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Recovering both amplitude and phase information from a system is a fundamental goal of optical imaging. At the same
time, it is crucial to operate at low photon doses to avoid altering the sample, particularly in biological applications.
Quantum imaging provides a powerful route to extract more information per photon than classical techniques, which
are ultimately limited by shot-noise. However, the trade-off between quantum noise reduction and spatial resolution
has long been regarded as a major obstacle to the application of quantum techniques to small cellular and sub-cellular
structures, where they could offer the greatest benefits. Here, we overcome this limitation by demonstrating sub-shot-
noise quantitative phase imaging of biological cells based on the transport-of-intensity equation, enabling high-fidelity,
label-free imaging of key cellular and sub-cellular features. We achieve high-resolution phase imaging limited only
by the numerical aperture, while simultaneously obtaining a resolution-independent quantum advantage. Unlike
other quantum imaging approaches, our method operates in a quasi-single-shot, wide-field configuration, retrieves
both phase and amplitude information, and does not rely on interferometric measurements, making it intrinsically
fast and stable. These results pave the way for the immediate application of sub-shot-noise imaging in biological
microscopy. © 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.575944

1. INTRODUCTION

In biological imaging, many specimens, such as live cells and
tissues, are nearly transparent under conventional light micros-
copy, making high-contrast imaging challenging without artificial
labeling. Quantitative phase imaging (QPI) addresses this limi-
tation by measuring optical path length differences, providing
intrinsic contrast based on sample thickness and refractive index
variations [1].

In general, the extraction of meaningful information from
both the amplitude and phase of an object critically depends on
two key figures of merit: resolution and sensitivity. Resolution
determines the smallest distinguishable detail in an image and is
influenced by factors such as the optical system, the wavelength
of light, and detector properties. Sensitivity, by contrast, refers to
the ability to detect weak signals and is crucial for imaging faint
biological structures. In optical imaging, sensitivity is often limited
by photon quantum noise (shot-noise) and becomes a bottleneck
when increasing the illumination level may induce phototoxicity
or interfere with the biological processes under investigation [2,3].
Improving resolution is often detrimental to sensitivity and vice
versa, whereas maintaining an optimal balance between the two
remains highly desirable.

Journal © 2026 Optica Publishing Group

Quantum sensing [4-8] and imaging [9-11] offer a solution
to these limitations, with applications spanning from fundamen-
tal physics [12,13] to biological measurements [14—16], target
detection [17-20], optical memory readout [21,22], and pattern
recognition [23].

In quantum imaging, single-photon emitters have enabled
super-resolution fluorescence microscopy [24-26]. Entangled
photon pairs have been used for label-free spatial resolution
enhancement [27-31], quantum lithography [32], and external
background rejection [18,29,33,34]. Quantum interferometric
sensing approaches include holography [35-37], imaging with
undetected photons [38-40], S(1,1) nonlinear interferometry
[41], and Hong-Ou-Mandel depth profiling [42,43]. However,
these approaches do not enhance sensitivity beyond the shot-noise
limit of their classical counterparts. Phase sensitivity beyond the
standard quantum limit can be achieved by exploiting /N-photon
entangled NOON states, which exhibit a de Broglie wavelength of
A/ N [44]. Despite proof-of-principle experiments [45—47], prac-
tical implementations remain challenging due to the difficulties in
generating NOON states with N > 2 and their susceptibility to
optical losses and decoherence.
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A more practical approach is provided by sub-shot-noise quan-
tum imaging (SSNQI) [48-51], which enables sensitivity beyond
the classical limit in weak object transmission measurements
[52-56]. SSNQI exploits non-classical intensity correlations
between two spatially separated beams [57]: one beam interacts
with the object forming a noisy classical image, while the other
serves as a quantum noise reference, which is subtracted from the
object image. Recent advances have extended SSNQI to non-
interferometric quantum-enhanced phase imaging (NIQPI) [58],
where quantitative phase information is retrieved from intensity
patterns using the transport-of-intensity equation (TIE) [59-61].
A similar non-interferometric approach was recently employed for
biphoton state reconstruction [62]. The strength of SSNQI and
NIQPI lies in their favorable operating conditions: they do not
require phase stability as in interferometric techniques, operate
rapidly with quasi-single-shot first-order intensity measurements,
and are completely scanning-free. However, earlier demonstra-
tions [48-50,58] were limited by a significant trade-off between
noise reduction and the lateral spatial resolution, which remains
constrained by the biphoton correlation width at the object plane.

In this work, we introduce a high-resolution NIQPI approach
that overcomes the resolution-sensitivity trade-off, achieving the
first demonstration of quantitative sub-shot-noise phase imag-
ing of biological cells at high spatial resolution. We identify and
address the key mechanism underlying this advance: a previously
unexplored interplay between noise propagation in TIE-based
phase reconstruction and the specific properties of quantum noise
subtraction. We provide a rigorous characterization of the exper-
imental setup in terms of phase reconstruction fidelity, spatial
resolution, and quantum advantage, using a pre-characterized

nanofabricated sample featuring both phase and amplitude struc-
tures. We demonstrate a quantum advantage of approximately
30% in reconstruction fidelity at a fixed illumination level. More
importantly, we establish the immediate applicability of this tech-
nique by imaging unstained sea urchin ova, revealing cellular and
sub-cellular features with a quantum-enhanced signal-to-noise
ratio. Overall, this work bridges the gap between proof-of-concept
quantum metrology and practical biological imaging, opening a
concrete pathway toward the development of deployable quantum
imaging technologies.

A. NIQPI

The SSNQI and NIQPI protocols exploit the scheme depicted in
Fig. 1(a) [58]. In a type-II nonlinear crystal pumped by a Gaussian
coherent laser beam, spontaneous parametric down-conversion
(SPDC) generates signal (s) and idler (7) beams, which become
spatially separated in the crystal’s far-field (CFF), obtained at the
focus of a lens in an f- f configuration. Signal and idler photons
are always generated in pairs along correlated and anti-symmetric
directions leading to anti-correlated positions in the CFFE. The spa-
tial correlation in the CFF is characterized by a correlation length
lcer (Icpe A~ 5 pm in our setup [49], approximately symmetric
along both transverse directions, see Section 3 for further details).
The corresponding correlation area, /&gy is approximately four
orders of magnitude smaller than the overall spot size of each beam.
In the low-gain regime of SPDC, the intensity patterns of the -
and 7-beams are each characterized by shot-noise spatial fluctua-
tions with a white spatial spectrum, i.e., the shot-noise is equally
present at all spatial frequencies. Furthermore, the shot-noise
fluctuations of the two beams are almost identically correlated (at
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Fig. 1. High-resolution quantum phase imaging technique. (a) Schematic of the non-interferometric quantum phase imaging setup [58]. Signal and
idler beams generated by spontaneous parametric down-conversion (SPDC) propagate through an f- f optical system, producing correlated intensity
patterns. A phase-amplitude object, placed near the far field of the source, interacts only with the signal beam. Phase information is retrieved from intensity
measurements placing the object at the focal and at the defocused planes (4z). (b) Engineered test object consisting of distinct phase and transmittance
masks. The phase mask consists of the superposition of a pure phase structure featuring a 7 -shaped symbol and a @-shaped symbol. The & symbol addi-
tionally features a transmittance of approximately 0.93. The phase-amplitude object has lateral dimensions of approximately 348 um x 350 pm, with
thicknesses of about 60 nm for the 7 structure and 40 nm for the @ symbol. (c) The four panels show the experimental and simulated quantum advantage
in phase estimation using the transmittance-optimized correction factor /eégz [58] and the newly proposed factor for TIE-based phase retrieval kgtm for four
different defocusing distances 4z. The advantage is quantified as the ratio C(Quant.)/ C(Clas.), where C(Quant.) and (C(Clas.)) are the correlation coef-
ficients between the quantum (classical) phase images and the reference one. The reported mean values and the associated uncertainty bars, corresponding
to one standard uncertainty on the mean, are evaluated over an ensemble of approximately 10° images. The ratios, for the different distances 4z, are plotted
as a function of the phase spatial resolution. Red and blue dots represent experimental data using ké;? and kgtm) , respectively, with shaded regions showing

theoretical predictions. Green highlights indicate areas of optimization gain.
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spatial areas larger than /cpp) across the entire spot size, a feature
impossible to reproduce with classical light sources.

The signal beam probes the object placed near the CFF plane.
An imaging system projects the CFF onto a low-noise, high
quantum-efficiency charge-coupled device (CCD) camera with
magnification M, yielding photon counts N, (x, 4z) in the pixel
at the transverse coordinate x, where 4z denotes the distance of
the object from the CFF along the propagation axis. Hereinafter,
we will indicate by N/, with (/), the intensity measured with the
objectand NN, the one without the object. Simultaneously, the idler
beam is directed onto a separate region of the detector, producing
a photon-count distribution N, (x), which is used to subtract the
quantum-correlated shot-noise from the measured intensity in the
signal arm. These intensity correlations can be directly applied in
the SSNQI protocol. In particular, the transmission of an object
placed in the CFF plane, 7 (x), is estimated as [51,63]

N/ (x, 0) — ké;lw(x)' "
(N (x,0))

The quantity 8V;(x) = N;(x) — (V;(x)) represents the fluc-

tuation of photon counts in the correlated pixel of the i-arm and

compensates for the fluctuation in the corresponding s -arm pixel.

The factor /eggz is chosen to minimize the variance (§27(), taking

‘fQ(x) =

into account imperfect correlations, and will be discussed later.
It is straightforward to show that this estimator is unbiased, with
(20() = T(x).

NIQPI, presented in [58], successfully applied SSNQI to image
pure-phase samples using the TIE. While a pure-phase object
produces no intensity contrast when precisely located in the focal
plane of the imaging system, a slight displacement from this plane
induces intensity variations due to propagation effects stemming
from spatial phase gradients. The TIE method exploits these
propagation-induced intensity changes to quantitatively retrieve
the phase profile by solving the following equation:

—/eai[(x, z) =Vi- [I(x,0)Ve(x, 0)], 2)
z

2=0

which links the gradient of the transverse phase, denoted by
¢ (x, 0), on the right-hand side to the axial derivative of the inten-
sity on the left-hand side. The TIE formulation holds under
the paraxial approximation and remains valid even for partially
coherent illumination [60].

In practice, the derivative in Eq. (2) is approximated by a finite
difference using two intensity measurements taken at planes sym-
metrically displaced by £4z:

I (x, +dz) — I(x, —dz)

20 2dz )

81( )
0z *E

In this sense, the technique is ‘quasi-single-shot” since only
three full-field intensity measurements performed at each plane
(—dz, 0, dz) are required. Ideally, choosing an infinitesimally
small displacement (dz— 0) would yield the most accurate
approximation of the derivative. However, smaller values of 4z
significantly reduce the strength of phase-induced intensity vari-
ations, making the signal indistinguishable from electronic and
fundamental shot-noise. Conversely, larger displacements enhance
noise resilience but reduce the accuracy of the finite-difference
approximation, leading to out-of-focus phase reconstructions.
Therefore, an optimal value of @z must balance the accuracy of

the derivative approximation against robustness to noise, and its
choice critically depends on both the noise level and the specific
phase profile of the sample. In this context, reducing shot-noise is
essential for accurately approximating the intensity derivative via
finite differences, thereby improving both the quantitative accu-
racy and qualitative clarity of the retrieved phase images. Details
about the solution of Eq. (2) are provided in Section 3.

In NIQPI, the quantum noise reduction is performed analo-
gously to the SSNQI approach, replacing intensity terms in Eq. (2)
with quantum-corrected intensities [58]:

I(x, 2) > N/(x, 2) — k3" SNi(x, 0), (4)
where the number of photon counts, NV, is considered in place of
the intensities / since the two quantities are proportional, given a
fixed detection time and area. The classical reference is obtained
by the substitution /(x, z) = N,(x, z) without applying any
noise subtraction, thus ensuring a fair comparison at equal photon
dose. Note that, in the low-gain regime, each SPDC beam exhibits
Poissonian spatial photon-number fluctuations, so this classical
reconstruction represents the optimal classical benchmark. A
description of the measured statistical properties is reported in
Section 3.

While previous experiment focused exclusively on pure-phase
samples [58], extending the approach to realistic biological appli-
cations introduces additional complexities. Biological specimens
typically feature regions dominated by phase variations with neg-
ligible absorption, alongside areas where phase and absorption
effects coexist. Accurately retrieving and distinguishing these two
types of information is essential for a comprehensive characteri-
zation of both the structural and functional features of biological
samples.

To address this general scenario, we employed an engineered
test object composed of distinct phase and transmittance masks
[Fig. 1(b)]. The phase mask consists of the superposition of
a pure phase structure featuring a -shaped symbol and a @-
shaped symbol (more information is provided in Supplement 1).
The respective phase shifts are (7 = —0.226 £ 0.006) rad and
(@ =0.35£0.01) rad relative to the background @810 nm, the
degenerate wavelength of the SPDC process. Additionally, the &-
shaped symbol exhibits a transmittance of (0.93 £ 0.01) relative to
the flacsilica region.

The TIE method inherently addresses these challenges by
decoupling phase-induced intensity variations from those arising
due to the non-uniform transmittance [61], thanks to the use of
the intensity measurements acquired at symmetrically defocused
planes, /(x, £dz), as further described in Section 3.

B. Quantum Advantage versus Spatial Resolution

2 ,
The noise reduction factor (NRF), defined as NRF = W,

is a well-established quantifier of non-classical correlations and
shot-noise suppression, comparing the residual fluctuations in the
difference of photon counts (numerator) to the shot-noise level
expected for classical states (denominator) [64—68]. For classical
light, the NRF satisfies NRF > 1, while quantum-correlated states
can reach values in the sub-shot-noise regime, 0 < NRF < 1.

In the case of two correlated regions of a detector
collecting SPDC  photons, the NRF can be expressed as
NRF =1 — non,(D), where g is the single-channel detection
efficiency, with the assumption of a balanced setup, n, =1, =19


https://doi.org/10.6084/m9.figshare.30933308
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and 7, (D) represent the collection efficiency of correlated photon

pairs [49,51]. The quantity n, (D) is an increasing function of the

Lder
M-Icpp

gration area, M the system magnification, and /cpr the correlation
length in the crystal far-field. Further details about the estimation
of g and n, (D) are provided in Section 3. When D 3> 1, most of
the correlated photon pairs are collected by two symmetric detec-
tion areas in the signal and idler beams, maximizing 1, (D) ~ 1;
conversely, for D < 1, only a fraction of the pairs are detected.

It is important to note that, while the spatial resolution rcpr of
the signal beam alone is inherently limited by the numerical aper-
ture of the imaging system to rcpr & 1.5 Um in our setup, noise
subtraction in the intensity image is effective only on spatial scales
larger than /cpp, that is for D 2 1. This introduces a fundamental
trade-off between spatial resolution and quantum advantage in
SSNQI for amplitude objects, based on the estimator in Eq. (1).
This dependency has been extensively characterized in previous
works [49,51,69]. Under the assumptions of quasi-Poissonian
photon number statistics in each arm and high object transmit-
tance T & 1, the optimization factor /e(();% can be approximated as
kc(,;i (D) ~ 1 — NRF =non.(D), indicating the dependence on
the resolution parameter D. In practice, /e(()g is calibrated through

ratio D = , with Ly the linear size of the detector’s inte-

a preliminary characterization of the experimental NRF as a
function of D (see Section 3).

At first glance, one might expect that the same resolution-
related limitation would also affect the task of phase imaging via
Eq. (2), since the noise reduction in intensity measurements fol-
lows the same principle outlined in Eq. (4). However, the main goal
of this work is to demonstrate that this is not the case: the quantum
advantage in phase retrieval is largely independent of the spatial
resolution of the reconstructed images.

To understand why this is the case, it is essential to consider
how intensity noise propagates into the retrieved phase profile. By
examining Eq. (2), under the assumption that the finite-difference
term [ (x, dz) — I(x, —dz) is dominated by noise fluctuations
o0 (x), and considering a nearly uniform illumination intensity
1(x, 0) = Iy, the equation simplifies to [70],

_ o (x)
ﬁ ]0 dZ

Considering the Fourier transform of both o (x) and @peise(x)
yields

= V2¢noise (X) . (5)

kao(q)

N T ~noise ’ 6
T hdaar = @ (©)

where 6(q) and qgnoise(q) denote the Fourier transforms of the
intensity noise and the resulting phase noise, respectively, and q
represents the spatial frequency vector. In the case of shot-noise, we
can assume a flat spectrum, 6 (q) =&, for q # 0. The presence of
the |q|? term in the denominator highlights that the phase noise
in the TIE reconstruction is dominated by low spatial-frequency
components, i.e., by the slowly varying shot-noise fluctuations
across the image. In contrast, high-frequency noise components,
such as pixel-to-pixel shot-noise, are strongly suppressed by the
intrinsic low-pass filtering nature of the TIE, and therefore have
minimal impact on the retrieved phase. Incidentally, the remain-
ing low-frequency components of the shot-noise are precisely
those efficiently removed through quantum correlations, by the
substitution in Eq. (4).

As a direct consequence of the TIE noise propagation described
in Eq. (6), it is not necessary to intentionally reduce the spatial res-
olution of the detected intensity images prior to applying the TIE
by increasing L e, in order to achieve an effective quantum noise
reduction. At the same time, it is worth noting that the intrinsic
suppression of high-frequency noise does not prevent the retrieval
of high-resolution phase images. In fact, as it is clear from Eq. (2),
in the direct-propagation problem, higher-frequency components
of the phase object produce a stronger effect on the intensity.
Thus, regions with rapid phase variations, i.e., high-frequency fea-
tures, are usually reconstructed accurately despite the suppression
introduced by solving the TIE [70].

Since low spatial frequencies dominate the overall noise con-
tribution in the retrieved phase, the optimal correction factor
in Eq. (4) for phase estimation can be evaluated analogously to
the amplitude case, but in the limit of a large integration area. In
this regime, /e(()gtIE) = /e((,;Z(D > 1) & 1y, thus losing its strong
dependence on the resolution of the acquired intensity images.
Further details, particularly regarding the validity conditions of
this approximation, are provided in Section 3.

These results are shown in Fig. 1(c). The four panels analyze
the quantum advantage as a function of the phase resolution for
four different defocusing distances 4z. The quantum advantage
is quantified as the ratio between two Pearson correlation coef-
ficients: one calculated using quantum-corrected phase images,
¢9"*(x) and the other using classical (shot-noise-limited) phase
images, ¢ (x), each compared with a reference, ¢, (x), obtained
by averaging 107 frames to suppress residual shot-noise fluctua-
tions. The classical and quantum averaged images, obtained by
sending a total number of photons through the sample that is 1000
times larger than in the single-shot case, are indistinguishable for
any practical purpose. From a numerical standpoint, either image
can therefore be used equivalently as a noise-free reference. The
Pearson correlation coefficient C, a widely used metric to evaluate
the similarity between two images, is defined as

oo Lx($®—9) (¢ ~9) -
SVarlp TVarlgl

where ¢ and Var[¢] denote the spatial mean and variance of the
phase image ¢, respectively.

In the figure, the blue data points represent the experimen-
tal quantum advantage obtained using the optimization factor
/e(gtm) =19 in Eq. (4), with a single-channel overall detection effi-
ciency estimated as 19 &~ 0.7, while the red points indicate results
obtained with /e(()gz =1non.(D), used for transmittance measure-

ments and previously employed for phase imaging in Ref. [58].
The shaded red and blue areas represent results from Fourier-optics
simulations [71], showing good agreement with the experimental
data, whereas the green area indicates the gain in the quantum
advantage achievable with the new reconstruction strategy.

For each defocusing distance dz, the data are analyzed as a
function of the phase spatial resolution. Since the phase resolution
is directly determined by the spatial resolution of the intensity
measurements, the latter is simply varied by increasing the effective
integration area L4 (i.e., D). This is implemented by applying an
averaging filter over neighborhoods ranging from 1 to 12 pixels.
The phase resolution is evaluated by fitting horizontal phase pro-
files, obtained from phase images averaged over 10° frames, with an
error function (edge spread function, ESF). The spatial resolution
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is then defined as 7phase = 2+/2 In 2 w, where w is the characteristic
width parameter obtained from the ESF fit (see Section 3 for better
details). The averaging procedure over different frames is used to
suppress shot-noise and isolate the intrinsic phase resolution. This
choice allows us to disentangle the intrinsic spatial resolution of the
optical system and of the TIE reconstruction from noise-induced
effects.

For all values of 4z, increasing D degrades the phase spatial
resolution. At the same time considering smaller distances 4z, the
finite-difference approximation of the axial derivative in Eq. (2) is
more accurate, enabling a higher spatial resolution (see Section 3
for details). In the opposite regime of large defocus distances,
the finite-difference approximation deteriorates, resulting in a
simultaneous reduction of both spatial resolution and quantitative
accuracy of the phase estimation [58].

We observe that using the correction factor kégz (D), originally
introduced for amplitude imaging, instead of /egtm), is counter-
productive in the context of phase estimation. In particular, at the
highest phase resolution, corresponding to small integration area
D, the collection efficiency is 1, (D) < 1, leading to /eéliz D)y« 1.
Consequently, the quantum performance is comparable to the
classical case, according to Eq. (4). While this choice remains
optimal for amplitude SSNQI, where it still yields the best noise
reduction [51,58], itis not suited for phase reconstruction.

In contrast, in NIQPI, high-spatial-frequency fluctuations are
intrinsically suppressed by the solution of the TIE. This makes it
more advantageous to employ the factor kg[IE) A 19, which prefer-
entially optimizes noise suppression at low spatial frequencies, even
when operating on high-resolution intensity images.

In particular, the quantum advantage is most pronounced
at small defocusing distances 4z, as indicated by the larger val-
ues of the correlation coefficient ratio, approaching 30%. In
this regime, phase-induced intensity variations are weaker, and
shot-noise removal becomes essential to obtain high-quality
images. Moreover, thanks to the better approximation of the
finite-difference of derivative, for 4z =0.0125 mm and the min-
imum integration length L4 corresponding to the physical pixel
size, the best spatial phase resolution of approximately 4 um is
achieved. Conversely, increasing the integration area leads to a
progressive loss of resolution, with a maximum of approximately
15 pm, consistent with our previous results [58] (see Section 3 for

(a) Transmittance  (b)

better details). Conversely, at larger defocusing distances 4z, the
quantum advantage becomes less pronounced; however, in this
regime, the finite-difference approximation of the axial derivative
is less accurate, preventing a full exploitation of the optimal phase
resolution achievable with the TIE.

In Fig. 2, we present the classical and quantum reconstructions
of both the phase and transmittance profiles. The reconstructions
clearly demonstrate the effectiveness of the method in separating
transmittance and phase information, as well as highlighting the
quantum advantage. For the transmittance reconstruction, a
D = 3.8 obtained by averaging over 12 pixels was used in order
to maximize the collection efficiency 1, (D). This choice enabled
the achievement of an NRF of 0.45 and a quantum advantage of
25% in the standard deviation of the reconstructed amplitude.
Note that, given the transmittance level of the mask, T = 0.93, and
the large photon counts, the classical image already provides good
retrieval, which limits the visual perception of the quantum advan-
tage in the reconstructed image. However, this does not diminish
the significant quantum advantage observed in the measured
uncertainty over the transmittance.

Conversely, the phase reconstruction is retrieved without any
integration on the detector’s area and with the new optimized
correction factor /eéTtIE) , revealing a visual quantum advantage. The
phase’s values, estimated for the smallest defocus distance 4z, are
listed in the caption. They show a good agreement with theoretical
predictions and a reduced uncertainty for the quantum case. For
higher 4z the approximation in Eq. (3) is less accurate, and other
technical issues in the alignment affect the phase estimation, as
discusses in Supplement 1.

The overall spatial resolution at the micrometer scale and the
ability of the method to operate effectively in the presence of
both phase and absorption contrast demonstrate the readiness of
this method for practical application, in particular in biological
microscopy. In the following, we proceed to apply the technique to
biological samples to practically demonstrate this use.

C. Biological Sample

We investigated unstained sea urchin ova, chosen for their natu-
ral transparency and intrinsic phase contrast. The samples were
obtained from an industrial preparation with minimal staining,
preserving the native optical properties of the cells.

Phase

1.02 '

One !
frame
Classical

] 1.02
One ' - ’
frame oo
Quantum

dz [mm] L

0.0125

Fig. 2.

0.025 0.05 0.1

Experimental reconstruction of transmittance and phase object. (a) Transmittance estimations for classical and quantum single-frame images,

processed with a factor D = 3.8 obtained by averaging over 12 pixels. The object’s area occupies 220 x 220 pix* with a mean number of photons per pixel
of 600. (b) Phase reconstruction at various defocus distances, 4z, comparing classical and quantum single-frame approaches. The phase estimations at the
smallest 'z are classical 7 = (—0.260 % 0.030) rad, quantum 7 = (—0.259 £ 0.022) rad (theoretical 7 = (—0.226 % 0.006) rad); classical @ = (0.37 +
0.02) rad, quantum @ = (0.36 % 0.02) rad (theoretical @ = (0.35 & 0.01) rad). Experimental uncertainties are obtained as mean errors calculated over

103 frames.
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Biological quantum phase imaging. (a) (Left column) Phase images obtained by averaging 100 frames, serving as a shot-noise-free reference.

(Middle column) Classical single-shot phase images, affected by shot-noise. (Right column) Quantum-corrected single-shot phase images showing visibly
improved quality and enhanced contrast compared to the classical case. Each row corresponds to a different biological sample, and the same color scale
is used within each row. (b) Two areas, corresponding to the square boxes in last row of (a), are cropped. The color scales represent the entire range of the
retrieved phase values. Green and blue dots are specific positions chosen for the quantitative analysis. (c) (Left) The average phase values corresponding to
the six dots calculated over 100 frames. (Right) Standard deviation of the phase values in correspondence of the six dots.

Figure 3(a) shows wide-field phase reconstructions of ova
at different developmental stages: from unfertilized eggs (top
row), to fertilized eggs in early cleavage stages (middle row), and
to advanced embryonic forms (bottom row). These three bio-
logical conditions were imaged under different experimental
settings. The defocus distances used in the TIE reconstruction
were dz =10 um, 5 pm, and 5 um, respectively, and the average
number of detected photons per pixel was approximately 1000,
300, and 600 for the three samples.

The first column displays the reference phase image obtained
by averaging 100 independent frames in order to eliminate any
shot-noise. The second column shows the phase reconstruction
from a single frame without any quantum correction. The effect of
shot-noise in the phase reconstruction manifests as low-frequency
cloud-like patterns producing under- and over-exposed regions.
The third column presents the quantum-enhanced phase image
obtained by subtracting the shot-noise measured in the reference
beam according to Eq. (4) with /e(gtm) = 1.

The quantum-corrected images demonstrate a visible improve-
ment in contrast and noise suppression compared to the classical
single-shot reconstructions, approaching the quality of the 100-
frame averaged images. Two small portions of the last image, the
ones inside the square boxes, are zoomed in Fig. 3(b). Even in these
small details, and using a natural color scale, the improved fidelity
of the quantum image is clearly appreciable: several details, lost
when passing from the 100 frames to the single classical frame,
are restored in the quantum frame. Moreover, we have chosen
six points in the image (green and blue dots) and reported the
corresponding average phase values and their standard deviation
in Fig. 3(c). While the average values are the same for the classical
and quantum cases, the standard deviation is clearly lower for
the quantum reconstructions, showing a quantum advantage in
the range 20%-25% in the quantitative estimation of the phase

point-by-point. Concerning the overall fidelity, which includes the
recovered morphological information and is well captured by the
Pearson correlation coefficient C, a quantum advantage between
5% and 20% is observed across the different biological samples.
The variation in the measured advantage mainly reflects differences
in sample absorption and thickness, which lead to different signal
levels and thus to a varying impact of shot-noise. These results
highlight both the robustness of the method in the presence of
low signal levels and its capacity to provide high-fidelity phase

reconstructions in biologically relevant conditions.

2. CONCLUSION

We have demonstrated a powerful sub-shot-noise technique in the
domain of phase imaging, which does not suffer from any trade-off
between spatial resolution and quantum gain in sensitivity. This
enables the development of a microscope with diffraction-limited
resolution and sub-shot-noise enhancement. In the microscopic
system presented here, although we reach micrometer-scale reso-
lution, the minimal achievable resolution does not yet match the
diffraction limit of the imaging system. This discrepancy is due
to technical limitations, the most relevant being the imperfect
approximation of the derivative in Eq. (3) for the chosen value of
dz. Further improvements could be obtained by multi-distance
approaches to TIE, which combine intensity measurements at
both small and large defocus distances [72], by employing struc-
tured illumination techniques [73] or simply by considering a
smaller defocusing distance. This last approach would be possible
just by a finer control of the translator stages. Additionally, in our
setup, the diffraction limit is close to the physical pixel size of the
detector, making it challenging to precisely evaluate the resolution
near the theoretical limit.
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To demonstrate the applicability of our quantum-enhanced
phase imaging method to real-world biological systems, we per-
formed phase imaging of cells with details of a few micrometers,
clearly showing less noise artifacts with respect to the classical
measurement. We achieved a quantum advantage of up to 20% in
terms of image fidelity, evaluated through the correlation coefhi-
cient, and up to 25% in the quantitative phase uncertainty. Finally,
our method is scanning free, requires only two shots for complete
phase retrieval, and does not need complicated interferometric
setups. Filling the gap between proof-of-concept and real word
applicability, this work represents an important step for the quan-
tum sensing technology, where only a very limited number of
protocols have reached an application level like ours. Several appli-
cations can already be envisaged whenever high illumination level
can damage the sample or in fast imaging where the illumination
level for the single frame should remain limited.

3. MATERIALS AND METHODS
A. Experimental Layouts

The experimental setup is based on a continuous-wave (CW)
laser source (OBIS405 Coherent) operating at a wavelength
A, =405 nm with a beam width of 0.5 mm. Although the source
is CW, it is triggered in a pulsed mode synchronized with the cam-
era’s acquisition, with a maximum output power of 100 mW. The
pump beam generates photon pairs via spontaneous parametric
down-conversion (SPDC) in a 1.5 cm long, type-II beta-barium
borate (BBO) nonlinear crystal with transverse dimensions of
0.8 x 0.8 cm®. The down-converted photons are filtered by
an interferential filter centered at 800 & 20 nm, selecting only
photons near the degenerate wavelength A, = 810 nm.

Spatial correlations are established at the crystal far-field (CFF)
plane, formed by alens with focal length /=1 cm. A second imag-
ing lens with focal length /= 1.6 cm projects the far-field onto
the CCD detection plane with a magnification factor of M = 8.
The detector is a Pixis 400BR Excelon CCD camera (Princeton
Instruments) with a 1024 x 1024 pixel array and 13 pm pixel
pitch. The pixel size on the object plane is approximately 1.5 pm.
The camera operates in linear mode with high quantum efficiency
(>95%), low electronic noise, and full fill factor.

B. Characterization of Twin-Beams by NRF

We assume, as a good approximation, a Gaussian spatial trans-
verse correlation in the CFE o« (2mo?)~1/2e~xitx T
signal photon is detected in the position x; the twin idler photon
will be detected according to that Gaussian probability around
x; = —x,. The conditional detection efficiency 7, depends on the
pixel size (or the effective integration area) projected at the CFE,
Lgee/ M, where L 4 is the linear size of the integration area and M
is the magnification of the imaging system. It also depends on any
misalignment, A, between the two pixels relative to their optimal
positions. Specifically, 1, can be modeled as

-2 1
m=< > /AdX;/AdXiEE 20 , (8

where the integration area is A = Lge/M X Lyee/ M. The full
width at half-maximum (FWHM) of the correlation function is

given by /cpr = 24/21n(2) 0.

(i3 +4)2
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M
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Fig. 4. Experimental and theoretical behavior of NRF as a function

of the parameter D. Red points represent measured NRF values, the blue
curve corresponds to theoretical predictions based on Eq. (9), and black
points indicate the Fano factor, confirming Poissonian photon statistics.

By changing variables in Eq. (8), one finds that 7, depends
only on two dimensionless parameters: the normalized detector
linear size and the misalignment, both expressed in units of the
correlation length. That is, 1, (D, €), where D = Lye./(M - lcrr)
and € = A /lcpp. For simplicity, we assume equal misalignment
in both spatial directions, so that A is treated as a scalar. The con-
ditional efficiency 1, (D, €) and the detection efficiency 1y were
estimated through measurements of the noise reduction factor

(NRF), defined as NRF = “j}V’VT‘NN)” For SPDC light, the NRF

can be approximated by
NRF~1 —1non.(D, €). )

Figure 4 shows the experimentally measured NRF values (red
dots) alongside the theoretical prediction (blue curve). The NRF
was measured as a function of D, by varying L 4.. A fit of the exper-
imental data to Eq. (9) was performed using two free parameters:
the misalignment € and the single-channel detection efficiency
1o. The fit yielded € = 0.2 and 1y = 0.7, in good agreement with
the experimental data. These parameters were used for the results
shown in the main text.

The black points in the figure represent the Fano factor,

2
F =M " which remains close to one for all values of D,

confirming that the photon statistics is in the Poissonian regime.

C. TIE with Phase and Amplitude

In Fig. 5, the single-frame photon countimages NV, (x, z) are shown
for three different axial positions of the object relative to the CFF
plane: z=0 (left), 2= +dz (center), and z = —dz (right), with
dz=0.05 mm. When the object is located at the nominal focus
(z=0), only the amplitude (non-uniform transmittance) features
are visible in the intensity distribution. In contrast, at defocused
positions (£4z), phase-induced propagation effects become evi-
dent, revealing the m-shaped phase structure superimposed on
the amplitude modulation of the @-sign and its phase. Notably,
the out-of-focus images exhibit overlapping features from both
the amplitude and phase masks, underscoring the need for proper
decoupling via the TIE to retrieve the pure phase profile.
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N'5(x,0) N's(x,dz) N's(x, —dz)

Fig. 5. Photon counts with the object placed at three distances. (Left
panel) Photon counts recorded with the object positioned at the focal
plane of the imaging system. In this case, only the transmittance mask ()
is visible. When the object is moved to defocused planes at distances 4z
(middle and right panel), phase variations induce additional intensity
modulations, resulting in an overlap of phase and amplitude effects.
Nevertheless, the TIE allows decoupling of these contributions, enabling
the quantitative and unique retrieval of the sample’s phase profile.

A way to solve the TIE in Eq. (2) with the measured pho-
ton counts is to adopt the so-called Teague’s assumption [59],
introducing an auxiliary function ¥ (x) so that

I(x,0)Veo(x, 0) = Vi (x). (10)

According to Helmholtz’s theorem, the vector field
I(x,0)V¢(x,0) can be decomposed into an irrotational
component and a solenoidal component: /(x, 0)V¢(x, 0) =
Vi + V x A, where  isa scalar potential and A is a vector poten-
tial. It follows that Teague’s assumption holds if the transverse flux
1(x, 0)V¢ (x, 0) is irrotational. It has been shown that the irrota-
tional approximation is valid if the in-focus intensity distribution
is nearly uniform [61]. In this case, the phase discrepancy resulting
from Teague’s auxiliary function is essentially negligible. However,
when the measured sample exhibits low transmittance, the phase
discrepancy may be relatively large and cannot be neglected. In
our case, we consider a relatively high transmittance profile [see
Fig. 1(b)], so we can safely use Teague’s assumption. The validity of
the approximation is confirmed « posteriori by the correct recovery
of the phase values, as reported in the caption of Fig. 2.

Performing the substitution suggested in Eq. (10) into Eq. (2)
results in the following Poisson differential equation:

—/ei[(x, z) = V2 (x). (1)
0z

The solution to this equation is known, allowing the aux-
iliary function v (x) introduced by Teague to be determined.
Subsequently, a second Poisson equation, directly obtained from
Eq. (10), namely

V- [Ix 07"V @] = Viex), (12)

enables the reconstruction of a unique phase profile ¢ (x), even
in the presence of a weakly absorbing mask. This is done under
Dirichlet boundary conditions, where the phase is set to zero at the
borders of the reconstructed image.

D. Phase Resolution
1. Phase Resolution Enhancement

A core aspect of this work is the demonstrated resolution
enhancement. This improvement stems from the suppression
of high-frequency noise via the solution of the TIE, as described in
Eq. (6). A visual explanation of this mechanism is provided in the
inset images within the plot shown in Fig. 6.
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Fig.6. Visualization of noise suppression in phase retrieval with /egtm)

estimator. The plot shows the percentage of shot-noise removed as a func-

tion of correlation length /cpr. Insets show: (top) experimental Poissonian

noise pattern o (x), (bottom left) its low-frequency component i,y (x),

and (bottom right) the resulting phase noise @i (x) after TIE processing.

The central inset illustrates a typical noise pattern o (x)
(220 x 220 pix?), characterized by Poissonian shot-noise that
affects the raw intensity measurements. The lower left panel shows
the low-frequency component oy, (x), obtained by spatial filtering
to remove high-frequency content and reveal only slowly varying
fluctuations. The right panel displays the corresponding phase
noise Ppoise(x), clearly showing that the dominant contribution
to phase noise arises from low spatial frequencies. These compo-
nents mainly affect broad regions of the retrieved phase image,
approximately 100 x 100 pixels in size.

The main plot in Fig. 6 reports simulation results evaluating the
effectiveness of the TIE-based quantum method in suppressing
phase noise as a function of the correlation length /cpr. For sim-
plicity a uniform detection efficiency 79 = 1 is considered. In the
simulation, starting from a noise distribution o (x), a modified dis-
tribution 0’ (x) is generated by redistributing photon counts across
neighboring pixels using a 2D Gaussian kernel with a FWHM
of /cpr, modeling the spatial spread of the correlations. From the
corrected intensity o (x) — /eg}E) o' (x) the phase noise is retrieved
solving the TIE and the resulting noise @i (x) is analyzed.

The curve shows the percentage of shot-noise removed
as a function of /cpr. When the correlation length is small,
lcpp <30 um, the TIE efficientdy suppresses almost all of
the noise. In particular, the experimentally estimated value
lcpp ~ 5 pm lies within this highly effective regime. However,
as /cpp increases beyond 40 pm, the correlated noise begins to
affect lower spatial frequencies, which are not suppressed by the
TIE, and the quantum correction becomes less effective, leaving a
substantial residual noise in the phase image.

2. Phase Resolution Evaluation

Figure 7 shows a quantitative evaluation of the spatial phase reso-
lution achieved with the new k(gtm) -based phase retrieval strategy,
as a function of the resolution parameter D. The results, shown
in Fig. 7(a), are reported for different defocus distances dz. Each
data point represents the experimental resolution extracted from
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of the resolution factor D for different defocus distances dz. The points
correspond to experimental data for various dz values, while shaded areas
represent theoretical predictions. As D increases, the resolution worsens
due to the larger effective pixel size, while smaller dz values allow better
resolution. (b) Representative phase reconstructions for two different
defocus distances (dz =0.025 mm and 4z = 0.1 mm) and three differ-
ent D values. Insets show magnified regions of the sample for a better
qualitative evaluation of the phase resolution changes.

. (a) Experimental and simulated phase resolution as a function

phase images averaged over 10° frames to eliminate residual shot-
noise. The shaded area indicates the theoretical resolution limit
achievable with the current optical system. Figure 7(b) displays rep-
resentative phase reconstructions, also averaged over 103 frames,
for two defocus distances, 4z =0.025 mm and 4z =0.1 mm, at
three different values of D. Rectangular regions within each phase
image are magnified to illustrate resolution variations more clearly.
As clearly shown by the curves in Fig. 7(a), decreasing the
defocus distance 4z improves the resolution by enabling a more
accurate approximation of the derivative term in Eq. (2), uld-
mately achieving a phase spatial resolution of approximately 4 pm
for dz=0.0125 mm and for the minimal integration lenght L 4
of the physical pixel, that correspond to D = 0.32. The retrieved
value is close to the theoretical resolution of the system, which
results from the convolution of the effective pixel size at the object
plane (1.7 pm) and the diffraction-limited resolution set by the
numerical aperture (1.5 pm), yielding a combined resolution of

approximately 3 pm. Conversely, increasing the integration area
leads to a loss of resolution, where all the curves approach the same
asymptotic behavior, with a spatial resolution of the phase images
around 18 pm, as achieved in our previous work [58].

To evaluate the spatial resolution of our imaging system, we
have analyzed the phase profiles extracted along a line perpen-
dicular to the edge of the phase samples. These intensity profiles
are fitted using an error function (Edge Spread Function, ESF)
centered at position x:

ESF(x) = %erf (’i/;x") 16, 13)
w

where 2 and & are fitting coefficients, and w represents the charac-
teristic width parameter of the transition region. Differentiating
the ESF provides the Gaussian line spread function (LSF):

Y
LSF(x) d ESF(x) __ o |:_ (x — x0)

sz } . (14)

The spatial resolution of the system is defined by the FWHM of
the LSEF, given by

dx wA/2 T

Fphase = 24/ 2 In(2) w. (15)

To quantify the uncertainty, we first determine the 95%
confidence interval for the fitted parameter w, indicated as
[Wiub» Weupl. The standard error for w is then approximated as
seyw = (Weyp — Weub)/3.92 according to the z-test. Consequently,
the standard error of the resolution R is calculated as

se, =+/2 In(2) (w"l—;:b) (16)
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