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UK Quantum Technology Hubs

» Quantum Computing and Simulation
* Quantum Communication

* Quantum Sensors and Timing

* Quantum Enhanced Imaging
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Quantum-Enhanced Measurements: Beating the
Standard Quantum Limit
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Nicolas Treps & Daniele Faccio
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Nature Photonics 18, 1024-1036 (2024) ‘ Cite this article
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Quantum illumination with N bits of
entanglement can increase the signal-to-
noise ratio by a factor of 2V

S. Lloyd, Science 321, 1463 (2008)
J. Shapiro et al., PRL 101, 253601 (2008)
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J. Shapiro et al., PRL 114, 110506 (2015)
Barzanjeh et al., Sci. Adv. 6 eabb0451 (2020)
Lijilan Zhang et al., PRL 127, 040504 (2021)
Dawei Wang et al., PRL 131, 033603 (2023)
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“The quantum squeezing allows imaging of molecular bonds within a cell with a
35% improved SNR compared with conventional microscopy.”
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Bowen et al., Nature 594, 201 (2021)
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SCIENCE ADVANCES | RESEARCH ARTICLE

C Fourfold super-resolution (SR4)

B Twofold super-resolution (SR2)
Entangled photon pair

Entangled photon pair
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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.

Above-twofold guantum super-resolution microscopy enabled by multiple idler

passes with entangled biphotons
https://www.science.org/doi/full/10.1126/sciadv.aea9457
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Dowling et al., Phys. Rev. Lett. 85, 2733 (2000) Nasr et al., Phys. Rev. Lett. 91, 083601 (2003)
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Zeilinger et al., Nature 512, 409 (2014) Faccio et al., Nature Physics 17, 591 (2021)
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“There ‘s just a lot of problems that make QI
hard for me to believe that this system is going to

SHARE  The short weird life—and potential afterlife—of be of any use,” Jeif Shapiro (MIT) says in 2020.
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NOON) — “The NOON states are known to be very sensitive to
photon losses and rather hard to produce

Y . ’ R experimentally” Miles Padgett et al. in Nat Rev Phys
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REVIEW Science 361, 660 (2018) Ghost and Single-pixel Imaging

OPTICAL IMAGING Single-photon Imaging

Quantum:msplred . Non-line-of-sight Imaging
computational imaging

Imaging in Scattering Media

Yoann Altmann’, Stephen McLaughlin', Miles J. Padgett?, Vivek K Goyal®,
Alfred O. Hero®*, Daniele Faccio®*

Super-resolution Imaging, e.g., SPADE
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Klyshko, Sov. Phys. Usp. 31, 74 (1988) Duarte et al. IEEE Sig. Proc. Mag. (2008)

Pittman, Shih et al. PRA 52, R3429 (1995) Shapiro PRA 78, 061802 (2008)
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nature REVIEW ARTICLE Structured detection | Structured illumination

otonics . e 4 . A
p A e L R R R Sen et al., Dual photography Modulation schemes

Candés & Tao

/ Near-optimal 5|gnal recovery

Principles and prospects for single-pixel imaging _O%"‘”ﬁe?

| % Duarte et al.

Single-pixel camera

Matthew P.Edgar'?, Graham M. Gibson'? and Miles J. Padgett'?*
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/ Photon-counting &
laser radar U
L Howland etal. R _ O
/ Photon-counting depth mapping | ; LED Array
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Terahertz single-pixel imaging Sam pling schemes
\ Yu et al., Single-pixel telescope ®

Hornett et al. Image sampling
Subwavelength THz imaging theory
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Vol. 22, No. 11 | November 2024

Ghost imaging, development, and recent advances [Invited]

Compressive

Peiming Li (ZE9RAA)", Xiaojin Chen (B2 €)™, Xiaodong Qiu (BREE%R)>*", Binglin Chen (B 4AZR)’ THz imaging sampling
Lixiang Chen (F&I2#8)%, and Baoging Sun (FhEE;E)"" \\Higham et al.
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Science 343, 58 (2014); Nat. Commun. 7, 12046 (2016)



ITRRIREE

Step 0: calibration

- Calibrate B and also identify set of “hot pixels” 7—[

Step 1: estimate scene reflectivity

Combine photon-count likelihood with
spatial correlation to solve regularized ML
estimation (convex)

Step 2: censor noise photons

Step 3: estimate scene depth

Combine arrival-time likelihood with
spatial correlation to solve regularized ML
estimation (convex)

Nat Commun 7, 12046 (2016)

minimize [ Z E(AE-_J;C?-__J-,B,;J)J + Tapen(A)

subject to  A;; >0  data fidelity of

subject to  D;; >0
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spatial correlations
of scene reflectivity

A
[(a'.ﬁe%

photon counts

Use OMP(T}, N}.) tolocate photon clusters

and reject photon arrival times not near to them by
pulsewidth

111111111)11ize Z Z L(D;;: 15 ;)| +7ppen(D)
(6,9)¢H Ti,;€U4 5 T 4

filtered arrival times ©f scene depth

data fidelity of spatial correlations

Raw data (1 photon per pixel)




Deep-learning method

Depth reconstruction -> Denoising
3D Dilated Dense Fusion (DDF)
Speed: 0.1 second/frame
Sensitivity: < 1 photon/pixel

Encoder Intensity Decoder

B~

C—b:—bc—booo

\m m/u

*  Depth Decoder
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' Ret,on fruction |

Peng et al., IEEE TPAMI 45, 4180 (2023)
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Liantuan Xiao@SXU Welji He, Qian Chen@NUST G. Wu, H. Zeng@ECNU
Light: Sci & App 14, 244 (2025) Light: Sci & App 14, 138 (2025) Optics Express 25, 10189 (2017)

Jianfeng Sun@HIT Liheng Bian, Jun Zhang@BIT
Optics Express 30, 34497 (2022) Nat. Commun. 14, 5902 (2023) Supercond. Sci. Technol. (2021)

Chinese teams in USTC, SITP, HIT, ECNU, NJU, NUST, BIT, NUDT, SXU etc
International teams in MIT LL, Heriot-Watt, Stanford, BU, Toronto, EPFL, Milano etc
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Li et al., Optica 8, 344 (2021)
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Estimated Annual Publications on "Single-Photon LiDAR" (Google Scholar)
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2000-2005 2006-2010 2011-2015 2016-2020 2021-2025

Year Range

Major Growth Drivers (by Gemini)
«2014-2016: Breakthroughs in photon-efficient computational algorithms allowed 3D
reconstruction using less than 1 photon per pixel on average.
«2020-2025: Proliferation of SPAD arrays and solid-state single-photon sensors for
automotive and long-range remote sensing research.
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Track and image various UAVSs In real time at 6.25 fps over distances >7 km

Li et al. Advanced Photonics 8, 046003 (2026)
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Airborne single-photon LIDAR

64x64 InGaAs
SPAD array
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gyro stabilization
mount

receiving
adapter board « telescopes

Hong et al., Optica 11, 612 (2024)



Airborne single-photon LIDAR




Airborne single-photon LIDAR

Total imaging area: 250m x 10km
Lateral resolution: 16 cm
Depth resolution: 15 cm
Speed: 50 m/s
Altitude : 2 km
Telescope: 47 mm
Resolution: ~32 urad

Sensitivity: 2 photons/pixel

See also related works by MIT Lincoln Laboratory, SIOM etc.

Hong et al., Optica 11, 612 (2024)
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04.800 ns
1st bounce: 2.7 ns
3rd bounce: 4.3




Beam splitters
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Velten et al. Nat. Commun. 3, 745 (2012) : ’
Raskar et al. Nature 653, 693 (2026) Gariepy et al. Nat. Photon. 10, 23 (2016) O’Toole et al., Nature 555, 338 (2018)

S
v
Boston _ Wisconsin Wu et al., PNAS 118, 2024468118 (2021)
Sanders et al., Nature 565, 472 (2019) Liu et al. Nature 572, 620 (2019) Huang et al., PRL 132, 233802 (2024)

Ye et al., Nat Comput Sci 4, 920 (2024)

Chinese teams in USTC, Tsinghua, NUST, IOE-Chengdu, HIT, Tianjing, NUDT etc



Data for complex scene

Ye et al., Nature Computational Science 4, 920 (2024)



Processing result
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Ye et al., Nature Computational Science 4, 920 (2024)



A \Wu et al., PNAS 118, e2024468118 (2021)
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VLTI (Very Large Telescope Interferometer)

Normalized surface brightness (px)
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 In 1956, Hanbury-Brown-Twiss (HBT) used two reflectors to measure the angular diameter of Sirius.

Second-order correlation function v Independent optical measurements — without optical

phase control
(2) — (I(ra; t)I(Tb; t+ T)) — 14 |g(1)(r - t)|2 / Easil dable b l High I luti
(I(r,, OXI (1, 1)) a b asily expandable baseline igher angular resolution

v" Insensitive to atmospheric turbulence and optical
imperfections
Nature 178, 1046 (1956) x SNR lower than amplitude interferometer
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PSNR 14.57dB

PSNR 13.97dB

PSNR 18.89dB

PSNR 14.79dB

RS HEE<3 mm @1.36km, EBHEPBNFOSLTIHRRT1445

Liu et al., Phys. Rev. Lett. 134, 180201 (2025); Editors’ Suggestion, Featured in Physics
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Hongjie Dai et al., Nat Nanotechnology 17, 653 (2022)
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D. Faccio et al., Neurophotonics 12, 025014 (2025)
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In collaboration with Xin Yuan, David Brady et al.
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Transformer for NLOS imaging LLM for optical imaging

Xiong, Xu et al.,, CVPR-2023; NeurlPS-2024 Liu et al. "Deepseek-v3 technical report”
arxiv:2412.19437 (2024)
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» Long-range LIDAR Imaging
» SPI algorithms
» SPI techniques
» Airborne remote sensing

» NLOS Imaging
» NLOS algorithms
» NLOS techniques

» Optical Synthetic Aperture
» Active HBT

Li et al., Nat Photonics 17, 416 (2023)
Liu et al., Nat Photonics 15, 137 (2021)
Li et al., Nat Photonics 13, 644 (2019)
Ye et al., Nat Comp Sci 4, 920 (2024)
Wu et al.,, PNAS 118, e2024468118 (2021)
Zhou et al., PRL 136, 143801 (2026)
Huang et al., PRL 132, 233802 (2024)
Wang et al., PRL 127, 053602 (2021)

Li et al., Optica 12, 626 (2025)

Hong et al., Optica 11, 612 (2024)

Li et al., Optica 8, 344 (2021)

Peng et al., IEEE TPAMI 45, 4180 (2023)

Exploit the ToF of single photons
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« Colleague: Jian-Wei Pan, Xian-Kang Dou, Jian-Yu Wang, Cheng-Zhi Peng, Qiang Zhang, Jun
Zhang, Yuan Cao, Zhiwei Xiong
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Hao Tan, Jianjiang Liu, Yu Hong, Chen Dali
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