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Abstract  Correlation holography uses incoherent light to reconstruct holograms. This technique reconstructs
objects as distributions of two-point coherence function rather than using optical fields, as in conventional
holography. The basic principle of correlation holography is derived from the van Cittert—Zernike theorem and relies
on the similarity between the optical field and the coherence functions. Experimental implementation of the
correlation holography techniques requires a field or intensity interferometer, and fringe analysis and cross-
covariance measurement in these interferometers require a conventional camera with array detectors. With the
availability of digitally controlled diffractive elements, it is possible to replace the incoherent light source, such as a
rotating ground glass, with a digital source loaded with the random patterns in sequence. Such strategies ease the
burden on the detector and allow for correlation holography with a single-pixel detector (SPD) to be used. This
review paper discusses a close connection between digital holography and correlation holography. The principles of
correlation holography with the SPD are reviewed in detail, and the advantages of using digital sources to mimic
incoherent illumination in the correlation holography are examined in the context of three-dimensional and complex
field imaging.
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complex wavefront of the light diffracted from an

1 Introduction
object. The optically recorded interference pattern

For over 70 years ago, holography has played preserves the complex field of the object, in

an important role in non-destructive testing, essence, containing a signature of the object.
quantitative imaging"'*’, and other applications. Diffraction of light from this interface pattern is
Holography works on the principle of recording the referred to as a hologram. Three-dimensional (3D)
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information about the object can be reconstructed
from the hologram and analyzed using the paraxial
diffraction theory. Analysis of polarization features
in a hologram offers a new dimension for the field
of holography.

LLohman proposed wusing holography for
polarized light by extracting the vector nature of
the light’s wavefront"* . Digital holography (DH)
has been used in the vectorial domain through
optical recording and numerical reconstruction of
digital holograms from the orthogonal polarization

[14-17]

components of coherent light Holography in
the vectorial regime provides several promising
applications ranging from metrology to bio-medical
imaging. In recent years, attempts have also been
arbitrary

made to develop holography with

coherence-polarization using the Stokes fringes

[18-19]

rather than intensity fringes only . Modulation

and contrast of the Stokes fringes rely on the
coherence-polarization of light*" .
The availability of array detectors and

reconstruction algorithms has further
revolutionized holography. Optical reconstruction
of holograms has become supplanted by DH. This
technique preserves unique features of a hologram,
such as the complex amplitude distribution, and
method™™ .

Among various methods used to recover phase

provides a simple reconstruction
information, DH is a well-established technique
for quantitative complex field imaging. Further,
DH permits 3D imaging by numerically refocusing
a two-dimensional (2D) image at different object
planes without mechanical movement. Various DH
techniques have been developed, significant among

] (2]

them being in-line', off-axis®, and phase

shifting holography” . The most common
approach to utilizing DH 1is based on off-axis
geometry, wherein the object and reference beams
travel in different optical paths before being
recorded by a camera'®’ .

A conventional detector with a large number
of pixels candigitally capture an image of fine
interference fringes, and a computer with high
numerically

computational efficiency can

reconstruct a hologram from the captured

[6]

image Availability of high-speed cameras and

digital signal processing tools support DH
techniques. Since the invention of the digital
camera, higher resolution image retrieval has been
a fast-growing research topic. For capturing a
digital image, the development of complementary
metal-oxide-semiconductor pixilated sensors and
silicon-based charge-coupled devices (CCDs) has
led to significant developments in photography.
Modern cameras, ranging from digital single-lens
reflex to smart phones, capture images by using a
chip no larger than a fingernail, which contains
millions of detector pixels. Although pixilated
detectors have benefits, such as high performance,
imaging sensors for the long-wavelength infrared
or deep ultraviolet regions are either expensive or

not widely available"*" . Pixel counts in camera
sensors have reached over 20 million, bringing
problems in conventional

extra data storage

applications. To solve these issues, a novel
computational imaging method that can reconstruct
an image with fewer measurements is needed. One
such method is the single-pixel detector, which can
provide a competitive advantage over traditional
cameras. For instance, this technology requires
only one light-sensitive detector, offering a cheaper
alternative than its multi-pixilated counterpart™" .

Single-pixel imaging, presented by Duarte et
al."™ | preceded the progress of compressive
sensing. This groundbreaking invention was a
synthesis of various imaging and sampling methods
and laid the groundwork for retrieving images from
a compressed sensing-assisted single-pixel detector
(SPD). In 2005, Sen et al. obtained an image
using only a single pixel rather than a conventional
detector array via a technique known as dual
photography® . Advantages of an SPD include the
following: the development of a high-sensitivity
and cost-effective imaging system in short-wave
infrared and in X-ray imaging™"”; a suitable test
platform for new, state-of-the-art image-capturing

. 27
such as compressive radar 7 ;

: [28]
microscopy  — ;

technologies,

fluorescence visible-near
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[32-34] |

2931 terahertz imaging ; and other

imaging

imaging and algorithmic applications™ ! .

Several correlation techniques have been

#5971  For instance, object

proposed for imaging
information in ghost imaging is retrieved by

intensity
[46-47]

observing  photon  coincidence or

correlations between two beams Two
detectors are used in ghost imaging to conduct
correlation measurements: one detects the non-
interacted light field of the object to be
reconstructed with high spatial resolution, and the
other, known as a bucket detector, collects the
interacted light field of the object. This was first
demonstrated using the quantum source and later

classical  incoherent

[52]

demonstrated  with a
(pseudothermal ) light source Attempts have
also been made to shift spatial sampling from the
sensor and apply active illumination strategies
using a programmable device, such as a spatial
light modulator (SLLM) or discrete micro-mirror
device. The illumination pattern loaded on the
SLLM is projected onto the sample, and the whole
intensity is collected by an SPD. Observations are
done sequentially by varying the pattern of the
SLMMT

techniques, where the recovery of the amplitude is

In contrast with most ghost imaging

given priority, new schemes have also been
developed to image the phase objects in ghost

[53-57]

imaging . Recently, we have introduced an off-

axis holographic approach in the ghost diffraction
scheme to get the complex field of the objects 7.
The ghost hologram can also be recorded with an
SPD by importing the concept of the DH P,
Several other experimental configurations have also
been proposed to obtain the complex field using an
SPD"** | For example, Shin et al. “" introduced
an optical bidirectional transducer using an SLM,
which provides a complex field using a single-point
phase  conjugation  scheme.
Takeda et al.
unconventional technique known as coherence

holography (CH) “#%

Since these proposals, attempts have been

detector  and

Alternatively, proposed an

made to develop various types of correlation

holography for light structuring and imaging" "™ .

Correlation holography is composed of several
unconventional holography techniques, such as
CH™ | vectorial CH (VCH) ®¥, and photon
correlation holography (PCH) “* . In conventional
holography, a hologram is used to record the

complete wavefront, and subsequently, coherent

light is used for the reconstruction of the
hologram . Therefore, recording and
reconstruction processes are completed using

coherent light in conventional holography and the
DH. However, in correlation holography, a
coherently recorded hologram is used to synthesize
the statistical features of light and image the
objects as 3D distributions of the complex
coherence function. A close analogy between
conventional and correlation is attributed to a
common link between the optical fields and the
complex coherence function since both follow the
wave correlation

equation. The holography

technique relies on the van Cittert—Zernike
theorem, which provides a connection between the

far-field

source structure based a Fourier transform

correlation and incoherent hologram

(76781

Recently, we developed hybrid correlation
holography (HCH) using an SPD to reconstruct
3D and complex-valued objects. Here, the hybrid
provides a  combination of optical and
computational channels to image objects using an
SPD""* | Due to emerging interests in correlation
imaging, this paper conducts survey on correlation
holography. Special emphasis is given to
correlation holography using an SPD. With the
availability of SLMs, it is possible to replace
classical light sources, such as a rotating ground
glass (RGG), with a digital source loaded with the
random patterns in sequence. This strategy can
enable the development of correlation holography
with the SPD.

This paper first introduces the concept of
generalized holography and holography using an
SPD. A comparison of DH and
made.  The

architectures of correlation holography, such as

correlation

holography is then different
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CH, VCH, and PCH, are briefly discussed help
understand HCH. After a detailed discussion
about correlation holography, the possibility of
replacing thermal light sources with a digital
source is discussed in the context of the HCH

using an SPD for 3D and complex field imaging.
2 Digital holography

DH is based on interferometry and can

simultaneously provide amplitude and phase
distributions of a target. In 1967, Goodman and
Lawerence™ showed that holograms are responsive
to numerical reconstruction. The feasibility of the
numerical reconstruction is attributed to the fact
that the propagation of field is aptly described by
the diffraction theory. In 1982, Takeda et al. ™
connected off-axis interferometry and fast Fourier
transform and studied the topography of
structures. This technique utilized CCDs as the
detectors, leading to extensive research
development in the field of the DH.

To explain the basic principle of the DH, we
present a generalized framework with polarized
light. A coherent optical field emerging from the

object and reference is explained as

EQ(ry) =JT,,, (r1)exp [i 1&} X

Az
exp [*iif:rl -rz} dr,, (D
R ZT[ 2
E, (r,) =exp 1/127’1 ) (2)

where T, (r,)

represents object transmittance

function  for  the  orthogonal  polarization
components of the light and m =x, y stands for the
orthogonal polarization components. Subscript O
and R fields,
respectively. The spatial coordinates at the source

and the

represented by 7, and r,, respectively. A complex

indicate object and reference

recording  (hologram) plane are
field distribution at the recording plane is indicated as
E,(r,) =E;(r;) +E,(rs). (3)

Polarization fringesalong the recording plane

are derived using Eq. (3) and are given as

so(ry) =E; G )HE, () +E, &)E, (ry)
Js] r))=E;GOE,G,) —E, G)E, (ry)
15, Gr) =EX G DE,(r)) +E. (r)DE, (r))
Ls(rz) =i[E, GOE,(ry) —E; r))E, (ry)]
4
where s, (r,), n=0-3 are the Stokes parameters
of  the

polarization

recording plane and

[81]

represent
The Stokes parameter s, (7, ),
which represents the intensity modulation, is
usually applied in the holographic recording in the
scalar case. Substitution of Egs. (1) and (2) into
Eq. (4) means that either combination of s, (r,)
and s, (r,) or s,(r,) and s, (r,) is appropriate to
retrieve the complex field of the fully coherent
object.

Consider a situation where the polarization is
either uniform or ignored. This situation
corresponds to a well-established DH, where a
recording of only intensity modulation, i.e.,
[(r))=|EGy | and E, (r,)=E, (r,)=E (r,),
is enough. Therefore, if the object O=E’ (r,) is
coherently superimposed with a known reference
beam R=EX (r,), the hologram is described by a
transmittance function ¢ as
toc [O+R|"=|0|"+ |R|*"+OR" +RO" =

I, +1x +OR" +RO" =
Io+1x+ lO||R|)cos(p+0r), (5

where the intensity of the object and reference

fields are given by terms I, and Ix. The complex
field of the object is represented by |O|exp(ip),
and ¢ is spatial phase distribution. The reference
field is represented as a beam with uniform
R =
exp(ifr ). Phase extraction is possible from an off-
[2-4]

amplitude and linear phase @0y, i.e.,
axis geometry single hologram A reference
beam can insert a phase shift to record the
interference fringes. Such a method is also used to
extract exp (ig ) by phase-shifting algorithms"™' .
The most common approach for the realization of
quantitative imaging is based on an off-axis
approach, where object and reference beams
propagate different paths. A typical experimental
setup of the off-axis holography is shown in Fig. 1.
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Fig. 1 A typical experimental geometry based on the Mach-Zehnder geometry for an off-axis holography system

In some interferometric systems, the object
and reference beams propagate the same path,
which is known as common-path interferometry.
Such experimental geometry is widely investigated
to overcome the issue of stability of off-axis
holography while maintaining its advantages™ " .
In common-path geometry, the two beams travel
through the object and almost follow the same
optical path. Since both the wavefronts are derived
from the same beam, they are immune to
mechanical vibration and external disturbances.
This technique generates high contrast fringes as
the beam ratio, and the path length of the two
beams are almost the same. An experimental setup
developed by one of the authors for the common-
path holography setup for the quantitative phase
imaging is shown in Fig. 2% . This setup uses a

cyclic lateral shearing approach, and an un-

collimated coherent beam is used for illumination

purposes, as shown in Fig. 2 (a). The
corresponding experimental setup is shown in
Fig. 2 (b). A monochromatic laser beam is

collimated using the assembly of a spatial filter
and collimating lens. To establish a generalized
architecture, the collimation is slightly disturbed
This

information-

to gain a spherical wavefront. beam

illuminates the object, and the
carrying beam is divided into two equal intensity
beams at the beam splitter to traverse the
triangular Sagnac geometry. Finally, a detector is
inserted at a certain distance from the beam splitter
(BS) to record the interference fringes.

A numerical algorithm based on Fourier fringe

analysis is implemented to reconstruct the object
information from the recorded hologram. The first
two terms in Eq. (5) represent the DC component
due to the irradiance of the individual object and
reference field. The last two terms in Eq. (5) are
the off-axis and spectrum terms in the frequency
space, and these two terms are important to
recover the complex field of the object. A digital
2D Fourier transform operation implemented on
the recorded hologram separates various desired
terms in the Fourier space. The numerical steps to
process the hologram under the Fourier fringe

Fig. 3. An

appropriate filter to select the desired frequency

analysis method are shown in
spectrum helps to remove the unwanted terms in

the frequency space and determines the
reconstruction quality. We selected one of the off-
axis frequency spectra, as shown in step 2 in
Fig. 3, thereby suppressing the DC and avoiding
the twin image issue. The selected spectrum is
then shifted to the center, as shown in step 3, then
a 2D inverse Fourier transform is implemented in
step 4 to reconstruct the complex field information
of the object at the CCD plane.

complex light field at the CCD plane is then

The retrieved

numerically backpropagated to the object plane to

represent the true complex amplitude structure.

3 Polarization digital holography

Polarization, together with the amplitude and
phase, describes the complete optical field of the
al. M

digital

target object. Colomb et proposed an

experimental setup for polarization

1011011-5
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Irzerference fringes

(a) 7 (” ’\. b X (b)
()
“\“J,l'/'\

Pin
hole Lens L, S

M, & M, : Mirrors

L &1L, :Lenses

BS5: Non Polarizing Beam Splitter
S: Sample Plane

CCD: Charge Coupled Device

Fig. 2 (a) Sketch of a cyclic lateral shearing interferometer, the arrows denote the central ray path; (b) sketch of the
experimental arrangement for quantitative phase cyclic interferometer. The object is placed at one-half of the optical
field of view (FOV). The interferometer section makes two laterally shifted and collinearly propagating non-

collimating wavefronts for interference at the CCD plane. CCD: charged coupled device™"

ﬁ/‘"\

Back propagated
to object plane

Fig. 3 Steps highlighting Fourier fringe analysis of the recorder hologram

holography to map the spatial distribution of the
polarization state of light emanating from an
object. In this technique, a reference beam with
polarization

two  orthogonally components

interferes with the object beam to generate

holograms for the orthogonal polarization
components. As explained in the previous section,
complete polarization mapping is possible by

recording and reconstruction of only two

holograms of the orthogonal polarization
components for coherent light. An experimental
configuration to record the polarization hologram is
given in Fig. 4. This setup is specially designed to
record two orthogonal polarization components
simultaneously using polarization multiplexing. A

modified Mach—Zehnder (MZ1)

uses two reference beams, R, and R,. A coherent

interferometer

light then generates three interfering beams, R,
R,, and a birefringent object field O. A polarizer

and quarter-wave plate are used tune the polarized

light from the object, as shown in Fig. 4. The
hologram is then recorded using off-axis geometry,
with each reference beam traveling in different
This
recorded and represented as
[ =1,G)+1,G)=|R,|"+ |R,|"+
R/O+R O +R,;0O+R,0", (6)

directions. hologram is then digitally

0.,
where O = {O} is the object field and R, =

exp(ik,r,) 0

{ P Z} and R, = { ) } are the
0 exp(ik,r,)

reference beams. Therefore, polarization

multiplexing permits simultaneous recording and

distinguishing of the orthogonal polarization
components from the sample. The interference
pattern recorded by the camera is subjected to
numerical reconstruction. The methods for spatial
frequency multiplex polarization interferometry
and Fourier fringe analysis are applied to detect the

complex light field of the orthogonal polarization

1011011-6
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)

8 L

Fig. 4 An experimental setup to record the polarization hologram. BS is a beam splitter, HWP is a half-wave plate,

M is mirror, P is polarizer, QWP is a quarter-wave plate, CCD is charged coupled device

Another

polarimetric imaging was developed by Nomura

components. off-axis  method for

et al. "™ Another highly stable and auto-calibrated

experimental scheme was demonstrated for

accurate spatial mapping of polarization states of

light from a single hologram"™™ .

4 Coherence holography: scalar to

vectorial domains

Conventional  holography  records  and

image as an optical field

Takeda et al.

reconstructsa 3D
distribution. As mentioned,
developed CH™ .

information of a 3D object as a distribution of the

This technique reconstructs the

spatial coherence function. A coherent interference
pattern is recorded and reconstructed via DH.

The recording process in coherence and CH is
the same, but reconstruction is implemented using
incoherent  light illumination  (rather than
coherent). In CH ( without polarization), a
coherently recorded hologram is illuminated with
incoherent light, and the object information is
reconstructed as the distribution of the coherence
function. Therefore, CH provides a 3D image as a
spatial distribution of spatial correlation between a
pair of points. An interferometer scheme is
required to experimentally measure the spatial

distribution of the complex coherence function. In

the principle of CH, moving ground glass creates

[
stationary quasi-ergodic time fluctuations, which
grant one to supplant the ensemble average with
time average, or integration time over the detector
response time.

To provide a generalized principle of the
correlation holography, we start our discussion
with polarized light and consider CH as a special
case where polarization is ignored. VCH is based
on holograms for two orthogonal polarization
complements, e.g., x and y. Fig. 5 displays a
coherent recording of the field components, E, and

E

two Fourier transform holograms,

of an object, g.(r) and g, (), separately in
H, (r) and

v

H,(r). It is considered a polarized object and is
composed of two numbers, 0 and 1, at the off-axis
locations emitting, respectively, x- and y-
polarized light with their Fourier spectra G, (r)
and G, (r). Each of the holograms is illuminated
with incoherent-polarized light, and the presence
of two holograms for the orthogonal polarization
components distinguishes this approach from CH"" .

To introduce the reconstruction of these
holograms by an incoherent light source, a
schematic representation of the reconstruction is
shown in Fig. 6. The instantaneous complex field
of the orthogonal polarization component at the
RGG is represented as

E, (ri,t)y=H, (r, )eXp[isﬁm (ri,t)]

(subscript: m =x,y), )

1011011-7
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(@) y
Object # & (r)

Fourier spectrum

X component of field

Hologram

) y
Object * &y (r)

Fourier spectrum

s 6()

Hologram

HJ/ (;)

Y component of field

Fig. 5 Recording process in the vectorial coherence holography. (a) Hologram of E, component of the light coming from

the object; (b) hologram of E, component of the light emanating from the object. Two holograms are used to

reconstruct desired images in the coherence-polarization matrix of a light field ®

Reconstruction

45° Linearly
polarized light l_ Holograms

Coherence-Polarization Matrix

Aperture

Thermal light . Instantaneous
source Observation field
(Rotating plane 1
ground glass)
El’

L (X,1)
E,(r,1)

W (ry,r, + Ar)

W, (r,,r, +Ar)
W(r,,r, + Ar) = i
(3r2 +47) [W,,,(rz,r2+Ar)

Wyy(rz,r2 + Ar)
(EX(n)E,(r, + Ar))
(E}(n)E.(r, + &r))

( > —> ensembleaverage

(E\(n)E, (r, +Ar))
(E;(n)E, (1, + Ar))

Random light with polarization
variations at an instant of time

Fig. 6 Formation of orthogonally polarized holograms at the diffuser plane and reconstruction of these holograms by an

incoherent light source. Instantaneous random fields at the observation plane, for two orthogonal polarization

components, are represented by E, (r,) and E, (r,), and the random field is characterized by the coherence-

polarization matrix W(r,,r, +Ar)

where H,, (r,;) is a fixed transmittance of the
hologram and ¢4, (r,,¢) denotes a random phase
introduced by the diffuser at a time ¢t. The RGG in
Fig. 6 is

illumination. The light emerging from the diffuser

used to produce an incoherent
is optically Fourier transformed at the back focal
plane of lens L2 with focal length f, and the
instantaneous complex field at the focal plane is
expressed as
2nr, o1,
E.(ro) =By orexp(— 1 2000
(rs) (ry)exp 1 Af
Characterization of the random light field is

2X2

) dr,. (8)

possible using a coherence—polarization

Under

illumination,

matrix. consideration of incoherent

elements of the coherence—

polarization matrix are represented as

W, (A = [H G H, () %

exp(*i%Ar-m)drl. 9

Eq. (9) represents the connection between the
incoherent source at the diffuser plane and the
coherence function at the observation plane using a
Fourier transform relation. The recorded object
information in [H, (r;)H,(r,)] is encoded into
the coherence function through the van Citttert—

Zernike theorem. For m =n, the situation leads to

1011011-8
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the CH.

complex coherence—polarization matrix requires an

Experimental measurement of the
interferometer, and a detailed discussion can be

found in the literature [65-68].

5 Intensity correlation holography

Significant progress and developments in

correlation optics led to the emergence of
numerous fundamental and practical applications.
Important results in the coherence optics are the
van Cittert—Zernike theorem and the Hanbury
Brown and Twiss (HBT) approach. A correlation
function of the fourth order, with respect to
complex amplitude, is used in the HBT approach,
and this approach became a preferred method to
analyze random fields. The HBT approach makes
use of the relationship between second-order and

fields.  This

provides a simple and stable experimental method

fourth-order Gaussian random

to characterize the correlation parameters. The

Laser S L

Optical Propagation

approach offered a novel insight into statistical
optics and in the development of highly stable and
unconventional systems, such as

PCH, and

diffraction. In early astronomical imaging, second-

imaging
astronomical  imaging, ghost
order correlation was widely applied for imaging
astronomical objects. The HBT approach, based
on intensity correlation, introduced a new direction
in astronomical and unconventional imaging. Since
the correlation is examined electronically after
measurement of instantaneous intensities, the
intensity correlations are rather simple and free
from instability due to external disturbances.

A diagram for intensity correlation holography
is shown in Fig. 7. Information of the 3D object is
loaded into the coherently designed hologram, as
explained earlier. =~ However, a significant
difference comes in the reconstruction process. In
this section, we consider a scalar hologram (H, =

H,).

Detectorarray

gy

Fig. 7 Experimental scheme for intensity correlation holography ™"

In Fig. 7, E(r,;t) denotes the distribution of
the field at the hologram plane at a spatial point r,
and time ¢, whereas H(r,)=H, (r,)=H, (r,)
indicates the transmittance function of the
hologram. The hologram is illuminated with an
incoherent light from RGG. The instantaneous

field generated at the Fourier plane is given by

E(r,50) :J VH (ry)explig (r)] X

.27
ex (—1fr -r)dr. 10
P Af 1 2 1 (10)
Instantaneous intensity pattern is given

as
[(ry;0) =E" (rys0)E(r,50) = [EGrys50) |7,
(1)
and the cross-covariant of the intensity for the

Gaussian random field is given as

CAr) =<XATIGr DAl Gry +Ar)) =
(W (ry,r, +Ar) |7, (12)
where (AI(r,)>=1(r,) —{I(r,)) represents the
fluctuation of intensities over its mean value.
Using relation of the complex coherence
the cross-

established in the previous section,

covariance function becomes

2

. .2
C(Ar) = JH(;’l)exp(lA;r1 . r) dr,

(13)
Amplitude distributions of the object encoded

into the hologram are reconstructed as a

distribution of the cross-covariance function, and
the phase information is lost. This differentiates
PCH from CH and DH, which provides a complex

coherence function or complex optical field

[67]

distribution. Naik et al. experimentally tested

1011011-9
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the idea of the PCH, and they compared the
applicability of this technique in both temporal and
spatial averaging. This technique provides a new

dimension in correlation-based imaging.

6 Correlation holography with a
single-pixel detector: HBT approach

Correlation imaging methods, such as ghost

imaging, diffraction imaging, and intensity
correlation holography, are based on the intensity
correlation. The evaluation of photon coincidence
or intensity correlation helps recover the object
information in ghost imaging. Two photodetectors
are used to realize correlation measurement: one
detects the non-interacted light field of the object
to be reconstructed with high spatial resolution,
and the other, known as a bucket detector,
collects the interacted light field of the object.
Computational ghost imaging with a bucket
detector has also been proposed in recent years. In
this method, randomness is inserted into a light
beam in a controlled manner using a digital device

@

and supplanted a conventional thermal source with
the SLM
methodology,

assisted source. As a separate

intensity correlation-based
holography reconstructs the 3D structure of the
amplitude object from the intensity correlations.
This has been implemented using a connection
between the cross-covariance and the second-order
correlation of the Gaussian random fields, as
shown in Eq. (13).

In a separate development, we developed an
HCH technique using an SPD. This method can
numerically reconstruct 3D objects by estimating
the intensity correlations of an SPD and digitally
propagated intensity patterns at the far-field
planes. The SPD records the incoming light field
after interaction with the object, and the light
fields in the digital channel do not pass through the
object. Here, hybrid reveals the combination of
optical and computational channels. A comparison
of intensity correlation holography and HCH is
shown in Fig. 8. Fig. 8 (a) presents the basic

principle of PCH for comparison purposes. A

Detectorarray

Optical Propagation

Laser S L

(b)

SLM(retlection)

Laser

Digital Propagation Channel

Fig. 8 (a) Denotes intensity correlation holography scheme, S is a spatial filter, L is a lens, RG is rotating ground glass,

T is transparency; (b) HCH with SPD setup, BS is a beam splitter, SLLM is a spatial light modulator, P is a

polarizer, c is a correlator, D is a single-pixel detector

[79]
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spatially filtered light beam through the spatial
filter assembly S is expanded by lens L. The
expanded plane wave is directed at the RGG,
which generates a random pattern at a fixed time
t. The incoming random pattern from the RGG
passes through the transparency T, and
subsequently, the random light travels toward the
detector.

The recorded intensity pattern at the camera
plane is given as

I(r,) =

HTroexpligro]) [, A
where 7 indicates a 2D Fourier transform, T (r,)
represents transmittance (or reflectance) of the
object at the RGG plane, and ¢ (r,) is the phase
inserted by the diffuser. Note that the intensity at
different = planes around the detector position can
be observed using the paraxial propagation. The
cross-covariance of the intensity can be expressed
as

(AL (r Al (ry +Ar)) =

where parenthesis (. )

FLIaoI*, A8
denotes the ensemble
average and the intensity fluctuation is Al (r,) =
I(ro) — (T (ry)).

encodes  the

This equation states that
transparency information  and
determines the intensity co-variance.

In HCH,

introduced in the laser light to mimic an incoherent

a sequence of random phasesis

source using a computer-controlled spatial light
modulator. An SPD is introduced in the optical
channel. The digitally stored random phase is
numerically propagated in the digital channel at .
Finally, the cross-covariance of the intensities
from the two channels is determined. An
experimental scheme for the HCH is represented
in Fig. 8 (b). The basic principle, strategies, and
results of the HCH are as follows.

A spatially filtered collimated coherent beam
enters the BS. The beam reflected from BS
illuminates the reflective type SLM, which loads
the random phases into the laser beam. The light
from the SLM reflects back and propagates
through the BS and illuminates a transparency

T, (r;) for m=x,y polarization components. To

generalize the principle for the vectorial case, we

establish the theory for coherent polarized objects

wherein  consideration of two  orthogonal
polarization = components is  enough. The
orthogonal = components are  obtained by

incorporating the Jones matrix P () of a polarizer

as
{E,,(rl)} P {Exm} a6
E,(r) E,(rp]’
cos™ sin 0cos 0\ .
where P(0)= ( ) is the Jones
sin Ocos 0 sin’0

matrix of a linear polarizer oriented at € with

respect to the horizontal (x ) direction. The
intensity in the optical channel is

Lyaro)=|E.r) "+ |E,r)|7.  AD

The intensity in the digital channel can be

Therefore,

correlation between the optical and digital channel,

similarly represented. the intensity
at orientation =0, is given as
T .(r)I, (ry +Ar)) =
(E; (r))E, (ry))(E,, (r, + ArE,, (ry, +Ar)) +
\E..(r, +AE,, (r))]|7, (18)
where (. ) indicates ensemble average. The
intensity correlation for orientation of polarizer § =
7/2 is given as
T, ), Gry +Ar)) =
(E, GDE, G )XE, Gy +ArE ,, (ry +Ar)) +
E.(r, +APE, (ry) |7, 19

Using the angular spectrum method for

propagation from the source to the arbitrary
observation plane in the digital channel, the
second-order correlation from two channels is
given as

(E,.(ry))E, (0)) =
<JJT,,, (rp)exp ik, (r)z] exp{iCg (ri)-¢ (ri)} X

exp<fi2fn.r2 . rl)drler. (20)

Af

Term E,, (0) represents the complex field at

the SPD at the location (0,0). For the incoherent
source, i.e., (exp [i($(ri)-¢(r\)])>=0r,-ry),

the field correlation becomes

(E, (r)E, (0 ZJTW (rp)exp ik, (rDz] X

.2
exp {—1)(77;1’1 . r2:| dr,, 21)
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where 2z is the propagation distance and k., =

2 ‘
TTE«/ 1—(r/f)*. The wavelength of light is A, and

f is far-field distance. We can write the cross-

covariance of the intensity as
(AL, (rys2)AL,, (0)) = UT,,,m) X

. .2 2
exp [ik. (r{)z] exp(f1/\f;ﬁr1 . rz)dr] . (22)

Therefore, the 3D object is reconstructed as a
distribution of the cross-covariance. As an

example, consider a case of a scalar object, i.e.,

T.(ry)=T,(r,) =T (r,). Using propagation

kernel and coherent beam propagation, 3D
transparency placed at different distances can be
considered, as shown in Fig. 9. Transparency for
different objects placed at different longitudinal

distances can be represented as

T, (r) :J[JE'“ (rz)exp<* 1 %rz . rl) X

exp(ik:z)d;’z} dz, (23)

and is shown in Fig. 10 for objects located at

different longitudinal planes.

Fig. 9 A transparency, shown on the right-hand side, with 3D information of objects located at three different = planes

Fig. 10 Reconstructed objects at three different longitudinal
distances (z) from the focal planes "

The production of HCH is described as
follows. The SLLM inserts a set of random phase
structures ¢, (M) into the laser on the nl pixel,
where M stands for a total number of the random
phases inserted by the SLM. These random phases
appear to follow (exp [i,(M)] > = 0 and
Cexpli[¢,, (My)—¢,, (M )]} >=75,,0,. The laser
beam with the random phase illuminates the
sample, and the field further travels toward the
SPD. The random phase, loaded on the SLM, is
also numerically propagated without transparency
for the digital channel. The cross-covariance of the
intensities is

M
(AL, ()AL, (0)) = DJALL ()AL, (0.

n=1

24

f

[79]

The size of each random pattern displayed on the
SLM is 400X400. The

estimated by correlating the intensities from two

cross-covariance 1S

channels as explained earlier. A result of the cross-
covariance for  transparency is given in
Fig. 10 (a)—(c), which denote reconstruction of
the objects at three different = values with M =
400000, f = 500 mm, and A = 632. 8&nm. A
virtual detector in the digital channel is digitally
translated using digital propagation, and the
corresponding numerically evaluated intensities at
arbitrary z is correlated with the SPD intensity at
z=0. Fig. 10 (a) reconstructed letter J at z =
—200 mm from the focal plane, while the other
two objects are longitudinally shifted. Results for
2=0 and =100 mm are presented in Fig. 10 (b)
and 10 (c), respectively. The effect of varying M
values on the reconstruction is shown in Fig. 11
for object “O” at z = 0. The reconstruction
improves with a higher value of M, as shown in
Fig. 11. The spatial resolution is constrained by
the cap of the delta correlation feature of the

random phase pattern loaded by SLM. In this

1011011-12
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1=400000 14=200000 1=100000

O

(a) (®)
1M=20000 1M=10000

®

Fig. 11 Change in reconstruction quality with an increasing number of random phases in the HCH

situation, the spatial resolution in HCH and CH
relies on the spatial dimension of the transparency
T and f-number of the Fourier transforming
system as given in the experimental setup in
Fig. 8, in which the increasing size of T to achieve
high transverse resolution led to the reduction in

the longitudinal resolution similar to DH.
7 Correlation holography with a
single-pixel detector for complex

field

Recently, we have developed a new technique
to reconstruct the complex field within the HCH
framework ™ in contrast to the application of the

RGG in the phase recovery using the HBT

approach™ as shown in Fig. 12 (a). In the
developed  technique, random  phases  are
(@)

introduced in the incident laser beam by an SLM,
and the intensity in the optical channel is captured
using an SPD. The
propagation in the optical channel is shown in

Fig. 12 (b). The beam displacer is used to make

geometry of the light

an incoming collimated beam into two parallel
propagating orthogonally polarized components.
The two orthogonal polarized components travel
toward an SLLM after propagating through a beam
splitter (BS1). The SLM only allows modulation
in the x-polarization component, and the y-
polarization component remains intact. Therefore,
a half-wave plate (HWP) 1 is applied to flip one of
the components before and after reflection from
the SLM. The SLLM is applied to introduce a set of
random patterns into the spatially separated light,
and the random fields are further reflected by BS1

d B ©

&

p

Random

attern
= patterns

;élll-l Ranﬁ-ss’z a >’
C:a& " Elel

M2
P M1
<o M B &/ L] atterns ¥
. BS1 HWP25 § simP M2

" | HWP1 HWP 5

D L2 o PéS
L1 ] BST ?
& 54 4
Laser BD BS1

Fig. 12 (a) Coherence waves interference setup with the correlation of the intensity detected by a CCD, L is the lens, D is

a pinhole, BS are beam splitter, M are mirrors, T is transparency, MO is microscope objective, RGG is rotating

ground glass; (b) optical channel in the HCH with a single-pixel detector, BD is beam displacer, PBS is a

polarization beam splitter, SLM is the spatial light modulator, CA is a circular aperture, c is correlator, D is

single-pixel detector; (c¢) architecture for digital propagation of the random fields and correlation of single point

intensity with two-dimensional propagated intensity

[80]
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toward a MZI. A polarizing beam splitter (PBS) in
the MZI setup splits the incoming random field
into two orthogonal polarized components. The
mirror M1 folds the reflected random field from
PBS, which illuminates the transparency (T ).
Subsequently, these two orthogonal polarized
fields travel toward an SPD after propagating
through a BS2. An HWP 2 is inserted in the path
to rotate the reflected orthogonally polarized
random field {from the PBS. A

transparency CA is inserted to filter the incoming

pinhole

random field. The beam combiner (BS2) is used to
combine incoming random patterns. The SPD: D
is applied to measure these incoming random
fields. A digital channel to denote numerical
propagation is shown in Fig. 12 (¢). The random
patterns loaded by the SLM are numerically
propagated according to the geometry. The
numerically generated light fields are interfered
with to generate 2D intensity with random patterns
at the exit of BS,, as shown in Fig. 12 (c).
Further, a correlation is obtained between the
random intensity patterns and measured intensity
of an SPD as denoted by the symbol (X).
The random intensity pattern at a fixed time ¢
in the optical channel is represented as
I,(ro,t)=|E, (r,,t)|" =
(EL(ro t) +EN(rs 0 |7, (25)
where E! (r,)+E?(r,) represents a complex light
field.

random

Similarly, the complex light field and

intensity in the digital channel are

represented as

E.(r,) =E!(ry) +El(ry)

2

(26)
I.(r,)=|E.(ry)

Considering independent random light fields in
two arms of the MZI, the coherence function is
(E! (ry +AE, (r,)) = (El" (ry + AE, (1)) +

(EX (ry +AFEI(ry)), (27)
where <E!" (r, + Ar) E! (,)) =W (Ar) and
(E* (ry+Ar)E? (1)) = W?

co

(Ar) indicate the
complex correlation function of the random light
fields from the channels

optical and digital

corresponding to the first and second arm of the

MZI. Considering r, =0 for single-pixel detection,
the cross-covariance of the intensities becomes

(AT (AF)YAL, (0)) =| W) (ar) +W?, (Ar)

2
co co s

(28)
where AI, (Ar) and AI, (Ar ) represent the
intensity fluctuations in the digital and the optical
channels, respectively.

Consider the complex light field at the
transparency as E, (r) =T, (r)exp [j¢" (r )],
where T, (r) represents transparency and ¢" (r)
denotes random phase inserted by the SLM in n"
arm of the MZI. For incoherent illumination, the

complex correlation of the light from two channels

is given as

W

(Ar) :JT,,(rl)eXp(*iAr e ry)dry, (29)

where T, () is the transmittance function, which
may be real or complex value. T, (,) represents
an incoherent hologram source structure at the
diffuser plane. The coherence function at the
observation plane is the Fourier transform of the
incoherent source at the diffuser plane through the
apply the

van Citttert—Zernike theorem. To

holography in Eq. (28), we use a reference

Yy Ty,

coherence, W, (Ar) =?{circ< ) } . Here, a

a
is a circular aperture size source.
A coherent beam loaded with exp [ig, (M)]
travels through the pinhole circular aperture
(CA), and a loaded with
exp [ig2 (M)] transparency.

Instantaneous intensity is captured by an SPD and

coherent beam

illuminates  the

is represented as I, (0), where v indicates the
random patterns at the SLLM, ranging from 1 to

M. The
propagated, and the

random field 1is also numerically

instantaneous intensity
I’ (Ar) is evaluated corresponding to each random
pattern. The cross-covariance of the intensities is

M
(AT (AF)ALL(0)) = DIAI"(Ar)AIZ(0). (30)

n=1

In the developed method, we obtain the cross-

covariance coming from optical and digital

channels.

The cross-covariance and reconstructed objects

1011011-14
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are shown in Fig. 13 for two different
transparencies. In the first case, the object, which
is an off-axis digital hologram encoding numeral 1,
is introduced in the path of the stochastic light.
Evaluation of the cross-covariance reveals the
fringes as in Fig. 13 (a). A Fourier transform of
the cross-covariance reveals three spectra due to
interference of the coherence waves. These spectra
are the desired off-axis spectra, its conjugate, and
the non-modulating DC term, all separated in the
frequency space depending on the linear phase of
the reference coherence wave. The undesired DC
terms and the conjugate off-axis spectra are
suppressed as explained earlier in Fig. 3. We apply
inverse Fourier transform of the selected off-axis
spectra which provides the complex object as
shown in Figs. 13 (b) and 13 (c). Since an off-
applied as

axis hologram is transparency.

Therefore, the reconstruction of the off-axis

hologram provides a complex-valued object and its

@ ©

Fig. 13 Recovery of the complex field in a single-pixel
modified HCH approach for two different
transparencies. Results for an off-axis hologram
of the object “1” is used as a transparency,
(a) cross-covariance of the intensities,

(b) amplitude of the object, and (c¢) a phase of

the object; a spiral phase plate is used complex

transparency and results are (d) cross-
covariance of the intensity, (e) amplitude of the
vortex field, and (f) a phase of the vortex field.

The interpolated portion of these results are

shown in corner of each figure ©"

conjugate. Distribution of W? (Ar) shows the
complex-valued objects as in Figs. 13 (b) and
13 (¢). A strong central DC arising from the
numerical reconstruction of the off-axis hologram
of 1 is suppressed.

In the second case, a spiral plate is inserted
into the setup. The light emanating from the spiral
phase plate is a complex field andis represented as
rlexp ( ilg ),

azimuthal coordinate and / is the azimuthal mode.

where r and ¢ are spatial and

For the unit azimuthal index, the cross-covariance
and reconstructed complex-valued object are shown
in Figs. 13 (d)—(f). A piled-up phase variation of
27 around the point of singularity in the vortex

reveals the topological charge in Fig. 13 (f).

8 Conclusion

We have

correlation holography and reviewed the principle

discussed different types of
of correlation holography with an SPD. As
highlighted in the beginning, we first introduced
the idea of the correlation holography with a
generalized theoretical base covering scalar and
vectorial aspects of the light. Subsequently, these
theoretical bases and discussions on the correlation
holography were used to review the development of
the correlation holography with the SPD. In the
context of available resources on digital
holography, this review concentrates mainly only
on the correlation holography with an SPD for 3D

and complex field imaging.
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