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The possibility of scattering suppression effect for biological tissues based on the
implementation of optical phase conjugation via four-wave mixing in a nonlinear medium has
been analyzed. The process of short light pulse propagation through highly scattering media
is modeled based on Finite-Difference Time-Domain calculations of Maxwell’s equations.
The model for optical phase conjugation is derived based on coupled-mode equations for
degenerate four-wave mixing in dye solutions. The scheme is experimentally analyzed for
typical parameters of laser light beams and biological tissues in visible region of spectrum.
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1. Introduction

Optically turbid media are characterized by
a dominant effect of scattering over absorption.
Such media include the atmosphere, oceanic
water, and remarkably biological tissues. In these
media, the scattering coefficient is typically two
orders of magnitude higher than the absorption
coefficient. Light propagation within them is
severely affected by this scattering effect, which
is the main limiting factor for a wide range of
applications as long as it reduces the penetration
depth, worsens the achievable resolution, and
decreases received power.

As it is well-known, scattering is due to
microscopical inhomogeneities in the refractive
index of the medium [1]. The great complexity of
the process leads to some statistical parameters
that enable us to perform our analysis from a
macrostructural point of view. However, it is
important to remark that, microscopically, it is
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not an aleatory process. Elastic scattering is
deterministic, and therefore it is susceptible of
being reversed.

In order to perform the reversal of
the scattering effect and restore a forward-
propagating scattered beam to its initial state, it
is necessary to generate a back-propagating beam
with the same amplitude and conjugated phase,
in such a way that it undergoes all the scattering
events in the reverse sense. This can be done by
means of an phase conjugation mirror (PCM).
Optical phase conjugation is a non-linear optical
phenomenon that generates a phase conjugate
replica of the incident beam [2]. It is important to
note that, while reflection in a conventional mirror
would result in accumulative scattering once the
beam has traveled backwards, the beam after
reflection in the PCM undergoes a time-reversal
process that ideally restores it to its initial state.

In this work, optical phase conjugation as a
means of suppressing the effect of scattering in
turbid media will be analyzed, both theoretically
and experimentally. Firstly, Section 2 describes
the theoretical approach used in this work.
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Subsection 2A briefly presents the basic equations
of the Finite-Difference Time-Domain (FDTD)
method used to calculate light propagation
through a turbid sample. Subsection 2B focus
on coupled-wave theory applied to the calculus
of the phase conjugation process. After that,
Section 3 includes the main results obtained
in the simulations, which validate the initial
hypothesis that OPC can be effectively used as
a scattering suppression technique. Subsequently,
Section 4 presents the experimental set-up used
to observe this effect, which is based on real-time
holography by degenerate four-wave mixing. The
results obtained are shown and discussed. Finally,
Section 5 summarizes the main conclusions of this
work.

2. Theoretical model

2.1. Light propagation: Finite-Difference
Time-Domain (FDTD) method

Among the different methods to study
light propagation through random media, Finite-
Difference Time-Domain technique or FDTD
[3] is particularly appropriate for simulations
involving Optical Phase Conjugation, as long
as it carries all the information about the
phase and coherence of the wavefront. FDTD
is a widely used technique that numerically
solves Maxwell’s equations with a high accuracy,

entailing a considerable computing time. If we
take Maxwell’s equations for a dielectric medium
[3]
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that the electrical permittivity is reduced to ε =
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TE mode:

−µ0
∂Hx

∂t
=

∂Ez

∂y
, (3)

µ0
∂Hy

∂t
=

∂Ez

∂x
, (4)

ε0ε(x, y)
∂Ez

∂t
=

(
∂Hy

∂x
− ∂Hx

∂y

)
. (5)

According to FDTD method, these
differential equations are discretized in both
space and time, so that they can be calculated as
[3]:
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where ∆x and ∆y are the characteristic steps of the x − y spatial mesh, ∆t is the time step,
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and the functions are discretized as Fn (i, j) =
F (i∆x, j∆y, n∆t) = F (x, y, t).

2.2. Optical Phase Conjugation by Four-
Wave Mixing: Coupled-wave equations

Four-wave mixing (FWM) and, in particular,
the process of optical phase conjugation (OPC)
by FWM, can be described by means of the
coupled-wave theory. For the considered case of
co-propagating signal ES and reference E1 waves,
a set of coupled-mode equations describing the
process of OPC by means of FWM with regard
to the transverse structure of recording, reading
and diffracted light beams has the following form
[4]:

(
∂

∂x
∓ γ1,S

∂

∂y
+

∆⊥
2ik1,S

)
E1,S

=
i2πω

cn0
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where χm = (1/2π)
∫ π
−π χ(ζ) exp[−imζ]dζ are

the Fourier-series expansion components of the
medium nonlinear susceptibility χ in the grating
harmonics ζ =

(
~k1 − ~kS

)
· ~r determined by

the optical and spectroscopic characteristics of
the resonance transition, as well as by the
frequency and intensity of the interacting waves.
In equations (9) - (10), γ1,2,S,D are the angles
between the z axis and the wave vectors
~k1,~k2,~kS ,~kD, respectively; k1,S = ωn0/c, k2,D =
2ωn0/c are the wave numbers; and ∆⊥ = ∂2/∂y2

is the transverse Laplacian.
The boundary conditions needed to solve

these equations are readily obtained considering
the initial situation in the geometry used for
FWM, so that we have ~E1 (y, x = 0) = ~E10 (y),
~ES (y, x = 0) = ~ES0 (y), ~E2 (y, x = L) = ~E20 (y),
~ED (y, x = L) = 0.

3. FDTD simulation

According to the theoretical models
considered above, some simulations were
performed in order to assess the feasibility
of performing OPC in turbid media in order
to compensate scattering. The parameters
of the random medium matrix used in the
simulations were chosen according to the average
characteristics of biological tissues. Subsequently,
we considered a mean spherical scattering particle
diameter of 1µm, a volume fraction of 8 percent,
a medium refractive index of n0 = 1.34 and a
particle refractive index of n1 = 1.45 [5]. Having
fixed these values, a square 2D sample matrix of
53.2µm by 53.2µm was generated, taking into
account the statistical parameters involved in
the sampling of volumetric objects by a plane.
The wavelength of incident optical radiation was
λ = 1.06µm.

FIG. 1. Light pulse propagation through a turbid
sample with a conventional mirror at the end-face.
a - General scheme showing the composition of the
sample and the situation of the mirror, b - Incident
light pulse, c - Scattered beam, d - After reflection in
a conventional mirror, scattering continues worsening
the wavefront.

Firstly, the simulation was developed with a
conventional dielectric mirror at the end of the
medium, as shown in Figure 1a, just to establish
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this situation as the reference point for a further
comparative with the phase conjugation mirror.
Figure 1b is a screenshot of the incident light pulse
at the beginning of its trace through the medium.
In Figure 1c, the effect of scattering can be clearly
observed. It has produced a spreading of the
wavefront, that is formed by the optical power
that still propagates in the on-axis direction and
by a fraction of scattered power. Finally, Figure
1d shows the reflected wavefront when it has
nearly reached the initial incident plane. It is
obvious that, in the case of a conventional mirror,
the scattering effect is accumulated, with the
subsequent worsening in the transmitted optical
wavefront.

After having performed this initial
simulation, the conventional mirror is substituted
by a phase conjugation mirror (PCM) in the
simulation sample, as schematically depicted in
Figure 2a. In an analogous way to Figure 1b
and 1c, Figure 2b is a still image of the initial
forward-propagating pulse and Figure 2c shows
the wavefront before incidence on to the mirror.
The difference between a conventional mirror
and a PCM becomes evident after examining
Figure 2d. There, we can observe the back-
propagating beam after reflection from the PCM.
As a result of the phase conjugation process,
the scattering effect has been compensated and
the pulse has recovered its initial shape. In the
complete simulated sequence, the equivalence
between phase conjugation and time reversal is
clearly appreciated. The time reversal property
can be inferred by examining the field of the
conjugate wave. As long as the real part of
the signal wave and the complex conjugated
wave are the same, and the imaginary part
changes its sign, it is equivalent to performing
the transformation t → −t, i.e. the conjugate
wave can be described as the time-reversed
probe wave. These simulated results confirm the
possibility to use phase conjugation as a way to
suppress scattering in turbid media, and validate
the further development of the study of this
effect by experimental measurements.

FIG. 2. Light pulse propagation through a turbid
sample with a phase conjugation mirror at the end-
face. a - General scheme showing the composition of
the sample and the situation of the mirror, b - Incident
light pulse, c - Scattered beam, d - After reflection
in the PCM, the wavefront retraces itself and the
scattering effect is compensated.

4. Experimental results

In order to experimentally obtain optical
phase conjugation, degenerate four-wave mixing
was realized in a real-time volume holography
configuration. The experimental set-up used is
schematically shown in Figure 3. The laser source
was a Nd3+:YAG laser (Lotis TII, Belarus) using
its second-harmonic radiation at a wavelength of
λ = 532nm (element 1), with a pulse duration of
τ = 20ns. For the third-order nonlinear medium
an ethanol solution of Rhodamine 6G dye (cell
9) has been chosen. The interacting waves were
adjusted by mirrors 2, 3, 4, 5, 6 and 7. The
different images were acquired by a CCD-camera.

A lipid-based scattering sample 10 was
obtained by a solution of homogenized milk
and distilled water. Scattering in milk is mainly
due to lipid droplets, i.e. fat globules, with a
diameter ranging from approximately 1 to 2µm.
We used homogenized pasteurized milk with
a fat content of 3.2 percent. For pure milk,
the scattering coefficient has been shown to be
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FIG. 3. Experimental setup. 1 - Nd:YAG laser
operating at λ = 532nm with pulse duration τ =
20ns, 2 - 7, 11 - mirrors, 8 - delay line, 9 - nonlinear cell
(ethanol solution of Rhodamine 6G). The scattering
sample 10 was a solution of milk and water, 12 -
diaphragm, and 13 - CCD camera was used for image
acquisition.

about 50mm−1, while the absorption coefficient
is considered to be negligible. The anisotropy of
scattering takes values higher than 0.9, which
implies a highly forward-directed scattering and
is in good agreement with the usual values for
Mie scattering. For the first measurements, a milk
concentration of 1/30 was fixed, using a cuvette of
L = 1mm thickness. According to Beer-Lambert
law, the on-axis attenuation for these values is
found to be approximately µa = 7.5dB [6, 7].

Firstly, the initial laser beam was measured
at a distance of 30cm before incidence in the
scattering sample (Figure 4a). After that, the
laser beam was measured after a free-space optical
path of 60cm from this point, without the
scattering sample and substituting the nonlinear
cell (element 9) by a totally-reflective mirror. In
other words, it has been measured after an optical
path equivalent to twice the distance between the
initial measurement point and the point where the
phase conjugation mirror will be installed. This
measurement is shown in Figure 4b. It can be
observed that the only difference with the first
image is an increment in the diameter of the spot.
Such a beam profile broadening is no other than
the result of the inner divergence of the laser
beam.

Next, the milk solution cuvette was

inserted in the position indicated in Figure 3,
maintaining the mirror as element 9. Therefore,
the measurement is the beam after going through
the scattering sample, reflecting in a conventional
mirror and passing through milk again. The
measurement point was maintained, in order to
make an ulterior comparison of the results with
equal conditions in all of them. The effect of the
scattering produced by the milk diluted in water
can be observed in this CCD image of the beam
(Figure 4c).

FIG. 4. CCD images. a - Initial laser beam, b - Final
laser beam, c - Scattered beam, d - Resulting beam
after phase conjugation.

Finally, the beam obtained with the phase
conjugation configuration was measured. The
mirror used as element 9 for the previous
measurements was removed, and the nonlinear
cell for phase conjugation generation was inserted.
The resulting beam is shown in Figure 4d.
Theoretically, this beam should be equal to that
shown in Figure 4a. It can be observed that,
indeed, the scattering shown in Figure 4c has
been reduced. In this way, the phase conjugation
process seems to have effectively compensated
this effect, making the beam to approach its initial
shape. Nevertheless, there are two differences
between them. The first one is the diameter of the
beams. The phase conjugated beam has a smaller
diameter than the initial beam. This arises
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because the efficiency of phase conjugated beam
generation varies as a function of signal beam
intensity. Therefore, phase conjugation generation
takes place in the center of the beam with a
great efficiency, where the intensity density is very
high, but decreases far from the center of the
beam. The second difference is the presence of
what seems to be ’residual signal’ in Figure 4d.
This is mainly due to the luminescence produced
in the dye solution. Despite these differences,
the presented results demonstrate scattering
suppression by optical phase conjugation, and
constitute some preliminary measurements of an
effect with a promising potential for a wide range
of applications.

5. Conclusions

In this work, the possibility to use phase
conjugation as a way to suppress scattering in
light transmission through turbid media has been
studied. Firstly, a theoretical analysis has been
developed in order to evaluate the scattering
compensation in a random sample. This has
been done by calculating light propagation
with FDTD algorithm and implementing phase
conjugation by a set of coupled wave equations.

The simulation results show that using a PCM
is an effective way to compensate the effect of
scattering and achieve beam shape restoration.
After that, some experimental results have been
presented. Optical phase conjugation has been
performed by a real-time holography scheme,
using a dye as a third-order nonlinear medium
and a cuvette with a solution of milk and
water as the scattering medium. The images
of the light beam in different points of the
scheme have been registered by a CCD camera.
The results constitute a corroboration of the
scattering suppression by phase conjugation.
Some experimental issues such as the conjugated
signal generation efficiency and the luminescence
that takes place in the dye have been pointed to
be the main factors affecting the quality of the
restored signal obtained throughout the process.
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