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We present a model for predicting the spatial intensity correlation function of dynamic speckle patterns
formed by light backscattered from turbid suspensions, and an experimental validation of these predictions.
The spatial correlation varies remarkably with multiple scattering. The provided computational scheme is a
step towards correctly interpreting signals obtained from instruments based on the measurement of dynamic
speckle patterns in the far field.

DOI: 10.1103/PhysRevE.75.060901 PACS number�s�: 87.64.Cc, 42.25.Kb, 42.30.Ms, 87.15.Aa

In biomedical imaging a number of measurement tech-
niques are based on the spatial and temporal analysis of co-
herent intensity fluctuations �1–5�, also known as dynamic
speckle patterns. Dynamic speckle patterns are produced by
the interference of coherent waves which are emitted by me-
dia with internal motion of scattering particles. Such a
speckle pattern depends on several parameters such as the
distance from the medium to the detector, the illumination
pattern, the absorption level, and the particle size, shape, and
concentration. So a system which performs detection of
backscattered photons in the far field is also influenced by
these parameters. The quantification of such variations is
thereby necessary for all the instruments based on imaging
dynamic coherent intensity fluctuations on a detector. The
laser Doppler perfusion imager �LDPI� is such an instrument,
which is based on collecting backscattered photons to con-
struct blood flow maps of an area of tissue. In this instru-
ment, a collimated laser beam illuminates an area of tissue
and a detector is used to collect backscattered photons propa-
gated through free air. It is known that the signal from such
a system is influenced by the number of coherence areas, or
speckles, on the detector �4,6�. The diffusion of temporal
field correlations through turbid media, which is also of in-
terest in such imaging systems detecting backscattered pho-
tons, was reported earlier �5,7�.

The spatial field and intensity correlation of speckles were
extensively studied in terms of particle size and concentra-
tion �8�, distance to the detector �9�, scattering angle �10�,
and angle of rotation of source and sample �11�. Several
studies were also reported on the contribution of different
correlation ranges �12� and spatial correlation of microwaves
�13,14�. In this Rapid Communication we focus on the pre-
diction of the effect of multiple scattering and absorption on
the spatial intensity correlation in the far field. Li and Gen-
ack �15� showed that the intensity distribution on the output
surface due to point excitation and the intensity correlation
function on a distant speckle pattern are Fourier transform
pairs. We use this result as a building block of a general
theoretical framework to predict photocurrent fluctuations
generated by dynamic speckle patterns from mixed dynamic-

static media illuminated by coherent light. Our model is able
to deal with fields generated by different fractions of back-
scattered photons. These fractions can be defined according
to the Doppler shift, number of scattering events, and pen-
etration depth of photons. Our method utilizes an effective
amount of speckles on the far-field detector calculated by a
weighted integration of the calculated intensity correlations
functions. The provided computational scheme is a step to-
wards quantification of speckle effects in instruments based
on imaging dynamic coherent intensity fluctuations on a de-
tector.

In the following description, various quantities occur
which are indicated and localized in Fig. 1. A component of
our theoretical approach is a relation established between the
photodetector signal and the two-point statistics of the
speckle intensity field. First the space-time correlation func-
tion �II��r ,�� of the intensity variations is expressed in
terms of the space-time correlation function �EE�r ,�� of the
electric field by the Siegert relation �16�. An expression for
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FIG. 1. Illustration of quantities on the surfaces of the medium
and the detector; correlation functions for Doppler-shifted and un-
shifted light fractions f1 and f0 on the detector generated by the
intensity distributions on the scattering medium surface.
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the space-time field correlation coefficient is derived from
the correlation functions of Doppler-shifted or non-Doppler
shifted fields that together compose the total electric field.
Eventually, the variance of photocurrent fluctuations can be
written in terms of so-called fractional coherence areas of
these composing local field complex amplitudes by �17�
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where Adet is the effective detection area, R is the responsiv-
ity of the detector, and �I� is the average intensity of the light
within the detection area. Furthermore, f0 is the fraction of
non-Doppler shifted photons, while f1¯ fM represent frac-
tions of Doppler shifted photons that can be defined on the
basis of various criteria, such as the Doppler shift, the num-
ber of Doppler scattering events, the �optical� path length,
and the penetration depth into the medium. Acoh

ij represents
the so-called fractional coherence area on the detector
formed by all pairs of photon groups i and j. This can be
written in terms of the correlation coefficient of the fields,

Acoh
ij = 2��

0

�

�EE
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where �x is the spatial separation on the detection plane, and
�EE

i and �EE
j are the field correlation coefficients of various

photon fractions f1¯ fM of Doppler shifted photons. For
M =0¯1 these are indicated in Fig. 1. It is assumed that the
intensity distribution of each photon fraction is homogenous
over the detector and is time independent, and that the
speckles are isotropic. The latter implies a circular symmetry
of the light emitting spot of the turbid medium. Another as-
sumption which has been made in deriving Eqs. �1� and �2�
is that the effective photodetection area comprises many co-
herence areas. This condition is required to allow sufficient
spatial averaging of the intensity field to obtain space-time
correlations. If this condition is not satisfied, Eq. �1� will
adopt a slightly more complicated form, and is only valid if
the spatiotemporal intensity fluctuations are ergodic. In most
cases the effective photodetector will include sufficient co-
herence areas or speckles for our theory to be applicable.

Equation �1� can be further simplified if apart from a frac-
tion f0 of nonshifted photons only a single fraction f1 of
Doppler shifted photons is specified, which gives for Eq. �1�
with M =1

�iac
2 � = AdetR

2�I�2�2f0f1Acoh
01 + f1

2Acoh
11 � . �3�

Equation �3� gives the mean square value of photocurrent
fluctuations in terms of correlation functions of one group of
unshifted photons and one group of Doppler shifted photons.
This will occur in mixed static and dynamic media such as
skin which reflect a combination of photons with nonzero
and zero Doppler shift depending on the optical properties
and blood volume.

In order to predict the coherence area we need to express
the spatial correlation functions �EE

i on the detector, as ap-
pearing in Eq. �2� in terms of the light backscattered by the

medium. Figure 1 illustrates the situation. Here intensity dis-
tributions I�x ,y� of non-Doppler shifted and Doppler shifted
photon fractions f0 and f1 are indicated on the surface of the
medium, along with their correlation functions �EE��X� on
the detector. Since this can be considered as the problem of
far-field spatial coherence on a screen illuminated by a spa-
tially incoherent, quasimonochromatic source, the Zernike-
Van Cittert theorem �18� can be applied here, as was shown
in Ref. �15�. This implies that the spatial correlation function
of the field on the detector can be determined from the Fou-
rier transform of the intensity distribution on the remote dif-
fusely reflecting medium. Hence if the irradiance distribution
on the source is I�x ,y�, the spatial field correlation on the
detector can be written as

�EE��X,�Y�

=

� �
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I�x,y�exp�− i
2�

�Z
�x�X + y�Y�
dxdy

� �
source

I�x,y�dxdy

�4�

with x, y, �X, and �Y the positions on the surface of the
turbid medium, and spatial separations on the plane of detec-
tion, respectively, Z the distance of the medium to the detec-
tor plane, and � the wavelength of light in the transparent
medium between the turbid medium and the detector. So if
the irradiance distribution function of two fractions of the
outgoing light on the surface of the medium is known, the
fractional coherence area on the detector can be calculated
by substituting the correlation coefficients obtained from Eq.
�4� in Eq. �2�.

In our approach, we predict the irradiance distribution
from a scattering medium with the Monte Carlo simulation
technique which allows us to construct irradiance distribu-
tions for specific photon fractions. From the photon model
we switch to the wave picture of light by application of the
Zernike-Van Cittert theorem as expressed by Eq. �4�. This
switch is made by depicting each photon that is simulated to
transit the interface between the turbid medium and the sur-
rounding medium to emit a spherical wave from the surface
of the medium, independent of its k-vector on transition in
the Monte Carlo simulation. Hence it is assumed that the
k-vectors of all photons leaving the turbid medium are more
or less isotropically distributed, so that a photon with a spe-
cific k-vector is representative of all photons transiting the
interface at that specific position.

In this Rapid Communication we validate our approach
for the case of completely dynamic particle suspensions. By
assuming all photons to be Doppler shifted �hence f0=0 and
f1=1�, and normalizing with �idc�=R�I�Adet, Eq. �3� can be
written as

�iac
2 �

�idc�2 =
Acoh

2Adet
. �5�

Equation �5� is valid for a nonpolarized speckle pattern. Here
a factor of 2 is introduced in the denominator, since a non-
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polarized speckle pattern is a summation of two independent
orthogonally polarized patterns which are formed by mul-
tiple scattering. Experimentally the coherence area Acoh, or
effective speckle size, can be estimated from the modulation
depth of the photocurrent intensity fluctuations by using Eq.
�5�.

For validation we compare the calculated coherence area
based on Eqs. �2� and �4� with the experimental one based on
Eq. �5�, using the ac and dc photodetector signals as input. In
our experiment we illuminate the medium with a laser beam
at normal incidence and collect the backscattered photons
using a lens of focal length 30 mm, placed at a position of
26 cm from the front surface of the scattering medium, that
focuses the light on a photoreceiver. The setup and the signal
acquisition have been described in more detail in Rajan et al.
�6�. A cubic glass cuvette of 8 ml is used as a sample holder.
Water suspensions of Polystyrene microspheres �Poly-
sciences Inc.� with diameters ��� of 0.202 �m �anisotropy
factor g=0.3�, 0.771 �m �g=0.9�, and 1.53 �m �g=0.93�
are used to make scattering phantoms. Samples with reduced
scattering coefficients ��s�� of 0.5, 1, 2, 3, and 4 mm−1 are
made from each particle suspension, based on scattering
cross sections following from Mie theory calculations, taking
into account the wavelength of the laser light of 632.8 nm
and the refractive index of water. Ecoline Black dye �Talens�
is added to get absorption coefficient �a=0.02 mm−1.

In the Monte Carlo simulation �19� the scattering phantom
is defined as a semi-infinite layer. The optical properties are
defined as that of the experimental phantoms. Since the scat-
tering properties and the particle number density of cali-
brated polystyrene sphere suspensions as used in this study
are well-known, it is possible to exactly mimic these proper-
ties in simulations. A collimated Gaussian beam with differ-
ent beam diameters is used as the source and is positioned
perpendicular to the interface of the medium. In typical di-
agnostic tissue imaging systems �3,4�, the photons are de-
tected at a relatively large distance from the sample. In prin-
ciple, the correlation coefficient can also be calculated on the
basis of the angular intensity distribution of photons arriving
at the location of the lens. However, when this detection
configuration would be exactly mimicked in the simulation,
almost no simulated photons would be detected. For this rea-
son the simulated detector was positioned just above the me-
dium and all the photons that are emitted by the medium are
regarded as detected.

Simulations are performed on the above configuration and
particle suspensions. Each simulation includes 60 000 de-
tected photons. The resulting backscattered intensity distri-
butions are used to calculate the spatial coherence of the field
by applying Eq. �4�, using the distance from the medium to
the detector in the experimental setup. The Adet used is the
area of the lens �95 mm2� in front of the photodetector. It
was shown earlier �6� that focusing light to within the physi-
cal borders of a photodetector will give the same modulation
depth as when the lens is replaced with a photodetector of
similar size.

Figure 2 shows the coherence area vs the reduced scatter-
ing coefficient for different beam diameters, for the
�0.771 �m particle suspension. It is observed that the varia-
tion in scattering level results in a considerable variation of

coherence area. Moreover, the variation in coherence area
due to variation in scattering level decreases with increasing
beam diameter. As the scattering level increases, the number
of speckles on the effective detector decreases, since the
higher scattering level results in a narrow backscattered in-
tensity distribution. This variation is larger for narrow beams
than for wide beams, since the relative change of the width
of the intensity distribution by variation in the scattering
level is larger for narrow beams than for wide beams. For
wide beams the speckle number variation by scattering level
variations is suppressed. The same kind of variation is also
seen in the plot of the �1.53 �m particle suspension �Fig.
3�. Our theoretical calculations match with the experimental
results. We correctly predicted the coherence area for a range
of scattering anisotropies, scattering levels, and beam sizes.
It can be said from the results for the anisotropic particles,
with anisotropy factors resembling those of biological tissue,
that the spatial correlation varies considerably with scattering
level and this variation is very low for broad intensity pro-
files.

Figure 4 shows the coherence area plot for the
�0.202 �m particle suspension. It can be observed that for
this more isotropically scattering particle, the spatial correla-
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FIG. 2. Coherence area as a function of reduced scattering co-
efficient and intensity profiles for a particle suspension of
�0.771 �m �scattering anisotropy g=0.9�. Left: measurement and
Right: simulation.
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FIG. 3. Coherence area as a function of reduced scattering co-
efficient and intensity profiles for a particle suspension of
�1.53 �m �g=0.93�. Left: measurement and Right: simulation.
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tion plot for a single beam diameter shows less variation
compared to that of anisotropic particles. Furthermore, for
this medium the coherence areas are larger than for the me-
dia with higher scattering anisotropy. For large particle sizes
with g=0.9 and 0.93 the coherence area varies by a factor of
4 for a 0.5 mm beam in the experiment as well as the simu-
lation. For the �0.202 �m particle suspension the coherence
area variation for a narrow beam is only a factor of 2. This is
because for this medium low order, scattering is dominant
and is contributing significantly to the intensity distribution

on the surface of the medium, hence the relative change of
the width of the backscattered intensity distribution with in-
creasing scattering level is small. Our theoretical calculation
agrees well with experimental results even though we are not
considering a polarization factor in applying Eq. �5�. For
smaller particles a better quantification can be done by taking
polarization into consideration. For this our model can be
further extended by considering the contribution from two
fractions of backscattered photons in Eq. �2�, one is polarized
and the other one is nonpolarized.

In conclusion we have shown that the coherence area de-
tected in reflection mode in the far field of a turbid medium
can be predicted with a sequence of models using the photon
and wave picture of light. Our theory was able to predict the
different behavior for anisotropic as well as isotropic scatter-
ers. It is shown that the spatial correlation varies consider-
ably with diffuse scattering, a variation which can be sup-
pressed by using broader intensity profiles. The theoretical
and numerical method will improve the interpretation of re-
sults obtained from coherence-based biomedical imaging in-
struments based on measuring dynamic speckle patterns in
the far field. It will, for instance, allow us to quantify the
effect of spatial variations in tissue optical properties on the
results obtained with such imaging instruments.
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FIG. 4. Coherence area as a function of reduced scattering co-
efficient and intensity profiles for a particle suspension of
�0.202 �m �g=0.32�. Left: measurement and Right: simulation.
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