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With two nonoverlapping beams incident at different angles on a heavily scattering medium, the spatial
correlation of speckle patterns over source position has a beat that is related to the incident angle dif-
ference. A model presented explains the measurement. The spatial correlation is shown to decorrelate
faster than the beam intensity correlation function and to be sensitive to the incident field profile. In-
creased scatter results in more rapid decorrelation. This work suggests new opportunities for imaging
through scattering media. © 2010 Optical Society of America
OCIS codes: 030.6600, 030.6140, 110.6150, 290.7050.

1. Introduction

Imaging and communicating through scattering
media are fundamental to a variety of biological
and environmental problems. While the magnitude
and phase of light scattered by a disordered medium
are randomized, all information about coherent inci-
dent light is not lost. There is a relationship between
the incident and transmitted wave vectors that di-
minishes with increasing scatter, causing a speckle
pattern to shift slightly according to small changes
in the incident beam angle [1,2], the so-called “mem-
ory effect.” This phenomenon diminishes exponen-
tially with increasing scattering medium thickness
and, hence, is measurable only with weak scatter.
Short-range correlations (on the wavelength scale)
of scattered microwave signals have been described
[3]. Enhanced backscattering occurs due to the weak
localization of light, and this is a time reversal mem-
ory effect, where light is preferentially scattered back
along the incident wave vector direction [4,5], depen-
dent on polarization [6]. It has also been demon-

strated that one can focus light to some degree by
controlling the spatially dependent incident field [7].

Here, we demonstrate that it is possible to access
the incident field spatial correlation, and with locally
planar phase fronts, the incident angle difference
between two beams. We describe experiments that
show how a spatial correlation of speckle over scan-
ned source position depends on the support of the
incident beam and the scattering properties of the
random medium. With two beams incident at fixed
and different angles, this spatial correlation as a
function of the position of the jointly scanned beams
is sensitive to the angular difference. Importantly,
this effect occurs even for thick, highly scattering
material, making it distinct from the memory effect
[1,2]. Figure 1 shows a schematic of the measure-
ments we performed. As the single input beam is
scanned, a correlation between the speckle intensity
patterns at the imaging point on the right, with the
beam at two positions separated by Δx, reduces with
increasingΔx and depends on both the beam and the
degree of scatter. With two spatially separated inci-
dent beams having incident angle differences that
are fixed with scan position Δx, we find a coherent
oscillation in the intensity correlation over position
that is dictated by this angle. To emphasize the
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partial recovery of the coherent speckle information
with the scan position of the two beams, note the si-
milarity of the top and bottom speckle patterns on

the left in Fig. 1, corresponding to adjacent correla-
tion peaks, and the decorrelated patterns on the
right.

2. Experiments

Figure 2 shows our two-beam experiment. The laser
source used was a tunable (over 80 GHz) external
cavity (Littman–Metcalf design) laser diode (New
Focus Vortex 6017), with a single-mode output and
a linewidth of approximately 5 MHz. The light source
had a center wavelength at about 850 nm and an
average power of 10 mW. An isolator was used to pre-
vent backreflections entering the laser. The two
beams were created by a 50∶50 beam splitter and
mirrors M1 and M2. The location (source position)
of the linearly polarized input beam was controlled
by mirror M3, which was mounted on a translation
stage. We denote the center-to-center beam separa-
tion at the left surface of the scattering sample as
d and the distance fromM2 to the left face of the scat-
tering medium along a line that bisects the angle
between the two beams as D. For the single-beam ex-
periments, the beam reflected from mirror M2
(shown as a dashed line in Fig. 2) was removed. A
speckle pattern was formed by imaging light trans-
mitted through the scattering sample with a CCD
camera, then only the incident light was scanned
in space, and another speckle pattern collected. In
all cases, the sample itself and the CCD camera were
kept fixed. This process was continued to provide
speckle pattern data that were used to form spatial
correlations. The spatial filter controls the speckle
size for satisfactory imaging and the polarizer selects
the polarization state imaged by the camera. A
0:7 mm × 0:9 mm spot on the right (transmission)
side of the scattering sample was imaged with a mag-
nification of 10 onto the CCD camera. The imaged

Fig. 1. (Color online) (a) Scanned input beam arrangement,
showing the joint support that contributes to the intensity correla-
tion at a detector point on the right side of the scattering medium,
and the disjoint region, which does not. UðxÞ is the incident field
andUðxþΔxÞ is the same field translated byΔx. (b) Two spatially
separated input beams, with different incident angles, produce a
beat in the measured intensity correlation as a function ofΔx. The
four speckle patterns correspond to a portion of the image for the
measurement of Fig. 3(a): upper left, reference position; upper
right, decorrelated result (Point A in Fig. 3(a)]; lower left, second
correlation peak (Point B in Fig. 3(a)]; lower right, second decorre-
lated valley (Point C in Fig. 3(a)]. The Δx ¼ 0 and Δx ¼ 0:24 mm
patterns are virtually identical.

Fig. 2. Experimental setup for the correlation over source position with two beams from an 850 nm laser. The distance between M2 and
the left surface of the scattering medium is D (1422, 1118, and 934 mm used), the center-to-center distance between the beams at this
surface is d (6.86 and 4:71 mm, for example), and the angle between the beams is θ. In the single-beam experiments, the dashed beamwas
removed. The unrestricted beam had a FWHMof about 1 mm. The spatial filter controls the speckle size and L2 images a small spot on the
right surface of the scatteringmedium onto the CCD camera. A small region on the right side of the scatteringmedium is imaged to P1 and
then magnified by L2 for imaging at the CCD camera. The “Scan over x” results in Δx.
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speckle size was large enough relative to the CCD
camera pixel size to allow good resolution. Statistics
were obtained from a constant mean speckle pattern
(over the small imaging spot) that provided an ade-
quate number of independent samples (which is
equivalent to random rearrangement of the random
scatters andmeasurement at a single point in space).
At the left surface of the scattering medium, the laser
had a 1 mm FWHM intensity spot. The scattering
samples used in the experiment were commercial
white acrylics (Cyro Industries, Acrylite FF) with
TiO2 particles of average diameter approximately
50 nm.

First, consider the case where a single incident la-
ser beam was scanned. Referring to Fig. 2, the scan
was achieved by moving mirror M3 linearly, with the
scattering medium and detector fixed, and linear co-
polarized light (the same as the incident field) was
measured. We collected speckle patterns at a fixed
position on the right side of the scattering sample
as a function of scan position, thereby forming the
normalized spatial correlation h~I½UðxÞ�~I½UðxþΔxÞ�i
between the speckle pattern with incident field
UðxÞ and that with a displaced beam UðxþΔxÞ, as
a function of scan position Δx, where ~Ið·Þ ¼
ðIð·Þ − hIð·ÞiÞ=hIð·Þi is the normalized intensity and
h·i is the statistical average. Here, UðxÞ refers to
the spatial profile of the input field, and Δx is the
displacement of the input beam (on the left side of
scatteringmedium). I is the speckle intensity pattern
observed at the CCD plane. Our normalized spatial
correlation quantifies the resemblance between
speckle patterns recorded on the right side of the
scattering sample as a function of input beam dis-
placement Δx on the left side. The incident beam
and the detector spot were axially aligned when
Δx ¼ 0. Example data are shown as the envelopes
in Figs. 3(a) and 3(b).

Using the two-beam arrangement of Fig. 2, we per-
formed intensity correlations of the unrestricted la-
ser beams over source position, with the two beams
having fixed separation d when scanned, i.e., fixed
angular difference, again with copolarized light. In
all cases, the beam separation d was large compared
to the individual beam sizes, i.e., the two beams were
nonoverlapping. The beam splitter and two mirrors
in Fig. 2 created two identical beams having different
incident angles. As M3 was scanned, thereby varying
Δx, there was a negligible change inD (on the scale of
the data we present). Figures 3(a) and 3(b) show our
results with the same d and D, but different scatter-
ing sample thicknesses (the case in Fig. 3(b) is more
scattering), and Fig. 3(c) has fixed D and varying d.
The scattering samples had a reduced scattering
coefficient (from a diffusion model with the domain
sufficiently thick) of μ0s ¼ 4 cm−1. As the samples
had negligible absorptive loss, the transport mean
free path (for photon direction randomization) be-
comes l� ¼ 1=μ0s ¼ 2:5 mm. Notice that the single-
beam result forms the envelope for the ripple in
the two-beam case. In all cases, the ripple period

is given by Λ ¼ λD=d ¼ λ=θ, where θ is the angular
difference between the two incident beams and λ is
the vacuum wavelength of the light. The dotted line
[in Figs. 3(a) and 3(b)] is the result with a model
comprised of the measured single-beam spatial cor-
relation, as an envelope, and a sinusoidal ripple hav-
ing period Λ ¼ λD=d, and this shows excellent
agreement. To confirm this understanding of the ba-
sis for the ripple in the spatial correlation, Fig. 4(a)
shows the measured Λ as a function of λ=d for three
D values. For each D, all data can be fit to a straight
line having slope D. Figure 4(b) plots the mea-
sured Λ as a function of λ=θ, clearly showing the
linear relationship and establishing that we have

Fig. 3. (Color online) Spatial correlation for two incident beams
with an angular difference: referring to Fig. 2, D ¼ 1118 mm,
d ¼ 4:32 mm, and a thickness of (a) 9 mm and (b) 12 mm; (c)
D ¼ 934 mm, with d ¼ 6:86 mm and d ¼ 4:71 mm, and a 9 mm
sample thickness. The unrestricted beam had a FWHM of about
1 mm, and μ0s ¼ 4 cm−1. The labels A, B, and C indicate points
where the speckle patterns of Fig. 1(b) were captured.
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sensitivity to the difference in incident wave vector
for the two beams. The sinusoidal beating remains
even for heavy scatter (with a period that is indepen-
dent of the scatter).

To determine whether the speckle patterns were
shifting or randomizing as a result of input beam
scan, we performed a spatial cross correlation (over
the speckle pattern coordinates) between the speckle
patterns ~I½UðxÞ� and ~I½UðxþΔxÞ�. We found that the
peak spatial cross correlation was at zero spatial
shift, indicating that the speckle pattern was not
moving as the beam scanned. Therefore, the decorr-
elation that we find is due to randomization of the
speckle pattern. Consequently, there is no transla-
tion in the speckle patterns shown in Fig. 1(b).

We investigated spatial correlations using a single
beam illuminating one or two circular apertures.
Figure 5(a) shows results for varying single aper-
tures of diameter a. The scattering medium was of
thickness 9 mm and had μ0s ¼ 4 cm−1. In general,
we expect the speckle pattern to decorrelate when
the incident field moves away from its original posi-
tion, leading to a reduction in intensity correlation
with increasing Δx. Figure 5(a) shows that decreas-
ing the aperture size results in a more rapid decorr-
elation. For reference, we have also plotted the
calculated beam intensity autocorrelation function
for each aperture, assuming uniform intensity within

the aperture, in Fig. 5(a). Scatter results in a more
rapid decorrelation, relative to the beam autocorre-
lation. Figure 5(b) shows measured correlation data
for two circular apertures, in comparison with a sin-
gle aperture. Notice the peak in the double aperture
case at 0:5 mm, corresponding to the aperture
separation. Correlations over source position thus
provide information on source location and support.
Note that the small separation between the two aper-
tures allows the satellite correlation peak to be
observed in Fig. 5(b), while the large separation be-
tween the unrestricted beams in Fig. 3, relative to
the Δx distance scale plotted, does not produce a
peak due to one beam overlapping the other, as
the two beams are scanned.

With a single unrestricted beam, we measured
speckle intensity patterns at each source scan posi-
tion using samples having μ0s ¼ 4 cm−1 and μ0s ¼
14 cm−1 and various thicknesses. The measured cor-
relations over source position are shown in Fig. 6.
Figure 6(a) gives the linear copolarized (Co-pol)
and cross-polarized (Cross-pol) correlations for var-
ious thicknesses with μ0s ¼ 4 cm−1. Increasing scatter
forces a more rapid decorrelation. This is confirmed
in Fig. 6(b), where the thickness is fixed at either 6 or
12 mm but the samples had different scattering coef-
ficients (the larger μ0s is, the more scattering and,

Fig. 4. (a) Measured modulation period as a function of λ=d and
for different D (points) and straight line fits. (b) Measured modu-
lation period as a function of λ=θ (points) and the predicted value
(solid line).

Fig. 5. (a) Spatial speckle correlation over source position for il-
lumination through a circular aperture of varying size. For refer-
ence, the calculated aperture/beam autocorrelation function is
plotted. (b) Comparison of a single circular aperture of diameter
0:35 mm and two apertures of this size with a 0:5 mm center-
to-center distance. The scattering sample was 9 mm thick and
had μ0s ¼ 4 cm−1.
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hence, the shorter transport length). More rapid
decorrelation occurs with both increasing sample
thickness and increasing μ0s. It is also interesting
to note that Fig. 6(a) indicates that the intensity cor-
relation for cross-polarized light decorrelates faster
than for copolarized light. The cross-polarized light
tends to be more heavily scattered, as we showed be-
fore in frequency correlations [8], and that result is
again consistent with more rapid spatial decorrela-
tion with increasing scatter. This difference between
copolarized light and cross-polarized light for the
same scattering medium diminishes as the amount
of scatter increases.

3. Theory

For circular Gaussian fields [9], the moment theorem
of Reed allows fourth-order field moments to be writ-
ten in terms of second-order moments as [10]

h~I½UðrÞ�~I½UðrþΔrÞ�i ¼ jh~E½UðrÞ�~E�½UðrþΔrÞ�ij2;
ð1Þ

where ~I½UðrÞ� ¼ j~E½UðrÞ�j2 is the normalized inten-
sity at a point rd on the right surface of the scattering
sample with an input beam UðrÞ on the left face (the
transmission arrangement of Fig. 2), and the right
hand side is the magnitude squared of the mutual
coherence function [11]. As the detector point is as-

sumed fixed in this representation (with statistics
generated from random arrangement of the scat-
terers) and the source points vary in space, we choose
a notation where spatial arguments apply to the in-
cident fields. The field correlation with respect to the
input field scan positionΔr can be written as follows:

h~E½UðrÞ�~E�½UðrþΔrÞ�i ¼
�Z

r0
dr0Gðrd; r0ÞUðr0Þ

Z
r00
dr00

×G�ðrd; r00ÞU�ðr00 þΔrÞ
�
; ð2Þ

where Uð·Þ is the incident field on the left of the scat-
tering slab and Gðrd; ·Þ is the electric field Green’s
function. The average in Eq. (2) has contributions
when photons have correlated paths, and assuming
that this occurs when there is an intersecting source
support, as the beam is scanned from r to rþΔr, Eq.
(2) becomes

h~E½UðrÞ�~E�½UðrþΔrÞ�i ¼
Z
js
dr0Uðr0ÞU�ðr0 þΔrÞ

× hjGðrd; r0Þj2i; ð3Þ

where js is the joint support between the beam in
position r and rþΔr.

Suppose now that the input beam has the form
UðrÞ ¼ U0ðrÞeik·r, where U0ðrÞ is an amplitude func-
tion and k is the wave vector, i.e., that the incident
beam is a local plane wave. Let the incident wave
vector have a component k∥ parallel to the surface
of the planar scattering medium. We can rewrite
Eq. (3) as

h~E½UðrÞ�~E�½UðrþΔrÞ�i¼e−ik∥·Δr

Z
dr0U0ðr0ÞU�

0ðr0þΔrÞ

×hjGðrd;r0Þj2i
¼e−ik∥·ΔrPðΔrÞ; ð4Þ

where PðΔrÞ is a function of the incident field (sup-
port) and the scatter, and the exponential describes
the phase front of the incident field.

Obviously, the phase term in Eq. (4) is lost in the
one-beam intensity correlation, where jh~E½UðrÞ�~E�

½UðrþΔrÞ�ij2 ¼ jPðΔrÞj2. However, consider the case
of two nonoverlapping beams with ~U ¼ ð ~U1 þ ~U2Þ=ffiffiffi
2

p
, which results in ~E ¼ ð~E1 þ ~E2Þ=

ffiffiffi
2

p
, where ~Ei

(i ¼ 1, 2) is the field at rd due to beam ihaving incident
field Ui. Mapping to our experimental case of scan-
ning in the x direction, r ¼ xx̂ and Δr ¼ Δxx̂, and
the second-order field moment becomes (in one
dimension)

Fig. 6. (a) Spatial correlation over the source coordinate for linear
co- and cross-polarized light and various sample thicknesses for a
scattering sample with μ0s ¼ 4 cm−1. (b) Copolarized intensity cor-
relation for samples having μ0s ¼ 4 cm−1 and μ0s ¼ 14 cm−1 and
thicknesses of 6 and 12 mm.
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h~E½UðxÞ�~E�½UðxþΔxÞ�i ¼ 1
2
hð~E1½U1ðxÞ� þ ~E2½U2ðxÞ�Þ

× ð~E�
1½U1ðxþΔxÞ�

þ ~E�
2½U2ðxþΔxÞ�Þi

¼ 1
2
fh~E1½U1ðxÞ�~E�

1½U1ðx
þΔxÞ�i þ h~E2½U2ðxÞ�
× ~E�

2½U2ðxþΔxÞ�ig; ð5Þ

where thebeamseparationd is assumed large enough
to neglect the cross terms. We consider k∥ ¼ kxx̂. For
the case of identical beams having differing incident
angles, from Eq. (5) and using Eq. (4),

jh~E½UðxÞ�~E�½UðxþΔxÞ�ij2 ¼ 1
4
jPðΔxÞj2je−ikx1Δx

þ e−ikx2Δxj2
¼ jPðΔxÞj2

×
½1þ cosðΔkxΔxÞ�

2
; ð6Þ

where Δkx ¼ kx1 − kx2 and the normalization gives
Pð0Þ ¼ 1. Equation (6) describes the envelope through
jPðΔxÞj2, and the ripple period of the measured data
in Fig. 3 when one identifies sin θ ≈ θ ¼ Δkxλ=ð2πÞ ¼
λ=Λ, or Λ ¼ λ=θ. It is quite remarkable that informa-
tion about Δkx is retained in the correlation
h~I½UðxÞ�~I½UðxþΔxÞ�i.

4. Discussion

Phase front information is retained in the scattered
speckle pattern and available from an intensity cor-
relation over incident field position with a simulta-
neously moving object and reference. One may
anticipate that spatial correlations over incident
field position will retain information about spatial
frequency spectra for fields with a distribution of
k∥ in one dimension or two dimensions. Our work,
therefore, may form the basis of a new approach to
capture improved image information through heav-
ily scattering media.

Scanning the incident field in Δx, with a single
beam obliquely incident on the scattering sample,
produces a linear phase progression in the field at
each point within the beam. However, the intensity
correlation over incident field position in Eq. (1) is
not sensitive to this phase modulation. Introducing
the second beam, as a reference with known phase
front information, allows information on the phase
front of the signal beam to be determined, as is clear
from Eq. (4). Note that the phase at each point within
each beam is being modulated as the incident field is
scanned, as in the single-beam case, but now angle or
phase front information is available. Also, as Eq. (4)
shows, information about the scattering medium and
the incident field is contained within PðΔrÞ.

The model result in Fig. 3 uses the single-beam
correlation to determine jPðΔxÞj, and the known in-
cident beam angles to arrive at Δkx, referring to
Eq. (6). The degree to which the two beams were par-
tial plane waves with uniform phase fronts limits the
nulls in the experimental data, i.e., we attribute the
nonzero nulls in Figs. 3(a) and 3(b) to slightly nonpla-
nar phase fronts in the unrestricted beams. In gen-
eral, the model fits the data quite nicely.

Further insight can be gained by considering uni-
form plane wave illumination of the scattering
medium, i.e., PðΔrÞ ¼ 1. With single plane wave illu-
mination, the intensity correlation over scan position
of this field is constant. With two plane waves inci-
dent at different angles, and imaging the speckle in a
small spot, the intensity correlation over scan posi-
tion (of both or just one beam, in this case) will be
sinusoidal, because the incident field at each point
in space is periodic and there is a reference. Without
a spatial scan, but by scanning the phase of one plane
wave relative to the other, the incident field and,
hence, the speckle pattern will also be periodic.
The phase adjustment could also be done with both
waves incident at the same angle, and the speckle
pattern would remain periodic in the control phase.
The important distinction between scanning the in-
cident field over position and phase is that the former
gives rise to phase front information, which appears
not to have been recognized previously.

In contrast to the spatial correlation with respect
to source position that we have described, correla-
tions over position in the detector plane can also pro-
vide important information. For instance, the
autocorrelation of a given speckle pattern is a useful
measure of speckle size, and this result is dictated by
the spatial filter aperture in Fig. 2 and is indepen-
dent of the particular incident field in our imaging
arrangement. The spatial correlation results pre-
sented throughout this paper are independent of
the speckle size, as controlled by the imaging optics.
Another example is the van Cittert–Zernike theo-
rem, which relates the far-field mutual intensity in
a detector plane (between image plane spatial points)
to the intensity in a source plane (which in our case
would be the random intensity on the image side of
the scattering medium, if measurements had been
made in that regime), through a Fourier transform
[9]. Yet another example is the work on field correla-
tions over wave vector on the transmission side (or
position in the detection plane), which has been pre-
sented as a generalization of the memory effect [12].

It is also interesting to draw an analogy with our
previous work [13], where the path length difference
of two incident beams was retrieved from a correla-
tion of speckle patterns as the laser frequency was
scanned. In that experiment, we found h~IðωÞ
~IðωþΔωÞi ¼ jPðΔωÞj2½1þ cosðΔωΔtÞ�=2, with Δt
the delay of one input beam relative to the other
and Δω the offset in the laser circular frequency,
which has the same mathematical form as Eq. (6).
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5. Conclusions

We have shown that information about the angular
difference between two nonoverlapping beams inci-
dent on a random scattering medium can be success-
fully retrieved from the spatial correlation function
over excitation position. The envelope is governed
by the single-beam case, which is a function of the
source and the amount of scatter. Interestingly, the
beat due to the incident angle difference is not a func-
tion of the amount of scatter and is, therefore, a long-
range effect. This observation should be useful in
various applications involving imaging through
and within scattering media.

This work was supported by the National Science
Foundation (NSF) under grants 0203240-ECS,
0323037-ECS, and 0701749-ECCS.
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