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Controlling propagation of spatial coherence for enhanced imaging through scattering media
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It is known that a spatially partially coherent light field produces better imaging contrast compared to a
spatially coherent field and that the contrast increases as the spatial coherence length of the field becomes smaller.
The transverse spatial coherence length of most spatially partially coherent fields increases upon propagation.
As a result, the field produces progressively decreasing image quality at subsequent transverse planes. By
controlling the propagation of spatial coherence, we demonstrate enhanced image quality at different transverse
planes along the propagation direction through a scattering medium. Using a source with propagation-invariant
spatial coherence function, we report experimental observations of imaging different transverse planes with
equal contrast over a significant distance. Furthermore, we generate a spatially partially coherent source that can
be tailored to have minimum-possible transverse coherence area at the plane of the object to be imaged, and
using this source, we demonstrate imaging spatially separated transverse planes with maximum possible image

contrast.

DOI: 10.1103/PhysRevA.101.043839

I. INTRODUCTION

Imaging through scattering media is a very important area
of research due to its implications for a wide range of real-
world applications. For example, imaging of objects at differ-
ent transverse planes through atmospheric fog is inevitable in
daily life scenarios such as railways, defense, and road trans-
ports. Imaging through scattering media has been an impor-
tant research problem since 1960s [1,2], and even today this a
very active area of research [3—6]. The difficulties in imaging
through scattering media arise due to the inhomogeneities
in such media which introduce random phase variations at
different spatial locations in the light field passing through
it. If the light field is spatially coherent, these random phase
variations result in a random interference pattern known as the
speckle pattern [7]. As a consequence, what gets recorded is
the image of the object superimposed with the speckle pattern
at the imaging plane. Thus the recorded image gets corrupted
and the image quality gets severely affected [8].

Over the years, several imaging techniques have been
developed for addressing the difficulties caused by speckle
effects in scattering media. These techniques can be cate-
gorized into two sets. The first set of techniques is based
on using spatially completely coherent light sources such as
lasers for illumination. In this set of techniques, one tries to
minimize the speckle effects either by imaging with ballistic
photons [6,9-11] or by descrambling the phase of the scat-
tered light field using a hologram or a spatial light modulator
(SLM) [2,12-14]. The other set of techniques for imaging
through scattering media is based on using spatially partially
coherent light sources. In this set of techniques, the speckle
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effect gets reduced as the spatial coherence length of the
field becomes smaller. There are several different approaches
to generating spatially partially coherent light fields. The
most common approach involves introducing randomness in
a spatially coherent laser field by using either an acousto-
optical cell [15], a rotating ground glass plate [16,17], or
an SLM [18,19]. A more recent approach involves using
random lasers [20,21] with small spatial coherence lengths.
The other approach is to use light-emitting diodes (LEDs)
or thermal sources [22,23], which are spatially completely
incoherent primary light sources. Although the techniques
based on spatially completely coherent sources such as lasers
are useful for some applications requiring intense illumina-
tion, they still have only limited applicability in full-field
imaging due to speckle effects. As a result, the techniques
based on using spatially partially coherent sources are pre-
ferred for imaging two-dimensional objects in scattering me-
dia [20,21,24-27]. However, the spatial coherence length of
most partially coherent sources increases upon propagation
causing speckle effects to become progressively pronounced.
Therefore, such sources become unsuitable for imaging
spatially separated transverse planes along the propagation
direction.

In this article, we demonstrate that the above issue can be
overcome through controlling the propagation of spatial co-
herence of partially coherent sources. First, we report a proof-
of-principle experimental demonstration of imaging different
transverse planes with equal contrast over a distance of 40 cm
along the propagation direction. This is achieved using a
recently demonstrated source in which the spatial coherence
is controlled in a manner that the spatial coherence function
remains propagation-invariant [28]. Next, we demonstrate
a source in which the propagation of spatial coherence is
controlled in order to yield the minimum-possible transverse
coherence area at the plane of the object to be imaged. Using
such a partially coherent source, we demonstrate imaging
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different transverse planes along the propagation direction
with the maximum possible contrast.

II. CONTROLLING THE PROPAGATION OF
SPATIAL COHERENCE

Figure 1(a) shows a generic spatially partially coherent
source, in which a planar monochromatic spatially completely
incoherent source is kept at a distance u behind a lens located
at z = 0. We represent the transverse spatial location at z =
—u by p”=(",y”) and that at z=0 and z=2z by p =
(¥',y") and p = (x, y), respectively. The primary incoherent
source along with the lens constitute our spatially partially
coherent source. Since our primary source is spatially com-
pletely incoherent, the cross-spectral density of the field at
z = —u is given by

W (oY, p5. 2 = —u) = NI(p{. 2 = —w)d(p] — p5). (1)

where I;(p], z = —u) is the intensity of the primary source at
z = —u and is given by L(p”,z = —u) = A, if —s/2 < x”" <
s/2 and —s/2 <y” < /2, else 0 with A being a constant.
N = %3 (see Ref. [29], Sec. 5.5.4), where Ay is the central
wavelength. Following Sec. 4.4.3 of Ref. [30], we write the
cross-spectral density function W (p,, p,, z) of the field at z in
terms of the cross-spectral density function W (0, o5,z = 0)
of the field at z = O right after the converging lens as

(a) Partially Coherent Source Az’
x " ‘k

(b) PIC Source Az’

2=0

FIG. 1. Schematic illustration of (a) a sptially partially coherent
source, (b) a propagation-invariant coherence (PIC) source, and (c) a
minimum-possible coherence (MPC) source.
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Here ky = wy/c with wy being the central frequency of the
field, and p; = |p,], p2 = |p,|, etc. The cross-spectral density
W (p}, p3, z = 0) after the lens can be calculated by propagat-
ing the cross-spectral density at z = —u until z = 0 before the
lens and then propagating it through the lens. In this way we
obtain

W(ph g2 = 0) = RO DTH )T (o))

iky o 2 s
) f W (o], 05,2 = —u)ex >~

)

< e PPy —pp}) dp} dpj. 3)

Here T'(p) is the amplitude transmittance function of the
lens and is given by T'(p) = exp(—ikop?>/2f), where f is the
focal length of the lens. Substituting the expressions for the
amplitude transmission function and that of the cross-spectral
density function W (pY, p5, z = —u) of Eq. (1) into Eq. (3),
evaluating the p) integral, and replacing p] by p”, we can
write Eq. (3) as

AN iko 2 2Nl 1
W (), oy 2= 0) = e ¥ LD
u

% /e%ko(p’z—p'l)ﬁ” do”. 4)

Now, substituting Eq. (4) into Eq. (2), we obtain the cross-
spectral density function W(p,, p,, z) at z:

W(py, p2,2)

_ AN o2 (03=pD) o= L (0h—ph)p"
)

_ ko o on_ 2y _ ik o
% e 7a0 (03 =P )e = (P2P) plpl)dp”dp'ldp'z, 5)

where ﬁ =1 _1_1 This is the general expression for
2) f u z

W(p;, p3, z). We note that the lens is symmetric with re-

spect to x” and y”. Thus, W(p,, p,,z) can be written as

W(p,, ps,2) = W(x1, x2,2)W (1, y2, 2). For conceptual clar-

ity, we numerically solve only the x integral, which is

given by

W (x1, X2, 2)
; D2 rs2 ;
_ me%)(x%,xf) ff / e*%(éfxﬁ)xﬁe_%?z)(x?_x?)
uz —-D/2J—s/2
- ”%0 (x2x5—x1x7) " og /
x e~ @ RTIN  dx” dx| dx,. (6)

The integral over x” needs to be evaluated over the source
size, that is, from —s/2 to s/2 while the integrals over x| and
x, need to be evaluated over the size of the lens, which we
take to be D. We are interested in the cross-spectral density
function that is symmetric about the z axis. Thus, by substi-
tuting x; = x and x, = —x and then evaluating the x” integral,
we obtain the following expression for the symmetric cross-
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FIG. 2. Plots of (a) intensity /(x) and (b) the degree of coherence
| (2x)| of the PIC source for various z values.

spectral density function W (x,
intensity 7(x) = W(x, x, 2):

—x, z) and the corresponding

AN D/2
W(x, —x,z) = // sinc { (xh — ﬁ)}

D)2
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ANs D/2 y
Ix, ) = (x2 xp)
D/2
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The degree of coherence function |u(x,
lu(x, —x, 2)| = In@x, )| = W(x, —x, 2)/1(x,2).  (9)

We take the half width o, of this function as the transverse
spatial coherence length. We next evaluate u(2x, z) and I (x, z)
for two special cases.

—x, z)| is given by

A. Propagation-invariant coherence source (u = f)

We consider the situation in which u = f, that is, when the
primary incoherent source is kept at the back focal plane of the
lens. Figure 1(b) shows the configuration of the source in this
case. It has been shown in Ref. [28] that when the aperture
size of the lens is infinite, the degree of coherence function
|1 (2x, z)| and the intensity /(x, z) become independent of z.
Even when the aperture size is finite the degree of coherence
function remains z-independent up to the distance given by
zZmax = D f/s. Therefore, such sources are referred to as the
propagation-invariant coherence (PIC) source. We numeri-
cally evaluate Eqgs. (8) and (9) for D =2.5cm, f = 10 cm,
and s = 0.8 mm and plot /(x, z) and |u(2x, z)| in Fig. 2(a)
and Fig. 2(b), respectively, for various values of z. We find
that while the intensity profile of the source starts to broaden
as a function of z, the degree of coherence function remains
independent of z, that is, it remains propagation invariant up
to 300 cm. Taking the distance to the first zero of |u(2x, z)|
function as o, we find it to be about 80 pm.

B. Minimum-possible coherence source (uz > f)

Next, we consider the situation in which u > f [see
Fig. 1(c)]. Using Eq. (9), we numerically evaluate |u(2x, z)|
as a function of x, and taking the distance to its first zero to
be 0., we calculate and plot o, as a function of z for various
values of u (see Fig. 3). For a given u, o, decreases with z and
reaches its minimum possible value o, i, near z = v, where v

300

200

O¢(ppm)

100

FIG. 3. Plots of transverse spatial coherence length o, of the
MPC source as a function of z for various values of u. The minimum
Oc.min appears near z = v, where v is the image plane of the primary
incoherent source.

is the image distance of our primary source. As u is decreased,
v increases, and therefore the z value at which o, min appears
shifts to the right with o i, remaining almost constant. Thus,
we refer to this source as minimum-possible coherence (MPC)
source. It can be used for imaging two-dimensional objects
kept at z =v with maximum possible imaging contrast.
Furthermore, within the z range over which o, i, remains
almost constant, a two-dimensional object could be placed
at any z and be imaged with maximum possible contrast
by adjusting # in a way that o, mi, appears at the given z.
For D =2.5cm, f = 10 cm, and s = 0.8 mm, o, ni, changes
from 6.5 um to about 8.5 um from z = 25 cm to z = 35 cm.
We note that when u approaches f, the MPC source becomes
the PIC source.

III. EXPERIMENTAL RESULTS: ENHANCED IMAGING
CONTRAST THROUGH SCATTERING MEDIA

We next present our experimental results demonstrating
how PIC and MPC sources can be used for imaging different
transverse planes with enhanced imaging contrast through
scattering media. In our experiments, we use laboratory-
synthesized ground glass plates and stack together a varying
number of them in order to get scattering media of different
scattering strengths. We characterize the strength of the thus
constructed scattering media in the following manner. We
make a laser beam pass through the scattering medium whose
strength we need to measure. We record the intensity of a
small central portion of the laser beam on a 50 x 50-pixel
area of the CCD camera, kept at a distance of 30 cm from
the scattering medium. The measured intensity in the presence
and in the absence of the scattering medium is called / and Iy,
respectively. For our scattering media, the material absorption
is negligible, so any drop in the recorded laser intensity in the
presence of a scattering medium is solely due to scattering.
Therefore, we take the ratio Iy/I of the two intensities as
the scattering strength of the medium and write it as o« = 170
The quantity can be shown to be related to the scattering
coefficient u, as o = e, where d is the thickness of the
scattering medium [31]. We note that in our experiments
we use scattering media of varying scattering coefficient u;
and thickness d. Therefore, for characterizing the strength of
our scattering media, o = /¢ is a more pertinent quantity
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instead of u,. Larger values of « represent increased scattering
strength, with o« = 1 representing no scattering.

A. Imaging with a propagation-invariant source in
transmitting configuration

First, we present our experimental results of imaging
through a scattering medium in transmitting configuration
with a PIC source and compare its performance with that of a
spatially coherent source and a conventional partially coherent
source wherein the transverse coherence width increases with
propagation. Figure 4(a) shows the schematic diagram of
the experimental setup. A source kept at z = O illuminates a
transmission object kept at z = z. We use a 632-nm, 5-mW
HeNe laser having a Gaussian beam profile as a spatially
coherent source, while for the conventional source we use
an LED. We consider the same LED as the primary source
in the configuration of PIC source, as shown in Fig. 1(a). In
the experiment, we use D = 2.5 cm, s = 0.8 mm, f = 10 cm,
and A¢g = 632 nm. As a result, while the transverse coherence
length o, = 80 um of the PIC source stays z-invariant for over
300 cm, the transverse coherence length of the conventional
source increases with z as o, = % The light from the source
after transmitting through the object first encounters a scatter-
ing medium before getting imaged at the CCD camera. The
CCD camera has 1024 x 1280 pixels with the size of each
pixel being 5 um, the distance d between the scatterer and
the object is 3.5 cm, and the focal length f of the imaging
lens is 5 cm, which images the object with a magnification
of about 3. In order to avoid the saturation of the camera,
we use a neutral density (ND) filter of optical density (OD)
equal to 1, placed immediately before the camera. In order to
mimic objects at different transverse planes along the direc-
tion of propagation, we keep our source at various longitudinal
distances from the object. In this way the imaging condition
as well as the distance between the object and the scattering
medium remains constant when imaging various transverse
planes with different sources. Figure 4(b) shows the image of
the object in the absence of any scattering. Figure 4(c) shows
images of the object obtained with the three sources at three
different z values and with two different scattering strengths.
In order to get a quantitative estimate of the image quality, we
use image contrast defined as C = (Inax — Imin)/ (Imax + Imin)>
where I, and Iy, are the maximum and minimum intensity,
respectively. For calculating the contrast, we first select an
area in the image, as shown by the dotted square, and then
define I,,x and Iy, as the average pixel intensities in the bright
and dark regions within the square, respectively. We calculate
the contrast of each image shown in Fig. 4(c) and plot it as a
function of z and for the three sources in Fig. 4(d).

The results in Fig. 4(c) and Fig. 4(d) demonstrate how a
PIC source performs imaging of different transverse planes
with almost equal contrast in the presence of scattering. We
find that the measured image contrast at z = 10 cm is the same
with both PIC and conventional sources, and for the two o
values, the contrast is about 50% and 25%, respectively. As z
is increased to 50 cm, the contrast with the PIC source remains
invariant at 50% and 25% while the contrast with the conven-
tional source drops down to about 30% and 4%, respectively,
for the two « values. This is because o, of both sources are

| [ Conventional ||

He-Ne

Contrast (%)

FIG. 4. (a) Schematic of the setup for imaging in transmitting
configuration. (b) Image of the object in the absence of scattering.
(c) Images of the object and (d) imaging contrast obtained with the
three different sources at different z and « values.

very similar at z = 10 cm. However, for z > 10 cm, o, of the
PIC source remains invariant while that of the conventional
source increases causing the imaging contrast to decrease. As
expected, the speckle effect is much more prominent for the
spatially coherent source and increases with increasing scat-
tering strengths. We note that although PIC-like sources have
been earlier used in microscopy [32], here we demonstrated
their usefulness in enhancing the imaging contrast at various
transverse planes through a scattering medium.
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FIG. 5. (a) Schematic of the setup for imaging in reflecting
configuration. (b) Image of the object in the absence of scattering.

(c) Images of the object and (d) imaging contrast obtained with the
three different sources at different z and « values.

B. Imaging with a propagation-invariant source in
reflecting configuration

Although imaging in transmitting configuration is impor-
tant, many real-life scenarios require imaging in reflecting
configuration, in which both the source and the detector are
on the same side of the object. So, next, we demonstrate
the imaging capabilities of our PIC source in a reflect-
ing configuration. Figure 5(a) shows the schematic diagram
of the experimental setup. A source kept at z =0 illumi-
nates the object at z = z. The light from the source first

passes through a beam splitter and then after transmitting
through the scatterer illuminates the object. The reflected light
from the object passes through the scatterer, gets reflected by
the beam splitter, and then is imaged at the CCD camera.
The CCD camera has 1024 x 1280 pixels with the size of
each pixel being 5 um, the distance d between the scatterer
and the object is 4 cm, and the imaging lens of focal length
f = 10 cm images the object with a magnification of about 3.
As earlier, in order to mimic the object at different transverse
planes, we keep our source at various longitudinal distances
from the object. Figure 5(b) shows the image of the object
in the absence of any scattering. We use the same object
as in the transmitting configuration. However, since it is a
binary object with only transparent and opaque regions, the
image of the object in Fig. 5(b) has reversed bright and dark
regions as compared to the image in Fig. 4(b). Figure 5(c)
shows the images of the object obtained with the three sources
at three different z values and with two different scattering
strengths. We calculate the contrast of each image shown in
Fig. 5(c) and plot it in Fig. 5(d). We find that in general
the results of Fig. 5 obtained in the reflecting configuration
are qualitatively similar to those obtained in the transmitting
imaging configuration. However, the contrast of the images
in the reflecting configuration is lower compared to that in
the case of transmitting configuration. This is simply because
in the reflecting configuration the light has to go through the
scattering medium twice.

C. Effect of intensity on image contrast obtained with the
conventional source

In both the reflecting and transmitting imaging configu-
rations, we find that, as z increases for a given scattering
strength, the image contrast as well as the illumination in-
tensity of the images obtained with the conventional source
decreases. So a question that can arise is whether the de-
crease in the image contrast with increasing z is due to the
increase in the spatial coherence length of the source or due
to the decrease in the illumination intensity. We address this
question in the transmitting configuration at z = 30 cm and
o = 4.5. We record images at increased intensities of the con-
ventional source and compare them with the image obtained
with the PIC source under same experimental conditions.
Figure 6 shows one image obtained with the PIC source and
the three images obtained with the conventional source at
various illumination intensities. Along with the images, Fig. 6
also shows the corresponding image contrasts. The image
obtained with the PIC source has an image contrast equal to
35%. The other three images of Fig. 6 are obtained with the
conventional source at various intensities. The first of these
images is obtained under the same experimental conditions
as those in the case of the PIC source, that is, with an ND
filter of OD equal to 1. The illumination intensity in this case
is about three times lower compared to that in the case of
the PIC source. The second image is obtained with an ND
filter of OD equal to 0.5 such that the illumination intensity
is very close to that in the case of the PIC source. The third
image is obtained with no ND filter such that the illumination
intensity is increased by a factor of more than 3 compared
to that in the case of the PIC source. We find that under the
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FIG. 6. The image and image contrast obtained with the PIC
source and those with the conventional source at varying intensities.
All the images were obtained at z = 30 cm and with the scattering
strength @ = 4.5.

same experimental conditions, the image contrast with the
conventional source is less than 15%, compared to the 35%
contrast obtained with the PIC source. When the intensity of
the conventional source is increased such that the illumination
becomes comparable to that of the PIC source, the image
contrast increases to only 15.6%. A subsequent increase in the
intensity does not improve the image contrast much further.
This confirms that the decrease in the image contrast with
the conventional source is indeed due to the increase in the
spatial coherence length of the source and that it cannot be
compensated by simply increasing the illumination intensity.
Furthermore, we note that the incremental increase in the
contrast as a function of the illumination intensity is due to
the increased signal-to-noise ratio and that it saturates very
quickly.

D. Imaging with a minimum-possible coherence source in
transmitting configuration

Figure 7(a) shows the schematic experimental setup for
imaging with an MPC source. We image the object kept at
three different values of z, namely, z =25 cm, z = 30 cm,
and z = 35 cm. For each z, we choose u such that the primary
incoherent source gets imaged onto a plane at z and the field
achieves its o min at z. The rest of our experimental setup is
the same as that in the case of the transmission configuration
of Fig. 4(a). Next, in order to demonstrate enhanced imaging
capabilities of our MPC source, we compare its performance
with that of a PIC source under the same experimental con-
ditions. Figure 7(b) shows the image of the object in the
absence of any scattering. Figure 7(c) shows images obtained
with the two sources for three different values of z and two
different values of «. Figure 7(d) shows the imaging contrast
as a function of z and «. These results clearly demonstrate that

(a)

] ND
' Scatterer
: =5 cm (b)

Qqu
2=l
ai=1
4=
s=1
&=

(d)

Contrast (%)
8

(=)

FIG. 7. (a) Schematic of the setup for imaging in transmitting
configuration with an MPC source. (b) Image of the object in the
absence of scattering. (c) Images of the object and (d) imaging
contrast obtained with MPC and PIC sources at different z and «
values.

the MPC source images different transverse planes with max-
imum possible imaging contrast. Furthermore, in the presence
of a scattering medium, the MPC source provides much better
imaging contrast compared not only to the conventional or
coherent sources but also to the PIC source. Nevertheless,
for smaller scattering strengths, a PIC source would still be
preferable over an MPC source, since as opposed to the MPC
source, which requires choosing a suitable u for every z, a PIC
source works with the same configuration at every z.

IV. DISCUSSIONS AND CONCLUSIONS

In conclusion, we have demonstrated that by controlling
the propagation of spatial coherence it is possible to en-
hance the imaging contrast at different transverse planes along
the propagation direction through scattering media. Using
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a propagation-invariant coherence (PIC) source, we have
demonstrated imaging spatially separated transverse planes
without loss of contrast. Next, by making a source that has
minimum-possible coherence (MPC), we have demonstrated
improved imaging with maximum possible contrast. Our work
can have important implications for applications that require
imaging through scattering media.

We note that in our experiments we have used scattering
media of thickness ranging from 1 mm to 6 mm. In addition,
in the reflecting configuration, we have essentially imaged an
object kept between a set of two scattering media, which to
some extent mimics the experimental situation in which an
object is kept in a distributed scatterer. Therefore, although
we have not explicitly considered the case of a distributed

scatterer, which would be relevant for several realistic imaging
scenarios, the results presented in this paper suggest that
controlling the propagation of spatial coherence would offer
similar qualitative imaging benefits even in the presence of a
distributed scatterer.
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