrum.

The experimentally measured power spectrum is asymmetric. It is steeper along 𝑓𝑦 axis
compared to the 𝑓𝑥 axis. Most of the experimental speckles are slightly elongated along
𝑦-axis that can be also observed in Fig. S4(b). This can be explained by a speckle structure
generated within a round-core multimode fiber. We experimentally cut the area close to
the core edge. To summarize, the performed analysis demonstrates that the experimental
illumination speckle patterns are diffraction-limited with the cutoff frequency 𝑓0.
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Figure S4: (a,b) Examples of intensity distributions of an ideal (a) and experimentally measured (b) speckle
patterns. The scale bar is equal to the Abbe diffraction limit of 95 𝜇m. (c,d) Averaged power spectra of ideal
(c) and experimentally measured (d) speckle patterns in logarithmic scale. The white dashed circles mark the
cutoff frequency 𝑓0. (e-h) Horizontal (e) and vertical (g) cross-sections of (c) and horizontal (f) and vertical (h)
cross-sections of (d).

Knowing the cutoff frequency of our optical system, we can simulate the proposed
approach and estimate the theoretical resolution of fiber-based quantitative phase imag-
ing. To define the spatial resolution of our approach, we simulate imaging of a sample
𝛾(𝑥, 𝑦) consisting of two phase-only objects with the same Gaussian-like phase distribution
(FWHM=0.4𝜆/𝑁𝐴) separated by different distances: 𝜆/𝑁𝐴, 0.76𝜆/𝑁𝐴 (approximately
corresponding to coherent diffraction limit), and 0.5𝜆/𝑁𝐴.

Firstly, we simulated conventional coherent diffraction-limited imaging. The field in the
image plane of a coherent diffraction-limited optical system 𝐸𝑑𝑙 (𝑢, 𝑣) is defined as [190]:

𝐸𝑑𝑙 (𝑢, 𝑣) = 𝔉−1{𝐻𝑐𝑜ℎ ( 𝑓𝑥 , 𝑓𝑦) · 𝔉{𝛾(𝑥, 𝑦)}} (S8)

where 𝐻𝑐𝑜ℎ ( 𝑓𝑥 , 𝑓𝑦) is a low-pass filter with the coherent cutoff frequency 𝑓𝑐𝑜ℎ = 𝑓0/2,
𝑓𝑥 , 𝑓𝑦 are the spatial frequencies, 𝑥, 𝑦 are the coordinates in the sample plane, and 𝑢, 𝑣 are the
coordinates in the image plane. The diffraction-limited phase map is 𝜙𝑑𝑙 (𝑢, 𝑣) = arg(𝐸𝑑𝑙).
The results of the simulations are presented in Figure 5.2(b,g,l) of the main manuscript.

As the next step, we simulate the proposed fiber-based imaging. We generated 8464
ideal speckle patterns. The characteristic intensity and phase distributions are presented
in Figure S5,(a,b), respectively. We performed the simulation of fiber-based QPI with the
speckle patterns following the procedure described in the main text. The pseudoinverse
was calculated using the MATLAB function pinv. The calculated gradients for one of the
samples are presented in Figure S5,(e,g) together with the ground truth gradients presented
in Figure S5,(f,h) for x- and y- directions, respectively. The phase map was calculated from
partial derivatives using the MATLAB script [195]. The reconstruction result together with
the ground truth is presented in Figure S5,(c,d). The results of the simulations for all samples
are presented in Figure 5.2,(c,h,m) of the main manuscript.
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Figure S5: (a,b) Characteristic intensity and phase distributions, respectively. (c,d) Reconstructed and ground truth
sample phase map. (e,f) Reconstructed and ground truth gradient in x-direction. (g,h) Reconstructed and ground
truth gradient in y-direction. The scalebar corresponds to the coherent diffraction limit 140 𝜇m.
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6
Summary and Outlook

Summary
This thesis investigates how the complex speckle patterns generated by multimode optical

fibers can be understood, controlled, and exploited for illumination and imaging applications.
Firstly, in the Chapter 2, a numerical framework is introduced to simulate light

propagation in MMFs. A mode solver operates in both scalar and vector regimes, allowing
polarization effects to be included. The mode-solver allows us to study the systematic tuning
of wavelength, input beam position, and beam size, and produces speckle patterns. Using
this framework, speckle statistics is connected to fiber parameters, providing physical insight
into MMFs light propagation and its dependence on experimental conditions.

In Chapter 3, focuses on experimental ways for measuring the complex-valued TM of
MMF, with particular emphasis on phase retrieval methods: in-line and off-axis holography.
The TM is obtained in a spatial basis by scanning the input facet of MMF and reconstructing
the complex optical field. Two interferometric phase-retrieval strategies off-axis and in-
line holography are implemented within the same experimental setup and systematically
compared. Diffraction-limited focal spots and arbitrary intensity distributions are generated
at the fiber output, with performance quantified in terms of power ratio and correlation with
target patterns. The analysis reveals a fundamental trade-off between the two approaches.
Off-axis holography, using an external plane-wave reference, enables accurate reconstruction
of complex free-form illumination patterns with high spatial fidelity, while in-line holography
benefits from a common-path geometry that provides superior stability for diffraction-limited
focusing. However, the use of an internally generated speckled reference in the in-line
configuration introduces phase singularities and spatially varying phase offsets, which limit
its ability to reproduce extended or complex targets. These results establish clear guidelines
for selecting phase-retrieval methods depending on whether the application prioritizes
single-spot focusing, or projection of complex illumination patterns.

Studying the wavelength dependence of an MMF speckle pattern is important not only
for speckle suppression but also for using speckles as an illumination basis. In Chapter 4,
wavelength scanning of the input fiber facet generates a sequence of distinct and reproducible
speckle patterns at the fiber output. These patterns serve as structured illuminations, and
the sample images are reconstructed using compressive sensing algorithm. The imaging
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performance is systematically analyzed as a function of the spectral bandwidth and image size.
A key outcome of this chapter is the robust demonstration of a compact single-mode–MMF
probe, in which a single-mode fiber delivers spectrally tunable illumination into an MMF
that produces speckles. This setup combines efficient light delivery with wavelength-tuned
speckle generation, resulting in a thin, flexible, and robust imaging probe.

Spatial scanning of the MMF input facet was used in Chapter 5 to create independent
speckle patterns for quantitative phase imaging (QPI). These speckle fields are employed
to probe the sample. A new non-interferometric phase imaging method is demonstrated,
in which phase information is reconstructed from intensity-only measurements. The
reconstruction exploits the linear relationship between speckle-induced wavefront gradients
and measured centroid shifts, enabling direct, non-iterative phase recovery. The achievable
spatial resolution is set by the speckle grain size and is not limited by interferometric
constraints. This approach enables QPI through an MMF using a compact optical setup and
complex random illumination. The results highlight the potential of complex speckle-based
illumination schemes for phase microscopy.

Outlook
The results presented in this thesis demonstrate that multimode fiber speckle patterns can

be understood and exploited as a powerful resource for illumination engineering, imaging,
and optical metrology. The results discussed in summary suggest several directions for future
research.

In this work, only a single input polarization state was controlled, with phase modulation,
we can control the output field. Spatial coherence was reduced using random methods,
including spectral bandwidth scanning and spatial scanning of the MMF input, combined
with temporal averaging of independent speckle realizations on the camera. This provided
effective coherence reduction without requiring precise amplitude or polarization control.
Future improvements could be achieved by implementing full-field modulation, including
control of both amplitude and phase, as well as both orthogonal polarization components.
This would increase the number of controllable degrees of freedom and improve projection
fidelity. Replacing the current random coherence-control approaches with deterministic
methods. Such control would enable illumination schemes optimized for specific imaging
and metrology tasks, where partial coherence and arbitrary illumination shape are often
required to suppress interference artifacts while preserving phase sensitivity.

An important future direction is the extension of broadband illumination approaches
toward broadband single-shot imaging. Instead of generating spectrally diverse speckle
patterns sequentially, broadband illumination could be used to encode multiple spectral
realizations simultaneously. After a wavelength-resolved calibration of the fiber response,
all spectral components can be recombined and used in a single measurement, enabling
compressive sensing without wavelength scanning during acquisition. Such an approach
would significantly reduce measurement time and data volume.

Finally, the QPI approach demonstrated here should be extended to more realistic
experimental scenarios. Testing the method on biological or industrial phase samples, as
well as exploring alternative scattering media with improved mechanical stability, would
provide valuable insight into practical performance limits. In addition, the use of more
advanced reconstruction algorithms, including regularization or learning-based approaches,
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may further reduce noise and improve phase reconstruction quality.
Future developments along the directions outlined above are expected to further expand

their applicability in optical metrology, microscopy, and minimally invasive sensing.
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