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Coherent imaging and communication through or within heavily scattering random media has been
considered impossible due to the randomization of the information contained in the scattered electromagnetic
field. We report a remarkable result based on speckle correlations over incident field position that demonstrates
that the field incident on a heavily scattering random medium can be obtained using a method that is not
restricted to weak scatter and is, in principle, independent of the thickness of the scattering medium. Natural
motion can be exploited, and the approach can be extended to other geometries. The near-infrared optical
results presented indicate that the approach is applicable to other frequency regimes, as well as other wave
types. This work presents opportunities to enhance communication channel capacity in the large source and
detector number regime, for a new method to view binary stars from Earth, and in biomedical applications.
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Random scatter can have a detrimental impact in science,
medicine, and communication, limiting the use of traditional
imaging, sensing, and signaling methods. While scatter can
increase communication capacity [1] and provide security
[2], severe multipath effects degrade wireless communica-
tion [3], tissue scatter inhibits deep coherent imaging [4],
and atmospheric scatter obscures Earth-based astronomical
telescopes [5]. Recent work on imaging through scattering
media [6–8] is effective when the scatter is weak. For
example, the memory effect results in incident wave vector
information being retained in weakly scattered light, where
the medium is very thin [8–10], limiting imaging to
relatively transparent media [8]. Quasiballistic photon gating
also becomes a signal-to-noise or integration time challenge
beyond very weakly scattering media [6,11]. Interesting
recent results showing the ability to focus light through
randomly scattering media in both space and time also
face challenges as scatter increases [7,12]. Such wavefront
shaping using spatial light modulators essentially relies on
mapping (directly or indirectly) the field transmission matrix
of the random medium [7,12–14], which becomes more
complex with increasing scatter and in many practical
environments. Despite these challenges, coherent imaging
continues to be an active research topic, and has been since
the advent of the laser, due to its broad impact [15–19].
Here, we present an imaging method that is effective with

heavily scattered light and allows one to reconstruct fields
incident on a scattering random medium. Such field infor-
mation was previously considered to be unavailable from
optical intensity measurements, as would be obtained from a
camera image of a speckle pattern. This work complements
recent efforts to control and image light in scattering media
[6–8,11,13,14] because it addresses the heavily scattering
regime and provides an avenue to extend coherent control
and imaging to more opaque randomly scattering media.

In our method, illustrated in Fig. 1, speckle intensity images
are taken as a function of object position and then used to
calculate the spatial speckle intensity correlation. With
sufficient scatter, meaning that the speckle field statistics
are zero mean and circular Gaussian (indicated by a unity
speckle intensity contrast ratio for coherent light) [20], the
spatial speckle intensity correlation can be expressed using
a moment theorem [21] as the magnitude squared of the
electric field autocorrelation [22]. Under these conditions
and over sufficiently small scan distances, resulting in a set
of intensity images having constant mean, the spatial speckle
intensity correlation is independent of the thickness and
scattering properties of the random medium and depends
solely on the incident electric field.
We use a Green’s function representation for the electric

field spatial autocorrelation at detector point rd given
by [22,23]

hE½U�ðrdÞE�½UðΔrÞ�ðrdÞi

¼
�Z

dr0Uðr0ÞGðrd; r0Þ

×
Z

dr00U�ðr00 þ ΔrÞG�ðrd; r00 þ ΔrÞ
�
; ð1Þ

where Uð·Þ is the incident field, E½Uð·Þ� is the speckle
field at rd due to the incident field Uð·Þ, Δr is a source
translation vector, and h·i is an average (mathematically,
over scatterer position, but practically over a speckle image
on a camera). The scan step magnitude, jΔrj, is assumed to
be large relative to the wavelength, making local correla-
tions associated with, for example, the memory effect [9]
negligible. With sufficient scatter, we therefore assume that
contributions to the measured intensity correlation only
occur from the joint support of the electric field and the
offset electric field, and with stationary statistics and
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after setting Pðrd;ΔrÞ¼hGðrd;r0ÞG�ðrd;r00 þΔrÞi in (1),
we find

hE½U�ðrdÞE�½UðΔrÞ�ðrdÞi

¼ Pðrd;ΔrÞ
Z

dr0Uðr0ÞU�ðr0 þ ΔrÞ: ð2Þ

With heavy scatter or sufficiently small Δr, still large
relative to the wavelength, Pðrd;ΔrÞ can be assumed
constant. Under the assumption of zero-mean circular
Gaussian fields, Reed’s moment theorem [21] can be used
to express the intensity autocorrelation as the magnitude
squared of the electric field correlation, resulting in
hI½U�I�½UðΔrÞ�i ¼ jhE½U�E�½UðΔrÞ�ij2. Using this result
with (2), and with a normalization ~I½Uð·Þ� ¼ ðI − hIiÞ=hIi,
we arrive at an estimate for the normalized intensity
autocorrelation as

h~I½U�~I½UðΔrÞ�i ¼
����
Z

dr0Uðr0ÞU�ðr0 þ ΔrÞ
����
2

: ð3Þ

By rewriting the incident field autocorrelation in terms of
its plane wave spectrum, (3) becomes

h~I½U�~I½UðΔrÞ�i ¼ jF−1fjUðk⊥Þj2gj2; ð4Þ
where F−1 is the inverse Fourier transform and k⊥ is the
Fourier conjugate variable of Δr. We see that the spatial
speckle intensity correlation is determined solely by themag-
nitude of the field’s spatial Fourier transform. Considering
the propagating plane wave spectrum, the result in (4) is
insensitive to phase in the Fourier domain, leading to
insensitivity to the object plane (incident field reference
position) offset distance from the random medium [24].
Without any scatter, spatially scanning the incident field

would simply yield the incident beam intensity autocorre-
lation,

R
dr0jUðr0Þj2jUðr0 þ ΔrÞj2. As scatter is introduced

into the system, speckle forms. With increasing scatter,
such that the statistics are fully developed (zero-mean
and circular Gaussian) and the mean intensity is approx-
imately constant over scan position, the spatial speckle
intensity correlation approaches (4). Therefore, the spatial
speckle intensity correlation is bounded between (4) and
the incident field intensity autocorrelation. Given that (4)
holds, it can be inverted with suitable data to determine the
incident field, as we demonstrate.
Figure 1 shows the experiment. A patterned laser beam,

the object of interest, is incident on a scattering slab, and a
camera measures the transmitted speckle intensity. In our
experiment, a narrow linewidth (< 10 MHz) laser beam
from an 850 nm laser diode illuminated a set of apertures
placed about 2 cm in front of the scattering slab. The laser
beam and pattern shaping apertures were scanned across
the randomly scattering slab in a raster pattern using two
orthogonally mounted linear stages and associated mirrors.
Two lenses were used in a 4-f configuration to spatially
filter the speckle pattern along with a third lens to magnify

an approximately 1 mm × 1 mm area on the randomly
scattering slab, to ensure that the average speckle size was
much larger than a single CCD pixel. A polarizer was used
to image either the co- or cross-polarized speckle patterns,
and the data presented here are for copolarized light.
With sufficient scatter, the co- and cross-polarized speckle
patterns yield identical correlations, and with increasing
scatter, the cross-polarized spatial speckle correlation con-
verges more rapidly to the heavy scatter result. At each
scan position, the speckle intensity pattern was imaged
using a 12-bit, 1392 by 1040 pixel CCD camera. Typically,
a scanning step size of 25 μm and 150 steps were used in
one dimension for the reconstructed incident field images
that we present.
Figure 2 gives a comparison between our theory in (4),

based on field correlations, the intensity correlation of
the incident beam, and experimental speckle intensity
correlations for slabs with a reduced scattering coefficient
of μ0s ¼ 4 cm−1 and thicknesses of 3, 6, and 9 mm, and
μ0s ¼ 14 cm−1 slabs with thicknesses of 3 and 6 mm. The
material was a clear acrylic embedded with titanium
dioxide scatterers with a mean diameter of 50 nm. The
object was a single circular aperture in a black screen
(diameter of 500 μm) illuminated by a quasispherical wave
generated from the laser beam transmitted through a 50 μm
diameter circular aperture placed 65 mm in front of it
and farther from the scattering slab. The incident beam
intensity autocorrelation in Fig. 2 gives the upper bound for
the speckle intensity correlation. As the slab thickness
increases, the speckle intensity correlation approaches the
magnitude squared of the field correlation, as given by (3).
With increasing slab thickness, the mean speckle intensity
becomes nearly constant over incident field position. For
the slabs with μ0s ¼ 4 cm−1, a minimum thickness of 6 mm
is required for a constant mean over the incident field scan

ApertureTranslating
Mirror

ΔX

FIG. 1. Experimental setup. Scattering slabs with reduced
scattering coefficients of 4 or 14 cm−1 and thicknesses of 3, 6,
and 9 mm were illuminated by an 850 nm laser which was shaped
by an aperture arrangement. The patterned beam, the object of
interest, was scanned across the slab. The speckle imaging
arrangement was composed of a CCD camera, a spatial filter, a
magnification lens, and a polarizer. The measurement imaged a
small spot on the back of the scattering slab, resulting in a mean
intensity that was independent of position within the camera image.
With heavy scatter, this mean is independent of the object position
over sufficiently small scan distances, the case in this Letter.
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distance we used. With the heavier scattering samples
having μ0s ¼ 14 cm−1, the 3 mm thick slab already shows
significant convergence to (4), and the 6 mm slab result is in
excellent agreement with the theory. In general, the
decorrelation rate of (4) becomes more rapid for smaller
apertures, and is inversely related to the spatial Fourier
spectral width of the incident beam, an observation of
significance for communication information capacity [1].
For incident field reconstruction, we used a scattering

slab of thickness 9 mm having μ0s ¼ 4 cm−1, again clear
acrylic with 50 nm titanium dioxide scatterers. Using the
measured spatial speckle intensity correlation, the incident
field can be reconstructed through an inversion of (4),
which can be written

U ≃ F−1f½Ff½h~I½U�~I½UðΔrÞ�i�ð1=2Þeiϕ1ðΔrÞg�ð1=2Þeiϕ2ðk⊥Þg;
ð5Þ

where there are two phase reconstructions necessary, ϕ1

and ϕ2, done in that sequence. For an arbitrary complex
incident field, the spatial speckle field correlation, which
is obtained through the reconstruction of ϕ1, must have
Hermitian symmetry (as it is the inverse Fourier transform
of a real quantity, the magnitude squared of the field
spectrum). If the incident field is real (with uniform phase)
or has even symmetry (about two orthogonal directions in
the plane of the slab), the field correlation must be both
even and real, constraining ϕ1 to values of either zero or π.
Under this condition, ϕ1 can be reconstructed using a
simple continuity condition (at the zeros of the field
magnitude). The reconstruction of ϕ2 can be accomplished
using an iterative phase retrieval algorithm [25]. Each
iteration involved Fourier transforming between the real
space and spatial frequency domains. In the frequency
domain, the Fourier magnitude was replaced with the
Fourier magnitude of (5) using the reconstruction of ϕ1.

In our reconstructions, the hybrid IO and error reduction
methods were used to enforce spatial constraints during the
field reconstruction [25–27]. The hybrid IO method was
used for a couple of dozen successive iterations, followed
by a single iteration using the error reduction method. This
pattern was continued throughout the reconstruction proc-
ess. Convergence was reached typically with several
hundred iterations (total of error reduction plus hybrid IO).
In Fig. 3, we show a field reconstruction for a beam that

was patterned using a set of circular apertures, where a
50 μm diameter aperture generated a quasispherical wave,
and a 500 μm diameter aperture placed 65 mm in front of
this and nearer to the scattering sample limited the field
spatial support. The resulting patterned field has curvature
in both magnitude and phase, as shown in Figs. 3(a)
and 3(b), respectively. With this patterned beam incident
on the scattering slab, copolarized speckle intensity images
were collected as the patterned beam (laser beam plus
apertures) was scanned. The resulting speckle images were
used to calculate the spatial speckle intensity correlation,
and (5) was then used to reconstruct the patterned beam
field. In this case, the field magnitude had no zero cross-
ings, so ϕ1 ¼ 0. The iterative phase retrieval method with a
tight spatial constraint using a priori information about
the beam shaping aperture size was used to determine ϕ2.
The reconstruction results are shown in Figs. 3(c) and 3(d)
as the reconstructed magnitude and phase, ϕ2, respectively.
Notice that the reconstructed phase agrees nicely with
our numerically estimated incident field phase in the

FIG. 2 (color online). Speckle spatial intensity correlation
comparisons between our theory, the autocorrelation of the incident
intensity, and experimental data, for scattering samples with a
reduced scattering coefficient of μ0s ¼ 4 cm−1 and thicknesses of 3,
6, and 9 mm, and μ0s ¼ 14 cm−1 samples with thicknesses of 3 and
6 mm. As the scattering in the slab increases, the spatial speckle
intensity correlation approaches the theory in (4).

(a) (b)

(c) (d)

FIG. 3 (color online). Field reconstruction results for a 500 μm
circular aperture. The circular aperture was illuminated with a
quasispherical wave generated by a 50 μm circular aperture
placed 65 mm in front of it. The scattering slab was 9 mm thick
and had a reduced scattering coefficient of μ0s ¼ 4 cm−1. (a) Esti-
mated aperture field magnitude. (b) Estimated aperture field
phase. (c) Reconstructed field magnitude. (d) Reconstructed field
phase. The phase images have been truncated to only show
the phase where the magnitude is significant.
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experiment, and that the reconstructed magnitude has more
curvature than the numerical estimate. This magnitude
smoothing is not due to truncation of the Fourier spectrum,
and may be associated with small changes in the mean
intensity as a function of scan position.
Using the same scattering medium as before (9 mm

thick with μ0s ¼ 4 cm−1), an aperture arrangement consist-
ing of two side by side 0.8 mm diameter circular holes
separated by 1.6 mm, center to center, was placed in front of
the laser beam. The numerically estimated magnitude and
phase for the incident field are shown in Figs. 4(a) and 4(b),
respectively. Again, using only the speckle intensity images,
the intensity correlation in (4) was calculated. For the outer
reconstruction in (5), ϕ1 was assigned to values of zero or π
by tracking the zero crossings.We used amuchmore relaxed
spatial constraint for the ϕ2 phase reconstruction, faintly
seen in Fig. 4(c) as the large encompassing outer circle. We
reconstructed ϕ2 using iterative phase retrieval, as in the
single hole experiment. The reconstruction results are shown
in Figs. 4(c) and 4(d) as the reconstructed magnitude and
phase, respectively. Again, the reconstructed phase con-
forms nicely to the numerically estimated phase, while the
magnitude data show correctly separated holes with some
smoothing around the edges of the two apertures. A random
initial phase was assigned, and as iterations progressed, the
holes formed and moved towards the right side of the spatial
constraint region. Consequently, the reconstructed holes
are positioned slightly to the right of center. This drift occurs
due to the ambiguity of the phase reconstruction to linear
phase (absolute positioning of the two holes in the trans-
verse plane).

The speckle memory effect can be used to image through
scattering media, but is limited to an angular field of view
inversely proportional to the thickness of the scattering
medium, under the assumption that the illumination spot is
wide [9]. It has proven effective in imaging experiments
with thin scattering media [8], usually no more than a few
tens of microns thick. The results presented here used a
9 mm thick heavily scattering slab, much thicker and more
heavily scattering than what has been practical with the
memory effect. In general, our method is independent of
scattering thickness, given sufficient scatter. In the memory
effect, as the angle of incidence of the source is changed,
the imaged speckle pattern shifts [10]. Figure 5 shows the
speckle image cross-correlation as a function of pixel offset
for our data. As the object moves, the correlation peak
remains centered above zero offset. This indicates that
the speckle pattern is not shifting in response to the
changing object position and that the results we achieved
are unrelated to the memory effect.
Speckle images have been used to obtain information

about objects using a method called speckle correlography
imaging [28]. This method relies on information about the
object being encoded into the speckle spots themselves.
The primary difference from our method is that correlations
are taken over individual speckle images, while our method
uses correlations over object position. Another way of
saying this is that our method uses an ensemble average of
correlations over object position from individual detectors,
while speckle correlography uses an ensemble average of
correlations from speckle images. We show in Fig. 6 the
ensemble average power spectrum from one of our two-
hole aperture experiments. The radial symmetry of the
power spectrum is a clear indication that information about
the two hole illuminated aperture, which is not circularly
symmetric, is not present in the power spectrum.
Earth-based astronomy is one important application of our

speckle imaging technique. Fluctuations in the atmosphere’s

(a) (b)

(c) (d)

FIG. 4 (color online). Reconstructed field for a two-hole
illumination pattern. The scattering slab was 9 mm thick and
had a reduced scattering coefficient of μ0s ¼ 4 cm−1. (a) Estimated
aperture field magnitude. (b) Estimated aperture field phase.
(c) Reconstructed field magnitude. (d) Reconstructed field
phase. The phase images have been truncated to only show
the phase where the magnitude is significant.

FIG. 5 (color online). Speckle image cross-correlation as a
function of pixel shift for four different object positions. The
illuminating object was a two hole aperture, aligned in the x
direction. The maximum correlation is centered at zero, indicat-
ing that the speckle pattern is not translating in response to
changes in the object position.
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density cause speckled stellar images which significantly
impact the observational capabilities of Earth-based tele-
scopes. Consequently, some binary stars cannot be distin-
guished from single stars, which has led to signal processing
methods such as speckle masking [29]. Our method, in
conjunction with the Earth’s rotation and atmospheric
scatter, provides another approach. For example, assuming
that the atmosphere can be considered stationary for 10 ms
[5], commonly called the seeing time, star systems spanning
up to 700 nrad (about 0.15 arcsec) can be imaged by our
method. This means within the Milky Way there are
hundreds of potential stars that could be imaged [30].
We have presented a method to image fields through

scattering media like tissue that leads to an understanding
of how to image moving objects and to control fields within
the medium. Given sufficient scatter, the measured speckle
correlations are independent of the material scattering
properties and size. The method therefore provides coher-
ent imaging potential in scattering regimes inaccessible to
current methods. For example, the field of a sufficiently
coherent guide star introduced into the scattering medium
could be determined using our method, allowing the
focusing of an external illumination to that point (for
therapy, in a medical application) without the need for
difficult optimization searches that ultimately require
access to the guide star position [7]. Other implementations
could permit the tracking and imaging of objects embedded
deep within strongly scattering media. By extracting the
incident field from intensity correlations over position,
and measuring the scattered field using a spectral domain
interferometer [31], the field Green’s function for the
random medium could be obtained. This itself provides
spatial and temporal characterization information, and also
allows direct control of the incident light to achieve an
arbitrary pattern with the scattered light using, for example,
a spatial light modulator.
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