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The spatial resolution of an optical system is limited by diffraction. Various schemes have been proposed to achieve
resolution enhancement by employing either a scanning source/detector configuration or a two-photon response of
the object. Here, we experimentally demonstrate a full-field resolution-enhancing scheme, based on the centroid es-
timation of spatially quantum-correlated biphotons. Our standard-quantum-limited scheme is able to image a general
non-fluorescing object, using low-energy and low-intensity infrared illumination (i.e., with <0.001 photon per pixel
per frame at 710 nm), achieving 41% of the theoretically available resolution enhancement. Images of real-world
objects are shown for visual comparison, in which the classically bound resolution is surpassed using our technically
straightforward quantum-imaging scheme.
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1. INTRODUCTION

The spatial resolution of an optical system is limited by diffrac-
tion, as studied by Abbe and Rayleigh [1,2]. For this reason, it is
not possible to arbitrarily resolve the most small-scale details of a
sample, as visibility is inevitably lost. It is therefore not surprising
how this problem has been, and still is, the subject of extensive
research. There are a number of interesting experiments that use
either a classical- or quantum-illumination approach to resolution
enhancement. Distinct from the impressive stimulated emission
depletion (STED) and ground state depletion (GSD) classical
superresolution techniques [3,4], which require optically induced
fluorescence of molecules and subsequent quenching, several
more resolution-enhancing schemes have been demonstrated
using photon-number-resolved post-selection of classical light
sources [5], second-order correlation measurements of speckled
illumination [6] and of thermal “chaotic” light [7], as well as
high-order correlation measurements of a double-slit interference
pattern using speckled illumination [8].

On the quantum front, the properties of quantum states gen-
erated from correlated quantum-light sources can be used to
achieve either a 1/N (Heisenberg limit) or a 1∕

ffiffiffiffi
N

p
(standard

quantum limit) resolution enhancement [9]. Quantum lithogra-
phy can produce a Heisenberg-limited resolution enhancement,
but is limited to measuring the spacing between interferometric
fringes [10–14], making it unsuitable for conventional imaging.
Concerning quantum optical centroid measurements, Shin et al.
have shown the feasibility of this approach in their quantum-
lithography scheme, producing one-dimensional superresolved

interferometric fringes measured by a pair of scanning point
detectors [15]. When considering quantum imaging experiments,
the classical bounds that can be overcome extend beyond spatial
resolution to include sub-shot-noise imaging and sensing [16–18],
ghost imaging with quantum correlations [19–21], and low-light-
level contrast enhancement with correlated photons [22]. A review
of quantum imaging schemes and their applications can be found
in the paper by M. Genovese [23]. In the specific case of resolu-
tion-enhanced quantum imaging experiments, an improvement in
spatial resolution has been experimentally demonstrated using op-
tically induced fluorescence in a number of experiments [24–28].
Recently, Unternährer et al. demonstrated an imaging implemen-
tation of the optical centroid measurement method proposed by
Tsang [11], in which the image of an object placed in the UV
pump (i.e., before the nonlinear crystal) is acquired using the infra-
red downconverted photons, maintaining the spatial resolution of
the UV and thus achieving a Heisenberg improvement in spatial
resolution of 1/N (with N � 2) [29].

It therefore appears that existing resolution-enhancing quan-
tum schemes rely on either a scanning source/detector configu-
ration or optically induced fluorescence. Heisenberg-limited
schemes avoid this reliance; however, these are technically
challenging and in the case of the recent demonstration by
Unternährer et al., resolution enhancement depends on the prepa-
ration of two-mode NOON states, achieved by illuminating the
object with light at half the wavelength.

In this work, we experimentally demonstrate a standard-
quantum-limited imaging scheme able to produce resolution-
enhanced full-field images of general, non-fluorescing objects.
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Our scheme is based on the post-selection of exactly two spatially
correlated photons, operating in the photon-sparse regime (i.e.,
with <0.001 photon per pixel per frame). We reconstruct reso-
lution-enhanced images of an object, by estimating the centroid
positions of the biphotons, generated from spontaneous paramet-
ric downconversion (SPDC), transmitted through the object,
and subsequently detected by an electron-multiplying CCD
(EMCCD) camera. The anticipated resolution enhancement is
1∕

ffiffiffi
2

p
, as set by the standard quantum limit, and we achieve

41% of this theoretically available advantage. Images of real-world
objects are presented for visual comparison, both with and with-
out our centroid estimation of biphotons.

2. METHODS

In this section, we formulate an intuitive description for the
claimed 1∕

ffiffiffi
2

p
resolution enhancement. Additionally, we describe

our experimental realization and centroid-estimation technique.

A. Theoretical Description

Here, we present an intuitive classical treatment of the mecha-
nism underlying our resolution-enhancing scheme. A quantum
mechanical description of both standard-quantum-limited and
Heisenberg-limited imaging schemes can be found in the works
by Abouraddy et al., Saleh et al., and Giovannetti et al. [30–32].
Our imaging scheme employs SPDC illumination, which in-
volves high-energy photons (the pump) illuminating a crystal
with quadratic nonlinear susceptibility. One in approximately
106 pump photons is converted into entangled photons (signal
and idler), in an energy- and momentum-conserving manner
[33]. The produced biphotons are spatially correlated (trans-
versely to the optical axis) in the plane of the crystal where they
are created; as they propagate with opposite transverse momenta
and approach the far field of the crystal, they become spatially
anti-correlated [34]. For simplicity and in line with Abouraddy
et al. [30], we assume a planar source and a one-dimensional
geometry in the transverse plane of the nonlinear crystal and
of the detector. We further restrict our treatment to the collinear
and degenerate phase-matching condition in which signal s and
idler i photons pass through the same optical system, interacting
with an object located at a common plane to both s and i, and are
finally also detected in a common plane. Last, we assume that the
biphotons are perfectly spatially correlated before they illuminate
the object, i.e., the thin-crystal limit.

Within the picture described above we define two normally
distributed random variables, δX s and δX i, to be the distance be-
tween the detected transverse positions of the s and i photons of a
biphoton and their incident positions in the transverse object
plane. Since in the standard-quantum-limit regime, individual
photons of a biphoton packet are considered to interact independ-
ently with the diffracting object and optics, δX s and δX i are con-
sidered to be independent quantities. Their variances Var�δX s�
and Var�δX s� are then equal to the square of the size of the
point-spread function (PSF), here simply indicated by σPSF, of
an non-ideal imaging system placed between the object and
the detector, such that

Var�δX s� � Var�δX i� � �σPSF�2: (1)

The estimated biphoton centroid position δX c is defined as the
mid-point between δX s and δX i as follows:

δX c �
δX s � δX i

2
: (2)

The physical meaning of δX c is the difference between the
estimated transverse positions of photons i and s in the plane
of the detector—as given by their centroid measurement—and
their actual transverse positions in the plane of the object. The
“jitter” r of δX c therefore represents the loss in resolution due to
diffraction:

r �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var�δX c�

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var

�
δX s � δX i

2

�s

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var�δX s � δX i�

p
2

: (3)

In order to demonstrate resolution enhancement of an image
made of biphoton centroids, the spread r of centroid positions
is compared to the spread of positions of individually detected
photons, which as mentioned corresponds to the size of the
PSF of the non-ideal imaging system placed between the object
and the detector. Since the sum of normally distributed random
variables is also a normally distributed variable, and its variance
equals the sum of variances of individual variables, it follows that

r �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var�δX s � δX i�

p
2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var�δX s� � Var�δX i�

p
2

� σPSFffiffiffi
2

p :

Thus, the resolution of an image made of biphoton centroids is
better than that of an image generated by an optically equivalent
classical imaging scheme lacking strong spatial correlations, by a
factor of 1∕

ffiffiffi
2

p
.

B. Experiment

The experimental set up of our resolution-enhancing imaging
scheme is shown in Fig. 1. A 160 mW, 355 nm laser (JDSU,
xCyte CY-355-150) was attenuated to a few mW∕mm2 and used
to pump a 10 mm × 10 mm × 3 mm β-barium borate (BBO)
nonlinear crystal, cut for type I degenerate downconversion.
Two dichroic mirrors placed after the crystal (each 98% transmis-
sive at 710 nm; not shown in the diagram) were used to remove
the UV pump. The plane of the crystal was imaged onto the
object, and the object was imaged onto an EMCCD camera
(Andor, ULTRA 888 DU-888U3-CS0-#BV; 13 μm pixel size,
100% fill-factor), via two 4f telescopes, using L1, L2 and L3,
L4 respectively, where f L1

� 150 mm and f L2
� f L3

�
f L4

� 100 mm. The total effective quantum efficiency (QE)
of our scheme was estimated to be 35%, by matching the param-
eters of a numerical model of the experiment to those measured
experimentally (details about the numerical model can be found
in Supplement 1). The total effective QE accounts for all optical
losses after the crystal and for the detector losses, including those
introduced by applying a photon-counting threshold. Our value,
while lower than the QE mentioned by camera manufacturers, is
comparable to other measured values operating in the same pho-
ton-counting regime [18,35,36]. The value of QE for EMCCDs
as quoted by camera manufacturers is typically higher, since it is
not computed in the photon-counting regime and includes only
the losses of the detector.

An aperture was placed in the Fourier plane of both the non-
linear crystal and the object, to tune the diffraction limit of the
non-ideal imaging system, thus compensating for the diffraction-
limited spot being smaller than the pixel size of the detector.
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A top-hat transmission profile interference filter (centered at
710 nm with a 10 nm transmission band; not shown in the
diagram) was mounted on the camera to select the degenerate
downconverted biphotons. In order to check the performance
of our resolution-enhancing imaging scheme, a neutral density
(ND) filter (ND � 2.0; not shown in the diagram) was intro-
duced either before or after the crystal, allowing to switch respec-
tively between spatially correlated (filter before) and largely
spatially uncorrelated light (filter after), while the intensity of
the UV pump was tuned as to keep the mean number of detected
events unchanged. The chance of jointly detecting both photons
of a biphoton packet is thus reduced when the ND filter is placed
after the BBO crystal by a factor of 10−2·OD, where OD is the
optical density of the ND filter, causing the position-correlated
light to become almost uncorrelated.

The choice of the optics after the crystal was motivated by the
need to unambiguously detect the biphotons, while ensuring that
the transverse correlation width of the downconverted photons
was as small as possible on the object. This last requirement
was important to ensure that the signal and idler photons probed
the same part of the object. In this way, the true position of a
feature of the object could be approximated—limited by the size
of the correlation width in the plane of the object—by estimating
the centroids of the detected biphotons.

The light level was set such that each frame contained an aver-
age of 100 photons over a 356 × 356 pixel2 canvas size. The mean
number of noise events was measured to be 700 per frame (i.e.,
0.0055 events per pixel per frame), by analysis of dark frames
acquired with the shutter of the camera closed. Thus, the average
photon count per pixel per frame was measured to be <0.001
photon per pixel per frame. Given our typical pump power of
3 mW∕mm2, the intensity of the signal and idler fields illumi-
nating the object was estimated to be on the order of a few

pW∕mm2 [33,37,38]. Even though our acquisition time can
be as long as 17 h (for 1M frames), the resulting photon dose
is still only on the order of 0.1 μJ∕mm2.

C. Centroid Estimation of Biphotons

We used a simulated model to scan the solution space of the
biphoton-finding problem and find the optimal values for the fol-
lowing experimental parameters: light level (number of photons
per pixel per frame); size of the biphoton-finding kernel (in pix-
els); and size of a safety margin of non-detection around the found
event pairs. These parameters were necessary to ensure strong re-
jection of noise events and spatially uncorrelated events, while
retaining as much as possible only unambiguously detected
biphotons.

More specifically, the optimal light level was found to be ap-
proximately 100 photons per frame, i.e.,<0.001 photon per pixel
per frame, corresponding to 50 potential biphoton detections per
frame (for the measured sum of dark noise and clock-induced
charge of 0.0055 events per pixel per frame and a 356 × 356 pixel
frame size); the optimal size of the biphoton-finding kernel was
found to be 3 × 3 pixel (considering the size of the transverse cor-
relation width of biphotons, measured to be 2.2 pixels, using the
technique explained in [39]). Within the chosen 3 × 3 kernel, our
biphoton-finding algorithm aimed to capture 11 of the 12 avail-
able biphoton arrangements: four skew biphotons in a 2 × 3 and
3 × 2 sub-kernel, represented in Fig. 2(a); four long-range bipho-
tons separated by one pixel in the full 3 × 3 kernel, represented in
Fig. 2(b); and three short-range biphotons in a 2 × 2 sub-kernel,
represented in Fig. 2(c). Vertically adjacent events that may be
affected by charge smearing introduced during the camera
readout were discarded, as shown in Fig. 2(c). To further limit
accidental biphoton detections, an empty safety margin of two
pixels was set around each detected event pair, as highlighted

Fig. 1. Experimental setup. The optics of our resolution-enhanced imaging scheme consists of a source of spatially correlated photons (labeled as
“biphoton illumination”), an object, a non-ideal imaging system (in our case, an NA-limited system), and a single-photon sensitive EMCCD camera.
The planes of the crystal and of the object are imaged onto the plane of the detector. An aperture placed in the far field of both the crystal and the object is
used to tune the diffraction limit of the non-ideal imaging system.
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in Fig. 2(a). We also pre-processed each frame by removing in-
terconnected pixels as incompatible with the task of unambigu-
ously finding the centroid of biphotons, as shown in Fig. 2(e).
Under these conditions, our biphoton-finding algorithm rejected
most of the noise and ambiguous events, retaining an average of
five biphotons per frame. This number was estimated by sub-
tracting the number of accidental biphotons found in spatially
uncorrelated frames from the number of biphotons found in spa-
tially correlated frames.

Each frame was processed by replacing each of the detected
event pairs with an event placed at their centroid coordinates.
In the case of spatially correlated illumination, a reconstructed
resolution-enhanced image of the object was obtained by repeat-
ing the above process over all of the acquired frames, and sum-
ming the individually processed frames together. A schematic
representation of a reconstructed image generated using spatially
correlated illumination and a stylized resolution target (shown as a
horizontally slanted white bar) is represented in Fig. 2(d). In the
case of uncorrelated illumination, the accidentally found event
pairs and their meaningless centroid coordinates did not produce
a resolution enhancement, as shown by the fuzzy edges of the
styled resolution target in Fig. 2(e). The resolution did not im-
prove in the case of the classical-imaging scheme, in which the

final reconstructed image was the simple average of all detected
events over all of the acquired frames, as represented in Fig. 2(f ).

It should be noted that the level of background intensity
caused by noise events was highest in the classical-imaging
scheme, due to all detected events being preserved, as represented
in Fig. 2(f ). The lower background intensities in Figs. 2(d) and
2(e) associated with the centroid estimation can be understood by
the fact that, by simply performing a selection of event pairs, the
chance of detecting a noise event is exponentially reduced to
1∕noise2 � 1∕0.00552 events per pixel per frame, where
0.0055 is the measured noise of our EMCCD.

3. RESULTS

In this section, the resolution enhancement of our scheme is dem-
onstrated and quantified by measuring the modulation transfer
function (MTF). Additionally, images of real-world objects are
presented for visual comparison.

A. Resolution Assessment by MTF Analysis

The MTF was measured using the slanted-edge standard [40–42]
to demonstrate the quantum-enabled resolution enhancement of
our scheme. Accordingly, a clear optical-path USAF resolution
target angled at 5 deg with respect to the readout direction of
the camera was imaged, using both spatially correlated (i.e., bi-
photons) and spatially uncorrelated illumination. Three MTF
curves were computed for three different reconstructed images
of the slanted edge. These are shown in Fig. 3 and are: (1) blue
MTF, computed from the image of the edge illuminated by

Fig. 2. Centroid estimation of biphotons. Within a 3 × 3 pixel kernel
and a two-pixel-wide safety margin, 11 out of 12 biphotons are detected:
four skew as shown in (a); four long range as shown in (b); and three short
range as shown in (c). Vertically adjacent events that may be affected by
the camera’s charge smearing artifact, as well as interlinked events, are
rejected, as shown in (e). A resolution-enhanced image is obtained when
the object (represented by a slanted white bar) is illuminated by spatially
correlated light, and the detected events are processed by our biphoton-
finding algorithm, as shown in (d). In the case of spatially uncorrelated
light, the meaningless centroid positions of the accidentally detected
event pairs return an unimproved image of the object, as represented
in (e). The classical imaging scheme represented in (f ) is obtained by
averaging all of the binary detected events, producing an unimproved
image of the object, which is, however, affected by high-background in-
tensity, as there is no rejection of noise events.

Fig. 3. Demonstration and quantification of resolution enhancement
via slanted-edge MTF. The resolution of our centroid-estimation imag-
ing scheme using biphoton illumination (blue MTF) is compared against
the resolution of an equivalent classical imaging scheme (red MTF). As a
test, we apply our centroid estimation to uncorrelated light (green MTF)
and verify that the resolution is the same as for the classical case, con-
firming that the resolution enhancement of our scheme is linked to the
presence of spatially correlated biphotons. The theoretical curve (black
MTF) represents the full 1∕

ffiffiffi
2

p
standard-quantum-limit resolution en-

hancement with respect to the narrowing of the PSF, here not achieved
due to the limited performance of the EMCCD and the non-perfect de-
tection of event pairs of our biphoton-finding algorithm. Shot noise in
the pixel intensities causes the noise floor of the centroid-estimated MTF
curves (blue and green curves) to be greater than the noise floor of the
classical simple average of all events MTF (red curve). The error bars were
computed over 10 datasets, each comprising 106.
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spatially correlated light and processed with our centroid estima-
tion of biphotons; (2) green MTF, computed from the image of
the edge illuminated by spatially uncorrelated light and processed
with our centroid estimation of biphotons as a validating test; and
(3) red MTF, computed from the image of the edge and processed
by averaging together all of the detected events. The red MTF was
found to be unchanged when using either spatially correlated or
uncorrelated light. Moreover, the image resolution obtained using
spatially uncorrelated illumination was found to be the same as
the resolution obtained by the classical-imaging scheme (see
superimposed red and green MTF curves in Fig. 3). The resolu-
tion enhancement of our scheme is shown to be linked to the
detection of spatially correlated biphotons and the recording of
their centroid positions, as the green and red MTF curves are both
worse than the blue MTF curve. The enhancement is revealed by
the higher cutoff frequency of the blue MTF curve, as well as by
its higher modulation over a large range of spatial frequencies.
The black MTF curve represents the full

ffiffiffi
2

p
standard quantum

limit and is an encouraging indicator of what may be achieved in
the future with a better-performing detector and an improved bi-
photon-finding algorithm. The resolution enhancement of our
scheme was computed to be 41% of the theoretically available
1∕

ffiffiffi
2

p
standard quantum limit, with respect to the narrowing

of the full-width half-maximum of the PSF. These values were
computed by comparing the experimentally measured MTF
curves in Fig. 3 to the theoretically available advantage and con-
firmed by comparing the width of the corresponding PSF curves.
A higher resolution enhancement may be achieved by optimizing
our biphoton-finding algorithm (in terms of both accuracy and
yield) and by the availability of EMCCDs with better noise per-
formance, as indicated by our simulated model (Figs. S1–S3) in
Supplement 1.

B. Images of Real-World Objects

In order to visualize the resolution-enhancing capabilities of our
system we acquired images of real-world objects. The wing of an

Fig. 4. Image comparison for real-world objects. The wing of a fly (a) and a bundle of glass fibers (b) were imaged using both the single average of all
frames (top row, red frames) and our centroid estimation of biphotons (bottom row, blue frames). The size bar at the bottom right applies to all re-
constructed images. The insets show features that appear to be sharper using our centroid estimation of biphotons, as confirmed by the plotted intensity
cross sections for the insect’s wing (bottom left) and the glass fiber (bottom right). The horizontal streak lines are due to the uneven response of some
regions of the EMCCD chip and to charge smearing. These effects, which are usually negligible at higher photon fluxes, become more evident when many
thousands of photon-sparse frames are averaged together.
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insect and a glass-fiber sample were imaged using biphoton illu-
mination. Reconstructed images were produced using the classical
equivalent imaging scheme (simple average of all frames) and our
centroid estimation of biphotons, as shown in Fig. 4. The images
in the bottom row appear to be sharper, as it can be noticed in the
edges of the zoomed features and in the plotted intensity cross
sections, shown at the bottom of Fig. 4. To facilitate a resolution
assessment by eye, all images were normalized, as well as their
histogram equalized. Moreover, the zoomed regions were up-
scaled using linear interpolation. Due to the strong rejection
of uncorrelated events of our biphoton-finding algorithm, the
centroid-estimated images are prone to shot noise, which scales
as the square root of the number of detected centroids per pixel.
Since it is subjectively more difficult to evaluate the resolution of a
noisy image, here we show low-noise images reconstructed using a
comfortably large number of frames (i.e., 1.5 million frames, ac-
quired in ≈17 h at an acquisition rate of 24.445 Hz and a frame
size of 356 × 356 pixel2 ). Reconstructed images using 5% of the
acquired frames (i.e., 50,000 frames, acquired in ≈9 min at an
acquisition rate of 92.678 Hz, and a frame size of
256 × 256 pixel2) are shown in Supplement 1 (Fig. S4), together
with the corresponding MTF curves (Fig. S5). The higher noise
floor of the centroid-estimated MTF curves, due to shot noise in
the pixel intensities, is discussed in Supplement 1 (Figs. S6–S7).
Further discussion about the acquisition time for an idealized
camera and the acquisition settings can also be found in
Supplement 1.

4. CONCLUSION

We have experimentally demonstrated a resolution-enhancing
imaging scheme based on the centroid estimation of spatially cor-
related biphotons, in which the object is probed by low-energy
infrared biphotons in the low-intensity regime. In our proof of
principle, we achieved 41% of the theoretically available
1∕

ffiffiffi
2

p
resolution enhancement, as set by the standard quantum

limit. Similar to localization-based superresolution techniques
[43,44], our scheme relies on an optical centroid-estimation mea-
surement, with precision that scales with the square root of the
number of photons. However, unlike fluorescent techniques,
which need to add a point-like fluorescent source to the sample,
our scheme operates by projecting spatially quantum-correlated
biphotons onto the sample. More generally, our approach to res-
olution-enhanced imaging allows to recover from the effects of
diffraction by reducing the spreading in the size of the PSF in-
duced by a non-ideal imaging system placed between the object
and the detector. Apart from diffraction, other unwanted effects
are also known to cause a spreading of the PSF, e.g., defocus and
turbulence [45]. Accordingly, our scheme may also improve the
resolution of imaging systems affected by defocus or turbulence,
provided that optical losses do not prevent the detection of a suf-
ficient number of spatially correlated biphotons and that the time
scale of the PSF spreading effect is longer than the correlation
time of the photons (i.e., >100 fs [33]). Optical and detector
losses reduce the number of detected “true” centroids, potentially
leaving accidentally detected centroids to dominate the actual sig-
nal. Therefore, as the proportion of accidentally estimated cent-
roids versus actual centroids of biphotons increases, the resolution
of the reconstructed image is less enhanced. The effect of losses,
(expressed in terms of total effective QE) on the achievable res-
olution advantage is investigated in Supplement 1 (Fig. S2).

Compared to other quantum-enabled resolution-enhancing
implementations, our scheme is different, as it does not require
a scanning source/detector configuration, it does not rely on op-
tically induced fluorescence/quenching of the object, and it is
technically straightforward. Additionally, the low-intensity regime
of the infrared photons used to probe the object (<0.001 photon
per pixel per frame, at 710 nm) means that our scheme is com-
patible with light-sensitive imaging applications. Ever improving
detector technology may enable further improvement, in terms of
both absolute resolution advantage and acquisition time, espe-
cially if multiphoton states become accessible. Recently, a 256 ×
256 pixel2 single-photon diode image sensor has been developed
[46], with an encouraging 61% fill factor, a pixel pitch of 16 μm
similar to current state-of-the-art EMCCD cameras, and ability to
operate at 100,000 frames per second. The impressive acquisition
rate of photon-counted frames achievable with this type of detec-
tor could in principle be used within our scheme to reach sub-
second reconstruction times of resolution-enhanced images, as
discussed in Supplement 1.

Funding. H2020 European Research Council (ERC)
(340507); Horizon 2020 Framework Programme (H2020)
(706410); Engineering and Physical Sciences Research Council
(EPSRC) (EP/L016753/1, EP/M01326X/1, EP/N509668/1).

Acknowledgment. E. T. thanks Dr. Guillem C. Santacana,
Dr. Miguel A. Preciado, and Dr. Pavan C. Konda for useful dis-
cussions about the MTF in relation to resolution enhancement.
All authors thank Jonathan Leach for helpful discussions. E. T.
acknowledges the financial support from the EPSRC Centre for
Doctoral Training in Intelligent Sensing and Measurement. P. A.
M. acknowledges the support from the European Union Horizon
2020 research and innovation program under the Marie
Sklodowska-Curie. T. G. acknowledges the financial support
from the EPSRC and the Professor Jim Gatheral quantum
technology studentship.

See Supplement 1 for supporting content.

REFERENCES

1. E. Abbe, “Beiträge zur Theorie des Mikroskops und der mikrosk.
Wahrnehmung,” Arch. f. mikrosk. Anatomie 9, 413–418 (1873).

2. F. R. S. Lord Rayleigh, “XV. On the theory of optical images, with special
reference to the microscope,” Lond. Edinb. Dublin Philos. Mag. J. Sci. 42,
167–195 (1896).

3. S. W. Hell and J. Wichmann, “Breaking the diffraction resolution limit by
stimulated emission: stimulated-emission-depletion fluorescence
microscopy,” Opt. Lett. 19, 780–782 (1994).

4. S. W. Hell and M. Kroug, “Ground-state-depletion fluorescence micros-
copy: a concept for breaking the diffraction resolution limit,” Appl. Phys. B
60, 495–497 (1995).

5. F. Guerrieri, L. Maccone, F. N. C. Wong, J. H. Shapiro, S. Tisa, and F.
Zappa, “Sub-Rayleigh imaging via $N$-photon detection,” Phys. Rev.
Lett. 105, 163602 (2010).

6. J.-E. Oh, Y.-W. Cho, G. Scarcelli, and Y.-H. Kim, “Sub-Rayleigh imaging
via speckle illumination,” Opt. Lett. 38, 682–684 (2013).

7. Y.-H. Zhai, X.-H. Chen, D. Zhang, and L.-A. Wu, “Two-photon interfer-
ence with true thermal light,” Phys. Rev. A 72, 043805 (2005).

8. Y. Zhai, F. E. Becerra, J. Fan, and A. Migdall, “Direct measurement of
sub-wavelength interference using thermal light and photon-number-
resolved detection,” Appl. Phys. Lett. 105, 101104 (2014).

9. V. Giovannetti, S. Lloyd, L. Maccone, and J. H. Shapiro, “Sub-Rayleigh-
diffraction-bound quantum imaging,” Phys. Rev. A 79, 013827 (2009).

Research Article Vol. 6, No. 3 / March 2019 / Optica 352

https://doi.org/10.6084/m9.figshare.7742558
https://doi.org/10.6084/m9.figshare.7742558
https://doi.org/10.6084/m9.figshare.7742558
https://doi.org/10.6084/m9.figshare.7742558
https://doi.org/10.6084/m9.figshare.7742558
https://doi.org/10.6084/m9.figshare.7742558
https://doi.org/10.1007/BF02956173
https://doi.org/10.1080/14786449608620902
https://doi.org/10.1080/14786449608620902
https://doi.org/10.1364/OL.19.000780
https://doi.org/10.1007/BF01081333
https://doi.org/10.1007/BF01081333
https://doi.org/10.1103/PhysRevLett.105.163602
https://doi.org/10.1103/PhysRevLett.105.163602
https://doi.org/10.1364/OL.38.000682
https://doi.org/10.1103/PhysRevA.72.043805
https://doi.org/10.1063/1.4895101
https://doi.org/10.1103/PhysRevA.79.013827


10. A. N. Boto, P. Kok, D. S. Abrams, S. L. Braunstein, C. P. Williams, and J.
P. Dowling, “Quantum interferometric optical lithography: exploiting en-
tanglement to beat the diffraction limit,” Phys. Rev. Lett. 85, 2733–2736
(2000).

11. M. Tsang, “Quantum imaging beyond the diffraction limit by optical cent-
roid measurements,” Phys. Rev. Lett. 102, 253601 (2009).

12. L. A. Rozema, J. D. Bateman, D. H. Mahler, R. Okamoto, A. Feizpour, A.
Hayat, and A. M. Steinberg, “Scalable spatial superresolution using
entangled photons,” Phys. Rev. Lett. 112, 223602 (2014).

13. D.-Q. Xu, X.-B. Song, H.-G. Li, D.-J. Zhang, H.-B. Wang, J. Xiong, and K.
Wang, “Experimental observation of sub-Rayleigh quantum imaging with
a two-photon entangled source,” Appl. Phys. Lett. 106, 171104
(2015).

14. P. Hong and G. Zhang, “Heisenberg-resolution imaging through a phase-
controlled screen,” Opt. Express 25, 22789–22796 (2017).

15. H. Shin, K. W. C. Chan, H. J. Chang, and R. W. Boyd, “Quantum spatial
superresolution by optical centroid measurements,” Phys. Rev. Lett.
107, 083603 (2011).

16. G. Brida, M. Genovese, and I. Ruo Berchera, “Experimental realization
of sub-shot-noise quantum imaging,” Nat. Photonics 4, 227–230
(2010).

17. J.-L. Blanchet, F. Devaux, L. Furfaro, and E. Lantz, “Measurement of
sub-shot-noise correlations of spatial fluctuations in the photon-counting
regime,” Phys. Rev. Lett. 101, 233604 (2008).

18. E. Toninelli, M. P. Edgar, P.-A. Moreau, G. M. Gibson, G. D. Hammond,
and M. J. Padgett, “Sub-shot-noise shadow sensing with quantum
correlations,” Opt. Express 25, 21826–21840 (2017).

19. D. V. Strekalov, A. V. Sergienko, D. N. Klyshko, and Y. H. Shih,
“Observation of two-photon ‘ghost’ interference and diffraction,” Phys.
Rev. Lett. 74, 3600–3603 (1995).

20. T. B. Pittman, Y. H. Shih, D. V. Strekalov, and A. V. Sergienko, “Optical
imaging by means of two-photon quantum entanglement,” Phys. Rev. A
52, R3429–R3432 (1995).

21. P. A. Morris, R. S. Aspden, J. E. C. Bell, R. W. Boyd, and M. J. Padgett,
“Imaging with a small number of photons,”Nat. Commun. 6, 5913 (2015).

22. F. Izdebski, “Quantum correlations measured with multi-pixel detectors,”
Ph.D. thesis (Heriot-Watt University, 2013).

23. M. Genovese, “Real applications of quantum imaging,” J. Opt. 18,
073002 (2016).

24. O. Schwartz and D. Oron, “Improved resolution in fluorescence micros-
copy using quantum correlations,” Phys. Rev. A 85, 033812 (2012).

25. O. Schwartz, J. M. Levitt, R. Tenne, S. Itzhakov, Z. Deutsch, and D.
Oron, “Superresolution microscopy with quantum emitters,” Nano Lett.
13, 5832–5836 (2013).

26. J.-M. Cui, F.-W. Sun, X.-D. Chen, Z.-J. Gong, and G.-C. Guo, “Quantum
statistical imaging of particles without restriction of the diffraction limit,”
Phys. Rev. Lett. 110, 153901 (2013).

27. D. Gatto Monticone, K. Katamadze, P. Traina, E. Moreva, J. Forneris, I.
Ruo-Berchera, P. Olivero, I. P. Degiovanni, G. Brida, and M. Genovese,
“Beating the Abbe diffraction limit in confocal microscopy via nonclass-
ical photon statistics,” Phys. Rev. Lett. 113, 143602 (2014).

28. Y. Israel, R. Tenne, D. Oron, and Y. Silberberg, “Quantum correlation
enhanced super-resolution localization microscopy enabled by a fibre
bundle camera,” Nat. Commun. 8, 14786 (2017).

29. M. Unternährer, B. Bessire, L. Gasparini, M. Perenzoni, and A. Stefanov,
“Super-resolution quantum imaging at the Heisenberg limit,” Optica 5,
1150–1154 (2018).

30. A. F. Abouraddy, B. E. A. Saleh, A. V. Sergienko, and M. C. Teich,
“Entangled-photon Fourier optics,” J. Opt. Soc. Am. B 19, 1174–1184
(2002).

31. V. Giovannetti, S. Lloyd, and L. Maccone, “Quantum-enhanced
measurements: beating the standard quantum limit,” Science 306,
1330–1336 (2004).

32. B. E. A. Saleh, M. C. Teich, and A. V. Sergienko, “Wolf equations for
two-photon light,” Phys. Rev. Lett. 94, 223601 (2005).

33. J. Schneeloch and J. C. Howell, “Introduction to the transverse spatial
correlations in spontaneous parametric down-conversion through the
biphoton birth zone,” J. Opt. 18, 053501 (2016).

34. S. Walborn, C. Monken, S. Pádua, and P. Souto Ribeiro, “Spatial corre-
lations in parametric down-conversion,” Phys. Rep. 495, 87–139 (2010).

35. A. Avella, I. Ruo-Berchera, I. P. Degiovanni, G. Brida, and M. Genovese,
“Absolute calibration of an EMCCD camera by quantum correlation, link-
ing photon counting to the analog regime,” Opt. Lett. 41, 1841–1844
(2016).

36. E. Lantz, S. Denis, P.-A. Moreau, and F. Devaux, “Einstein-
Podolsky-Rosen paradox in single pairs of images,” Opt. Express 23,
26472–26478 (2015).

37. D. A. Kleinman, “Theory of optical parametric noise,” Phys. Rev. 174,
1027–1041 (1968).

38. C. K. Hong and L. Mandel, “Theory of parametric frequency down
conversion of light,” Phys. Rev. A 31, 2409–2418 (1985).

39. M. Edgar, D. Tasca, F. Izdebski, R. Warburton, J. Leach, M. Agnew, G.
Buller, R. Boyd, and M. Padgett, “Imaging high-dimensional spatial
entanglement with a camera,” Nat. Commun. 3, 984 (2012).

40. ISO 12233:2017, Resolution and Spatial Frequency Responses (2017).
41. E. Samei, M. J. Flynn, and D. A. Reimann, “A method for measuring the

presampled MTF of digital radiographic systems using an edge test
device,” Med. Phys. 25, 102–113 (1998).

42. X. Zhang, T. Kashti, D. Kella, T. Frank, D. Shaked, R. Ulichney, M.
Fischer, and J. P. Allebach, “Measuring the modulation transfer function
of image capture devices: what do the numbers really mean?” Proc.
SPIE 8293, 829307 (2012).

43. L. Schermelleh, R. Heintzmann, and H. Leonhardt, “A guide to super-res-
olution fluorescence microscopy,” J. Cell Biol. 190, 165–175 (2010).

44. B. Huang, H. Babcock, and X. Zhuang, “Breaking the diffraction barrier:
super-resolution imaging of cells,” Cell 143, 1047–1058 (2010).

45. G. D. Boreman, Modulation Transfer Function in Optical and
Electro-Optical Systems (SPIE, 2001).

46. I. Gyongy, N. Calder, A. Davies, N. A. W. Dutton, R. R. Duncan, C.
Rickman, P. Dalgarno, and R. K. Henderson, “A 256x256, 100-kfps,
61% fill-factor SPAD image sensor for time-resolved microscopy
applications,” IEEE Trans. Electron Dev. 65, 547–554 (2018).

Research Article Vol. 6, No. 3 / March 2019 / Optica 353

https://doi.org/10.1103/PhysRevLett.85.2733
https://doi.org/10.1103/PhysRevLett.85.2733
https://doi.org/10.1103/PhysRevLett.102.253601
https://doi.org/10.1103/PhysRevLett.112.223602
https://doi.org/10.1063/1.4919131
https://doi.org/10.1063/1.4919131
https://doi.org/10.1364/OE.25.022789
https://doi.org/10.1103/PhysRevLett.107.083603
https://doi.org/10.1103/PhysRevLett.107.083603
https://doi.org/10.1038/nphoton.2010.29
https://doi.org/10.1038/nphoton.2010.29
https://doi.org/10.1103/PhysRevLett.101.233604
https://doi.org/10.1364/OE.25.021826
https://doi.org/10.1103/PhysRevLett.74.3600
https://doi.org/10.1103/PhysRevLett.74.3600
https://doi.org/10.1103/PhysRevA.52.R3429
https://doi.org/10.1103/PhysRevA.52.R3429
https://doi.org/10.1038/ncomms6913
https://doi.org/10.1088/2040-8978/18/7/073002
https://doi.org/10.1088/2040-8978/18/7/073002
https://doi.org/10.1103/PhysRevA.85.033812
https://doi.org/10.1021/nl402552m
https://doi.org/10.1021/nl402552m
https://doi.org/10.1103/PhysRevLett.110.153901
https://doi.org/10.1103/PhysRevLett.113.143602
https://doi.org/10.1038/ncomms14786
https://doi.org/10.1364/OPTICA.5.001150
https://doi.org/10.1364/OPTICA.5.001150
https://doi.org/10.1364/JOSAB.19.001174
https://doi.org/10.1364/JOSAB.19.001174
https://doi.org/10.1126/science.1104149
https://doi.org/10.1126/science.1104149
https://doi.org/10.1103/PhysRevLett.94.223601
https://doi.org/10.1088/2040-8978/18/5/053501
https://doi.org/10.1016/j.physrep.2010.06.003
https://doi.org/10.1364/OL.41.001841
https://doi.org/10.1364/OL.41.001841
https://doi.org/10.1364/OE.23.026472
https://doi.org/10.1364/OE.23.026472
https://doi.org/10.1103/PhysRev.174.1027
https://doi.org/10.1103/PhysRev.174.1027
https://doi.org/10.1103/PhysRevA.31.2409
https://doi.org/10.1038/ncomms1988
https://doi.org/10.1118/1.598165
https://doi.org/10.1117/12.912989
https://doi.org/10.1117/12.912989
https://doi.org/10.1083/jcb.201002018
https://doi.org/10.1016/j.cell.2010.12.002
https://doi.org/10.1109/TED.2017.2779790

	XML ID funding

