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Propositions
accompanying the dissertation

DETERMINATION OF THE OPTICAL AND DYNAMIC PROPERTIES OF TURBID
MEDIA VIA INTERFEROMETRIC DIFFUSE OPTICS

by
Binbin Zhang

1. Signal-to-noise ratio, deep-layer specificity, and data throughput are the trade-off
triangle in interferometric diffuse optics (iDO). (This thesis)

2. Time-of-flight discrimination allows for higher photon throughput and spatial res-
olution in speckle-based flow measurement. (This thesis)

3. Coherence gate is more robust than the electrical gate used in photon-counting
techniques. (This thesis)

4. Wearability and information richness are conflicting goals in interferometric dif-
fuse optics, posing a key challenge for practical system design. (This thesis)

5. Optical brain-computer interface (BCI) provides a non-invasive approach to ac-
cess brain activities, which is complementary to electroencephalogram (EEG).

6. Photons are information shuttles; deciphering their messages is the art of photon-
ics.

7. Life flows like a sinusoidal wave—our descents are not defeats, but the gathering
of kinetic energy for the next ascent.

8. Through hardship, the spirit finds liberation.
9. Intuition reveals where the treasure lies; logic provides the tools to unearth it.

10. Sometimes growth begins with resisting who you were.

Those propositions are regarded as opposable and defendable, and have been ap-
proved as such by the promotor Dr. N. Bhattacharya and copromotor Dr. S. Iskander-Rizk.



Being thin, the blade finds the natural gaps and slides through with ease.
Zhuang Zhou, BC 369
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SUMMARY

This thesis presents a comprehensive investigation into the determination of optical
and dynamical properties of turbid media, with the ultimate goal of developing a non-
invasive, portable, and potentially wearable interferometric diffuse optics system for
cerebral blood flow (CBF) measurement. The work is organized into six chapters.

In Chapter 1, we provide an overview of the field of diffuse optics, covering tech-
niques such as near-infrared spectroscopy (NIRS), diffuse correlation spectroscopy
(DCS), laser Doppler flowmetry (LDF), and speckle contrast optical spectroscopy (SCOS).
We also review the current state of cerebral blood flow measurement using diffuse optics
and articulate the motivation behind this thesis.

Chapter 2 introduces a novel technique that combines time-domain near-infrared
spectroscopy (TD-NIRS) and diffusing-wave spectroscopy (DWS) using a single-cavity
dual-comb laser—termed dual-comb diffusing-wave spectroscopy (DC-DWS). Leverag-
ing asynchronous optical sampling (ASOPS) and the high mutual coherence of the dual-
comb source, we demonstrate the reconstruction of the diffuse time-of-flight (DTOF)
distribution from turbid media, enabling the retrieval of optical properties. By repeat-
edly measuring DTOF faster than the decorrelation time of scatterers and compensating
for laser phase fluctuations using a reference interferometer, we extract dynamic infor-
mation as well. We further optimize the system in terms of temporal resolution, mea-
surement speed, and signal-to-noise ratio (SNR). DC-DWS enables simultaneous mea-
surement of optical and dynamic properties in a single modality, and its time-of-flight
(ToF) discrimination helps mitigate shallow-layer contamination, making it valuable for
CBF monitoring.

Due to the stringent temporal and spatial coherence requirements, DC-DWS collects
only single or few speckles, resulting in limited photon throughput. Moreover, dual-
comb interferometry suffers from low photon utilization. To address these issues, Chap-
ter 3 introduces frequency-modulated scattering holography (FMSH). FMSH utilizes the
slow frequency modulation speed and replaces single-point detectors with a camera,
where each pixel captures a temporal interferogram. This camera-wise detection en-
ables parallel acquisition of DTOF and Doppler-broadened DTOF signals, allowing for
both static and dynamic measurements. The parallel nature of the detection provides
SNR performance comparable to, or better than, photon-counting detectors.

In Chapter 4, we demonstrate that FMSH can measure depth-dependent speckle
contrast by applying a time-frequency domain bandpass (BP) filter. This filter removes
the DC component of the interferogram and suppresses short-ToF photons, effectively
acting as a ToF gate. As a result, FMSH enhances specificity to deep tissue blood flow.

However, the combination of high parallel detection and high frame rate in FMSH
leads to substantial data throughput, which challenges real-time processing. To address
this, Chapter 5 introduces a simplified system that combines a modulated distributed-
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feedback laser with a conventional CMOS camera. Rapid modulation of the laser diode
during the camera exposure time selectively enables interference between photons with
specific times of flight, thereby generating depth-resolved heterodyne speckle hologra-
phy. This approach enhances sensitivity to deep-layer flow even at short source-detector
separations, while substantially reducing system complexity and data volume.

Finally, Chapter 6 summarizes the key findings of the thesis and discusses potential
directions for future research.



SAMENVATTING

Dit proefschrift presenteert een uitgebreid onderzoek naar de bepaling van optische en
dynamische eigenschappen van troebele media, met als uiteindelijk doel de ontwikke-
ling van een niet-invasief, draagbaar en mogelijk draagbaar interferometrisch diffuus
optisch systeem voor het meten van de cerebrale bloedstroom (CBF). Het werk is onder-
verdeeld in zes hoofdstukken.

In hoofdstuk 1 geven we een overzicht van het vakgebied diffuse optica, met technie-
ken zoals nabij-infraroodspectroscopie (NIRS), diffuse correlatiespectroscopie (DCS),
laserdopplerflowmetrie (LDF) en speckle contrast optische spectroscopie (SCOS). We
bespreken ook de huidige stand van zaken op het gebied van cerebrale bloedstroomme-
ting met behulp van diffuse optica en beschrijven de motivatie achter dit proefschrift.

Hoofdstuk 2 introduceert een nieuwe techniek die tijdsdomein nabij infraroodspec-
troscopie (TD-NIRS) en diffusing-wave spectroscopie (DWS) combineert met behulp
van een laser met één holte en dubbele kam — genaamd dual-comb diffusing-wave spec-
troscopie (DC-DWS). Door gebruik te maken van asynchrone optische bemonstering
(ASOPS) en de hoge wederzijdse coherentie van de bron met dubbele kam, demonstre-
ren we de reconstructie van de diffuse time-of-flight (DTOF)-verdeling vanuit troebele
media, waardoor optische eigenschappen kunnen worden bepaald. Door herhaalde-
lijk DTOF sneller te meten dan de decorrelatietijd van verstrooiers en te compenseren
voor laserfasefluctuaties met behulp van een referentie-interferometer, extraheren we
ook dynamische informatie. We optimaliseren het systeem verder wat betreft temporele
resolutie, meetsnelheid en signaal-ruisverhouding (SNR). DC-DWS maakt gelijktijdige
meting van optische en dynamische eigenschappen in één modaliteit mogelijk, en de
time-of-flight (ToF)-onderscheiding helpt verontreiniging in ondiepe lagen te vermin-
deren, waardoor het waardevol is voor CBF-monitoring.

Vanwege de strenge eisen voor temporele en ruimtelijke coherentie verzamelt DC-
DWS slechts enkele of enkele speckles, wat resulteert in een beperkte fotonendoorvoer.
Bovendien heeft dual-comb interferometrie last van een laag fotonengebruik. Om deze
problemen aan te pakken, introduceert Hoofdstuk 3 frequentiegemoduleerde verstrooi-
ingsholografie (FMSH). FMSH maakt gebruik van de lage frequentiemodulatiesnelheid
en vervangt enkelvoudige puntdetectoren door een camera, waarbij elke pixel een tij-
delijk interferogram vastlegt.. Deze camera-gewijze detectie maakt parallelle acquisi-
tie van DTOF- en Doppler-verbrede DTOF-signalen mogelijk, waardoor zowel statische
als dynamische metingen mogelijk zijn. De parallelle aard van de detectie zorgt voor
signaal-ruisverhouding (SNR) die vergelijkbaar is met, of beter is dan, fotonentellende
detectoren.

In hoofdstuk 4 tonen we aan dat FMSH diepteathankelijk specklecontrast kan meten
door een tijd-frequentiedomein banddoorlaatfilter (BP) toe te passen. Dit filter verwij-
dert de DC-component van het interferogram en onderdrukt fotonen met een korte ToF-
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waarde, waardoor het effectief als een ToF-poort fungeert. Hierdoor verbetert FMSH de
specificiteit voor de bloedstroom in diep weefsel.

De combinatie van hoge parallelle detectie en hoge framesnelheid in FMSH leidt
echter tot een aanzienlijke datadoorvoer, wat realtime verwerking bemoeilijkt. Om
dit probleem aan te pakken, introduceert dit hoofdstuk 5 een vereenvoudigd systeem
dat een gemoduleerde distributed-feedback laser combineert met een conventionele
CMOS-camera. Snelle modulatie van de laserdiode tijdens de belichtingstijd van de
camera maakt selectieve interferentie mogelijk tussen fotonen met specifieke vluchttij-
den, waardoor diepte-opgeloste heterodyne speckle holografie wordt gegenereerd. Deze
aanpak verbetert de gevoeligheid voor stroming in diepere lagen, zelfs bij korte afstan-
den tussen bron en detector, terwijl de complexiteit van het systeem en het datavolume
aanzienlijk worden verminderd.

Tot slot vat hoofdstuk 6 de belangrijkste bevindingen van het proefschrift samen en
worden mogelijke richtingen voor toekomstig onderzoek besproken.









INTRODUCTION

In this chapter, we give a overview of background and current status of diffuse optics, with
biological tissue in mind. We provide a motivation for using interferometric diffuse optics
to determine the optical and dynamic properties of turbid media in this thesis.



4 1. INTRODUCTION

PTICAL imaging techniques such as optical coherence tomography[1] (Figure 1.1

(a)) and optical microscopy [2] (Figure 1.1 (b)) have been extensively employed in
both clinical diagnostics and fundamental research. However, due to significant ab-
sorption and scattering in turbid media, achieving deep-tissue imaging with visible and
near-infrared wavelengths remains a substantial challenge. Recent developments—such
as measuring the transmission([3] or reflectance matrix of turbid medial4] (Figure 1.1
(d)), employing wavefront shaping[5], and temporarily increasing transparency via dye
molecules[6] (Figure 1.1 (e))—have pushed imaging depths to approximately 20 trans-
port mean free paths or more[7]. Nonetheless, reaching centimeter-scale depths in bi-
ological tissues remains elusive. Ultrasound imaging(8, 9], while noninvasive, requires
skilled operators to achieve optimal results. Photoacoustic imaging (PA)[10, 11] (Figure
1.1 (c)) has emerged as a hybrid modality that combines optical contrast with ultrasonic
resolution, enabling imaging at greater depths than purely optical techniques. However,
it requires bulky ultrasound transducers, and is sensitive to acoustic heterogeneities[12].
Short-wavelength electromagnetic radiation, such as that used in X-ray computed to-
mography (CT)[13] or positron emission tomography (PET)[14], enables deeper imag-
ing but also involves exposure to ionizing radiation[15]. Magnetic resonance imaging
(MRI)[16-18] (Figure 1.1 (f)) offers comparable diagnostic information without ionizing
radiation but is expensive and generally accessible only in specialized clinical settings.

Figure 1.1: Different imaging methods. (a) Optical coherence tomography (OCT) of a human retina. Reprinted
from [1], with permission from Elsevier. (b) Multiple-photon microscopy (MPM) of a blood vessel in kidney
tissue. Reprinted from [2], with permission from Springer Nature. (c) Photoacoustic computed tomography
(PACT) of human breasts. Reprinted from [19], under the CC BY license. (d) Measuring the transmission matrix
of turbid media enables focusing through it. Reprinted from[3], with permission from Springer Nature. (e)
Increasing transparency of tissue via dye molecules. Reprinted from [6], with permission from the American
Physical Society. (f) Magnetic resonance imaging for human brain. Reprinted from [20] under the CC BY
license.

Diffuse optical methods exploit the statistical behavior of scattered photons to char-
acterize tissue properties[21-25]. By leveraging the low absorption of tissue in the
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near-infrared window[26], this approach offers a promising, low-cost, and noninvasive
modality for deep tissue imaging with potential applications in stroke assessment[27,
28], cancer diagnosis[29], and optical brain-computer interface developments[30, 31]
(Fig 1.2 (c)-(e)).

(b)

Ballistic Increasing Random
regime photon scattering walk

Figure 1.2: From Mie scattering to diffuse optics. (a) Mie scattering pattern with a single particle[32]. (b)
Multiple Mie scattering events happen when light propagates in a turbid media. Reprinted from [33], with
permission from Springer Nature. (c) Using functional near-infrared spectroscopy (fNIRS) to explore brain
activity. Reproduced from [30], under the terms of the CC BY-NC-ND 4.0 license. (d) Probe configuration
and photon sensitivity profile in fNIRS. Reproduced from [34] under the terms of the CC BY license. (e) fNIRS
measurement shows high correlation with MRI. Reprinted from [35], with permission from SPIE.

1.1. OPTICAL PROPERTIES OF TURBID MEDIA

Elastic scattering is a fundamental optical phenomenon whereby light (or other electro-
magnetic waves) interacts with particles without experiencing any shift in wavelength
or frequency, thereby conserving the energy of the photons [36]. Rayleigh scattering[37],
constitutes a specific regime of elastic scattering in which particles are significantly
smaller than the wavelength of the incident light, resulting in an approximately uniform
angular distribution of scattered light. Mie scattering, a more general theory, formulated
by Gustav Mie [38], pertains to particles with dimensions on the order of, or exceeding,
the incident wavelength, which results in pronounced forward-scattering (Figure 1.2(a))
and underpinning the characteristic optical phenomena observed in turbid media (Fig-
ure 1.2(b)).

Asillustrated in Figure 1.2(b), a small number of scattering events typically, preserves
the initial propagation direction of the photons (i.e., ballistic regime); however, with in-
creasing scattering, photons undergo a so-called “random walk”, effectively losing all
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vestiges of their initial direction. Quantitatively, the mean free path (MFP) denotes the
average distance a photon travels before undergoing a scattering event, while the trans-
port mean free path (TMFP) describes the average distance a photon travels before los-
ing its original direction. The scattering coefficient, ys, is defined as the reciprocal of
the MFP (i.e., us=1/MFP), and the reduced scattering coefficient, ,u;, is the reciprocal
of the TMFP (i.e.,u;:I/TMFP). In addition to scattering, photons may be absorbed by
the medium; the absorption coefficient, y,, is defined similarly as the reciprocal of the
mean absorption path length. These parameters collectively characterize light propaga-
tion in turbid media and are called optical properties, forming the basis for quantitative
descriptions of radiative transport.

Due to the strong scattering properties of biological tissue, ballistic photons undergo
exponential attenuation, thereby limiting the imaging depth of optical microscopy to the
millimeter scale. The identification of a low-absorption spectral window in tissue within
the near-infrared (NIR) range (600-950 nm) [26, 39] led to the development of optical
techniques capable of probing deep tissue properties at the centimeter scale. This ad-
vancement, which emerged in the late 1970s, gave rise to near-infrared spectroscopy
(NIRS). In NIRS, light scattering dominates over absorption (i.e., #; > l5), allowing the
application of the diffusion equation (DE) [40-44] to determine the reduced scattering
coefficient (,u;) and the absorption coefficient (u,), or their relative variations using the
modified Beer-Lambert law [45, 46]. This can be further analyzed to infer hemody-
namic concentrations or their changes due to different absorption of oxy-hemoglobin
and deoxy-hemoglobin.

Table 1.1: The comparison of three different NIRS modalities, adapted from [47].1 :Intensity, t:time, T tissue,
@: phase shift, and DTOF: The photon time-of-flight distribution.

Technique Source Detection Schematic diagram
A T
|
CW-NIRS CW laser Intensity
attenuation 1
T ¢
FD-NIRS Laser with Intensity AAN
mudolated intensity and phase shift +

7Y T
| DTOF
TD-NIRS Pulsed laser DTOF

NIRS techniques can be classified into three primary categories based on their light
source and detection methods: continuous-wave NIRS (CW-NIRS) [26], frequency-
domain NIRS (FD-NIRS) [48], and time-domain NIRS (TD-NIRS) [49, 50]. CW-NIRS
employs a continuous-wave laser with constant intensity and measures intensity atten-
uation to monitor variations in pls and p,. FD-NIRS, by modulating laser intensity, de-
tects phase shifts that encode photon time-of-flight information. In contrast, TD-NIRS
utilizes pulsed laser illumination and directly measures photon time-of-flight through

(W —
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sen

Figure 1.3: Autocorrelation-based dynamic measurements. (a) Dynamic light scattering (DLS) measures parti-
cle size in dilute solution. (b) Dynamic correlation spectroscopy (DCS) measures blood flow in a layered tissue.
The multi-mode fiber (MMF) illuminates tissue and back-scattered photons are collected by single-mode fiber
(SMF) or few-mode fiber (FMF) with a distance p. (c) The intensity fluctuations from single photon avalanche
diode (SPAD) and its autocorrelation.

temporal correlated single-photon counting (TCSPC) techniques, yielding the distri-
bution of time-of-flight (DTOF), also referred to as the temporal point spread function
(TPSF). The DTOF enables the direct retrieval of absolute values for ,u; and p, by solving
the DE under various geometries and boundary conditions [42-44].

1.2. DYNAMIC PROPERTIES OF TURBID MEDIA

In human tissue, blood flow serves as a critical physiological biomarker, playing a vi-
tal role in oxygen and nutrient delivery, metabolic regulation, and tissue health. Im-
pairments in blood flow are associated with various pathological conditions, including
stroke, cardiovascular diseases, and neurodegenerative disorders. While changes in op-
tical absorption can indirectly reflect scatter dynamics, this approach lacks efficiency
and sensitivity in detecting blood flow variations [51]. Several complementary opti-
cal techniques based on intensity autocorrelation[24], speckle contrast[52], or Doppler
spectrum [53]that have been developed to assess blood dynamics directly.

1.2.1. DIFFUSE CORRELATION SPECTROSCOPY (DCS)

Dynamic light scattering (DLS), first developed in the 1960s [54], is employed to mea-
sure the diffusion coefficient of particles undergoing Brownian motion in dilute solu-
tions (Figure 1.3(a)). This coefficient can subsequently be used to determine particle
size [55, 56]. In its classical form, DLS assumes that photons undergo only single scatter-
ing. The technique was later extended to account for multiple scattering, giving rise to
diffusing-wave spectroscopy (DWS) [57].

Building upon these developments, subsequent work applied the correlation trans-
port equation (CTE) [58, 59] to formalize the analysis of scattered light for the quantifica-
tion of blood flow in biological tissues, using either transmission or reflectance geome-
tries. This led to the establishment of diffuse correlation spectroscopy (DCS) [24].

In DCS (Figure 1.3(b)), coherent light is used to illuminate tissue, where multiple
scattering events give rise to a dynamic interference pattern known as a speckle[60]. The
motion of red blood cells (RBCs) within the tissue induces temporal phase shifts, result-
ing in speckle fluctuations (Figure 1.3(c)). A single-mode (or few-mode) optical fiber is
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positioned at a source-detector separation p to collect one or a few speckles. Empirically,
the average penetration depth is approximately p/2[22, 61]. The temporal fluctuations
in the detected speckle intensity are quantified by calculating the normalized intensity
autocorrelation function, using either hardware or software-based correlators:

_<IIt+71)>
T <20 >

By Siegert relation, the intensity autocorrelation is related to field autocorrelation:

&(1) (1.1

(1) =1+ Bg (1) (1.2)

The parameter 8, known as the coherence factor, accounts for both the tempo-
ral and spatial coherence properties of the illumination—specifically, the coherence
length of the source and the number of speckles collected. g»(7) is the intensity au-
tocorrelation function, I represents the intensity and g;(r) is the field autocorrela-
tion function, which correlates the electric field of the light. Employing a laser source
with a long coherence length and limiting the number of detected speckles enhances
the signal-to-noise ratio (SNR) of dynamic signal. Specifically, g;(1) = G1(1)/G1(0) =
<E(OE*(t+71) >/<E(H)E* (£) > is the normalized electric field autocorrelation function,
and can be derived by solving CTE under various geometrical configurations. For a
semi-infinite medium/[22]:

3_#‘; [exp(Krl) 3 exp(Krs) |

G =
1@ am n 1)

(1.3)

where K(7) = \/?wap/s +psk26aDpT, 11 = (p? +22)Y2, 1y = [p% + (20 +22p)°1Y2, ko =
27, zog = ll,u;, and z, = 1.76/[1; given an index of refraction for tissue of 1.37[43]. The
parameter a Dy, commonly referred to as the blood flow index (BFi), serves as a quanti-
tative measure of tissue perfusion. Here, D represents the effective Brownian diffusion
coefficient of the moving scatterers, primarily RBCs. The term a denotes the tissue blood
volume fraction and accounts for the proportion of scattering events arising specifically
from dynamic scatterers. In this thesis, we use the general term DCS to refer to this
group of technologies, except in Chapter 3, to avoid confusion between dual-comb spec-
troscopy and diffuse correlation spectroscopy.

1.2.2. LASER DOPPLER FLOWMETRY (LDF)
Laser Doppler flowmetry (LDF) was developed before DCS as a technique for assessing
microvascular blood flow. In a typical LDF setup, the detected signal is acquired using
photodetectors such as an avalanche photodiode (APD), photomultiplier tube (PMT), or
single-photon avalanche diode (SPAD)[62]. The resulting signal is then processed using
a Fourier transform, and its statistical moments are computed via dedicated hardware.
In its simplest theoretical formulation, LDF assumes a single-scattering regime,
where each detected photon interacts with a moving scatterer—typically a red blood
cell—only once before exiting the tissue. However, in biological tissues, particularly
at greater depths, multiple scattering dominates. In these cases, photons undergo nu-
merous scattering events before reaching the detector, and the observed Doppler shift
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results from the cumulative motion effects across these interactions. This phenomenon
causes a broadening of the Doppler power spectrum (DPS) and a loss of directional
information[63].

Several approaches have been developed to extract blood flow information from the
DPS. For example, fitting the logarithm of the DPS [64] or calculating the first and ze-
roth moments of the spectrum [65] can yield estimates of tissue perfusion. While LDF
and DCS share similar instrumentation, they differ fundamentally in their analytical
frameworks. The Wiener—Khinchin theorem establishes a theoretical connection be-
tween them, as the DPS and the autocorrelation function are Fourier transform pairs.
Recent comparative studies have further explored this relationship [66].

1.2.3. SPECKLE CONTRAST OPTICAL SPECTROSCOPY (SCOS)
In contrast to techniques that analyze the intensity autocorrelation function or DPS of
single or few speckles, flow dynamics can also be characterized using the temporal or
spatial contrast of a speckle pattern formed by multiple speckles. Laser speckle contrast
imaging (LSCI, Figure 1.4(a))[52] is a full-field, wide-area imaging technique employed
to visualize blood flow in tissue. As in DCS, coherent light scattered by moving parti-
cles (such as RBCs) produces a dynamic speckle pattern (Figure 1.4(b)). This pattern is
recorded by a camera, and the spatial speckle contrast is computed as:
o

K= 1.4
<I> (1.4)

where K denotes the speckle contrast, o is the standard deviation of the intensity in a
local region, < I > is the mean intensity in the same region.

Layered tissue

Figure 1.4: speckle-contrast-based dynamic measurements. (a) Typical laser speckle contrast imaging (LSCI)
is used to visualize blood flow in the rat brain. (b) The speckle pattern captured by the camera (CAM) reveals
the shape of blood vessels through its contrast. Reprinted from [67], with permission from SAGE Publications.
(c) Speckle contrast optical spectroscopy (SCOS) is used to measure blood flow in deep tissue. (d) The ensem-
ble speckle contrast can be used to extract heart rate.

LSCI primarily captures single-scattered photons and is thus most effective for imag-
ing superficial blood flow. To probe deeper tissue layers, speckle contrast optical spec-
troscopy (SCOS)[68-71] employs a large source-detector separation (p) to collect pho-
tons that have traveled through deeper regions (Figure 1.4(c)). The full speckle pattern
is then analyzed to compute the contrast (Figure 1.4(d)), from which changes in blood
flow can be inferred (Figure 1.4(d)) by evaluating the time dependent behaviour.
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1.3. THE STATE OF THE ART

Cerebral blood flow (CBF) is a clinically critical parameter, essential for assessing brain
function and pathology. Measuring blood flow beneath the scalp and skull remains chal-
lenging, and DCS is currently limited by SNR and accuracy. Specifically, the decay rate of
the electric field autocorrelation function depends on both the reduced scattering coef-
ficient ,u's and the effective diffusion coefficient of RBCs, Dy (as shown in equation 1.2).
Since #; varies significantly across individuals and tissue types, assuming a fixed value
for 1, can introduce substantial errors in the estimation of blood flow.

To address this limitation, DCS has been integrated with NIRS, enabling simul-
taneous measurement of optical properties and dynamics. Time-domain DCS (TD-
DCS)[72-74] represents the first effort to combine time-domain NIRS (TD-NIRS) and
DCS into a unified modality, allowing for concurrent acquisition of DTOF and time-of-
flight-dependent dynamics.

Interferometric near-infrared spectroscopy (iNIRS) [75-79] extends swept-source op-
tical coherence tomography (SS-OCT) from the ballistic to the diffusive regime. By sep-
arating the source and detector collimators, iNIRS selectively collects diffusely scattered
photons and measures DTOE Additionally, it employs high-speed wavelength sweep-
ing to obtain time-of-flight-resolved field autocorrelations. However, both TD-DCS and
iNIRS suffer from low photon throughput due to the use of single-mode fiber (SMF) de-
tection, thereby limiting their SNR for measuring CBF in adult subjects.

Recent advancements in single-photon detection technologies—such as single-
photon avalanche diode (SPAD) arrays[80-82] and superconducting nanowire single-
photon detectors (SNSPDs)[83-85]—have significantly improved SNR and enabled suc-
cessful CBF measurements for source-detector separations = 3 cm.

Alternatively, interferometric diffusing-wave spectroscopy (iDWS)[86-88] employs
multimode fiber (MMEF) to collect multiple speckles and uses a high-speed CMOS cam-
era to resolve them spatially, enabling CBF measurements at source-detector separa-
tions up to 3.5 cm. Studies have demonstrated that iDWS can achieve SNR compa-
rable to or even exceeding that of SNSPD-based systems[89], while offering lower cost
and greater robustness to ambient light. Interferometric speckle visibility spectroscopy
(iISVS)[90, 91], in contrast, uses low-frame-rate cameras to detect heterodyne speckle
contrast for assessing dynamic scattering. Despite their advantages, both iDWS and iSVS
face challenges in quantifying u/s. While iSVS lacks this functionality entirely, iDWS ne-
cessitates a variable ToF gate—a requirement that adds system-level complexity.

1.4. THE AIM OF THIS THESIS

To enable the development of next-generation portable, and potentially wearable, dif-
fuse optical systems for continuous CBF monitoring, this dissertation adopts the inter-
ferometric route. Compared to photon-counting detectors, interferometric systems of-
fer key advantages including insensitivity to ambient light and significantly lower cost.
This thesis proposes several technical innovations to advance the state of the art:

1. Dual-comb diffusing-wave Spectroscopy (DC-DWS): To improve the accuracy
and depth specificity of flow measurements, a hybrid modality integrating time-domain
near-infrared spectroscopy (TD-NIRS) and diffusing-wave spectroscopy (DWS) is devel-
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oped using a single-cavity dual-comb laser.

2. Frequency-modulated scattering holography (FMSH): To address the low signal-
to-noise ratio (SNR) challenges inherent in DC-DWS and interferometric NIRS (iNIRS),
a novel technique termed frequency-modulated scattering holography is introduced.
FMSH measures the DTOF of static sample and Doppler-broadened DTOF (DB-DTOF)
of dynamic sample. The DB-DTOF is subsequently used to determine the ToF-gated
speckle contrast.

3. Coherence-gated interferometric speckle visibility spectroscopy (CG-iSVS): To re-
duce system complexity, cost and data throughput while maintaining sensitivity to flow
dynamics, a coherence-gated version of interferometric speckle visibility spectroscopy
is proposed.

Table 1.2: Summary of techniques proposed in this thesis. DC-DWS: dual-comb diffusing-wave specrtroscopy,
FMSH: freqency-modulated scattering holography, CG-iSVS: coherence-gated interferometric speckle visibil-
ity spectroscopy, BD: balanced detector, CMOS: complementary metal-oxide-semiconductor, K: speckle con-
trast, S: specificity to deep flow, BFL: blood flow index.

Technique Source Detector Advantages Disadvantages
Dual-comb Measures ,u’ , Ha and
DC-DWS laser BD BEL high S Low SNR
High data
FMSH Swept-source Fast Measures ,Lt; , Ha, throughput,
laser CMOS high S and SNR no absolute
BFI
CG-iSVS Swept-source ~ Normal high S and SNR, No pig,ta and
laser CMOS low-cost absolute BFI

1.5. THE FRAMEWORK OF THIS THESIS
In this thesis, we explore various methodologies for advancing interferometric diffuse
optics (iDO).

Chapter 2 presents a novel approach that extends coherent light detection and rang-
ing (Co-LiDAR) techniques to iDO. Specifically, we adapt dual-comb LiDAR to develop
a dual-comb diffusing-wave spectroscopy (DC-DWS) system. By leveraging heterodyne
gain and electro-optic sampling (EOS), the DC-DWS system enables simultaneous mea-
surement of the DTOF and time-of-flight-dependent dynamics. We analyze and opti-
mize the SNR of this system and validate its performance in tissue-mimicking phantoms.
Despite its advantages, the dual-comb system suffers from a low duty cycle, which limits
its SNR and hinders in vivo application.

In Chapter 3, we conduct a comparative analysis of the SNR performance among
dual-comb LiDAR, frequency-modulated continuous-wave (FMCW) LiDAR, and SPAD-
based LiDAR. Building on this comparison, we introduce a novel technique—frequency-
modulated scattering holography (FMSH)—which enables measurement of Doppler-
broadened DTOF with SNR comparable to, or even exceeding, that of SPAD-based sys-
tems when paired with an optimized camera.
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In Chapter 4, we investigate the time-of-flight-dependent speckle contrast in FMSH
by applying a high-pass filter in the frequency domain. This approach enhances the
specificity of speckle contrast measurements to deeper blood flow. The technique is ex-
perimentally validated using a tissue-mimicking phantom.

The high-pass filter in FMSH effectively acts as a coherence gate. Based on this
insight, Chapter 5 introduces a low-cost implementation of coherence-gated interfer-
ometric speckle visibility spectroscopy (CG-iSVS). This system employs a wavelength-
modulated distributed-feedback laser as the light source and a standard camera as the
detector. By adjusting the optical path length difference between the sample and refer-
ence arms, it enables depth-resolved measurement of heterodyne speckle contrast. This
method is validated in both tissue-mimicking phantoms and human subjects.

Finally, Chapter 6 provides a summary and conclusion of the thesis, along with a
forward-looking discussion on the future directions and potential impact of iDO.
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DUAL-COMB DIFFUSING-WAVE
SPECTROSCOPY

In measuring cerebral blood flow non-invasively using optical techniques diffusing-wave
spectroscopy (DWS) is often combined with near-infrared spectroscopy (NIRS) to obtain a
reliable blood flow index. Measuring blood flow index at a determined depth with high
specificity remains the ultimate goal. In this study, we present a simple approach using
dual-comb lasers where we simultaneously measure the absorption coefficient (ug), the re-
duced scattering coefficient (,u; ), and dynamic properties. This system can also effectively
differentiate dynamics from various depths which is crucial for analyzing multi-layer dy-
namics. For cerebral blood flow measurements, this capability is particularly valuable as
it helps to mitigate the influence of the scalp and skull, thereby enhancing the specificity
of deep tissue.

Parts of this chapter have been published in ACS Photonics 11(10), 3972-3981 (2024).
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2.1. INTRODUCTION

Cerebral blood flow (CBF) serves as a pivotal biomarker in the diagnosis of ischemic
stroke[1, 2]. Although computed tomography (CT)[3, 4] and magnetic resonance imag-
ing (MRI)[5, 6] are the gold standards for imaging-based diagnosis, they are hindered
by disadvantages such as radiation exposure, high financial costs, and the necessity for
patient transportation to medical facilities, thereby reducing valuable time for interven-
tion.

Optical techniques to study human physiology have centered around acquiring in-
sights into the propagation of light in diffuse media[7]. Promising techniques have
emerged like near-infrared spectroscopy (NIRS), which leverages the low absorption
of tissue in the NIR window to yield reduced scattering coefficients p; and absorption
coefficients p, by pulsed source (time domain NIRS, TD-NIRS)[8] or modulated source
(frequency domain NIRS, FD-NIRS) [9], optical coherence tomography (OCT), which is
an interferometric imaging technique[10], and diffusing wave spectroscopy (DWS, also
called diffuse correlation spectroscopy (DCS) in literature) which use coherent light and
study photon correlation to extract blood flow dynamics[11-13]. Due to the different ab-
sorption characteristics of oxyhemoglobin and deoxyhemoglobin, NIRS can infer blood
oxygenation levels based on the measured absorption coefficient i, and, additionally,
assess changes in blood flow. In contrast, OCT determines absolute blood flow using the
Doppler effect[14] but is limited by a low penetration depth of 1 to 3 mm. This limitation
arises because conventional OCT detects only single scattered photons, which restricts
its ability to measure CBF non-invasively, although recent advancements in OCT that
utilize multiple scattering have been shown to enhance image contrast[15].

On the other hand, DWS employs a separate source-detector configuration to cap-
ture multiple scattered photons, offering the advantage of a higher penetration depth of
1 to 3 cm. However, the accuracy of DWS is contingent on the tissue’s optical proper-
ties like reduced scattering coefficient y;, and the absorption coefficient p,, which can
vary across different tissues and patients[16]. These are then ascertained with multi-
ple methodologies, including NIRS. Furthermore, these techniques have distinct equip-
ment requirements: DWS necessitates a light source with a long coherence length, NIRS
requires a pulsed source or an intensity-modulated source, and OCT requires a stable,
broad-bandwidth source or a swept source. Consequently, many experimental setups
with complex instrumentation have been developed to integrate aspects of these tech-
niques, as they provide complementary information[17-20]. Extracting all necessary pa-
rameters from a single modality is thus extremely essential and an ongoing effort in the
light tissue interaction community. For instance, long coherence length pulsed lasers
to combine DWS and TD-NIRS[16, 21, 22] have been demonstrated. New interferomet-
ric techniques have also demonstrated experiments to extract parameters from a single
modality[23-26].

Furthermore, in CBF measurement, the flow dynamics in the scalp, skull, and cor-
tex are compounded together, affecting the accuracy of CBF assessment. Increasing the
source-detector separation in DWS can enhance specificity to deep flow but results in
low photon throughput[27-29]. An alternative approach involves time-of-flight (ToF)-
resolved techniques to analyze photon fluctuations from deeper layers, thereby exclud-
ing influences from shallower layers[16, 25, 26].
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The optical frequency comb (OFC)[30-32] emerges as a promising solution to these
limitations. It functions as a pulsed laser in the time domain, making it suitable for
TD-NIRS. In the frequency domain, the OFC consists of numerous discrete, equally
spaced narrow lines, which provide a sufficiently long coherence length for DWS. Re-
cently Roberto et al.[33] used an electro-optical (EO) dual-comb system to measure the
frequency response of a turbid medium and reconstruct the distribution of ToF (DTOF)
via inverse Fourier transform. However, the dynamic properties have not been fully
explored. Besides, EO combs currently require various high-speed modulators and RF
sources and have coherence properties limited by the RF oscillator noise[34]. In contrast,
passively mode-locked lasers can achieve lower noise and do not require any active mod-
ulation schemes, making them an appealing alternative. In the context of dual-comb
generation, these advantages can be emphasized by ensuring that the two combs share
the same laser cavity[35]. As well as reducing complexity, such approaches reduce noise
as well since most perturbations to the cavity influence both combs in the same way;,
leading to a high degree of correlation in the fluctuations of the comb line frequencies.
Single-cavity dual-comb sources and applications have become a hot topic as reviewed
recently[36]. Here we use a spatial multiplexing approach where an intracavity Fresnel
biprism is used to generate both combs in the same diode-pumped solid-state laser
cavity arrangement[37]. This approach enables low-noise dual-comb generation while
benefiting from the high power and low fundamental noise properties of diode-pumped
solid-state lasers. In recent work, we have shown that these dual combs are compatible
with coherent averaging and can support repetition rates up to a gigahertz or more[38].
Leveraging these characteristics, we demonstrate a dual-comb DWS system that simul-
taneously measures static properties (¢} and u,) and depth-dependent dynamics of a
homogeneous turbid medium. By combining an auxiliary arm, we correct the relative
timing jitter and relative carrier-envelope phase (CEP) shift for the measurement arm
in post-processing. This approach simplifies traditional dual-comb implementation by
avoiding the complexity associated with measuring, controlling, or tracking the abso-
lute optical frequencies of the combs[39]. Furthermore, we use an etalon to reduce the
optical bandwidth in order to boost the signal-to-noise ratio (SNR)[40]. This enables
the detection of subtle features and weak signals, which were previously challenging to
observe, thereby significantly enhancing the performance of the measurement system,
resulting in a temporal resolution of 39 ps. For the first time, as far as we know, we
have integrated TD-NIRS and DWS into a single modality using a dual-comb technique.
Contrary to the approach taken by [33], we measure DTOF directly in the time domain.
Our study confirms that the noise of our laser is sufficiently low that we can compensate
for its timing and phase fluctuations in post-processing. This represents an advantage
compared to the system reported in [33], and is very beneficial for dynamic measure-
ments. Additionally, we explore the trade-offs between resolution, measurement speed,
and SNR, highlighting how low resolution can lead to distortions in the true DTOE We
also propose strategies to mitigate this limitation.
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2.2. METHODS

2.2.1. DTOF MEASUREMENT

ToF measurements based on dual-comb lasers such as light detection and ranging (Li-
DAR)[41] or OCT42, 43], use two frequency combs with a delay increment of A frep / (fr1 fr2)
each pulse period, thus achieving equivalent time sampling (ETS), also referred to as
asynchronous optical sampling (ASOPS), where A fiep, is the repetition difference of two
comb and f;; and fi» is the repetition rate of two combs respectively. The complex
representation of the electric field of the frequency comb is given by:

M
E(t)= ) /P(m)exp[—jQ2afmt+Pm)l, 2.1)
m=1

where P(m) is the power of the mth mode of the comb, fi = fceo + M frep is the optical
frequency of the mth comb mode, fce, is the carrier-envelope offset frequency, frep = fr1
or fi, is the repetition frequency, and ¢, is the phase offset of comb mode m.
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Figure 2.1: Schematic diagram of dual-comb diffuse correlation spectroscopy. (a) Dual-comb spectrum in the
optical frequency domain and their interference spectrum in the radio frequency domain. (b) Two dual-comb
Mach-Zehnder interferometers work as reference and measurement respectively; PC—probe comb, LO-local
oscillator, BS-beam splitter, Ol-optical isolator, L1-L5-lenses, M1-M2-mirror, SMFC-single mode fiber cou-
pler, SUT-sample under test, BD-balanced detectors. (c) The ToFs of scattered photons obey a certain distri-
bution (DTOF) which is a function of ,u/s and pg, and the LO scans them with step A frep/ fi1 fr2 and finishes
one cycle scanning in 1/A frep, Ep(£) and E1 o () is the electric field of probe comb and LO respectively. (d) The
LO periodically scans the reemitted photons from each pulse at an interval 7, = 1/Af. The interference signal
fluctuates due to the dynamics of the scatterers. This rate of fluctuation varies for different ToFs. (e) Different
scattering paths in the sample. (f) Trace the intensity of different ToFs and do auto-correlation, a longer ToF
owns a higher decay rate. Note: all carrier oscillations are omitted in (c) and (d).
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In the laser system used here (Figure 2.1(b)), both combs are emitted from the same
spatially-multiplexed Yb:YAG dual-comb laser cavity and have central wavelengths of
1030 nm. The laser has a 247 MHz repetition rate and is similar in design to the one
discussed in[44]. Cavity duplexing is achieved through the integration of a reflective
biprism, enabling the delivery of two pulse trains directly from a single laser cavity. This
configuration exhibits ultra-low relative noise properties and reaches an output power
of2W.

After the beam splitters (BS), they are split into two arms. One arm serves as a refer-
ence where the probe comb and the local oscillator (LO) combine directly via a single-
mode fiber coupler (SMFC) and are then detected by a balanced detector (BD) to moni-
tor the status of the laser. The cross terms of comb modes belonging to the same comb,
and that belonging to the other comb whose frequency difference is higher than fep/2
disappear after applying bandpass filters. As a consequence, only the cross terms of
adjacent comb modes belonging to two different combs are considered. The optical
frequency is down-converted to fy + mA frep, thus generating a new comb in the radio
frequency domain that the balanced detectors can detect (Figure 2.1(a)), where fj is an
effective start frequency of the RF comb. Balanced detectors remove the DC component
of the interferogram yielding:

M
Cs(=2 Z \/ Pp(m)Pro(m)cos27(fo + mA frep)  + ] 2.2)
m=1

where Pp(m) and Pro(m) is the power of the mth mode of corresponding source, and
¢@m is the phase offset for mth comb mode.

(a), , : : : : U PP —
spectrum before etalon ool T TT T 711 — IRF,FWHM=39ps
1 spectrum after etalon T I 309r )
- 1 (©
bandpass filter 0.6 i E 0.6+ g
- | | | - E
08} WMWY { <03F 1

99 9 9.01 9.02

- . . -
s 0 100 200 300 400 500
y 0.6 7 Relative time (ps)
£ @,
<
0.4 13 09l l — IRF,Af = 3.4kHz |
f.‘i 0.6 < >
0.2 18" I 1/nf 1
< 0.3F g
o . Umwmq o
5 7.5 10 12.5 15 0 0.05 0.1 0.15 0.2 0.25 0.3
Frequency (MHz) Real time (ms)

Figure 2.2: Laser spectrum, instrument response function, and the refresh rate. (a) The spectrum of the radio
frequency comb, the blue line represents the spectrum before etalon, the yellow line represents the spectrum
after etalon, and the red line represents the bandpass filter used for post-processing; the inset is the zoom-in of
the central spectrum. (b) The envelope of interference signal in the reference arm is the instrument response
function (IRF) here. (c) The adjacent pulses in the time domain, the refresh rate indicates the measurement
speed. Note: fr = t/(frep/A frep), where ¢ is the real time and £ is the relative time between two combs.
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In the measurement arm, an etalon is placed before the sample to decrease the illu-
mination power. By doing so, we keep the average power of individual comb modes as
high as possible and reduce the detection bandwidth, thus raising SNR[40], and the de-
tailed description is shown in section 3. C. Two side peaks owing to the short etalon free
spectral (around 1.5 nm) are filtered out by a digital bandpass filter in post-processing
(Figure 2.2(a)). After the etalon and bandpass filter, the optical power of the probe comb
is around 100 mW. In [45] a maximum permissible exposure (MPE) of 103 mW was re-
ported with a 1-mm-diameter beam and 1064-nm light. Our configuration closely cor-
responds to this MPE (100 mW average power and 1030 nm wavelength). On the other
hand, the power of the LO is set to 3 mW, which is significantly higher than the power
of the diffused photons collected. By leveraging the heterodyne gain, such weak signals
can be detected, and achieve shot-noise-limited SNR. In the end, 23.27 GHz FWHM op-
tical bandwidth is utilized to give 39 ps characteristic temporal resolution (Figure 2.2(b)),
and the repetition difference (1/A frep) is set to 3.4 kHz, thus resulting in 1/A frep = 294 ps
decay resolution (Figure 2.2(c)).

Photons emitted from the probe comb undergo multiple scattering events within the
sample, following various paths as depicted in Figure 2.1(e). This process leads to a dis-
tribution of ToF for the photons, known as the distribution of time-of-flight (DTOF). The
DTOF of photons in a turbid slab is described in [46], where the pulse laser is modeled as
a delta function, and the intensity of their ToFs is derived. Because of a slight repetition
frequency difference between the probe comb and the LO, the LO interferes with differ-
ent portions of scattered photons each period with step A frep/ fi1 fr2, and after 1/A frep,
LO and PC have a maximum delay difference of 1/ f;; and thus overlapping at the start of
the next cycle, as shown in Figure 2.1 (c). The cross term of two combs in the measure-
ment arm is given by:

Cm(t;Ts) = Cs(t,TS) ®P(,0» d) t) TS)) t € [0) I/Aﬁ'ep] (23)

where 74 is a slow timescale representing the interferogram period, and it therefore has
discrete values of n2/A frep, ¢ is the absolute time and can be transformed to relative time
tr by tr = t/(frep/ A frep), P(p, d, t,75) is the DTOF of photons, p is the horizontal distance
between source and detector, d is the thickness of the sample, and ® denotes convolu-
tion.

Direct deconvolution of Cy, and Cs cannot accurately yield P(p, d, t,7;) due to the
presence of high noise. In addition, transforming Cy, to the frequency domain and do-
ing demultiplication is not effective either, as the noise overwhelms the comb modes.
However, we have discovered that by averaging the envelope of Cy,, it is possible to suc-
cessfully reconstruct P(p, d, 1).

To show how envelope averaging constructs DTOE a simulation is conducted. We
consider scattering photons with different ToFs as being reflected from a distribution of
virtual mirrors located at different depths in the sample (Figure 2.3 (a)). The reflected
signal is obtained by the convolution of Cs(#) and P(p,d, t,7), where we set p =0, d =
10 mm. To mimic dynamics, the ToF distribution is reinitialized with a different set of
virtual mirror positions following the same statistical distribution. The FWHM of C;()
is 39 ps (relative time).

Initially, when 6 ¢ (the separation of reflected photons) ranges between 50-100 ps, as
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Figure 2.3: The influence of low resolution: a simulation, static sample measurement and dynamic sample
measurement. (a) Schematic diagram of simulation. The scattering sample is modeled as a mirror set with a
reflectivity profile. (b),(c) 39 ps-FWHM IRF convolved with reflectivity profile with 50-100 ps and 2.5-5 ps ToF
separation respectively, and the red dot represents mirror reflectivity. (d),(e) One interferogram envelope of
a static and a dynamic sample and 2000 interferogram averaging results. (f)-(h) The interferogram envelope
over 2000 frames of the simulation, static sample, and dynamic sample. The horizontal axis represents ToF,
the vertical axis represents the time lag of different measurement periods, and colorbar represents normalized
intensity.

shown in Figure 2.3 (b), the resolution of the dual-comb system is sufficiently high to
differentiate between the reflections from the different mirrors. The peaks of the enve-
lope of Cp, () align well with theoretical predictions. Subsequently, when 6 ¢ is reduced
to 2.5-5 ps (Figure 2.3 (c)), the mirrors can no longer be resolved by the dual-comb sys-
tem. This setup differs from a typical low-coherence pulsed laser system, as photons
reflected from adjacent mirrors are coherent and thus interfere with each other, leading
to artifacts (illustrated by the blue line in Figure 2.3 (c)). However, by averaging 2000 ran-
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domly generated interferogram envelopes (Figure 2.3 (f)), these interference effects can
be mitigated. The result (shown by the yellow line in Figure 2.3 (c)) aligns closely with
the predefined set P(p,d, t, 7).

We also show the result of a static sample with 9.5 cm ™! p’s and 0.05cm™! pu,, which is
made of glass spheres and polydimethylsiloxane and cured at 75 °C[47]. Since the scat-
terers remain stationary, the ToF separation remains unchanged, and the interferogram
of each frame remains stable except for some white noise (Figure 2.3 (g)). Consequently,
the averaged results show no significant difference compared with a single frame (Fig-
ure 2.3 (d)). Conversely, for a dynamic sample (Intralipid phantom), the moving scatters
cause ToF separation to keep changing thus the interferogram of each frame is different.
By averaging, the true DTOF can be constructed (Figure 2.3 (e)), which is compared with
the diffusion theory in section 3. A. The small peak around 500 ps in Figure 2.3 (d) and (g)
comes from spurious reflection in the setup or inside the laser. In the dynamic phantom
measurement, we included an additional fiber to introduce a delay such that this peak is
temporally separated from the signal of interest near relative time = 0.

2.2.2. DYNAMICS MEASUREMENT

To start the measurement of the dynamic sample, the CEP shift in the measurement arm
must be clarified. The dynamics of particles inside the sample cause a phase shift of
each scattering path, as a result, the interferogram of the two combs fluctuates. In bio-
logical tissue, red blood cells (RBCs) from different layers have different velocities, and
in the homogenous turbid medium, the scattering event number varies at different ToFs,
thus the phase shift velocity varies. This can be distinguished by tracing the fluctuation
at different ToFs and applying autocorrelation to them, as shown in Figure 2.1 (d) and
(f). However, because the laser is in free-running mode it exhibits small but timing jit-
ter and optical phase fluctuations of the dual-comb interferograms, which are mainly
from mechanical/acoustic noise and pump diode fluctuations. By accounting for these
fluctuations via a reference channel, much more information can be obtained in the
dynamic measurement. In dual-comb spectroscopy phase and timing errors can be cor-
rected digitally to obtain coherently averaged signals[48]. Usually, those errors are easier
to correct for high repetition difference as the higher repetition difference corresponds
to a higher tracking speed. In this work, by using a mechanically robust prototype im-
plementation of spatial multiplexing, we are able to satisfy the condition for coherent
averaging at <1 kHz A fiep [38]. To compensate for the relative timing jitter and relative
phase shift in the measurement arm, we build a reference arm to monitor those param-
eters and then correct them for the measurement arm. After this, the path-dependent
intensity auto-correlation is calculated by:

<Cn($Ts)Cn(s,Ts+ 1) >
< Cn(s,Ts) >2

8(s,7) = (2.4)
Where s = nyct is the path length of scattering photons, ny, is the refractive index of the
medium, and c is the light speed in vacuum. Furthermore, the intensity auto-correlation
isrelated to field auto-correlation by Siegert relation: g» () = 1+ 8|g1 (1) |2, where B ranges
from 0 to 1 and accounts for the measured speckle number. According to diffusing wave
spectroscopy (DWS)[49], the path-dependent normalized field autocorrelation function
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is denoted by:

gi1(1,8) = exp(—Zkgu’ssDBT), (2.5)

where Dp is the Brownian motion coefficient, p’s is the reduced scattering coefficient of
turbid medium and ky is the wavenumber of the light in the medium. In biological tissue,
photons are scattered by RBCs in different vessels. Although RBCs exhibit laminar flow
within a single vessel, their dynamics resemble Brownian motion when measured using
DWSJ[50]. Combined with the blood volume fraction (denoted as «), the blood flow index
aDpg can be calculated.

2.2.3. SNR

In a dual-comb interferometer, the peak value of the interference signal is given by:

is=24y/PpPron (2.6)

where i (A) is the current after the balanced detector, n (A/W) is the responsivity of
the balanced detector, P, (W) and Pro (W) is the average power of transmitted probe
comb and LO respectively. The laser intensity noise is neglected due to the ultra-low
noise of the laser utilized here and the balanced detection canceling out common noise,
therefore only shot noise and detector noise are considered here:

i2 =i, +i5, @2.7)
where shot noise ifn = 2fo =2qB(Pp + Pro)n = 2qBPron (Pp << P10), B is the de-
tection bandwidth, and g is the electron charge. The detector noise ifin = (NEP\/ET])Z,
NEP(W/vHz) is the noise-equivalent power of the detector. When increasing the
power of the LO, ifn >> i;n, thus the shot-noise limited SNR can be achieved:

)
SNRy = = = 2Py 2.8)
in qB

For a given power of probe comb, SNRy; is limited by detection bandwidth, which is
related to temporal resolution by § (ToF) ~ A2/AA, and A is the central wavelength and A1
is the optical bandwidth and is mapped into the radio frequency domain in dual-comb
measurement. The detection bandwidth is given by B = NA fiep, and P), can further be
written by P, = NP,;,, where Py, is the power of a single comb mode and N is the number
of modes after the bandpass filter (rectangular spectrum is assumed here), then:

2nPy,
qA frep

For a given measurement speed (A frep), P, determines the shot-noise limited SNR and
is limited by maximum permissible exposure (MPE).

In general, there is a trade-off in dual-comb DWS between temporal resolution, mea-
surement speed, and SNR. This trade-off should be considered carefully when analyzing
dynamics in deep tissue since stronger scattering leads to a reduced wavefront overlap

SNRy; = 2.9)
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of the scattered photons with the local oscillator comb photons. Here, the repetition dif-
ference of the dual-comb laser is set to 3.4 kHz (A fiep can be adjusted to an arbitrary
value, and the maximum A fiep depends on the internal optical configuration inside the
cavity and can be tens of kHz), and an etalon is employed to narrow down the optical
bandwidth, meanwhile, a digital bandpass filter is applied to the RF comb spectrum. By
doing so, there are several benefits: 1) The SNR is proportional to the measurement time,
so by reducing A fiep we obtain a large SNR from a single period, without the need to co-
herently average multiple periods. 2) The etalon filters other comb modes and reduces
the power of the PC and the LO. The power reduction of PC makes sure that it is lower
than MPE and meanwhile keeps the power of individual comb modes as high as possi-
ble, which gives us high SNR (as shown in equation (9)). 3) The bandpass filter fits the
RF comb spectrum and enables us to remove noise in the absence of the signal, which
increases shot-noise limited SNR (as shown in equation (8)).

2.3. RESULTS

2.3.1. STATIC PROPERTIES

To validate the ability of DTOF measurement of the dual-comb system, we build a set
of 10 mm thickness homogeneous samples, which consist of 6 ml pure water and 0.2-
2 ml 20% Intralipid emulsion (Sigma Aldrich, 0.2 ml per step), and place them in the
measurement arm.
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Figure 2.4: Measured DTOE reduced scattering coefficient (,u/s) and absorption coefficient (14) of samples with
different Intralipid concentrations. (a) Measured DTOF curves of the sample with different concentrations.
The peak points and their arrival times are compared with that of diffusion theory. (b) DTOF curves are fitted
to extract the reduced scattering coefficient, compared with the value in the literature(51, 52]. (c) Compare the
extracted absorption coefficient with pure water[53].

During the measurement, we removed the sample at first to obtain the peak position
of the interferogram. Then we calculated back to determine the start point of DTOF us-
ing the thickness of the sample. The DTOF is acquired by averaging the envelope of the
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interferogram and deconvolved with IRE Figure 2.4 (a) shows the DTOF of 10 samples (10
measurements per sample) and their intensities are normalized by the c = 6.25% sample.
As the concentration increases, the intensity decreases due to scattering, and the arrival
time of peaks is delayed. To compare with the diffusion theory, the theoretical ,u's of 20%
Intralipid[52] and p, of pure water[53] at 1030 nm (i, of Intralipid is smaller than water)
are referred. For samples with different concentrations, the reduced scattering coeffi-
cient is calculated by y(c)’s = cu’s, and u, remains the same. By substituting those values
into P(p,d, t,7s)[46], the peak value and arrival time of different samples are predicted,
and compared with this work (Figure 2.4 (a)). Except for the case where ¢ = 3.23%, which
does not align with diffusion theory due to low scattering, the other cases largely con-
form to diffusion theory. Furthermore, we fit the DTOF curve and extract ,u’s (Figure 2.4
(b)) and u, (Figure 2.4 (c)) by P(p,d, t). The measured uls show high alignment with the
results in [51] and [52]. y, shows a discrepancy in the first sample but close to the result
in [53] when concentration rises.

2.3.2. DYNAMIC PROPERTIES

Although the single cavity dual comb owns the merits of ultralow noise, environmental
disturbances such as vibrations lead to jitter in the timing and CEP of the interferograms.
In the measurement arm, the phase shifts that come from the dynamics of the sample
are compounded with the laser itself. Therefore, it is necessary to compensate for those
relative phase shifts that come from the laser first.

Owing to the high SNR in the reference arm, the relative timing jitter and the relative
CEP shift can easily be extracted and compensated by using the method [38] described
earlier. Figure 2.5 (a) shows the relative timing jitter of the pulses before compensation
in the reference arm, which is the main reason for the relative CEP shift (Figure 2.5 (b)).
The unwrapped relative phase shift before compensation grows quadratically (blue line
in Figure 2.5 (b)) while it is flat (equals 0, red line in Figure 2.5 (b)) after compensation in
the reference arm. After compensating them to the measurement arm where the sample
is removed, the relative CEP is much lower than 27 (yellow line in Figure 2.5 (b)). More-
over, we also show the compensation result of a static sample (yellow line in Figure 2.5
(c)) and dynamic sample (blue line in Figure 2.5 (c)), the former is close to 0 but the latter
bounds between —n and 7, which reveals that only movement of scatters induces phase
shift after compensation. After tracing the peak point of the interferogram in air, and
certain ToF in the static and dynamic sample, the second-order auto-correlation (g») is
calculated (Figure 2. 5 (d)). For air and static samples, g is expected to be flat; however,
in our observations, it drops to zero immediately before and after compensation. This
phenomenon occurs because the standard auto-correlation function employed here first
subtracts the mean value of the signal, leaving only white noise (comprising shot noise
and electronic noise). Since white noise does not exhibit any correlation, we see a drop.
For dynamic samples, the drop observed before compensation is similar and can be at-
tributed to laser noise. After compensation, we first notice a drop due to white noise,
followed by a decay curve. This curve provides dynamic information about the sample,
i.e. Brownian motion coefficient of the sample.

To reduce the Brownian motion speed that can be measured by this system’s refresh
rate, we mixed 18 ml 20% Intralipid emulsion with 10 ml glycerin, whose viscosity is
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Figure 2.5: Measurement of the timing and phase noise properties of the interferograms and their correction.
(a) Relative timing jitter between the two combs (equivalently, timing jitter of the interferograms scaled down
to the optical domain by the factor A frep/ frep). (b) The unwrapped relative CEP shifts before and after com-
pensation in the reference arm, and that of the measurement arm after compensation without a sample. (c)
The CEP shifts of the interferogram after compensation in the measurement arm with the static and dynamic
sample. (d) Comparison of the second-order auto-correlation before and after compensation with air, static
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higher than pure water. After the relative timing jitter and relative phase shift are com-
i
pensated, the movement of scatters is the only cause of the intensity fluctuation. p
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is measured by using the method described in Section 2. A to be 5.6 cm™! (Figure 2.6
(a)) for a homogenous Intralipid sample where only Brownian motion exists. Figure
2.6 (a) shows how the ToF is distributed in the Intralipid sample. The vertical lines in-
dicate specific relative times, and in Figure 2.6 (b) we show the autocorrelation func-
tion g; (1) for these relative times. As expected, components with a larger ToF (i.e. a
larger relative time in Figure 2.6 (a)) exhibit a faster decay of g; () with respect to real-
time 7. From equation (5), the decay slope is proportional to the ToF ¢ according to
d[In(g; (1))] /dr:—ZkS,U’SsDB = —2k(2)u’sDB vt. To quantify this dependence, in Figure 2.6
(c) we show the decay rate as a function of ToE The figure confirms the linear relation,
and we can infer a Brownian motion coefficient Dg = 0.27x10712 m?/s.

2.4. CONCLUSION AND DISCUSSION

Dual-comb technology, known for its ultra-stable frequency and broadened bandwidth,
has been widely utilized in absorption spectroscopy and precise metrology. However, its
practical application has been limited due to high system complexity. We have demon-
strated a dual-comb system with a simpler configuration specifically for medical appli-
cations, offering three significant advantages.

Firstly, the laser’s novel structure enables high power output and low relative inten-
sity noise (RIN) without the need for a laser amplifier, thereby avoiding the amplified
spontaneous emission (ASE) noise typically associated with such amplifiers. The single-
cavity design produces two independent pulse trains with significant noise correlations,
eliminating the locking electronics requirement as mutual coherence is obtained pas-
sively. Additionally, the 250 MHz repetition rate laser is rather simple and compact and
can avoid DTOF overlap for clinic requirements. Furthermore, the combination of high
power and an etalon significantly enhances the SNR. The ultra-low noise level allows for
the measurement of sample dynamics using a coherent averaging algorithm at a repeti-
tion rate difference as low as 3.4 kHz.

Secondly, our dual-comb DWS system can simultaneously measure the absorption
coefficient (u,), the reduced scattering coefficient (,u;), and dynamic properties. While
averaging is necessary to obtain the DTOE p, and /.L'S typically do not fluctuate rapidly
over time. In our experience, averaging over approximately 2000 frames (0.59 seconds) is
sufficient to construct DTOE although this may vary depending on the uls and p, of the
sample. Additionally, our findings offer insights for dual-comb OCT, particularly that a
sufficiently high laser bandwidth is crucial to avoid artifacts caused by interference be-
tween adjacent layers. Further research using an appropriate frequency comb laser with
an emission spectrum spanning an isobestic point of blood, will allow the distinct ab-
sorption characteristics of oxyhemoglobin and deoxyhemoglobin to be measured. This
will enable the quantification of blood oxygenation from p,. Moreover, by combining
this with blood flow measurements, we can also determine blood metabolism in the fu-
ture.

Lastly, This system effectively differentiates dynamics from various paths (or TOFs),
crucial for analyzing multi-layer dynamics as photons that traverse deeper layers exhibit
longer ToFs. For CBF measurements, this capability is precious as it helps to mitigate the
influence of the scalp and skull, thereby enhancing the specificity to deep tissue and im-
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proving the accuracy of thrombus localization for ischemic stroke. However, the speci-
ficity to deeper layers is also dependent on the SNR. Given the low duty cycle of pulsed
lasers, optimizing bandwidth, measurement speed, and illumination power is essential
to achieve performance comparable to that of continuous lasers. Enhancing the signal-
to-noise ratio (SNR) will be a primary focus of our future work. We also see that the use
of a broadband coherent pulsed source will remove the need for many light sources or
spectral scanning needed to access optical properties in biological media.
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FREQUENCY-MODULATED
SCATTERING HOLOGRAPHY
DETERMINES OPTICAL PROPERTIES
OF TURBID MEDIA

Speckle-based flow (SBF) techniques are widely used for non-invasive monitoring of cere-
bral blood flow, yet their accuracy is often limited by the need for independent measure-
ment of tissue optical properties. While time-domain near-infrared spectroscopy (TD-
NIRS) can provide these optical parameters, integration with SBF systems typically results
in low signal-to-noise ratio (SNR) due to inefficient speckle collection. To overcome this
limitation, we introduce frequency-modulated scattering holography (FMSH) capable of
quantifying the optical properties of turbid media. FMSH utilizes a highly parallel, inter-
ferometric detection architecture with photon-counting sensitivity, enabling robust mea-
surement of absorption and scattering coefficients. This approach provides a compact
and integrated solution that addresses the limitations of conventional systems, offering
a pathway to improved tissue characterization in neurophotonics and related biomedical
imaging applications.

Parts of this chapter have been published in https://doi.org/10.1364/opticaopen.30576617
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3.1. INTRODUCTION

Optical detection with photon-counting sensitivity is indispensable for a broad spec-
trum of applications, ranging from ultra-long-distance imaging[1-3] and non-line-of-
sight imaging[4-6] to quantum computation[7-9] and diverse bioimaging modalities,
including fluorescence microscopy[10, 11], single-molecule spectroscopy[12, 13], and
speckle-based blood flow (SBF) measurements. In SBE coherent laser illumination of
biological tissue generates scattered photons that interfere, forming a random interfer-
ence pattern known as speckle[14]. Laser speckle contrast imaging (LSCI)[15-18] lever-
ages low-frame-rate cameras to observe speckle blurring caused by dynamic scatterers.
However, its sensitivity is limited to superficial layers due to photon backscattering. To
probe deeper, increasing the source-detector (SD) distance allows access to deeper tis-
sue, with specificity at approximately half the SD distance[19]. Techniques like speckle
contrast optical spectroscopy (SCOS)[20, 21], diffuse correlation spectroscopy (DCS)[19,
22], and laser Doppler perfusion monitoring (LDPM)[23, 24] rely on large SD separations,
leading to low photon throughput and requiring expensive detectors such as SPADs[25,
26] and SNSPDs[27, 28].

Time-of-flight (ToF)-dependent methods like time-domain DCS[29-31] and interfer-
ometric diffuse optics (iDO)[32-35] improve depth sensitivity without large SD separa-
tions. In particular, single-speckle iDO, including iNIRS[32] and DC-DWS|[35], achieves
ToF-resolved measurements by using heterodyne detection with swept sources or dual-
comb lasers. These systems can extract depth-dependent optical properties such as ab-
sorption (u,) and reduced scattering (u;) coefficients. However, single-speckle iDOs
suffer from limited signal-to-noise ratio (SNR), even when operating at the shot-noise
limit (see Appendix 3.5.2). Multiple-speckle iDO addresses this limitation by harness-
ing numerous pixels to enhance photon throughput. In SBF measurements, the speckle
size corresponds to the maximum coherence area over which photons coherently in-
terfere. Previous work[33] have demonstrated that collecting multiple speckles onto a
single detector increases the collected power but simultaneously reduces the mutual
coherence factor, ultimately failing to improve the SNR. A similar phenomenon occurs
in frequency-modulated light scattering interferometry (FMLSI)[36, 37]. This limitation
can be mitigated by employing a detector array to spatially separate individual speck-
les. By averaging across N independent detection channels, the SNR is improved by a
factor of V'N. Interferometric diffusing wave spectroscopy (iDWS)[33, 38] implements
this concept by collecting multiple speckles through a multimode fiber and projecting
them onto a high-speed (> 100 kHz) line camera, where each pixel functions as an in-
dependent DWS channel. This parallelized detection scheme provides higher SNR while
maintaining cost efficiency by using CMOS cameras. Another approach, interferometric
speckle visibility spectroscopy (iSVS)[34, 39, 40], also employs multimode fiber collec-
tion but operates at a lower frame rate (100 Hz). Although this frame rate is slower than
the typical decorrelation times of scattered electric fields, the speckle visibility factor en-
ables the extraction of electric-field decorrelation dynamics. However, both iDWS and
iSVS typically rely on large SD separations, which limit spatial resolution and reduce
their ability to effectively measure DTOF compared to iNIRS or DC-DWS. Nevertheless,
iDWS represents a cost-effective method for implementing multi-channel diffuse corre-
lation spectroscopy (DCS) without requiring an extensive array of single-photon detec-
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tors[41].

In principle, merging iNIRS-like approaches with camera-based detection could
combine the advantages of time-resolved measurements and multi-speckle paralleliza-
tion. However, the high detection bandwidth required poses a significant challenge[42].
For example, if one considers the beat frequency

2Bt

fbeat = T (3.1)

where a triangular modulation is assumed, with B the modulated optical bandwidth, T
the time-of-flight (ToF) difference between reference and sample arm and T the modu-
lation period. A modest modulation speed (1/T = 100 kHz) combined with a gigahertz-
scale optical bandwidth (B = 20 GHz) and nanosecond-scale T (= 2 ns) can yield a beat
frequency (fpeat = 8 M Hz) beyond current camera detection limits.

More recently, a tunable ToF gate has been introduced into iDWS by employing a
tunable laser[43, 44], allowing photons within a certain coherence range to interfere,
while out-of-range photons manifest as background noise. This technique selectively
enhances sensitivity to deeper layers, but fails to reconstruct the full DTOE To overcome
these limitations, we propose a new technique termed frequency-modulated scattering
holography (FMSH). FMSH employs a Mach-Zehnder interferometer using a frequency-
modulated external cavity diode laser (ECDL) and a CMOS camera. By drastically reduc-
ing the modulation frequency (e.g., 200 Hz), the beat frequency for nanosecond-scale
ToF differences (e.g., 2 ns) falls within a detectable kilohertz range (e.g., 16 kHz), en-
abling ToF-resolved measurement using affordable, fast CMOS cameras.

This setup allows each pixel to record the interferogram between the reference beam
and multiply scattered light. In the frequency domain, the signal encodes a Doppler-
broadened distribution of time-of-flight (DB-DTOF) for dynamic media, where spectral
components are naturally separated by ToE or pure DTOF for static media. As such,
FMSH allows for recovery of the full DTOE enabling extraction of optical properties
without large SD separations and at high spatial resolution. Compared to existing ToF
techniques, FMSH offers a simplified, high-throughput, and cost-effective platform for
non-invasive tissue characterization.

3.2. METHODS

3.2.1. FMSH INSTRUMENTATION

Figure 3.1 illustrates the experimental setup for frequency-modulated holography used
to measure optical properties of turbid media. The system employs an external cavity
laser diode (ECDL, New Focus Velocity 6300) with a central wavelength of 633 nm, mod-
ulated by a waveform generator producing a waveform with a 200 Hz ramp. The 5 mW
output beam passes through an optical isolator (OI) and is then split by a variable beam
splitter (VBS). The reflection from the first surface of the VBS is collimated to form a
fiber Mach-Zehnder interferometer with a 2 m fiber delay, which is used to determine
the modulation optical bandwidth (19.8 GHz in this work). The reflection from the sec-
ond surface is directed by two mirrors (M1 and M2) and expanded by a Powell lens (PL)
to illuminate a rectangular pixel area. The transmitted beam, with 3 mW power, illumi-
nates the turbid media, and the diffused light passes through a pinhole before interfering
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Figure 3.1: Schematic diagram elaborating on the concept of frequency-modulated holography. (a) Two
frequency-modulated interferometers work as reference and measurement respectively. ECDL-external cavity
diode laser, OI-optical isolator, VBS-variable beam splitter, M1, M2—mirror, L-lens, PL-Powell lens, BS-beam
splitter, SFC-single-mode fiber coupler, PD-photodetector; (b) Frequency-modulated source decouples the
path-length dependent Doppler spectrum according to their times-of-flight (beat frequency f); (c) FMSH sig-

nals at different values of the reduced scattering coefficient (,u; = 1000-1400 m’l, in steps of 100 m’l) for
fixed absorption coefficient (iz = 50 m~!) and Brownian coefficient (Dg = 5x107122/s); (d) FMSH signals at
different values of Brownian coefficient (Dg =1 - 5x 107122/ s, in steps of 1x 10712m2/ s) for fixed absorption

coefficient (15 = 50 m~1) and reduced scattering coefﬁcient(u; =1600 m~1); (e) FMSH signals at different val-

ues of the absorption coefficient (ua = 10-50 m ™1, in steps of 5 m™1) for fixed scattering coefficient ([,t; =1600
m~1) and Brownian coefficient (Dg =5x10712m?2/s).

with the reference beam on a high-speed camera (Photron Fastcam SA3) operating at a
100 kHz frame rate for a 16 x 256 pixel region.

3.2.2. THE DTOF OF STATIC MEDIA

To derive the DTOE we begin by considering a single scattering path. For an individual
pixel of the camera, the temporal interferogram (IGM) count level is given by:
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N(s, ) = ?{PLO(I) + Ps(s, 1) + 2k \/ Pro () Ps (s, 1)cos[27 fs 1 + s ()]

ph
= Npo(t) + Ns(s, 1) + 2/ N1o (£) Ns (s, £)cos[27 fs t + s (2)]
= Ngc () + Nyc(s, 1) (3.2)

where Pro(t) and Pg(s, t) correspond to the power from the local oscillator (LO) and
the scattering path s of the sample respectively. Ng.(#) = Nio(?) + Ns(s, 1) is the di-
rect current (DC) component, Nio(f) = yPro(#)6t/epy is the count level from the LO,
Ns(s, 1) = yPs(s, 1)t/ epp is the count level from scattering path s of the sample, and is
below one count in the extremely short camera exposure time so can be neglected here.
Nac (s, 1) denotes the alternating current (AC) component. The term x and y represent
the mutual coherence and the quantum efficiency of the camera respectively, 6¢ is the
exposure time of the camera, and epp, denotes the energy of a single photon. In addition,
fs represents the beat frequency, and ¢g(#) is the phase difference between the LO and
the scattering path.

For static media, the scatters remain still and do not introduce phase shift during a
long measurement time (i.e. ¢ is constant over measurement time). After subtracting
the DC component and performing the Fourier transform, the positive frequency band
is expressed as

FH{Nae(s, )} = F{x/Nio () Ns(s, nexpl2r fst + s (D)1}
=k*Nio () Ns(s, DS (f — f3) 3.3)

where Ns(s, ) is given by photon diffusion theory in transmission or reflectance geome-
try[45].

3.2.3. THE DOPPLER-BROADENED DTOF OF DYNAMIC MEDIA

For dynamic media, in an iNIRS system, the wavelength modulation speed is signifi-
cantly higher than the characteristic timescales of scatterer dynamics, effectively ren-
dering the scatterers "frozen" during each modulation cycle. Consequently, the phase
difference ¢ (f) between the two arms remains constant, leading to the emergence of a
sharp delta peak in the Fourier domain. In contrast, in the present study, the modulation
speed is considerably lower than the characteristic scatterer dynamics, necessitating ex-
plicit consideration of phase variations. The difference in Doppler effect between iNIRS
and this work can also be explained in the perspective of frequency resolution (see Ap-
pendix 3.5.1). The power spectrum of the positive frequency band is expressed as:

S(s, ) = 1FH {Nae(s, D}

=|F{x\/ Nio(t)Ns(s, t)exp[erfSt + (,os(t)]}l2
=% Nio(t)Ns(s, D8 (f - fs) ® D(s, f) (3.4)

where D(s, ) = |F {expl¢s (D132 represents the Doppler spectrum of the scattering path
s where the particles undergo Brownian motion. Equation (3) shows that the Doppler
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spectrum is shifted by the beat frequency f:
S(s, f*) = k*Nro()Ns(s, ) D(s, f = £:) (3.5)

Following the framework of DWS, and because autocorrelation and PSD are con-
nected by the Wiener-Khinchin theorem, the Doppler power spectral density from the
scattering path s is defined as:

2C;

D(S,f) = Ig[gl(s,r)ll = m

(3.6)
where the parameter Cs is given by:
Cs = 2k2 1, Dgs 3.7)

As aresult, in comparison to iNIRS, the delta peak is broadened by the Doppler spec-
trum, and relative to iDWS, the Doppler spectrum of different scattering path undergoes
a frequency shift corresponding to the beat frequency f;, which represents the ToF of
scattered photons. Note that despite the relatively low modulation speed, the camera
frame rate is sufficiently high to capture both the beat frequency and the Doppler spec-
trum. The complete broadened DTOF is given by:

+00 +00 22 Npo (1) Ns (s, 1) C
S(f* :f S(s, f*)d =f T
=), S&Ids= | = - o2

Equation 3.8 demonstrates that the final broadened DTOF is influenced by three key
optical and dynamical parameters: the reduced scattering coefficient (y;), the absorp-
tion coefficient (u3), and the Brownian diffusion coefficient (Dg). Figure 3.1 (c)-(e) illus-
trates the effects of each parameter on the FMSH signals. Specifically, both the reduced
scattering coefficient and the Brownian coefficient contribute to temporal broadening of
the DTOF profile. This overlap in their influence leads to a challenge in decoupling and
independently quantifying u/s and Dg from the measured signals, as discussed in detail
in Appendix 3.5.2. In contrast, the absorption coefficient primarily affects the amplitude
of the DTOF by attenuating the overall signal intensity, without significantly altering the
shape of the temporal profile compared with ,uls.

(3.8)

3.3. RESULTS

To validate the FMSH model, we conducted controlled experiments using both static and
dynamic tissue-mimicking phantoms. The static phantom was fabricated from poly-
dimethylsiloxane (PDMS) mixed with titanium dioxide (TiO) as the scattering agent
and carbon powder (CP) as the absorber, following established formulations for tun-
ing the optical properties [46]. The dynamic phantom was prepared by diluting a 20
% Intralipid emulsion with deionized water to generate a suspension of lipid particles
undergoing Brownian motion, thereby simulating moving scatterers in biological tissue.
Both phantoms has a uniform thickness of 10 mm and mounted in the optical path for
measurements in a transmission geometry, with illumination and detection positioned
on opposite sides of the sample (zero source-detection separation, as shown in Figure
3.1 (a)).



3.4. CONCLUSION AND DISCUSSION 49

3.3.1. STATIC PHANTOM

For static phantom measurements, the DTOF curves were obtained by first computing
the Fourier transform of the temporal intensity signal at each pixel, followed by aver-
aging the resulting amplitudes across all pixels to enhance the signal-to-noise ratio and
mitigates the impact of non-ergodicity in static samples [35, 47], owing to the advan-
tages of multi-speckle detection [48]. A reference measurement, acquired without sam-
ple, was used to determine the instrument response function (IRF), which exhibited a
full width at half maximum (FWHM) of 231 ps and defined the temporal resolution of
the system (Figure 3.2 (a)). This resolution could be further improved by correcting fre-
quency modulation non-linearity if necessary. In the experiment, two sets of static sam-
ples were used: the first consisted of PDMS mixed with varying fractions of TiO, to ad-
just the reduced scattering coefficient, while the second consisted of PDMS with a fixed
concentration of TiO, and varying amounts of CP to adjust the absorption coefficient.
The measured DTOFs are presented in Figures 3.2(b) and 3.2(c) and were fitted using
Equation (3.3) convolved with the measured IRE The ,u; and p, values extracted from
the measurements show good agreement with those reported in [46] (Figures 3.2(e) and
3.2()).

3.3.2. DYNAMIC PHANTOM

For the dynamic phantom, the measured distribution of time-of-flight (DTOF) curve
was obtained by averaging the power spectral density over all pixel time traces. The
power spectral density was calculated from the amplitude square of the Fourier trans-
form of each pixel’s temporal signal. Before squaring, noise correction was essential to
prevent the distortion of the spectral shape by the cross-terms between the optical sig-
nal and noise. In our measurements, the shot noise level was significantly higher than
the camera noise (including readout and quantization components). To correct for this,
we first recorded the reference beam without the sample, measured the noise floor for
each pixel, and subtracted it from the corresponding signal before computing the spec-
tra (Figure 3.2 (g)).

The corrected DTOF data were fitted using the theoretical Doppler-broadened DTOF
convolved with the experimentally determined IRF (more details see Appendix 3.5.4). As
discussed in Section 3.2.3, the Brownian diffusion coefficient Dg and the reduced scat-
tering coefficient ,u; could not be independently determined from the fits; we therefore
extracted Dp using a fixed, independently measured ,u;, and conversely extracted ,u’s us-
ing a fixed Dp . The results, shown in Figure 3.2 (h), reveal that Dy decreases with in-
creasing Intralipid concentration, which we attribute to the corresponding increase in
viscosity. The fitted Dg values are consistent with those reported in previous studies
(4-6.8 xe~12 m2/s) [36], and the measured p’s values are in good agreement with prior
work [49] (Figure 3.4 (i)).

3.4. CONCLUSION AND DISCUSSION

In this chapter, we introduced Frequency-Modulated Scattering Holography (FMSH), a
novel interferometric technique for characterizing the optical properties of turbid me-
dia with high spatial resolution and sensitivity. FMSH employs frequency-modulated
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Figure 3.2: Measurement results for static and dynamic samples. (a) Measured instrument response function
(IRF) and corresponding Gaussian fit; (b) DTOF curves for varying TiO, concentrations; (c) DTOF curves for
varying carbon powder (CP) concentrations; (d) Schematic diagram of the static and dynamic sample config-
urations; (e-f) Fitted results compared with values reported in [46]; (g) Processed data for different Intralipid
concentrations; (h) Fitting of the Brownian diffusion coefficient Dy using known reduced scattering coeffi-
cients yls ; Dp decreases with increasing Intralipid concentration; (i) Fitting of ,u/s using known Dg; results are
consistent with previous studies.
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laser illumination and multi-speckle interferometric detection to retrieve both the dis-
tributed of time-of-flight (DTOF) and its Doppler-broadened counterpart (DB-DTOF).
By substantially reducing the modulation frequency compared with conventional iNIRS
systems, FMSH shifts the beat frequency into a range detectable by fast CMOS cameras,
enabling low-cost and scalable implementations.

We demonstrated that FMSH can extract the reduced scattering coefficient (,u;) and
absorption coefficient (u,) from static scattering media, as well as ,u; and the Brownian
diffusion coefficient (Dg) from dynamic media when one parameter is known. Simula-
tions revealed that y; and Dg affect the DTOF in a similar manner, producing a charac-
teristic “banana-shaped” region in the fitting error map. While the global minimum can
be identified under noise-free conditions, realistic noise significantly limits the simulta-
neous determination of both parameters, underscoring a fundamental constraint of the
method.

A detailed signal-to-noise ratio (SNR) analysis compared FMSH with other interfer-
ometric diffuse optics techniques, including DC-DWS, iNIRS, and photon-counting ap-
proaches. Theoretical modeling indicated that FMSH achieves shot-noise-limited per-
formance superior to photon-counting methods; however, in practice, its sensitivity is
constrained by the photon-detection threshold of the CMOS camera. The analysis fur-
ther suggests that employing more sensitive cameras—with lower full-well capacity or
higher analog gain—could bring FMSH closer to its theoretical SNR limit. The modu-
lar architecture of FMSSH also permits straightforward extension to time-gated measure-
ments and depth-resolved functional imaging, offering strong potential for compact and
portable diffuse optical tomography systems.

Several challenges remain. The inability to reliably separate u; and Dg under noisy
conditions may be addressed through multi-wavelength measurements, exploiting
the wavelength dependence of ,u; and the wavelength independence of Dg. Further-
more, the high frame rates and large-scale parallel detection generate substantial data
throughput, posing challenges for real-time processing. Finally, the clinical translation
of FMSH will require the development of miniaturized, motion-tolerant implementa-
tions, which remains an active area of research.

In summary, FMSH represents a promising direction for high-sensitivity, high-
resolution, and cost-effective diffuse optical measurements. By integrating interfer-
ometric precision with parallel speckle detection and frequency-domain encoding, it
offers a pathway toward bridging the gap between photon-efficient interferometric dif-
fuse optics and practical, scalable spatially-resolved implementations.

3.5. APPENDIX

3.5.1. THE DOPPLER EFFECT COMPARISON

In iNIRS and FMSH, the influence of the Doppler effect manifests differently in the fre-
quency domain, owing to their distinct temporal resolutions. The Doppler spectrum
corresponding to each scattering path s is described by the Lorentzian function:

2C;

Dis, )= —— s
D= o -

(3.9
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Figure 3.3: The normalized Doppler spectrum of 100 ps, 500 ps and 1000 ps in iNIRS and FMSH according to
equation (3.9). us = 1000m’1, Dg=1x 10712 m2/s, fo =10 kHz. (a) The short data acquisition time results
in low frequency resolution and eliminates the Doppler effect in iNIRS. (b)The longer data acquisition time
results in higher frequency resolution, which shows Doppler broadening effects in FMSH.

where f; = fo + Bs, and the frequency shift coefficient § is given by = 2’}—’35. Here, fo
arises from the path-length difference between the reference and sample arms, B is the
modulation bandwidth, T is the frequency ramp modulation period, and c is the speed
of light in vacuum. The scattering path length s is related to ToF via s = ¢- ToF/n, with
the refractive index 7 taken to be 1.37. The spectral broadening parameter Cs, reflecting
the Doppler width, is expressed as Cs = 2k§p;DBS, where ky = %gﬁ, ,u; is the reduced
scattering coefficient and Dg is the diffusion coefficient of particles. Since the particles
undergo Brownian motion, the Doppler spectra for forward and backward frequency
sweeps are symmetric, and the data acquisition time is set equal to frequency modula-
tion period T.

In the case of iNIRS, the modulation period is TiNrs = 1/(100x 103) seconds, resulting
in a frequency resolution of 4 fintrs = 1/ Tinirs = 100 kHz. This resolution is significantly
larger than the typical Doppler spectral width Cg, rendering the Doppler-induced broad-
ening effectively unresolvable in the frequency domain. Consequently, the Doppler ef-
fect does not manifest visibly in the iNIRS spectrum, as shown in Figure 3.3 (a).

Conversely, in FMSH, the modulation period is extended to Tinigs = 1/500 seconds,
yielding a much finer frequency resolution of ¢ fpmsy = 1/ Temsa = 500 Hz. Since this
resolution is substantially smaller than Cs, the Doppler spectrum is clearly resolved in
the frequency domain, as illustrated in Figure 3.3 (b).

!
3.5.2. THE FITTING ERROR MAP OF (g AND Dp

The similar broadening effects caused by the reduced scattering coefficient (u;) and
the Brownian diffusion coefficient (Dg) pose a significant challenge for accurately sep-
arating these parameters through curve fitting. To illustrate this, we performed a sim-
ulation to generate a FMSH signal using ground-truth values of Dg = 5 x 107'2m?/s,
ts = 1000m !, and p, = 10 m™!, as shown in Figure 3.4(b). By fixing 15, we constructed
a fitting error map across a grid of Dg and p; values. The result reveals a characteristic
’banana-shaped’ low-error region, within which the errors are similar, although a clear
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Figure 3.4: Fitting error map of the Doppler-broadened DTOF with fixed absorption coefficient (ua). (a) Ideal
noise-free data shows a global minimum in the error surface, though the error values remain low across the

"banana-shaped" region; (b) The fitting data for simulated data with Dg = 5e712m2/s, ,u; =1000m~! and
Ha = IOm_l; (c) When random noise is added to the ideal data, the error surface becomes flatter within the

banana region, making it difficult to distinguish between u; and Dg. (d) The fit data with 10% added noise.

global minimum remains identifiable at the true parameter values.

However, when 10% random noise is added to the simulated signal, as shown in Fig-
ure 3.4(d), the distinction in error values across the banana region becomes negligible.
This loss of contrast in the error surface obscures the global minimum, making it difficult
to recover the correct Dg and ﬂ; through fitting. This highlights a fundamental limitation
in the accurate determination of these parameters under realistic noise conditions.

3.5.3. SIGNAL-TO-NOISE RATIO COMPARISON

In interferometric diffuse optics (iDO), the signal-to-noise ratio (SNR) is the bottle-
neck that limits its clinical application. Here, we compare the SNR of dual-comb
diffusing-wave spectroscopy (DC-DWS)[35], interferometric near-infrared spectroscopy
(iNIRS)[50], and photon-counting approaches[51].

DUAL-COMB INTERFEROMETER

In DC-DWS, the local oscillator scans the photon distribution of time-of-flight (DTOF)
thereby recording the interferogram (IGM) in the time domain. For a mirror object, the
peak current of the IGM is given by:

ip = 2kn\/PrLo Ps (3.10)

where « is the mutual coherence between the sample and the local oscillator (LO), 7 is
represents the response (A/W) of the photo detector, P is the power of the LO power
and P is the power reflected from the object. The noise comes from the photo detector
and the quantum limitation of optical measurement

Onoise” = 05 + 0%y = NEP*-B+2qBi (3.11)
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where aﬁ is the photodetector noise, 02, is the shot noise, NEP is the noise-equivalent
power of the photodetector, B is the detection bandwidth, g is the electron charge, i =
n(PLo + Ps + 24/PLoPs) is the current. Increasing the power of LO, Prg > 2v/PLoPs > P,
and Ugn > 0(21, therefore, the shot-noise-limited SNR is given by:
i§ _2k*nPs _ 2k°nPq
O noise’ qB qA frep
where Ps = mPg, B = mA fep, m is the comb line number, P is the power of single comb
line, and A fep is the difference in the repetition frequency between the two comb lasers.
The measurement time can be regarded as 1/A fp, therefore for the dual-comb inter-
ferometer, the final shot-noise-limited SNR is decided by the collected power (P¢j/A frep)
from a single comb line rather than the whole comb spectrum. Let m = 100, n = 0.9,
Kk=1/V2, A frep = 100 kHz (typical speed to measure blood flow), and SNR = 2, then we
have minimal detectable power

SNRpc-pws = (3.12)

A
(P)min = M(Pel)min = M. f’e’” =3.56x 1072 W (3.13)
KN

If the wavelength is 780nm, the photon flux is 13.96 Mph/s.

FREQUENCY-MODULATED INTERFEROMETER

Similarly, in iNIRS, the LO interferes with photons with different ToFs. The amplitude
of sinusoidal oscillation of IGM from a mirror object is given by equation (3.14), and the
noise is given by equation (3.15). The difference is that for iNIRS, the signal is presented
in the frequency domain. Assuming data acquisition time 7 is long enough, the signal is
coherently integrated and after the Fourier transform it is given by

ISU)I = 1F Hip(O}?
= K20 PLoPs6° (f — fo) + K°n* PLoPsO° (f + fo) (3.14)

where i, (¢) = 2nT+/PLoPs cos(27 fyt) is the beat signal. The power of shot noise is sepa-
rated for each frequency component (double sideband spectrum 2B) and is given by

. Of _qi
o2,(f) =2qBi x BT (3.15)
The shot-noise-limited SNR of iNIRS is given by
K*n*ProPs  x°nPsT
SNRiNIRs = T lo’s X 05 (3.16)

qilt, q
Equation (3.16) shows that the shot-noise-limited SNR of iNIRS depends on collected

energy (Pst) during measurement time T. For a same measurement time (1/ frep = T)

responsivity of photodetector, (1), and collected power from sample (P), SSNM =

. . . NRpc-pws
m/2, the minimal detected power is

2q ~14
(Pg)min = W =7.12x107"°W (3.17)

a
If the wavelength is 780nm, the photon flux is 279 kph/s. As a result, iNIRS has a 17 dB
SNR advantage over DC-DWS.
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PHOTON-COUNTING APPROACHES

In photon-counting approaches we consider a pulsed laser illuminating a mirror like
object and a photon-counting detector being used to detect the faint signals. For dark
count DCR = 250, and a 0.2 quantum efficiency (PDM, Micro Photon Devices), the min-
imum detectable photon flux is 2DCR/n = 2500 ph/s.

FREQUENCY-MODULATED HOLOGRAPHY

For frequency-modulated holography, the beat signal is given by

2xy/PsP1ob't
€ph

= 2K/ NsNio cos(27 f 1) (3.18)

Nyc(t) = cos(2m fot)

where y is the quantum efficiency of the camera, x is the mutual coherence between LO
and photons reflected from the sample, 6¢ = 1/ f; is the exposure time, f; is the frame
rate, and ey, is the energy of single photon.N1o = yPs6t/epn, Ns = yPsOt/ epy, is the elec-
tron charge of pixel from LO and reflected photons respectively. This can be further
converted to the digital count of pixels

2xv/ NsNipo
Cac(t) = —Qa

cos(2m fyt) (3.19)
where CF = full well capacity/2 4¢Pt is the coversion factor of the camera. The shot
noise in analog-to-digital unit (ADU) is given by:

2 _ Nac _ Nio

Osn = CF2 = CP2 (3.20)

The total camera noise consists of readout noise and quantization noise. The readout
noise, originating from the camera electronics, has a variance of ¢ in units of electrons,
and 0?/ CF? in ADU. The quantization noise has a variance of O'é ==1/12in ADU[52]. In
this work, With a high camera CE increasing the reference power near saturation ensures
0%, > 07 + 0%, achieving shot-noise-limited operation.

After Fourier transform, the squared positive peak is given by |S(f*)| = K2 NsNig/ CF?,
and the shot noise of each bin is o, (f)? = % x 8L \where 2B =1/5t and 6f=1/T, Tis

2B’
the measurement time. Then the final SNR is given by

IS(FH)I K*NsT
SNRpmy = =
FMH \/ﬁasn(f)z \/ﬁ 5t
2
_ T TP
ot €ph
=vnk?*N,} (3.21)

where 7 is the pixel number and N is the electron charge from sample during the mea-
surement time 7. In this work, 4096 pixels are used, and T =1/200 s, x% =1/2, Y =0.36
for 633 nm, then let SNR=2, minimal photon flux is 34.7 ph/s.
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Figure 3.5: The minimum detectable photon flux per detector comparison of different methods: dual-comb
interferometer in DC-DWS, frequency-modulated interferometer in iNIRS, photon-counting approach in TD-
DCS, and frequency-modulated holography in this work.

On the other hand, the minimum photon flux is also limited by the photon sensitivity
threshold of the camera. To detect the beat signal, the amplitude of the AC component
should be larger than at least 2 counts in grey level. Then

2k VNN N.
VSO gy [ 220> 2 (3.22)
CF CF

where Cro = N;/CF is the mean gray level of LO at camera and we also get

Ny CF
Ppin = ——

—_— 3.23
Yot ~ Yx2Crobt (8:23)

For the camera used here full well capacity = 42000e™ and the bit depth is 12, and let
Countrp = 3000, §¢ = 1/(100 x 10%)s, then the minimum detectable photon flux per pixel
is 1898 ph/s (0.6 fW in power). The difference between equations (3.21) and (3.23) arises
primarily from the use of different effective exposure times: T for the shot-noise-limited
SNR, and 6t for the camera threshold. Then we choose 1898 ph/s as the minimum
detectable photon flux per detector, which is comparable to the photon-counting ap-
proach. Therefore, current SNR is limited by the photon sensitivity threshold of camera
rather than shot noise. From equation (3.23) we know that choosing a more sensitive
camera (e. g. lower CF) will help to arrive at shot-noise-limited SNR.

3.5.4. THE DOPPLER-BROADEND DTOF FITTING
The acquisition time for each measurement was 1 s, during which 100 k frames per pixel
were recorded for both the interferogram and the reference arm. For each pixel’s tempo-
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Figure 3.6: Processed power density spectra and corresponding model fits for samples with Intralipid concen-
trations ranging from 2.94% to 9.17% (a-h). The measured spectra (dots) agree well with the theoretical model
(solid lines), demonstrating how increasing particle concentration broadens the spectral width and raises the
initial amplitude.

ral signal, a Fourier transform was applied to obtain its spectral components. The corre-
sponding shot noise limited spectrum was determined from the reference arm measure-
ment, and then subtracted from the measured signal spectrum to remove noise contri-
butions prior to squaring. The squared amplitudes yielded the power density spectra.
Peaks arising from the periodic frequency modulation of the laser were subsequently re-
moved by spectral filtering, and the resulting spectra were normalized to obtain the mea-
sured power density spectra (dots in Figure 3.7(a)-(h)). The experimental data were fit-
ted using the theoretical model, convolved with the instrument response function (IRF),
applied to 50 % of the spectral range. As the Intralipid concentration increased, the coef-
ficient of determination (R?) for the fits systematically decreased, reflecting the reduced
signal-to-noise ratio (SNR) at higher scattering levels.



3. FREQUENCY-MODULATED SCATTERING HOLOGRAPHY DETERMINES OPTICAL
58 PROPERTIES OF TURBID MEDIA

BIBLIOGRAPHY

IA. McCarthy, N. J. Krichel, N. R. Gemmell, X. Ren, M. G. Tanner, S. N. Dorenbos, V.
Zwiller, R. H. Hadfield, and G. S. Buller, “Kilometer-range, high resolution depth imag-
ing via 1560 nm wavelength single-photon detection”, Optics express 21, 8904-8915
(2013).

27, Tachella, Y. Altmann, N. Mellado, A. McCarthy, R. Tobin, G. S. Buller, J.-Y. Tourneret,
and S. McLaughlin, “Real-time 3d reconstruction from single-photon lidar data using
plug-and-play point cloud denoisers”, Nature communications 10, 4984 (2019).

37.-P 1i, J.-T. Ye, X. Huang, P-Y. Jiang, Y. Cao, Y. Hong, C. Yu, J. Zhang, Q. Zhang, C.-Z.
Peng, et al., “Single-photon imaging over 200 km”, Optica 8, 344-349 (2021).

4D, Faccio, A. Velten, and G. Wetzstein, “Non-line-of-sight imaging”, Nature Reviews
Physics 2, 318-327 (2020).

5C.wu, J. Liu, X. Huang, Z.-P. Li, C. Yu, J.-T. Ye, J. Zhang, Q. Zhang, X. Dou, V. K. Goyal,
et al., “Non-line-of-sight imaging over 1.43 km”, Proceedings of the National Academy
of Sciences 118, 2024468118 (2021).

6X. Huang, R. Ye, W. Li, J.-W. Zeng, Y.-C. Lu, H. Hu, Y. Zhou, L. Hou, Z.-P. Li, H.-E Jiang,
et al., “Non-line-of-sight imaging and vibrometry using a comb-calibrated coherent
sensor”, Physical Review Letters 132, 233802 (2024).

"H.-S. Zhong, H. Wang, Y.-H. Deng, M.-C. Chen, L.-C. Peng, Y.-H. Luo, J. Qin, D. Wu, X.
Ding, Y. Hu, et al., “Quantum computational advantage using photons”, Science 370,
1460-1463 (2020).

8C. Couteau, S. Barz, T. Durt, T. Gerrits, J. Huwer, R. Prevedel, J. Rarity, A. Shields, and G.
Weihs, “Applications of single photons to quantum communication and computing”,
Nature Reviews Physics 5, 326-338 (2023).

IN. Maring, A. Fyrillas, M. Pont, E. Ivanov, P. Stepanov, N. Margaria, W. Hease, A.
Pishchagin, A. Lemaitre, 1. Sagnes, et al., “A versatile single-photon-based quantum
computing platform”, Nature Photonics 18, 603-609 (2024).

1%W. Denk, J. H. Strickler, and W. W. Webb, “Two-photon laser scanning fluorescence
microscopy”, Science 248, 73-76 (1990).

M. Y. Berezin and S. Achilefu, “Fluorescence lifetime measurements and biological
imaging”, Chemical reviews 110, 2641-2684 (2010).

12w, E. Moerner, “Single-molecule spectroscopy, imaging, and photocontrol: founda-
tions for super-resolution microscopy (nobel lecture)”, Angewandte Chemie Interna-
tional Edition 54, 8067-8093 (2015).

131, -M. Needham, C. Saavedra, J. K. Rasch, D. Sole-Barber, B. S. Schweitzer, A. J. Fairhall,
C. H. Vollbrecht, S. Wan, Y. Podorova, A. J. Bergsten, et al., “Label-free detection and
profiling of individual solution-phase molecules”, Nature 629, 1062-1068 (2024).

147, W. Goodman, Speckle phenomena in optics: theory and applications (Roberts and
Company Publishers, 2007).

15p 14, S. Ni, L. Zhang, S. Zeng, and Q. Luo, “Imaging cerebral blood flow through the in-
tact rat skull with temporal laser speckle imaging”, Optics letters 31, 1824-1826 (2006).



BIBLIOGRAPHY 59

16D, A. Boas and A. K. Dunn, “Laser speckle contrast imaging in biomedical optics”, Jour-
nal of biomedical optics 15, 011109-011109 (2010).

175 K. Dunn, “Laser speckle contrast imaging of cerebral blood flow”, Annals of biomed-
ical engineering 40, 367-377 (2012).

18] Senarathna, A. Rege, N. Li, and N. V. Thakor, “Laser speckle contrast imaging: theory,
instrumentation and applications”, IEEE reviews in biomedical engineering 6, 99-110
(2013).

19T Durduran, R. Choe, W, B. Baker, and A. G. Yodh, “Diffuse optics for tissue monitoring
and tomography”, Reports on progress in physics 73, 076701 (2010).

20R. Bandyopadhyay, A. Gittings, S. Suh, P. Dixon, and D. J. Durian, “Speckle-visibility
spectroscopy: a tool to study time-varying dynamics”, Review of scientific instruments
76 (2005).

21C. P Valdes, H. M. Varma, A. K. Kristoffersen, T. Dragojevic, J. P. Culver, and T. Durdu-
ran, “Speckle contrast optical spectroscopy, a non-invasive, diffuse optical method for
measuring microvascular blood flow in tissue”, Biomedical optics express 5, 2769-2784
(2014).

22T. Durduran and A. G. Yodh, “Diffuse correlation spectroscopy for non-invasive, micro-
vascular cerebral blood flow measurement”, Neuroimage 85, 51-63 (2014).

Z3R. Lohwasser and G. Soelkner, “Experimental and theoretical laser-doppler frequency
spectra of a tissuelike model of a human head with capillaries”, Applied optics 38,
2128-2137 (1999).

24A. Humeau, W. Steenbergen, H. Nilsson, and T. Stromberg, “Laser doppler perfusion
monitoring and imaging: novel approaches”, Medical & biological engineering & com-
puting 45, 421-435 (2007).

25E.]. Sie, H. Chen, E.-E Saung, R. Catoen, T. Tiecke, M. A. Chevillet, and E Marsili, “High-
sensitivity multispeckle diffuse correlation spectroscopy”, Neurophotonics 7, 035010-
035010 (2020).

26\ Liu, R. Qian, S. Xu, P Chandra Konda, J. Jénsson, M. Harfouche, D. Borycki, C. Cooke,
E. Berrocal, Q. Daij, et al., “Fast and sensitive diffuse correlation spectroscopy with
highly parallelized single photon detection”, APL Photonics 6 (2021).

27N. Ozana, A. 1. Zavriyev, D. Mazumder, M. Robinson, K. Kaya, M. Blackwell, S. A. Carp,
and M. A. Franceschini, “Superconducting nanowire single-photon sensing of cerebral
blood flow”, Neurophotonics 8, 035006-035006 (2021).

28y, Parfentyeva, L. Colombo, P. Lanka, M. Pagliazzi, A. Brodu, N. Noordzij, M. Kolarczik,
A. Dalla Mora, R. Re, D. Contini, et al., “Fast time-domain diffuse correlation spec-
troscopy with superconducting nanowire single-photon detector: system validation
and in vivo results”, Scientific Reports 13, 11982 (2023).

297, Sutin, B. Zimmerman, D. Tyulmankov, D. Tamborini, K. C. Wu, J. Selb, A. Gulinatti, I.
Rech, A. Tosi, D. A. Boas, et al., “Time-domain diffuse correlation spectroscopy”, Optica
3, 1006-1013 (2016).



3. FREQUENCY-MODULATED SCATTERING HOLOGRAPHY DETERMINES OPTICAL
60 PROPERTIES OF TURBID MEDIA

30M. Pagliazzi, S. K. V. Sekar, L. Colombo, E. Martinenghi, J. Minnema, R. Erdmann,
D. Contini, A. D. Mora, A. Torricelli, A. Pifferi, et al., “Time domain diffuse correla-
tion spectroscopy with a high coherence pulsed source: in vivo and phantom results”,
Biomedical optics express 8, 5311-5325 (2017).

31D, Tamborini, K. A. Stephens, M. M. Wu, P. Farzam, A. M. Siegel, O. Shatrovoy, M. Black-
well, D. A. Boas, S. A. Carp, and M. A. Franceschini, “Portable system for time-domain
diffuse correlation spectroscopy”, IEEE Transactions on Biomedical Engineering 66,
3014-3025 (2019).

32p, Borycki, O. Kholiqov, S. P. Chong, and V. J. Srinivasan, “Interferometric near-infrared
spectroscopy (inirs) for determination of optical and dynamical properties of turbid
media”, Optics express 24, 329-354 (2016).

33W. Zhou, O. Kholiqov, S. P. Chong, and V. J. Srinivasan, “Highly parallel, interferometric
diffusing wave spectroscopy for monitoring cerebral blood flow dynamics”, Optica 5,
518-527 (2018).

341, Xu, A. K. Jahromi, J. Brake, J. E. Robinson, and C. Yang, “Interferometric speckle visi-
bility spectroscopy (isvs) for human cerebral blood flow monitoring”, Apl Photonics 5
(2020).

35, Zhang, C. Phillips, E. Venialgo Araujo, S. Iskander-Rizk, J. Pupeikis, B. Willenberg,
U. Keller, and N. Bhattacharya, “Study of time-resolved dynamics in turbid medium
using a single-cavity dual-comb laser”, ACS Photonics (2024).

361, Mei, S. Svanberg, and G. Somesfalean, “Frequency-modulated light scattering in col-
loidal suspensions”, Applied Physics Letters 102 (2013).

371. Mei, G. Somesfalean, and S. Svanberg, “Frequency-modulated light scattering in-
terferometry employed for optical properties and dynamics studies of turbid media”,
Biomedical Optics Express 5, 2810-2822 (2014).

38W. Zhou, O. Kholiqov, J. Zhu, M. Zhao, L. L. Zimmermann, R. M. Martin, B. G. Lyeth,
and V. J. Srinivasan, “Functional interferometric diffusing wave spectroscopy of the
human brain”, Science Advances 7, eabe0150 (2021).

397, Xu, A. K. Jahromi, and C. Yang, “Diffusing wave spectroscopy: a unified treatment on
temporal sampling and speckle ensemble methods”, Apl Photonics 6 (2021).

40y, X. Huang, S. Mahler, J. Mertz, and C. Yang, “Interferometric speckle visibility spec-
troscopy (isvs) for measuring decorrelation time and dynamics of moving samples
with enhanced signal-to-noise ratio and relaxed reference requirements”, Optics Ex-
press 31, 31253-31266 (2023).

41G. Dietsche, M. Ninck, C. Ortolf, J. Li, E Jaillon, and T. Gisler, “Fiber-based multispeckle
detection for time-resolved diffusing-wave spectroscopy: characterization and appli-
cation to blood flow detection in deep tissue”, Applied optics 46, 8506-8514 (2007).

425, Samaei, K. Nowacka, A. Gerega, Z. Pastuszak, and D. Borycki, “Continuous-wave par-
allel interferometric near-infrared spectroscopy (cw 7 nirs) with a fast two-dimensional
camera”’, Biomedical Optics Express 13, 5753-5774 (2022).



BIBLIOGRAPHY 61

43M. Zhao, W. Zhou, S. Aparanji, D. Mazumder, and V. J. Srinivasan, “Interferometric dif-
fusing wave spectroscopy imaging with an electronically variable time-of-flight filter”,
Optica 10, 42-52 (2023).

4M. Zhao, L. Dickstein, A. S. Nadig, W. Zhou, S. Aparanji, H. G. Estrada, S.-J. Liu, T. Zhou,
W.Yang, A. Lord, et al., “Comprehensive optimization of interferometric diffusing wave
spectroscopy (idws)”, IEEE Journal of Selected Topics in Quantum Electronics (2025).

45D. Contini, E Martelli, and G. Zaccanti, “Photon migration through a turbid slab de-
scribed by a model based on diffusion approximation. i. theory”, Applied optics 36,
4587-4599 (1997).

46A. M. Goldfain, P. Lemaillet, D. W. Allen, K. A. Briggman, and J. Hwang, “Polydimethyl-
siloxane tissue-mimicking phantoms with tunable optical properties”, J. Biomed. Opt.
27,074706-074706 (2022).

47R. Samanta, D. Mazumder, O. Kholiqov, and V. J. Srinivasan, “Dynamic speckle-
modulated interferometric near-infrared spectroscopy of non-ergodic samples”, in
Optics and the brain (Optica Publishing Group, 2025), BW1B-2.

487 Guzman-Sepulveda, R. Argueta-Morales, W. DeCampli, and A. Dogariu, “Real-time
intraoperative monitoring of blood coagulability via coherence-gated light scattering”,
Nature Biomedical Engineering 1, 0028 (2017).

49C. Chen, J. Q. Lu, H. Ding, K. M. Jacobs, Y. Du, and X.-H. Hu, “A primary method for
determination of optical parameters of turbid samples and application to intralipid
between 550 and 1630nm”, Opt. Express 14, 7420-7435 (2006).

50p, Borycki, O. Kholiqov, S. P. Chong, and V.]J. Srinivasan, “Interferometric near-infrared
spectroscopy (inirs) for determination of optical and dynamical properties of turbid
media”, Optics express 24, 329-354 (2016).

51y, Sutin, B. Zimmerman, D. Tyulmankov, D. Tamborini, K. C. Wu, J. Selb, A. Gulinatti, I.
Rech, A. Tosi, D. A. Boas, et al., “Time-domain diffuse correlation spectroscopy”, Optica
3,1006-1013 (2016).

52W. E Sheppard, “On the calculation of the most probable values of frequency-constants,
for data arranged according to equidistant division of a scale”, Proceedings of the Lon-
don Mathematical Society 1, 353-380 (1897).












FREQUENCY-MODULATED
SCATTERING HOLOGRAPHY
DETERMINES DYNAMIC
PROPERTIES OF TURBID MEDIA

Accurate quantification of cerebral blood flow requires highly sensitive detection of dy-
namic light scattering in turbid biological tissue. Conventional speckle-based flow (SBF)
methods suffer from low signal-to-noise ratio (SNR) due to limited speckle collection,
while high-parallel detection architectures improve SNR but rely on long source—detector
separations, which reduce spatial resolution and photon throughput. Here, we intro-
duce frequency-modulated scattering holography (FMSH), a technique that overcomes
these trade-offs by enabling depth-resolved measurement of dynamic scattering with
photon-counting sensitivity. By integrating frequency-domain modulation with mas-
sively parallel detection, FMSH achieves sensitive and high-resolution characterization
of dynamics in complex scattering environments. This approach opens new avenues for
high-resolution and high-sensitivity, non-invasive imaging of cerebral hemodynamics.

Parts of this chapter have been published in https://doi.org/10.1364/opticaopen.30576617
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4.1. INTRODUCTION

The characterization of tissue dynamics—especially blood flow—is crucial for neuro-
sciencel[l, 2], oncology[3, 4], dermatologyl[5, 6] and surgery[7, 8]. Conventional tech-
niques for dynamic measurement, such as speckle contrast optical spectroscopy (SCOS)
[9, 101, diffuse correlation spectroscopy (DCS)[11], and laser Dopper perfusion (LDP)[12,
13] analyze speckle blurring, intensity autocorrelation, or power spectral density to in-
fer motion of scatterers. However, to measure dynamics in deep tissue, such as cerebral
blood flow (CBF), these techniques require a long source-detector (SD) separation to re-
duce the influence of shallow layers. This, in turn, limits spatial resolution, and photon
throughput decreases exponentially with increasing SD separation.

Interferometric diffuse optics (iDO) have introduced new possibilities. In single-
speckle implementations, interferometric near-infrared spectrosocpy (iNIRS)[14] and
dual-comb diffusing-wave spectroscopy (DC-DWS) [15] provide access to field autocor-
relation decay rates and photon distribution of time-of-flight (DTOF) via time-resolved
detection, allowing estimation of the blood flow index (BFi) and optical properties. How-
ever, their SNR is limited due to single-channel detection. Multiple-speckle iDO, such as
iDWS[16] and iSVS[17], improves SNR through spatial multiplexing, with iDWS operat-
ing at >100 kHz for electric-field autocorrelation and iSVS enabling dynamic readout via
speckle visibility contrast at 100 Hz.

Recent enhancements to iDWS include coherence gating with tunable laser sources
[18], which selectively improves sensitivity to specific time-of-flight (ToF) ranges and
thus to deeper flows. However, this approach requires careful optimization of the optical
path difference (OPD) and the laser’s swept optical bandwidth [19], limiting its flexibility.

To address these limitations, this chapter introduces frequency-modulated scat-
tering holography (FMSH). Using low-speed modulation of an external cavity diode
laser (ECDL, 200 Hz), FMSH generates beat signals in the kHz range that encode
nanosecond-scale ToF differences. Each pixel records a temporal interferogram whose
frequency-domain representation contains Doppler power spectra broadened by scat-
terer dynamics along each optical path and shifted according to their respective ToFs.
By integrating the power spectral density (PSD) across pixels, a heterodyne speckle
hologram is reconstructed. Applying band-pass filters to the PSD yields ToF-resolved
speckle contrasts, effectively functioning as coherence gates. This enables separation
of dynamic components by depth, allowing depth-resolved flow measurements even
at small source-detector separations. Unlike approaches that require ultrafast elec-
tronics or photon-counting detectors, FMSH achieves photon-counting sensitivity with
high-parallel detection using low-cost, camera-based hardware.

4.2. METHODS

4.2.1. INSTRUMENTATION

The instrumentation used is identical to that described in chapter 3.2.1. In this chap-
ter, we demonstrate the concept using a reflectance geometry. The sample consists of a
two-layer turbid medium: the top layer is made of polydimethylsiloxane (PDMS) mixed
with carbon powder and titanium dioxide, mimicking the optical properties of human
tissue[20] (p’s =1022m™!, py = 24m™1) and has a 5 mm thickness; the bottom layer is
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a solution of Intralipid mixed with water (10 mm thickness, u; =1090m™Y). A syringe
pump is used to modulate the flow rate at 0.5 Hz (Figure 4.1 (a)).

4.2.2. TOF-DEPENDENT SPECKLE CONTRAST
In iDWS and parallel iNIRS[21], the high measurement speed allows direct capture of the
field autocorrelation to infer dynamics. In contrast, FMSH operates at a measurement
rate slower than the scatterers’ decorrelation time. However, its use of parallel detec-
tion with a camera not only boosts photon throughput but also provides an additional
advantage—it enables the calculation of speckle contrast, which is related to dynamics.
The integral of the full PSD (equation (3.8)) yields a quantity proportional to the sig-
nal energy, reflecting intensity fluctuations over the measurement window T

I(T) =

Jup f+oo 2k% < Nio(£) Ny (s, 1) >7 Cs
0

sd
fdown C32 + [Zn(f_fs)]z f

—f+°°1<2<1v (DN (s, 1) > ffup 2Cs d
o HORES T i CE 4 127(f = [

+00
=x% < Nio(D) >Tf < Ng(s, 1) >7ds =x% < Nio(8) >7 < Ny(£) >1 4.1)
0

fds

Here fup and fyown denote the frequency bounds encompassing the full Doppler spec-
trum, and < Nig(f) >, < Ns(s, 1) >7 represent the time-averaged counts from the local
oscillator and each scattering path s over the acquisition window. < Ns(¢) > is the time-
averaged counts from all paths. Assuming that the LO power remains constant during T,
we have

I(T) = x*Nio (1)< Ny(t) >1

2 T
- M[ Ny(n)dt 4.2)
T 0

The contrast computed from this integrated intensity yields the same result as that
obtained by conventional SCOS methods[9]
<[I(T)- < I(T) >]*>
<I(T)>2
Uy INg()— < Ne(1) >1d 1
< [T Nydr>?

K3(T) =

2B (7 T, 2
- fo (- Dgimar .3)

where g) (1) denotes the field autocorrelation function, and S is a coherence factor that
accounts for the spatial and temporal coherence properties of the detection system.
Here, the measurement window T is equivalent to the exposure time in SCOS.

Differing from conventional SCOS, the swept source and the high frame rate of the
camera decouples the Doppler spectrum of each scattering path according to its own
ToE This provides the opportunity to measure the dynamics at different depths. Specif-
ically, by integrating over a selected frequency band, the system effectively implements
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a band-pass filter (BF) that acts as a ToF gate, selectively capturing photon energies as-
sociated with specific path lengths. The ToF-dependent speckle contrast can be written
as

< [Ige(T)— < Lgp(T) >12 > 08(T)

K2.(T) = -
ar(T) < Igp(T) >2 < Igp(T) >2

(4.4)

where Igr(T) denotes the integrated intensity after applying a BP filter to the PSD. This
approach exploits the fact that photons with short ToF primarily contribute to the low-
frequency region of the PSD (Figure 4.1(b)). In contrast, photons with longer ToFs gener-
ate broader Doppler spectra because of the larger number of scattering encounters. By
selecting the higher-frequency components, contributions from shallow dynamics can
be effectively suppressed. Consequently, the specificity to deep flow scales with the ratio
of the partial path length (PPL) in the deep layer (layer 2) relative to that in the superficial
layer (layer 1)

a2 Dpapi, 1> (BF)

spec(BF) = -
a1Dg1 g 1 (BF)

(4.5)

where a; and a» is the dynamic scattering ratio in layer 1 and layer 2; Dg; and Dg»
is the diffusion coefficient in layer 1 and layer 2; ,u'Sl and ,u'82 is the reduced scattering
coefficient of layer 1 and layer 2; /; and I, is the partial path length in layer 1 and layer
2. The longer ToF has a higher partial path length ratio in deep layer (see Appendix 4.5.1
for more details), therefore this ToF-gated speckle contrast provides a higher specificity
to deep flow.

4.2.3. DATA PROCESSING

The camera operates at a frame rate much higher than the optical frequency modulation,
so within each modulation period each pixel records a temporal interferogram (IGM,
Figure 4.1(b)). Frequency modulation also introduces intensity modulation, which is re-
moved by normalizing with its envelope (Figure 4.1(c)). First the interferogram is Fourier
transformed, then the shot noise from the reference arm is subtracted and the the power
spectral density (PSD) is extracted after squaring. In the temporal-frequency domain,
the DC component Nig(#) + Ns(#) and the AC component are separated, analogous to
spatial-frequency domain in off-axis holography where the DC and AC terms are also
separate. The time-of-flight (ToF) information is encoded across the entire PSD. Inte-
grating the AC component of the PSD for each pixel reconstructs a speckle hologram,
similar to SCOS but in a heterodyne form. To suppress shallow-layer contributions and
enhance specificity to deeper layers, a bandpass filter is applied (Figure 4.1(d)), yield-
ing a ToF-resolved speckle hologram from which ToF-dependent speckle contrast can
be calculated (Figure 4.1(e)). The full processing pipeline is summarized in Figure 4.1(f).

4.3. RESULTS

The two-layer phantom consisted of a 5-mm-thick static layer (¢ = 1000 m™!, y, =
50 m~!) and a 10-mm-thick dynamic Intralipid layer (¢} = 2000 m~!). The speckle con-
trast can be determined from the DB-DTOE This approach was experimentally validated



4.3. RESULTS 69

optical

HI

time

camera frames

ToF-dependent
: speckle hologram

ie . . :
:( ) : Frequency [ [FFT((p0l Single pixel |
: " domain < courses ;
E ' ' Shot-noise subtraction + squaring '
| ——— ) Average
i i Power density across pixels Doppler- :
: i spectra > broadened DTOF|:
BP + integration
¥ i ——
: - Quantif -
: ToFk?eEelndent the contrast | TOF-dependent |:
: time speckie hologram » speckle contrast |!

Figure 4.1: Schematic diagram for determining the dynamic properties of turbid media using FMSH. (a) The
external cavity diode laser (ECDL) output is split into a reference arm and a measurement arm. In the measure-
ment arm, the laser illuminates the sample, and the backscattered photons are collected directly in free space
by the camera pixels. The source-detector separation is set to 0 cm. A syringe pump is used to modulate the
flow rate of the Intralipid-water mixture in the second layer of the sample. MZI-Mach-Zehnder-interferometer,
M1-M4-mirror, VBS-variable beam splitter, BS-beam splitter, PL-Powell lens; (b) The optical frequency of the
ECDL is modulated by a ramp waveform at 100-200 Hz. With the camera operating at a frame rate of 120 kHz,
each modulation period yields 600-1000 frames. (c) Each pixel records a time series over the acquisition period
T. After applying a Fourier transform and squaring the result, the power density spectrum (PDS) is obtained,
allowing separation of DC and AC components. (d) By applying a bandpass (BP) filter to either the full PDS or
the PDS corresponding to photons with longer time-of-flight (ToF), speckle holography for all scattered pho-
tons or depth-resolved speckle holography can be obtained. (e) By calculating the ensemble speckle contrast
over time, the flow modulation driven by the syringe pump can be reconstructed. (f) A diagram of the FMSH
data processing procedure is shown.
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using both a homogeneous Intralipid phantom with configuration shown in Fig. 3.1 (a)
and the two-layer tissue-mimicking phantom with configuration shown in Fig. 4.1 (a).

For the homogeneous phantom measured in the transmission geometry, the aver-
aged DB-DTOF is shown in Fig. 4.2(a). A series of band-pass filters (BPFs) was applied
to the DB-DTOF of each pixel, where the upper cutoff frequency (fup) was held con-
stant, while the lower cutoff frequency (fiower) Was progressively increased starting from
the frequency corresponding to zero time-of-flight (ToF) lag. The zero ToF lag was cal-
ibrated by removing the sample to measure the optical path-length difference between
the reference and sample arms. The speckle contrast (K?) was then calculated according
to Eq. (4.3), and is shown in Fig. 4.2(c).

The mean K? decreases with increasing fiower in the range between fj; and fj,. This
behavior can be attributed to the homogeneous dynamic phantom, in which the in-
crease of the dynamic scattering events is approximately linear with the photon ToE
leading to faster temporal decorrelation and consequently lower speckle contrast. For
fiower > fio, K? increases due to the reduced signal-to-noise ratio between the dynamic
signal and shot noise.

For the two-layer phantom measured, in reflectance geometry, the first layer con-
sists of static scatterers, while the second layer consists of dynamic scatterers driven by
a syringe pump, simulating pulsatile flow. By averaging the PSD over all camera pixels,
a DB-DTOF was obtained, as shown in Fig. 4.2(b). A similar BPF strategy was applied to
the DB-DTOF of each pixel, with a fixed f,p and an increasing fiower starting from zero
ToF lag.

As shown in Fig. 4.2(d), in contrast to the homogeneous dynamic phantom, the mean
K? initially increases with increasing fiower until reaching fi;. This behavior indicates
that Doppler spectrum leakage from the deeper dynamic layer vanishes below fi;: inter-
ference signal measured within this frequency range does not carry dynamic informa-
tion or the SNR is too low to be detected. Consequently, the filtered intensity variance
(TZBF(T) remains approximately constant, while the mean intensity (Igr(T)) decreases
due to the narrowing filter bandwidth, as described by Eq. (4.4).

Between fi; and fi,, the detected signal consists of contributions from purely static
scattering paths as well as photons leaking from the dynamic layer due to Doppler
broadening. In this regime, the mean K? decreases rapidly. For fis < fiower < fi3, photons
with longer ToF accumulate a larger fraction of their partial path length in the deeper
dynamic layer, resulting in faster temporal decorrelation and a further reduction in K?.
For fiower > fis, K? increases again due to the degradation of SNR, similar to the static
case.

The temporal evolution of 1/K? under different BPF settings was also evaluated for
the two-layer phantom, as shown in Fig. 4.2(e). All BPF configurations consistently cap-
tured the periodic modulation induced by the syringe pump (Fig. 4.2(f)), although nar-
rower BPFs exhibited reduced SNR. This can be seen from Fig. 4.2(f) upper panel with
lower SNR and lower panel with higher SNR showing that the sensitivity to depth can be
increased by choice of the BPE The Fourier transforms of 1/ K2, in both cases success-
fully recovered the pump modulation frequency of 0.5 Hz, as shown in Fig. 4.2(g) and
Fig. 4.2(h).
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Figure 4.2: Measurement results for the two configurations of dynamic samples, first the homogeneous In-
tralipid solution and the second the multi layer sample. The averaged power spectral density (PSD) yields
the Doppler-broadened photon distribution of time-of-flight (DTOF) for %7.48 (a) Intralipd emulsion in the
transmission geometry and (b) two-layer phantom in the reflectance geometry ; (c-d) A series of band-pass
(BP) filters is applied to the PSD of each pixel; the lower cutoff frequency fiower is incremented in 200 Hz steps
while the upper (fup) cutoff remains fixed; (e) Speckle contrast after each BP filter, displayed with relative
offsets from their respective means; (f) Temporal fluctuation of speckle contrast for fiyyer = 22.5 kHz (lower
panel) and figwer = 25.2 kHz (upper panel); (g-h) Fourier transforms of the signals in (d): (g) corresponds to

fiower =22.5kHz and (h) to figwer = 25.2 kHz. Both spectra clearly reveal the 0.5 Hz flow modulation imposed
by the syringe pump.
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4.4. CONCLUSION AND DISCUSSION

In this chapter, we introduced frequency-modulated scattering holography (FMSH) as a
new approach for depth-resolved measurement of dynamics in turbid media. By com-
bining low-frequency laser modulation with massively parallel camera detection, FMSH
achieves photon-counting sensitivity while preserving the ability to separate dynamic
scattering contributions by photons different ToFs. Unlike conventional SBF methods
that require long source-detector separations to suppress superficial signals, the ToF
gate ability of FMSH enable it high-resolution measurements at short separations with
improved photon throughput.

The concept was experimentally validated in a two-layer phantom consisting of a
static superficial layer and a dynamic deeper layer. The results demonstrated that pho-
tons with longer ToF contributed a greater fraction of their partial path length to the
deeper layer and exhibited faster decorrelation. By applying BP filters to the PSD, we
successfully isolated depth-dependent speckle contrasts. Higher-frequency bands em-
phasized contributions from longer ToFs and produced lower speckle contrast values,
consistent with the expected dynamics of the deeper layer. Importantly, both shallow-
and deep-weighted contrasts retained sensitivity to the periodic flow modulation in-
troduced by the syringe pump, confirming that FMSH can resolve dynamic signatures
across depths with temporal resolution of 10 Hz.

These findings highlight several important advantages of FMSH. First, its reliance
on camera-based parallel detection provides a substantial SNR gain over single-channel
iDO approaches such as iNIRS, while avoiding the exponential photon loss associated
with long source-detector separations in DCS and SCOS. Second, the intrinsic ToF en-
coding introduced by frequency modulation enables post-processing “virtual gating,”
analogous to coherence gating in the previous system[18] but without requiring precise
control of optical path length or laser bandwidth. This flexibility simplifies experimental
implementation and makes FMSH compatible with low-cost hardware.

At the same time, several limitations should be noted. The present implementa-
tion relies on relatively slow modulation frequencies and moderate camera frame rates,
which constrain the achievable temporal resolution compared to ultrafast iDO meth-
ods such as iNIRS and DC-DWS. Moreover, while the two-layer phantom experiments
demonstrate depth specificity, translation to in vivo measurements will require careful
consideration of tissue heterogeneity, motion artifacts, and physiological noise. Finally,
quantitative recovery of flow indices (e.g., blood flow index, BFi) will depend on robust
modeling of ToF-dependent speckle contrast, which may necessitate integration with
photon migration models or Monte Carlo simulations.

In summary, FMSH provides a powerful new framework for probing dynamic light
scattering in complex media. By uniting frequency modulation, heterodyne detection,
and parallel speckle analysis, this method achieves depth-specific sensitivity without
sacrificing photon efficiency. These capabilities position FMSH as a promising tool for
advancing noninvasive, high-sensitivity imaging of cerebral hemodynamics and other
applications where resolving flow at different depths is essential.
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4.5. APPENDIX

4.5.1. DEEP-TO-SHALLOW FLOW SPECIFICITY

SPECKLE SPECIFICITY

Previous works[22-24] have demonstrated the brain-to-scalp specificity in diffuse corre-
lation spectroscopy. Based on[24, 25], we derive the specificity to deep flow in a two-layer
sample for speckle contrast optical spectroscopy (SCOS). The speckle contrast without
ToF-gate is given by

2_%[T T 2
K== T ¢! T)g1(r) dt (4.6)

where 8 accounts for the spatial and temporal coherence factors of setup and g; (1) is
the field correlation[24]

g1(1) =< exp[—Zk(z)alDBlu;Illr]exp[—ZkgagDBZ,u;z LTl >. 4.7)

Here a; and a are the dynamic scattering ratio in layer 1 and layer 2; Dg; and Dg; are
the diffusion coefficient in layer 1 and layer 2; ,Lt;l and ”;2 are the reduced scattering
coefficient of layer 1 and layer 2; /; and I, are the partial path length in layer 1 and layer
2. Because the integration time 7T is much higher than the decorrelation time of g;, we
have

2 T
K2 = ?’Bj(; |g1(1)|2d1

2 T , /
= ?ﬁﬁ < exp[_4k(2)(a1DBllel ll + aZDBZ#Szlz)T] >dT

4K T (@1 D pigy b + @2 Dpapigy o)

X < exp[—4k(2) (dlDBly;I ll + azDBz,U.;Z lz)‘[] > |g

= 4 (4.8)

2k2T (a1 Dp1piy b + @2 Dpapiy )

Then the blood flow changes in the first layer introduce speckle contrast variation

2

2T —
0(1/K*)/d(ay Dgy) = Topslll. (4.9)

Thus, the deep-to-shallow flow specificity with ToF filter is given by
[(@2 DB2)3(1/K?) /3 (a2 Dp2)1/ (1 Dp1)d(1/ K*)/d(a1 Dgy)]
a2 Dpafi, b
_* Bzﬂlsz_Z (4.10)
a1 Dpipg h
After applying the bandpass filter (BF), the selected photons have longer time-of-flight
and its specificity is:
a2 D2ty Iz (BF)

spec(BF) = —
a1Dg1 g, I (BF)

(4.11)
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Figure 4.3: The average partial path length in layer 1 and layer 2 (I; and I5) and their ratio I»/1;. The partial
path length ratio increases with time-of-flight, therefore, selecting photons with higher time-of-flight by the
bandpass filter (BP) increases the deep-to-shallow specificity.

PARTIAL PATH LENGTH vS TIME-OF-FLIGHT
For a two-layer sample, the time-resolved reflectance is given by

R(t)zR,ua=0(t)j(; fo 8L (0, L(1), 1) exp(—pa1 L (1)) exp(—paz L2 (1)) d L (D) 12 (1) (4.12)

where Ry -o(f) denotes the time-resolved reflectance when the sample has a zero ab-
sorption, g(l;(#), (1), 1) is the probability density function for the partial path length
of scattered photons in the layer 1 (/;(¢)) and layer 2 (l;(¢)) with a time-of-flight ¢. The
thickness of the sample is [, () + I>(t) = vt where v is the velocity of light in the medium.
The average partial path length in layer 1 with time-of-flight ¢ is expressed by:

S5 S5 i) gh (1), Lo (1), 1) exp(—pra1 11 (1) exp(—praz L2 (1) d 1y (1) 1o (1)
15 JoC g (1), o (1), t) exp(—par 11 (1)) exp(— a2 Lo (D) d 1 (£) I (1)
_ OR(1)/0pa

T RO

L=

(4.13)

From equation (4.13), the average partial path length in layer 2 with time-of-flight ¢ is
m =vt— m The time-resolved reflectance has been given in [26] for the two layers
with different absorption coefficient. For pa; = 100 m™!, pa» = 200 m™! and u; = 1000
m~!, the first layer has a thickness 5 mm, and the total thickness is set to 100 mm, from
equation (4.13), the partial path length [, (¢) and I»(¢) is calculated as shown in Figure,
and this is independent of the source-detector separation. Therefore, for a longer time-
of-flight, the ratio between m and m is higher, which means that the time-of-flight
gate increases the deep-to-shallow specificity.
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COHERENCE-GATED
INTERFEROMETRIC SPECKLE
VISIBILITY SPECTROSCOPY

Speckle-based flow (SBF) measurement techniques offer non-invasive, portable, and sen-
sitive solutions for cerebral blood flow (CBF) monitoring. Among these, speckle visibility
spectroscopy (SVS) and its interferometric variant (iSVS) stand out for their high photon
throughput and low cost. However, to enhance sensitivity to CBE both SVS and iSVS typi-
cally rely on large source-detector (SD) separations, which significantly reduce photon flux
and spatial resolution. In this work, we present a novel coherence-gated iSVS approach
that leverages a low-coherence laser diode to selectively filter out photons from superficial
layers—eliminating the need for long SD separations. This strategy dramatically improves
light throughput and spatial resolution while reducing system cost. Our method offers a
practical and scalable solution for high-resolution, depth-sensitive CBF imaging.

Parts of this chapter have been done as a manuscript and will be submitted to an academic journal.
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5.1. INTRODUCTION

Disruptions in cerebral blood flow (CBF) are closely linked to a variety of serious neu-
rological conditions, including stroke [1], cognitive decline [2], and neurodegenerative
diseases such as Alzheimer’s disease [3]. Accurate and continuous monitoring of CBF
is therefore of significant clinical value. An ideal CBF monitoring modality would be
non-invasive, portable, cost-effective, and suitable for frequent or bedside use. Exist-
ing clinical techniques each suffer from key limitations. Transcranial ultrasound [4] is
non-invasive but highly operator-dependent and lacks sensitivity to microvascular flow.
X-ray computed tomography (CT) [5], long considered a standard for perfusion imaging,
involves ionizing radiation and is unsuitable for repeated measurements. Magnetic reso-
nance imaging (MRI) [6, 7] avoids radiation and offers high-resolution data, but remains
expensive and logistically constrained to advanced clinical facilities.

Given these limitations, optical methods have emerged as promising alternatives,
particularly those leveraging the low absorption of biological tissue in the near-infrared
(NIR) window [8-14]. Among these, speckle-based flow (SBF) measurement techniques
are especially attractive due to their non-invasiveness, portability, and sensitivity to mi-
crovascular hemodynamics, offering a practical path toward accessible CBF monitoring
tools.

In SBE coherent laser light illuminates biological tissue, and the resulting multiply
scattered photons interfere to form a dynamic speckle pattern [15]. Diffuse correlation
spectroscopy (DCS), a prominent SBF technique [11, 16], detects one or a few speckles
using photon-counting detectors and analyzes the temporal intensity autocorrelation
function (g») to quantify the blood flow index (BFi). To achieve high signal-to-noise
ratio (SNR), DCS requires a highly coherent light source and single-mode fiber (SMF)
collection, which significantly limits photon throughput. To increase throughput, multi-
channel DCS systems collect multiple speckles using bundles of SMFs connected to mul-
tiple photon-counting detectors[17]. However, these systems are limited by their com-
plexity and high cost. The emergence of single-photon avalanche diode (SPAD) cam-
eras [18] addresses these limitations by enabling massively parallel detection with tens
of thousands of channels, significantly reducing system complexity [19-21].

Unlike DCS, which rapidly detects the decorrelation time of scattered light, speckle
contrast optical spectroscopy (SCOS) [13, 14] provides an alternative approach by us-
ing a slow-frame-rate camera to collect many speckles simultaneously. The ensemble
speckle contrast of the entire speckle pattern yields an integrated measure of intensity
decorrelation time. This approach enables high photon throughput by leveraging the
large number of pixels in imaging sensors, while also reducing system cost.

Recently, interferometric diffuse optical (iDO) techniques [22-25] have been devel-
oped to enhance the signal-to-noise ratio (SNR) in SBF measurements through hetero-
dyne amplification. Among these, interferometric speckle visibility spectroscopy (iSVS)
[24, 26, 27] integrates interferometric detection into the SCOS framework to improve
sensitivity. However, to increase the specificity to deep tissue flow, both SCOS and iSVS
typically use large source-detector (SD) separations [28], which reduces spatial resolu-
tion and photon throughput due to the exponential attenuation of photon flux with in-
creasing SD separation [29].

An alternative strategy for enhancing specificity to deep flow is to reject photons with
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short time-of-flights (ToFs), which predominantly originate from superficial layers. This
ToF-gating approach has been widely adopted in DCS, implemented via either electronic
gating [30] or coherence gating [22, 25, 31]. Arecent study [32] introduced electronic ToF
gating into speckle contrast imaging, but this method is limited by system complexity
and cost.

In this work, we present a coherence-gated iSVS system that incorporates a coherence-
based ToF gate. By rapidly modulating the power of a single-mode 1064-nm distributed-
feedback (DFB) laser during the camera exposure period, a stable coherence gate is
established [31]. Building upon the methodology described in [31], the current architec-
ture utilizes a low-frame-rate camera in place of a high-speed sensor. This modification
significantly reduces both the system cost and the data throughput requirements. By
tuning the optical path length difference (OPD) between the sample and reference arms,
we selectively interfere photons with specific ToFs. This enables operation at short SD
separations, thereby improving spatial resolution and photon throughput while main-
taining sensitivity to deep flow. The resulting system offers a cost-effective and practical
solution for high-resolution, depth-sensitive cerebral blood flow (CBF) monitoring.

5.2. METHOD

5.2.1. INSTRUMENTATION

Figure 5.1 (a) illustrates the experimental setup for CG-iSVS used to measure dynamics
in turbid media. An 1064 nm central wavelength single-mode DFB laser diode (1064LD,
Aerodiode) is employed, driven by a laser diode driver (LDC205C, Thorlabs) and stabi-
lized using a temperature controller (TED200C, Thorlabs). To facilitate the coherence
gating, the injection current is modulated by a waveform generator (WG) in 50 kHz with
0.5V amplitude. The laser beam is split into two paths by a beam splitter (BS). In the
measurement arm, the beam is directed to the sample by a mirror (M1) with a power of
80 mW. Scattered photons are collected by a multimode fiber (MME FG1000LEA, Thor-
labs) with 3 mm seperation, collimated and projected onto a camera (DMK 42AU03). In
the reference arm, the beam is delayed using a retroreflector (Retro) and attenuated by
a variable optical attenuator (VOA) to prevent camera saturation. The reference beam is
directed by two mirror (M2 and M3), and is tilted by a small angle. The camera operates
at a frame rate of 25 frames per second with an exposure time of 1/50 s. The exposure du-
ration serves as the integration period, encompassing multiple modulation cycles driven
by the WG. The camera has a resolution of 1280x960 pixels.

The sample consists of two layers. The first layer is composed of polydimethylsilox-
ane (PDMS), carbon powder, and titanium dioxide (TiO,), formulated to mimic the opti-
cal properties of human tissue. The second layer is a mixture of 20% Intralipid and water,
which is pumped by a syringe pump to control the flow rate.

5.2.2. COHERENCE-GATED HETERODYNE SPECKLE VISIBILITY FACTOR

The CG-iSVS works in an off-axis holography configuration, where the direct current
(DC) component can be removed easily in spatial-frequency domain. The attenuated
local oscillator (LO) interferes with the speckle pattern collimated from sample and the
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Figure 5.1: The schematic diagram of the CG-iSVS setup and its operating principle. (a) The off-axis holo-
graphic configuration of CG-iSVS. Components: LD — laser diode; Temp Controller — temperature controller;
WG-waveform generator; Retro - retroreflector; BS — beam splitter; VOA - variable optical attenuator; M1, M2,
M3 — mirrors; MMF — multimode fiber; Col - collimator; A - aperture. (b) The retroreflector adjusts the optical
path difference (OPD) between the reference and measurement arms, enabling interference of photons with
a specific time of flight (ToF), thereby generating heterodyne speckles corresponding to different photon path
lengths.

intensity at the pixel p is given by
T . .
Ip(s,t):f |EP (t)|2+|Esam(t)|2+2Re{ 2gP (t)Esam(s,t)e”kox““"“"f””}dt (5.1)
0

where T is the camera exposure time, EEO(I) denotes the LO electric field at pixel p, and
EL,., (s, 1) denotes the sample field associated with scattering path length s at pixel p. y?
is the mutual coherence factor between the LO and the sample. The terms kpxsinf and
¢® (t) are the spatial carrier and the temporal phase difference between the two beams,
respectively. By translating the retroreflector, the path length s is adjusted (Figure 5.1
(b)). In the raw hologram, the sample speckle term |EL,, (¢)|> overlaps with the het-
erodyne speckle term Re{yzEpO(t) EDS (s, 1) ellkoxsind+o! (”]} where the former is not
depth-selective and should be rejected. After a spatial Fourier transform, the LO and
the sample speckle (the DC components) remain near the origin due to the pinhole’s ef-
fective spatial low-pass filtering, while the heterodyne term is shifted to higher spatial
frequencies (Figure 5.2 (c)). Removing the DC component, selecting the positive first-
order sideband, and assuming a spatially uniform LO across the sensor Efo(t) =Eio(1),
the interferometric intensity at pixel p is given by

Igc(s,t) [}/|ELO(Z‘)||Esam(S,t)|COS(pS (Hdt (5.2)

According to [24], the second moment of I (s, ) across all pixels is

T t
<|IB(s, D> >= YZILO(ISam(S»TfO 2(1- ?)gl(s, ndt (5.3)
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here I1o = |ELo(D1?, {Isam(S)) = (|Ebym (s, 1)[?) and gi(s, ) is the field autocorrelation
function of photons with scattering path s. After calibrating the I1 o and (lsam), the path-
dependent visibility factor is

< IIh(s, 0> > T

B = = o) :Y“(S)Tfo

here I1o and (Is;m) can be measured by blocking the measurement arm and the refer-
ence arm respectively. (lsam(s)) = a(s){Isam), Where a(s) is the ratio between photons
with sacttering path s and whole scattering photons. The decorrelation time 7 of pho-
tons from sacttering path s is much lower than the exposure time T, therefore

2(1- %)gl(s, ndt (5.4)

T
t

F(s) = ya(s)Tf 2(1- ?)exp(— t/it)dt=2ya(s)Tt (5.5)

0

Theoretically, F(s) ranges from 0 (fast dynamics) to 1 (no dynamics), but in reality,

the visibility factor has an non-zero offset, which comes from both the laser (shot noise)

and the camera noise (readout noise and quantization noise), which need to be cor-
rected[24]:

F'(s)=(1-pB)+Bl2ya(s) TT] (5.6)

The corrected visibility factor gives the blood flow index 1/ F'(s). Compared with normal
iSVS, the coherence gate produced by the multimode laser makes it possible for us to
directly measure the path-dependent dynamics here.
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Figure 5.2: The data processing of the CG-iSVS. (a) The raw images acquired from the camera. (b) Spatial FFT
of the image in (a). (c) The second moment is calculated directly in the spatial frequency domain using the AC
component. (d) The normalized blood flow index.
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5.2.3. DATA PROCESSING

Figure 5.2 illustrates the data processing pipeline. First, the raw interferogram recorded
by the camera is transformed into the spatial-frequency domain via a two-dimensional
Fourier transform. As shown is Figure 5.2(b), the DC term and the AC sidebands are
clearly separated. An ellipse detection algorithm is then applied to locate and segment
the AC component, which corresponds to the heterodyne signal containing the flow in-
formation. Within the selected AC region, the spectral energy is calculated directly in the
frequency domain (Figure 5.2(c)) according to Parseval’s theorem, providing a quantita-
tive measure of the temporal fluctuations induced by moving scatterers. To remove the
contribution of camera and shot noise, the measured spectrum is corrected using Eq.
(5.6). Finally, the result is normalized to yield the blood flow index, which serves as a
depth-resolved and noise-compensated metric of cerebral blood flow dynamics (Figure
5.2(d)).

5.3. RESULTS
5.3.1. INSTRUMENT RESPONSE FUNCTION
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Figure 5.3: Instrument Response Function (IRF) characterization of the CG-iSVS system. (a) Measured fringe
visibility from a Michelson interferometer as a function of OPD to characterize the coherence length of the
modulated laser diode. (b) Comparison of pixel intensity stability recorded with the waveform generator in
the "on" and "off" states, demonstrating the effectiveness of the integration-based averaging.

To characterize the coherence gate width at a modulation amplitude of 0.5V, a stan-
dard Michelson interferometer was constructed. A camera was employed to monitor the
interference fringe visibility across varying optical path differences (OPDs). The fringe
visibility was quantified using:(Imax — Imin)/ (Imax + Imin). In the Michelson interferom-
eter, the retroreflector is translated in 1 mm increments, resulting in a 2 mm increase
in the OPD per step. As illustrated in Fig. 5.3(a), high-contrast fringes are observed at
zero OPD, which gradually vanish as the OPD increases. The inset displays the inter-
ferograms captured by the camera at three distinct positions. Interference fringes are
clearly resolved at zero OPD but exhibit significant loss of contrast at the other two posi-
tions. The full width at half maximum (FWHM) of the normalized visibility curve yields
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a coherence length of 0.052 m, which corresponds to a Time-of-Flight (ToF) gate of 173
ps.

To mitigate intensity variations during current modulation, the laser is modulated at
50 kHz with a camera exposure time of 1/50 s, effectively integrating over 1000 modula-
tion periods. As illustrated in Fig. 5.3 (b), despite the lack of hardware synchronization
between the camera and the waveform generator, the intensity of a single pixel exhibits
a stability comparable to that of the laser without current modulation.

5.3.2. FLOW UNDER DIFFERENT OPDS

The coherence gate concept was validated using a two-layer tissue-mimicking phan-
tom. The first layer was formulated with carbon black powder (0.0055 wt%) to reproduce
the absorption of the scalp, which exhibits an absorption coefficient of 0.74 mm™! at
1064 nm. To introduce scattering similar to that of cranial bone, 0.1 wt% titanium dioxide
powder was added, yielding a reduced scattering coefficient of 8.9 mm™! at 1064 nm [33].
The second layer consisted of intralipid diluted (20ml 20% intralipid) in water (60 ml),
which was driven by a syringe pump with 0.5 Hz to generate controlled flow, thereby
serving as a dynamic scattering medium to mimic blood flow.

To verify the functionality of the coherence gate, we quantified the interferometric
intensity (I,c) across a range of OPDs. As illustrated in Fig. 5.4(b), a prominent AC com-
ponent is observed when the reference arm delay (z4) is set to 600 ps and 833 ps, whereas
the signal is significantly attenuated at t3 = 0 ps and 1167 ps. The overall evolution of
the interferometric signal is summarized in Fig. 5.4(a); the observed profile closely fol-
lows the distribution-of-time-of-flight (DTOF) of photons migrating through the turbid
medium. This correlation confirms that the coherence-gating strategy effectively iso-
lates photons based on their path length.

The depth-selective capability is further demonstrated by the flow measurements.
At tq = 0 ps (Fig. 5.4(c)), the visibility factor fails to detect the flow dynamics because
the coherence gate is positioned at the entry surface, where the signal is dominated by
ballistic reflections from the static air-medium interface and the initial static layer. In
contrast, at fq = 600 ps and 833 ps, the gate successfully overlaps with the deeper scat-
tering volumes, allowing the system to capture the underlying flow dynamics. Finally,
at 7q = 1167 ps, the flow signal becomes nearly undetectable. At this extended delay, al-
though the photons have traveled through the flow region, the signal-to-noise ratio is too
low to extract meaningful dynamic information due to the inherent decay of the DTOE

Furthermore, three samples with static layer thicknesses ranging from 0.8 to 1.2 cm
were measured with the reference delay z4 fixed at 600 ps. As shown in Fig. 5.5(a-c),
the flow dynamics were successfully captured in all cases. Their corresponding Fourier
transforms, shown in Fig. 5.5(d), exhibit clear peaks at 0.5 Hz, demonstrating excellent
agreement with the modulation rate of the peristaltic pump.

5.4. CONCLUSIONS AND DISCUSSION

In this chapter, we have introduced and validated a coherence-gated interferometric
speckle visibility spectroscopy (CG-iSVS) system designed for depth-sensitive blood flow
monitoring. By integrating a coherence-based ToF gate into the iSVS framework, the
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Figure 5.4: Visibility measurements for flow beneath a 0.8 cm static scattering layer. (a) Normalized interfero-
metric intensity I, as a function of Optical path difference (OPD). (b) Spatial Fourier spectra of interferograms
obtained at various OPDs, highlighting the variations in interferometric signal strength. (c)-(f) Normalized
speckle visibility (1/F) calculated at different OPDs, illustrating the depth-selective gating effect.

proposed method enables the selective isolation of photons from deep scattering vol-
umes while effectively rejecting those originating from superficial layers. This approach
represents a fundamental advancement over conventional SVS and iSVS, which typi-
cally rely on large SD separations to achieve depth sensitivity at the expense of photon
throughput and spatial resolution.
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Figure 5.5: Visibility factor measurements for flow beneath static layers of varying thicknesses (0.8 cm, 1.0
cm, and 1.2 cm). Normalized visibility factors obtained with a reference delay of tq = 600 ps are shown for
static layer thicknesses of (a) d =8 mm, (b) d = 10 mm, and (c) d = 12 mm. (d) The Fourier transform of the
aforementioned signals reveals a distinct peak at 0.5 Hz, corresponding to the pump modulation frequency.

Our experimental implementation utilized a high-speed modulated DFB laser diode
to establish a stable low-coherence gate. By ensuring the modulation frequency was
significantly higher than the camera frame rate, we achieved an effective integration of
over 1000 modulation cycles per exposure, maintaining intensity stability comparable to
unmodulated states. The off-axis holographic geometry allowed for the efficient separa-
tion of the heterodyne signal in the spatial-frequency domain. Validation using a two-
layer tissue-mimicking phantom confirmed that the system successfully captures flow
dynamics beneath static layers with thicknesses ranging from 0.8 to 1.2 cm.

The CG-iSVS system offers several distinct advantages over traditional speckle-based
flow measurement techniques. First, by removing the reliance on long SD separations,
the system maximizes photon collection efficiency and improves spatial resolution,
which is critical for probing highly scattering biological tissues. Second, the transition
from high-speed sensors to a low-frame-rate camera significantly reduces data through-
put requirements and hardware costs, facilitating the development of portable and
scalable clinical devices. Furthermore, the interferometric detection scheme provides
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heterodyne amplification of weak speckle fluctuations, ensuring a robust SNR even
when probing deep into turbid media.

Despite these strengths, certain limitations warrant further investigation. The width
of the coherence gate is a critical parameter; while a wider ToF gate improves the SNR
by integrating more photons, it simultaneously reduces depth specificity. Conversely, a
narrower gate enhances depth resolution but may suffer from a degraded SNR. Future
work will focus on optimizing this gate width to achieve the ideal trade-off between sen-
sitivity and signal quality for specific clinical applications. Additionally, while this work
validated the technique using a controlled two-layer phantom, translating CG-iSVS to in
vivo applications will require testing in more complex geometries that better represent
the human head. Optimization of the source-detector geometry and detection sensitiv-
ity will be essential for real-time cerebral blood flow monitoring.

In summary, CG-iSVS provides a scalable and cost-effective approach to depth-
selective microvascular imaging. By combining interferometric speckle visibility with
coherence-based ToF filtering, this method enables depth-selective probing of dynam-
ics while maintaining high photon efficiency. These results open new opportunities for
portable, non-invasive, and clinically viable monitoring of cerebral hemodynamics.
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CONCLUSION AND OUTLOOK

In this thesis, we propose three diffferent techniques, dual-comb diffusing-wave spec-
troscopy (DC-DWS), frequency-modulated scattering holography (FMSH) and coherence-
gated interferometric speckle visibility spectroscopy (CG-iSVS). We focus on optimizing the
signal-to-noise ratio, deep-layer specificity and data throughput of interferometric diffuse
optics. This concluding chapter summarizes the key features of proposed techniques and
gives a perspective on future work.
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HIS thesis investigates various interferometric diffuse optics (iDO) techniques and
T optimizes the system in terms of signal-to-noise ratio (SNR), deep-flow specificity,
and data throughput. The research outline, as shown in Fig. 6.1, aligns with the author’s
scientific progression over the past four years.

6.1. CONCLUSION

In Chapter 1, we began by introducing the field of diffuse optics and its applications. We
then outlined the fundamental principles of near-infrared spectroscopy (NIRS), diffuse
correlation spectroscopy (DCS) or diffusing-wave spectroscopy (DWS), speckle contrast
optical spectroscopy (SCOS), and laser Doppler flowmetry (LDF), discussing their re-
spective limitations as well as current state-of-the-art techniques. This served to clarify
the motivation behind the work presented in this thesis.

6.1.1. DUAL-COMB DIFFUSING-WAVE SPECTROSCOPY

In Chapter 2, we began with dual-comb optical coherence tomography (DC-OCT) and
demonstrated its extension to the measurement of multiply scattered photons in turbid
media. The high mutual coherence between the probe and pump combs enables sam-
pling of the distribution of time-of-flight (DTOF), which encodes the optical properties
of the medium. By repeatedly measuring the DTOF at a rate faster than the decorrelation
time of the scatterers—and compensating for laser phase fluctuations using a reference
interferometer—we can capture the dynamic properties of the turbid media. We ana-
lyzed the factors affecting the signal-to-noise ratio (SNR) of the dual-comb system and
optimized the measurement speed, temporal resolution, and SNR.

The DC-DWS system integrates time-domain near-infrared spectroscopy (TD-NIRS)
and diffuse correlation/diffusing wave spectroscopy (DCS/DWS) into a single modality,
enabling simultaneous measurement of both optical and dynamic properties. This in-
tegration improves the accuracy of blood flow index (BFI) measurements and holds po-
tential for assessing tissue metabolism. Additionally, the time-of-flight discrimination
of DC-DWS helps mitigate contamination from superficial layers. As a result, the system
offers an accurate, informative, and compact solution for blood flow monitoring. How-
ever, the dual-comb interferometer suffers from low photon utilization, which currently
limits its applicability in in vivo settings.

6.1.2. FREQUENCY-MODULATED SCATTERING HOLOGRAPHY

To address the SNR limitations of DC-DWS, in Chapter 3, we compared the SNR and
the minimum detectable photon flux across three systems: dual-comb interferometry,
frequency-modulated interferometry, and photon-counting detection. Based on this
analysis, we proposed a novel method—frequency-modulated scattering holography
(FMSH)—which achieves comparable or potentially higher SNR than photon-counting
detectors. By reducing the laser modulation speed, we lower the beat frequency between
the scattered photons and the local oscillator, allowing a fast CMOS camera to record
the temporal interferogram. The highly parallel detection and extended measurement
duration significantly enhance the SNR, reaching levels similar to photon-counting sys-
tems.
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FMSH is suitable for measuring the optical properties of static media. However, in
dynamic media, Doppler broadening of the time-of-flight (DTOF) distribution limits its
ability to accurately distinguish between the Brownian motion coefficient and the re-
duced scattering coefficient.

In Chapter 4, we demonstrated that by applying a bandpass (BP) filter, we can sepa-
rate the DC and AC components in the time-frequency domain, resulting in heterodyne
speckle holography. By computing the ensemble speckle contrast, we capture flow-
related fluctuations. Moreover, by selecting different BP filters, we can extract depth-
dependent speckle contrast, as photons with different DTOFs exhibit Doppler spectra
shifted by different beat frequencies.

As a result, FMSH effectively integrates TD-NIRS, speckle contrast optical spec-
troscopy (SCOS), and laser Doppler flowmetry (LDF), enabling measurement of both
optical and dynamic properties, but currently not at once.

6.1.3. COHERENCE-GATED INTERFEROMETRIC SPECKLE VISIBILITY SPEC-
TROSCOPY

In FMSH, the bandpass (BP) filter serves as a time-of-flight (ToF) gate. However, the use
of a high-frame-rate camera leads to substantial data throughput, creating challenges for
real-time processing. To overcome this, Chapter 5 introduces coherence-gated interfer-
ometric speckle visibility spectroscopy (CG-iSVS). This approach replaces the frequency-
modulated laser and fast camera used in FMSH with a distributed-feedback laser diode
and a conventional camera. The rapid wavelength modulation of laser diode during
camera exposure time provides an effective coherence gate. By adjusting the optical
path length difference (OPD) between the measurement and reference arms, we selec-
tively interfere photons with different ToFs, enabling depth-resolved heterodyne speckle
contrast measurements and improving sensitivity to deep flow. CG-iSVS also offers high
photon throughput while significantly reducing data throughput through the use of a
low-frame-rate camera. This not only facilitates real-time processing but also lowers
system cost by employing a low-frame-rate camera.

6.2. OUTLOOK

Diffuse optics have enabled non-invasive, portable, low-cost, and continuous monitor-
ing of tissue parameters over the past decades. With growing demands in cerebral ac-
tivity monitoring, there is an increasing need for systems that provide high accuracy,
strong specificity to deep tissue layers, high SNR, and low data throughput. Conven-
tional NIRS systems (e.g., TD-NIRS) can measure blood oxygenation but lack sensitivity
to blood flow. In contrast, DCS and DWS techniques offer direct access to flow infor-
mation but do not provide optical property measurements, leading to inaccuracies in
estimating the absolute blood flow index (BFi). Integrating TD-NIRS with DCS/DWS can
address this limitation.

Fundamentally, TD-NIRS operates as a light detection and ranging (LiDAR) tech-
nique by measuring the time-of-flight (ToF) of photons. In practice, DCS/DWS can be
combined with both conventional ToF-based LiDAR (TD-DCS) and interferometric Li-
DAR approaches (e.g., iNIRS or DC-DWS in Chapter 2). However, these methods suffer
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from low photon throughput, which can be mitigated through parallel detection using
multiple individual detectors.

The advent of photon-counting detector (PCD) arrays offers a potential solution, yet
PCDs remain costly and are highly sensitive to ambient light. Interferometric diffuse op-
tics (iDO), in contrast, offer greater robustness to environmental light and are relatively
low-cost.

In iDO, replacing many individual detectors with a camera-based system is a non-
trivial but promising strategy for simplifying system architecture and reducing cost. In
Chapter 3 and Chapter 4, we present a system that combines interferometric LIDAR with
a camera-based detector. This approach increases photon throughput and enables mea-
surement of optical and dynamic tissue properties.

On one hand, the Doppler-broadened DTOF model assumes homogeneous media,
where the Doppler spectrum width of each photon path is proportional to its ToE Ex-
tending this model to heterogeneous media remains an important direction for future
research. On the other hand, our FMSH system currently struggles to decouple the re-
duced scattering coefficient from the Brownian motion coefficient. This challenge may
be addressed by incorporating multi-wavelength sources.

Diffuse optics also show great promise for brain-computer interface (BCI) devel-
opment. Compared with electroencephalography (EEG), optical techniques offer the
advantage of non-invasively accessing deeper brain activity. Although the hemody-
namic response measured optically (e.g., blood flow and oxygenation) is slower than the
electrical signals captured by EEG, it provides complementary physiological informa-
tion. While NIRS has recently been combined with EEG to monitor blood oxygenation,
flow-sensitive measurements have yet to be widely integrated. Combining time-of-flight
(ToF) gating with flow-sensitive techniques such as DCS, DWS, or SCOS holds strong po-
tential for enabling novel optical BCI systems.

In Chapter 5, we propose a cost-effective approach that uses a wavelength-modulated
distributed-feedback laser diode and a CMOS camera to measure blood flow in deep tis-
sue layers. The coherence gate generated by the wavelength-modulation effectively
suppresses superficial layer contamination even at short source-detector separations,
offering high spatial resolution. These characteristics make the technique well-suited
for developing compact and affordable BCI devices. However, its long-term stability and
ability to reliably measure in vivo signals remain to be validated.

With the rapid advancement of iDO over the past ten years and the increasing de-
mand for neural activity monitoring, we believe there is substantial opportunity to de-
velop both commercial and clinically viable devices in this field.
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