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ÅCorrelated Imaging (aka Ghost Imaging)
First application of entangled photon in imaging
Pittman et al., PRA 52, 329 (1995)

ÅCharacteristics:
1. Object is detected by a bucket (single pixel) detector;
2. Spatial information resides in the reference arm;
3. Image of the object reconstructed by correlation 

measurement.
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ÅCorrelated Imaging (aka Ghost Imaging)
First application of entangled photon in imaging
Pittman et al., PRA 52, 329 (1995)

ÅMy works:
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ÅIntroduction of Ghost Imaging

ÅMotivations

ÅApplications of Ghost Imaging

ÅEntangled Photons

ÅQuantum vs. Classical Correlations

ÅPractical Issues ςImage Quality

ÅHighlight of Recent Research Directions
(Computational / Compressive / Non-Rayleigh / Pseudo-Inverse)

ÅConclusion

Outline
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ÅFirst imaging application of entangled photons.

ÅEntangled photons are very peculiar resources that posses 
very interesting properties.
(i.e., EPR paradox, nonlocality, Heisenberg uncertainty, etc.)

ÅProblems:
1. How to exploit entanglement in optical imaging?
2. Is entanglement necessary?

Motivations
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ÅFeatures of ghost imaging
1. Object is detected by a bucket (single pixel) detector;
2. Spatial information resides in the reference arm;
3. Image of the object reconstructed by correlation 

measurement.

ÅLow-photon imaging (i.e., single photon)

a) Ghost imaging (GI) is a distributed imaging scheme

Ҧ Remote sensing

b) The object signal (bucket detector) contains 
no spatial information about the object

Ҧ Secure data collection

c) Quantum GI (single photon)

Ҧ Stealth sensing / imaging

Ҧ Secure image identification      Malik et al., PRL 104, 163602 (2010)

d) Classical GI (low photon flux)
Ҧ Speckle-illuminated microscopy Akhlaghi-Bouzanet al., CLEO 2015, STu2K.1

Applications of Ghost Imaging
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a) Secure image identification (single-photon matched filter)

a) Speckle-illuminated microscopy at low intensity (computational GI)

Applications of Ghost Imaging
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Spatially resolved
imaging

Computational 
ghost imaging

Akhlaghi-Bouzanet al., CLEO 2015, STu2K.1

Malik et al., PRL 104, 163602 (2010)
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Entangled Photons
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ÅSpontaneous Parametric Down-Conversion (SPDC)

Entanglement:
Frequency,
Transverse spatial position,
Photon number, Polarization

Momentum conservationEnergy conservation

Phase matching conditions
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Why Entangled Photons Are Useful?

ÅPosition x and propagation 
direction qof two beams are 
entangled

ÅPhotons created in pairs (biphoton)

ÅFor imaging and sensing:
Resolution, SNR improvement, 
new imaging & sensing techniques

for individual beams
(Heisenberg Uncertainty)

(Einstein-Podolsky- RosenInequality)

x1

x2

x1

x2

Coincidence Rates
(Near-field)

Coincidence Rates
(Far-field)

x1

x2

q1

q2

hΩ{ǳƭƭƛǾŀƴΣ KWC, & Boyd, FiO/LS, LTuG(2006)
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ÅGhost Imaging

ÅCoincidence measurement:

Correlated Imaging / Ghost Imaging ςTheory
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Object
Bucket detector 
(non-resolving detector)
ςcollects all photons

Focal plane array 
(high resolution detector)

Photon source

Spatially correlated
photons Signal processing

(coincidence 
measurement)
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Quantum Ghost Imaging ςExperiment

ghost imaging
Pittman et al., PRA 52, 329 (1995)

ghost diffraction / ghost interference
Strekalovet al., PRL 74, 3600 (1995)
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Classical Ghost Imaging

12

ÅGhost imaging relies on the spatial correlations of photons.

ÅInstead of quantum correlation, can we use classical correlation?
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Classical Ghost Imaging
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ÅGhost imaging relies on the spatial correlations of photons.

ÅInstead of quantum correlation, can we use classical correlation?

ÅTwo-photon imaging with classically angle-correlated light
Benninket al., PRL 89, 113601 (2002); PRL 92, 033601 (2004).

Near field

Far field
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Pseudo-thermal Ghost Imaging
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ÅGhost imaging relies on the spatial correlations of photons.

ÅInstead of quantum correlation, can we use classical correlation?

ÅTwo-photon imaging with thermal light
(pseudo-thermal GI)
Valencia et al., PRL 94, 063601 (2005)

Quantum Ghost Imaging
ςspatial entanglement of biphotonpairs 
ςcorrelation at single photon level

Intensity correlation

Thermal Ghost Imaging
ςspatial correlation in 

statistical sense

Correlated Imaging

Introduction of GI

Motivations

Applications of GI

Entangled Photons

Quantum/Classical

Practical Issues

Recent Highlights

Conclusion



15

Quantum GI
Strekalovet al., PRL 74, 3600 (1995).
Pittman et al., PRA 52, R3429 (1995).

Classical GI
Benninket al., PRL 89, 113601 (2002);
PRL 92, 033601 (2004).

Pseudo-thermal GI
Gatti et al, PRA 70, 013802 (2004);
Valencia et al, PRL 94, 063601 (2005).

Ghost Imaging ςComparison
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Quantum GI

Classical GI

Pseudo-thermal GI

Ghost Imaging ςComparison
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ÅGhost imaging relies on the spatial correlations of photons.

ÅInstead of quantum correlation, can we use classical correlation?

ÅTwo-photon imaging with classically angle-correlated light
Benninket al., PRL 89, 113601 (2002); PRL 92, 033601 (2004).

ÅTwo-photon imaging with thermal light
(pseudo-thermal GI)
Valencia et al., PRL 94, 063601 (2005)

ÅGhost imaging with general classical and quantum correlations
KWC, Opt. Lett. 37, 2739 (2012)
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ÅGhost imaging relies on the spatial correlations of photons.

ÅInstead of quantum correlation, can we use classical correlation?

ÅTwo-photon imaging with classically angle-correlated light
Benninket al., PRL 89, 113601 (2002); PRL 92, 033601 (2004).

ÅTwo-photon imaging with thermal light
(pseudo-thermal GI)
Valencia et al., PRL 94, 063601 (2005)

ÅGhost imaging with general classical and quantum correlations
KWC, Opt. Lett. 37, 2739 (2012)

Ghost Imaging ςComparison

Photon Number Correlation Sheng et al., Optik(2012)
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ÅPseudo-thermal light can be generated very easily.
(vs. entangled photons, photon-number correlated light, etc)

ÅThe whole object is flooded with light.
(vs. classically angle-correlated light)

ÅThe object can be illuminated by pseudo-thermal light with low 
average photon number per spatial point, while the light 
collected up by the bucket detector can be much higher
(low photon microscopy & defeat technical noise in detector)

ÅSpatial resolution determined by speckle size of light source.

Comments on pseudo-thermal GI

Spatially resolved
imaging

Computational 
ghost imaging

Akhlaghi-Bouzanet al., CLEO 2015, STu2K.1
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Ghost Imaging ςPractical Issues
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1. Visibility 2. Signal-to-Noise Ratio (SNR)

4. Long-distance (atm. turbulence) 5. Degenerate l(two-color) GI

3. Slow detector
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Ghost Imaging ςPractical Issues
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1. Visibility 2. Signal-to-Noise Ratio (SNR)

4. Long-distance (atm. turbulence) 5. Degenerate l(two-color) GI

3. Slow detector

5Ω!ƴƎŜƭƻet al., PRL 87, 013602 (2001)

Quantum: visibility = 1 Thermal: visibility << 1

KWC, hΩ{ǳƭƭƛǾŀƴΣ ϧ .ƻȅŘΣ ǳƴǇǳōƭƛǎƘŜŘ

Background
from incoherent
signals
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