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Introduction to Ghost Imaging
Standard imaging
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Introduction to Ghost Imaging
Standard imaging

Image sensor
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Introduction to Ghost Imaging
Ghost imaging
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Introduction to Ghost Imaging

Ghost imaging
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Introduction to Ghost Imaging

Ghost imaging
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Introduction to Ghost Imaging

Ghost imaging
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Introduction to Ghost Imaging
State of the art

Year Reference Pros Cons
. . . Point-to-point scan
1995 Pittman et al., Phys. Rev. A 52, 5 First Gl with SPDC P
One color
D, |
collection
~ lens
laser aperure —.
pump filter =~
351.1nm Coincidence
Circuit
88O lens
3’-9'”34 filter
= | 7 Dz
prism 21 “Yer
pogggﬁ_l‘ng X-Y scanning
splitter fiber

T. B. Pittman et al., “Optical imaging by means of two-photon quantum entanglement”, Physical Review A 52, 5, 1995
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Introduction to Ghost Imaging
State of the art

Year Reference Pros Cons
1995 Pittman et al., Phys. Rev. A 52, 5 First Gl with SPDC Point-to-point scan
One color
2015 Morris et al., Nat. Comm. 6 Two colors Slow electronics
Full experimental schematic E ggl(e;riczri;\;:leam wpier
@ QWP at 45°
@ HWP at 45°
355 nm

@® 100 mm focal length lens

@ 300 mm focal length lens

. @ 500 mm focal length lens
. @ 1,000 mm focal length lens

pump

Image preserving
. delay line
ICCD '
camera

Heralding
detector

Image
planes of

BBO crystal
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s B '

3 Image planes
of the BBO crystal

Peter A. Morris et al., “Imaging with a small number of photons”, Nature communications, 2015
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Introduction to Ghost Imaging
State of the art

Year Reference
1995 Pittman et al., Phys. Rev. A 52, 5
2015 Morris et al., Nat. Comm. 6
2021 Pitsch et al., Appl. Opt. 60, 22

Carsten Pitsch et al., “Quantum ghost imaging using asynchronous detection”, Applied Optics, Vol. 60, No. 22, 2021
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Introduction to Ghost Imaging
Ideal ghost imaging setup
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Introduction to Ghost Imaging
Single photon detector requirements
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« Real time working operation ——®  High frame rate and efficient readout
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Novel architectures for Ghost Imaging
FastGhost partner

G ST Develop a real-time and high-resolution quantum imaging
A faSt JI INJ microscope working in the Middle-Infrared wavelength up to 7 um

-— Coordinator and

—Z Fraunhofer MIR ghost microscopy AR ATy
|IOF

“‘w“ ﬁﬁﬁ}ﬂgﬁgﬁi} .Real-’.cime quantum

&V JENA imaging

— D( High-resolution single-photon
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@ SINGLE QUANTUM Single-photon detectors for

Excellence in photon detection the mldlnfl‘a I‘ed

e Optimized superconducting
.,%:ELEP:&‘?“%’@% film for SNSPD detectors - This project has received funding from the European Union's Horizon 2020 research

and innovation programme under grant agreement No 899580.




Novel architectures for Ghost Imaging
Black tape object characterization

Position 1: Position 2: Position 3: Position 4:
Tape completely blocking Almost completely blocking Partly blocking infrared photons Tape not blocking infrared photons
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Novel architectures for Ghost Imaging
FastGhost project overview

The SPAD image sensor is an array of 32 x 32 pixels working at 600 nm
developed in FBK 1]

32 x 32 SPAD CMOS image sensor : ‘ e E |7

» Synchronous working operation

* Pixel pitch 45 ym

» Array size 32 x 32

 Fill Factor 20 %

« 8-bits TDC for pixel

« Raster scan or row skipping readout method
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[1] M. Zarghami et al., "A 32 x 32-Pixel CMOS Imager for Quantum Optics With Per-SPAD TDC, 19.48% Fill-Factor in a 44.64-um Pitch Reaching 1-MHz
Observation Rate,” IEEE Journal of Solid-State Circuits, vol. 55, no. 10, pp. 2819-2830, Oct. 2020
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Novel architectures for Ghost Imaging
FastGhost project overview

‘ | '« Develop a real-time and high-resolution quantum imaging
e faSt\ 1V T microscope working in the Middle-Infrared wavelength up to 7 pm

32 x 32 SPAD CMOS image sensor




Novel architectures for Ghost Imaging
FastGhost project overview

‘ e~ Develop a real-time and high-resolution quantum imaging
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x Synchronous working operation * Asynchronous working operation




Novel architectures for Ghost Imaging
FastGhost project overview
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Novel architectures for Ghost Imaging
FastGhost project overview

\ - Develop a real-time and high-resolution quantum imaging
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32 x 32 SPAD CMOS image sensor Requirements for image sensor:
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Novel architectures for Ghost Imaging
FastGhost project overview

. - Develop a real-time and high-resolution quantum imaging
QfaStk TV T microscope working in the Middle-Infrared wavelength up to 7 pm

32 x 32 SPAD CMOS image sensor Requirements for image sensor:

x Synchronous working operation * Asynchronous working operation
x Pixel pitch 45 pm * Pixel pitch 17 ym

x Array size 32 x 32 * Array size target 512 x 512

x Fill Factor 20 %  Fill Factor >20 %

x 8-bits TDC for pixel * Fast readout

v’ Raster scan or row skipping readout method

The image sensor used so far is not suitable




Novel architectures for Ghost Imaging
Chip layout and the architectures
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Novel architectures for Ghost Imaging
In-pixel architecture

In-pixel correlation network 2 £ jS]
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. . . . S0 Correlation fI - .
» Temporal correlation is performed in each pixel N ) )
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. (—'—
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Novel architectures for Ghost Imaging
Looking back principle
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Novel architectures for Ghost Imaging
In-pixel implementations

In-pixel
architecture
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Novel architectures for Ghost Imaging
All-in pixel implementation

e EEN EEN NN BN DN NN DS SN N SN BN N S S N S S SN S B N SN B SN SN S N SN S SN SN S S N S BN N N S SN SN S BN S S B N S BN BN SN S N S B BN BN B B N S B B S B B S . .

\

v \
ES

—

D+ *

@ )

T - -@

Resistive quench network
Temporal Correlation network in pixel

Correlation memory to store the correlation until the readout operation

-X @

Column Register

BUCKET
TRIGGER

«€—CLKCOL

SRAM Register

<€—CLKSRAM




e M ol EI B B M O E O E o o o

Novel architectures for Ghost Imaging
Shared pixel implementation
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Novel architectures for Ghost Imaging
Event-driven Architecture
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Novel architectures for Ghost Imaging
Event-driven pixel
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Novel architectures for Ghost Imaging
Event-driven periphery
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| Experimental results
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Experimental results
Experimental setup

Control and
acquisition system
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Experimental results . . o
Delay compensation and Correlation window characterization

Vdelay1 Vdelayz Vwindow1 Vwindow2

Vdelay1' VdelayZ and Vwindow1' Vwindow2 are respectively the T T T T
coarse and fine control for the delay compensation and

6elay Compensatio? (Correlation Windov?

the correlation window width nput O—] —>| [< [0 outpu

L ot ) L Wnaw

: Min Max Jitter ?
Parameter Architecture i

[ns] [ns] [/o] < 0.8 W

Delay compensation All = in 10.4 29.4 3 %0.6_ tdelay twindow

delay Shared 12 32.1 2 A > >
Correlation window All = in 2.7 22.5 15 g |
Twindow Shared 3 24.3 12 02

0.0 J
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Experimental results
Features

Parameters All-in Shared Event-driven
Correlation performed Pixel Pixel Periphery
Size 100 x 50 100 x 50 100 x 100
Active Area [pm?] * 55.85 90.41 99.31
Fill Factor [%] 19.3 31.3 34.4
PDE Estimated [%] *2 3.7 5.9 6.5
Max correlation rate [HZ] 3M 3M 500k
Max frame rate (fps) 50k - 3M 50k - 3M 500k
Delay compensation [ns] 9 -140 9 -140 10 - 50
Window correlation [ns] 3-30 3-30 0.1 -25.6
Output Binary map Binary map tir;(-e\fsp’z;?#p
Readout method Sllzi?)igrro SEZ?;:O Raster
SRAM Yes Yes Yes
Post processing No No Yes

*1 Pixel Area = 289 pym?

*2PDP = 19% estimated at 600 nm wavelength and 3V of excess bias
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Conclusions

SPAD array specifically designed for the FastGhost european project aim to
implement a microscope exploiting the ghost imaging advantages and working with
wavelength up to 7 ym (MIR)

Two reduce-scaled correlation architectures presented: In-pixel and Event-driven
architectures

Preliminary experimental characterizations of the In-pixel correlation array

Acquired scene simulating a ghost imaging setup
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Conclusions
Next steps

 Characterization of the Event-driven architecture

» Select the best architecture suitable for the extended version of 512 x 512 array
size (submission expected at the end of 2022)

* Improving the readout in order to maximize the correlation rate even with a larger
array

* Acquiring a “real” ghost imaging with FastGhost setup in Jena
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stay tuned: https://www.fastghost.eu/#/
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