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Abstract: We examine the physical limitations and performance of spatially coherent imaging
systems under defocused conditions using a modified two-point resolution criterion. By com-
paring coherent and incoherent illumination regimes, in defocused conditions, we highlight the
peculiar advantages of coherent systems in resolving closely spaced features while maintaining
a high depth of field. The analysis identifies two primary contributions to image degradation
in coherent defocused systems: image broadening and interference-related contrast reduction.
Through a specifically designed analytical framework, this study confirms that resolution degra-
dation in coherent imaging is characterized by a square root dependence on defocusing distance,
irrespective of the numerical aperture. This behavior starkly contrasts with incoherent imaging,
where the resolution deteriorates linearly with defocusing and exhibits a strong dependence on
the system’s numerical aperture. Furthermore, we provide explicit analytical expressions for
contrast loss and minimum resolvable object size under defocused coherent conditions, offering
deeper insights into their relation with system parameters. These results corroborate the superior
performance of coherent imaging in resolving fine details in defocused environments, challeng-
ing conventional optical paradigms. Our findings not only extend the theoretical understand-
ing of coherent imaging but also establish practical guidelines to optimize optical systems for
high-resolution applications.

Keywords: coherent imaging; spatial coherence; optical resolution

1. Introduction

Quantum imaging is a rapidly evolving field that has significantly enriched the land-
scape of high-resolution imaging by exploiting both entanglement and classical correla-
tions [1,2]. Techniques such as sub-shot-noise imaging [3,4], quantum lithography [5-7],
and quantum-enhanced resolution [8-11] leverage nonclassical photon statistics to surpass
classical limits. Quantum lithography, for instance, overcomes the limits of classical op-
tics by utilizing entangled photon states to achieve patterns beyond the diffraction limit,
paving the way for high-precision fabrication [7,12]. Advances in quantum-enhanced
sensing have also introduced methods for imaging faint or weakly illuminated objects
with high sensitivity, such as the use of squeezed states of light [13-15], enabling phase-
sensitive detection [16,17]. One of the most known quantum imaging techniques is ghost
imaging [18,19], using photon pairs or light beams to reconstruct images starting from a
single-pixel detector, while demonstrating robustness against noise and scattering [20,21].
Ghost imaging holds particular significance for quantum imaging, as its study revealed
that quantum imaging can be achieved not only through quantum entanglement but also
using chaotic light correlations [22-29].

Recent progress in quantum and quantum-inspired unconventional imaging has
opened new avenues for achieving high-resolution three-dimensional (3D) imaging through
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the combined use of light intensity and photon correlations [30-33]. A key advancement
of the correlation-based imaging approach, inspired by ghost imaging and named cor-
relation plenoptic imaging (CPI) [30], is the capability of recovering object details, even
when samples are placed well outside the natural depth of field defined by the numerical
aperture of the imaging system (i.e., in defocused imaging conditions). CPI thus departs
from conventional optical limitations. In fact, the CPI approach works in an extended axial
range compared to incoherent imaging and is characterized by a resolution that does not
depend on the numerical aperture (NA) of the imaging system [31,34].

This exceptional behavior of CPI has been found to stem from the spatial coherence of
light [34-36]. The NA independence of the resolution of CPI is indeed in direct conflict with
the well-known NA-dependent circle of confusion (CoC) responsible for image blurring in
defocused incoherent imaging systems [37].

Interestingly, recent studies have demonstrated the possibility of achieving the same
resolution versus depth of field performance of CPI in correlation-free schemes, provided
spatially coherent illumination is employed and bright-field imaging is considered [38,39].
This result has been validated in transmission microscopy, where the use of an LED array
synchronized with the microscope camera has been shown to enable the NA-independent
resolution of several defocused transmissive samples (from test targets to bovine cornea
and colored histological sections of mouse brains) with no need for photon correlation
measurements [38]. Translating the optical performance of CPI outside of its original
context of correlation-based imaging opens the door to a great simplification of the optical
design, as well as to the possibility of performing volumetric imaging at a much higher
signal-to-noise ratio [25,29,40-44]. The NA-independent volumetric imaging capability of
both CPI and its correlation-free coherence-based counterpart is in contrast with traditional
imaging systems favoring incoherent illumination, which excel in simplicity and real-time
imaging for thin samples but falter with thick or defocused objects due to the NA-dependent
and CoC-defined blurring and depth-of-field (DOF) [37,45-48]. Coherent illumination thus
offers solutions to the well-known resolution-DOF trade-off of incoherent imaging systems,
enabling one to achieve higher resolution for defocused samples.

Coherence has also been found to play a very relevant role in the recent innovation
of Correlation Hyperspectral Imaging (CHI), where correlations are employed to capture
high-resolution spectral and spatial information, overcoming traditional limitations in
snapshot and scanning techniques [49].

Interestingly, until the developments reported in Ref. [38], bright-field light-field
imaging with coherent light was employed to achieve improved resolution and DOF, but
its adoption was limited to computationally intensive inverse imaging methods like holog-
raphy and ptychography [50-59]. Fringing artifacts and incomplete theoretical frameworks
have further restricted the broader use of coherent illumination in direct imaging [38,60,61].
The work reported in Ref. [38], on the other hand, has opened up the possibility of tailoring
imaging systems to leverage spatial coherence while still working in the framework of
direct imaging [36].

These developments redefine the role of spatial coherence as a deliberate tool for
optical enhancement, pushing the boundaries of high-resolution imaging. However, the
integration of spatial coherence into the analysis of defocused imaging systems requires
moving beyond the typical mathematical tools employed to define resolution in incoherent
imaging systems and adopting frameworks that fully exploit coherence-driven enhance-
ments: traditional incoherent methodologies, such as the point-spread function and transfer
function, can work well to describe perfectly focused coherent imaging systems [62] but
need to be deeply modified in view of defining the resolution in the defocused coherent
regime [38,39]. Only a formally correct analysis of nonlinear imaging formation, such
as coherent imaging, can thus reveal the profound impact of the coherence of light on
imaging performance while also providing new insights into the physical limits of coherent
systems [31,38,39].
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In the context of CP]I, the resolution of defocused images was originally quantified
by means of visibility (see, e.g., Refs. [31,63]); a more rigorous approach was proposed
in Ref. [38], where the concept of image fidelity has enabled, for the first time, a direct
comparison between the performance of defocused coherent and incoherent imaging. The
analysis of the resolution of periodically patterned objects illuminated by spatially coherent
light was also recently presented in Ref. [39].

In this work, for the first time, we extend the concept of two-point resolution to
defocused coherent imaging systems. The so-called two-point resolution criterion, giving
the minimum separation between two points resulting in a resolved image, is in fact
a widely used criterion for estimating the imaging performance of incoherent imaging
systems and is widely used both in standard imaging configurations [64,65] and in quantum
architectures, such as ghost imaging [66]. Its extension to focused coherent imaging systems
is also well known (see, e.g., [62,67]) and does not require the introduction of dedicated
mathematical tools. On the contrary, as we shall demonstrate here, its naive extensions
to defocused coherent imaging leads to non-physical results. To address this challenge,
we introduce parametric resolution curves based on a contrast criterion. As we shall see,
the proper and physically sound extension of two-point resolution to defocused coherent
imaging requires taking into proper account the profound physical differences between
coherent and incoherent imaging, such as interference phenomena.

This paper is organized as follows. We first compare image formation under coherent
and incoherent illumination by using a two-slit object; this enables us to show that incoher-
ent images are simple superpositions of the intensity from the two slits, both in focused
and in defocused conditions, while defocused coherent images include interference terms.
Unlike the well-known case of focused coherent imaging where the degradation of the
image quality outside of the focused plane is attributed, in the case of coherent illumination,
degradation is attributed to two factors: slit image broadening and interference-induced
contrast loss. At first, we present a naive model of two-point resolution, based on the
assumption of vanishing slit aperture, along the line of the point-spread function employed
for characterizing incoherent imaging; this approach is found to inaccurately attribute the
degradation of the contrast to geometric optics, which is in contrast with the diffractive
nature of coherent defocusing (as discussed in detail in Ref. [38]). We thus introduce a
more rigorous two-point resolution method, which ties the slit size and separation; this
approach leads us to find, for a fixed contrast threshold, the expected square root scaling
of the image size with the defocusing, which was discovered and demonstrated, both
theoretically and experimentally, in Refs. [36,38,39]. The presented analytical expression
for the contrast-based resolution limit under defocusing conditions further confirms that
the degradation of contrast is equally shared between the two identified contributions: the
broadening of the light distribution forms each slit and the interference of coherent light
passing through the two slits. This paper thus proposes both a new tool for analyzing
defocused coherent imaging systems and offers new insights about the physics behind
the enhanced performances of coherent over incoherent imaging systems in the defocused
imaging regime.

2. Materials and Methods
2.1. Coherent Optical Response of Single-Lens Defocused Imaging System to Two-Slit Object

Let us consider an object with transverse field transmittance A(xp), with xy being the
transverse spatial coordinate in the plane of the sample. Without loss of generality, we
shall simplify the notation by limiting the calculations to only one coordinate (x) in the
transverse plane. The image obtained by observing this object through an imaging device
illuminated by spatially coherent light is given by

2
fon(x39) = | [ Alsa)gs(o, el )
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where ¢;(xo, x) is the Green’s function propagating the electric field from the sample plane
to the detection plane, with x being the transverse coordinate in the detector plane. The
Green’s function depends on a parameter § that describes the defocusing of the sample,
namely how far from focus the sample is placed.

For comparison, the image of a sample obtained with incoherent illumination, observed
through the same optical design, is given by the expression

linc(x:6) = [ A(x0)/Plga((x0, %) e @

The linearity of Equation (2) makes it so that the optical performance of an incoherent
imaging system can be assessed with the conventional methods used for linear imaging
systems, such as the point-spread function (PSF), modulation transfer function, knife edge,
or two-point resolution. This paper will focus on the last criterion, showing that the absence
of the PSF, for coherent imaging systems, imposes significant challenges to the study of a
generalized two-point resolution criterion [39].

To show the differences, let us consider a transmissive object mask made of two
Gaussian slits, namely

A f hy t syst
A (x0;0,d) + A* (050, d) = (x0) . orac? erent system, 3)
|A(xp)|” for an incoherent system,
where )
d/2)
A (xg;0,d) = exp |- O F /2| 4
o o] 278 .

Notice that the given definition takes into account the sensitivity of coherent systems to
the field transmittance and of incoherent systems to the transmitted intensity. By plugging
(3) into (2), we see that, as is well known for linear imaging systems, the image of a
double-slit object results in the superposition of the two images of each slit:

Iinc(x;6,0,d) = I (x;6,0,d) + I, _(x;6,0,d), 5)

mc

where
Iiﬁc(x;&(f,d) = /Ai(xo;a,d)|g5(xo,x)|2dxo (6)

is the incoherent image of a single slit centered in d/2. The case of coherent imaging is very
different, since

Ieon(x;6,0,d) = 17, (x;6,0,d) + 1, (x;6,0,d) + 2Re®@(x; 5,0, d), 7)

where )

Ion(x:6,0,d) = ’ / A*(x0;0,d)g5(x0, x)dx (8)

are the coherent images of the two slits, taken separately, and

D(x;6,0,d) ://‘A+(x0,'a,d)A‘(xf);U,d)g(g(xo,x)gj(x{,,x)dxodxf) 9)

is a complex interference term, describing the contribution to the image from the overlap of
the contributions from the two slits. As can be seen by a comparison of Equations (5) and (7),
this term is responsible for the deep difference between coherent and incoherent imaging
systems and stems from the nonlinearity of the former.

In the case of a single object, the difference between the imaging performance of
the two systems is obtained by comparing the two terms I.ch and Igf)h taken separately;
this analysis was already conducted in Ref. [38], where it was shown that, for any given

defocusing offset, the resolution is higher in the coherent imaging regime than in the
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incoherent one and degrades with increasing defocusing with an NA-independent square
root scaling in the coherent case and with an NA-dependent linear trend in the incoherent
case. Of course, such results are independent of the transverse displacement 4/2, provided
the system is paraxial, as we shall assume throughout the entire paper.

From now on, we shall assume that the pupil(s) involved in the setup has(have)
Gaussian apodization, namely, the complex PSF of the system is Gaussian. For definiteness,
we shall assume, without loss of generality, that the imaging system is a single-lens design
with unit magnification (i.e., object distance is equal to image distance). In this case, the
complex PSF is given, within a scale factor, by

/oo X iL(x —x)z—ikxz—x—lz—i—iﬁ(x —x)?|dx (10)
N 4 200+0) 0 0! 402 20 ! o

where the integration variable x; is the coordinate in lens plane, k is the wavenumber of the
illumination light, and the four terms in the exponential are due, respectively, to:

. Free-space paraxial propagation of the field traveling a distance o + J from the object,
with o being the distance between the focus plane and the lens and J the axial offset of
the object relative to the focus plane position.

¢  Phase and amplitude contributions of the propagation through a thin lens of focal
length 0/2, with o7 representing the extent of the lens aperture opening accounting for
the Gaussian apodization.

*  Free-space paraxial propagation from the lens to the detector plane over the distance o.

Since the system has a Gaussian response function, the three terms contributing to
Equation (7) have the form

[ (x = M(8)d/2)? (x — M(6)d/2)?
It (x;6,0,d) ~ ex _(x=M()d/2)" =exp|———F"—""1|, (11)
coh p 02,.(6,0,d) 02, (6,0)
I (x;6,0,d) = Ijoh(x; 5,0,—d) (12)
r dZ x2 (
Re®(x;5,0,d) = exp|— — ] coslx(d,0,d) x], (13)
(50:0,8) = &P | 55205 7] ~ (8,07 | OO DA

as reported in the left panel of Figure 1 (see Appendix A for the analytical expression of
Ocohs ¢/ Ocrosss and K). Hence,

*  The first two terms correspond to the coherent images of the two slits considered
separately. The second approximate equality stems from the fact that the width of
the images o, has a very weak dependence on the transverse displacement on the
optical axis d/2 so that, in paraxial conditions (d < 0), it can be neglected. In this case,

the image I, corresponds exactly to the image of a slit on the optical axis (the case

treated in [38]), displaced by a quantity M(5)4 = o 4

*  The last term, corresponding to the interference between the two slits, is even in
the spatial coordinate x and can be thought of as three separate factors. The first
factor does not depend on x and regulates the amplitude of the interference term; it is
increasingly less relevant as the distance between the slits is increased. The second
term is a Gaussian envelope, whose width does not depend on the slit distance but
only on the width. The last contribution is an oscillating term, whose spatial period
depends on all parameters into play.

From an analysis of the analytical expressions of the quantities defined above, one
finds out that the phenomena contributing to the degradation of the image quality in the
parameter space (J,0,d) are two. Firstly, one finds that .o, > 0, namely, the coherent
image of a single slit, is always larger than the original slit, except for the focused case
(6 = 0) and infinite numerical aperture, in which case o, — ¢ This case is well known and
accounted for, as is analyzed in [38]. Another contribution to the worsening of the image
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quality, however, is the fact that the final image can show an undesired local maximum
on the origin, whose height is defined by the argument of the first Gaussian term in its
expression. In fact, due to the Gaussian envelope that modulates the oscillating term, the
main disturbance to the image quality is expected to be given by the absolute maximum of
the function, which, as we said, is in x = 0; this is in line with the plot reported in the right
panel of Figure 1.

0.8+

06l defocusing offset
—— 150 mm
0.4}
190 mm

0.2 \/\/

— L 230 mm

0.0 = + T

coherent image and its components
~
g1

-1.0 -0.5 0.0 0.5 1.0 0.0 0.5 1.0

2 [mm)] 2[mm)]

Figure 1. The left panel reports the theoretical intensity distribution in a coherent image and its
composing parts [as identified in Equation (7)], in the case of an object mask made of two Gaussian
slits with width ¢ = 0.1 mm and center-to-center separation d = 0.5 mm, placed at a defocusing
distance § = 170 mm. The right panel shows the behavior of the intensity distribution in the same
conditions but for increasing values of defocusing; broadening and interference are found to be more
pronounced. Images in both plots are normalized to the intensity maximum of a single slit, and
employed wavelength is 500 nm.

Let us now study how the two concurring contributions to image degradation evolve
in the parameter space.

2.2. Naive Coherent-regime Analogous of the Two-Point Resolution
As we have anticipated, if one analyzes the performance of a coherent image in terms
of a two-point resolution, in the same way as it is performed with incoherent imaging
systems, non-physical results are obtained. To show this, let us consider a “point-like” (PL)
object, which in our formalism is obtained by considering
1(PL)

coh

(x; érd) = hm ICOh(x; 5/ g, d) (14)
c—0

In this limit, the width of a coherent image (Equation (11)) is given by

PL 1
Uc(oh) ((S) = \/2 Iziayleigh + U%OC (5)' (15)
where the first term 0
ORayleigh = ki(Tl (16)

can be immediately recognized as the radius of the Airy disk, which gives the ultimate
limit to the resolution of the system, and the second term

0coC = 207 (17)

is the well-known circle of confusion (CoC). This result is in net contrast with very recent
findings about the performance of coherent imaging systems, which demonstrate that
the defocused performance of coherent imaging is not affected by any effect related to
geometrical optics and is independent of the numerical aperture. Moreover, as expected,
the width of the image of a slit is independent of d.

Similar results are also obtained by investigating the other mechanism of image
degradation, namely the appearance of a local maximum on the origin. The relevance of
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this contribution can be evaluated, for instance, as the contrast between the local maxima in
the image of a single slit and the local maximum in the interference term, namely,

I (x = M(5)4;6,0 — o,d)

1 d?
cPL) (5, 4) = == | 18
(&,d) 2Re®(x = 0;0,0 — 0,d) 25F lZ(rp(PL) (5))2] "

with

(P(PL) (5) = \/UIZ{ayleigh + o—(zjoC (5> (19)

This expression is quite interesting as it clearly predicts a correct qualitative behavior
of the system: for increasing slit separations, the contrast between the absolute and relative
maxima becomes increasingly large, thus leading to the prediction of a well-resolved image
for large separation, as expected. However, the scaling constant regulating how quickly
the image worsens for small values of d is again entirely geometrical, in perfect accordance
with the previous result, but in net contrast with experimental evidence.

We shall now show that these misleading results have their common origin in the fact
that the limiting case of o — 0 does not really hold any physical meaning in the case of
coherent imaging.

3. Results: True Coherent-regime Analogous of the Two-Point Resolution

Since the limit of o — 0 does not give any meaningful results, we shall now study the
case of small slits by bonding the slit size to the distance between the slits. Specifically, we
shall assume ¢ = d/c, where ¢ can be an arbitrarily large positive number, but not infinity.
By fixing a value of ¢, the behavior of a coherent image can again be studied in the (J,d)
parameter space, with the slit width becoming smaller as the values of d are decreased.

In these conditions, the behavior of the coherent image of the two slits, taken separately
[Equation (11)], was studied in great detail in Ref. [38]. In that work, it was found
that outside of the natural depth of field of the imaging device (|6 > 1/(kNA?)), the
broadening of the Gaussian image (0., (9, d/¢)) is accurately predicted in the infinite NA
approximation by

w0 . d\?
X5 (5,d/¢) = Jim_ oeon(6,d/¢) = \/ (%) +ctodron 0)
where 51
C
Odiff = 7 - (21)

In fact, the image of a single Gaussian slit is enlarged by the contribution due to the
diffraction toward the plane in focus, with its characteristic direct proportionality to the
propagation distance and inverse proportionality to the slit width.

By analogy, we now study the other origin of the image degradation as the contrast
between the maxima: . 2

C(8,d;c) = 5 &P [—WM] . (22)

The analytical expression of this term is cumbersome and shall not be reported here;
however, Figure 2 reports the plot highlighting this region in the parameter space (4, d).
The colored part of the plot indicates the area corresponding to a contrast value larger
than an arbitrarily chosen threshold value. As can be immediately recognized, the limit
to the contrast area is very similar to the square root trend shown in Ref. [38] for the case
of a single Gaussian slit; this hints that also image degradation due to the loss of contrast
between the two maxima might be regulated by the same physical scaling demonstrated
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in Ref. [38] for the degradation due to slit width. To show that this is the case, we shall
consider the infinite NA limit for the contrast:

Cc®)(s,d;c) = lim C(4,d;c), (23)
1 [ee]

and then consider the parametric curves
C™)(8,d;¢) = Cuy (24)

in the parameter space. The threshold value Cy;, must be interpreted as a desired contrast
value between the two peaks so that the image resolution is considered to be acceptable.
Such parametric curves have the explicit expression

ol.[__ ¢ o
160 =[] =

showing the same NA-independent square root trend already demonstrated theoretically
for broadening and experimentally demonstrated for complex samples. The dashed curve
in Figure 2 shows that Equation (25) correctly predicts the mechanism of the loss of contrast
between the two local maxima: the square root trend perfectly reproduces the boundary of
the high-contrast region, detaching from it only in very close proximity of focus, where the
performance of coherent imaging is defined by the Airy disk.

0.6y A

0.3 .

d [mm]

0.2r g
0.1 =

0.0 .

-10 -5 0 5 10

d [mm)]

Figure 2. The light blue area represents the region where the coherent images of the two Gaussian
slits are resolvable in the sense of the contrast criterion for an arbitrarily chosen contrast threshold of
20. The boundary of this region is a curve representing the resolution limit of coherent imaging for
the given threshold. The red curve represents the approximated resolution limit curve derived under
the assumption of an infinite NA. The two curves almost perfectly overlap; the disagreement only
occurs near the focus plane, where the NA sets Rayleigh’s limited resolution.
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In the context of coherent imaging, where the definition of resolution employed for
incoherent systems does not have a formal analogous counterpart, parametric curves such
as Equation (25) should by all means be regarded as resolution curves. In fact, they indicate
what is the minimum object size d that can be successfully imaged without having to rely
on the concept of the PSF or blurring.

Let us now focus on the relevance of the two mechanisms in determining the final
image quality. In particular, despite both the broadening and the loss of contrast due to a
peak imposing square root scaling to the resolution, we aim to investigate the possibility
that one process dominates the other. To this end, we shall consider that the intensity
distribution of the coherent image in x = 0 will be moved upward because of both the
contribution of the relative maximum from the interference term and the broadening of
the two Gaussian images. If the interference contribution is neglected, the origin is a local
minimum in the image obtained by superimposing the two slit images. Therefore, contrast
can be a good image quality estimator even for this case. By defining the contrast in the
origin as the ratio between the absolute maximum of a slit image over its value in the origin,
we obtain

I, (M(6)d/2)

C'(8,d;c) = —<oh

215 (0)

the factor two at the denominator is due to the fact that broadening is symmetrical for the
two slits; hence, the origin receives contributions from both images. The expression shows
that the loss of contrast due to broadening is exactly the same as the loss of contrast caused
by the presence of a local maximum in the interference term. The two processes can thus
always be accounted for together.

=C(4,d;c); (26)

4. Discussion

The proposed theoretical framework confirms the superior transversal resolution of
direct coherent imaging systems over incoherent ones under defocused conditions. By
applying the contrast criterion, we investigated the resolution of two Gaussian slits within
the coherent imaging regime, specifically in defocus conditions. The analysis reveals a
profound distinction between coherent and incoherent imaging systems. Initially, the
criterion was applied to a point-like object to establish an analogy with the point-spread
function (PSF) in incoherent imaging. As anticipated, in coherent imaging, the PSF loses
its physical relevance and cannot reliably estimate the resolution. Subsequently, attention
was directed toward applying the contrast criterion effectively to coherent imaging for
a two-slit object. By means of the contrast criterion, we were able to define a coherent
system analogous to the concept of resolution curves for defocused coherent imaging
systems without having to rely on the concepts of blurring and the PSF, as is conventionally
performed in incoherent techniques (e.g., the Rayleigh limit) [38,39,68].

The presented approach confirmed the established square root scaling law of resolu-
tion with defocusing distance in coherent systems. It also uncovered a dual mechanism
contributing to contrast loss: the broadening of individual object features leading to overlap
and the emergence of mutual interference contributions between object features, peaking
midway between them. Remarkably, these two contributions are of comparable magnitude
and exhibit consistent scaling behavior.

This work thus really strengthens the evidence that the square root trend of the
transverse resolution demonstrated in other related papers (Refs. [34,38,39], for instance)
neither depends on the image quality assessment modality nor on the class of objects
chosen for testing. In fact, we demonstrated the two mechanisms concurring to image
degradation of a double-slit object, observed through a defocused coherent imaging system
(i.e., slit broadening and two-slit interference), both resulting in a square root scaling of the
resolution as prescribed by diffraction.

An additional key insight is the independence of this scaling law from the numerical
aperture (NA), in the case of coherent systems. This contrasts sharply with incoherent
imaging systems, both intensity- and correlation-based, where a linear trade-off between res-
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Appendix A

The analytical expressions of the quantities introduced in Equations (11)—(13) are
reported below:
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