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Noise rejection
through an improved quantum
illumination protocol

T. Gregory?, P.-A. Moreau™%3, S. Mekhail?, 0. Wolley* & M. J. Padgett***

Quantum illumination protocols can be implemented to improve imaging performance in the low
photon flux regime even in the presence of both background light and sensor noise. However, the
extent to which this noise can be rejected is limited by the rate of accidental correlations resulting
from the detection of photon or noise events that are not quantum-correlated. Here we present an
improved protocol that rejects up to > 99.9% of background light and sensor noise in the low photon
flux regime, improving upon our previous results by an order of magnitude. This improvement,
which requires no information regarding the scene or noise statistics, will enable extremely low light
quantum imaging techniques to be applied in environments previously thought difficult and be an
important addition to the development of covert imaging, quantum microscopes, and quantum
LIDAR.

Spatial correlations arising from the quantum entanglement of photon-pairs can be harnessed to obtain a variety
of quantum enhancements in imaging'~*. These enhancements are usually achieved through implementing an
algorithm to preferentially select the detected photon-pair events and reject all single events whether these single
events be background photons or sensor noise. However, any coincidence detection algorithm may also select
event-pairs that do not correspond to genuine correlations between an entangled photon-pair, rather between
randomly correlated single events. The collection of these random correlations results in the degradation of the
final quantum-enhanced image. These random correlations can be increased further by a third party projecting a
spoof image or scene to either interfere with, or to mislead, the imaging system. In this situation some proportion
of this spoof illumination will remain in the quantum enhanced image. Solving such issues is of importance in
further improving the performance of quantum imaging techniques to allow quantum imaging to be performed
at low illumination levels under potentially hostile or adverse conditions. Imaging at extremely low light levels
in the presence of high levels noise and loss has applications in quantum lidar and covert imaging applications.
These technologies will see deployment in scenarios in which it is necessary that it is difficult for the target to
determine that it is being imaged thereby requiring a low light level for the active illumination. Furthermore,
these scenarios will present a hostile imaging environment in which active spoofing is present in addition to
environmental noise and losses. Further to these technologies, the principle of removing the random coincidences
between random events may inform the development of applications in secure information transmission and
non-invasive biological imaging.

In this work we implement a quantum illumination protocol to select the events that result from the detection
of entangled photon-pairs, while preferentially rejecting accidentally correlated events caused by both back-
ground light and sensor noise. Quantum illumination protocols were initially proposed by Lloyd®, and Tan et al.®
to confirm the presence, or absence, of a target object within a noisy and lossy environment’~’. Subsequently,
these quantum illumination protocols have been experimentally demonstrated in the optical regime using the
spatial correlations'®'? and in the near-infrared regime using the spectro-temporal correlations’® between pho-
ton-pairs. Quantum illumination protocols have also been proposed in the microwave regime for quantum radar
applications'*~!%. These quantum illumination protocols are resilient to both noise and losses and the advantage
is increased in high noise and high loss environments as previously theorised'’. This resilience is unlike conven-
tional quantum correlation imaging techniques which, while capable of surpassing classical limits of imaging"*
+18-22 are susceptible to the effects of decoherence caused by the introduction of noise and losses into the system.
This susceptibility renders many conventional quantum imaging techniques of limited real-world benefit as they
remain restricted to low-noise and low-loss conditions, and therefore only to the sensing of objects presenting
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relatively low absorption. Quantum illumination protocols, on the other hand, allow a quantum enhancement
to be realised even under such adverse conditions such as the high noise environment that we explore here. Our
purpose here is to further improve such protocols to enable real-world quantum enhanced imaging systems.

In our previous work'>* we implemented a quantum illumination protocol and applied it to full-field imaging
using a detector array positioned in the focal plane. In that experimental implementation the spatially correlated
photon-pairs that comprise the probe and reference beams were produced using the spontaneous parametric
downconversion (SPDC) process within a BBO crystal cut for type-II phase-matching. The entangled photon-
pairs that comprise the probe and reference beams are spatially separated in the far-field of the downconversion
crystal due to the crystal birefringence. The photons in the probe arm illuminate the object while those in the
reference arm have a free optical path through this far-field plane in which the object is located. The spatially
correlated photon-pairs that comprise the probe and reference beams were relayed onto neighbouring regions of
an Electron Multiplying CCD (EMCCD) array detector placed in the far-field plane of this crystal and the image
plane of the object. The illumination level and the EMCCD detector were set such that each frame was sparsely
populated after thresholding was performed. This allows single photon detection events to be recorded and
the spatial correlations between detected single photon events to be used to realise the enhancement. Previously
EMCCD array detectors have also been used to measure the spatial correlations between entangled photon-pairs
in both the image plane of the downconversion crystal and also the far-field and also to demonstrate the pres-
ence of entanglement®*-?%, For each acquired frame a pixel-by-pixel AND-operation between the two regions of
the array detector upon which the probe and reference beams are recorded is performed to identify the spatially
correlated photon-pair events. This operation also serves to reject events resulting from uncorrelated background
light and sensor noise. The quantum illumination AND-image is calculated from the sum of all these AND-
events, acquired over a large number of frames, while the classically acquired image comprises the sum of all
the events. In our earlier work'? a thermally illuminated mask was used to overlay a spoof image on top of a true
image of a mask illuminated by SPDC illumination. We showed a preferential rejection of the spoof image and
improved our ability to distinguish the true image from the spoof image by up to a factor of 4. However, as the
thermal illumination increased, the number of false correlations kept in the quantum illumination AND-image
also increased meaning that the classically illuminated component of the image could not be fully suppressed.

To assess a new imaging protocol we set a baseline against which it is to be compared. The quantum advantage
that is reported in this work and also in'? is relative to the corresponding classical measurement that is obtained
by photon-counting and is not obtained by performing a phase-sensitive measurement in either a heterodyne
or homodyne detection scheme. Whilst other classical imaging schemes against which the quantum advantage
could be measured, such as those using classical correlations'® or phase-sensitive measurements, could outper-
form the imaging scheme presented here, they would require operating under an increased photon flux and
therefore within a differing imaging regime. In the context of a photon-flux limited quantum lidar or covert
imaging scheme an assessment of the advantage under identical illumination conditions is required. Therefore,
in order to assess the quantum advantage, the classically acquired image and the quantum illumination AND-
image are obtained under identical experimental conditions and within the same acquisition thereby providing
a direct comparison between equivalent quantum and classical imaging schemes. The requirements of a phase-
sensitive implementation®” would be that a much more complicated optical setup is used for the acquisition of
the classical data.

In this present work we improve upon our previously reported result using information contained within both
the quantum illumination AND-image and the classically acquired image alongside the information contained
within the reference beam to improve the final image beyond that of the quantum illumination AND-image
alone. The combination of the quantum and classical information allows the removal of accidental AND-events
that are present in the AND-image due to the presence of noise and losses in the imaging system. The resulting
image demonstrates an advantage in the distinguishability ratio of up to 27 relative to the classically acquired
image by largely removing the structured illumination spoof image regardless of its intensity. The advantage of
using this combination of classical and quantum information is that all the data required to perform the back-
ground subtraction is obtained within the same acquisition under the same experimental conditions. There is
no requirement to calibrate the system or to characterise the background light independently with respect to
either its structure or the underlying statistics and no prior information is required. Using a combination of the
quantum and the classical information to perform the subtraction of accidental correlations allows a better image
of the true scene to be revealed, a feat that could not be achieved by using an arbitrary background subtraction
which would result in a final image that misrepresents the true scene. The resulting improvement in the final
image may allow quantum imaging to be performed in real-world environments where sensor noise, background
illumination, and spoof signals all require suppression. Other schemes that utilise the combination of quantum
and classical information have been previously implemented and demonstrated to enhance imaging over classical
imaging schemes?. In the context of quantum experiments in the temporal domain the subtraction of accidental
coincident events is a component of established characterisation methods for sources of entangled photon-pairs
in the calculation of the coincidence-to-accidental ratio?> .

Methods

Imaging system. The experimental configuration identical to that which we reported in'? is summarised
here and shown in Fig. 1. A laser beam of wavelength 355 nm is used to generate SPDC photon-pairs centred
on the degenerate wavelength of 710 nm by pumping a 3 mm long S-barium borate (BBO) non-linear crystal
cut for degenerate downconversion and type-II phase-matching. Due to the photon source being cut for type-II
phase-matching the photon-pairs are emitted with orthogonal polarisation and as a result the probe and refer-
ence beams are separated in the far-field plane of the downconversion source due to the birefringence of the
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Figure 1. The quantum illumination experimental setup. A UV laser pumps a BBO crystal cut for type-II
phase-matching to generate entangled photon-pairs via SPDC. The probe beam interacts with the bird target
object placed in the far-field of the downconversion crystal while the reference beam has a free optical path.
The lens system L; = 75 mm, L, = 400 mm, and L3 = 50 mm forms the arm in which the quantum light
propagates and serves to demagnify the far-field plane in which the bird resides by a factor of eight onto the
EMCCD camera array detector. A thermally illuminated cage spoof object is also projected onto the camera
over the region on which the probe beam is detected using lenses L4 = 300 mm and L3 = 50 mm by reflection
from the microscope slide slip cover (MS).

downconversion crystal. The two beams generated by these photon-pairs are labelled as the probe beam, which
interacts with the object in the far-field of the downconversion source and contaminated with background light,
and the reference beam, which passes through the same optical system but which bypasses the object and does
not experience this background light. To reduce autofluorescence of optical components the remainder of the
pump beam is removed after transmission through the downconversion source by a pair of dichroic mirrors.
The downconverted photon-pairs generated at degenerate wavelength 710 nm are selected by interference filters
centred at 710 nm with a bandpass of width 10 nm. The far-field plane of the crystal is then imaged onto the
EMCCD camera after demagnification by a factor of eight. Further demagnification in order to match the size of
the correlation peak to the detector pixel size would have resulted in images that are overly pixelated. The image
of the thermally illuminated cage is overlaid on the probe beam by reflection from a microscope slide slip cover
(MS) onto the detector. For our implementation the thermally illuminated spoof image is deliberately intro-
duced separately from the probe beam. Were the background light to be introduced prior to the object being
probed the detected background light would be modulated by the object. In our experimental configuration
the reference and the probe beam pass through the same optical system and are not physically separated into
two different arms. Operating with the object and the detector in the far-field of the downconversion crystal is
a configuration that allows the spoof image to overlay only one of the beams, that is the probe beam. However,
in the far-field there is a broadening of the correlation peak due to the finite bandwidth of the source thereby
limiting the achievable resolution®”3!. Operating in the image plane of the downconversion crystal the photon-
pairs could be separated by polarisation into two separate imaging arms, one for the probe, one for the reference
and for the spoof image to be introduced into the image plane of the downconversion crystal but only for one of
the beams. Further to an increase in resolution, operating in the image plane of the downconversion crystal the
photons of differing wavelengths overlap within the SPDC beam rather than forming rings which could enable
multispectral covert imaging to be performed.

In the case of our implementation the size of the correlation peak (FWHM 3.51 =+ 0.12 pixels) extends beyond
a single pixel and therefore many correlated photon-pair events are not collected. This effectively introduces
additional losses into the system but is somewhat counteracted in this work by our performing the AND-oper-
ation over a 3 x 3 grid to collect an increased proportion of photon-pair events but at the expense of collecting
increased accidentally coincident events. This operation is performed in a stepped manner so as to avoid double
counting of detector events.

The camera used here is an Andor iXon ULTRA 888 DU-888U3-CS0-#BV; of pixel size 13 x 13um?, 100%
fill-factor EMCCD camera. The camera was cooled to —90°C using peltier and water cooling. Optimal acquisition
parameters for the camera were set as follows: vertical speed 1.33 us; voltage clock amplitude +0 V, horizontal
speed 10 MHz; EM gain 1000; pre-amplifier gain set to 1;128 x 128 pixel acquisition region; exposure time of
0.0149500 s. For the given acquisition parameters the shortest exposure time allowable was used to maximise the
data rate. The illumination regime in which the data was obtained was that in which the number of thresholded
SPDC photon detection events was similar to the number of thresholded events resulting from camera noise.
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This regime was shown by Tasca et al. (2013)* as the regime in which the visibility of the correlation signal is
maximised. Under our operating conditions the dark event rate is of order ~ 0.0016 events per pixel per frame
and so SPDC illumination is set to give a total event rate of ~ 0.0032 events per pixel per frame. A threshold
was applied to each of the frames acquired by the EMCCD camera in order to minimise the number of camera
readout noise events which present themselves at low values of the analogue-digital converter counts while
maximising the quantum efficiency. For all pixels this threshold was set at T ~ u + 3.50 where y and o are
respectively the mean and standard deviation of the detector readout signal for dark frames.

Image analysis. To preferentially select spatially entangled photon-pair events over uncorrelated noise
events, a pixel-by-pixel AND-operation is performed between the two regions of the sensor that detect the refer-
ence and the probe beams within each frame. In the far-field, the detected photon-pair events occur in positions
rotated through an angle of 7 about the pump beam axis. As a result, of the two regions of the camera on which
the reference and probe beam are detected, one is rotated through 7 prior to performing the AND-operation.
The AND-operation is performed on each frame and the results are summed to construct the quantum illumina-
tion AND-image Ianp. For comparison, and subsequent processing, the classical images of the probe beam I¢
and the reference beam s are obtained by summing all events that are registered by the detector with analogue
counts above our threshold.

The correlation peak between the probe and reference beams is of FWHM 3.51 =+ 0.12 pixels and therefore
extends beyond a single pixel which means that many of the photon-pair events are not perfectly anticorrelated
in the pixels upon which they are detected. In order to collect an increased number of events that correspond to
photon-pairs the AND-operation is also performed on the 8 pixels surrounding the central correlation position
and as such the AND-operation is performed over a3 x 3 grid. At each position the classical image of the probe
beam I¢ and the reference beam I,f are obtained, and quantum illumination AND-image I4np calculated. At each
step those events that have already been partnered are removed prior to the next step in order to avoid double
counting and thereby prevent the introduction of additional noise events into the AND-images. Matching the
area of the correlation peak relative to the area of the detector pixels would result in final images with a reduced
shot-noise. Each of the quantum illumination AND-images Ianp contains a contribution from the event-pairs
that correspond to entangled photon-pairs C, and a contribution from accidental correlations C, as given in Eq. 1.

Iunp = G4+ Cy (1)

While the AND-operation is designed to preferentially select the correlated photon-pairs and reject uncorrelated
events, accidental correlations between event pairs that do not correspond to entangled photon-pairs will also be
selected as a result of spurious background light and noise. Accidentally correlated events are kept in Iynp at a
rate that equates to the product of the fill-factor of each pixel in the detected probe beam 7, and the fill-factor of
the corresponding pixel located in the reference beam 1,,s. Consequently for each pixel in L4np the contribution
from accidental correlations C, is as expressed in Eq. 2.

Cu= nrefnp-/\/}' 2
= nrefIC

Where ./\/f is the number of acquired frames and I, = np./\/f is the number of photons accumulated in the cor-
responding pixel of the probe beam part of the sensor, that is the classical image. The value of the reference beam
fill-factor is an already known quantity and therefore no additional acquisition or calibration step is required
to obtain this information.

By performing the subtraction to each of the resulting AND-images as per Eq. 3 and then combining them
into a single image, we show that an improvement in the distinguishability may be achieved through the sup-
pression of these accidental correlations associated with the structured background image.

Isub = IAND — NrefIc (3)

The removal of a structured background cannot be achieved through an arbitrary algorithmic background
subtraction from the classical image without the AND-image because any attempt to arbitrarily subtract the
unknown background will result in a final image that may misrepresent the actual scene. In the following we
show that this procedure allows a better identification of the object and the ability to distinguish the real object
from the background under the conditions in which we operate.

Results

Rejection of structured thermal illumination. Here we shall quantify the advantage in noise rejec-
tion and the distinguishability metric for the subtraction image generated by the above analysis relative to the
classical image. As detailed in our previous work'? the noise rejection metric is the ratio of the average value of
the quantum-illuminated target object regions, (O), and the average value of the classically illuminated spoof
object regions (S). However, the ability to distinguish the quantum illuminated target object from the thermally
illuminated spoof object is affected by the shot noise on the quantum illuminated object regions, (¢p). The dis-
tinguishability metric, as defined in Eq. 4, considers this factor. In order to assess the distinguishability metric, D,
for each of the images the average pixel value of the background of the images, that is the regions that comprise
neither the bird nor the cage, is subtracted from all pixels in the image and the magnitude of the pixel values are
used in calculating the aforementioned metrics.
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In Fig. 2 we show a series of images in which the thermal illumination of the classically illuminated cage is
increased from ~ 0.5x to ~ 20x that of the SPDC illumination of the bird. The classical image of the bird
deteriorates as the illumination level of the classical cage is increased, as the spoof image is clearly visible across
all levels of thermal illumination. The quantum illumination AND-image is always an improvement over the
classical image as the relative intensity of the thermally illuminated cage compared to the quantum illuminated
bird is reduced. This is due to the preferential rejection of sensor noise and the background light that comprises
the cage by performing the AND-operation. However, in the quantum illumination AND-image some structure
remains visible as a result of keeping accidental correlations between event-pairs which do not correspond to
SPDC photon-pairs and the cage eventually becomes the dominant component of the quantum illumination
AND-image at high background levels as represented in the bottom three rows. By performing the subtraction
as described in the preceding section the thermally illuminated cage is largely rejected and the bird becomes
visible across the full range of thermal illumination levels.

Across all levels of thermal illumination the ratio of the distinguishability of the quantum illumination AND-
image with accidentals subtracted to the classical image D,/ Dclassical is greater than that for the corresponding
quantum illumination AND-image to the classical image Danp/Dclassical by up to a factor of ~ 11 when the
thermally illuminated cage is ~ 20x brighter than the bird illuminated by SPDC light. There is an increasing
trend in the value of Dg,;,/Danp as the level of thermal illumination increases across the range presented here
as is expected in an application of the quantum illumination protocol and as we previously demonstrated'?. The
improvement in the distinguishability ratio for the quantum illumination AND-image with accidentals subtracted
relative to the quantum illumination AND-image demonstrates the benefit of combining the quantum and the
classical information as opposed to solely using either set of information alone.

In the case of the distinguishability ratios there is a decrease in these values as the level of thermal illumina-
tion relative to SPDC illumination continues to increase from ~ 7 x to ~ 20x. The decrease in these ratios is the
result of the spillage of background light from the thermally illuminated cage into the regions of the image that
are designated as belonging to the bird regions or the background regions of the image. For a bright thermal
illumination source a pixel that is determined to have imaged part of the bird object and of value 1,4 then lies
within the noise of the background regions op,ckground which affects the values of the noise rejection and distin-
guishability for the classical image. However, while the distinguishability ratios relative to the classical image
decrease as the level of thermal illumination increases, the relative improvement in the distinguishability of the
quantum illumination AND-image with accidentals subtracted compared to the quantum illumination AND-
image increases from 6 to 11 across this range of thermal illumination thereby demonstrating the improvement in
the quantum illumination AND-image with accidentals subtracted over the quantum illumination AND-image.

It can be seen in Fig. 2 that the quantum illumination AND-image and the quantum illumination AND-image
with accidentals subtracted exhibit greater shot-noise than the classical image due to these images containing
fewer events. In the case of the quantum illumination AND-image with accidentals subtracted this shot noise
increases with increasing thermal illumination due to the increased number of events per pixel 1, and cor-
respondingly increased /n, within the classical image. These fluctuations are introduced into the quantum
illumination AND-image with accidentals subtracted when the subtraction is performed resulting in an image
with increased shot-noise. This introduction of additional shot-noise is inherent to the subtraction operation
performed to combine the two images into the quantum illumination AND-image with accidentals subtracted
and is particularly evident in the bottom two rows of Fig. 2. Despite this degradation, the use of the quantum
illumination AND-image with accidentals subtracted still possesses an advantage over both the classical image
and also the quantum illumination AND-image in terms of background noise rejection of the cage and also the
distinguishability ratio at these higher thermal illumination to SPDC illumination ratios.

Noise rejection in imaging a complex object. Here we demonstrate how our quantum illumination
protocol combined with our new approach to rejecting the classical components of the image may be used to
perform imaging of a real-world non-binary object presented in Fig. 3. In this case we image a wasp’s wing as the
real object with an overlaid thermal beam that has passed through a dirty and scratched microscope slide. The
thermal to SPDC illumination ratio for this data is ~ 1.5. As may be seen in the classical sum image the wing is
barely visible and it is not possible to distinguish the structure of the wing. Application of the AND-operation
to select the correlated event-pairs results in the quantum illumination AND-image in which the outline and
the internal structure of the wing becomes partially visible but the features are of low contrast. After applying
the subtraction of the accidental correlations to generate the quantum illumination AND-image with acciden-
tals subtracted, as described above, the thermal light is largely removed and the internal structure of the wing
becomes clearly visible with increased contrast.

Conclusion

Here we demonstrated a significant improvement with regards to achievable background light and sensor
noise rejection for a full-field quantum illumination protocol in a single photon regime, beyond that previously
achieved, by using only information already available in the reference beam. The method of combining the quan-
tum and classical information presented here may be limited in environments in which the background light
signal is low or the heralding efficiency is high because then the shot-noise on the classical image will be close
to that on the quantum illumination AND-image. In such cases performing a subtraction will lead to reduced
image quality and hinder the ability to distinguish the object in the quantum illumination AND-image with
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Figure 2. Images of the classically acquired image, the quantum illumination AND-image, and the quantum
illumination AND-image with accidentals subtracted alongside their corresponding improvements in the
distinguishability metric relative to that of the classically acquired image. Images constructed over 2.4 million
frames. Data an extension of that presented in'?.
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Figure 3. Wasp Wing. Images of the wasp wing. Classically acquired image (left), quantum illumination AND-
image (centre), the quantum illumination AND-image with accidentals subtracted by combining the quantum
and classical data (right). Images constructed over 87.7 million frames.

accidentals subtracted relative to the quantum illumination AND-image. As a result the quantum illumination
imaging scheme that we present here is adapted well for adverse imaging conditions of a strong background
and high losses, however, as the level of adversity increases so does the number of frames required. These results
strengthen the case for quantum illumination protocol implementation in a variety of fields in which the effects
of noise and spoofing of an image or scene may prove troublesome. This result allows the quantum signal to
be extracted from the detected signal over a large range of background noise levels relative to the quantum
signal used to probe the real scene. Therefore, this work offers routes for the implementation of the quantum
illumination protocol in real-world environments for the purposes of realising covert imaging schemes, quantum
lidar, and quantum radar. Such applications will become more viable as spatially resolved SPAD arrays* continue
to improve with regards to speed and time resolution which will allow accurate time-of-flight measurements to
be performed in a spatially resolved manner.

Data availability. Additional data and materials will be made available online.

Received: 22 July 2021; Accepted: 22 October 2021
Published online: 08 November 2021

References
. Moreau, P--A., Toninelli, E., Gregory, T. & Padgett, M. J. Imaging with quantum states of light. Nat. Rev. Phys. 1, 367-380 (2019).
. Gilaberte Basset, M. et al. Perspectives for applications of quantum imaging. Laser Photon. Rev. 13, 1900097 (2019).
. Genovese, M. Real applications of quantum imaging. J. Opt. 18, 073002 (2016).
. Brida, G., Genovese, M. & Berchera, I. R. Experimental realization of sub-shot-noise quantum imaging. Nat. Photon. 4, 227-230
(2010).
. Lloyd, S. Enhanced sensitivity of photodetection via quantum illumination. Science 321, 1463-1465 (2008).
. Tan, S.-H. et al. Quantum illumination with gaussian states. Phys. Rev. Lett. 101, 253601 (2008).
. Guha, S. & Erkmen, B. I. Gaussian-state quantum-illumination receivers for target detection. Phys. Rev. A 80, 052310 (2009).
. Pirandola, S., Bardhan, B. R., Gehring, T., Weedbrook, C. & Lloyd, S. Advances in photonic quantum sensing. Nat. Photonics 12,
724-733 (2018).
. Sanz, M., Las Heras, U., Garcia-Ripoll, J., Solano, E. & Di Candia, R. Quantum estimation methods for quantum illumination.
Phys. Rev. Lett. 118, 070803 (2017).
10. Lopaeva, E. D. et al. Experimental realisation of quantum illumination. Phys. Rev. Lett. 110, 153603 (2013).
11. England, D. G., Balaji, B. & Sussman, B. ]. Quantum-enhanced standoff detection using correlated photon pairs. Phys. Rev. A 99,
023828 (2019).
12. Gregory, T., Moreau, P.-A., Toninelli, E. & Padgett, M. J. Imaging through noise with quantum illumination. Sci. Adv.6, eaay2652
(2020).
13. Zhang, Y. et al. Multidimensional quantum-enhanced target detection via spectrotemporal-correlation measurements. Phys. Rev.
A 101, 053808 (2020).
14. Barzanjeh, S. et al. Microwave quantum illumination. Phys. Rev. Lett. 114, 080503 (2015).
15. Chang, C. W. S., Vadiraj, A. M., Bourassa, J., Balaji, B. & Wilson, C. M. Quantum-enhanced noise radar. Appl. Phys. Lett. 114,
112601 (2019).
16. Shapiro, J. H. The quantum illumination story. IEEE Aerosp. Electron. Syst. Mag. 35, 8-20 (2020).
17. Yuen, H. P. & Nair, R. Classicalization of nonclassical quantum states in loss and noise: Some no-go theorems. Phys. Rev. A 80,
023816 (2009).
18. Lugiato, L. A., Gatti, A. & Brambilla, E. Quantum imaging. J. Opt. B: Quantum Semiclassical Opt. 4, S176-S183 (2002).
19. Walborn, S. P., Monken, C. H., Padua, S. & Souto Ribeiro, P. H. Spatial correlations in parametric down-conversion. Phys. Rep.
495, 87-139 (2010).
20. Meda, A. et al. Photon-number correlation for quantum enhanced imaging and sensing. J. Opt. 19, 094002 (2017).
21. Toninelli, E. et al. Sub-shot-noise shadow sensing with quantum correlations. Opt. Express 25, 21826 (2017).
22. Toninelli, E. et al. Resolution-enhanced quantum imaging by centroid estimation of biphotons. Optica 6, 347-353 (2019).

NN BN =

o

Scientific Reports |

(2021) 11:21841 | https://doi.org/10.1038/s41598-021-01122-8 nature portfolio



www.nature.com/scientificreports/

23. Padgett, M. J., Toninelli, E., Gregory, T. & Moreau, P.-A. Beating classical imaging limits with entangled photons. In Shahriar, S. M.
& Scheuer, J. (eds.) Proc. SPIE 10934, Optical, Opto-Atomic, and Entanglement-Enhanced Precision Metrology, vol. 10934, 109341R
(SPIE, San Francisco, United States, 2019).

24. Moreau, P.-A., Mougin-Sisini, J., Devaux, F. & Lantz, E. Realization of the purely spatial Einstein-Podolsky-Rosen paradox in
full-field images of spontaneous parametric down-conversion. Phys. Rev. A 86,010101 (2012).

25. Edgar, M. et al. Imaging high-dimensional spatial entanglement with a camera. Nat. Commun. 3, 984 (2012).

26. Moreau, P.-A., Devaux, F & Lantz, E. Einstein-Podolsky-Rosen paradox in twin images. Phys. Rev. Lett. 113, 160401 (2014).

27. Moreau, P--A. et al. Demonstrating an absolute quantum advantage in direct absorption measurement. Sci. Rep. 7, 6256 (2017).

28. Prabhakar, S. et al. Two-photon quantum interference and entanglement at 2.1 « m. Sci. Adv. 6, eaay5195 (2020).

29. Zhu, E, Tyler, M., Valencia, N. H., Malik, M. & Leach, J. Is high-dimensional photonic entanglement robust to noise?. AVS Quant.
Sci. 3,011401 (2021).

30. Devaux, E, Mougin-Sisini, ., Moreau, P. A. & Lantz, E. Towards the evidence of a purely spatial Einstein-Podolsky-Rosen paradox
in images: Measurement scheme and first experimental results. Eur. Phys. J. D 66, 192 (2012).

31. Kviatkovsky, I., Chrzanowski, H. M. & Ramelow, S. Mid-infrared microscopy via position correlations of undetected photons.
arXiv:2106.06435 [quant-ph] (2021).

32. Tasca, D. S., Edgar, M. P, Izdebski, E, Buller, G. S. & Padgett, M. J. Optimizing the use of detector arrays for measuring intensity
correlations of photon pairs. Phys. Rev. A 88, 013816 (2013).

33. Gyongy, L et al. A 256 x 256, 100-kfps, 61% Fill-Factor SPAD image sensor for time-resolved microscopy applications. IEEE Trans.
Electron Dev. 65, 547-554 (2018).

Author contributions

M.J.P. and P.-A.M. conceptualized the project. P.-A.M. and M.].P. supervised the project. T.G., P.-A.M., and M.].P.
devised and implemented the project methodology. T.G., S.M., O.W,, and P.-A.M performed the experimental
investigation. T.G. and S.M. performed analysis of the results. All authors wrote and revised the manuscript.

Fundin

This workg was funded by the UK EPSRC (QuantIC EP/M01326X/1). T.G. acknowledges the financial support
from the EPSRC (EP/N509668/1) and the Professor Jim Gatheral Quantum Technology Studentship. P.-A.M.
acknowledges the support from the Leverhulme Trust through the Research Project Grant ECF-2018-634, and
the from Lord Kelvin Adam Smith Leadership Fellowship Scheme. S.M. acknowledges the EPSRC (QuantIC EP/
M01326X/1). O.W. acknowledges the financial support from the EPSRC (EP/R513222/1).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.J.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:21841 | https://doi.org/10.1038/s41598-021-01122-8 nature portfolio


arXiv:2106.06435
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Noise rejection through an improved quantum illumination protocol
	Methods
	Imaging system. 
	Image analysis. 

	Results
	Rejection of structured thermal illumination. 
	Noise rejection in imaging a complex object. 

	Conclusion
	Data availability. 

	References


