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This paper presents a review on the application of off-axis speckle holography for looking through an optical barrier. In
off-axis speckle holography technique, a titled reference speckle pattern is superposed with an object speckle pattern to
retrieve the phase information of the Fourier spectrum of the object embedded into the speckles. The two-point intensity
correlation technique along with the phase retrieved utilizing this simple experimental approach, are used to recover
the amplitude, phase and polarization information of an object obscured by an optical scattering medium, employing
the van Cittert-Zernike theorem. In this review article, theoretical details of the technique along with the experimental
results on the optimization of this approach for different 2D imaging, such as, the imaging of complex and polarized
objects, are presented. It is also shown that the depth resolved imaging of a 3D object can be achieved exploiting the
off-axis speckle holography technique.© Anita Publications. All rights reserved.
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1 Introduction

The wavefront of a coherent beam of light gets randomized, while passing through a random
scattering medium. The temporal coherency of the beam, which remains unaffected by the scattering, enables
the scattered light components to interfere among themselves, resulting in a random intensity distribution,
known as speckle pattern [1]. The observation of the presence of speckles in a coherent imaging system was
reported after the invention of coherent source in 1960s [2,3]. A lot of interest have been generated because
of the random intensity distribution of the speckles, and different statistical approaches have been adapted to
characterize the speckle pattern in detail [1.,4]. However, as the presence of speckles reduces the resolution
of coherent imaging systems, various techniques have been developed to reduce the speckles from a system
under investigation or to reduce the effect of the scattering [5,6]. Different techniques based on non-linear
optics, superposition of large number of uncorrelated speckle patterns, introduction of a rotating diffuser,
and temporal averaging of the recorded images have been developed to remove the speckles present in an
imaging system [7-10].

The retrieval of an object information based on the holographic approach and using a pre-recorded
interferogram established that despite having a random intensity distribution, the speckles contain information
about the input beam [11]. A technique based on the holographic approach and using a source of reduced
spatial or temporal coherence has been developed to image through a scattering medium [12]. Separately,
it has been shown that instead of using a source with short temporal coherence, a source with reduced
spatial coherence can be utilized for imaging of objects embedded within a scattering medium [13]. Imaging
of a luminous object located inside a scatterer is possible, if the illuminating light is filtered out and the
luminescent light from the object is selected for the imaging purpose [14]. Another approach based on the
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utilization of the low-coherence gating and spatiotemporal digital holography has been proposed for imaging
of object obscured by a scattering medium [15].

The optical phase conjugation, where the phase induced in a beam by a scattering medium is
compensated, is another widely used approach for looking through a barrier [16]. The utilization of a spatial
light modulator (SLM) or a deformable micro-mirror device to modulate the wavefront of a beam and
achieve a desired spatial phase distribution on a beam is extended to the case of scattered light as well for
digital nullification of the scatterer induced random phase distribution [17]. Another similar approach, where
the wavefront of a beam incident on a scatterer is manipulated using an SLM, is employed for focusing of
the input beam inside a strong scattering medium [18]. Recently, an optimization technique along with the
wavefront shaping has been used to focus a broad-band light beam in a scattering layer [19]. It has been
shown that from proper modulation of the wavefront of an input beam, the polarization information retrieval
through a depolarizing medium can be achieved [20]. The difficulty in imaging through a multimode fibre
can be addressed employing the wavefront shaping based approach [21]. The penetration depth of the optical
coherence tomography in deep tissues, which is used widely for a range of biomedical imaging, has been
reported to be increased by incorporating the wavefront shaping based approach [22].

The memory effect based approach for looking through a random scattering medium has been a
widely preferred technique during the last decade. The theoretical prediction and the two-point intensity
correlation based experimental demonstration of the existence of memory effect of the speckles, which
implies that any change in the input beam alters the speckle pattern accordingly, have revolutionized the way
of exploiting the speckles for various applications [23, 24]. As the phase information of a speckle pattern is
lost in a recorded pattern, the two-point intensity correlation based approach for imaging application requires
retrieval of the lost phase of the Fourier spectrum. A technique utilizing the angular memory effect of the
speckles along with an iterative based phase retrieval algorithm has been developed for imaging through a
scattering medium [25]. The technique proposed in Ref [25] has been simplified for real-life applications by
replacing the angular intensity correlation with the two-point intensity correlation of a single speckle pattern
[26,27]. The second-order intensity correlation based approach along with a phase retrieval algorithm has been
successfully demonstrated for imaging through a fibre bundle, which has tremendous potential applications
in the improvement of endoscopic imaging [28]. The imaging and tracking of a moving object, sandwiched
between two highly scattering mediums has also been demonstrated using the intensity-correlation-based
approach [29].

The intensity-correlation-based approach requires retrieval of the phase information, which is
lost in a recorded speckle pattern. Apart from the iteration based phase-retrieval algorithm, different other
techniques have also been developed. It has been reported that higher-order intensity correlation of a speckle
pattern can be utilized to retrieve the phase information [30]. Recently, another technique based on the
bispectrum analysis of a speckle pattern has been demonstrated for the phase-retrieval operation, and has
been successfully utilized for imaging through a scattering layer [31]. These proposed techniques for the
retrieval of the phase information of a speckle pattern are computationally expensive.

In the holography-based approach, an unknown object beam is interfered with a reference beam,
and from the recorded interferogram, using the prior knowledge of the reference beam, the information about
the object’s spectrum is determined, and this approach can be extended to retrieve the phase information
of the object speckles. This method can reduce the complexity of retrieving the phase information, which
otherwise requires computation-based approach, which is a complex operation and also faces challenges
of convergence and stagnation. In the off-axis speckle holography technique, an object speckle pattern is
superposed with a reference speckle pattern of a known correlation feature in the off-axis configuration, and
from the recorded speckle interferogram, the lost phase as well as the object information are retrieved. Here,
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the idea is to overcome the phase recovery challenge in the Hanbury Brown-Twiss (HBT) type approach
[32, 33], by combining the off-axis holography with the two point intensity correlation. An analogy between
the optical field and complex coherence function has played a very vital role in the development of this
method. The off-axis speckle holography technique has been successfully implemented in different types
of 2D imaging, such as,imaging of amplitude object, complex object, and polarized object etc. through a
scattering layer [33-38]. In a series of papers, we have reported several new developments on combining the
correlation features of the random fields with holography, and have presented several new results [33-38].
Some of these techniques are capable of depth-resolved imaging behind a random scattering medium [39].
In this review, the theoretical background of the proposed approach particularly the off-axis holography with
coherent waves, and the optimization of the technique along with its experimental demonstration in different
imaging applications are discussed in detail.

2 Theoretical Details

Let us consider that a monochromatic, spatially random object field vector, Eq(r, t) can be written
in terms of the constituent electric field components Eo,(r, t) and Eq(r, t)

Eo(r,t) = Eox(r,)% + Eoy(r,0)) (1)
where r is the spatial position vector on the transverse observation plane, ¢ is the time, and % and y are two
mutually orthonormal vectors. Techniques based on the determination of the two-point intensity-correlation
function of a recorded random intensity distribution or the coherence-polarization (CP) matrix of a random
field are exploited for the characterization of a random field distribution. The spatial degree of coherence,
y(ry, 1) of a random field can be estimated from the intensity correlation function or the CP matrix, T°(ry,r,)
of the random field. The CP matrix of the object random field can be written as

o [ (rury) T (rp.r)
IV (r,r) = o 0 2)
I (rirp) I (rp,ro)

where the matrix elements are given by l"ijo(r] ) =(E 9*(r1) E jo(rz)). Here, ()’ denotes the ensemble average
of the variable. The average intensities of the two orthogonal polarization components of the random field
can be estimated from the diagonal elements of the CP matrix at r; = r,, and the trace of the matrix at r; = r,
can be considered as the total average intensity of the random field. The y(ry, r,) of the random field can be
written in terms of the two-point intensity correlation function and I'°(ry, r,) as

ey = (Al(r}) Al(rp)) tr[T(ry, 15) T (ry, 1y)] 3)

PR (AL(r) Al(ry)) tr[T°(0)]12

where Al(r) =1(r) — (I(r)) is the deviation of intensity from its mean value, ‘tr’ defines the trace of the matrix.

The two-point intensity correlation function of the object random field is calculated by inserting Eq (2) in Eq
(3), and is found to be

(AL(ry) AT(rp)) = 12 (ry, 1) + 09 (1, 1) + 1S (1, 1)+ [Ty, 1) @)

It can be observed from Eq (4) that from the study of the intensity correlation function, only the
modulus of the complex coherence function of the object random field can be determined. The recovery of
the phase is also necessary to construct the complex coherence function, which is used to retrieve the object
information from the random field distribution. In order to address this issue, a linearly polarized reference
random field, Ex(r, t) is superposed with the object random field, Eq(r, t) and the resultant random field can
be written as

E(r, t) = Eo(r, t) + Ex(r, t) ®)

Similar to Eq (2), the CP matrix of the reference random field, Eg(r, t) can be written as
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LS (rr) L (ryr)
TR (ry,rp) = R R (6)
[y (rur) Ty (1)

The spatial degree of coherence, yr.(ry, Iy) of the resultant random field, E(r, t) is calculated
following the intensity correlation based approach, as described in Eq (3), under the following assumptions:
both the random fields follow Gaussian statistics, and as the two random fields are experimentally generated
from two statistically independent scattering media, and the random fields are mutually uncorrelated. Under
the aforementioned assumptions, the yr..(ry, I,) is found to be

v2 _ (Al(r}) Al(ry)) _ tr[L(ry, 1ry) TT(ry, )] 7
k(12 = (A1 (r,) Al(ry)) tr[TO(0)]P )

where, T(ry, 1,) is given by T'(ry, r;) = I'O(ry, rp) + T(ry, rp) and can be written as

IS (rur) + IR (rr) T (rur) + TF (r.r)

Hrr = L9 (rr) + TR (rr) T (ru6) + 5 (r.r) ®
The expression of Yﬁes(rl, r,) can be expanded as follows after inserting Eq (8) in Eq (7)

Vie(r1, 1) =

|1">8(1'1J‘z)*ﬂ&(1'1J'2)|2+|1")8(1'1,1'2)“‘1";5(1'1,1‘2)|2+|1"A\,(3(1'1»l‘z)ﬂﬁ(1'1al'z)|2“‘\1"y(y)(1'191'2)"’1"),}},(1'1»1'2)|2 )

0 R 0 0012
[0 (0) + T(0) + TH(0) + Tiy(0)]

It can be observed from Eq (9) that apart from the dc components due to both the object and
reference random fields, “{%cs(rl, r,) also contains interference of the object and reference random fields.
These interference terms are exploited to construct the complex coherence function of the object random
field, i.e., IT°(ry, r,), using the prior knowledge of the complex coherence function of the reference random
field, i.e., T®(ry, r;). This complex I'°(ry, r) is utilized to retrieve the object information through a scattering
medium.

3 Experimental details

A simplified schematic of the experimental setup for the implementation of the off-axis speckle
holography technique is shown in Fig 1. A combination of a spatial filter, SF and a lens of focal length of
100 mm is used to clean and collimate a coherent beam of light originating from a He-Ne laser source of
wavelength of 632.8 nm. The collimated beam is then split into two using a non-polarizing beam splitter,
BS1, and the beam transmitted through BS1 and reflected from M1 makes the object arm of the Mach-
Zehnder (MZ) interferometer. An object is placed in the object arm of the MZ interferometer, and depending
on the type of the object under investigation, the configuration of the object arm is modified. The object beam
is made to pass through a ground glass (GG) plate, GG1, and the speckles generated from GG1 are referred as
the object speckles. On the other hand, the beam reflected from BS1 and M2 constitutes the reference arm of
the MZ interferometer, the configuration of which is same, as shown in (Fig 1), irrespective of the object in
the object arm of the interferometer. In the reference arm, the collimated beam is focused to an off-axis point
on another GGP, GG2 using a microscope objective, MO, and the generated speckles are referred to as the
reference speckles. The object and reference speckle patterns are superposed using another non-polarizing
beam splitter BS2, and the far-field interferogram is recorded using a CCD camera and employing a Fourier
arrangement constructed using a lens, L, of focal length of 200 mm. In the Fourier arrangement, the GGPs
are placed at the front focal plane of the lens, whereas the camera is kept at its rear focal plane. Lensless
Fourier transform holography for the coherence waves is also possible and this is discussed in Ref [34]. The
tilt angle of the MO is adjusted to provide sufficient amount of carrier frequency to the recorded far-field
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speckle interferogram. It should be noted that if the distance between the MO and GG2 is changed, the beam
size on the GG2 gets altered accordingly, which affects the size of the reference speckle grains, which in turn
changes the average number of reference speckles (ANRS) present in the recorded speckle pattern due to the
finite dimension of the CCD camera. In this paper, first, we have presented the effect of the change in the
ANRS on the visibility of the object, retrieved using the off-axis speckle holography, and subsequently, we
have presented the results of different types of imaging through a GG plate employing this technique.

Fig 1. The schematic of the experimental setup for imaging using off-axis speckle holography.

4 Result and Discussion

The two-point intensity-correlation technique following Eq (3) is exploited to characterize the far-
field speckle patterns recorded for different ANRS. Assuming that the recorded speckle patterns are spatially
stationary and ergodic in nature, the ensemble average in Eq (3) is replaced with the spatial average, and the
intensity correlation is performed over different spatial points of the recorded speckle pattern. The ANRS
present in a recorded speckle pattern is estimated from the ratio of the total area of a recorded speckle pattern
and the average effective area covered by a single speckle grain. In order to calculate the average effective
area covered by a speckle, the average size of a speckle grain and the average separation between the speckles
are required. The full-width at half-maxima (FWHM) of the intensity correlation function of a speckle pattern
is considered as the average speckle size. In order to calculate the average separation between the speckles in
a speckle pattern, the complement of the speckle pattern is estimated, and the intensity correlation function
of the complementary speckle pattern is determined, the FWHM of which is considered as the average
separation between the speckles, which has been observed to be same as the average speckle size. The
average effective area covered by a single speckle grain is calculated from the average speckle size and the
average separation between the speckles, and the ANRS is determined using the calculated average effective
area.
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Fig 2. Variation of the maximum degree of correlation of the reference speckle pattern with the (a) ANRS
and (b) SE.(Reproduced from Ref 35, with the permission of The Optical Society).
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The maximum of the intensity-correlation function of the reference speckle pattern is found to be
changing with the ANRS and the variation is presented in Fig 2(a), where it can be observed that although the
reference speckle pattern is spatially uniformly polarized, the maximum degree of correlation changes from
0.5 to unity with the increase of the ANRS. This observed variation of the maximum degree of correlation,
in case of uniformly polarized speckles, can be explained from the change in the randomness of intensity
distribution in the reference speckle pattern with the change of the ANRS. The intensity distribution of the
speckle pattern is less random, when the ANRS is less (98 or less), and due to the less randomness, the
maximum degree of correlation is observed to be failed to reach the expected value i.e., unity, and in these
cases, the maximum degrees of correlation are found to be less than 0.9. On the other hand, when the ANRS
is more (135 or more), the intensity distribution of the speckle pattern becomes completely random in nature,
and the achieved maximum degrees of correlation in these cases are very close to unity, as expected in case
of a spatially uniformly polarized speckle pattern. The change in the randomness of intensity distribution of
the speckle pattern with the ANRS is confirmed from the study of the Shannon entropy (SE) of the speckle
pattern. It has been found that the SE increases with the ANRS. The variation of the maximum degree of
correlation as a function of the SE is also studied and is presented in Fig 2(b), where it can be observed that
for SE > 0.6 (ANRS 2> 135), the maximum degree of correlation is close to unity, which indicates that for SE
> (.6, the intensity distribution of a speckle pattern is completely random in nature. On the other hand, for SE
< 0.6 (ANRS < 98), the intensity distribution of a speckle pattern is less random.

Fig 3. The coherence holograms for ANRS: (a) 31, (b) 74, (¢) 98, (d) 397, (e) 572, and (f) 1053. (Reproduced

from Ref 35, with the permission of The Optical Society).

The intensity correlation technique, as discussed earlier, is also applied on the recorded far-field
speckle interferogram. The intensity-correlation functions of the recorded interferogram for different
ANRS are shown in Fig 3, where the presence of fringes can be observed around the centre of the intensity
correlation functions. This region around the centre is referred as the coherence hologram (interference of
coherent waves). A closer look at the coherence holograms can reveal the presence of a background along
with the fringes. The correlation of the interference fringes present in the recorded interferogram leads to the
observation of the fringes in the coherence holograms, whereas the correlation of the unmodulated speckles
in the interferogram results in the observed background. As the reduction of the speckle size results in the
increase of the ANRS, it can be observed that the area of the background to the fringes also reduces with the
increase of the ANRS. The coherence holograms presented in Figs 3 (a-c) are in the less random domain, and
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in Figs 3 (d-f) are in the completely random domain of the reference speckles. It can be found that in the less
random domain (Figs 3 (a-c)), with the increase of the ANRS, the number of fringes present in the coherence
hologram remains almost invariant. On the other hand, in the completely random domain (Figs 3 (d-f)), the
number of fringes is observed to be reducing with the increase in the ANRS. Apart from the maximum degree
of correlation of the reference speckle pattern, the change in the ANRS also affects the maximum degree of
correlation of the superposed speckle pattern. The colour bars presented along with the intensity correlation
functions in Fig 3 show that the square of the maximum degrees of correlation changes from 0.7 to 0.9 with
the increase of the ANRS.

Fourier transformation based approach is employed to retrieve the object information from the
coherence holograms [40]. The retrieved objects for different ANRS are shown in Fig 4, where apart from
the retrieved objects, the presence of dc components at the centre are also observed. The retrieved objects are
observed to be present in the second-, and fourth quadrants in Fig 4, and the objects in the fourth quadrants
are magnified in the inset. The observed dc component is treated as noise, as its presence reduces the visibility
of the retrieved objects. It can be observed that the change of the ANRS affects the visibility of the retrieved
object and in the less random domain (Figs 4 (a-c)), the visibility of the retrieved object reduces with the
increase in the ANRS. On the other hand, the visibility increases with the ANRS in the completely random
domain (Figs 4 (d-f)), although reduction in the sharpness of the retrieved object is also observed.
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Fig 4. The retrieved objects for ANRS: (a) 31, (b) 74, (c) 98, (d) 397, (e) 572, and (f) 1053. Inset shows
the magnified image of the retrieved object. (Reproduced from Ref 35, with the permission of The Optical
Society).

In order to study the effect of the change in the ANRS on the visibility of the retrieved objects, the
objects present in the second and fourth quadrants in different figures of Fig 4 are normalized with respect
to the maximum noise i.e. the maximum of the dc component of the corresponding figure. The visibility
of the retrieved object is quantified from the numerical value of the normalized retrieved objects and is
referred as the signal-to-noise ratio (SNR). In this study, we focus on the retrieved objects present in the
fourth quadrants in Fig 4, which are also magnified in the inset. The maximum SNR of the retrieved objects
are observed to be changing with the ANRS, and the variation is presented in Fig 5 (a). It can be observed
that initially, the maximum SNR decreases sharply from very close to 1.0 with the increase of the ANRS to
reach to a minimum value of 0.4, which corresponds to ANRS = 98. For ANRS > 135,the maximum SNR is
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found to be increasing slowly with the ANRS and gets saturated at 1.0. This different nature of variation of
the maximum SNR with the ANRS in the less random and completely random domain is observed due to the
fact that in the less random domain (ANRS < 98), with the increase of the ANRS, the number of unmodulated
reference and object speckles increases. This results in a stronger background to the fringes in the coherence
holograms leading to lower visibility of the fringes, which causes the observed reduction of the maximum
SNR with the increase of the ANRS in the less random domain. On the other hand, in the completely random
domain (ANRS > 135), due to the complete randomness of both the object and reference speckles, almost all
the object speckles interfere with the reference speckles. This results in the higher visibility of the fringes in
the coherence holograms with the increase of the ANRS, leading to the observed higher maximum SNR of
the retrieved objects.
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Fig 5. The change of the (a) maximum SNR and (b) width of the retrieved object with the ANRS.
(Reproduced from Ref. 35, with the permission of The Optical Society).

Hence, the object information retrieval process can be divided into two domains: less random and
completely random distribution of intensity in the reference speckle pattern. In the less random domain,
the maximum SNR decreases sharply with the ANRS, whereas in the completely random domain, the
maximum SNR increases slowly with the ANRS, although a reduction in the sharpness of the retrieved
object is observed. The study of the change in the sharpness with the increase of the ANRS is performed by
investigating the change in the width of the retrieved object. In order to determine the width of a retrieved
object, a line profile is taken over the retrieved object, and the position of this line profile is kept same for
different ANRS, as marked in red for different objects in the inset in Fig 4, and the FWHM of this line profile
is considered as the width of the retrieved object.

The variations of the width of the retrieved object as a function of the ANRS is shown in Fig 5 (b).
The width is found to be varying randomly without any significant change in the magnitude in the less random
domain of the reference speckle patterns i.e. for ANRS < 98, as shown in the inset in Fig 5 (b). However, in
the completely random domain i.e. for ANRS > 135, the width is observed to be increasing monotonically
with the ANRS. The increase in the width of the retrieved object in the completely random domain of the
reference speckles results in the reduction of the sharpness, which is attributed to the decrease in the number
of fringes present in the coherent hologram with the increase of the ANRS, as can be observed from Figs 3
(d-f). Hence, high SNR in the retrieved object can be achieved using a less random as well as a completely
random reference speckle pattern. However, in case of a completely random reference speckle pattern, the
observed reduction in the sharpness of the retrieved object may reduce the resolution of an imaging system,
which is not the case in case of the less random reference speckle pattern.
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Different types of imaging through a random scattering medium employing the proposed off-axis
speckle holography are now presented. It is to be noted that in each different imaging scenario, the object arm
of the MZ interferometer in the experimental setup and the data acquisition system are modified, as per the
requirement. It has been demonstrated in the earlier paragraphs that using the proposed technique, imaging
of 2-D amplitude objects through a random scattering medium can be achieved. In order to demonstrate that
a complex object can also be imaged through a random phase plate, the object arm of the setup is modified
to encode the complex object. The Gaussian beam in the object arm is split into two, and one of the beam is
made to pass through a spiral phase plate, which gives rise to a vortex beam of finite topological charge, the
magnitude of which depends on the configuration of the spiral phase plate, at the output of the plate and the
generated vortex beam is made to interfere with the unmodulated Gaussian beam. This interference pattern is
treated as the object, which is passed through the GG plate in the object arm. The retrieved objects are shown
in Figs 6 (a-c), where the fork gratings for vortex beam with topological charge: 3, 6, and 8 are observed.
The retrieved fork gratings are Fourier transformed to extract the amplitude and phase profile of the vortex
beams, which are shown in the second and fourth quadrants, and in the inset, respectively, in Figs 6 (d-f).
This demonstrates the ability of the technique to recover 2D complex objects through a random phase plate.

100

150 150 150

50 100 150 50 100 150 50 100 150
(d) (e) ®
Fig 6. The Fourier transform of the intensity correlation function for input object beam with topological charge:
(a) 3, (b) 6, and (c) 8. The retrieved amplitude and the spatial phase profile (in the inset) of the corresponding
topological charges.(Reproduced from Ref 36, with the permission of AIP Publishing).

Apart from the retrieval of the amplitude and phase information of an object through a scattering
medium, polarization information retrieval is also required to complete the object information retrieval
process. Here, it is shown that the off-axis speckle holography can also be exploited for imaging of polarized
object. A polarization state generator i.e. a combination of a polarizer and a quarter-wave plate is introduced
in the object arm to induce different polarization states, such as linear and elliptical polarizations etc.,to
the object beam. In this case, another combination of a quarter-wave plate and a polarizer is placed before
the CCD camera. This combination along with the off-axis speckle holography is utilized to construct the
complex CP matrix elements of the object random field, which are then Fourier transformed to retrieve the
polarization matrix elements of the input object beam at the GG plate. The theoretical prediction along with
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the experimental result of the polarization matrix elements on the GG plate in case of a linearly polarized
object beam are shown in Fig 7. These polarization matrix elements are further utilized to retrieve the
polarization information of the input object beam, and the experimental results along with the expected
values are presented in Table 1.

a0 100

100 100 100
50 100 50 100 50 100 a0 100 50 100

Fig 7. The polarization matrix elements for a linearly polarized object beam on the GG plate from left to right in the
following order: xx, Xy, yXx and yy components, and the phase of the input beam. The first and second row represent
the experimental results and the theoretical predictions, respectively. (Reproduced from Ref 37, with the permission
of IOP Publishing).

Table 1. The experimental results of the polarization information retrieval (Reproduced from Ref 37,
with the permission of IOP Publishing.)

Parameter Expected Value Measured Value
Ellinticit 0 0.8
iptici
pHety 30 29.08
. . 5 5.12
Orientation
20 20.3

Apart from the retrieval of polarization information of an object beam through a non-birefringent
scattering medium, it is also possible to image multiple polarized objects through a week birefringent scattering
medium using the off-axis speckle holography technique. The beam entering the object arm is split into two
mutually orthogonally polarized beams and for the imaging purpose, the beams are made to pass through
two letters, here,"H’ and “V’ to visually differentiate the two polarization states, and subsequently,these
beams are superposed. This superposed beam is referred to as the object beam, and is passed through a
weak birefringent scattering medium, which results in a random spatial polarization distribution, commonly
referred to as the polarization speckle. It is shown that by modulating the object speckles using a polarizer and
employing the off-axis speckle holography, it is possible to retrieve the constituent polarization information
of the object beam from the polarization speckle. The experimental results in the absence and presence of the
polarizer are presented in Fig 8, where the presence of both the objects in the absence of the polarizer and the
retrieval of the constituent polarization components in the presence of the polarizer can be observed.

The imaging of different types of 2D objects through a scattering medium have been demonstrated
till this point. We now turn our attention towards the utilization of the off-axis speckle holography in depth-
resolved imaging or 3D imaging. The 3D objects, required for this purpose, are introduced in the object arm
using a SLM. Fourier holograms for two different sets of letters: ‘O’ and “W’, and ‘star’ and ‘heart’, are
generated numerically and are projected on the SLM. In designing the Fourier holograms, in both the sets,
the objects are placed in two different quadrants, and the distance between the objects are kept different in
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the two sets: 10 mm (in case of ‘O’ and “W’) and 15 mm (in case of ‘star’ and ‘heart’). The GG plate in the
object arm is illuminated by theses Fourier holograms displayed on the SLM employing a 4f geometry. The
Fourier holograms illuminated on the GG plate are retrieved from the generated speckle pattern exploiting
the off-axis speckle holography, and the objects at different depths are reconstructed from the retrieved
Fourier holograms, which contain the information of the 3D objects, using a numerical beam propagation
technique following the angular spectrum method. The reconstructed amplitude and phase information of the
objects at the earlier mentioned depths are shown in Fig 9. The visibility of the reconstructed objects and the
reconstruction efficiency are determined both in the presence and absence of the scattering medium, and a
good matches are found between these two results. In case of letter ‘O, the visibility and the reconstruction
efficiency in the absence of the scattering medium are found to be 11.26 and 0.92, respectively, whereas
the values in the presence of the scattering medium are 10.70 and 0.91, respectively. This establishes the
applicability of the off-axis speckle holography technique in 3D imaging through a random scattering medium.

Fig 8. The retrieved polarized amplitude objects (a) without the polarizer and with the polarizer oriented at: (b) 0° and
(c) 90°.(Reproduced from Ref 38, with the permission of AIP Publishing).

w=10.0, n=10.91 v=0.06, n=0.85

L
T

[h]

Fig 9. The experimental results of the 3D imaging through a scattering layer. The retrieved amplitude
information of the two sets of objects are shown in (a), (b) and (d), (e). The reconstruction of two
different objects at two different depths are shown in (c) and (f). The retrieved phase informations are
shown in (g)-(i). The values of the visibility and the reconstruction efficiency are shown on the top of
the figure (Reproduced from Ref 39, with the permission of The Optical Society).
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5 Conclusion

In conclusion, in this paper, we have reviewed in detail, the off-axis speckle holography technique
and its application in different types of imaging through a random scattering medium in detail. At first, we have
investigated the optimization of the technique, where we have observed that the randomness of the intensity
distribution in a reference speckle pattern affects the SNR and the sharpness of the retrieved object,and
have established that a less-random reference speckle pattern is more suitable for looking through a barrier
using this technique. It has been shown that using this technique the amplitude and phase information of 2D
amplitude and complex objects can be retrieved. Furthermore, the recovery of the polarization information
of 2D objects obscured by a scattering layer is established, which completes the full information retrieval
of a 2D object. We have also shown that the depth resolved imaging or 3D imaging at different depths can
be achieved using the speckle holography based approach, which further establishes the potentiality of this
technique in wide range of imaging applications through a scattering medium.
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