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Above-twofold quantum super-resolution microscopy
enabled by multiple idler passes with

entangled biphotons

Xin Tongt, Zhe Het#, Yide Zhangt§, Wenyu Liut, Chien-Ying Huang, Lihong V. Wang*

Spatial resolution defines the fundamental limit of how precisely optical imaging systems can distinguish details
within an object. Recent advances in quantum imaging have surpassed classical resolution limits by exploit-
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ing entanglement. However, experimental demonstrations of quantum enhancement above two times using en-
tangled biphotons have thus far been limited to nonimaging experiments that use replication of the object or
nonlinearity—both are impractical and inefficient. Here, without resorting to either, we enhance the classical reso-
lution using entangled photon pairs by either two- or fourfold in two system configurations. While the signal photons
traverse the object-containing arm only once, the idler photons traverse the symmetric object-free arm either
once or thrice. These experiments demonstrate a scalable route toward quantum-correlated super-resolution im-
aging, motivate theoretical exploration of the underlying mechanisms, and open opportunities for high-precision,

low-illumination microscopy.

INTRODUCTION

Since the inception of optical microscopy, there has been a sustained
drive to resolve finer structures within microscopic objects. The spa-
tial resolution of even a perfect optical imaging system is classically
limited by diffraction, which depends on the optical wavelength and
the numerical aperture (NA) (1). To overcome this constraint, re-
searchers have been striving to design super-resolution imaging sys-
tems applicable in both the near field (2, 3) and the far field (4, 5)
using deterministic (6, 7) or stochastic (8, 9) processes and imple-
mented either experimentally or computationally (10). The emergence
of entangled photon sources (11, 12) has catalyzed breakthroughs
in quantum sensing (13, 14). The entanglement of N photons has
been used to enhance parameter estimation precision by up to N-fold
(15-17). For example, using an N-photon entangled “NOON” state
produces interference fringes that are N times finer than those ob-
tained with classical light (18, 19), and similar spatial frequency
enhancements have been achieved with spontaneous parametric
down-conversion (SPDC) sources (20). Quantum-enhanced optical
phase estimation has demonstrated substantial precision gains across
avariety of experiments (21, 22). Further improvements in estimation
accuracy have been realized experimentally using nonlinear interac-
tions (23) or replications of the object (24) and analyzed theoretically
(25-28). In the context of imaging, entanglement has been exploited
to achieve N-fold resolution enhancement by transmitting entangled
biphotons (N = 2) through the object (16). Even when only one pho-
ton of the entangled pair interacts with the object (29, 30), a similar
resolution improvement has been observed experimentally. However,
achieving a stronger quantum advantage in a linear imaging system
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that interrogates only a single physical copy of the object—without in-
voking nonlinear processes or using multiple replicas—has remained
out of reach in both metrology and imaging.

Here, we introduce an experimental approach that enhances reso-
lution by up to fourfold using a linear optical imaging system. The
system uses an SPDC source for widefield illumination and an elec-
tron multiplying charge-coupled device camera (EMCCD) for coin-
cidence detection. Alongside our original single-pass design—which
yields a twofold resolution improvement—we now incorporate a
triple-pass design to attain an even higher resolution enhancement
without increasing the number of entangled parties. The system’s
design facilitates seamless transition among three distinct imaging
configurations to systematically study the scaling regimes: classical
imaging (CI), twofold super-resolution imaging (SR2), and fourfold
super-resolution imaging (SR4). In one-dimensional (1D) edge spread
function (ESF) measurements, SR2 and SR4 produce approximately
twofold and fourfold resolution enhancements over CI, respectively,
and in two-dimensional microscopy of a resolution target, SR4 out-
performs both CI and SR2 as expected. These experimental findings
provide a platform for advancing high-precision quantum imaging,
and we invite the community to investigate the underlying mecha-
nisms of these enhancements further.

RESULTS

Classical and quantum super-resolution imaging

Figure 1 summarizes the principles of CI, SR2, and SR4. In the CI
configuration (Fig. 1A), the single photon counts passing through
the object are recorded by the detector to form a CI image. The SR2
configuration (Fig. 1B) attains twofold super resolution using en-
tangled photon pairs. For coincidence detection, an entangled pho-
ton pair is split into the idler arm and the signal arm, which transmits
the signal photon through the object once. It has been shown that a
pair of entangled photons traversing symmetric paths in two arms
behaves similar to a single photon with half the original wavelength,
which results in a twofold resolution improvement (30). Moreover, as
shown in Fig. 1C, we reconfigure the single-pass idler arm to enforce
theoretically lossless triple passes by incorporating two polarizing
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Fig. 1. Imaging principles. (A) Classical imaging (Cl) using single photon counts. (B) Twofold super-resolution imaging (SR2) with a single-pass idler arm. (C) Fourfold
super-resolution imaging (SR4) with a triple-pass idler arm. In the idler arm, the light paths are separated for illustration. PBS, polarizing beam splitter; FR, Faraday rotator;
HWP, half-wave plate. H, horizontal polarization; V, vertical polarization; D, diagonal polarization; A, antidiagonal polarization.

beam splitters, a Faraday rotator, and a half-wave plate. This design
is inspired by classical multipass microscopy (31), in which image
contrast, instead of spatial resolution, is enhanced by repeatedly
transmitting light through the sample. Our implementation differs
in that only the idler arm undergoes three passes, while the signal
arm remains single pass. As demonstrated in the following sessions,
this design achieved fourfold resolution improvement over CI.

A detailed schematic of the experimental setup can be found in
Materials and Methods and fig. S1. We use a -barium borate (BBO)
nonlinear crystal to generate photon pairs, which are simultaneously
correlated in position, momentum, and energy through the type-II
SPDC process (32-34). The signal and idler photons are split into
two arms by the first prism. The two arms are built symmetrically to
ensure symmetric optical wavefronts and magnification ratios. The
photon pairs are detected by an EMCCD, and the coincidence counts
between the two arms are calculated through a covariance-based al-
gorithm (Materials and Methods and fig. S2) (30).

Our experimental setup is designed for versatility, allowing for
transitions among the three imaging configurations: CI, SR2, and
SR4. The signal arm, by itself, serves as a wide-field microscope, pro-
ducing CI images. When the fast axis of the half-wave plate is set to
22.5°, the idler beam undergoes a single pass through the objective
pair (fig. S3A); under this setting, the coincidences form an SR2 im-
age. When the fast axis of the half-wave plate is set to 67.5°, the idler
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beam traverses the objective pair thrice (fig. S3B); in this case, the
coincidences yield an SR4 image.

Edge-spread quantification of spatial resolution

We next quantify the spatial resolutions of the CI, SR2, and SR4 con-
figurations using an edge of a US Air Force (USAF) 1951 resolution
target. As shown in Fig. 2A, we select a region of interest along the
edge and average the y profiles to obtain the raw ESFs. We then fit
the ESFs using an error function at different z positions varied with
a step size of 10 pm. Subsequently, differentiating the fitted ESFs yields
the line spread functions (LSFs) whose full widths at half maximum
(FWHMs) represent the spatial resolutions as detailed in Fig. 2 (B to
D) and Materials and Methods.

Figure 2E shows the y lateral resolutions. The curves are fitted
in accordance with the Gaussian beam width and shifted slightly
(much less than the step size) to align the foci. The minima of the
fitted CI, SR2, and SR4 resolution curves, representing the focal spatial
resolutions, are 2.98 + 0.42 pm, 1.52 + 0.28 pm, and 0.74 + 0.22 pm,
respectively. Relative to CI, SR2 and SR4 enhance the resolution
by factors of 1.84 + 0.41 and 4.03 + 1.32, respectively. To test if the
SR4 resolution is statistically finer than SR2, we estimate the SEs from
fitting and perform the one-tailed ¢ test against the null hypothesis
that the mean values of the FWHMc/FWHMGgr4 are smaller than
those from FWHM ¢ /FWHMgg,. We also perform one-tailed f tests
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Fig. 2. Quantification of spatial resolutions. (A) Schematic of the setup for resolution quantification. The USAF target is placed between the objectives, and resolution
measurement is repeated along different axial (z) positions. (B to D) Raw and fitted ESFs and LSFs of (B) Cl, (C) SR2, and (D) SR4 measured near the foci. The raw ESFs are
plotted as the means + SEs of each mean (n = 30). Norm., normalized. (E) Lateral resolution along y versus z (optical axis) for Cl, SR2, and SR4. Each dot represents the
means + SEM (n = 30), and the solid lines denote fits. The three curves are shifted to align the fitted foci where we set z = 0. The black box marks the points in (B) to (D).
(F) FWHM ratios between Cl and SR2 or SR4 measured at the z positions enclosed by the black box in (E). The P values are obtained from one-sided t-tests (n = 30).

#*P < 0.05and **P < 0.01.

comparing the measured ratio FWHMc/FWHMgg, with \/5 and
FWHMc/FWHMgg4 with 2 (35). All corresponding P values are be-
low 0.05 (Fig. 2F), indicating the rejection of the null hypotheses
with confidence levels above 95%. Similar to the y resolution, the x
resolution exhibits similar proportional enhancements (fig. S4). As
an alternative resolution metric, the modulation transfer function
(MTF) is included in fig. S5.

To achieve statistical significance, we repeat the measurements
on three other samples, as summarized in fig. S6. Again, the average
resolution ratios of FWHMc/FWHMggr, and FWHM/FWHMggy
from each object are around 2 and 4, respectively, and the corre-
sponding P values are mostly less than 0.05. We also perform pooled
statistical tests including all four samples, and the corresponding P
values are all less than 0.001.

Two-dimensional imaging of a USAF target

Our microscope allows direct comparison of the two-dimensional
images of the same structure across the three configurations. Given
the field of view, we image the number “4” in group 3 of the USAF
1951 resolution target (i.e., sample 4 in fig. S6G). To acquire a ground-
truth image (Fig. 3A), we first capture the object using a commercial
optical microscope with white light at higher magnification (x40).
We then image the same region using our setup under the CI, SR2,
and SR4 configurations as shown in Fig. 3 (B to D). To facilitate
a robust comparison, we register the ground-truth image with the
classical image via similarity translation, leading to alignment of all
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four images in a shared coordinate system. The origins of the coor-
dinates are determined by the edges along the x and y axes in the
ground-truth image.

To quantitatively demonstrate that SR4 can resolve finer than SR2
and CI, we designate two regions of interest within each image. The
first region of interest is marked as the dashed boxes in Fig. 3 (A to D),
which corresponds to the edge along the vertical stroke of the number
“4” We then fit the raw ESFs (Fig. 3E), and the resolution ratios of SR2/
CI and SR4/CI are 1.54 + 0.51 and 3.50 = 1.20, respectively.

The second region of interest corresponds to the cusp of the num-
ber 4, which is displayed as the insets in Fig. 3 (A to D). We proceed
to compute the contrast-to-noise ratios (CNRs) along the rotated x’
axis perpendicular to the “cusp line” at varying y’ positions inside the
region using the background and signal masks shown in Fig. 3A. The
resultant CNRs are plotted in Fig. 3G (see Materials and Methods and
fig. S7 for details). SR4 shows a steeper ascent of the CNR curve, re-
solving the cusp better than SR2 and CI. CNR = 2 indicated by the
horizontal dashed line in Fig. 3G means that the signal of interest can
be distinguished from the background at approximately a 98% sig-
nificance level according to the Z test. Pinpointing the y’ position
where the SR4 curve initially surpasses 2, we chart the x’ profiles for
all three images in Fig. 3H. A discernible peak proximate to x’ =0
is solely evident in the SR4 profile, revealing the cusp. Note that the
CNRs are computed along the 1D x’ line immediately below the cusp
to reveal the resolution and visibility. In contrast, CI, due to its lower
noise, shows greater signal-to-noise ratios (SNRs) than SR2 and SR4
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Fig. 3. Images of a USAF resolution target. (A) Ground-truth (GT), (B) Cl, (C) SR2, and (D) SR4 images of the number 4 in group 3 of a USAF 1951 resolution target. The
GT image was acquired using white-light optical microscopy under x40 magnification (resolution: 0.50 pum). The close-up insets of the same region of interest from GT, Cl,
SR2, and SR4 are compared. The background and the cusp line for CNR computation are marked by dotted contours in (A). Scale bars, 10 pm. (E and F) Raw and fitted ESFs
(E) and the corresponding fitted LSFs (F) of Cl, SR2, and SR4 of the edge marked by dashed boxes in (A) to (D). In (E), each dot represents the means + SEM (n = 13), and
the lines denote fits. (G) CNRs of the x’ profiles versus Ax’ near the cusp, where the horizontal dashed line indicates CNR = 2. The black solid box indicates the position
where the SR4 curve initially surpasses 2. (H) Normalized Cl, SR2, and SR4 counts along the dotted lines in (B) to (D) [and as marked by the black solid box in (G)].

over a large region of interest away from the cusp (fig. S7), where spa-
tial resolution becomes less important.

DISCUSSION

In this work, we report an experimental configuration that achieves
up to fourfold quantum resolution enhancement in a linear imaging
system using entangled biphotons. In quantum imaging, the local-
ization precision of a photon position X can be modeled as a Gaussian
random variable X ~ N’ ( W, GZCI), where the localization accuracy of
the estimated mean {i is quantified by the SEM, SEM({i). SEM(fi)
can be improved by increasing the photon number in two dis-
tinct ways. On the one hand (fig. S8C), sending photons that are
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entangled in Ny, parties improves resolution by reducing 6 by a
factor fzp(Ngp) (fig. S8D).
= _Sa
Jep (Ngp)
On the other hand (fig. S8A), sending Ny, independent repetitions
to the detector decreases the estimation error by a factor fIR(NIR)
(fig. S8B) by reducing noise; however, these repetitions do not nar-
row the spread of the original distribution (i.e., the FWHM Ar; or
SD o) directly. Combining the two effects yields
Ogp (ﬁ)

fIR (NIR)

Ogp (ﬁ) (1)

SEM(ft) = @)
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In metrology, scaling improvements associated with fip (Nig ) ~ Nig
have been demonstrated using entanglement or squeezing (21, 22,
36, 37). In imaging, achieving m scaling requires target sparsity
(8, 9), while enhancements through f;p (NEP) provide a more effi-
cient alternative. In our SR2 and SR4 configurations, with N, = 2,
we experimentally achieve f;p(2) & 2 and f;;p(2) ~ 4, respectively,
demonstrating twofold and fourfold resolution enhancements driv-
en by quantum correlations.

Two experimental limitations exist in our study. First, our exper-
imentally achieved best CI resolution of 2.98 pm deviates from the
diffraction limit expected from the nominal NA (NA = 0.4) of the ob-
jective. This discrepancy is likely attributed to underfilling of the
objective aperture, as examined below. To begin with, we rule out
significant image distortion caused by the 810-nm SPDC beam by
comparing the classical resolution with that obtained using a coher-
ent 532-nm classical laser beam. As shown in fig. S9, the two classi-
cal resolutions scale with the wavelengths under similar NAs. We
then experimentally measure the effective NA of our setup at three
locations along the optical path (fig. S10). Using the beam FWHM:s
to estimate the actual NA vyields a diffraction limit consistent with
our experimentally observed classical resolution, as detailed in note
S$2 and table SI.

The second limitation arises from the relatively high noise levels
due to the low photon counts in the coincidence images. In Fig. 3,
SR4 exhibits lower SNR than SR2, and both do worse than CI (fig. S7).
In the FWHM and MTF analyses, the mean resolution enhance-
ment factors—1.84 + 0.41 and 4.03 + 1.32 for the SR2 and SR4, re-
spectively—suffer notable uncertainties. Higher SNR will be needed
to tighten the confidence intervals for a more precise determination
of the exact enhancement. The reductions in SNR are attributed to
the loss of coincidence counts, as reflected in the intensity difference
between the single-pass and triple-pass idler beams (fig. S11). This
loss is primarily caused by optical imperfections in the idler arm,
including nonideal objective coatings and the limited aperture of the
Faraday rotator. The EMCCD’s relatively low quantum efficiency at
810 nm further suppresses the SNR compared with our earlier 532-nm
implementation (30). These losses stem from practical rather than
fundamental limitations; improvements in optical coatings, compo-
nent selection, and alignment precision could substantially enhance
the SNR in future designs. Moreover, as shown in Eq. 2, resolution
and noise affect localization precision differently. Therefore, CNR
is introduced to distinguish resolution from SNR (Materials and
Methods). CNR, commonly used in imaging (38), determines image
quality by quantifying the distinguishability between regions of in-
terest and background noise. In Fig. 3, SR4 exhibits higher CNRs
(i.e., better visibility) than SR2 and CI near the cusp of the object
(Fig. 3G). To further reduce the influence of low SNR on our mea-
surements, we choose the cusp of number 4 as the imaging target.
The cusp has a fine feature size comparable to the resolution limit,
and its gradual tapering in shape enables a stable and robust CNR-
based assessment of resolution. Future improvement could derive
from using more acquisition frames (fig. S12) using more powerful
or massively parallel entangled photon sources (39), higher trans-
mittance optics, larger-aperture Faraday rotators, and more efficient
detectors (40). Any post-processing techniques to enhance the CI
resolution can also be adopted to quantum imaging for further en-
hancement. With these improvements, we expect to image more com-
plex targets, including graded transmission and biological objects.
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Several alternative reasons have been explored to explain the ob-
served resolution enhancement in SR2 and SR4. First, one might
suspect that the resolution is enhanced in one dimension at the ex-
pense of the other due to changes in the beam profile through triple
passes. However, we have consistently observed resolution enhance-
ment in both the x and y axes, as shown in fig. S4. Second, one might
argue that the idler arm effectively changes magnification through
triple-pass coincidence detection in SR4. From the images shown
in Fig. 3, the same feature has similar sizes in the CI, SR2, and SR4
images. Third, one might suspect that the observed resolution en-
hancement could arise from classical or thermal-like sources, which,
through second-order intensity correlations, can improve resolution
by at most a factor of \/E (41, 42). In contrast, in Fig. 2, the statistical
tests show that the SR2 resolution-enhancement factor exceeds \/5
and that SR4 provides an even greater enhancement, surpassing both
two times and the SR2 performance. Last, one might suspect that
the coincidence detection effectively enlarges the detection NA. As
discussed above, the underfilling of the objective aperture suggests
headroom for additional resolution gains. Our theory indicates that
quantum imaging with disrupted momentum correlation may re-
duce to an equivalent of classical confocal microscopy (43). In that
case, a \/E—fold resolution enhancement is expected when the signal
and idler arms share the same NA, and a larger improvement could
occur if the idler photons occupy a higher NA. In our setup, the
Faraday rotator has a 5-mm aperture, corresponding to an effective
NA of 0.28. Given that the measured signal-arm NA is underfilled at
~0.14 (table S1), the idler arm could at most double the effective NA
through multiple passes, yielding a theoretical resolution enhance-
ment of roughly 2 times, which remains statistically smaller than the
SR4 enhancement factor observed experimentally. In our system,
this potential NA change cannot be directly observed at the EMCCD
plane because the idler beam is two orders of magnitude larger than
the diffraction spot; it could be quantified through the diffraction
size by imaging an idler arm pinhole placed only in the third pass,
which deviates substantially from our current configuration. To the
contrary, as shown in fig. S13, the correlation peak broadens by
~20% after the triple passes. This broadening suggests that the effec-
tive NA in the idler arm has actually become smaller rather than
larger after the triple passes because the peak width reflects the dif-
fraction size determined by the NA. Therefore, none of these postu-
lates could explain the observed resolution enhancement.

Beyond the investigations above, we sought to explain the ob-
served resolution enhancement using the theoretical framework in-
spired by (44) and customized for SR2 and SR4 in our work (notes
S3 and S4). In our theory, in the n-pass idler arm, the photon de-
tected in coincidence with the signal photon is assumed to accumu-
late transverse phase from each pass. Since coincidence detection
relies on the sum of the transverse phases from both photons, the
(n + 1)-fold SR resolution is

A
A =
T 30+ NA G)

where n =1 or 3 and A is the center wavelength of the SPDC pho-
tons. Our theory provides a consistent account of the experimen-
tal observations.

In nonimaging metrology, higher-order precision scaling has been
theoretically pursued through nonlinear interactions (e.g., Kerr ef-
fects) or by replicating the target. Two experimental approaches have

Argg =
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demonstrated this enhanced scaling but differ fundamentally from
our present work. Napolitano ef al. (23) use nonlinear light-matter
interaction, while our SR4 uses a linear imaging system. Yin et al. (24)
replicate the object multiple times in each arm of a Mach-Zehnder
interferometer to perturb both conjugate observables (i.e., displace-
ment and momentum) simultaneously but in opposite sequences,
whereas our SR4 uses a single instance of the object in one arm and
transmits the signal photons only once through the object.

To conclude, by directing idler photons through the objective pair
in the idler arm three times and correlating them with the signal
photons, we have enhanced the classical spatial resolution using a
linear imaging system by a factor of four. This work presents several
unexpected findings. For example, the paired pixels are sensitive to
the phases from the two arms despite that the two photons do not
overlap with each other once departing from the source, and each
pixel is sensitive to intensity only. In addition, in our theory, sym-
metry between the two arms is important to ensure symmetric wave-
fronts and magnification ratios. Harnessing the distinct advantages
of quantum entanglement in a readily scalable manner, we aim to
stimulate similar investigations.

MATERIALS AND METHODS

Experimental setup

In our system, a BBO crystal [5 mm by 5 mm by 2.0 mm; NCBBO5200-
405(II)-BL, Newlight Photonics] is cut for type-II SPDC. The pump
is a 405-nm continuous-wave laser (LM-405-PLR-40-4 K, Coherent)
with an output power of 40 mW. A Glan-Laser polarizer (GLB10-A,
Thorlabs) and a half-wave plate (WPA03-H-405, Newlight Photonics)
are used to adjust the polarization angle of the pump laser beam to
be horizontally polarized. The pump laser beam then passes through
the BBO crystal and generates SPDC photons. A bandpass filter with
a center wavelength of 810 nm and a bandwidth of 30 nm (NBF810-30,
Newlight Photonics) is used to block the pump beam. The gener-
ated SPDC photon pairs propagate through an f; = 50-mm lens to
the Fourier plane, i.e., the source Fourier plane (Py), and are spatially
separated using a knife-edge right-angle prism mirror (MRAK25-
P01, Thorlabs). Two polarizing beam splitters (PBS252, Thorlabs),
two mirrors, and a Faraday rotator (I780R5, Thorlabs) are used for
the triple-pass configuration. The separated signal and idler pho-
tons propagate to the object plane (P, ;) and the virtual-object plane
(P,,), respectively, by two identical 4f imaging systems comprising
an f; = 180-mm lens and an f, = 9-mm objective (LI-20X, Newport).
The sample is placed on the object plane. The object or virtual-object
plane and the intermediate plane are conjugated through the other
two identical 4f imaging systems, each of which consists of an iden-
tical set of f, = 9-mm objectives and f; = 180-mm lenses and an-
other right-angle prism mirror. Each objective is followed by a
half-wave plate (WPA03-H-810, Newlight Photonics). By rotating the
half-wave plate about the optical axis in the idler arm, the system
can switch between the SR2 and SR4. The intermediate plane and the
detection plane (Pg4,,) of an EMCCD camera (iXon Ultra 888, Andor)
are conjugated through a 4f system consisting of f; = 300-mm and
f4 = 200-mm lenses. Another band-pass filter (NBF810-30, New-
light Photonics) is placed in front of the EMCCD camera to block
unwanted stray light. The EMCCD is operated at —65°C with a hori-
zontal pixel shift readout rate of 10 MHz, a vertical pixel shift speed
of 1.13 s, and an electron multiplier gain of 1000. In our experiments,
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the photon flux is ~0.4 to 0.5 per pixel per frame in both the signal
arm and the single-pass idler arm; however, it is reduced to ~0.1 in the
triple-pass idler arm, primarily due to the cumulative optical loss.
Therefore, the coincidence rate is less than 0.05. The whole setup is
covered by a light-shielding box.

Data acquisition and processing

A laboratory-written LabVIEW (National Instruments) program
using the library from the Andor software development kit is used to
control the EMCCD for data acquisition. The imaging data are saved
as 16-bit Flexible Image Transport System (FITS) files, with each file
containing 100 frames. The FITS files are imported into MATLAB
(MathWorks) and processed with laboratory-written scripts. The
EMCCD frames are extracted from the files and are used to calcu-
late the coincidence intensity.

Coincidence estimation algorithm

We have developed a covariance algorithm to efficiently estimate the
coincidence intensity of signal and idler photons using an EMCCD
camera (30). The signal and idler photons are detected by the left
and right regions of the camera, respectively, viewed along the opti-
cal axis. The distributions of entangled photon pairs in both regions
are symmetric about a center point due to their momentum anticor-
relation in the far field of the crystal; therefore, the signal and idler
images can be inversely registered pixel by pixel according to the
symmetric center. The total intensities of each pair of inversely reg-
istered pixels in the signal and idler images are given by

L(i) =1 () + 4 (i) @

12 (lt) — Izcoin (lt) Iuncorr (lt) (5)

where i, denotes the frame index representing a time point, 1<
the reading from the SPDC beam responsible for coincidence, and

I'eer the reading from other sources (e.g., readout noise) that are
uncorrelated with 1<, We use the mean value of coincidence inten-

sity Ieoin to estimate the intensity correlation G. The mean coin-
cidence intensity is estimated by the covariance between I, and I,

defined by

" x Cov, (I, 1)

Z[I ~L]

where N; is the number of frames. More details of the coincidence
estimation algorithm can be found in note S1 and fig. S2.

) =L [L (i) (©)

Image postprocessing
Upon acquiring the images using the coincidence estimation algo-
rithm, we first map the image intensities to the scale of [0, 1]. Denot-
ing I as the image intensity, we normalize using

I =

I-1 min
norm I

— 7
max Imin ( )

where I ;.5 and Iy, are the maximum and minimum values of I. The
normalized images are then denoised using a block-matching and
3D filtering algorithm (45). Representative images before and after
denoising are compared in fig. S14.
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SNR and CNR estimation

SNR calculation requires defining signal and background regions.
In SNR calculation, we mask the bright regions in the number 4 as
the signal (ssnr) (the black dotted lines in fig. S7). The SNR is there-
fore computed as

ISSNR
(8)

SSNR

SNR =

Q

which directly reflects the overall image quality.

Other than SNR, we also compute CNRs along the x” axis near
the cusp at varying y’ positions in the USAF 4 image. In CNR calcu-
lation, we define the cusp line as the middle line between the two
arms in 4 as marked by the blue dashed line in fig. S7A. x" and y’ are
defined as the axes perpendicular and parallel to the cusp line, re-
spectively. CNR can be computed as a function of y’ along the 1D &’
line, which is perpendicular to the cusp line. For each profile, the
background region (beng) is defined as the intersection of the line
and the (bcnr) mask, and the signal region (scngr) is defined as the
intersection of the line and the cusp line. The CNR at ' is therefore
computed as

ISCNR - IbCNR

CNR(y') = ©)
GbCNR

Quantification of spatial resolution

To quantify the spatial resolution of our system, we extract the in-

tensities along a line perpendicular to an edge in the USAF resolu-

tion target and fit them to an ESF using an error function centered

at x, i.e.,
ESF(x) = a - erf[(x—x,) /w| + b (10)

where a and b are coefficients and W is the waist radius of the beam.
A Gaussian LSF is obtained by taking the derivative of the ESE i.e.,

LSF(x)= dESF(x)/dx:Zaexp[— (x—xo)z/wz] /<W\/1_t) (11)

The resolution is estimated by the FWHM of the LSE ie., R =
24/In(2)w.

To estimate the SEs from the fitted ESFs, we acquire the 95%
confidence interval of the fitted parameter w, which is denoted
as [wsub, wsup]. From the confidence interval, the SEs of w are esti-
mated as se, = (wsup—wsub)/3.92 according to the z test. From
R =24/In(2)w, the SEs of the FWHM of the LSFs are estimated as
seg = VIn(2) (Weyp = Weup )/1.96.

Supplementary Materials
This PDF file includes:
Supplementary Notes S1 to S5
Figs.S1to S17

Table S1
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