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Abstract 
Biomedical and metasurface researchers repeatedly reach for quantitative phase imag
ing (QPI) as their primary imaging technique due to its high-throughput, label-free, 
quantitative nature. Therefore, Q P I has quickly established its role in identifying rare 
events and screening in biomedicine or automated image data analysis using artificial 
intelligence. These and many other applications share the requirement for extensive 
high-quality datasets, which is challenging to meet due to obstacles specific to each 
application. This thesis tackles the principal problems of optical imaging, mainly in 
biomedical research. The research aimed to study and develop new imaging methods by 
extending the capabilities of the coherence-controlled holographic microscope. In the 
thesis, we tackled three principal areas of biomedical imaging: turbid media imaging, 
super-resolution Q P I , and 3D refractive index reconstruction. 

To achieve such ambitious results, we have utilized the so-called coherence-gating 
effect, typically exploited for imaging through disordered media by least-scattered (bal
listic) light. To tackle turbid media imaging, we counterintuitively use the coherence 
gate for imaging by the non-ballistic light, enabling us to retrieve information missing 
in the ballistic image. A combination of images for different coherence gate positions 
allow us to synthesize an image of quality superior to ballistic light approaches, which 
we experimentally demonstrate on Q P I through thick biological tissue. 

Two approaches to super-resolution Q P I were explored in the thesis. First is the 
synthetic aperture approach, for which we again exploit the coherence-gating proper
ties of the partially coherent light combined with the oblique il lumination provided 
by the diffraction on a simple hexagonal phase grating placed near the specimen. We 
synthesize synthetic aperture Q P I with significantly increased spatial frequency band
width from sequentially acquired images formed by the coherence-gated light scattered 
into each grating's diffraction order. Second, we developed the coherence gate shaping 
method allowing real-time super-resolution Q P I . We propose an approach based on the 
fact that our system's point spread function (PSF) is a product of the diffraction-limited 
spot and the coherence-gating function, which we shape similarly to the superoscillatory 
hotspot. The product simultaneously produces the P S F with a super-resolution central 
peak and minimizes sidelobe effects, the common obstacle of superoscillatory imaging. 
The attenuation of sidelobes and resolution improvement co-occur in the entire field of 
view. Therefore, we present the first single-shot wide-field super-resolution Q P I . For 
both methods, we achieved a resolution improvement of at least 19%. Furthermore, we 
demonstrate the feasibility of the proposed methods by imaging biological specimens 
with super-resolution. 

In the thesis, we also address 3D imaging by the coherence-controlled holographic 
microscope. We developed a method for 3D refractive index distribution reconstruction 
from a z-stack Q P I measurement. The reconstructed refractive index distribution has 
qualities similar to the outputs of optical diffraction tomography. A t the same time, 
the required number of acquisitions is significantly lower in the case of the proposed 
method. We demonstrate our approach using simulated as well as experimental data. 

Keywords 
holographic microscopy, imaging in turbid media, coherence gate, super-resolution, 3D 
imaging 



Abstrakt 
Výskumníc i v oblasti biomedicíny a metapovrchov opakovane siahajú po kvant i ta t ív 
nom fázovom zobrazovaní (QPI) ako pr imárnej zobrazovacej technike vďaka jej vysoko
výkonnému, neinvazívnemu a kvan t i t a t ívnemu charakteru. Preto si Q P I rýchlo vybu
dovalo svoju nepos t r áda teľnú úlohu pri identifikácii zriedkavých javov a skríningu v 
biomedicíne alebo automatizovanej analýze obrazových dá t pomocou umelej inteligen
cie. Tieto a mnohé ďalšie aplikácie zdieľajú náročné splnieľnú požiadavku na rozsiah
le a kvali tné súbory dá t . T á t o p ráca sa zaoberá zák ladnými p rob lémami optického 
zobrazovania a to hlavne v biomedicínskom výskume. V ý s k u m v tejto práci je za
meraný na š t ú d i u m a vývoj nových zobrazovacích m e t ó d rozšírením možnost í koheren-
ciou r iadeného holografického mikroskopu. V práci sme sa zaoberali t romi h lavnými 
oblasťami biomedicínskeho zobrazovania: zobrazovaním v kalnom prostredí , Q P I so 
superrozl íšením a rekonštrukciou 3D rozloženia indexu lomu. 

Na dosiahnutie t akých to ambicióznych výsledkov sme využili t akzvaný efekt ko-
herenčnej brány, k to rý sa zvyčajne využíva na zobrazovanie cez nepr iehľadné médiá 
najmenej rozptý leným (balist ickým) svetlom. Zobrazovanie v kalných prostrediach 
adresujeme v tejto práci tak, že ne in tu i t ívne používame koherenčnú b ránu na zo
brazovanie nebal is t ickým svetlom, čo n á m umožňuje získať informácie chýbajúce v 
balistickom obraze. Kombinác ia obrazov pre rôzne pozície koherenčnej b rány n á m 
umožňuje syntetizovať obraz kvalitnejší ako pr í s tupy využívajúce len balistické svetlo. 
Toto exper imentá lne demonš t ru jeme na kvan t i t a t ívnom zobrazovaní cez h r ubé biolo
gické tkanivo. 

V práci bol i skúmané dva pr í s tupy k superrozlíšeniu kvan t i t a t ívneho fázového obrazu. 
P r v ý m je p r í s tup adap tu júc i syntet ickú aperturu, pre k torý opäť využívame efekty 
koherenčného bránovania čiastočne koherentného svetla v kombinácii so š ikmým os
vet lením, ktoré zabezpečuje difrakcia na jednoduchej šesťuholníkovej fázovej mriežke 
umiestnenej v blízkosti vzorky. Syntetizujeme Q P I s výrazne zväčšeným p á s m o m 
priestorových frekvencií zo sekvenčne získaných obrazov vytvorených koherenčne fil
t rovaným svetlom rozptý leným do každého difrakčného r ádu mriežky. Ďalej sme vy
vinul i m e t ó d u tvarovania koherenčnej brány, k to rá umožňuje Q P I so superrozl íšením v 
reá lnom čase. V práci navrhujeme pr í s tup založený na skutočnost i , že rozptylová funk
cia nášho sys tému je súčin difrakčne l imitovaného obrazu bodového objektu a funkcie 
koherenčnej brány, k to rú tvarujeme podobne ako superosci lačný hotspot. Výsledok 
súčinu je rozptylová funkcia so sub-difrakčne limitovanou šírkou cent rá lneho peaku a 
so zanedba teľnými p o s t r a n n ý m i maximami, k toré sú bežnou prekážkou zobrazovania 
pomocou superoscilácií. Ú t lm pos t r anných m a x í m a zlepšenie rozlíšenia sa odohráva 
súčasne v celom zornom poli . Preto predstavujeme prvé jednosnímkové Q P I so super
rozlíšením. P r i oboch me tódach sme dosiahli zlepšenie rozlíšenia aspoň o 19%. 

V práci sa takt iež venujeme aj 3D zobrazovaniu pomocou koherenciou r iadeného 
holografického mikroskopu. Vyvinu l i sme m e t ó d u na rekonštrukciu 3D distr ibúcie in
dexu lomu zo série kvant i ta t ívnych fázových obrazov vzorky pre rôzne pozície v axiál
nom smere. Rekonš t ruovaná dis t r ibúcia indexu lomu m á vlastnosti podobné v ý s t u p o m 
optickej difrakčnej tomografie. Zároveň je ale po t r ebný počet akvizícií v pr ípade navrho
vanej m e t ó d y výrazne nižší. Náš p r í s tup demonš t ru jeme pomocou simulovaných, ako 
aj exper imentá lnych údajov. 

K ľ ú č o v é s lová 
holografická mikroskopia, zobrazovanie v opticky kalných prostrediach, koherenčná 
b rána , super-rozlíšenie, 3D zobrazovanie 
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I N T R O D U C T I O N 

Chapter 1 

Introduction 

Digital holography has established over the years an irreplaceable role as a technique 
allowing convenient measurement of a wavefront [1]. There is a persistent dogma that 
only coherent light source is suitable for digital holography because coherent light allows 
very simple interferometric setup designs and on top of that it can be mathematically 
easily described in any space-time point. This property makes numerous numerical pro
cessing methods to work [2-4]. However, it has been shown that the digital holography 
is feasible even with partially coherent light [5-7]. The partially coherent i l lumination 
provides, in comparison to the coherent one, numerous advantageous imaging proper
ties such as higher spatial resolution, depth sectioning, and speckle noise reduction [7]. 
Addit ional ly to improved imaging properties that apply even for non-interferometric 
techniques, there is an intrinsic effect that arises only in the interferometers with par
tially coherent i l lumination - the coherence-gating effect [8-10]. The coherence gate 
is used as a tool separating the ballistic (the least scattered) from the multiply scat
tered light. This provides microscopes with ability to image in turbid media [11-14] 
and optical sectioning capabilities [6,15] extending their possible applications in bio
medical research [16-18]. The drawbacks of the partially coherent i l lumination lie in 
its difficult description by at least four-dimensional functions and interpretation of 
their measurement. The most common representations include cross-spectral density, 
mutual coherence function, and phase-space distributions [19]. Approaching partially 
coherent systems similarly to coherent ones proved to provide very good results, but to 
a l imited extent [20,21]. The experimentally challenging measurement of the functions 
representing partially coherent light is redeemed by being irreplaceable in i l lumination 
source characterization [22,23], crystallography [24,25], three-dimensional object re
construction [26], quantitative phase imaging [27] or object tracking behind opaque 
structures [28,29]. 

This thesis deals with the use of the coherence-controlled holographic microscope 
and its coherence-gating properties to improve its imaging capabilities. We approach 
the problem by uti l izing an advanced coherence gate manipulation and the complete 
mutual coherence function measurement, which is applicable also to techniques such as 
optical coherence tomography and microscopy [30], achromatic digital holography [5,7], 
Horn microscopy [31] or white-light diffraction tomography [15] that measure only a 
very limited part of the mutual coherence function. We tackle principal optical imag
ing problems including imaging through scattering media and super-resolved imaging 
by mastering imaging by multiply scattered light. It has been shown in coherent sys-

3 



I N T R O D U C T I O N 

terns that suitable post-processing leads to the 3D object reconstruction [3,32], seeing 
through opaque structures [33] or resolution improvement [34]. However, the use of 
partially coherent light promises unprecedented imaging capabilities and qualities. 

4 



T H E O R E T I C A L F R A M E W O R K 

Chapter 2 

Theoretical framework 

2.1 Optical coherence theory 

The term coherence represents in physics several distinct concepts. It usually describes 
l imit ing cases that allow interpretation of underlying physics, but they never quite 
occur in reality. In optics, coherence is an ideal wave property enabling stationary 
interference. More generally, coherence describes all correlation properties between 
physical quantities of a single wave or between several waves quantified by the cross-
correlation function. A l l natural sources produce time-varying fields with complicated 
and irregular waveforms. The field propagation greatly modifies these waveforms due 
to diffraction. Even though the field fluctuations are too rapid to be observed directly 
and waveforms are not precisely known, one can deduce their existence and shape from 
suitable experiments. The optical coherence theory provides mathematical models that 
are very successful in describing the statistical wave properties and their effect on the 
measurable time-averaged intensity. It is based on the electromagnetic wave theory 
of light and uses statistical techniques to analyze the effects of temporal and spatial 
waveform fluctuations. 

2.1.1 Analytic Signal Representation 

The typical variables treated in optics, e.g., components of electric and magnetic fields 
that are solutions of the time-dependent, macroscopic Maxwell 's equations, are real 
functions of position and time. These scalar components can be represented by a real 
field variable u^(q , i ) at a point described by a position vector q = (x,y,z) and at 
time t. The polychromatic field can be expressed as a superposition of monochromatic 
components 

where uo(q,u) is the field magnitude, 0(q,^) is the time-independent phase delay and v 
is the field's temporal frequency. It is more convenient to carry out the analysis in terms 
of the associated complex analytic signal u(q,t) instead of using the real field variable. 
This eliminates the need of trigonometric identities when adding or multiplying field 
amplitudes. The time-dependent deterministic complex analytic signal is defined as 

irr)(q,z/) = M0(q,z/) cos[0(q,z/) — 27tz/i], (2.1) 

(2-2) 

5 



T H E O R E T I C A L F R A M E W O R K 

which is the Fourier transform of the phasor u(q,v) = ^(q,^) exp[i0(q,i/)]. Because 
of the Hermitian symmetry the negative frequency components do not carry any addi
tional information to the positive frequency components, therefore, the integration can 
be carried out from 0 to oo without any loss of generality [35]. 

However, the coherence theory usually does not deal with deterministic fields but 
with real stationary random processes. We can again associate analytic signals with 
these processes as well, one has to be cautious, though, because sample functions 
of a stationary stochastic process are not square-integrable. We choose the same 
workaround as in Ref. [35] by formally defining the analytic signal according to E q . (2.2) 
without any further justification. 

2.1.2 Temporal coherence 

The simplest correlation phenomenon of optical fields is the interference effect due to 
superposition of two light beams originating from the same source. When the two 
beams are combined after propagation through optical paths that differ by Al = cAt 
(c is the speed of light in vacuum) the fringes may form. The fringe formation is 
conditional on temporal coherence between the beams. The fringes wi l l be formed only 
if the time delay A t satisfies [35] 

A £ A z / < l , (2.3) 

where Av is bandwidth of the light. The time delay A t ~ 1/Av is called the coherence 
time and the corresponding path difference Al = cAt is known as the coherence length. 

2.1.3 Spatial coherence 

The possible formation of interference fringes on superposition of beams originating 
from two spatially distinct points of the source or the wavefront is described by spatial 
coherence between the fields at these points. The existence of this phenomenon can 
be revealed by the Young's double-slit interference experiment. The fringes appear as 
a manifestation of the finite correlation between field vibrations at the two pinholes, 
which can be considered as two separate light sources. The spatial coherence is usually 
quantified by coherence width or area. In some cases it is useful to use the concept of 
coherence volume, which is defined as the right-angle cylinder with base of coherence 
area and height being the coherence length [35]. 

2.1.4 Optical coherence quantification 

The high frequency optical vibrations of the order of 10 1 4 s - 1 are not detectable by the 
typical photoelectric devices, which can reach sampling frequencies of 1 0 9 s _ 1 . Higher 
frequency measurements can be though obtained using special techniques designed 
for very specific scenarios [36-38]. It has been shown that the measurable quantity, 
time-averaged intensity, contains the high frequency information in the form of auto
correlation and cross-correlation contributions. A well designed interference experiment 

6 



T H E O R E T I C A L F R A M E W O R K 

has to be used in order to allow extraction of the sought information. It is usually 
sufficient to take into account only second-order correlations, therefore we wi l l focus 
on the study and measurement of the correlations between two space-time points of 
the optical field. 

Suppose that signals originating from two point sources producing time-varying 
stationary and ergodic fields u(ql,t — h) and u(q2,t — £ 2) time delayed by t\ and £ 2 are 
superposed, and time-averaged intensity {\u(q1,t — ti) + u(q2,t — ̂ 2)|2)< is recorded at 
the point defined by position vector q. This can be expressed as 

(i(q,t))t = (i( q i,*)>* + {i(<h,t))t + 2 R e { ( « * ( q 1 , t - h)u(q2,t - t2))t}, (2.4) 

where i(ql,t) = u*(ql,t)u(ql,t) and i(q2,t) = u*(q2,t)u(q2,t) are intensity terms and 
the third term on the right hand side of E q . (2.4) is the interference term, which can 
be described by temporal cross-correlation function. This function depends on t\ and 
t2 through their difference r = t2 — t\ and is known as the mutual coherence function 
r(q 1 ,q 2 , r ) . It is the central quantity of the optical coherence theory [36], and is defined 
as follows 

r(qi,q2, r) = {u*(q!,t)u(q2,t + T))t. (2.5) 

The temporal and spatial coherence phenomena qualitatively discussed in preceding 
sections can be characterized by T(q 1 ,q 1 , r) and T(q 1,q 2 ,0), respectively. In the case 
of temporal coherence, the r parameter is crucial, while for the spatial coherence char
acterization the time delay r is kept fixed and the positions q1 and q 2 of the two field 
points are of interest. However, this distinction can be made only for very simple cases, 
because in general these two types of coherence are not completely independent of each 
other [35]. 

2.1.5 Cross-spectral density 

In the course of optical coherence theory development it has been shown that it is 
much easier to work with space-frequency representation of the coherence. Therefore, 
the most common function used in recent publications is the cross-spectral density 
function W(ql,q2,u) of the light disturbances at points q1 and q 2 at frequency v defined 
by the equation [35] 

(u*(q1,u)u(q2y)} = W(q1,q2,u)b(iy - u'), (2.6) 

where the angular brackets denote ensemble average and the 6 is the Dirac delta func
tion. Equation (2.6) shows the meaning of cross-spectral density function as a measure 
of correlation between the spectral amplitudes for each frequency component of the 
light vibrations at points q1 and q 2 . The mutual coherence function and the cross-
spectral density function are interconnected through Fourier transform relation, which 

7 
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is the so called Wiener-Khintchine theorem: 

POO 

r ( q i , q 2 , r ) = / V y ( q i , q 2 , z / ) e - 2 ™ ^ , (2.7a) 
Jo 

/

oo 
r ( q 1 , q 2 , r ) e 2 ™ ^ . (2.7b) 

-'DO 

The cross-spectral density function gains a special form when the two points q1 and 
q 2 coincide. It wi l l become a function of the one point location and frequency, and it 
is called the spectral density of light 

S(q,u) = W(q,q,u). (2.8) 

2.1.6 Propagation of correlations 

The first to show how correlations propagate was Wolf in 1955 [36] by deriving two 
wave equations for the mutual coherence function propagation in the following form: 

1 d 

V 2 r ( q i , q 2 , r ) = - — r ( q i , q 2 , r ) , (2.9a) 

V 2 r ( q i , q 2 , r ) = I A r ( q i , q 2 , r ) , (2.9b) 

where the indexed Laplacian operator means V f = J^- + ^ + J^- . These equations 
describe how the mutual coherence function evolves, while one of the two points (qx 

or q2) is fixed, and the other one and time-delay r vary. We make use of the time 
difference between two time instants t\ and t 2 , however, in experiments the parameter 
r appears only in the form of the optical path difference. Eqs. (2.9) also prove the fact 
that spatial and temporal coherence properties of light are not mutually independent 
and show the link between these two properties. 

B y applying the Wiener-Khintchine theorem on Eqs. (2.9) we obtain differential 
equations for propagation of the cross-spectral density function Vy(q 1 ;q 2,z/) in the form 
of Helmholtz equations: 

VlW(qi,q2,u) + k2W(qi,q2,u) = 0, (2.10a) 

V ^ ( q 1 , q 2 , i / ) + k2W(qi,q2,u) = 0, (2.10b) 

where k = 27tz//c is the wavenumber. It is simpler to propagate cross-spectral density 
function as it obey the Helmholtz equations (2.6), which are easier to manipulate with 
than the wave equations for the mutual coherence function. 

The differential equations allow us to rigorously derive formulas for propagation 
of correlations, however, in practice approximate propagation laws are often adequate. 
It is possible to derive equations for mutual coherence function and cross-spectral 
density propagation analogous to Huygens-Fresnel principle of monochromatic light 

8 
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propagation. Following a derivation in Sec. 4.4.3 of Ref. [35] one obtains 

W(qi,q2,u) = [ [ W(qi,q^,i/)/i*(q 1,qi,i/)/i(q 2,q^,i/)d2qid2q^, (2.11) 

where /i(q,q',z/) is a transmission function that describes the complex disturbance at q 
due to a monochromatic point source situated at q ' of the surface A wi th frequency v, 
and of unit strength and zero phase. Under assumption of quasi-monochromatic light 
one obtains from E q . (2.11) approximate generalized propagation law for the mutual 
coherence function [35] 

r ( q i , q 2 , r ) « / / r C q i ^ ^ / i ' C q ^ q i ^ / i C q a ^ ^ J d ^ d 2 ^ , (2.12) 
J A J A 

where v is the central frequency of light. 

2.1.7 Phase-space representations 

We have shown that for the complete description of partially coherent field at least a 
four-dimensional function is needed. In contrast, coherent light can be described just by 
two-dimensional complex function, which allows very simple experimental implemen
tation and image processing. A n effort has been put into development of theoretical 
and corresponding experimental techniques uti l izing partially coherent light in order 
to facilitate its use for quantitative measurements. It has been shown that in some 
cases phase-space distributions are a suitable class of function to represent partially 
coherent light [39]. Namely, Wigner distribution function and ambiguity function are 
widely used [40,41]. 

Comprehensive theoretical models of propagation [42,43] have been developed to aid 
the implementation of the phase-space distributions, and they have been subsequently 
applied to problems in brightfield, phase-contrast and other imaging techniques [19]. 

2.1.8 Measurement of correlations 

Measurement of the functions describing cross-correlation properties of electromagnetic 
field has proven to be experimentally challenging [22,23], but it is well know fact that 
it has an irreplaceable role in i l lumination source characterization [22,23], crystallog
raphy [24,25], three-dimensional object reconstruction [26], quantitative phase imag
ing [27] or object tracking behind opaque structures [28,29]. One of the first techniques 
was proposed by Thompson and Wolf in 1957 [37], by means of which they were able 
to measure spatial coherence properties of light. Complete second-order correlation 
measurements have been demonstrated by coherence holography [44] or using a pin
hole array mask [45]. Heterodyne imaging [46] and spatial light modulator [47] have 
been employed to obtain phase-space distributions. Recently, subwavelength spatial 
coherence measurement has been achieved with plasmonic interferometry [48]. Also, 
higher-order correlations have been investigated to achieve super-resolved imaging [49]. 

9 
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2.2 Interferometric microscopy 
As mentioned in Sec. 2.1.8, correlations are measured using some sort of interferome
ter. Even though the knowledge of complete cross-correlation information of light can 
be very beneficial, not all partially coherent interferometric imaging techniques strive 
for complete description of partially coherent light-beam. Many benefit from intrinsic 
coherence-gating effect [8-10]. This effect is caused by a l imited spatiotemporal corre
lation of the object-scattered and reference field. Coherence gate filtering has always 
been perceived as a method separating the least-scattered (ballistic) light from the 
multiply scattered light because the ballistic part of the object-scattered field carries 
almost unaltered specimen information. The multiply scattered light is believed to be 
unsuitable for direct imaging (imaging with no extensive post-processing) as it can be 
randomly modulated, which results in undesirable background [50]. Techniques such as 
optical coherence tomography and microscopy [30], achromatic digital holography [5,7], 
Horn microscopy [31] or white-light diffraction tomography [15] separate ballistic light 
using a specific coherence gate position. This corresponds to a very limited part of the 
cross-correlation function measurement. 

2.2.1 Coherent techniques 

The state of art interferometric imaging techniques are predominantly designed to use 
coherent light sources (lasers), which have very high spatial and temporal coherence. 
The interferometers are in general composed of two optical pathways. In one of the 
paths is placed studied object, and the other path provides reference field. The object 
causes wavefront deformation, which is encoded in the phase of the light <f>, due to 
refraction or reflection. The purpose of interferometers is to visualize and quantify 
these phase changes by introducing reference field of known properties. The refer
ence field is not always obtained by propagating light through empty space, but it 
can be obtained by spatial filtering of the object scattered light. Therefore, interfer
ometers can be categorized based on the design as dual-path or common-path. The 
superposed object-scattered and reference fields are recorded by electronic devices mea
suring time-averaged intensity. The intensity measurement contains (thanks to the 
interference) information about the light scattered by the object, but extraction of 
the cross-correlation information is not always easy. The approaches to retrieving the 
cross-correlation term from the intensity measurements divides further interferometers 
into on-axis and off-axis types. 

On-axis arrangement 

Suppose that monochromatic signal u0(q,t) = A0(q,t) exp{i[0o(q)—27tz/£]} representing 
object scattered light and reference signal ur(q,t + r ) = Ar(q,t + r ) exp{i[0 r (q) — 
27tz/(t + T)]} are superposed and their time-averaged intensity is recorded. Based on 
the E q . (2.4) and (2.5) we get 

/(q) = (i(q,t))t = J0(q) + Jr(q) + 2Re{r(q,q,r)}, (2.13) 
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where /O(o) — (^(IjO^oCq^))* a n d ^r(q) — (M*(cl)0'ur(q,0)t- The third term on the 
right-hand side of E q . (2.13), the mutual coherence function of the object-scattered 
and reference field, can be expressed as 

T(q,q , r ) = ( « 0 ( q , t ) < ( q , t + r))t = ( A 0 ( q , t ) A r ( q , t + T ) ) t ^ W - * W + ^ , (2.14) 

where (A0(q,t)AT(q,t + r))t can be regarded as the modulus of the mutual coherence 
function |r(q,q,r) | . In on-axis systems the reference field is usually assumed to be a 
flat field (plane wave), therefore the phase 0 r (q ) is zero. The quantities, one strives to 
determine from interferometric measurements, are |r(q,q,r) | and </>0(q), which carry 
the information about the studied object. It is not possible to retrieve them from single 
on-axis measurement, which has the form 

J(q; r ) = J'(q) + 2|r(q; r ) | cos[0 o(q) + 2nur], (2.15) 

because there are three unknowns: /'(q) = -f0(q) + -̂ r(q), the modulus of the mutual 
coherence function and phase 0o(q)- The time-delay r is now a parameter that is further 
exploited in order to derive the aforementioned unknowns. A t least three intensity 
measurements with different r have to be carried out to obtain three equations, which 
can be combined to solve for the phase or modulus. This approach is called the phase-
shifting method. In the most used adaptation the time-delay is chosen so that 27tz/r 

Reference mirror 

Object 

I \ U 
Point source 

Figure 2.1: Two representative optical setups of on-axis interferometric systems, 
(a) Mach-Zefmder design and (b) Michelson interferometer design. 

takes on values 0,7T/2,7T,37T/2. AS the light is monochromatic, the modulus |r(q;r)| 
varies slowly with the change of r , therefore, it is assumed to be constant for all four 
values of r. One then obtains following four equations: 

h(q) = J'(q) + 2|r(q; 0)| cos[0o(q)], (2.16a) 

/2(q) = J'(q) - 2|r(q; 0)| sin[0o(q)], (2.16b) 

/3(q) = J'(q) - 2|r(q; 0)| cos[0o(q)], (2.16c) 

/4(q) = J'(q) + 2|r(q; 0)| sin[0o(q)]. (2.16d) 

The phase is easily obtained as 

0o(q) = tan 

Reference arm 

Point source I \ I 
\ U 

Object 

/ 4 (q)-/ 2 (q) 
/i(q)-/ 3 (q) 

(2.17) 
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This approach can be used either in reflection setup (see F i g . 2.1b) or transmission 
setup (see F ig . 2.1a). The phase-stepping is carried out by moving the reference mirror 
in the reflection setup, and in the transmission setup an optical wedge is used to change 
the optical path length of the reference arm. 

Off-axis arrangement - standard digital holography 

The advantage of off-axis interferometric setups is the possibility to retrieve the cross-
correlation information from a single measurement. The retrieval approach is based on 
the removal of the carrier frequency [7,51], which is associated with the holographic 
signal. 

Suppose again that the camera records time-averaged intensity of superposed mono
chromatic object it 0(q,t) and reference uT(q,t) signals. In off-axis interferometry, the 
reference field is incident to the output plane at an angle (see F ig . 2.2), therefore the 
time-delay of the wavefront is linearly proportional to the transverse position vector 
q t = (x,y). The object scattered field is again it 0(q,t) = A0(q,t) exp{i[0 o(q) — 27tz/i]} 
and the reference signal is ur[q,t + r(q t)] = A-[q,t + r(q t)] exp{—2niis[t + r(qt)]}. The 
term i>"r(qt) w i l l be further assumed to be a superposition of a constant time-delay 
r times v and spatially varying term Q c • q t , where Q c = (Xc,Yc) is the carrier 
frequency, which is in general dependent on v and the tilt of the beamsplitter. The 
intensity measurement has following form 

This equation contains two non-modulated intensity terms and interference term mod
ulated by the carrier frequency. The wavefront tilt originating from the interferometer 
design can be chosen in a way that the spatial frequency information of intensity and 
interference terms does not overlap in the frequency domain. Therefore, the mutual 
coherence function can be retrieved by Fourier transforming off-axis interferogram [de
scribed by E q . (2.18)], then windowing the cross-correlation term centered at carrier 
frequency as shown in F ig . 2.3a and then applying inverse Fourier transform on the 
filtered part of the spectrum. For the case of monochromatic and coherent light, the 
modulus and argument of the complex signal represent amplitude and phase, respec
tively, of the object scattered light. The tilted reference wavefront results in relatively 
high values of the time-delay r between two interfering wavefronts in some parts of the 
field of view as illustrated in F ig . 2.3b. The need for complete separation of interference 

Reference arm 

Point source 

Object 

Figure 2.2: Off-axis arrangement of Mach-Zehnder interferometer. 

/(q) = J0(q) + Jr(q) + 2 R e { r ( q , q , r ) e 2 ™ ( ^ t } . (2.18) 
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(a) 

X 

Figure 2.3: (a) Example of the spatial frequency representation of the measured off-axis 
interferogram when imaging through diffuser. (b) Illustration of the time-delay in the 
case of tilted wavefront in off-axis holography. 

from intensity terms is the reason of time-delays in the order of 10~ 1 2 s. This imposes 
corresponding coherence demands on the i l lumination source. For example halogen 
lamp has the coherence time in the order of 10~ 1 4 s, which is by no means sufficient for 
off-axis holography. This requirement of very high temporal coherence of i l lumination 
in the off-axis holography is usually met only when a laser source is used. 

2.2.2 Partially coherent techniques 

Spatially and temporally low coherence of i l lumination provides substantial benefits to 
the wide-field light microscopy. The superposition of contributions from each source 
point and wavelength leads to the suppression of coherence artifacts. Unwanted inter
ference and diffraction effects originating from imperfections and inhomogeneities in 
an optical system. Additionally, the implementation of a broad spatially incoherent 
source reduces the resolution limit in comparison with the central i l lumination [52]. A 
very important effect, called coherence-gating effect, occurs in interferometric systems 
uti l izing partially coherent i l lumination. This effect is caused by a limited spatiotem-
poral correlation of the object-scattered and reference field. Coherence gate filtering 
has always been perceived as a method separating the least-scattered (ballistic) light 
from the multiply scattered light because the ballistic part of the object-scattered field 
carries almost unaltered specimen information. The multiply scattered light is believed 
to be unsuitable for direct imaging (imaging with no extensive post-processing) as it 
can be randomly modulated, which results in undesirable background [50]. There have 
been developed numerous techniques relying on the coherence-gating effect, e.g., optical 
coherence tomography and microscopy [30], achromatic digital holography [5,7], Horn 
microscopy [31] or white-light diffraction tomography [15]. Besides achromatic digital 
holography, al l of the mentioned techniques use on-axis interferometer arrangement, 
and rely on phase-shifting retrieval of the mutual coherence function, because partially 
coherent light does not meet coherence requirements of off-axis digital holography as 
shown in Sec. 2.2.1. 
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2.3 Coherence-controlled holographic microscope 
The first achromatic off-axis holographic microscope allowing imaging with light of 
arbitrarily low coherence was designed by Chmelik and Harna in reflected light ar
rangement [53]. The adaptation for transmitted light called Coherence-controlled holo
graphic microscope ( C C H M ) was designed by Pavel Kolman [6] and the design was fur
ther improved by Tomas Slaby [7]. The imaging theory was composed in the Ref. [12]. 
The ini t ial purpose of the microscope was to be used for a quantitative observation of 
phase samples (transparent but altering the phase of the light), such as cells or other 
biological specimen. Therefore, the setup is based on the Mach-Zehnder interferome
ter (see F ig . 2.4). The il lumination beam emitted by an incoherent light source (LS) 
(a halogen-tungsten lamp coupled into an optical cable with aperture stop (A) and 
interference filter (IF) controlling the degree of spatial and temporal coherence, respec
tively) is split and propagates through two separate optical paths formed by identical 
microscope setups - condensers (C), infinity-corrected objectives (O) and tube lenses 
( T L ) . Reference (R) and specimen (S) planes are optically conjugated with the output 
plane (OP) . A n essential component of the C C H M is the diffraction grating (DG) . In 

Figure 2.4: Optical set-up of coherence-controlled holographic microscope (CCHM) . LS 
- light source, a - aperture stop of adjustable size, IF - interference filter, L - collector 
lens, BS - beam splitters, M - mirrors, M m - movable mirrors, C - condenser lenses, R 
- reference plane, S - specimen (object) plane, D - diffuser, O - objective lenses, T L -
tube lenses, OL - output lenses, D G - diffraction grating, OP - output plane. 

this setup the transmission grating is placed in the reference arm and imaged onto the 
output plane (OP) according to the incoherent-light holography principle proposed by 
Lei th and Upatnieks [5]. The use of the first diffraction order (other diffraction orders 
are eliminated by spatial filtering) for imaging results in spatially modulated reference 
beam by linear phase in the output plane. In the object arm, the diffraction grating is 
replaced by a mirror, which is equivalent to using the zeroth diffraction order. After 
recombination of the reference and the object beam in the output plane (OP) interfer
ence fringe pattern of the hologram appears. The fringe frequency, i.e., the hologram 
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carrier frequency Qc, is proportional to the spatial frequency QQ of diffraction grating 
grooves, unlike in the conventional off-axis holography microscope, where it is propor
tional to the introduced reference beam til t . The proportionality relation is as follows 

Qc = — , (2.19) 
m0L 

where TOOL is the magnification of the output lens. 
The microscope utilizes Köhler i l lumination. The light source (LS) is imaged by 

the collector lens (L) to the front focal planes of condensers (C). The use of Köhler 
i l lumination in combination with aperture stop (A) allows to control the spatial coher
ence of the i l lumination, which is of principal interest in numerous experiments. The 
downside of using highly incoherent i l lumination is that there are high demands on 
the precise alignment of optical components. Simple and fully automated procedure 
was developed to align microscope easily. This microscope is currently commercially 
available as Telight Q-Phase. Therefore, the thesis outcomes are of high impact due to 
potential application by numerous Telight customers. 

C C H M has been already successfully deployed in cancer research [17,18, 54] and 
studies of plasmonic metasurfaces [55]. C C H M was also utilized in automated classifi
cation of cell morphology [56]. 
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Chapter 3 

Thesis aims and objectives 

The aim of this thesis is to extend existing and develop novel imaging techniques based 
on partially coherent digital holography and coherence-gating effect. The aim is to 
tackle principal problems of optical imaging in biomedical research and imaging of 
plasmonic structures, i.e., label-free imaging through turbid media, 3D object recon
struction and super-resolved imaging. 

Achievement of following objectives wi l l help reaching desired thesis outcomes: 

• Extend the existing C C H M imaging theory [12] by implementing concepts of 
optical coherence theory. 

• Derive relation for imaging through volumetric specimen using appropriate ap
proximations. 

• Develop the concept proposed in [14] into a robust routine observation method of 
a highly specific specimen - an object behind a strongly scattering planar layer. 
Further, extend the observation method to imaging through multiple scattering 
layers and potentially to volumetric diffusers. 

• Util ize concepts of imaging by multiply scattered light to enhance the resolving 
power of the partially coherent microscope. 

• Explore potential application of superoscillations to coherence-controlled holo
graphic microscopy. 

• Develop 3D object reconstruction method from C C H M z-stack images. The goal 
is to obtain refractive index reconstructions similar to optical diffraction tomog
raphy. 
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Chapter 4 

Methods 

4.1 Basic imaging principles 

4.1.1 Plane wave representation 

Wolf [57] has shown that any arbitrary complex signal representation u(q) of a monochro
matic wave satisfying Helmholtz equation can be expressed in terms of plane waves as 
a superposition 

where q = (q t,z) = (x,y,z) is a position vector in a Cartesian coordinate system and 
U(Kt) is so called angular spectrum for the plane z — 0. In al l our derivations we wi l l 
assume that the coordinates in the image plane are represented by associated conjugate 
points in the object plane. Fourier optics approach is utilized for majority of derivations 
in this thesis, therefore, the reduced wave vector K = (Kt,Kz) = (Kx,Ky,Kz) notation 
is used. For a wave propagating in the positive z-axis direction Kz = \JK2 — K% 
holds. The magnitude of the reduced wave vector is defined as | K | = K — 1/A = 
n / A v , where A is a wavelength in a medium with the refractive index n and A v is the 
wavelength in a vacuum. In this notation the wave vector components has physical 
meaning of spatial frequencies. Therefore, it simplifies notation in spatial frequency 
domain. Evanescent waves are neglected by assuming U(Kt) = 0 for Kt > K. The 
angular spectrum in z = 0 plane can be expressed according to E q . (4.1) as 

4.1.2 Scattering by an object 

A linear and elastic scattering of a wave with an angular spectrum U(Kt) by an ob
ject can be described as a separate scattering of individual plane wave components of 
the primary wave and a superposition of scattered waves spectra. The angular spec
t rum U'(K.'t) of the scattered field by an object is then expressed by the following 
integral 

(4.1) 

(4.2) 

(4.3) 
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where «S(K',K) is the scattering function of the object. The elasticity of the scatter
ing K' = K and linearity allows the integration in E q . (4.3). In general, when a light 
wave undertakes multiple scattering events in the object, it may not be possible to 
express the function «S(K',K) in a closed form. However, if only single scattering is 
assumed, then the scattering function has following form: 

S ( K ' , K ) = < 7 0 ( K , Q ) F ( Q ) , (4.4) 

where Q = ( X , Y , Z ) = K ' — K is the scattering vector, 

r r POO 

F(Q) = /(q) exp(-27t iQ -q )d 3 q (4.5) 

is the Fourier transform of the scattering potential /(q) of the object and C o ( K , Q ) is 
a geometric factor [12]. 

A planar object, characterized by a transmission function £(q t ) , satisfies the condi
tion of the single scattering, and for the scattering potential it holds 

/ (q t , z ) = t(qi)5(z) and simultaneously C 0 = 1, (4.6) 

where 6 denotes the Dirac delta function. 
A n expression for the scattering potential was derived by Wolf [58] under the so-

called first Born approximation, which holds for a weakly scattering volumetric object 
or when only ballistic light is used for imaging. The scattering potential has following 
form: 

K2 

/(q) = i7t[n2(q) - 1] and simultaneously C 0 ( K , Q ) = — - , (4.7) 
K z + Z 

where n(q) is the refractive index distribution. 

4.1.3 Transformation of the angular spectrum by the imaging 

The angular spectrum of a light wave is always to some degree transformed by an 
optical system. In [52, Sec. 9.5] it is shown that in the case of a stigmatic imaging 
within an isoplanatic region of a system the imaging system acts as a linear filter of the 
object spatial frequencies. Suppose, the output plane is optically conjugated with the 
object plane, then the object-scattered wave angular spectrum U0(Kt) is in relation to 
the image angular spectrum £A(K t ) in following way [12] 

f / i ( K t ) = P T ( K ) [ / 0 ( K t ) , (4.8) 

where the filter function P r is called the pupil function and describes the transfer 
of the object wave angular spectrum UQ by an imaging system. According to [12] 
for a rotationally symmetrical aplanatic system the pupil function P T takes on the 
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following form: 

P T ( K ) = ^ _ c l r c ( — ) = ^ - c m ( K t ^ ) , ,4.9) 

where the circfx) function is defined as follows 

1, for x < 1, 

circ(x) = { | , for x = 1, (4.10) 

0, for x > 1. 

4.2 Multi-slice approach to light propagation 
To image 3D objects from 2D data, we need a suitable optical device and a proper re
construction method that can recover the 3D information. The reconstruction method 
depends on the assumptions we make about the object. For optical imaging, we need 
to choose a good object representation for the inverse modeling. Objects that are thick 
and volumetric scatter light multiple times inside them, so the first Born approximation 
is not accurate for inverse reconstruction. A better way to model light propagation 
in these objects is the Multi-slice approach with the Beam propagation method. This 
approach divides the object into thin slices along the optical axis, each slice acting as 
a 2D transmission layer with a uniform refractive index between them [3,59]. Further 
accuracy improvement of the Multi-slice approach was recently proposed by Chen et 
al. [59] called Multi-layer Born multiple-scattering model. This model, as depicted in 
F ig . 4.1, utilizes the first Born approximation at the level of each slice consecutively 
(and separately). 

z - n&z Mul t i -Layer Born Scatter ing Mode l 

Figure 4.1: Multi-layer Born model illustration, adapted from [59]. 

4.3 Quantitative phase imaging 
Transparent objects such as a l iving human cell absorb and scatter just small amounts 
of light. Therefore, bright-field microscopes detecting light absorption and scattering 
image translucent object wi th very low contrast. However, the light interacting with 
the specimen, in addition to absorption and scattering, undergoes also refraction. As 
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a result the light wave passing through the object has imprinted the phase retardation 
specific for each part of the object. The phase shifts of the incident light wave induced 
by the tissue structures can be in high contrast visualized by several techniques. The 
first solution was proposed by Frits Zernike in 1 9 3 4 [60]. He developed a qualitative-
only technique allowing high contrast cell imaging using a simple phase plate. The 
drawback of this method is solved by interferometric methods like digital holography, 
which provide quantitative amplitude and phase-contrast imaging. The phase dif-

Figure 4.2: Phase retardation of the light due to the cell, nucleus and other intracellular 
organelles can be with high contrast visualized by quantitative phase imaging. Adapted 
from [61]. 

ference <Pobject{x,y) induced by a very thin transparent object with the homogeneous 
refractive index distribution n 0 b j e c t along optical axis surrounded by a medium of the 
refractive index n m e d m m can be approximated by the following relation 

'/'object {x,y) = ~^object(x,y) (^object — "^medium); (4-11) 

where dQ^-iecii{x,y) is the object thickness, A is the light wavelength in vacuum, and x,y 
are spatial coordinates in the object plane. 

The quantitative phase information is of interest in the bio-medical research because 
the cellular dry-mass density (J,(x,y) is proportional to the phase retardation induced 
by a cell 

li(x,y) « -\<p(x,y). ( 4 .12 ) 
oc 

Constant cc is known as the specific refractive increment [ 6 2 - 6 4 ] . 
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Chapter 5 

Partially coherent holographic 
microscope theory 

5.1 Mutual coherence function of object-scattered 
and reference fields 

To describe interferometric imaging in systems uti l izing partially coherent i l lumination, 
we use the scalar description of light and a simple model of an optical system depicted in 
Fig . 5.1. A partially coherent planar source produces on its surface S at the point with 
position vector q s = (x§,y§) fluctuating field «§(q§,t) . The analytic signal u$(qs,t) is as
sumed to be a realization of a wide-sense stationary and ergodic stochastic process. The 
emitted light is optically split and propagated by two separate paths to the object space. 
The object-scattered field u0(q0,t) and the reference field uT(qx,t + r) time-delayed by 
r are stigmatically and within isoplanatic region imaged to the interference plane (IP). 
The position of a point in the image plane is specified by the coordinate vectors q Q = 
(x0,y0,z0 = 0) and q r = (xr,yr,zr = 0) of the optically conjugated point in the object 
plane. The time-averaged intensity measured in IP where object-scattered and refer-

fto(qso>q0. v) 

o 

Figure 5.1: Simplified interferometer optical scheme. Partially coherent source with 
condenser lenses C form Köhler illumination of two distinct optical paths. In one of the 
optical path is placed multi-layer object. Objectives O image the produced field to the 
mutual interference plane IP. 

ence fields are superposed can be written as (i(q,t))t = {\u0(q0,t)+uT(qT,t+T)\2)t, where 
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the angular brackets with the subscript t denote averaging over time and q is a coordi
nate vector of IP. The measurement contains besides intensity ( | -u 0 (q 0 ,£ ) | 2 ) 4 , {uv(qr,t)\2)t 

also the cross-correlation information of the object-scattered and reference field. This 
cross-correlation r ( q 0 , q r , r ) = {u0(q0,t)u*(qv,t + r))t can be defined as mutual coher
ence function ( M C F ) of object-scattered and reference field. Spectral amplitudes in IP 
of the system with partially coherent i l lumination can be expressed in terms of com
plex amplitudes at all source surface points as u0(q0,u) = J§ Ms(qso5 z /)^o(qs05 (lo5 z /)<i2qso 
and ur(qT,u) = J§ M S(qg r ,z/)/i r(qg r ,q r ,z/)d 2qg r , where / i 0 (q s ,q,z/) and hr(qs,q,u) describe 
propagation of light emitted by the source point q s through the object and reference 
path. According to E q . (2.6) the cross-correlation of these spectral amplitudes is re
garded as cross-spectral density W(q0,qr,u), see E q . (2.11). It forms according to 
Wiener-Khintchine theorem [Eq. (2.7)] a Fourier transform pair with mutual coherence 
function, therefore we can derive from intensity measurements M C F in the form 

where ^ ( q ^ q g ^ ) i s t n e cross-spectral density of the source. As mentioned in Sec. 2.2, 
the extraction of the cross-correlation term can be carried out using phase-shifting 
method or off-axis holography approach. Both has been already applied to partially 
coherent imaging systems [7,31,65]. Equation (5.1) shows that complete mutual coher
ence function can be derived from sequential acquisition of two-dimensional intensity 
images under controlled adjustment of reference field parameters. Elongation of the 
reference optical path controls the time-delay r and q r can be manipulated through 
reference objective shift as illustrated in F ig . 5.1. 

5.2 Illumination source approximation 

B y assuming certain i l lumination source properties we are able to more conveniently 
interpret measurement results. Therefore, we assume planar, thermal, spatially and 
spectrally broad source, which can be modeled as Schell-model source with the cross-
spectral density function defined as W§(qSo,q§T,u) = [S(q§0,u)]1/2[S(q§T,u)]1/28(2)(q§0-
q S r ) , where S(q§,u) is the spectral density of the light [see E q . (2.8)] at the typical 
point in the source plane and 6 ^ is the two-dimensional Dirac delta function. The 
il lumination source point situated in the front focal plane of the condenser lens (C) 
creates plane wave il lumination with transverse wave vector K g . Mutua l incoherence 
of light emitted by two distinct points in the source plane can be interpreted as mutual 
incoherence of the plane waves incident to the object space. We can, therefore, formally 
replace W s ( q S o , q S r , z / ) in E q . (5.1) with WK(Ksl,KS2,u) = Pc(K§1)P^K§2)b^(K§1 -
K§2)^~ 2>S'(i/), where P c ( K t ) is the condenser lens transfer function (equal to its pupil 
function) and change the integration over all source points to the integration over 
all plane waves formed by condenser lenses. As the IP and the object coordinate 
systems are conjugated, we can relate q Q = q. We express the reference field position 

r ( q Q , q r , r ) = / / / 
Jo J§ J§ 

Ws(q S o,q&.,i/)fc 0(q&„ tJo> z /) 

d 2 q S r d 2 q S o d ^ (5.1) 
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as q r = q — A q , where A q = ( A x , A y ) is a transverse relative displacement of the 
reference and object fields. Thanks to these assumptions and manipulations the M C F 
expression acquires following more understandable form 

/»oo r /»oo 

r ( q , q - A q , r ) = / / / \PC(K§)\2 S(u) 
JO JJ-oo 

X / i 0 ( K s , q , z / ) / i r * ( K s , q - A q , z / ) e - 2 ™ r z / - 2 d 2 K s d z / . (5.2) 

This equation shows the relation between il lumination system properties Pc(Kt), S(u) 
and complete M C F measurement, which can be derived from sequentially acquired 
two-dimensional intensity images under controlled adjustment of time-delay r and A q . 

5.3 Multi-slice model and light propagation in the 
object space 

In order to derive h0(K.§,q,u), the way the light propagates through object space, we 
need to use appropriate model. This model has to be chosen such that it wi l l allow us 
to properly investigate the imaging properties of the microscope. We wi l l now derive an 
expression for the measured mutual coherence function for case of volumetric specimen 
modeled by the multi-slice approach (see Sec. 4.2). Each slice can be represented by a 
thin layer such that the scattering potential of n-th layer is described using E q . (4.6) 
as 

/ n ( q t , ^ n ) = tn(qt)b(z - zn) (5.3) 

where t „ ( q t ) is the complex transmission function of the n-th layer and zn is its axial 
position. Corresponding scattering function can be derived using Eqs. (4.4) and (4.5) 
in the following form: 

5 n ( K n , K n _ 0 = C 0 ( K n , Q n ) F n ( Q n ) = F n ( Q J = T n ( Q n t ) e - 2 ™ ^ " , (5.4) 

where Zn can be expressed under parabolic approximation as Zn w ( Q 2

t / 2 — Q n t • 
K.nt)/K. The light that propagates through multi-layer object undertakes a cascade of 
scattering events and each of them can be characterized by the adaptation of E q . (4.3) 

f* POO 

Un(Knt) =11 F n ( Q n ) C / n _ i ( K n t - Q n t ) d 2 Q n t 

J J — CO 

/ / T n ( Q n t ) e - 2 ^ " z " f / „ _ 1 ( K n t - Q n t ) d 2 Q n t (5.5) 
J J —CO 

T n ( Q j e - ^ ^ - ^ ^ ) U n _ l { K n t _ Q n t ) d 2 Q n t , 

where Un(Knt) is the angular spectrum of a wave calculated in the z = 0 plane after 
the n-th scattering event. The expressions wi l l be further made more compact by using 
a defocused spatial frequency spectrum X ^ ( Q n t ) = T n ( Q n t ) e x p ( — n i z n Q 2

n t ) / K . 
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Consider a plane wave described by transverse reduced wave vector K s is prop
agating through the multi-layer object. The angular spectrum of the plane wave is 

[/o(Kot) = 6 ( K s - K 0 t ) . (5.6) 

The cascade of scattering events wi l l affect the angular spectrum of the wave in the 
following manner: 

r poo 

t / i ( K i t ) = / / T 1 ' ( Q l t ) e 2 ™ t Q i t - K n 6 ( K l t - K s - Q l t ) d 2 Q l t , 
J J -co 

f* PCO f* f*CO 
U2(K2t) = T ^ ( Q 2 t ) e 2 7 r i * Q ^ K 2 t / / T ^ Q J e 2 ™ * ^ - ^ - ^ 

J J — CO J J —CO 

x 6 ( K 2 t - K s - Q 2 t - Q l t ) d 2 Q l t d 2 Q 2 t , 

f* f*CO 
U3(K3t) = / / ^ ( Q 3 t ) e 2 ^ 3 t - K 3 t 

J J — CO 
f* f*CO 

^ ( Q 2 t ) e 2 7 r i * Q 2 t - ( K 3 t - Q 3 t ) / / T { ( Q l t ) e 2 7 r i * Q " - ( K 3 t - Q 3 * - Q 2 t ) 

x 5 ( K 3 t - K s - Q 3 t - Q 2 t - Q l t ) d 2 Q l t d 2 Q 2 t d 2 Q 3f 

One can continue applying angular spectrum transformations by each layer al l the way 
to the iV-th layer and wi l l obtain after a bit of rearranging following expression: 

N 

UN(KNt)=ll . . . / / b(KNt-Ks-J2Qr. 
n=l 

N 

( Q n t ) e 2 ™ ^ Q » * ' ( K j v t " E ^ = „ + i Qmt) d 2 Q n t . (5.7) 

oo J J-co n = 1 

N 

X 

n=l 

Now suppose that this angular spectrum propagates through an optical system, there
fore it gets modified by the pupil function Po of the objective in a manner described 
by E q . (4.8). In order to obtain / i 0 (K§,q , i / ) , E q . (4.1) is applied: 

r pco r pco / ^ \ 

^o(K s , q , z / ) = e 2 7 r i K s ' q / / . . . / / Po K s - ^ Q „ t 

J J— oo J J—oo V n=l ' 

N 

n ^ ( Q n J e 2 ™ ^ ^ - ( K s - ^ Q - ) e 2 ™ ^ ^ d 2 Q n t . (5.8) 
N 

X 

n=l 

Propagation of a plane wave through the reference optical path is straightforward and 
one obtains the expression 

hv(K§,q - Aq,z/) = P 0 ( K s ) e 2 ™ K - ( q - A q x (5.9) 
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5.4 Coherence-gating function 
Now we wi l l investigate coherence-gating effects interconnected with the spatial co
herence properties of the il lumination, therefore, quasi-monochromatic light wi l l be 
assumed. Plugging Eqs. (5.8) and (5.9) describing propagation of a plane wave in 
the object and reference arm, respectively, into E q . (5.2) we obtain in the quasi-
monochromatic approximation M C F for r = 0 in the following form 

r ( q ; A q ) « / / | P C ( K S ) | 2 / / . . . / / P G K s - ^ Q n t e M K ^ 

J J— oo J J—oo J J— oo \ n = l ' 

N 
x n T n ( Q n t ) e 2 ™ - Q " t - ( K s - E - l Q m t ) e 2 ™ Q - - q d 2 Q n t d 2 K s , (5.10) 

n=l 

where K = 1/A and A is the central wavelength of light. The diffraction by the imaging 
objective apertures represented by the Po function does not dramatically affect the 
spatial coherence of the object-scattered and reference light, therefore, we set Po = 1-
The studied object is positioned in the microscope in a way that one of the layers is in 
focus and for that layer Zi = 0, where f G {1 ,2 ,3 , . . . ,N} is the in-focus layer number. 
It is, therefore, possible to integrate E q . (5.10) over K s and Q f t to obtain 

r ( q ; A q ) ^ I T ... f r t t U + £ | Q „ t W E t ^ t + A q ) 
JJ-°° JJ~oo V n & N + K / ^neNt

K ' 

x n T n ( Q n t ) e M - Q " t E r i l Q m t e 2 7 r i Q - ^ d 2 Q n t , (5.11) 
n£N{ 

where Nt = {1 ,2 ,3 , . . . ,N}-{{}, and 7V+ = { / + l , / + 2 , / + 3 , . . . ,7V}. Function 3(Aq) = 
ff™ | P c ( K s ) | 2 exp[27ti(K s • A q ) ] d 2 K s can be for a diffraction limited condenser with 
the numerical aperture N A C approximated using Bessel function of the first k ind as 
9(Aq) = 2Ji(n)/n, where \x = 2 7 t i ^ N A c Aq . For example, using wavelength 650nm 
and N A C = 0.5 the central A i r y disk radius is 0.8 [xm. This area limits the shift 
(blurring when integrated) of the tf image caused by scattering in layers with zn > 0. 
Then, E q . (5.11) shows that we can understand imaging by multiply scattered light 
as modulation of in-focus layer image tf by inverse Fourier transforms of expressions 
^ n ( Q n ) e x P ( 2 7 t i Q n • Z ) m = \ Qmzn/K) filtered by windowing function S- The narrow 
central maximum of S in case of i l lumination of low spatial coherence results in strong 
suppression of the defocused layers effect on the U image. We, therefore, call function S 
coherence-gating function ( C G F ) . It ensures that only scattering event cascades with 
scattering vectors satisfying J2znQn/K ~ —Aq contribute to the image formation 
process. The degree of the contribution is dictated by T ^ ( Q n ) values. 
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5.5 Complete mutual coherence function 
measurement 

The interferometric imaging is usually carried out using Aq = (0,0) arrangement. It 
corresponds to the ballistic light propagation out of the focal plane, see E q . (5.11). 
Non-ballistic combinations of Q n that satisfy | Yl znQn/K + Aq| ~ 0 are also allowed. 
However, in reality, these combinations have weak contributions, especially for weak 
scattering when functions \Tn\ have significant maxima at the zeroth spatial frequency 
only. Each choice of Aq ^ (0,0) then corresponds to non-ballistic light propagation out 
of the focal plane. Imaging modes differing by Aq are according to E q . (5.11) formally 
equal if no assumption is made about Tn. 

The most complete object information can be obtained from the knowledge of the 
complete M C F . It is equivalent to the set of images acquired for all accessible positions 
of the C G F , i.e., Aq values. 
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Chapter 6 

Imaging through turbid media 

The need to observe biological phenomena beyond the sample surface has led to de
velopment of imaging techniques allowing to image in or through turbid media. As 
the light travels through opaque structures, the light is multiply scattered and is trans
formed in seemingly random manner. The transformation of the incident wave on the 
studied specimen is, however, deterministic, therefore, one can reverse the scattering 
process and obtain information about the original wavefront. The first emerging imag
ing techniques of that kind were based on the separation of the least scattered (ballistic 
or first-arriving) light, which is believed to carry the most reliable image information 
about the specimen, from the diffuse (multiply scattered) component. The principles of 
the ballistic light separation rely on spatial filtering, polarization gating, time-gating 
and coherence-gating. The most known spatial filtering techniques is the confocal 
microscope [66-68], in which the pinhole provides the spatial filtering to exclude the 
multiply scattered light component. The effectiveness drops dramatically, when the 
ballistic signal becomes lower than the background and noise. The polarization gating 
relies on the loss of former polarization state after the light undertakes multiple scat
tering events. Therefore, it can be partially suppressed by a polarizer. Time gating 
techniques depend on the capabilities of opto-electronic components, which allow ultra
short pulse generation and gating by optical Ker r gate [69], or separation of the ballistic 
components from the data acquired by a streak camera [70]. Interferometric methods 
exploit properties of a light source to coherence gate the ballistic light [7,12,71-74]. 
Imaging in a spatially and temporally low coherent light is analogous to the spatial 
filtering of a confocal microscope and the time gating, respectively [12,73]. 

Besides gating approaches, there are techniques that aim to use also the multiply 
scattered light. These techniques require the use of coherent light source and extensive 
computational power. The diffuse optical tomography [75] is based on the diffusion 
approximation [76], which is used to computationally reconstruct an object, digital 
phase conjugation and wavefront optimization [77, 78] rely on the wavefront modula
tion by spatial light modulators or digital micro-mirror devices, transmission matrix 
approaches require a priori system and scattering medium calibration [33, 79], a de-
convolution technique [80] uses measured point spread function (PSF) of the diffuser, 
where the P S F is valid only in a l imited angular memory-effect range [81]. 

We focus on investigation and development of novel imaging techniques using 
Coherence-controled holographic microscope ( C C H M ) , based on Leith's and Upatnieks' 
concept of incoherent holography [5], developed by the Experimental Biophotonics 
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group. Digi ta l holography techniques provide one major advantage over the most of 
the previously mentioned imaging methods. Digi ta l holography provides a quantita
tive phase image (QPI) of transparent specimen. Q P I in turbid media, with the use 
of C C H M , of both model objects [11] and live cells [16] has been demonstrated experi
mentally. The theory and experiments [12,13] suggest that C C H M is capable of Q P I 
through a scattering medium using not only ballistic light, but also multiply scattered 
light, which is in other methods usually suppressed and never used for a direct image 
formation. Therefore, the focus of this chapter is on the use of multiply scattered light 
in interferometric systems with partially coherent i l lumination. 

6.1 Imaging through a single strongly scattering 
layer 

6.1.1 Theory 

We demonstrate imaging through strongly scattering layer by the adaptation of the 
multi-slice approach to light propagation modeling in the object. We show that multi
ply scattered light carries image information of the same quality as the ballistic light 
even when imaging through strongly scattering media. We demonstrate this claim on 
the case of quantitative phase imaging. First , we assume a two-layer object. The layer 
of interest is placed in focus of the objective and imaged through the defocused layer 
with a random complex transmission function and position z\ > 0. The adaptation of 
Eq . (5.11) for this case has the following form 

r ( q t ; A q ) » J J t f f q t + ^ Q i t ^ 9 ^ Q i t + A q ^ T 1 ' ( Q l t ) e 2 ™ Q l t ' q t d 2 Q l t . (6.1) 

The spatial frequency spectrum of the defocused layer T 1 ' (Q 1 ) is l imited by C G F to 
scattering vectors satisfying relation Qltzi/K ~ — Aq. The inverse Fourier transform of 
this l imited spatial frequency spectrum modulates the image tf. The produced random 
modulation can be considered a speckle pattern. Owing to the C G F properties, the 
speckle size is increasing with the defocus and NA<> The M C F modulus can serve as an 
indicator of phase quality because it is in relationship to the root mean square error of 
phase measurement through inverse proportion (see Chap. 9.4.4 in Ref. [82]), and phase 
singularities occupy dark speckle areas as modulus approaches zero [83]. Therefore, as 
the speckle size increases the number of phase singularities is expected to decrease and 
additive background phase of speckles should be more uniform. A s stated before, the 
blur caused by the shift of tf by Qltzi/K is also limited by C G F A i r y disk radius, 
which is inversely proportional to N A o Therefore, the change of the imaging mode 
from ballistic to multiply scattered light made by the change of Aq generally does not 
affect the size of high-quality phase areas or the resolving power. 
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6.1.2 Experiment 
To demonstrate our predictions in the previous section experimentally we imaged the 
phase resolution target through an opaque etched glass plate separated by a cov-
erslip, which defines the z\ distance, and we compare M C F measured for ballistic 
[Aq = (0,0) pin] and multiply scattered [Aq = (—2,0) [xm] light. The modulus images 
|7[q; (0,0)]| x displayed in F ig . 6.1(a) and |7[q; (—2,0)]| displayed in F ig . 6.1(c) show 
that the areas (speckles) with high modulus have similar size and magnitude. Slightly 
higher modulus values of the scattered light image indicate locally better phase quality 
compared to the ballistic image. This is supported by corresponding phase images 
in F ig . 6.1(b) and 6.1(d). As could be predicted, the phase is more continuous in 
areas of higher modulus. These exemplary images show that the phase quality varies 
throughout the field of view and for different Aq. This indicates that each image from 
a set acquired for different Aq should provide complementary information. Therefore, 
we measured M C F for a grid of Aq values with grid sampling based on the A i r y disk 
radius of C G F . We set the sampling to 1 [xm for the case of N A C = 0.5. We adapted 
an algorithm derived in our preliminary work for phase compensation [14] to combine 
121 coherence-gated multiply-scattered-light images synthesizing a high-quality quanti
tative phase image of the phase resolution target hidden behind the strongly scattering 
layer, displayed in F ig . 6.1(e). 

Figure 6.1: Normalized modulus (a), (c) and phase (b), (d) images derived from M C F 
for A q = (0,0) urn and A q = (—2,0) urn for imaging through the etched glass plate, (e) 
Synthetic quantitative phase image created by a combination of multiply scattered light 
images. Objectives used 20x/NA = 0.5, N A c = 0.5. The figure is reused from [84] (see 
Subsection 6.4). 

6.1.3 Image processing - synthesis 
The quantitative phase image synthesis starts by acquisition of 121 complex images for 
different Aq positions. The quality of each image varies throughout the field of view. 
We have shown, that the combination of the images provides improved image quality 
before [14], but we have not obtained consistent quality improvement throughout the 
field of view. Therefore, an improvement of the synthesis procedure was necessary. 

1We define the normalized modulus as I7I = | r | / | r m a a ; | , where | r m a ; r | stands for the highest 
achievable value of |r| in CCHM 
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Based on the size of high quality areas (we later found out that the size corresponds 
to the size of the speckle spots [83] in modulus images) we determined the area where 
the phase should be only linearly modulated, see illustration in F ig . 6.2a. The most 
important part of image synthesis is the modulus maximization of a coherent super
position of corresponding small parts of complex images. This is done by iterative 
phase compensating each image fraction separately and then evaluating the modulus 
of the coherent superposition of the corresponding image fractions. When the phase 
compensations producing the highest modulus are found, then the synthetic image 
part is represented by the coherent superposition. We found that the highest modulus 
means, in the majority of cases, also the best achievable phase quality in that area. 
This optimization procedure is repeated for each part of the field of view separately, 
yielding an image similar to the one in F ig . 6.2b, where each area has a slightly differ
ent offset phase. To tackle this problem, we choose the areas to optimize with some 
degree of overlap. The overlap helps us to easily remove the phase offset between two 
neighboring image tiles. Finally, when the offset is mitigated, a synthetic image with 
a flat and high-quality phase is obtained, as shown in F ig . 6.1e. 

Figure 6.2: (a) Illustration of the choice of areas for optimization. The areas overlap 
making the follow-up stitching straightforward, (b) Only non-overlapping areas with 
synthetic high quality phase information. 

6.2 Imaging through multiple strongly scattering 
layers 

Preliminary results regarding imaging through multiple strongly scattering layers are 
presented in this section. We approach the problem by investigating the simplest cases 
first, and then we gradually increase the complexity of the randomly scattering part 
of the model sample. The next step after achieving high-quality images through a 
single strongly scattering layer is the case of imaging through two scattering layers. 
We imaged the phase resolution target through two strongly etched coverslips with the 
experimental scheme described in the previous section. Equation (5.11) can be adapted 
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for this case as 

r ( q t ; A q ) ^ J J J J t / q t + | Q l t + | Q 2 t ^ ) S f^Qlt + | Q 2 t + A q ) 

x T 1 ' ( Q l t ) T ^ ( Q 2 t ) e 2 7 r i t Q - - Q " e 2 ^ " + ^ ) ^ d 2 Q l t d 2 Q 2 t . (6.2) 

This equation shows that ambiguity can result from multiple scattering. It is connected 
to the blur of the image because of ambiguous lateral shift of the image tf. 

We applied the same phase optimization procedure as in the case of imaging only 
through single scattering layer. The experimental result in F ig . 6.3 shows that the 
algorithm for phase compensation is working even for imaging through multi-layer 
scattering object, however, resolving power drops. The resolving power is, in the case 
of the experimental data shown in F ig . 6.3, reduced also by the fact that the phase 
resolution target is not in the ideal focal plane of the objective lens. Bringing the 
specimen into a correct focal plane is in experiments with very strong scattering a 
difficult task as the ballistic light that provides the feedback about the specimen is 
significantly corrupted by the scattering. 

Figure 6.3: Result of the phase optimization algorithm for imaging through two-layer 
strongly scattering object. 

6.3 Preliminary results for imaging through 
volumetric diffuser 

Preliminary results of imaging through volumetric diffuser has been obtained by apply
ing the grid measurement of mutual coherence function of 121 positions to imaging of 
the phase resolution target through a slab of chicken breast. Images with similar quality 
to the ballistic image displayed in F ig . 6.4a were recorded for each Aq. The same re
construction algorithm was applied as for the case of the single scattering layer. Even 
though the algorithm was init ial ly designed for imaging through a single-scattering 
layer, it provides the synthetic image of improved quality, see F ig . 6.4b. The phase 
image degradation in F ig . 6.4b is similar to the one with two strongly scattering lay
ers. The image is blurred, which means the resolving power dropped in comparison 
to the imaging without the diffuser. However, the resolving power drop can be again 
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accounted to the incorrectly chosen specimen z-direction position. Therefore, in the 
data presented in F ig . 6.4 the phase resolution target was slightly out of focus. 

Figure 6.4: (a) Degraded ballistic image when imaging through the slab of chicken 
breast, (b) Preliminary result of the phase optimization algorithm. 

We present higher quality data published in [84] in the following section as we 
further refined our experimental workflow to achieve precise specimen positioning and 
control over strength of the volumetric scattering layer. 

6.4 Coherence gate manipulation for enhanced 
imaging through scattering media by 
non-ballistic light in partially coherent 
interferometric systems 

6.4.1 Motivation 

Imaging of biological and medical samples by means of light has been, for a long 
time, confined to the observation of the sample surface and phenomena happening 
in its immediate vicinity. A n ability to see inside biological objects, such as tissues, 
is prevented by seemingly opaque structures. Skin, muscles, and other soft tissues 
appear opaque to the human eye because they strongly scatter light. Strong scattering 
distorts the image, which strictly limits imaging possibilities. Over the last few decades, 
extensive research has been carried out to overcome this l imitation and non-invasively 
image objects inside turbid media. A n overview of the most significant discoveries and 
state-of-the-art methods is provided in this chapter's introduction. 

The Coherence-controlled holographic microscope we utilize in our research delivers 
Q P I of exceptional quality and can exploit incoherent source properties to coherence 
gate scattered light [7,12]. It has already provided an imaging method in numerous 
successful cancer research projects [16,54]. However, these works have some experimen
tal limitations. Only a group of adherent cells is observed in a suspension on the glass 
plate. Studies have shown that cancer cell motil i ty patterns differ in two-dimensional 
space and in volume fibrous structures [18]. This indicates that dedicated research has 
to be carried out to discover all cancer cell properties in their natural environment. 
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However, there are no quantitative, non-invasive, label-free, and real-time methods for 
this purpose that could provide reliable information about the specimen. This is be
cause of the fact that biological tissues are highly scattering media, and light scattered 
in out-of-focus planes degrades an image of the object in focus. Some methods provide 
3D representation (tomography) of single cells (or a small number of cells) [32,85], 
but they do not prove reliable when imaging in strongly scattering media. Therefore, 
the motivation for this part of this thesis is to develop a method to fill the gap in 
quantitative imaging through turbid media. 

6.4.2 Outcomes 

We have shown that it is possible to directly image not only by ballistic light but also 
by multiply scattered light, which was not shown before. We provide in this thesis and 
the presented paper [84] a theoretical description of the problem and also an experi
mental solution. We overcome and extend the limits of existing Q P I methods to image 
through more complex media by uti l izing the coherence gate in a counter-intuitive 
manner. We filter the non-ballistic light by a transversal coherence gate shifting, and 
we use it for imaging. We developed a novel method that allows imaging through 
thick and highly turbid media. A n integral part of our imaging method is also the 
image reconstruction software developed in M A T L A B environment. Our description 
of coherence-gated imaging as a spatial coherence measurement allows us to demon
strate the imaging properties of non-ballistic light. Even though the motivation behind 
our research was to provide imaging techniques to biomedical researchers, the obtained 
theoretical description shows the interconnection with other disciplines dealing with 
light source characterization, crystal structure determination, or quantification of light 
diffusion parameters. Therefore, the outcomes might prove very valuable in future not 
only to biomedical researchers. 

6.4.3 Article 1 

The article Coherence gate manipulation for enhanced imaging through scat
tering media by non-ballistic light in partially coherent interferometric sys
tems was published in Optics Letters (2021 Impact factor: 3.56, Q l in Optics) in 
September 2021. 
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C o h e r e n c e g a t i n g i s t y p i c a l l y e x p l o i t e d f o r i m a g i n g t h r o u g h 
d i s o r d e r e d m e d i a b y l e a s t - s c a t t e r e d ( b a l l i s t i c ) l i g h t . B a l l i s t i c 
l i g h t - b a s e d a p p r o a c h e s p r o d u c e c l e a r i m a g e s o n l y w h e n t h e 
p r o p o r t i o n o f b a l l i s t i c t o m u l t i p l y s c a t t e r e d ( n o n - b a l l i s t i c ) 
l i g h t i s r e l a t i v e l y h i g h . T o o v e r c o m e t h i s l i m i t a t i o n , w e 
c o u n t e r i n t u i t i v e l y u t i l i z e t h e c o h e r e n c e g a t e t o i m a g e b y 
t h e n o n - b a l l i s t i c l i g h t , e n a b l i n g u s t o r e t r i e v e i n f o r m a t i o n 
m i s s i n g i n t h e b a l l i s t i c i m a g e . W e s h o w t h a t n o n - b a l l i s t i c 
i m a g e s a c q u i r e d b y t r a n s v e r s a l c o h e r e n c e g a t e s h i f t i n g h a v e 
i m a g e q u a l i t y a n d s p a t i a l r e s o l u t i o n c o m p a r a b l e t o t h e b a l 
l i s t i c i m a g e . C o m b i n i n g i m a g e s f o r d i f f e r e n t c o h e r e n c e g a t e 
p o s i t i o n s , w e s y n t h e s i z e a n i m a g e o f q u a l i t y s u p e r i o r t o b a l 
l i s t i c l i g h t a p p r o a c h e s . W e e x p e r i m e n t a l l y d e m o n s t r a t e o u r 
c o n c e p t o n q u a n t i t a t i v e p h a s e i m a g i n g t h r o u g h b i o l o g i c a l 
t i s s u e . © 2 0 2 1 O p t i c a l S o c i e t y o f A m e r i c a 

ht tps: / /do i .Org /10.1364/OL.432484 

One of the principal challenges in biomedical research is 
imaging through turbid media [1]. Optical imaging methods 
tackling this problem strive to minimize the effect of the ran
dom multiply scattered light [2] or to control it optically or 
digitally [3]. The first group of methods increasingly utilize the 
coherence-gating effect [4]. This filtering phenomenon arises 
from a limited spatial and temporal coherence of illumination. 
Therefore, it is intrinsic to partially coherent optical systems. 
Imaging techniques that use the coherence gate for separating 
only the ballistic (scattered by the object only) light from the 
unwanted multiply scattered (non-ballistic) light include opti
cal coherence tomography and microscopy [5], achromatic 
digital holography [6,7], Horn microscopy [8], or white-light 
diffraction tomography [9]. In comparison to the coherent 
one, partially coherent illumination provides numerous advan
tageous imaging properties such as higher spatial resolution, 
depth sectioning, and speckle noise reduction [7]. However, the 
use of coherent beams prevails owing to their convenient imple
mentation and simple description allowing inverse modeling 
[10]. 

Partially coherent beams require the complete description 
of at least four-dimensional functions, making them less con
venient for computational imaging [11]. The most common 
representations include cross-spectral density, mutual coher
ence function (MCF), and phase-space distributions [11]. 
Their experimentally challenging measurement is redeemed 
by being irreplaceable in illumination source characterization 
[12], crystal structure determination [13], three-dimensional 
object reconstruction [14], object tracking behind opaque 
structures [15], or quantification of light diffusion parameters 
[16]. Setting coherence gate to the position separating only 
the ballistic light makes imaging techniques [5-9] unable to 
measure complete MCF. 

In this Letter, we demonstrate the principal importance of the 
complete M C F measurement for partially coherent interfero
metric imaging of objects with strongly scattering surroundings. 
We show that M C F describing the cross correlation between 
the object and reference beam comprises the image information 
formed by both the ballistic and non-ballistic light. In addition 
to the ballistic image, we extract from the complete M C F by 
coherence gate manipulation images formed by the non-ballistic 
light fractions. If the turbid medium is rather weakly scattering, 
the ballistic light contains almost unaltered specimen informa
tion. However, when the scattering is stronger, and the ballistic 
to multiply scattered light ratio is poor, the complementary 
non-ballistic light components can significantly improve insuf
ficient ballistic imaging. Combining all of the scattered light 
components, we demonstrate high-quality quantitative phase 
imaging throughout the entire field of view (FOV), even in 
situations with a completely corrupted ballistic images. 

To demonstrate the ideas mentioned above, we begin with a 
theoretical description of the M C F measurement in the optical 
setup used for the experimental part. We used a coherence-
controlled holographic microscope (CCHM) [7], commercially 
available as Telight Q-Phase. The optical setup (see Fig. 1) 
consists of optically equivalent object and reference arms, with 
a scattering object present in the object arm. The diffraction 
grating (DG) is implemented according to principles proposed 
by Leith [6] in the reference arm to ensure a formation of an 
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Fig. 1. Optical setup of the coherence-controlled holographic 
microscope: S, light source; A, aperture; IF, interference filter; L, relay 
lens; BS, beam splitters; M, mirrors; Mm, movable mirrors; C, con
densers; O, objective lenses; TL, tube lenses; DG, diffraction grating; 
OL, output lenses; IP, interference plane. 

off-axis hologram in the interference plane (IP). The fundamen
tal image properties depend on the parameters of condensers 
(C) and objective lenses (O) in couples with tube lenses (TL) 
characterized by the pupil functions (see Ref. [17]) Pq and 
Po> respectively. The axes x, y of the object space Cartesian 
coordinate system lie in the object plane, and the axis z points in 
the optical axis direction (see Fig. 1). The position of a point in 
the image plane is specified by the coordinates of the optically 
conjugated point q = (x, y) in the object plane. A halogen 
lamp S filtered by an interference filter (IF, central wavelength 
650 nm and 10 nm full width at half-maximum) provides ther
mal, spatially broad, and quasi-monochromatic illumination. 
It is imaged to the object focal planes of the C forming Köhler 
illumination. The transverse wave vector coordinates K g of a 
plane wave behind C are proportional to the respective source 
point coordinates. For this reason, the source properties can be 
characterized by a function of K g . We use reduced wave vector 
notation |K | = 1/k, where X is the wavelength of light, and 
K = (K f , Kz) — (Kx, Ky, Kz), where K f is the transverse wave 
vector,andKz = J\K\2 - | K f | 2 . 

From the time-averaged intensity measurements in IP, we 
digitally retrieve the cross-correlation information between 
object-scattered and reference light by a carrier removal in the 
Fourier plane [7]. The cross-correlation term dependent on 
the transversal displacement A q = (Ax, A j ) and relative 
time-delay r of the object-scattered and reference field can 
be understood as their M C F T(q, q — A q , r) . Therefore, 
interferometric imaging for a given time-delay r and transverse 
displacement A q is a partial M C F measurement. Modulus 
and phase image for particular A q and r is obtained as modu
lus and argument of T, respectively. The acquisition of M C F 
(complex-valued images) for all accessible A q and r makes the 
measurement complete. The complete M C F is available to every 
partially coherent interferometric system, where the reference-
field position and optical path difference can be manipulated. 
In our system, it is controlled by the reference arm elongation 
and objective shift (see Fig. 1). We further show that the most 
common arrangement of imaging setups fixed at r = 0 and 
A q = (0, 0) correspond to ballistic light imaging, while the 
M C F at A q ^ (0, 0) carries significant amounts of information 
about the non-ballistic imaging processes. As the coherence-
gating effect is mainly related to the low spatial coherence in 
transmitted-light systems, while temporal coherence has the 
influence of the second order [18], we discuss only manipu
lation with A q in this Letter. Given a complete spatial source 

incoherence, the expression for the measured M C F for r = 0 
has, according to Eq. (4.4-31) inRef. [19], the form 

T ( q , q - A q ) -IL \Pc(Ks)\2 

X ^ ( K 5 , q ) ^ ( K 5 , q - A q ) d 2 K 5 , (1) 

where h„ (K f , q) and hr (K f , q — Aq) describe the propagation 
of a plane wave K f through the object and reference arm, respec
tively. 

Light propagation within the system is derived similarly to 
Ref. [17] using the multi-slice model of a volumetric speci
men [20]. We assume no backscattering and only paraxial 
propagation. The object is formed by a set of layers with spatial 
frequency spectra T„(Qn) m positions z„ of the object 
space, where n € N— {A... —2, —1, 0, 1, 2 . . . B}. Negative 
n refers to zn < 0, positive n refers to zn > 0, and n — 0 denotes 
the in-focus layer. The propagation in object path is described 
by 

h0 (K,, q) = e2^K' J ...J PoUt + J2Qn) 

l-T ., _ , ZT.Q„j(K,+£Q„)WA '+qj 
x 11 ^«(Q*V L V m ' *&£L, 

1! 

(2) 

where 7^(QJ = Tn(QJ exp(jTiz„|Q,\2/K) and 
Qj, — (X„, Y„) is the scattering vector in the wth layer. The 
integrals go from —oo to OO. The sum in the exponential 
indexed by m € N goes only through m < n. The reference-
field propagation can be described by hr(Kt, q — Aq) = 
/3o(K f)exp{27r/[K{ • (q — Aq)]}. If we neglect diffraction 
by objective apertures setting Po — 1, then it is evident how 
illumination source properties affect M C F measurement and 
give rise to the coherence-gating effect. Plugging Eq. (2) into 
Eq. (1), one obtains M C F in the following form: 

T(q; A q ) « J . . . j J q + £ | Q , 

n€N+ 

0, + A q 

n€N0 

2 j r 'Q» • [Em Qm W-^+q] d 2 Q„, 

(3) 

where N+= {1, 2, 3 ... B} and Aft = N- {0}. Function 
S(Aq) = |P C(K S)\ 2 exp[27n(Ks • A q ) ] d 2 K 5 can 
be for a diffraction-limited C with the numerical aperture 
N A c approximated using a Bessel function of the first kind 
as £(Aq) =2/1(JU,)//A, where \i — 2 ^ 7 T N A c A q . For 
example, using a wavelength of 650 nm and N A c = 0.5, 
the central Airy disk radius is 0.8 |J.m. Equation (3) shows 
that, in the case of imaging by multiply scattered light, M C F 
for each A q can be understood as an image to of the in-focus 
layer modulated by inverse Fourier transforms of expressions 
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7^(QJ exp(27rz'Q„ • J2m Qmzn/K) filtered by a windowing 
function Q. The narrow central maximum of Q ensures that only 
the scattering event cascades, satisfying ^2 ZnQ^/K — A q 
to contribute to the image formation process, and also lim
its blurring of to for No — N +. T^(Q^) values dictate the 
degree of the contribution. Therefore, we call the function Q a 
coherence-gating function (CGF). 

Equation (3) also clarifies the CGF setting for the ballistic and 
non-ballistic imaging mode. Measuring M C F for CGF position 
A q = (0, 0) corresponds to |Q„ | = 0, Vw ^ 0, i.e., to the ballis
tic light imaging. It is evident that non-ballistic combinations of 

that satisfy | YJ z„Qj,/K\ s» 0 also affect the ballistic image. 
This effect is negligible only for weakly scattering surroundings. 
Otherwise, the image will not be a perfect representation of the 
object in focus. The same also applies for M C F measurement for 
A q ^ (0, 0), the non-ballistic light imaging. Both ballistic and 
non-ballistic imaging obey the same equation, Eq. (3), and differ 
only by the parameter A q , so we treat them equally. 

It is instructive to demonstrate the principles first on a simpli
fied case of imaging through a single scattering layer. We show 
that when scattering by the surrounding medium is strong, 
non-ballistic light carries image information of the same quality 
as the ballistic light and that the images formed are complemen
tary. We demonstrate this claim on the case of quantitative phase 
imaging of a phase resolution target through an opaque etched 
glass plate separated by a coverslip, which defines the z\ distance. 
For this experiment, we used 20x objectives with N A =0.5, and 
the illumination aperture was N A c = 0.5. The layer of interest 
was placed in the focus of the objective and imaged through 
the strongly scattering layer. We chose the scattering strength 
of the etched layer such that a bright-field image with partially 
coherent illumination, see Fig. 2(a), does not show any part of 
the resolution target. More importantly, not even coherence 
gated ballistic light provides high-enough quality through
out the whole FOV, see ballistic modulus and phase images 
in Figs. 2(c) and 2(d). We have measured the complete M C F 
with [purple curve in Fig. 2(b)] and without (orange curve) 
the scattering layer, and we display the normalized modulus 
\Yr \ = | E / ? | / | r m a x | for a point R [see Fig. 2(c)] against A x in 
Fig. 2(b). Here, | r m a x | stands for the highestpossiblevalueof |T| 
in C C H M . In general, as the modulus drops, the quality of the 
image derived at that point of the M C F degrades. There are two 
reasons, the M C F modulus is in relationship to the root mean 
square error of phase measurement through inverse proportion 
(see Chap. 9.4.4 in Ref. [21]), and phase singularities occupy 
near-zero modulus areas [22]. Therefore, the M C F modulus 
serves as an indicator of phase quality. Regarding the curves in 
Fig. 2(b), one can expect to acquire some information only in 
Ax points with a high modulus. It is evident that when imaging 
only a single planar object the complete M C F measurement 
(orange curve) does not add any information to the ballistic 
mode. However, when we image through at least one additional 
strongly scattering layer, non-ballistic parts of the M C F contain 
valuable information. We adapt Eq. (3) for this case to facilitate 
further discussion: 

with scat. lay. 
no scat, lay. 

T(q; Aq) « jj to (q + | Q i ) G ( ^ Q t + Aq) 

x 7 y i ( Q 1 ) * 2 , r , ' ^ - ' d 2 Q 1 . (4) 

Fig. 2. Results for imaging of the phase resolution target through 
an etched glass plate, (a) Bright-field ballistic imaging mode, 
(b) Normalized modulus of measured MCF against Ax at point 
R. (c), (e) Modulus and (d), (f) phase images derived from MCF 
for Aq=(0, 0) urn (ballistic light image) and Aq=(—2, 0) um 
for imaging through the etched glass plate, (g) Synthetic quantita
tive phase image created by a combination of non-ballistic images. 
Objectives used20x/NA = 0.5, N A C = 0.5. 

This equation suggests that each part of the M C F acquired for 
different A q can be interpreted as an image to of the resolution 
target shifted by A q . The scattering on the etched layer mani
fests itself as modulation by the inverse Fourier transform of the 
spatial frequency spectrum TJ'(Qi). CGF limits this spectrum 
only to scattering vectors satisfying relation Q^zi/K ^ — Aq . 
The produced modulation appears to be random with high 
and low modulus areas. The stronger coherence-gating effect 
reduces more the range of contributing Tj'(Qj) spatial frequen
cies, and, therefore, the size of the high-modulus areas increases. 
This reduces the number of phase singularities and makes the 
additive phase from out-of-focus scattering more uniform. As 
the CGF allows a finite range of scattering layer components 
to contribute, the image is blurred. The blur is limited by CGF 
Airy disk radius, which defines the transversal spatial resolution. 
The CGF width (0.8 |xm) can be measured when no object is 
present; see peak width in Fig. 2(b). We can conclude that the 
change of the imaging mode to non-ballistic light generally does 
not affect the size of high-quality phase areas or the resolution. 
Therefore, neither of the imaging modes is inferior. 

We also use this experiment to demonstrate the complemen
tary nature of non-ballistic images. Consider, for example, a 
small region of the F O V marked by the yellow dashed ring in 
Figs. 2(c)-2(f). One can see that information about the object 
is missing in the ballistic light [see the zero modulus in Fig. 2(c) 
and the random phase in Fig. 2(d)]. The shape of the complete 
M C F in Fig. 2(b) indicates that the information might be 
present for particular A q ̂  (0, 0) with a higher modulus. We 
show the image acquired for A q = (—2, 0) urn, see Figs. 2(e) 
and 2(f), to support this statement. The modulus is higher in the 
circled area, and the phase information is present. These find
ings suggest that a combination of images acquired for different 
A q can provide information about the whole FOV. 

We designed a method to reconstruct a high-quality synthetic 
image throughout the whole F O V from the measured MCF. We 
acquired images for an 11 x 11 grid of A q centered at the bal
listic position with the sampling of 1 u.m, based on the Airy disk 
radius of CGF to avoid overlap. Adapting our preliminary work 
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Aq — (0,0) nm Aq = (3,3) nm 

Fig. 3. Results for imaging through a slab of chicken breast, 
(a), (c) Modulus and (b), (d) phase images derived from the MCF 
for Aq=(0, 0) um and Aq = (3, 3) um. (e) Synthetic quantita
tive phase image created by a combination of non-ballistic images. 
Objectives used 20x/NA= 0.5, N A C = 0.3. 

[23], we start by shifting images to their correct positions based 
on the CGF position A q . Then, corresponding small regions of 
all 121 images are phase-corrected for linear phase distortions 
with the objective to maximize the modulus of their coherent 
superposition. Then, the phase quality is after superposition sig
nificantly improved. A full F O V image is stitched together from 
smaller overlapping areas producing a high-quality quantitative 
phase image, and the result is displayed in Fig. 2(g). The phase 
quality is consistent throughout the F O V and significantly 
improved in comparison to the ballistic light phase image in 
Fig. 2(d). The spatial resolution is also in agreement with the 
prediction. The smallest resolvable elements of the resolution 
target in Fig. 2(g) are 0.81 |i.m wide, which corresponds to the 
CGF width. It is important to note that coherent averaging 
of 121 ballistic images in this static case reduces low-contrast 
hologram noise but does not deal with the phase jumps and sin
gularities, which are the main cause of image degradation. When 
the scattering medium is highly dynamic, averaging a high bal
listic image number can provide similar image improvement as 
in Fig. 2(g) [24]. 

To verify the feasibility of our approach for imaging through 
turbid biological media, we carried out an experiment with 
a slab of chicken breast instead of the etched glass layer. The 
chicken breast was cut into a slab of thickness from 1 to 2 mm 
and squeezed between two coverslips separated by 0.8 mm thick 
ring. The chicken muscle tissue has a transport mean free path 
of 1.25 mm, mean free path of 43.7 M-m, and an anisotropy 
factor of0.965 [25]. One can see that neither ballistic [Figs. 3(a) 
and 3(b)] nor non-ballistic [Figs. 3(c) and 3(d)] images suffi
ciently reproduce the phase resolution target. We employed 
the same procedure as for the imaging through the etched glass 
plate. Even in this case it was possible to reconstruct a full FOV 
synthetic image [Fig. 3(e)] with high phase quality and spatial 
resolution. 

In this Letter, we first demonstrated the equivalence between 
the complete M C F measurement and coherence-gated imaging 
for all accessible coherence gate positions in partially coherent 
interferometric systems. In the case of imaging through strongly 
scattering media, we showed that the coherence gate manipu
lation enables imaging by fractions of non-ballistic (multiply 
scattered) light and that it carries complementary informa
tion to the ballistic image. Finally, we proved the immense 

value of using coherence-gated non-ballistic light by proposing a 
method for significant improvement of quantitative phase imag
ing quality through strongly scattering media. Our outcomes 
benefit not only C C H M but a wide range of partially coherent 
interferometric systems. A minor alteration of imaging systems 
[6-10] would allow them to measure the complete M C F and 
extend their imaging capabilities in biomedical research. 
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Chapter 7 

Coherence-encoded structured 
illumination 

The use of structured i l lumination is a well-known methodology that is used for 3D 
surface measurement [86], as an optical sectioning method to reject out-of-focus light 
contributions [87], as a tool to improve the lateral and axial resolution of an imaging 
system and as a method allowing optical diffraction tomography [88]. In its current 
form, structured i l lumination microscopy (SIM) aims mainly at improving the resolu
tion limits of fluorescence microscopy [89]. A n implementation of the reliable and easy 
to use structured il lumination into coherent systems allowing sub-diffraction limited 
resolution or improving optical sectioning properties would be very welcomed by the 
Q P I community and bio-medical researchers, because it would provide unprecedented 
throughput to their experiments and observations 

Numerous techniques in the field of quantitative phase imaging have partially ad
dressed resolution enhancement beyond the diffraction l imit . Several methods em
ploy sequential oblique coherent beam il lumination paired with holographic detec
tion [90-93]. These techniques capture images that contain high-frequency compo
nents of the object spectrum, which are downshifted due to oblique il lumination, and 
then digitally synthesize an image with effectively larger numerical aperture of the sys
tem. Structured i l lumination microscopy adapted for coherent modalities like Q P I also 
utilizes similar principles but the i l lumination of the specimen is simultaneous with 
multiple oblique beams [94,95]. Surprisingly, even random speckle field i l lumination 
has been shown to enhance resolution [96,97]. It is important to note that manipulat
ing the il lumination is not the only way to achieve sub-diffraction limited resolution. 
Researchers have demonstrated that by inverting light propagation through scattering 
media using a pre-recorded transmission matrix [34], synthetic aperture Q P I can be pro
duced. Another set of techniques that aim to achieve sub-diffraction limited resolution 
is lens-free techniques [98-100]. Additionally, it was shown that digital in-line holo
graphic microscopy (member of lens-free techniques), can reach significantly improved 
resolving power through the application of synthetic aperture approaches [101,102]. 
However, the practical use of lens-free on-chip techniques is l imited due to the require
ment of placing the specimen very close to the imaging sensor [98]. On the other hand, 
Fourier ptychographic microscopy ( F P M ) [103,104], which has gained attention recently 
due to its simple implementation, offers a promising method to achieve high spatial 
bandwidth. F P M does not rely on holographic detection but instead acquires a series 
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of intensity images for different oblique illuminations. The main drawback of F P M 
lies in its reliance on iterative phase retrieval algorithms [105] to stitch the recorded 
images in Fourier space, which affects the quantitative phase image quality. In general, 
all synthetic aperture methods trade off certain degrees of freedom in the system to 
expand the achievable spatial frequency bandwidth of the image [106]. For instance, 
one approach involves uti l izing the dynamic range of a camera to multiplex multiple 
off-axis holograms corresponding to different oblique il lumination directions into a sin
gle measurement, thereby providing a single-shot synthetic aperture method [107-109]. 
However, this elegant approach may result in a decrease in the quality of the quantita
tive phase image [110]. 

It is important to note where C C H M stands in the context of the techniques men
tioned earlier for resolution improvement. Instead of using a conventional coherent 
point source for i l lumination, C C H M utilizes a spatially broad thermal source within 
the Köhler i l lumination configuration. A s a result, the specimen is illuminated not by 
a single coherent wave (used in all the standard holographic systems), but by numerous 
mutually incoherent plane waves simultaneously. The size of the i l lumination cone is 
directly related to the numerical aperture of the condenser lens. Therefore, the spatial 
frequency bandpass of the C C H M imaging system is twice as wide when using a broad 
il lumination source compared to a point source [7]. 

7.1 Preliminary results with linear diffraction 
grating 

We approach S I M in C C H M by providing structured il lumination by multiple-scattering 
events on known objects placed in the object arm. First , we show that multiply scat
tered light can be effectively separated from the complete mutual coherence function 
measurement and then we show that the multiply scattered light experiences properties 
of structured il lumination. 

First, we image a phase resolution target that is il luminated through two identi
cal transmission diffraction gratings positioned in Z-2,Z-i < 0 with spatial frequency 
1 5 0 m m - 1 and groves oriented in the x-axis direction, see F ig . 7.1(a). This setup can 
be considered a three-layer object. We measured complete M C F and we display in 
Fig . 7.1(d) its normalized modulus | 7 P | = | r P | / | r m a s | for a point P [see F ig . 7.1(c)] 
against Ay, Ax is set to 0. Here \Tmax\ stands for the highest achievable value of |T| 
in C C H M . The plotted function experiences several easily distinguishable peaks. The 
origin of the peaks can be explained based on the following adaptation of E q . (5.11) 

r ( q ; Aq) « U(qt) / / / / S ( x Q " 2 t + X Q " M + A q ) 
x T : 2 ( Q _ 2 j r i ( Q _ 1 J e 2 ™ ( Q - » - Q - 2 t ) z - l / V ™ ( Q - 2 t + Q - " ) - q t d 2 Q _ l t d 2 Q _ 2 t . (7.1) 

The gratings have dominant 0 t h , 1 s t and —1 s t diffraction orders, with which we can as
sociate scattering vectors Q ° = (0,0), Q + = (0,150) m m - 1 and Q ~ = (0, — 150) m m - 1 , 
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respectively. The splitting ratio between diffraction orders is described by T ^ ( Q n ) . 
The 0 t h diffraction orders of both gratings correspond to ballistic light propagation, 
and ballistic image of the phase resolution target is obtained by measuring M C F 
for Ay = 0. According to E q . (7.1), C G F with radius 1.3 pm ( N A C = 0.3) ensures 
that no other diffraction orders significantly affect M C F , therefore we get T[q,(0,0)] « 
t f ( q ) T : 2 ( Q 0 ) T i 1 ( Q ° ) . The other peaks in F ig . 7.1(d) with Ay ^ 0 correspond to multi-

0 50 
Ay (|xm) 

Figure 7.1: (a) Object setup illustration for M C F measurement of multiply scattered 
light by two diffraction gratings and phase resolution target, (b), (c) Phase images de
rived from M C F for A?/ 1 ) = — 77 um and Ay^ = —42 um. (d) Normalized modulus of 
measured M C F against Ay at point P . Objectives used l O x / N A = 0.3, N A c = 0.3. Scale 
bar in (c) is 20 um. 

ply scattered light. M C F measured at A T / 1 ) = —77 pm = — Y+z_2/K carries informa
tion about the light diffracted into 1 s t order of the first grating and 0 t h order of the sec
ond grating. We therefore obtain T[q; (0,AyW)} ~ £ f ( q ) T - 2 ( Q + ) T - i ( Q ° ) exp(27tiq-Q + ) . 
The phase image arg{r[q; (0,Ay^)]} is shown in F ig . 7.1(b). A s predicted by E q . (7.1), 
the phase is linearly modulated in the y-direction. The other illustrative case is for 
Ay^ = —42 pm = — Y+Z-2/K — Y~Z-\jK. Here we obtain from the measurement the 
complex image T[q; (0 ,A?/ 2 ))] « t f ( q ) T i 2 ( Q + ) T i 1 ( Q - ) . Phase for this case is shown 
in F ig . 7.1(c). As could be predicted, no phase ramp appears for A T / 2 ) position, be
cause modulation by Q + and Q ~ cancels up. Both of these cases are images formed 
purely by multiply scattered light. The phase ramp in F ig . 7.1(b) is straight forward to 
compensate for, therefore this experiment supports our statement that under certain 
circumstances, the coherence-gated multiply scattered light may play the same role in 
the imaging process as the ballistic light. 

Despite neglecting the diffraction by the objective pupil in E q . (5.11) in order to 
better understand coherence-gating effect, the resolving power of the real system is 
sti l l diffraction limited. The ballistic image of the in-focus layer contains only spatial 
frequencies T f ( Q t ) l imited by the pupil function P 0 ( K t ) centered at Q t = (0,0). We 
showed that filtering by C G F a single diffraction order when imaging through diffrac
tion grating causes the phase ramp modulation, which is interconnected with the spatial 
frequency spectrum shift with respect to the objective pupil . Knowledge of the shift 
can be used to synthetically extend the objective aperture and to directionally improve 
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resolution similarly to the structured il lumination method [111]. The modulation pro
cess by the defocused layer is coherent, therefore the resolution improvement applies 
even for coherent imaging modalities such as quantitative phase imaging. We have used 
the object setup shown in F ig . 7.1(a) to acquire 5 images from the complete M C F mea
surement. The shifts of the object spatial frequency spectrum caused by the diffraction 
gratings in these images are 2 Q + , Q + , Q ° , Q ~ and 2 Q ~ . As a reference for the diffrac
tion limited image we take the ballistic one with Q ° shift, the phase image is shown in 
F ig . 7.2(a). Combination of all 5 images using structured il lumination approach [111] 

Figure 7.2: Directional resolution improvement when imaging through diffraction grat
ings, (a) Ballistic phase image, (b) synthetic phase image obtained by the structured 
illumination approach using multiply scattered coherence-gated light, (c) Cross-section 
along the purple and orange line in (a) and (b). Objectives used 4 x / N A = 0.1, N A c = 0.1. 

yields a synthetic phase image with the extended spatial frequency spectrum shown 
in F ig . 7.2(b). One can observe dramatic directional resolution improvement in the 
synthetic image, which is for clarity demonstrated by the cross-section comparison in 
F ig . 7.2(c). 

7.2 Coherence-encoded synthetic aperture for 
super-resolution quantitative phase imaging 

7.2.1 Motivation 

The primary objective of biological research and medical diagnosis applications such as 
drug discovery [112], cancer cell biology [17,18], and stem cell research [113] is to iden
tify rare events of interest. Achieving a statistically and biologically meaningful analysis 
requires high-throughput imaging. However, the imaging platform's throughput is fun
damentally l imited by the space-bandwidth product of the optical system [114]. Due to 
this l imitation, microscope designs face a trade-off between image resolution and field 
of view ( F O V ) . Overcoming this l imitation typically involves using high-resolution ob
jectives combined wi th precise mechanical scanning of the sample followed by image 
stitching. However, the use of this approach in medical practice is l imited due to the 
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mechanical scanning requirement and the short working distance of high-resolution ob
jectives. To address these challenges, practical approaches have emerged that focus 
on surpassing the diffraction limit of low numerical aperture (NA) objectives while 
maintaining a large F O V and long working distance. Various techniques based on the 
synthetic aperture approach have been developed to achieve this [90-97,103,104]. B y 
employing the synthetic aperture principles in digital holographic microscopy, specifi
cally quantitative phase imaging (QPI) , the limitations (invasive and non-quantitative) 
of traditional fluorescence microscopy can be overcome. 

In this chapter of the thesis, we present a technique for improving the resolution of 
quantitative phase imaging beyond the diffraction l imit . Our approach combines par
tially coherent holographic imaging with synthetic aperture microscopy. A s mentioned 
in this chapter's introduction, C C H M utilizes a spatially broad thermal source within 
the Köhler i l lumination configuration instead of a conventional coherent point source 
for i l lumination. Therefore, the specimen is il luminated not by a single coherent wave, 
but by numerous mutually incoherent plane waves simultaneously. The implication is 
that the spatial frequency bandpass of the C C H M imaging system is twice as wide 
when using a broad il lumination source compared to a point source [7]. As a result, 
the resolution that can be achieved conforms to Abbe's diffraction l imit . Moreover, the 
standard C C H M image already reaches the maximum band limit attainable by certain 
methods discussed earlier [93,94,96], albeit only in their most extreme scenarios. Our 
goal is a further improvement of the resolution beyond Abbe's l imit . 

This thesis proposes applying the synthetic aperture approach to C C H M . This com
bination wi l l provide the advantageous properties of both structured il lumination and 
incoherent holographic imaging. Using incoherent i l lumination ensures high-quality 
single images and reduces the number of images required for reconstructing a high-
N A image. Employing single-shot holography eliminates the need for iterative phase 
retrieval algorithms as in F P M , simplifying the aperture synthesis procedure. More 
importantly, this method allows for high-resolution imaging while maintaining a long 
working distance, which is crucial when imaging in standard multi-well plates and 
multi-channel chambers. 

7.2.2 Outcomes 

We demonstrate an unconventional use of the coherence-gating effect to allow the 
synthetic aperture imaging in a holographic microscope with partially coherent i l lu
mination. To the best of our knowledge, we utilize the coherence gate for the first 
time for a purpose different than imaging through or in turbid media. Thanks to 
the partially coherent i l lumination, our approach allows high-quality high-throughput 
synthetic aperture quantitative phase imaging, which is hardly matched by standard 
coherent synthetic aperture/structured il lumination methods. We show synthesis of 
quantitative phase images with significantly increased spatial frequency bandwidth on 
real complex specimens such as cancer and cheek cells. We present here a thorough 
theoretical treatment of the coherence-gated imaging process as well as a detailed exper
imental methodology. We see the future potential of the method for high-throughput 
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studies (large field of view and high resolution). 

7.2.3 Article 2 

The article Coherence-encoded synthetic aperture for super-resolution quan
titative phase imaging was published in A P L Photonics (2022 Impact factor: 5.6, 
Q l in Optics) in March 2022. 
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ABSTRACT 

Quantitative phase imaging (QPI) has quick ly established its role i n identifying rare events and screening i n biomedicine or automated image 
data analysis using artificial intelligence. These and many other applications share the requirement for extensive high-quali ty datasets, wh ich 
is challenging to meet because the invariance o f the space-bandwidth product (SBP) fundamentally l imits the microscope system throughput. 
Here, we present a method to overcome the SBP l imi t by achieving Q P I super-resolution using a synthetic aperture approach i n a holographic 
microscope wi th a partially coherent broad source i l luminat ion . W e exploit intr insic coherence-gating properties o f the partially coherent 
light combined wi th the oblique i l lumina t ion provided by the diffraction o n a simple phase grating placed i n p rox imi ty o f the specimen. W e 
sequentially coherence gate the light scattered into each grating's diffraction order, and we use the acquired images to synthesize Q P I wi th 
significantly increased spatial frequency bandwidth. The resolution o f Q P I is increased substantially beyond Abbe's diffraction l imi t while a 
large field o f view o f l o w numerical aperture objectives is kept. This paper presents a thorough theoretical treatment o f the coherence-gated 
imaging process supplemented by a detailed measurement methodology. The capability o f the proposed method is demonstrated by imaging 
a phase resolution target and biological specimens. W e envision our work provid ing an easily implementable super-resolution Q P I method 
particularly suitable for high-throughput biomedical applications. 

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 
(http://creativecommons.Org/licenses/by/4.0/). https://doi.Org/10.1063/5.0081134 

I. INTRODUCTION 

Over recent years, quantitative phase imaging (QPI) has 
emerged and established itself as an irreplaceable imaging method 
i n biomedical research. Q P I provides label-free, non-invasive, real
time, and high-contrast quantitative means to image transparent 
specimens. Identifying rare events, for example, i n drug discovery, 
cancer cell biology, or stem cell research, requires the acqui
sition o f not only quantitative data provided by Q P I but also a 
statistically meaningful amount o f high-resolution datasets. The 
recent development o f automated data analysis and classification by 
artificial intelligence exaggerates this ever-increasing demand for 
high-throughput Q P I methods. Unfortunately, the throughput o f a 
microscope is fundamentally l imi ted by the invariance o f the optical 
system space-bandwidth product (SBP). Due to this l imi t , mic ro 
scope designs always compromise between the achievable spatial 

resolution and effective field o f view ( F O V ) . Sequential acquisit ion 
of images while mechanically mov ing the specimen or microscope 
objective combined wi th image-stitching procedures increases SBP. 
However, enlarging the F O V while preserving the system's resolv
ing power by mechanical movement o f the specimen is subopti-
mal i n live biological experiments. Moreover , manipula t ion wi th 
high numerical aperture ( N A ) objectives requires very precise auto-
focusing as they have very short work ing distances and short depths 
of focus. 

T o avoid mechanical movement, researchers increase SBP by 
overcoming the diffraction l imi t o f l o w - N A objectives, motivated 
by their favorable properties—large F O V , long work ing distance 
and depth o f focus, and price. M a n y Q P I methods achieve sub-
diffraction l imi ted resolution by a sequential oblique coherent 
beam i l lumina t ion and holographic detection. These methods 
acquire images wi th downshifted high-frequency components o f the 
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object spectrum and digitally synthesize a larger system aperture. 
A similar pr inciple also applies to structured i l lumina t ion mic ro 
scopy i n coherent modalities such as Q P I , which il luminates the 
specimen simultaneously by several oblique beams. The res
olut ion increase was demonstrated even using a r andom speckle 
field i l luminat ion . The i l lumina t ion has to be manipulated to 
achieve the sub-diffraction l imi ted resolution. Inverting light prop
agation through scattering media using a prerecorded transmission 
matrix has been shown to produce synthetic aperture Q P I . Lens-
free techniques provide unique imaging properties by avoiding 
the resolut ion-l imit ing diffraction o n lens apertures. However, the 
specimen placement very close to the sensor significantly l imits the 
applicability o f the lens-free on-chip techniques. The other group 
of lens-free techniques, digital in- l ine holographic microscopy, 
has been already extended by synthetic aperture approaches" ' to 
significantly increase their resolving power. Due to its simple exper
imental implementat ion, a recently emerged Fourier ptychographic 
microscopy ( F P M ) is a promis ing method achieving high SBP. 
F P M does not employ holographic detection, but it acquires only a 
series o f intensity images for different oblique i l luminat ions. H i g h 
SBP Q P I is i n F P M obtained through the stitching o f recorded 
images i n Fourier space using an iterative phase retrieval algo
r i thm, representing the m a i n drawback o f this method. In general, 
all synthetic aperture methods increase the achievable spatial fre
quency bandwidth o f the image by sacrificing other system's degrees 
of freedom. For example, instead o f sacrificing acquisi t ion time, 
the dynamic range o f a camera can be ut i l ized to mult iplex several 
off-axis holograms corresponding to different oblique i l lumina t ion 
directions into a single measurement. This elegant approach 
provides a single-shot synthetic aperture method; however, it may 
decrease the quantitative phase image quality. 

In this paper, we introduce a method for Q P I resolution 
enhancement below the diffraction l im i t that combines partially 
coherent (PC) holographic imaging wi th synthetic aperture mic ro 
scopy. Instead o f a standard coherent point source i l lumina t ion 
[see (a)], we utilize a spatially broad thermal source i n the 

Köh le r i l lumina t ion [see Fig . 1(b)] arrangement. Therefore, the 
specimen is not i l luminated by one but by many mutual ly incoherent 
plane waves simultaneously. The aperture o f the i l lumina t ion cone 
is proport ional to the condenser lens numerical aperture ( N A c ) . 
Compared to the point source i l luminat ion , the broad source gives 

the imaging system the spatial frequency bandpass w i th a twice as 
large radius. Consequently, the achievable resolution meets Abbe's 
diffraction l imi t , and our standard image already has the band l imi t 
reachable by some methods ment ioned above only i n their 
upper- l imit cases. O u r goal is further improvement o f the resolution 
beyond Abbe's l imi t . 

W e utilize a simple phase grating (PG) , composed o f hexag
onal elements, to simultaneously tilt the whole i l lumina t ion cone 
into several oblique directions. This is achieved by placing P G 
on the i l lumina t ion side o f the specimen; see Figs. 1(c) and 1(d). 
The oblique i l lumina t ion shifts the object's spectrum, as illustrated 
i n F 'b)-l(d), wh ich makes images corresponding to each 
diffraction order contain different information. However, the s imul 
taneous presence o f images from all diffraction orders and their 
superposition i n intensity make their informat ion content inac
cessible by standard methods. W e exploit the coherence-gating 
properties o f P C i l lumina t ion to capture images formed only 
by the light scattered into separate grating's diffraction orders. 
The coherence-gated images contain separate shifted image spectra, 
which we digitally combine to create a synthetic aperture image 
wi th subdiffraction-limited resolution. T o the best o f our k n o w l 
edge, we are the first to utilize the coherence gate for a purpose 
different than imaging through or i n turbid media. Due to the 
broad spectral support o f a single measurement, using only the ±first 
diffraction orders o f the P G is sufficient to achieve a similar res
olut ion as F P M wi th a significantly lower number o f acquisitions. 
Coherence-gating interconnected wi th P C i l lumina t ion also reduces 
coherent phase artifacts to a m i n i m u m , resulting i n high phase 
quality o f a single image not matched by iterative phase retrieval 
algorithms. 

II. OPTICAL SETUP DESCRIPTION 

T o demonstrate proposed principles, we used a coherence-
controlled holographic microscope ( C C H M ) , commercia l ly avail
able as Telight Q-Phase. Another implementat ion o f the synthetic 
aperture method to commercia l ly available microscopes has been 
previously reported i n Ref. . The optical setup (see Fi ) is an 
adaptation o f the M a c h - Z e h n d e r interferometer. It consists o f the 
object and reference arm, which contain optically equivalent mic ro 
scope systems. The functionality o f this microscope depends on 

Diffraction profile i m a g e spectrum 

Ligh t cone captured 

1 st diffraction order 

Grating I—•< Specimen 

no grating / Oth diffraction order 
Y 

/ " " \ X 

KNAc-KNAp 
Condenser ( N A C ) Objective ( N A 0 ) 

FIG. 1. Illumination and detection 
schemes with (a) point source and 
(b)-(d) broad source in the Köhler 
illumination arrangement. Each scheme 
depicts the transmitted object's spatial 
information by the imaging system in 
spatial frequency coordinates X, Y (note 
larger frequency bandpass when using 
Köhler illumination). The band limit 
values are explained in the text, (c) 
and (d) Diffraction grating introducing a 
spectrum shift in the regime of Köhler 
illumination (images illustrate only one 
of the diffraction orders). 
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Reference arm 

S I F . .BS 

Object arm 
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FIG. 2. Optical setup of the coherence-
controlled holographic microscope: S: 
light source; IF: interference filter; L: 
relay lens; BS: beam splitters; M: mirrors; 
Mm: movable mirrors; C: condensers; 0 : 
objective lenses; TL: tube lenses; DG: 
diffraction grating; OL: output lenses; 
IP: interference plane; and PG: phase 
grating (the inset shows the image of 
the PG obtained by a scanning electron 
microscope). 

M 

the diffraction grating ( D G , transmission phase grating wi th groove 
frequency 150 m m - 1 , blazed at 760 n m for the first diffraction order) 
implemented i n the reference a rm according to principles proposed 
by Lei th and Upatnieks (for the details about the D G choice, 
see Ref. ). It guarantees off-axis hologram formation i n the inter
ference plane (IP) for sources o f an arbitrary degree o f coherence. 
The role the coherence plays i n the C C H M imaging process has 
been described i n detail. In our system, a halogen lamp is used 
for i l lumina t ion to provide thermal, spatially broad source, and we 
filter the i l luminat ing light by an interference filter (IF) wi th central 
wavelength 650 and 10 n m full wid th at half m a x i m u m to achieve 
also quasi-monochromatic i l luminat ion . The most important 
properties o f the source for the method discussed i n this work 
are low spatial coherence and the size o f the source. Therefore, an 
L E D or coherent (laser) source wi th a rotating diffuser cou ld also 
be used instead o f a halogen lamp and IF. The source is imaged 
by a pair o f achromatic doublets (simplified as L i n , focal 
lengths 63.5 and 350 m m ) through a beam splitter (BS) to the front 
focal planes o f the condensers (C, N i k o n L W D condenser lens N A 
0.52 wi th adjustable aperture stop), forming Köh le r i l luminat ion . 
The fundamental image properties depend o n the parameters of 
condensers and objective lenses (O, N i k o n P lan Fluorite Objec
tives, lOx/0 .3 N A / 1 6 m m W D and 20x/0.5 N A / 2 . 1 m m W D ) i n 
couples wi th tube lenses (TL, N i k o n focal length 200 m m ) charac
terized by the pup i l functions (see Ref. ) Pc and Po, respectively. 
The output lenses (OL) are objectives w i th focal lengths 35 m m 
and f/2. I f we assume circular lens apertures, then pup i l functions 
are l imi ted by the numerical apertures o f condensers N A c and 
objectives N A 0 . These two parameters define the spatial fre
quency band l im i t | K m a x | o f our optical setup [see 'b)] as 
| K m a x | = i C ( N A c + N A o ) , where K = 1/A wi th A being the wave
length o f l ight and N A c < N A o - Stepper and piezo motors provide 
fine adjustment o f the microscope optical components. The holo
grams are recorded i n IP using the M R 4 0 2 1 M C - B H X I M E A C C D 
camera. 

To achieve subdiffraction-limited resolution i n the above-
described configuration, we placed the P G i n experiments according 
to Figs. 1 (c) and 1 (d), and Fig. 2 o n the i l lumina t ion side o f the speci
men. The distance Zd between the specimen and P G was defined by a 
cover slip placed between them. W e have designed the P G to diffract 
light into six directions wi th the scattering vector size o f 926 m m - 1 . 
The first step o f product ion was the creation o f c h r o m i u m hexagonal 

structures o n the fused sil ica substrate (thickness 700 um) using 
electron-beam lithography. These served as a mask for reactive ion 
etching o f the underlying substrate. W e designed the etching depth 
to produce elements causing phase retardation o f n for the 650 n m 
wavelength. After removing the residual c h r o m i u m mask, we mea
sured the height o f the hexagonal fused silica pillars using a scanning 
electron microscope to be 714 n m , the side-to-side pil lar dimensions 
and pil lar separation are both ~540 n m ; see the inset o f Fig. 2. The 
P G predominant ly scatters light into zeroth and ±first diffraction 
orders o f each direction. It can be calculated that the diffraction 
efficiency o f the second diffraction orders is for our P G design 
four times lower than the efficiency o f the first diffraction order. 
A s we w i l l further show, the light scattered into higher diffraction 
orders is effectively el iminated from the image formation process 
by the coherence gating and only contributes to the background 
intensity taking a small amount o f the camera dynamic range. There
fore, we further assume that the spatial frequency spectrum o f the 
P G is discrete and has significant values only for seven spatial 
frequencies corresponding to each dominant diffraction order. The 
same phase grating was used i n all experiments presented i n this 
paper. 

III. THEORY 

T o separate light scattered into a single diffraction order, i.e., 
one i l lumina t ion direction, we utilize intr insic coherence-gating 
effects o f the P C i l lumina t ion i n C C H M . Therefore, we start by 
describing the coherence-gating properties o f the P C light by the 
mutual coherence function ( M C F ) . M C F is a quantity measured 
i n partially coherent interferometers, and we obtain it f rom holo
grams, time-averaged intensity measurements i n IP. They contain 
the cross correlation information between object-scattered and ref
erence light, which we retrieve by a carrier removal i n the Fourier 
plane. 3 0 Fo r the P C light, the cross correlation term depends o n the 
transversal displacement A q = (Ax, Ay) and relative time-delay r of 
the object-scattered and reference field and can be understood as 
their mutual coherence function T ( q , q - A q , T ) . Here, q = (x,y) 
is the posi t ion o f a point i n the image plane specified by the coordi 
nates o f the optically conjugated point i n the object plane. W e call 
the interferometric imaging for a given time-delay r and transverse 
displacement A q a partial M C F measurement. M o d u l u s and phase 
image for particular A q and r are obtained as modulus and argument 
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of T, respectively. The complete M C F is acquired by measuring and 
reconstructing holograms for all accessible A q and T. Every partially 
coherent interferometric system is, i n principle, capable o f measur
ing complete M C F i f the reference field posi t ion and optical path 
difference can be manipulated. In C C H M , we control these param
eters by the reference a rm elongation and objective shift (see Fig. 2). 
A s we use i n experiments quasi-monochromatic i l lumina t ion 
(central wavelength 650 n m and 10 n m full wid th at half max imum) , 
the influence o f temporal coherence (the coherence l eng th 3 6 of 
~42 um) is m i n i m a l and manifests main ly as a speckle noise reduc
tion. Before each experiment, we set r to zero, wh ich corresponds 
to the highest contrast o f interference fringes. O u r further analysis 
w i l l stay wi th in the l imits o f paraxial approximation. W e w i l l , there
fore, discuss main ly effects interconnected wi th spatial coherence. 
G iven a complete spatial incoherence o f the source, the expression 
for the measured M C F for T = 0 has, according to E q . (4.4-31) 
i n Ref. 36, the form 

r ( q , q - A q ) = [[ °°\Pc(Ks)\ 2  

x / ! o ( q , K 5 ) / ! r * ( q - A q , K 5 ) d 2 K 5 , (1) 

where h0(q,Kt) and / r r ( q , K , ) describe the propagation o f a plane 
wave wi th transverse wave vector K t behind the condenser lenses 
through the object and reference arm, respectively. The transverse 
wave vector coordinates K s o f a plane wave behind condensers are 
assumed to be proport ional to the respective source point coordi 
nates i n the front focal planes o f the condensers. Fo r this reason, 
the source properties can be characterized by a function o f Ks. W e 
use reduced wave vector notation | K | = K = 1/A, which is assumed 
to be a constant here and K = (Kt,Kz) = (Kx,Ky,Kz), where K , is 
the transverse wave vector and Kz = \ / | K | 2 - | K t | 2 . 

W e derive h0(q,K,) such that the specimen £ 0 ( q ) is placed i n 
the objective lens front focal plane, and the P G is at a distance zd 

from the specimen; see Fig. 1(c). W e assume single scattering of 
the plane wave formed by the condenser lens by the grating and 
the imaged specimen and no back-scattering, i.e., the light under
takes two successive scattering events. U s i n g s imilar approach as i n 
Ref. 31, the propagation o f the plane wave through the object a rm 
can be described by 

h0(q,Kt)=e
2^ K' ff ff P0(Kt + Qd + Q0) 

x r d ( Q d ) r o ( Q j e M Q d ( K ' V * + q ) 

x e M Q » V Q d d 2 Q 0 , (2) 

where Td(Q) = r d (Q) exp(7rizd|Q|2/.JC) is a discrete spatial fre
quency spectrum o f the defocused grating, T 0(Q 0) is a spatial 
frequency spectrum o f the specimen, and Q = (X, Y) is a scatter
ing vector. The propagation o f a plane wave i n the reference a rm 
is described by hr{q, K , ) = P o ( K t ) exp(27riK, • q ) . Next , we sub
stitute this expression and E q . (2) into E q . (1), and to reflect the 
discrete and sparse nature o f the P G spatial frequency spectrum, we 
replace the integration over Q d wi th a summat ion over Q , , where 

j = 0 , 1 , . . . ,6 corresponds to the grating diffraction orders. After 
simple manipulations, we obtain the expression 

r ( q ; A q ) = ZMl)^'"] ® Kq;Aq,Q;)Td(Q;), (3) 

where <8> denotes convolut ion and h(q; A q , Q;)= Q* ( q - A q - Q ;z d/ 
*0po(q ) , w h e r e functions Q(q) = ff | P c ( K t ) | 2 - P o ( K , ) exp(2mK, • 
q ) d 2 K , and p o ( q ) = ff P0(Kt) exp(27riK, • q ) d 2 K , can be 
approximated using the Bessel function o f the first k i n d as 
Q(q) = 2Ji(fi)/fi a n d p 0 ( q ) = 2J1(v)/v, where (i = 27tFCNAc|q| and 
v = 27rKNAo|q|. 

W e call the function Q a coherence-gating function ( C G F ) 
because it significantly reduces the effects o f the defocused objects 
on the image o f the focused specimen. Gat ing properties o f the 
C G F are interconnected wi th the spatial degree o f coherence. The 
C G F pr inc ipa l m a x i m u m width increases (decreases) wi th increas
ing (decreasing) spatial coherence. C G F shape and posi t ion A q 
affects the function / i ( q ; A q , Q-) , wh ich dictates the degree of 
contr ibut ion o f particular spatial frequencies Q , o f the grating. The 
function / i ( q ; A q , Qj) has non-negligible values only for Q , , which 
are i n relation to the C G F posi t ion A q such that Q , « -AqK/zd. 
Otherwise, h(q; A q , Q d ) is effectively zero. Due to the sparsely dis
tributed P G spatial frequency spectrum, a specific choice o f C G F 
posi t ion allows us to eliminate the effects o f all but one P G spatial 
frequency. This filtration w o u l d not be possible i f a spatially coherent 
source was used. In that case, the grating w o u l d be projected to the 
specimen plane. 

Sequential acquisi t ion o f seven holograms for C G F positions 
Aq ; . = -QjZd/K corresponding to P G spatial frequencies gives us 
parts o f M C F i n the form r ; = T(q ; Aq^) = [ f 0 (q ) exp(27riQ; • q)] 
8> h(q)T'd(Qj). Each o f these M C F parts is an image o f f 0 ( q ) . The 
phase ramp exp(2mQ; • q) causes a shift o f the object's spectrum 
T0(Q - Qj) - The term T'd(Qj) represents a simple phase offset and 
scaling by diffraction efficiency o f the grating. The convolut ion 
by h(q)= <?*(q)po(q) is i n the Fourier space a linear filtration of 
T0(Q-Qj) by the coherent transfer function (CTF) centered at 
Q = (0 ,0 ) . C T F is defined as a Fourier transform o f h(q), and 
its support radius equals iC(NAc + N A o ) . The C T F is s imilar to 
the one o f the standard optical transfer function o f the inco
herent system and can be calculated as a cross correlation of 
P o ( K , ) and | P c ( K t ) | 2 P o ( K t ) . Fo r simplici ty, we can approximate 
the pup i l functions wi th a step-like profile such that P o ( K , ) = 1 
for |K,|<_fCNA0 and P C ( K , ) = 1 for | K , | < i C N A c , and other
wise, these functions are zero. The cross correlation then yields 
a conical shape o f the C T F , suggesting that the contrast o f the 
image spatial frequency content is decreasing for higher spatial 
frequencies. 

W e illustrate the out l ined theoretical principles using simulated 
data wi th the resolution target as the specimen and phase grating 
composed o f hexagonal elements. In Fig. 3(a), there is the spatial 
frequency spectrum o f the resolution target, and i n 'b), there is 
the spectrum o f the grating. Dashed circles i n F ig . 3(a) have the size 
corresponding to the C T F support, and they illustrate which part 
of the object spectrum is sampled by I). The image represented by 
To is the standard diffraction-limited image o f £ 0 ( q ) , and as i l lus
trated by F i , images Ti_6 contain subdiffraction information. 
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Spatial frequency informat ion contained i n each I) is after acqui
sition centered at Q = (0 ,0) ; see Figs. 1(b) and 1(c). A s shown i n 

[a), the correct positions are the grating's spatial frequencies 
Q ; . Therefore, the spectra o f I) must be appropriately translated to 
create a synthetic image wi th extended spatial frequency content. 
Digi ta l removal o f the phase ramp e x p (27 r iQ ) • q) achieves the 
correct translation o f the I) spectrum. T o obtain an improved res
olut ion after superposition £ I), the phase offset and scaling caused 
by T'd(Qj) have to be removed. 

The phase ramp, scaling, and phase offset can be i n an ideal case 
removed i f we divide I) by the M C F measured for the same C G F 
positions wi th the grating present but the specimen absent. This 
means that f 0 (q ) = 1 i n Eq . . W e denote measurement without 
specimen by r B ( q ; A q . ) . Therefore, we can obtain an image T S A ( q ) 
that corresponds to imaging by a synthetic aperture system i n the 
fol lowing way: 

r(q;Aq.) 
r s A ( q ) = Z r , X = f o ( q ) ® M q ) . ( 4 ) 

y r B ( q ; A q ; ) 

where / isA(q) is an inverse Fourier transform o f the synthetic C T F 
of the system; see Fig . 3(c). In F ig . 3(d) is displayed the spatial fre
quency spectrum o f the synthetic image. I f we consider only the first 
diffraction orders o f the P G corresponding to spatial frequencies 
| Q j | = 2 i C ( N A c + N A o ) , our method can theoretically provide up 
to a three-fold increase i n the cut-off frequency o f the imaging 
system. However, i n experimental situations, noise f rom various 
sources l imits the detection o f low-contrast spatial frequencies, and 
setting 10,1 = 2 i C ( N A c + N A o ) w o u l d result i n loss o f information 
from some parts o f the image spatial frequency spectrum. Therefore, 
the | Q ; | values o f the P G should be designed wi th respect to image 
noise levels and to al low for creation o f reasonably uni form synthetic 
C T F [see ]. It is important to note that the contrast o f spatial 

frequency informat ion at points o f C T F wi th lower amplitude can be 
enhanced by deconvolution. W e chose i n this work to avoid any 
excessive digital post-processing ( including deconvolution) unnec
essary for aperture synthesis to better demonstrate the performance 
improvement provided by the proposed method. 

IV. METHODOLOGY 

The measurement and image reconstruction methodology dif
fer for the cases when the grating's spatial frequencies Qj are wi th in 

and outside the bandpass o f the microscope. The P G described 
i n Sec. allows us to demonstrate both cases. W e have designed 
the P G to increase performance o f a setup using 1 0 x / N A o = 0.30 
objectives and condensers wi th N A c = 0.30 such that the syn
thetic aperture approach should produce a synthetic C T F deliver
ing an effective spatial resolution corresponding to a setup wi th 
20 x / N A 0 = 0.50 objectives and N A C = 0.50. W i t h o u t loss o f gen
erality, we further demonstrate both cases using the same P G but 
different imaging objectives. 

The measurement and reconstruction methodology outl ined 
i n Sec. I l l is straightforward to implement i f the grating's spatial 
frequencies Q , are w i t h i n the bandpass o f the microscope. This 
is satisfied i f we use i n our experimental system 2 0 x / N A o = 0.50 
objectives and condensers wi th N A c = 0.30, giving us the theoret
ical cut-off frequency | K m a x | = 1230 m m - 1 , and the P G wi th | Q ; | 
= 926 m m - 1 . The data supporting methodology explanation shown 
i n F ig . 4 is obtained from an experiment wi th a phase resolution 
target [phase image shown i n Fig . 4(a)] i l luminated through the 
hexagonal P G . In order to image by the light scattered i n one o f the 
diffraction orders other than zeroth, we have to find the exact ref
erence objective positions Aq ; . = -QjZa/K. These positions change 
for each experiment as they depend o n the P G orientation and the 
defocus Zd- W e determine the positions Aq ; . f rom the complete M C F 
measurement. A s the Aq^. positions l inearly scale wi th the defocus 
Zd, we show, for demonstration purposes, complete M C F measure
ment wi th smaller Zd than i n an actual experiment. Each peak i n the 
modulus o f complete M C F [see Fig . 4(b)] for a point P [marked i n 

] corresponds to one o f the P G diffraction orders. Positions 
wi th maximal modulus values o f the peaks are the reference a rm 
objective shifts Aq ; . [see ]. W e use these positions to image 

by the coherence-gated light corresponding to each diffraction 
order the blank F O V [ r B ( q ; A q ) ) ] and the specimen [ r ( q ; A q . ) ] . 
The modulus value o f the peaks is proport ional to the distr ibu
t ion | T d ( Q ) | o f the i l lumina t ion amplitude between diffraction 
orders. 

The phase and modulus images o f a resolution target section, 
marked by the dashed line i n Fig. 4(a), obtained for A q 0 , i.e., zeroth 
diffraction order, are shown i n Figs. 4(c) and 4(d), respectively. The 
spatial frequency spectrum corresponding to the full F O V image 
is shown i n Fig . 4(e). W e can see the effects o f the oblique i l l u 
mina t ion by compar ing the zeroth-order images i n Figs. 4 (c ) -4(< 
with the images i n Figs. 4 ( f ) -4 (h) obtained for A q j , i.e., diffraction 
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(a) Phase arg(r) (rad) Modulus |T| Phase arg(T) (rad) log(|FT{T}|) 

FIG. 4. Measurement of MCF with the phase resolution target in focus illuminated through the hexagonal grating, (a) Image of the phase resolution target obtained with 
20x /NA o = 0.50 objectives, NA C = 0.30. The dashed line marks the section of the resolution target, which the images in (c) (d) (f) (g) (i)and (j) are based on. (b) Modulus 
of the complete MCF measured at point P with 20x objectives plotted as a function of Aq with defocus z d = 20 ^m. (c) Modulus and (d) phase image obtained with 20x 
objectives for Aq = ( 0 , 0 ) . (e) Modulus of the corresponding spatial frequency spectrum in the logarithmic scale, (f) Modulus, (g) phase, and (h) spectrum image obtained 
with 20x objectives for 4 q = (92 ^m, 0). (i) Modulus, (j) phase, and (k) spectrum image obtained with 10x /NA o = 0.30 objectives and NA C = 0.30 for 4 q = (92 ^m, 0). 

order corresponding to the peak one i n Fig. 4(b). W h e n c o m 
paring and , we see that the drop i n the modulus 
value results i n higher image noise. The phase image i n Fig . 4i 
contains a phase ramp proport ional to the spatial frequency spec
t rum shift shown i n F ig . 4(h). Simi lar phase ramp and spectrum 
shift proport ional to A q . experience also images corresponding to 
peaks 2-6 . W e can apply procedure described by E q . (4) to obtain 
the synthetic aperture image. The need for blank F O V images 
TB (q; A q . ) l imi ts the bandwidth widening up to a two-fold increase. 
In this l imi t ing case, the P G w o u l d have to be designed wi th spa
tial frequencies Q, matching the cut-off frequency o f the system 

Kmax|-
For a further (up to three-fold) bandwidth increase, we have 

to choose a different approach because the P G needs to have spa
tial frequencies outside the optical system band l imi t . The same P G 
as used i n the previous experiment has the spatial frequencies |Qj | 
outside the bandwidth o f the system when using 1 0 x / N A o = 0.30 
objectives and condensers w i th N A c = 0.30. The system's cut-off fre
quency is | K m a x | = 923 m m - 1 and |Q , | = 926 m m - 1 ; therefore, the 
expected bandwidth increase is slightly more than two-fold. H o w 
ever, the methodology described further is applicable also to cases 
when the P G w o u l d be designed wi th spatial frequencies up to 
10,1 = 2 | K m a x | , wh ich w o u l d provide the three-fold bandwidth 
enhancement. In this optical arrangement, the images formed by 
the l ight corresponding to one o f the diffraction orders 1-6 are 

dark-field because the objectives do not transmit the oblique unscat-
tered i l luminat ing light; see the modulus [Fig. 4(i)] and phase 
[Fig. 4(j)] image and spatial frequency spectrum [Fig. 4(k)] for A q r 

Therefore, it is impossible to measure blank F O V images TB (q; A q . ) 
and subsequently apply Eq . . T o acquire dark-field images 
captured for A q j _ 6 and to achieve their correct spectrum shift and 
scaling, we use the information from the experiment wi th 20 x objec
tives. The complete M C F measurement provides us Aq,. positions 
and modulus scaling values. The images obtained for Aq,. w i th 10x 
objectives contain the same phase ramp as the images obtained 
wi th 20 x objectives. A s ment ioned before, the compensation o f the 
phase ramp causes the correct spectrum shift. Therefore, we find 
the phase ramps that create flat phase images obtained wi th 20 x 
objectives for Aq,. and use these phase ramps to shift the spectrum 
of dark-field images obtained wi th 10x objectives to their correct 
positions. 

The final part o f the image synthesis for both cases is phase 
matching. The phase offset i n each image is generally r andom due 
to small fluctuations o f the optical system parameters between i n d i 
vidual hologram acquisitions. The phase matching is the process 
of adjusting the phase o f I) by mul t ip ly ing it by exp[i(Ay + BjX 
+ Cjy)] where Aj, Bj, andC, are parameters different for each image. 
This way we remove the random phase offset and slightly move 
the image spectra to more correct positions. Previous works have 
shown that poor phase matching leads to creation o f image 
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artifacts and can even entirely prevent resolution improvement. 
The phase can be matched by visual evaluation o f the superposed 
image or by programmatic maximiza t ion o f image sharpness met
r ics . 3 9 W e approach the phase matching o f the seven complex-valued 
images as a min imiza t ion problem. D u r i n g the opt imizat ion, the 
parameters Ay, By, and C, are adjusted to find the m i n i m a l value of 
the negative image variat ion o f the synthetic aperture phase image 
[arg( Y, 1))]. T o solve this min imiza t ion problem, we used M A T L A B 
and its non-l inear solver fmincon from Opt imiza t ion Toolbox. 

V. RESULTS A N D DISCUSSION 

W e demonstrate the feasibility o f the proposed method i n the 
optical system ut i l iz ing 1 0 x / N A o = 0.30 objectives and condensers 
wi th N A c = 0.30. A s ment ioned i n Sec. , the P G design (540 n m 
features) allows us to create a synthetic aperture image wi th a 
two-fold increase i n the spatial frequency bandwidth, i.e., a 50% 

resolution improvement. D u r i n g the P G design, we a imed to bal
ance out the achievable resolution improvement and the uniformity 
of the C T F i n order to avoid image artifacts due to the missing lower 
spatial frequency content. This was performed wi th respect to cam
era readout noise levels and the dynamic range, and the resulting 
synthetic C T F shape is shown i n F ig . 3(c). 

W e demonstrate the resolution improvement using the phase 
resolution target first. W e measured and combined the images 
obtained for each diffraction order using the methodology explained 
i n Sec. I V . A s expected, the comparison o f the diffraction-limited 
[ ] and synthetic aperture [ ] image shows the res

olut ion improvement. The diffraction-limited image [Fig. 5(a)] is 
represented by the image obtained for A q 0 . The smallest resolv
able features i n the diffraction-limited image marked by the number 
20 are 0.65 u m wide. This means the resolution is 1.3 um. In the 
synthetic image, the smallest resolvable features (number 23) are 
0.47 u m wide. It is important to note that the contrast o f the number 

(a) Diffraction limited (b) Synthetic aperture 
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FIG. 5. Comparison of (a) the diffraction-
limited and (b) synthetic aperture image 
of the phase resolution target. 

-1.5 

Synthetic aperture 

FIG. 6. Results of the proposed method from imaging of human cheek epithelial cells, (a) Full FOV synthetic aperture QPI. (b) A section [marked by the dashed line in (a)] 
of the diffraction-limited phase image, (c) A section of the synthetic aperture phase image. The insets in (b) and (c) show (upper) the magnified cell interface and (lower) 
magnified nucleus and other intracellular content 
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23 features is better than the contrast o f the smallest resolved features 
i n the diffraction-limited image. Therefore, the spatial resolution is 
between 0.94 and 0.86 u m (unresolved number 24 has 0.43 u m wide 
elements), and the resolution improvement is f rom 28% to 34%. 
W e attribute the slightly lower resolving power than expected to the 
optical aberrations and lowered hologram contrast due to the m u l 
t iplexing o f light from all i l lumina t ion directions i n intensity. The 
aberrations are caused by the thick P G substrate and by the reference 
arm off-axis optical arrangement in t roducing coma and shearing 
to the reference beam. 

W e demonstrate the feasibility o f our approach for b iologi
cal experiments by imaging h u m a n cheek epithelial cells first. W e 
squeezed the cells wi th a drop o f water between two coverslips, 
then placed the P G o n top o f the upper cover slip, and applied 
the proposed method. shows the full F O V synthetic 
aperture Q P I capturing several cells simultaneously wi th high res
olut ion. Whi t e dashed lines i n Figs. 6(a) and 7(a) mark the practical 
F O V o f the 20 x objectives, wh ich provide spatial resolution s imi 
lar to resolution achieved by our synthetic aperture approach wi th 
10x objectives. A s the resolution is comparable, the enlargement 
of the effective F O V is proport ional to the SBP increase, which 
reaches values significantly beyond its l imi t ( imposed by diffraction). 
W e demonstrate the increased informat ion content i n the synthetic 
aperture image by compar ing its section to the diffraction-

l imi ted variant Fig. 6(1 . The comparison shows that the synthetic 
aperture image allows for observation o f previously unresolved fine 
features inside the nuclei and other intracellular content [see the 
lower insets o f Figs. 6(b) and 6(c)]. Furthermore, the enhanced res
olut ion increases the cell membrane sharpness [see the upper insets 
of Figs. 6(b) and 6(c)]. In high-throughput studies, well-resolved cell 

membranes, especially i n the regions o f cells i n contact wi th each 
other, are crucial for automated cell segmentation. 

Next , we show the performance o f our method for the creation 
of the synthetic aperture Q P I o f rat embryo fibroblasts i n Fig. 7. W e 
used L W 1 3 K 2 cells f rom a cell l ine o f spontaneously transformed 
rat embryo fibroblasts L W 1 3 o f inbred strain Lewis. Cells were cul t i 
vated at 37 ° C i n a humidif ied incubator w i th 3.5% CO2 i n standard 
m i n i m u m essential m e d i u m eagle wi th Hanks ' salts supplemented 
wi th 10% fetal bovine serum and 20 u M gentamicin and 2 m M 
L-glutamine. The cells were subsequently fixed using 4% formalde
hyde i n phosphate-buffered saline for 20 m i n and then washed and 
incubated wi th phosphate-buffered saline. The full F O V diffraction-
l imi ted image i n Fig . 7(a) shows that the 10x objectives capture a 
large number o f cells. This property is crucial when moni tor ing , 
for example, the mot i l i ty o f live cancer cells. However, as can be 
seen from magnified sections o f diffraction-limited Q P I i n Figs. 7( 
and 7(d), the standard resolution o f 10x objectives is insufficient 
for simultaneous observation o f intracellular processes. Compar ing 
the sections o f diffraction-limited [ )) and 7(d)] and syn

thetic aperture [ and ] images, we see that our method 
provides, i n addi t ion to the large F O V , also, i n many applications 
required, high resolution. 

The benefits o f the proposed method can be better under
stood from the fol lowing acquisi t ion t ime discussion. W e compare 
our synthetic aperture approach using 10x objectives (requires five 
to seven holograms) wi th the F O V scanning using 20x objectives 
(requires four holograms). First, we analyze the time consumpt ion 
regardless o f aspects interconnected wi th particular experimental 
situations and focus on ly o n the impact o f the exposure t ime and 
the posi t ion changing speed o f the reference a rm objective and 

Diffraction-limited Synthetic aperture 

FIG. 7. Results of the proposed method for imaging of rat embryo fibroblasts, (a) Full FOV diffraction-limited QPI. (b) A section [marked by the yellow dashed line in (a)] of 
the diffraction-limited image, (c) A section [same as (b)] of the synthetic aperture image, (d) A section [marked by the red dashed line in (a)] of the diffraction-limited image, 
(e) A section [same as (d)] of the synthetic aperture image. 
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microscopy stage, and then, we discuss the l imitat ions due to other 
experimental aspects o f Q P I . In the presented experiments, we 
used exposure time o f 100ms. The speeds o f modern piezo stages 
provide scanning speeds significantly over 20 mm/s. Therefore, 
wi th the speed o f 20 m m / s , the time to change the posi t ion of 
the reference a rm objective by 92 u m (from A q 0 to A q t ) is about 
5 ms, and the time to move the microscopy stage by a distance 
189 u m ( F O V wid th for 20x objectives) is about 10 ms. The 
acquisit ion o f seven holograms for the proposed approach wi th 
10x objectives is i n this case more t ime consuming than acquir
ing four neighboring fields o f views wi th 20x objectives. W e can 
make the proposed approach faster by increasing the i l lumina t ion 
source power and using higher quality camera, wh ich w o u l d al low 
us to reach exposure times o f the order o f milliseconds. A s explained 
i n Sec. , the distance between Aq^. positions over wh ich the ref
erence objective must be shifted to the image by the i l lumina t ion 
light scattered into different diffraction orders o f the P G is inversely 
proport ional to the distance Zd between the P G and the specimen. 
By placing the P G closer to the specimen, we can reduce the scan
n ing time o f the reference objective below 1 ms. It is important to 
note that more sophisticated mechanisms can be designed for the 
quick reference field manipulat ion, and this is subject o f our future 
work. Therefore, when exposure times o f the order o f milliseconds 
can be reached the F O V scanning w i l l start to present the bottle
neck. O u r method w i l l then provide faster image acquisi t ion than 
F O V scanning wi th higher N A objectives. 

However, we see the potential o f the proposed approach even 
wi th higher exposure times especially i n specific experiments where 
mechanical specimen scanning is unwanted and where high reso
lut ion, long work ing distance, or depth o f focus cannot be c o m 
promised. A long work ing distance is necessary, for example, when 
imaging a thick tissue, cells i n an extracellular matrix, or a 
microfluidic channel. W h e n using high N A objectives, a very sophis
ticated autofocus has to be employed to optimize time between 
acquisitions. In addit ion, C C H M specific disadvantage is the need 
for slight readjustment o f the microscope for different F O V s due 
to varying specimen thicknesses, wh ich affect C C H M performance 
more significantiy wi th higher N A objectives. Q P I , i n general, is 
prone to unstable surrounding environment; therefore, abrupt rapid 
microscopy stage movement may affect the phase image quality. Fo r 
this reason, the commercia l C C H M (Telight Q-phase) l imits the 
speed o f F O V posi t ion changing to al low for stabilization, which , 
i n practice, dramatically reduces the speed o f the F O V scanning 
method. It is important to note that the high acquisi t ion speed is of 
interest ma in ly i n the experimental situations when quasi-real-time 
acquisit ion is needed. This means that the specimen stage posit ion 
changing i n very short t ime intervals w o u l d result i n continuous 
specimen vibrations. Even though it has been shown that short-term 
exposure to mechanical vibrations changes behavior o f l iv ing cells 
min imal ly , long term mechanical stress can cause, for example, an 
increase i n m o t i l i t y 4 6 or it can disrupt the collagen compactness of 
the extracellular matr ix and corrupt the moni to r ing o f tumor cell 
invasiveness. 

VI. CONCLUSION 

In this paper, we have presented a method for generating a 
synthetic aperture Q P I i n holographic microscopes wi th partially 

coherent i l luminat ion . O u r solut ion to overcoming the diffraction 
l imi t is very simple to implement because it does not require any 
changes i n the microscope's optical system. It relies o n oblique i l l u 
mina t ion provided by the diffraction o n a simple phase grating 
placed i n p rox imi ty o f the specimen and intrinsic coherence-gating 
properties o f the partially coherent light. W e sequentially coherence 
gate the light scattered into each diffraction order o f the P G , and 
we use the acquired images to synthesize quantitative phase images 
wi th significantiy increased spatial frequency bandwidth. This paper 
presents a thorough theoretical treatment o f the coherence-gated 
imaging process as wel l as a detailed methodology o f the measure
ment. T o the best o f our knowledge, we utilize the coherence gate 
for the first t ime for a purpose different than imaging through or i n 
turbid media. 

W e envision the proposed method to provide an easily imple-
mentable super-resolution Q P I , wh ich is particularly suitable for 
high-throughput biomedical applications. The possibility to obtain 
large F O V datasets wi th moderate-to-high spatial resolution and 
very high quantitative informat ion quality can have a significant 
impact, for example, o n stem cell research or the development 
of migrastatics. Furthermore, our work aims to satisfy the need 
for extensive high-quali ty datasets required for rapidly developing 
automated analysis using artificial intelligence. 
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Chapter 8 

Super-resolution in QPI allowed by 
superoscillations 

In this section, we discuss the possibilities of the resolution improvement of C C H M 
util izing superoscillations. Superoscillations are a counter-intuitive phenomenon that 
gives rise to wave oscillations locally faster than the highest Fourier component of the 
band-limited signal [115,116]. A typical implementation of superoscillations in super-
resolution imaging relies on a precisely engineered mask that, when illuminated by 
coherent light, creates a focal spot much smaller than allowed by the Abbe-Rayleigh 
limit [115]. However, direct imaging with a superoscillatory focal spot is not possible in 
practice due to high sideband intensity [117]. Rogers et al. [118] proposed a microscope 
setup with superoscillatory sample i l lumination and confocal detection with pinhole to 
suppress the light scattered from sidebands. They reported resolution improvement 
equivalent to 25% increase in numerical aperture. 

In the course of the thesis, we have developed a novel method of producing and 
shaping a superoscillatory mutual coherence function, i.e., a superoscillatory coherence 
gate. This is possible only in partially coherent systems such as C C H M ; to our best 
knowledge, it has not been investigated before. The imaging processes in C C H M 
resemble a confocal system because the C C H M point spread function (PSF) is a product 
of the coherence gate and the spot created by the objective lens in the object arm [12]. 
The standard role of the coherence gate in turbid media imaging is analogous to the 
detection pinhole of a confocal microscope. The coherence gate size is also diffraction-
limited, but even our preliminary simulations suggested we can shape the coherence 
gate almost arbitrarily and even make it superoscillatory. 

We use the coherence gate with a superoscillatory central spot and strong sidebands. 
Since the C C H M P S F is the product of the coherence gate and the A i r y spot produced 
by the aperture of the objective lens in the object arm, the sidebands are significantly 
suppressed. As a result, the central spot can be sub-diffraction limited. Successful 
implementation of this concept into C C H M promises a huge advantage over the method 
proposed by Rogers et al. [118] by providing single-shot non-scanning super-resolution 
with at least the same resolution increase, i.e. 25%. Moreover, implementation into 
practice is expected to be very simple and straightforward. 

Our coherence-gate shaping is based on the Fourier-transform relation between 
the incoherent source image in the front focal plane of the condenser lens and the 
mutual coherence function in its rear focal plane. In the theory of optical coherence, 
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this relation is known as the Van Cittert-Zernike theorem [35]. We expect to obtain 
appropriate source plane modulation by placing specially designed filters with complex 
transmittance in the reference arm plane conjugated with the source, which wi l l result 
in shaping the coherence gate. A promising candidate for such a filter appears to be 
the Toraldo filters [119], composed of concentric complex annuli [120]. 

8.1 Single-shot super-resolution quantitative phase 
imaging allowed by coherence gate shaping 

8.1.1 Motivation 

Holography with partially coherent i l lumination is popular for optical sectioning by 
coherence-gating, providing speckle-free high-quality quantitative phase images (QPI) . 
We build on the theory of partially coherent light and aim to develop coherence gate 
shaping inspired by optical superoscillation. Superoscillation gained popularity with 
the recent expansion of plasmonic metasurfaces. However, their applications to super-
resolution imaging remain limited by unwanted sidelobes surrounding subdiffraction 
hotspots [115,116, 121]. Recent works [118, 122] revealed that super-resolution mi
croscopy could be achieved by demanding confocal filtration of the superoscillatory 
hotspots. Alternatively, the imaging limits an impractical small field of view given 
by the distance of the sidelobes. Thus, practical superoscillatory imaging remains a 
challenge for standard microscopy not yet approached by any Q P I techniques. 

While the synthetic aperture approach presented in Chapter 7 excels at increasing 
the resolution of low-NA objectives (large F O V moderate resolving power), the reso
lution improvement beyond diffraction limit is using superoscillations feasible also for 
h igh-NA objectives. Our preliminary results show that uti l izing superoscillations in 
C C H M can provide single-shot super-resolved images. This means that the potential 
application of superoscillations to Q P I wi l l open new avenues in biomedical and di
electric metasurface research. We wi l l be able to observe unseen features of live cells, 
and in addition to that, we wi l l benefit from quantitative information provided by 
Q P I . Also similarly as the synthetic aperture method described in detail in Chapter 7, 
the util ization of superoscillations for imaging with low-NA objectives would provide 
increased space-bandwidth product. 

8.1.2 Outcomes 

We demonstrate the implementation of superoscillatory coherence gate shaping in 
holography with partially coherent light, creating images composed of subdiffraction 
hotspots with suppressed sidelobes. During the imaging process, the sidelobes are 
mitigated in parallel throughout the entire field of view by intrinsic effects of the par
tially coherent i l lumination. The proposed method solves the problem of sidelobes in 
superoscillatory imaging, retains the quantitative information, and is thus the first to 
provide single-shot super-resolution Q P I to the best of our knowledge. The practical 
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implementation builds on the fact that the point spread function of a partially coher
ent holographic system is a product of the coherence gating function ( C G F ) and the 
function describing the diffraction-limited image spot (typically A i r y pattern). While 
the modulation of C G F delivers subdiffraction hotspots, the A i r y pattern mitigates 
its sidelobes and mimics parallel confocal filtration of all image points. The resulting 
point spread function of the holographic system has a central peak narrower than the 
diffraction l imit , while the strength of the sidelobes is negligible. We shape the C G F by 
manipulating the i l lumination in the plane optically conjugated with the light source by 
a specially designed mask of concentric annuli with varying complex transmissions. Our 
theory supports clear experimental evidence, showing single-shot super-resolved Q P I 
with up to 19% resolving power improvement. The direct applicability demonstrates 
super-resolution Q P I of phase resolution target and biological specimens. 

8.1.3 Article 3 

The article Single-shot super-resolution quantitative phase imaging allowed 
by coherence gate shaping was published in A P L Photonics (2022 Impact factor: 
5.6, Q l in Optics) in March 2023. 
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ABSTRACT 
Biomedical and metasurface researchers repeatedly reach for quantitative phase imaging (QPI) as their p r imary imaging technique due to its 
high-throughput, label-free, quantitative nature. So far, very little progress has been made toward achieving super-resolution i n Q P I . However, 
the possible super-resolving Q P I w o u l d satisfy the need for quantitative observation o f previously unresolved biological specimen features and 
allow unprecedented throughputs i n the imaging o f dielectric metasurfaces. Here we present a method capable o f real-time super-resolution 
Q P I , wh ich we achieve by shaping the coherence gate i n the holographic microscope wi th partially coherent i l luminat ion . O u r approach is 
based o n the fact that the point spread function (PSF) o f such a system is a product o f the diffraction-limited spot and the coherence-gating 
function, wh ich is shaped s imilar ly to the superoscillatory hotspot. The product simultaneously produces the PSF wi th a super-resolution 
central peak and minimizes sidelobe effects commonly devaluating the superoscillatory imaging. The min imiza t ion o f sidelobes and resolution 
improvement co-occur i n the entire field o f view. Therefore, for the first time, we achieve a single-shot widefield super-resolution Q P I . W e 
demonstrate here resolution improvement o n simulated as well as experimental data. A phase resolution target image shows a resolving power 
improvement o f 19%. Final ly , we show the practical feasibility by applying the proposed method to the imaging o f biological specimens. 

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 
(http://creativecommons.Org/licenses/by/4.0/). https://doi.Org/10.1063/5.0127950 

I. INTRODUCTION 

Far-field fluorescent super-resolution techniques such as s t im
ulated emission depletion, structured i l lumina t ion microscopy, 
photoactivated localization microscopy, and stochastic optical 
reconstruction microscopy have become, over recent years, a stan
dard i n biomedical imaging. These methods produce images wi th 
spatial resolution reaching values way below the diffraction l imi t 
of light. The techniques ment ioned above exploit sub-diffraction 
l imi ted imaging o f non-l inear specimen responses achieved by label
ing wi th fluorescent dyes or quantum dots. Ar t i f ic ia l labeling is 
also popular for providing a high degree o f specificity. However, 
several studies have shown that labeling changes the behavior of 
the studied biological specimen. Therefore, label-free imaging 

techniques are a more appropriate choice i n many biomedical appli
cations. N o need for labeling also allows for studying artificial micro 
and nanostructures. Nonetheless, breaking the diffraction l imi t 
i n label-free imaging techniques is more challenging because o f the 
missing non-l inear specimen response. 

Quantitative phase imaging (QPI) has established an irre
placeable role among label-free imaging techniques thanks to its 
capability to quantitatively measure morphology and intr insic spec
imen contrast wi th nanoscale sensitivity. The possible super-
resolution Q P I w i l l satisfy the need for quantitative observation 
of previously unresolved specimen features and allow increasing 
the space-bandwidth product (SBP), crucial for high-throughput 
studies. H i g h SBP is important i n identifying rare events, for 
example, i n drug discovery, cancer-cell biology, or stem-cell 
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research. The recent development o f automated data analysis 
and classification by artificial intelligence exaggerates this ever-
increasing demand for high-resolution quantitative data. So far, 
the proposed approaches to Q P I super-resolution are based on 
oblique i l luminat ion , structured i l luminat ion , and speckle 
i l luminat ion , which , combined wi th post-processing, provide 
synthetic images wi th an effectively enlarged numerical aperture 
( N A ) . These synthetic aperture methods enhance resolving power by 
essentially mul t ip lexing the spatial-frequency content o f the object 
spectrum into an unused degree o f freedom i n the system, sacrific
ing acquisi t ion speed, quantitative informat ion accuracy, or a field 
of view ( F O V ) . 

Recent advances i n superoscillatory hotspot creation that 
allowed the development o f novel approaches to coherent label-
free super-resolution microscopy cou ld also be adopted for Q P I . 
However, current implementations o f superoscillations also sacrifice 
some o f the valuable microscope properties similar to the synthetic 
aperture methods. Band- l imi ted fields containing superoscillations 
oscillate locally faster than the highest Fourier component. W h e n 
carried over to optical imaging, this means that the focal spot can 
be made m u c h smaller than allowed by the Abbe-Ray le igh l imi t . 
This was first investigated i n 1952 by d i Francia, but only recently 
have these principles been applied to practical microscopy. 
A superoscillatory sub-diffraction l imi ted focal hotspot can be 
produced, for example, by coherentiy i l luminat ing a specially 
designed mask o f concentric annul i o f varying complex transmis
sion and widths. The concentric annul i mask design can push the 
central hotspot radius significantiy beyond the diffraction l imi t , but 
at the cost o f high-intensity sidelobes, which degrade the image 
quality i n standard wide-field imaging. A n alternative approach to 
amplitude and phase modula t ion is the application o f light states 
wi th spatially structured polarization, such as the focusing o f radi
ally and azimuthally polarized Laguerre-Gaussian beams. ' The 
pioneering experimental research ut i l iz ing superoscillations ini t ial ly 
demonstrated the super-resolution imaging only i n a very small 
F O V 2 / dictated by the distance o f the first high-intensity sidelobe. 
To remove the F O V constraint, Rogers et al. 2 S combined confo-
cal detection wi th superoscillatory i l luminat ion . They create the 
super-resolution image thanks to the coherent i l lumina t ion pattern 
wi th a sub-diffraction l imi ted central hotspot and strong sidelobes. 
Subsequentiy, confocal detection eliminates the image distorting 
sidelobe effects at the cost o f scanning the i l lumina t ion pattern. 
Despite the great potential for resolution improvement, inten
sity imaging does not apply to most biological and other weakly 
scattering specimens and lacks quantitative information. Implemen
tation o f similar principles i n Q P I is thus a desirable yet challenging 
task due to the complexity and susceptibility o f interferometric 
systems. 

In this paper, we propose a method that does not have to 
sacrifice any o f the favorable microscope properties to achieve super-
resolved Q P I . T o the best o f our knowledge, we show for the 
first time that partially coherent broad-source interferometers are 
capable o f single-shot widefield super-resolution imaging by shaping 
the so-called coherence gate. O u r approach is based o n the fact 
that the point spread function (PSF) o f the partially coherent sys
tem is a product o f the shaped coherence-gating function ( C G F ) 
and the function describing the diffraction-limited image spot (Ai ry 
pattern). W e shape the C G F by manipulat ing the i l lumina t ion 

i n the conjugated source plane s imilar ly to the superoscillatory 
hotspot creation techniques. The product o f the superoscillatory 
C G F wi th the A i r y spot created by the objective i n the object a rm 
minimizes the sidelobes i n the unbounded region while the C G F 
central peak delivers the super-resolving power. The min imiza t ion 
of sidelobes and resolution improvement co-occur i n the entire 
field o f view and allow single-shot widefield imaging. The imaging 
thus resembles confocal detection but wi th parallel filtration o f all 
image points i n the field o f view. The images mainta in quantita
tive phase informat ion and extend the potential o f superoscillations 
toward the Q P I . 

W e first demonstrate the effects o f the superoscillatory C G F 
using simulated data. Then, due to the highly aberrated pup i l plane 
of our experimental setup, we focus i n the experimental part on 
a l imi t ing case between the superoscillatory and super-resolution 
C G F . In both situations, the hotspot wid th is below the Rayleigh 
criterion. The dist inct ion cr i ter ion between the super-resolution 
function and the superoscillatory one was proposed by H u a n g etal. 
(we provide more details o n the definit ion o f the superoscillatory 
and super-resolution focal spot i n the ). W e 

create the C G F i n this l im i t i ng case by using a simple amplitude 
annular mask, wh ich proves experimentally robust. W e demon
strate experimentally Q P I resolution enhancement using only the 
l imi t ing case, but the principle o f our method is extendable to 
the superoscillatory focal spot region, promis ing higher resolution 
improvement. A n experiment w i th a phase resolution target shows a 
resolving power improvement o f 19%, and we show practical feasi
bi l i ty by applying the proposed method to the imaging o f biological 
specimens. 

II. OPTICAL SETUP DESCRIPTION 

The proposed principles generally apply to various partially 
coherent interferometric systems. Wi thou t loss o f generality, we 
w i l l further describe the optical setup and theoretical framework of 
the used coherence-controlled holographic microscope ( C C H M ) , 
commercial ly available as the Telight Q-Phase. The optical setup 
(see Fig. 1) is an adaptation o f the M a c h - Z e h n d e r interferometer. 
It consists o f an object and reference a rm containing two optically 
equivalent microscope systems. This holographic setup guarantees 
off-axis hologram formation i n the interference plane (IP) for broad 
sources o f an arbitrary degree o f coherence. The possibili ty o f using 

Reference arm '^f—|—^nfp^lV^j'^ 
S IF .BS 

M Phase or Amplitúde 
Mask 

D G 

O L x y 

Object arm < ^ 
M 

4 - h M 
0 L ^ F ( q ; A q ) 

IP 

O L L 

FIG. 1. Optical setup of the coherence-controlled holographic microscope: S, 
light source; IF, interference filter; L, relay lens; BS, beam splitters; M, mirrors; 
Mm, movable mirrors; C, condensers; 0 , objective lenses; TL, tube lenses; DG, 
diffraction grating; OL, output lenses; IP, interference plane. 
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partially coherent sources is provided by the diffraction grating 
( D G ; transmission phase grating wi th groove frequency 150 m m - 1 , 
blazed at 760 n m for the first diffraction order) implemented i n the 
reference a rm according to principles proposed by Lei th and Upat-
nieks. In our system, an L E D ( L E D E n g i n LZ4-00R208, peak 
wavelength at 660 n m , power up to 2.9 W ) is used for i l lumina t ion 
to provide a spatially broad incoherent source, and the i l luminat ing 
light is made quasi-monochromatic after passing the interference fil
ter (IF) wi th a central wavelength o f 660 and 10 n m full wid th at half 
m a x i m u m . The source is imaged by a pair o f achromatic doublets 
(simplified as L i n Fig . 1; focal lengths 63.5 and 350 mm) through 
a beam splitter (BS) to the front focal planes o f the condensers 
(C; N i k o n L W D condenser lenses, 0.52 N A , wi th adjustable aperture 
stop). This plane i n object and reference arms and respective con
denser properties can be described according to Ref. by the pup i l 
funct ionsPco (K,) andPcr (K,) , respect ive ly , w h e r e K , = (Kx,Ky) is 
the transverse wave vector o f a plane wave behind condensers. The 
coordinates o f K , are propor t ional to the respective source point 
(pupil-plane) coordinates. Fo r this reason, pup i l properties can be 
characterized by a function o f K t . W e use reduced wave vector nota
t ion | K | = 1/A, where A is the wavelength o f light, and K = (Kt,Kz) 

= (Kx,Ky,Kz), where Kz = yJ\K\ 2 - | K , | 2 . W e modulate the con
denser pup i l planes to produce the sub-diffraction l imi ted coherence 
gate, as explained i n Sec. . The fundamental image properties also 
depend o n the parameters o f the object and reference a rm objective 
lenses (O; N i k o n P lan Fluorite Objectives, 10x/0.3 N A / 1 6 m m W D ) 
i n combinat ion wi th tube lenses (TL; N i k o n , focal length 200 m m ) , 
characterized by the pup i l functions P o o ( K t ) and P o r ( K t ) . Stepper 
and piezo motors provide fine adjustment o f the microscope optical 
components, wh ich we use for the measurement o f the coherence-
gating function. The holograms are recorded i n IP using an A n d o r 
Zyla 4.2 s C M O S camera. 

A s shown i n , we place the phase or amplitude mask 
i n one or both o f the front focal planes o f the condensers. W e 
designed the masks to shape the C G F when imaging wi th 10x/0.3 
N A objective lenses. In simulations, we assume the phase mask is 
composed o f concentric annul i , wi th the phase shift being either 0 or 
7i radians. W e also carried out simulations w i th the amplitude mask 
subsequently used i n experiments. The amplitude mask is a single 
annulus cut by a laser cutter into a metal sheet. A n inner circle of 
the annulus has a diameter o f 16.4 m m . The outer circle diameter 
is about 18 m m , but more importantly, the pup i l diameter i n the 
front focal plane o f the condensers is l imi ted by the aperture stop to 
~17.3 m m (corresponding to 0.30 condenser N A ) . 

III. THEORY 

Quantitative phase informat ion can be extracted from the mea
sured holograms. A s we work wi th the off-axis holographic setup, 
we reconstruct holograms by carrier removal i n the Fourier plane. 
In partially coherent systems, the hologram cross-correlation term 
depends o n the transversal displacement A q = (Ax, Ay) and rela
tive time-delay r o f the object-scattered and reference fields. The 
cross-correlation function is conveniently described by a mutual 
coherence function ( M C F ) T(q , q - A q , T) o f the two fields, where 
q = (x, y) is the posi t ion o f a point i n the image plane specified by the 
coordinates o f the optically conjugated point i n the object plane. The 

modulus and phase image for particular A q and r are obtained as the 
modulus and argument o f T, respectively. The interferometric imag
ing for a given time-delay r and transverse displacement A q can be 
called a partial M C F measurement. The complete M C F is acquired 
by measuring and reconstructing holograms for all accessible A q and 
T. In this work, we use i n experiments quasi-monochromatic i l l u m i 
nation. Therefore, the influence o f temporal coherence is m i n i m a l 
and manifests main ly as a speckle noise reduction. W e set r = 0 at 
the beginning o f each experiment. The standard imaging condit ions 
i n low-coherence interferometers are when A q = (0 ,0) . W e use this 
setting for the majority o f our experiments. However, as we show 
further, the complete M C F measurement and hence the manipula
t ion wi th A q is crucial for a measurement o f the coherence-gating 
function. O u r further analysis w i l l stay wi th in the l imits o f scalar 
wave approximation. M o r e detailed mathematical derivations o f the 
following equations are provided i n the supplementary material. If 
we assume complete spatial source incoherence, r = 0, and A q as a 
parameter, the expression for the measured M C F , has according to 
Ref. , the fo rm 

r ( q ; A q ) = f ( q ) ® Ä ( q ; A q ) , (1) 

where t (q) is a complex transmission o f the specimen, the symbol ® 
denotes convolut ion, and h(q; A q ) = p0(q)S* ( q - A q ) is a PSF of 
the imaging system, where p0(q) = JJ P o o ( K t ) exp(2ra'K t • q ) d 2 K t 

and 

G(q) = ff P c o ( K t ) P c r ( K , ) P o r ( K t ) e x p ( 2 r o K t - q ) d 2 K t . (2) 

W e call function S(q) the coherence-gating function ( C G F ) . 
The integration regions i n p 0 ( q ) and S(q) are given by the extent 
of the pup i l functions Poo ( K t ) and PQ0 ( K , ) P C r ( K , ) P 0 r ( K t ) , respec
tively. These boundaries define the band-l imit o f p 0 ( q ) and Q(q). 
The C G F provides filtering o f mul t ip ly scattered light when imaging 
through turb id media. Here we do not intend to use the coher
ence gate to mitigate unwanted scattering effects, but we unconven
tionally shape the coherence gate to obtain sub-diffraction l imi ted 
PSF. Fo r circular apertures, we can describe the C G F G(q) a n d p 0 (q) 
using the Bessel function o f the first k i n d as S(q) = 2/i(/<)/(/<) 
andpo(q) = 2 / ! ( v ) / ( v ) , w h e r e ^ = 2 T t X N A c | q | and v = 2TtFCNA 0 | q | , 
wi th N A C < N A 0 . 

T o obtain the sub-diffraction l imi ted resolution o f Q P I 
arg{r[q;Aq = (0 ,0 ) ]} , systems's PSF h(q) = p0(q)G*(q) must 
have the central peak radius below the diffraction l imit . T o ma in 
tain quantitative phase information i n the image, the sidelobes of 
the PSF must also be negligible. Numerous studies '" have 
shown that a superoscillatory focal spot can be created by coherently 
i l luminat ing a phase or amplitude mask composed o f concentric 
annul i o f different widths and complex transmission. Superoscilla-
tions are then formed by constructive and destructive interference 
near the focal spot. A s we use partially coherent i l lumina t ion i n 
our microscope system, it is not possible to create the superoscil
latory focal spot observable i n the field's intensity by interference 
as proposed for coherent light. However, we can adopt the p r inc i 
ples normal ly applied to coherent systems and shape the system's 
PSF, the product o f Q * ( q - A q ) a n d p 0 ( q ) , by altering one or both 
of these functions. B y modulat ing the pup i l function P 0 o ( K t ) of 
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the object-arm objective, we can affect p 0(q), but as E q . (2) sug
gests, we have more options for S(q), because this function can be 
shaped by modulat ing one or more pup i l functions Pco ( K t ) , PQT ( K t ) 
and Por (K , ) o f the condensers and the reference-arm objective, 
respectively. It is also experimentally easier to modulate the con
denser pup i l planes. Therefore, we w i l l focus o n shaping the C G F . 
However, s imilar results can be achieved by shaping p0 (q), or both 
at the same time. Equat ion describing C G F formation shows 
that <?(q) can be shaped s imilar ly to coherent imaging even though 
the plane waves exp(2ro'K, • q) superposed i n Eq . are mutually 
incoherent. The P £ 0 ( K , ) P c r ( K , ) P o r ( K , ) dictates whether these 
plane waves are constructively or destructively superposed. This 
allows us to use approaches designed for coherent imaging even 
i n a system operating wi th partially coherent light. The expres
sion i n E q . (2) is i n fact van Ci t te r t -Zern ike theorem, which 
describes the relationship between the mutual coherence function 
( C G F i n our case) and the modula t ion o f the pup i l plane for partially 
coherent broad source i l luminat ion . A s we can control the con-
structiveness o f the plane wave superposition, theoretically, it should 
be possible to create observable superoscillations i n partially coher
ent systems. However, not i n the field's intensity but i n the mutual 
coherence o f two fields (in our case, the C G F ) , hence the need for 
the interferometric system. 

For demonstration, we simulate the imaging and calculate 
the PSFs for three cases wi th different C G F shapes: first, the 
diffraction-limited case, when a full unmodulated condenser aper
ture is assumed; second, the l imi t i ng case o f the superoscillation, 
when the amplitude mask wi th narrow annulus is used and the C G F 
is represented by the Bessel function /o(27rJCNAc|q|); and third, 
the case wi th a superoscillatory C G F produced by three-zone phase 
modulat ion. Fo r all three cases, we assume that the p 0(q) func
t ion is the A i r y pattern for N A o = N A c = 0.30, and this function 
is represented i n Figs. 2(a)-2(c) by yellow dashed curves. The C G F 
C7(q) for the diffraction l imi ted case is also the A i r y pattern [see 
the red dashed curve i n F ig . 2(a)]. The C C H M PSF [the product 
of p 0(q) and S(q)] is i n (a)-2(c) depicted by sol id purple 

curves. The C G F described by /o(27rJCNAc|q|), shown i n F i 
can be produced i n the Köh le r arrangement by an annular inco
herent source wi th an infinitesimally narrow annulus and a radius 
corresponding to the condenser numerical aperture N A c - O u r phase 
modula t ion approach [ (c)] to the creation o f superoscillatory 
C G F is inspired by the results from Ref. . W e assume modula t ion 
of Pcr (K , ) by concentric annul i wi th phase modula t ion being either 
0 or 7i. W e have found by a few adjustments and visual evaluation 

that a superoscillatory C G F can be created by a three-zone annular 
modula t ion produced i n the fol lowing manner: two circles wi th radi i 
corresponding to 0 . 3 5 N A c and 0 . 7 2 N A c define the geometry o f the 
three zones, while the phase modula t ion is 0 for the inner-most and 
outer-most zones, and the middle annulus has the phase shift o f n 
radians. The full wid th at half m a x i m u m o f the central peak and 
the first zero value o f the PSF define the system's resolving power. 
The three-zone phase modula t ion and annular amplitude m o d u 
lation (annular source) o f the pup i l function P C r ( K , ) produce the 
C G F wi th the sub-diffraction l imi ted central peak at the cost of 
stronger sidelobes [see the red dashed curves i n Figs. 2(b) and 2(c)]. 
It is important to note that even though these functions themselves 
are superoscillatory, i f the PSF wi th such strong sidelobes is used 
directly for imaging, it produces unwanted image artifacts that cor
rupt the improved resolving power. However, as we demonstrate, 
the partially coherent systems provide an elegant way to suppress the 
sidelobe effects. 

The A i r y spot created by the objective i n the object a rm has a 
broad central peak wi th weak side lobes. A s shown i n this section, the 
PSF o f the system (the so l id purple curves i n ) is the product of 
the C G F and the A i r y pattern. In both annular source [ ] and 
phase-modulated [F i | 'b)] condenser pup i l cases, the C G F central 
peak dictates the sub-diffraction l imi ted properties o f the focal spot, 
and sidelobes are attenuated by weak sidelobes o f the A i r y pat
tern distr ibution. Therefore, these approaches should provide sub-
diffraction l imi ted powers and deliver single-shot super-resolution 
images. 

W e performed imaging simulations compar ing three cases 
corresponding to Figs. 2(a)-2(c) to evaluate the phase imaging per
formance. W e simulated the phase resolution target imaging as 
a coherent convolut ion o f its complex transmission function by 
the calculated PSFs, and the simulated phase images are shown i n 

(a)-3(c). The insets i n and show the potential 
experimental design o f the masks producing the simulated m o d u 
lation corresponding to Figs. 2(b) and 2(c). The smallest resolved 
element i n the diffraction-limited case is element 5 from group - 2 . 
In the superoscillatory case [ ], the smallest resolved element 
is number 1 from group - 1 , and for the annular pup i l [Fig. 3(b)], 
this element can be considered resolved wi th very poor contrast. The 
cross-sections o f the features o f element 6 from group - 2 i n Fig. 3( 
show that this element is not resolved i n a diffraction-limited image 
but wel l resolved i n both the annular pup i l and superoscillatory 
cases. However, the superoscillatory PSF produces an image wi th 
significantiy better contrast. The feature wid th o f element 1 f rom 

(a) C G F - Airy disc (b) CGF - Bessel Jp (c) C G F - Superoscillatory 
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FIG. 2. The point spread function (PSF) is the product of the coherence-gating function (CGF) and the Airy pattern, (a) The standard imaging condition with a full aperture 
condenser, (b) An annular pupil condenser produces sub-diffraction limited CGF. (c) Phase modulated pupil plane delivers superoscillatory CGF and super-resolution PSF. 
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FIG. 3. Numerical simulations of phase resolution target imaging show that the superoscillatory coherence-gating function (CGF) created by phase modulation provides 
higher resolving powers, but amplitude modulation is more robust in experimental situations, (a) Diffraction-limited quantitative phase image (QPI) of the phase resolution 
target computed for the full aperture condenser pupil, (b) QPI of the resolution target for amplitude-modulated condenser pupil plane, (c) QPI of the resolution target 
corresponding to the case of superoscillatory CGF created by phase modulation, (d) and (e) Profiles of cross-sections through element 6 of group - 2 and element 1 of 
group - 1 , respectively. More details about our simulations can be found in the rial. 

group - 1 is ~20% lower than the feature width o f element 5 f rom 
group - 2 . W e can conclude that the resolution improvement is 
slightiy less than 20% because the lines o f element 1 from group 
- 1 have very poor contrast. A s can be seen by compar ing 
and 3(c and the cross-sections i n (e), the contrast is better i n 
the superoscillatory case. W e expected the resolution for the case 
wi th superoscillatory C G F to be better because the annular pup i l 
produces the l imi t ing case C G F between superoscillatory and sub-
diffraction l imi ted ones. Even though we achieve higher resolving 
power wi th superoscillatory C G F , the overall image quality o f the 
superoscillatory case is lower due to incomplete sidelobe attenua
t ion. It is important to note that, for s implic i ty o f demonstration, 
we have not used any sophisticated methods to optimize the con
denser pup i l function. Generation o f superoscillatory hotspots wi th 
state-of-the-art parameters usually employs iterative and compu
tationally expensive procedures such as particle swarm, genetic 
algorithm, or phase retrieval optimizations. W e expect to achieve 
higher resolution improvement and better phase image quality by 
employing one o f these methods. 

Addi t iona l ly to spot size, the superoscillatory focal spot design 
always involves op t imiz ing the ratio o f the central peak and the 
sidelobe intensities. Wi thou t taking this into account, practical 
applications o f superoscillatory focusing for imaging are not possible 
due to the poor signal-to-noise ratio. A s imilar principle applies also 
to op t imiz ing the parameters o f the C G F . T o reconstruct Q P I f rom 
holograms wi th reasonable phase quality, the hologram contrast 
must be higher than the noise levels. W h e n phase modula t ion o f the 
pup i l planes is used, the amplitude o f the C G F is redistributed f rom 
the central peak to the sidelobes due to the destructive interference 

of light f rom the object and reference arm. The hologram contrast is 
proport ional to the central peak amplitude o f the PSF h(q). There
fore, one must consider the achievable hologram contrast when 
designing the superoscillatory C G F . W e have discovered that for the 
combinat ion o f high-quali ty phase and highest resolution improve
ment, it is important to opt imize the whole product o f p0 (q) and 
<?(q), not only C G F Q(q). Consequently, the objective function for 
an opt imizat ion procedure must be denned differently than for a 
standard intensity imaging system. One can easily deduce that the 
opt imal solutions found for fluorescence and confocal microscopy 
do not apply to the proposed case. 

The creation o f the superoscillatory C G F requires a very precise 
design o f the phase modula t ion o f P c r ( K , ) . This is easily achieved 
i n simulations when unaberrated pupils are assumed. However, we 
have to account for aberrations i n real experimental systems and 
compensate for them while also provid ing the modula t ion for C G F 
shaping. Aberrat ions can be perceived i n the context o f the theory 
outl ined i n this section as modulat ions o f pup i l functions Pco (K , ) , 
P c r ( K , ) , a n d P o r ( K , ) i n Eq . . A s the creation o f superoscillations 
is very susceptible to even subtle deviations from the designed phase 
shift provided by the phase mask, the aberrations prevent us f rom 
using simple symmetric phase masks i n real systems. Due to the 
difficulty o f measuring and compensating for aberration i n our sys
tem, we chose to utilize the amplitude mask i n experiments instead 
of the phase mask. 

A s F ig . 3 shows, the effect o f the modula t ion by the mask can 
be assessed indirectly f rom the system's imaging performance. H o w 
ever, we can directly measure the shape o f the C G F . W h e n no spec
imen is present i n the object arm, and we assume that the objective 
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lens i n the object a rm has negligible aberrations, then we get f rom 
Eq. the fol lowing expression: 

r B ( A q ) = g * ( A q ) . (3) 

This equation shows that the complete M C F measurement 
TB(Aq) wi th no objects present i n both arms provides us wi th 
information about the C G F as a function o f A q . Therefore, we w i l l 
use the measurement described by Eq . to directly evaluate the 
C G F shape created by the designed mask. 

IV. EXPERIMENTAL RESULTS 

W e experimentally demonstrate the feasibility o f the principles 
proposed i n Sec. u t i l iz ing the optical setup wi th 1 0 x / N A o = 0.30 
objectives and the condenser aperture set to N A c = 0.30. O u r i n i 
tial efforts to take advantage o f the phase modula t ion provided by 
simple phase masks similar to the one i n the inset o f F ig . 3(c) have 
shown that aberrations i n our system prevent the C G F from being 
shaped as designed. However, amplitude modula t ion by an annular 
mask [shown i n Fig. 3(b) and the design parameters i n Sec. ] has 
proven relatively robust to the aberrated pupils. Therefore, we used 
it i n the presented experiments. W e placed two identical amplitude 
masks into the reference and object arms to balance the light pow
ers i n the arms i n order to achieve a better contrast o f holographic 
fringes. The total power fraction that is transmitted to the specimen 
through the mask can be calculated as a ratio o f the transparent mask 
area to the full aperture area. A s stated i n Sec. , the diameter o f the 
inner circle o f the amplitude annulus is 16.4 m m , and the effective 
condenser aperture diameter i n the front focal plane o f the con
denser is 17.3 m m . Therefore, the ratio o f the light transmitted to the 
light incident o n the mask is ~0.1. Even though 90% light loss seems 
significant, our L E D source is powerful enough to compensate for 
that. In experiments wi th the amplitude mask, we operated the 
source at about 10% o f its m a x i m u m power, while the camera 
exposure times d i d not exceed tens o f milliseconds. 

First, we evaluate whether the amplitude modula t ion provides 
us w i th a C G F resembling the designed shape o f /o (27i iCNAc|q | ) • W e 
measured the complete M C F for a case wi th [Fig. 4(b)] and without 
[Fig. 4(a)] the mask placed i n the front focal plane o f condensers, 
i.e., for annular and full aperture. W e measured the complete M C F 
by acquir ing and reconstructing a hologram for each reference a rm 
objective posi t ion f rom a predefined grid. The gr id o f A q positions 
for each C G F measurement was the same, and we used a 41 x 41 
grid centered at A q = 0 wi th a 0.3 um spacing. W e display i n F ig . 4 
the normal ized modulus o f the M C F for a F O V point q = (0,0) um. 
Compar ing the measured C G F i n Figs. 4(a) and 4(b) w i th the corre
sponding simulated C G F i n c) and 4(d , we see the effects of 
the aberrated pupils (mainly due to the off-axis holographic setup). 
The measurement wi th full condenser apertures i n Fig. 4(a) shows 
clear signs o f a pr imary coma aberration. W e can conclude that 
the annular aperture is not very susceptible to aberrations, as there 
is a notable agreement between the measured [ ] and s im
ulated [ 'd)] C G F profiles. W e have fitted the A i r y function 
to the measured C G F amplitude, shown i n Fig . 4(a), wi th signifi-
cantiy better sampling than the measured data. Then, we determined 
the full wid th at half m a x i m u m ( F W H M ) o f the central peak to be 
1.60 um. Similarly, we fitted the data obtained for the case wi th 
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FIG. 4. Comparison of the measured and simulated coherence-gating function 
(CGF) shows the effects of optical aberrations in the experimental setup on CGF. 
(a) Measured CGF for full condenser aperture, (b) Measured sub-diffraction lim
ited CGF for annular condenser aperture, (c) Simulated CGF for full condenser 
aperture, (d) Simulated CGF for annular condenser aperture. 

the annular aperture, shown i n Fig . 4(b), wi th the / 0 function 
and determined the F W H M to be 1.08 um. The measurement i n 

and the F W H M values show that the C G F created by the 
amplitude mask has a central peak narrower than the one o f the 
A i r y pattern. Therefore, the C G F is, i n this sense, sub-diffraction 
l imited. 

The complete measurement o f the M C F , as shown i n Fig . 4, 
can be used to assess the optical system aberrations. This indicates 
that we cou ld design and manufacture a phase mask that wou ld 
simultaneously compensate for aberrations and provide the m o d 
ulation needed for superoscillatory C G F . However, we decided to 
postpone these efforts for fol low-up work as the current experimen
tal setup l imits the practical feasibility o f this approach. T o obtain 

Diffraction-limited (b) Super-resolution 

A l l 

1 9 mm 

17 = 11 

1521 
FIG. 5. Comparison of (a) the diffraction-limited image (obtained with the full aper
ture condenser) and (b) the super-resolution image (obtained with the annular 
mask) of the phase resolution target. 
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Diffraction-limited Super-resolution 

FIG. 6. Results of the proposed method for imaging rat embryo fibroblasts, (a) Full FOV super-resolution QPI obtained with sub-diffraction limited CGF. (b) A section [marked 
by the yellow dashed line in (a)] of the diffraction-limited image, (c) A section [the same as in (b)] of the super-resolution image, (d) A section [marked by the red dashed line 
in (a)] of the diffraction-limited image, (e) A section [the same as in (d)] of the super-resolution image. 

the superoscillatory response provided by a specifically manufac
tured asymmetric mask, one must place it precisely i n the correct 
posit ion. Several degrees o f freedom (parameters) must be set to 
optimize the phase mask posit ion: axial, x -y transversal, and two 
angular positions. F o r this, we w o u l d need automatic alignment wi th 
a feedback loop. The amplitude mask is easier to align as we can 
partially see its effect i n the intensity image formed by light f rom a 
single microscope arm. However, the phase mask effect is not visible 
i n the intensity image. W e can take advantage o f the complete M C F 
measurement described by Eq . to assess the phase mask effect 
and its posit ion. Unfortunately, this measurement i n the current 
setup takes tens o f minutes. Therefore, it is currently unsuitable for 
implementing it into a necessary automatic alignment procedure 
wi th a feedback loop. 

W e imaged a phase resolution target wi th both the full and 
annular condenser apertures to assess the improvement i n the 
resolving power. The full (unmodulated) aperture phase image i n 

represents the diffraction-limited image. The phase image 
i n Fig . 5(b) is obtained using the amplitude mask, which we refer 
to as a super-resolution image. The insets i n both images show 
details o f the smallest resolved features i n each image. A visual 
comparison o f Fig. 5(a) w i t h F ig . 5 shows a clear resolution 
improvement. The smallest resolvable features i n the diffraction-
l imi ted image [Fig. 5(a)] marked by the number 20 are 0.65 um 
wide. This means the resolution wi th the full aperture is ~1.3 um. 
Whereas the smallest resolvable features i n the super-resolution 
image [Fig. 5(b)] are marked by the number 22 and are 0.53 um wide. 
The improvement o f the spatial resolution to about 1.06 um is a 
gain o f - 1 9 % . 

Next, we show the performance o f our method when used to 
image complex specimens such as rat embryo fibroblasts i n Fig . 6. 
The presented experiment involved L W 1 3 K 2 cells f rom a cell l ine 
of spontaneously transformed rat embryo fibroblasts L W 1 3 o f the 
inbred strain Lewis. Cells were cultivated at 37 ° C i n a humidif ied 

incubator wi th 3.5% CO2 i n standard M i n i m u m Essential M e d i u m 
Eagle wi th Hanks ' salts supplemented wi th 10% fetal bovine serum, 
20 uM gentamicin, and 2 m M L-glutamine. Subsequently, the cells 
were fixed using 4% formaldehyde i n phosphate-buffered saline for 
20 m i n , then washed and incubated i n phosphate-buffered saline. 
Aga in , we imaged the specimen wi th and without the annular ampl i 
tude masks i n the front focal condenser planes. The Q P I i n Fig. 6( 
experiences super-resolution throughout the entire F O V and can 
be obtained from a single hologram measurement. H a v i n g a large 
F O V and sufficient resolution for cell segmentation or even obser
vation o f intracellular processes is crucial when moni tor ing , for 
example, the mot i l i ty o f live cancer cells. Compar ing the sections 
of diffraction-limited [ and ] and super-resolution 

[Figs. 6(c) and 6(e)] images, we see that our method provides the 
improved resolution required i n many applications i n addi t ion to 
the large F O V . 

V. CONCLUSION 

In this paper, we have presented a method for single-shot label-
free super-resolution Q P I i n holographic microscopes wi th partially 
coherent i l luminat ion . O u r solut ion to overcoming the diffraction 
l imi t is straightforward to implement because it does not require any 
changes to the microscope's optical system. The proposed method 
relies o n the intr insic partially coherent i l lumina t ion properties giv
ing rise to the coherence-gating. W e propose that by in t roducing a 
phase or amplitude modula t ion o f the planes conjugated wi th the 
light source, e.g., the front focal plane o f the condenser, we can gen
erate sub-diffraction l imi ted C G F . W e demonstrate for the first time 
theoretically and i n numerical simulations a superoscillatory C G F 
shaped by phase and amplitude modulat ion. Due to experimental 
challenges, we chose to experimentally show the proposed pr inc i 
ples using modula t ion provided by an amplitude mask, which has 
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proven more robust to optical aberrations than phase masks. W e 
demonstrated almost 20% resolving power improvement i n phase 
imaging o f the model specimen and complex objects such as cancer 
cells. However, the theoretical spatial resolution improvement is not 
i n pr inciple l imi ted , and we expect to obtain significantly over 20% 
resolution gain wi th more sophisticated modula t ion techniques. For 
example, a spatial light modulator can be introduced into the opt i
cal setup to provide simultaneous compensation o f pup i l aberrations 
and the modula t ion needed to create the superoscillatory C G F . 

W e envision our method delivering an easily implementable 
super-resolution Q P I , particularly suitable for high-throughput 
biomedical applications. Further extension o f the C G F shaping the
ory beyond the l imits o f the scalar approximat ion w i l l a l low reaching 
an unprecedented spatial resolution o f Q P I . The possibility to m o n 
itor a large F O V i n real-time wi th spatial super-resolution and very 
high quantitative informat ion quality can significantly impact cancer 
research, as previously unseen intracellular processes can n o w be 
observed. Furthermore, our work satisfies the need for time-series 
high-quali ty datasets required for rapidly developing automated 
analysis using artificial intelligence. 

SUPPLEMENTARY MATERIAL 

See the for a detailed derivation o f the 
equations i n Sec. I l l , a definit ion o f the superoscillatory and super-
resolution focal spot that is assumed throughout this article, and 
addit ional information about simulations producing some o f the 
presented data. 
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Supplementary Information 

I. MATHEMATICAL DERIVATION OF THE COHERENCE-GATING FUNCTION IN 
PARTIALLY COHERENT HOLOGRAPHIC MICROSCOPE 

Our mathematical derivations are based on the works1'2. For more general derivation of the 3D coherent 
transfer function and 3D point spread functions (PSF) of a partially coherent interferometric system see 
work done by Chmelik et al. 1. Here we assume that the optical system is an adaptation of the Mach-Zehnder 
interferometer as depicted in Fig. 1 of the manuscript. We assume that object and reference arm contain 
two optically equivalent microscope systems. Standard off-axis holographic setups require highly coherent 
illumination in order to achieve interference in the whole field of view. However, our experimental setup 
puts principles proposed by Leith3 in practice, which guarantees off-axis hologram formation in the 
interference plane for broad sources of an arbitrary degree of coherence. Therefore, we can further assume 
fully spatially incoherent quasi-monochromatic illumination in our derivations. The hologram intensity i(q) 
recorded by the camera in the interference plane at the point q = (x, y) can be described as 

where hr(q) and h0(q) is the optical response of the reference and object arm observed in the interference 
plane to the illumination by a point source producing a plane wave with the transversal wave vector K t = 
(Kx,Ky) behind the condensers. We use reduced wave vector notation |K | = 1/1, where X is the 

wavelength of light, and K = (Kt,Kz) = (Kx,Ky,Kz), where Kz = J\K\2 - | K t | 2 . Next, P C r ( K t ) and 
P C o ( K t ) are pupil functions1 of the condensers in the reference and object arm, respectively. As we deal 
with the broad source we integrate over its area. This is indicated by the double integral in Eq. (SI). The 
integration is limited by the extent of the smaller pupil function of P C r ( K t ) and P C o (K t ) . The interference 
law gives us four terms, from which the first two are intensity terms, and the third and fourth term are the 
so-called interference terms. The holographic setup allows us to easily retrieve by spatial filtering in Fourier 
plane one of the two interferometric terms. So, for example, we take the fourth term. In the partially coherent 
systems (our case) we can refer to this term as the mutual coherence function (MCF) T between the object 
and reference arm2. In addition to position q, the MCF depends also on the transversal displacement Aq = 
(Ax, Ay) and can be for a case, when a planar object is placed in the object arm expressed as 

— CO 

+ PC r(K t)/ir(q)Pc*0(K t)/aq) + P c* r(K t)/i;(q)PC o(K t)/r 0(q)d 2K, •v (SI) 
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r(q;Aq)= P ^ r ( K t ) P ^ r ( K t ) P C o ( K t ) P 0 o ( K t + Q 0 ) r o ( Q o ) e 2 l t i ( Q o l l + K t A l l ) d 2 K t d 2 Q 0 , (S2) 
J J—CO J J—00 

where Po 0 (Kt) and Po r (K t ) are pupil functions of the objectives in the object and reference arm, 
respectively. The planar object has a spatial frequency spectrum r o (Q 0 ) , where Q 0 = (X, Y) is spatial 
frequency. After a bit of manipulation one can obtain simplified expression for MCF in the following form 

r(q;Aq) = £(q)®/i(q;Aq), (S3) 

where t(q) is a complex transmission of the specimen (the Fourier transform of T0(Qo)X the symbol ® 
denotes convolution and /i(q; Aq) is a PSF of the imaging system. The PSF of the whole interferometric 
system can be decomposed into a product of two functions as follows 

h(q;Aq) = p 0 (q)r(q-Aq), (S4) 

where p0(q) = / / Po 0(Kt)exp (2mK t • q) d 2 K t is the image of a coherent point source in the specimen 
plane of the object arm produced by the object arm objective and 

6(q) = If Pco(K t )Pc r (K t )P 0 r (K t )exp (2niK t • q) d 2 K t . (S5) 

We call function Q(q) the coherence-gating function (CGF). 

11. MEASUREMENT OF THE COHERENCE-GATING FUNCTION 
To show the possibility of measuring CGF we start derivation from Eq. (S2). We want to show that it is 
possible to measure CGF if no specimen is present in the object arm. To simulate such a situation, we 
substitute the spatial frequency spectrum r o (Q 0 ) of the specimen in the object arm by the Dirac delta 
function 5(Q 0 — o), where o = (0,0). So for a blank object arm we obtain the M C F in a form 

rr 00 rr 00 
T(q; Aq) = Pcr(Kt)Por(Kt)Pco(K t)Poo(K t + Q 0 )5 (Q 0 - o ) e 2 l d « ° - i + K f A < i ) d 2 K t d 2 Q 0 , (S6) 

J J -co J J—00 

which reduces by integrating over Q 0 to 

r(q;Aq)= [[ P ^ r ( K t ) P ^ r ( K t ) P C o ( K t ) P 0 o ( K t ) e 2 l t i K t A « i d 2 K t . (S7) 
JJ — co 

Now in real experimental situation we strive to use in the object arm of the microscope an objective with 
minimal aberrations. Therefore, we assume that object arm objective pupil function P 0 o (K t ) is modulated 
negligibly in comparison to other pupil functions in Eq. (S7). Then setting P o 0 ( K t ) = 1 we obtain M C F 
in the following form 

r(q;Aq)= [[ P ^ r ( K t ) P ^ r ( K t ) P C o ( K t ) e 2 l t i K t A q d

2 K t = g*(Aq), (SB) 
J J— 00 

which shows that we can measure the CGF for a particular optical setup by measuring holograms for 
positions Aq. 



111. COHERENT SOURCE AND ITS EFFECT ON THE COHERENCE-GATING FUNCTION 

Having a coherent source means that the specimen is illuminated only by a single plane wave. Therefore, 
to illustrate this, we multiply the integrand of the Eq. (S5) by a delta function 5 (K t — o), where o = (0,0). 
We obtain 

6(q) = If P c 0 ( K t ) P C r ( K t ) P 0 r ( K t ) 5 ( K t - o)exp (2itiK t • q) d 2 K t . (S9) 

After carrying out integration the Q (q) function reduces to a constant and the PSF of the system becomes 
h(q; Aq) = p 0 (q). The PSF is for a coherent illumination also independent of the transversal field shift Aq 
of the reference and object arm fields. 

IV. SUPER-RESOLUTION VS SUPEROSCILLATORY REGIME OF A FOCAL SPOT 

In this manuscript we adopt the definition of the superoscillatory spot in the context of optical focusing 
proposed by Huang et al. 4 The spot sizes (central peak of a focal spot) in orange area in Fig. SI are called 
super-resolution ones because their diameters are below the Rayleigh resolution criterion (black curve in 
Fig. SI). The the zero-order Bessel functionJ0(2nKNAc\q\) of the first kind (orange curve in Fig. SI) has 
the central peak radius O.SSA'NAc. And a spot that has the central peak narrower than the/ 0(2'n:A rNA c|q|) 
function can be referred to as a super-oscillatory spot. We carried out simulations and experiments with the 
coherence-gating functions corresponding to three positions on the white dashed line in Fig. SI. One 
corresponding to the diffraction-limited case, second corresponds to the limiting case / 0(2'n:A rNA c |q|) 
between super-resolution and super-oscillatory focal spot; and third, we present in the manuscript 
simulations with the superoscillatory CGF. 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Numerical Aperture 
Figure SI. Superoscillatory criterion in optical focusing according to Huang et a l . 4 The spot size as a function of numerical aperture. 
The two curves, which are the Rayleigh (black) and superoscillatory (orange) criterions, divide the focusing spot into three parts: 
sub-resolved (light violet), super-resolution (orange) and superoscillation (dark violet). 



V. SIMULATION DETAILS 

First, we simulated the coherence-gating function and PSF cross-sections using an approach presented in 
Ref. 5 modified to our case. Then the cross-sections presented in Fig. 2 were used to create 2D PSFs. 
Imaging simulation (depicted in Fig. 3 of the manuscript) was done simply by convolving the complex 
transmission of the resolution target by the PSFs. We assumed in simulations for both PSF design and 
imaging simulation by convolution a 2048x2048 pixel grid with pixel side size of 2/40, where X = 
0.650 Ltm. We imitated the real experiment, so we set N A C = N A 0 = 0.30. 

We simulated the amplitude annulus mask by setting the inner circle radius of the transparent area to 
0.9NAC, and the outer to 1.0NAC. 

The three-zone phase mask producing superoscillatory CGF was simulated with radii of the circles 
corresponding 0.35NAC, 0.72NAC, 1.0NAC. The phase modulation was 0 for the inner-most and outer-most 
zone, and the middle annulus had the phase shift of n radians. 

VI. EXAMPLE HOLOGRAMS 

Figure S2. Example images of holograms (intensity) acquired using annular mask in the condenser pupil plane. 



BIBLIOGRAPHY 

(1) Chmelik, R.; Slaba, M . ; Kollarova, V.; Slaby, T.; Lostak, M . ; Collakova, J.; Dostal, Z. The Role of 
Coherence in Image Formation in Holographic Microscopy. Progress in Optics 2014, 59, 267-335. 
https://doi.org/10.1016/B978-0-444-63379-8.00005-2. 

(2) Duris, M . ; Chmelik, R. Coherence Gate Manipulation for Enhanced Imaging through Scattering 
Media by Non-Ballistic Light in Partially Coherent Interferometric Systems. Opt. Lett. 2021, 46 
(18), 4486-4489. https://doi.org/10.1364/OL.432484. 

(3) Leith, E. N . ; Upatnieks, J. Holography with Achromatic-Fringe Systems. / Opt Soc Am 1967, 57 
(8), 975. https://doi.org/10.1364/JOSA.57.000975. 

(4) Huang, K . ; Ye, H ; Teng, J.; Yeo, S. P.; Luk'yanchuk, B.; Qiu, C.-W. Optimization-Free 
Superoscillatory Lens Using Phase and Amplitude Masks. Laser Photon Rev 2014, 8 (1), 152-157. 
https://doi.Org/https://doi.org/10.1002/lpor.201300123. 

(5) Reza, N . ; Hazra, L. Toraldo Filters with Concentric Unequal Annuli of Fixed Phase by Evolutionary 
Programming. / . Opt. Soc. Am. A 2013, 30 (2), 189-195. 
https://doi.org/10.1364/JOSAA.30.000189. 

https://doi.org/10.1016/B978-0-444-63379-8.00005-2
https://doi.org/10.1364/OL.432484
https://doi.org/10.1364/JOSA.57.000975
https://doi.Org/https://doi.org/10.1002/lpor.201300123
https://doi.org/10.1364/JOSAA.30.000189


S U P E R - R E S O L U T I O N I N Q P I A L L O W E D B Y S U P E R O S C I L L A T I O N S 

74 



3D O B J E C T R E F R A C T I V E I N D E X R E C O N S T R U C T I O N 

Chapter 9 

3D object refractive index 
reconstruction 

Imaging of biological cells and tissues is an inherent part of biological research and 
medical diagnosis. Digi ta l holographic microscopy has proven to be a valuable method 
for the investigation of these biological specimens by providing their quantitative phase 
image [63] (QPI) . Q P I delivers quantitative information of unlabeled specimens, there
fore it is complementary, or in some cases superior, to established non-quantitative 
fluorescence microscopy. It has been shown that it is critical to observe and analyze 
cancer cell behavior in a 3D environment for a full understanding of the mechanisms 
of cancer cell invasion [18]. Therefore, there is a high demand for imaging techniques 
capable of capturing quantitative 3D information about the specimen. 

Weakly scattering objects is a class of specimens, which are usually just single cells, 
satisfy 1st Born or Rytov approximation [52]. It is possible to image and reconstruct 3D 
refractive index (RI; n) distribution by optical diffraction tomography ( O D T ) where the 
inverse reconstruction process is a well-established procedure. O D T combines images 
acquired by digital holography for different sample angular positions or i l lumination 
angles to reconstruct the 3D refractive index distribution [123]. The feasibility of this 
method is constrained to the weak (single) scattering regime. Light passing through 
more complex specimen experience multiple scattering events and the regular O D T 
reconstruction method fails to deliver reliable quantitative 3D object representation. 

Coherence-controlled holographic microscope developed in our research group uti
lizes temporally and spatially incoherent light source to illuminate a sample. The 
spatially broad source produces a wide angular range of plane waves incident on the 
studied specimen at the same time. Solely this property gives C C H M ability to produce 
a 2D Q P I of a single cell in a turbid 3D medium [18,79,84], which is far in the multiple 
scattering regime. However, there is not a procedure to produce a 3D representation 
of a sample using C C H M , but its unique properties make it a good candidate to be a 
tool that could image even strongly (multiple) scattering 3D specimens. 

It has been shown recently that training an artificial neural network on O D T mea
surements can reconstruct the refractive index of 3D phase objects [3]. The network 
is designed such that the voxel values of the refractive index of the 3D object are 
the adapted variables during the training process. The same principle can be applied 
to measurements from C C H M . Instead of different angular positions of the object or 
different i l lumination directions, a set of QPIs from different axial focal positions (so-
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called z-stack) can be used as an input for the training part of the algorithm. There 
is 3D information about the specimen already encoded in the z-stack measurement. It 
can be converted to the refractive index distribution by properly modeling non-linear 
light propagation through a complex object in combination with the training process. 
This way a novel method that goes beyond current limits (weak scattering regime) in 
studied objects complexity could be developed. 

9.1 Methods 

The primary objective of this thesis section is to develop a method capable of recon
structing the 3D refractive index distribution of multiply scattering samples, where 
standard Optical Diffraction Tomography ( O D T ) fails to provide reliable results. The 
approach chosen is similar to the one presented in [3]. Hence, a computationally efficient 
model of light propagation suitable for C C H M is essential. Computational efficiency 
is crucial, as an iterative simulation of C C H M images for different refractive index 
distributions is necessary for acquiring the 3D reconstruction. 

The approach described in [3] resembles backpropagation, commonly used for train
ing neural networks. However, in essence, it involves a minimization problem that 
requires iterative solutions. To address these challenges, a software tool was developed 
as part of this thesis to simulate light propagation through 3D specimens. This software 
is capable of simulating C C H M and optical diffraction tomography images (quantita
tive phase) for multiply scattering samples. To ensure computational efficiency, light 
propagation models were carefully selected. 

State-of-the-art methods in this field primarily rely on the Mult i-Slice (MS) Beam 
Propagation Method ( B P M ) [3,124,125], with minor adjustments to enhance accu
racy without compromising computational time. Prominent beam propagation models 
include split-step non-paraxial [126] and multi-layer Born [59] ( M L B ) methods. 

In this thesis, we implemented in the software both the standard multi-slice model 
( B P M ) and the M L B method [59]. In the these methods, the sample is approximated 
as a sequence of thin planar slices perpendicular to the optical axis. Each slice is mod
eled with an infinitesimally thin layer containing a 2D complex transmission function 
representing the refractive index distribution within the slice. The second part of the 
slice consists of a finite section of medium with a uniform refractive index, separating 
it from the next slice (see F ig . 9.1 for visual representation). 

Light propagation through the entire specimen is simulated in a loop through all 
slices. A t each slice, the light undergoes refraction on the infinitesimally thin 2D 
layer, followed by free space propagation in the uniform medium. The refraction and 
propagation models differ between the M S B P M and the M L B methods. The M S B P M 
employs a paraxial approximation for both refraction and propagation. A t the same 
time, the M L B method also models non-paraxial scattering effects at each slice using 
the first Born approximation [59], which is entirely valid for such thin slices. 
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Figure 9.1: Multi-Slice model of the specimen, adapted from [59]. 

9.1.1 Optical diffraction tomography vs C C H M z-stack 

In optical diffraction tomography, a sample is il luminated sequentially from different 
directions, and a hologram (complex-valued image or QPI) is acquired by off-axis holog
raphy. This can be accomplished by sequential sample rotation and acquisition or by 
il lumination t i l t ing followed by the acquisition. The oblique i l lumination is achieved 
uti l izing galvanometers [123] (fast scanning mirrors) or by wave modulation by spatial 
light modulators or digital micromirror devices [85,88]. The sequence of holograms for 
different oblique i l lumination directions is then used to compute the refractive index 
distribution of the studied specimen [123]. 

In C C H M , we utilize the Köhler i l lumination with a spatially broad source. This 
gives us simultaneous i l lumination by oblique waves from all the directions that the 
O D T would use sequentially. This provides the C C H M with inherent optical sectioning 
capabilities, which allow the production of 3D object representations only stacking 
several phase images in optical axis (z-axis) direction [18]. However, this approach 
does not provide such good object separation in the z-direction as O D T because the 
information from all the oblique illuminations is multiplexed in one image. Complex 
deconvolution [2, 32] is a great candidate that would, in theory, at least meet the 
performance of O D T . The complex deconvolution in C C H M is yet to be explored, 
even though ini t ial experiments and simulations were done in the course of this thesis. 
However, as the recent progress [3] in O D T shows, it is better to focus on non-linear 
computational iterative deconvolution, which is also able to capture multiple scattering 
effects. Therefore, we directed our efforts to iterative computational 3D refractive 
index distribution reconstruction. We record the so-called z-stack of Q P I for different 
z-positions of the specimen, which is in experiments facilitated by piezo manipulators 
providing us nanometer-level movement precision. The Q P I z-stack is then fed into the 
reconstruction algorithm. 

9.1.2 Refractive index distribution reconstruction algorithm 

The reconstruction of the refractive index distribution is basically a minimization of the 
difference between the measured and simulated z-stack data. The optical model of the 
microscope, along with the light propagation model (MS or M L B ) , is used to simulate 
the Q P I z-stack from the predicted 3D R I distribution. For minimization, one can 
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use a range of different algorithms such as the proximal gradient method, alternative 
direction method of multipliers, or second-order Newton's methods [59]. For many of 
them, a gradient computation is needed, which can usually be found as an explicit 
expression defining the gradient with respect to the measured and simulated data 
difference. However, contemporary neural network frameworks (e.g., TensorFlow or 
PyTorch) provide efficient auto-gradient computations. These frameworks can be used 
out of the box to compute the gradients, even using G P U . Therefore, we chose to utilize 
TensorFlow and its implementation of A D A M optimizer [127] to minimize the difference 
between simulated and measured data. It is important to note that minimization alone 
is not enough for successful 3D RI object representation reconstruction. One has to 
use some apriori knowledge about the specimen and include it in the minimization 
procedure, e.g., in the form of sparsity or total variation regularization. 

9.2 Simulations 

9.2.1 Two polystyrene beads 

To verify that we can revert the scattering and imaging process by the reconstruction de
scribed in Sec. 9.1.2 we simulated z-stack data by one of the algorithms M S or M L B for 
various model samples. The standard M S model assumes only small light-propagation 
angles. Therefore, it is suitable for simulations/reconstructions when objectives and 
il lumination (condensers) have numerical apertures N A c and N A o up to 0.5. The 
higher precision of the M L B algorithm lies in its ability to capture scattering effects 
beyond paraxial approximation. Therefore, we used M L B , when we wanted to achieve 
higher accuracy with i l lumination and detection reaching N A c and N A o values close 
to 1. One of the model samples we used is two beads (with optical properties similar 
to polystyrene) situated along the optical axis of the microscope and separated by dis
tance similar to their size. One of the simulated case is displayed in F ig . 9.2. This 
model is used to assess the ability to reconstruct multiply scattering specimen. The 
Fig . 9.2 shows the model of the sample on the left image, which is two 2 [xm beads 
with the distance between them 4 [xm. Their refractive index is n = 1.54, while the sur
rounding medium is n = 1.50. The voxel size is dx = 0.3 |xm, dy = 0.3 |xm, dz = 0.3 [xm. 
The simulated phase measurements are computed with the same sampling as the mod
eled refractive index distribution and microscope imaging properties are defined by 
the wavelength A = 0.65 [xm and numerical apertures of condensers and objectives, 
N A c = 0.9 and N A o = 0.95. The right image in F ig . 9.2 shows the result of the 
minimization procedure that transformed the phase measurement to the refractive in
dex distribution. The elongation in the z-direction is caused by the so-called missing 
cone problem (common to all O D T techniques), which also causes under-estimation of 
reconstructed RI values [128,129]. 
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Figure 9.2: Two 2 um beads (n = 1.54) with the distance between them 4 urn in 
medium with n = 1.50. Simulated data (quantitative phase images for each z-position) is 
created by one of the implemented beam propagation models. The simulated data is then 
used to invert the scattering process to obtain back the refractive index distribution. 

9.2.2 Comparison of ODT and C C H M z-stack using cell model 

Performance comparison of O D T and the proposed C C H M z-stack method can be done 
using the simulated data as well. For O D T , we simulated holographic images for various 
il lumination directions for a single z-position of the sample. For C C H M , we simulated 
the images as a sum of the separate images for each i l lumination direction used as O D T 
measurement, but in addition to that, C C H M images are simulated for various object z-
positions. One can deduce from the image formation (and simulation) process that the 
C C H M z-stack dataset should contain more information overall than the O D T dataset. 
In the comparison simulation experiment, we compared the performance of O D T and 
C C H M z-stack by imaging the complex cell model (see F ig . 9.3(a)) and reconstructing 
its refractive index distribution (see F ig . 9.3(b, c)). For these simulations, we chose 
microscope imaging properties such that the wavelength is A = 0.65 pm, and numerical 
apertures of condensers and objectives are N A C = 0.9 and N A 0 = 0.95. Simulation 
grid was 64 x 64 x 44 voxels large with the voxel size dx = 0.225 pm, dy = 0.225 pm, dz = 
0.266 pm. The refractive index for each cell feature was designed as depicted by arrows 
in F ig . 9.3(a). 

a) M o d e l o f a cel l (ground truth) b) Reconstruction o f z-stack c) Reconstruction o f O D T 

Figure 9.3: 3D cell model reconstruction from simulated data, a) The modeled refrac
tive index distribution of the cell model, b) Reconstruction of the 3D RI distribution 
from C C H M z-stack data, c) Reconstruction of the 3D RI distribution from simulated 
optical diffraction tomography data. 

79 



3D O B J E C T R E F R A C T I V E I N D E X R E C O N S T R U C T I O N 

Reconstruction for both methods was done with the same iterative minimization 
approach described in Sec. 9.1.2. We used for simulation and reconstruction the M L B 
method. For reliable results, we also chose the appropriate degree of sparsity regulariza-
tion. As can be seen from reconstructed R I distributions in F i g . 9.3(b) and F ig . 9.3(c), 
the differences between the two methods are very subtle. After carefully examining 
the 3D representations, we concluded that the reconstruction from the C C H M z-stack 
provides a more accurate RI distribution in x-y directions. A t the same time, O D T 
performs slightly better in z-direction information reconstruction. A crucial metric to 
consider for real-world experiments is the number of images required for reconstruction. 
This number is lower for the C C H M z-stack. In O D T , one has to obtain tens or hun
dreds of images for the reconstruction algorithm to work reliably. However, for C C H M 
z-stack, the number of acquisitions is 1 or 2 orders lower than for O D T , which can 
play a significant role when choosing the observation method of real-time 3D processes. 
For example, in our simulation comparison we generated 14 images for z-stack dataset 
and 2449 images for O D T , while the reconstruction result is very similar. We believe 
that making the O D T measurements more sparse would not reduce the reconstruction 
quality, but reducing down to 14 images would render O D T reconstruction impossible. 

9.3 Experimental results 
We have verified our method by capturing Q P I z-stack of a red blood cell wi th a 
modified Q-Phase optical setup. We have switched condenser lenses for water dipping 
objectives with N A C = 1.0, and we used water immersion imaging objectives with 
N A 0 = 1.2. From the full F O V , we chose only a single red blood cell, for which we 
reconstructed its refractive index distribution. The input dataset to the reconstruction 
algorithm was 92 x 92 x 18 large. The reconstructed refractive index, shown in F ig . 9.4, 
has the same grid size with the voxel dimensions dx = 0.105 Lim, dy = 0.105 Lim, dz = 
0.4 Lim. The refractive index of the surrounding medium was n = 1.331. Figure 9.4(a) 
shows the perspective of the reconstructed 3D RI distribution, and F ig . 9.4(b) and 
Fig . 9.4(c) display cross-sections of the R I distribution marked by A and B , respectively. 

Figure 9.4: Reconstruction of the refractive index distribution from experimental z-
stack data of a red blood cell, a) The perspective of the reconstructed red blood cell, b) 
and c) display cross-section through the red blood cell depicted by white dashed lines A 
and B , respectively. 

The results in F ig . 9.4 can be compared to the mean refractive index values of a 
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healthy human red blood cell published in [130]. The study [130] found out that the 
mean R I value is 1.373, which complies with the values we measured (1.331-1.39). 

9.4 Summary 
We have proven that the developed refractive index tomography from C C H M z-stack 
measurements is a feasible and reliable method similar to optical diffraction tomogra
phy. We experimentally validated that the reconstruction is possible on model samples 
such as polystyrene beads and red blood cells and provides accurate quantitative es
timates of the refractive index distribution. However, it is important to note that 
our comparison of O D T to C C H M z-stack shows several characteristics that favor the 
C C H M z-stack. Reconstruction uti l izing z-stack requires 1-2 orders lower number of 
hologram acquisitions to achieve the same result. Based on this outcome, we see the 
most significant potential for the proposed method in quasi-real-time observation of 3D 
processes inside the cells, which is yet to be implemented in real-world applications. 
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Chapter 10 

Summary and conclusions 

The aim of the thesis was to systematically investigate the imaging possibilities pro
vided by the C C H M technique and its coherence gating effect, especially with regard 
to imaging through scattering media, super-resolution, and 3D imaging. The focused 
work on the partial objectives outlined in Chapter 3 helped approach the broad focus 
of this thesis systematically, which resulted in several pioneering papers regarding the 
use of coherence-gating in digital holography. It can be concluded that the aims and 
goals of the thesis were successfully achieved as the possibilities of the C C H M and its 
coherence-gating effects were thoroughly investigated. Moreover, the investigations led 
to the development of novel imaging techniques, which we have successfully applied to 
practical biomedical applications. 

This thesis began with an introduction to the optical coherence theory and a descrip
tion of the cross-correlation properties of light. The approach to describing classical 
interference experiments and interferometric setups in terms of optical coherence pro
vided the often missing link between the idealized coherent description of light and the 
theory of partial coherence. The theory, together with an overview of the existing par
tially coherent interferometric imaging techniques showed the state of art exploitation 
of the coherence-gating effect, which is an extraordinary property of partially coherent 
interferometric systems. 

The major part of the thesis concerning the description of the coherence-controlled 
holographic microscope using the optical coherence theory in combination with appro
priate light propagation models showed the interconnection between complete mutual 
coherence function measurement and holographic recording under controlled coherence 
gate manipulation. Expressions describing the mutual coherence function of the object-
scattered and reference field measurement were derived, and we showed that complex 
image acquisition for different coherence gate positions obtains the same form. Includ
ing the multi-slice light propagation model proved to be an excellent way of multiple 
scattering description. We provided a theoretical description proving that complete 
mutual coherence function measurement contains beneficial information for 3D imag
ing, imaging through turbid media, and imaging with sub-diffraction limited resolution. 
The extraction of information from a complete mutual coherence function was demon
strated in numerous experiments, and this thesis significantly expands the potential 
of partially coherent holographic microscopes in several different areas (3D imaging, 
imaging through turbid media, and super-resolution QPI ) . 

Imaging through turbid media was first demonstrated either theoretically and ex-
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perimentally on a two-layer object. One layer is a planar object of interest and the 
other layer being a random strongly scattering layer. Reconstruction of the object im
age from mutual coherence function measurement was achieved with excellent quality. 
The same approach to reconstruction was used to synthesize an image when imaging 
through two scattering layers and through volumetric diffuser - a slab of chicken breast 
(0.8mm thick). We achieved high-quality synthetic Q P I even when imaging through 
such a thick scattering layer of tissue. 

The multiply scattered light was also used to enhance the resolving power of C C H M . 
First, the feasibility of imaging by multiply scattered light through diffraction gratings 
was demonstrated, which we used to adapt an approach from structured il lumination 
microscopy to produce an image with a superior lateral resolution in comparison to the 
ballistic light image. In the thesis, we introduced a method for generating synthetic 
aperture quantitative phase images in holographic microscopes with partially coherent 
il lumination. The proposed solution overcomes the diffraction limit and is remarkably 
simple to implement, as it does not require any modifications to the C C H M opti
cal system. The technique relies on oblique il lumination supplied by diffraction on a 
phase grating positioned near the specimen, coupled with the intrinsic coherence-gating 
properties of the partially coherent light. The process involves sequentially coherence-
gating the light scattered into each diffraction order of the phase grating. Using the 
acquired images, we synthesize quantitative phase images with significantly enhanced 
spatial frequency bandwidth. The paper attached in the thesis thoroughly explores 
the theoretical aspects of the coherence-gated imaging process and provides a detailed 
methodology for the measurement. Notably, our study represents the first application 
of coherence gating for purposes other than imaging through or in turbid media. The 
proposed method is envisioned to offer an easily implementable super-resolution Q P I , 
especially beneficial for high-throughput biomedical applications. B y obtaining large 
field-of-view datasets with moderate-to-high spatial resolution and excellent quantita
tive information quality, this approach can have a significant impact on fields such 
as stem cell research and the development of migrastatics. Moreover, this work ad
dresses the pressing need for extensive, high-quality datasets essential for accelerating 
automated analysis using artificial intelligence techniques. 

Addit ional ly to the synthetic aperture approach, we present a method for achieving 
single-shot label-free super-resolution quantitative phase imaging (QPI) . This approach 
is also very straightforward to implement without requiring modifications to the micro
scope's optical system. We generate a sub-diffraction limited coherence-gating function 
by introducing phase or amplitude modulation to the planes conjugated with the light 
source, such as the front focal plane of the condenser. Through theoretical analysis, 
numerical simulations, and experiments, we demonstrate the first-ever superoscillatory 
C G F shaped by phase and amplitude modulation. For experimental validation, we use 
an amplitude mask for modulation, as it proves to be more robust to optical aberrations 
than phase masks. Our experimental results show almost 20% improvement in resolving 
power for phase imaging of model specimens and complex objects like cancer cells. The 
potential spatial resolution improvement is not l imited in principle, and we anticipate 
achieving over 20% resolution gain with more sophisticated modulation techniques. For 
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instance, incorporating a spatial light modulator into the optical setup would enable 
simultaneous compensation of pupil aberrations and the modulation required to create 
the superoscillatory C G F . We believe that our method offers an easily implementable 
super-resolution Q P I , particularly well-suited for high-throughput biomedical applica
tions. Expanding the C G F shaping theory beyond the scalar approximation wi l l enable 
unprecedented spatial resolution for Q P I . This capability can significantly impact can
cer research, as it allows observation of previously unseen intracellular processes in 
real-time with spatial super-resolution and high-quality quantitative information. 

It is important to emphasize the difference between our Q P I super-resolution and 
standard fluorescent techniques. Our both methods are wide-field methods in contrast 
to (in the majority) scanning fluorescent methods. This gives our techniques an advan
tage in terms of acquisition speed. The synthetic aperture method is quasi-real time, 
and the method uti l izing superoscillatory C G F is a single-shot (real-time) technique. 
Therefore, we can achieve imaging throughputs unseen in fluorescent imaging. More
over, we build on top of digital holography providing Q P I , a quantitative, non-invasive, 
and label-free imaging technique. 

As part of the thesis, we have developed software for 3D refractive index reconstruc
tion from C C H M z-stack measurements. This software can simulate Q P I produced by 
coherent or partially coherent systems such as C C H M or oblique il lumination images for 
optical diffraction tomography. The reconstruction software was verified on simulated 
data. Experimental validation was performed on model samples such as polystyrene 
beads and red blood cells. We have proven that reconstruction from the C C H M z-
stack dataset it is possible to obtain similar results to optical diffraction tomography. 
However, C C H M requires 1-2 orders lower number of acquisitions to achieve the same 
result. We see the most significant potential for the proposed method in quasi-real-time 
observation of 3D processes inside the cells. 
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List of Abbreviations 

2D Two dimensional 

3D Three dimensional 

B P M Beam propagation method 

C C H M Coherence-controlled holographic microscope 

C G F Coherence-gating function 

F O V Field of view 

F P M Fourier ptychografic microscopy 

G P U Graphics processing unit 

F W H M Ful l width at half maximum 

M C F Mutua l coherence function 

M L B Multi-layer Born 

M S Multi-slice 

P S F Point spread function 

O D T Optical diffraction tomography 

Q P I Quantitative phase image/imaging 

S B P Space bandwidth product 

S I M Structured i l lumination microscopy 

N A Numerical aperture 
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