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The exact physical modeling for scattered light modulation is critical in phototherapy, biomedical imaging, and
free-space optical communications. In particular, the angular spectrum modeling of scattered light has attracted
considerable attention, but the existing angular spectrum models neglect the polarization of photons, degrading
their performance. Here, we propose a full-polarization angular spectrum model (fpASM) to take the polarization
into account. This model involves a combination of the optical field changes and free-space angular spectrum
diffraction, and enables an investigation of the influence of polarization-related factors on the performance of
scattered light modulation. By establishing the relationship between various model parameters and macroscopic
scattering properties, our model can effectively characterize various depolarization conditions. As a demonstra-
tion, we apply the model in the time-reversal data transmission and anti-scattering light focusing. Our method
allows the analysis of various depolarization scattering events and benefits applications related to scattered light

modulation. © 2024 Chinese Laser Press

https://doi.org/10.1364/PRJ.506787

1. INTRODUCTION

By modulating the amplitude, phase, or polarization of the op-
tical field, scattered light modulation can compensate the dis-
tortion caused by nonuniform microscopic refractive index
distributions in a scattering medium, and has been extensively
applied in biomedicine, optical communications, and micros-
copy [1-4]. The practical effectiveness of scattered light modu-
lation is influenced by various factors, such as the scattering
dynamics, stochastic properties, and depolarization of the
medium [5-8]. To analyze this influence, people often establish
a physical model to approximately simulate the scattered light
propagation through the medium [9]. An accurate model can
provide an effective guidance for optimizing scattered light
modulation, thereby improving the focus contrast or the fidel-
ity of the data transmission in the scattering medium.
Currently, several methods have been proposed to simulate
the scattering effect, including the transmission matrix
[10-13], Monte Carlo and radiative transfer equation [14,15],
and angular spectrum [16-18]. The transmission matrix
method is commonly used to calculate the change of the optical
field before and after propagating through a scattering medium
[19]. The Monte Carlo and radiative transfer equation method
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is often employed to analyze the energy change of light [20].
Both methods, however, fail to quantify the various factors
influencing the modulation effectiveness. In contrast, we have
previously developed an angular spectrum model for scattered
light modulation [16], which can trace and simulate the propa-
gation of light throughout the system. This model decomposes
the complex scattering process into a series of free-space diffrac-
tion and random phase shifts so that people can analyze the
effects introduced by the medium on the modulation perfor-
mance. This method has shown a good potential in anti-
scattering, high-contrast light focusing, and high-resolution
microscopy [21,22]. Furthermore, the angular spectrum model
has a good scalability. It can be combined with the optical
point-spread function to analyze the degradation of image qual-
ity in the scanning microscopy [17]. Combined with the trans-
port theory [18], it can also efficiently analyze the variation of
energy during scattering propagation. However, the existing an-
gular spectrum models neglect depolarization occurring in the
scattering medium [23,24]. The depolarization can cause a ran-
dom crosstalk between the two orthogonally polarized chan-
nels, affecting the modulation effectiveness. For example, it
hinders the high-fidelity data communications in optical fibers
[25,26] and restricts the focus contrast generated in biological
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tissues [27,28]. Therefore, it is desirable to improve the angular
spectrum model to analyze the polarization-related factors for
the further development of scattered light modulation.

Here, we establish a full polarization angular spectrum
model (/pPASM) to describe the scattering of polarized optical
fields. As an approximation, we decomposed the field propa-
gation into a series of optical field changes and free-space dif-
fraction. In the model, a Jones matrix simulated the random
effects of the scattering particles on the amplitude, phase,
and polarization of the optical field; the angular spectrum
method simulated the free-space diffraction. We demonstrated
the capability of /pASM in time-reversal data transmission and
anti-scattering light focusing. We analyzed the influence of dif-
ferent depolarization effects on the modulation effectiveness,
including the data fidelity and the focal contrast. Our findings
demonstrated that fpASM could properly deal with various
depolarization conditions and might benefit further advance-
ments in scattered light modulation.

2. METHODS

Figure 1 illustrates the principle of /pASM. The scattering
medium is approximated as a series of scattering planes and
nonscattering free spaces. Jones matrices and angular spectrum
diffraction are used to calculate the layer-by-layer propagation,
tracing the propagation of the scattered optical field. We
describe the polarized optical field with a pair of orthogonal
bases as

E(x,y) = Ey(x,y)en + Ev(x,y)ey, (1)
where e;; and ¢}, represent, respectively, the horizontal and ver-
tical polarization. Either E; or Ey is the complex amplitude of
a polarized component. (x, y) are the Cartesian coordinates. For
convenience, we represent the polarized optical field E(x, y)
with a vector [Ef(x,y); Ev(x, )]

Specifically, we decompose the scattering medium with a
thickness of / into M layers of scattering planes arranged at
regular intervals [Fig. 1(a)]. Each interval between two adjacent
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Fig. 1. Principle of fpASM. (a) The scattering medium is approxi-
mated as a series of scattering planes and nonscattering free spaces.
(b) The scattering plane can be discretized to many pixels with varying
optical properties that change the amplitude, phase, and polarization
of light. (c) Light propagates in free space from the previous scattering
plane (source plane) to the next scattering plane (destination plane).

scattering planes is a free space without a scattering effect. The
scattering plane is made up of many pixels [Fig. 1(b)] with a size
of D,- The scattering caused by a pixel on the optical field
can be described in terms of a Jones matrix as

Eyl 8 .
{E{,] = exp (zz) exp(ig)

cos g—isin ‘% cos20  -isin g sin 20 Ey

@)

where [E; Ev/] and [E ;5 E/] are the incident and transmitted

optical fields, respectively. For convenience, we have omitted
the Cartesian coordinates (x,y) in Eq. (2).

Caused by a scattering plane, the common distortion of two
fields in orthogonal polarization directions is represented by a
complex phase change ¢ = 2znA/l/A + ik. The refractive index
n for an arbitrary pixel in a scattering plane follows the Gaussian
distribution with a mean 7., and standard deviation 7.
Al = [/(M - 1) is the distance between the two adjacent scat-
tering planes. 4 represents the attenuation of amplitude.

The scattering effect on the polarization of light is described
by € and 8. 0 represents the angle between the fast axes of the
pixels and the x axis, following a uniform distribution of
[-7/2,7/2). 6 represents the orthogonal polarization phase
difference induced by the fast and slow axes, following the
Gaussian distribution with a mean of 0 and a standard
deviation of g4, € [0, 7]. All of these parameters in Eq. (2)
make the distortion random, mimicking a scattering medium.

We use the angular spectrum method to calculate the
nonscattering free-space diffraction between two adjacent scat-
tering planes [Fig. 1(c)]. We assume that the optical field
[E, 1(x,); E, y(x, )] transmitted from the previous scattering
plane (source plane) becomes [E; 4 (x, y); E 4 (x, y)] in front of
the next scattering plane (destination plane). First, a Fourier
transformation is calculated for the optical field on the source
plane by

Eulhok) = 5 [ Euploy ewleitho + ks, (3

—isin g sin26  cos g-i— isin ‘g cos 260

where E p represents either £ ;7 or E, . k, and &, correspond
to the spatial frequencies in x and y directions, respectively.
Upon the propagation from the source plane to the destination
plane with a distance A/, the source optical field £, p(%,, k,)
experiences a change and

2r

2
Eypllys k) = E, plkes b)) exp {mOAz (—) e /ej],

A
4)

where 7 is the refractive index of the free space and 4 is the
wavelength of light. In the end, the optical field £, p(x, y) that
will interact with the next scattering plane can be obtained as

1
Euslsp) =5 [[ Eartlok) oplithor + btk (9

According to the principle above, by sequentially calculating
the Jones matrices of the scattering planes and the diffraction in
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the free spaces, it becomes possible to effectively describe the
scattering propagation of the polarized optical field.

3. MODEL IMPLEMENTATION

To implement the model, all the parameters for the simulation
were initialized. We used a collimated laser beam with a wave-
length 2 0f 532 nm and a diameter of 1 mm as the light source.
The scattering medium was divided into M = 81 scattering
planes, with an interval A/ = 20 pm. The mean and standard
deviation of the refractive index were 7., = 1.4 and
Mgey = 1.6 x 1073, respectively [16]. The attenuation factor
was k£ = 107, The refractive index of the nonscattering free
space was 79 = 1. Each plane was discretized into 1000 x
1000 pixels with a pitch Dy = 5 pm.

In our model, the macroscopic depolarization property of
the scattering medium was determined by the standard
deviation dy., of the orthogonal polarization phase difference
in Eq. (2). Therefore, we first established the relationship be-
tween this parameter and the mean depolarization distance /g,
of the medium. The mean depolarization distance represents
the mean distance after which the polarization distribution
of the optical field becomes even [29]. Thus, we can calculate
L4y by identifying the depth at which the scattered light inten-
sity ratio /, 5 /1,y approximates to 1.

Figure 2(a) shows /, 5 and I, y, obtained from the simula-
tion (64., = 7/3), at the depths of 0.05, 0.30, and 0.60 mm.
The intensity ratio /, /1, approached 1 at the depth of
lgp = 0.60 mm. Similarly, we found /g, to be 1.4 mm when
Odey = /5. We obrtained the 7, 5;/1,  as a function of depth
[Fig. 2(b)]. By measuring 7, z;//,, and matching the closest
points on the curves of different y.,, the value of 8., corre-
sponding to an actual medium can be determined. Figure 2(c)
shows the relationship between /g, and Jye,. Based on these
facts, we could simulate various scattering media by setting dif-
ferent 4., in our model.
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4. RESULTS

A. Time-Reversal Data Transmission

A high fidelity of data transmission is crucial for large-channel
capacity and long-distance optical communications [30]. In
practice, a transmission medium such as multimode fiber often
induces polarization crosstalk and reduces the fidelity [19].
Data transmission techniques based on time reversal can com-
pensate the crosstalk [31]. However, the mechanism of how the
polarization crosstalk impacts the fidelity remains unclear. For
this reason, we simulated the time reversal process with /pASM.
In the forward step [Fig. 3(a)], a horizontally polarized image
was scrambled by the scattering medium. In the playback step
[Fig. 3(b)], the modulated time-reversal optical field propa-
gated backward and recovered the incident image after interact-
ing with the medium.

We calculated the fidelity under various depolarization
conditions [Fig. 3(c)]. We used In(///,) to characterize differ-
ent depolarization conditions in the medium. While In(///4,)
was increasing, more and more incident light was depolarized.
Our results showed that a full-polarization modulation [27],
simultaneously modulating the two orthogonally polarized
components propagating backward, could achieve a higher
fidelity than a single polarization modulation. Specifically,
when the playback component polarized in the same direction
as the incident polarization, the fidelity decreased under a
strong depolarization due to the polarization crosstalk.
Conversely, when playing back in the orthogonal direction,
the fidelity exhibited an opposite trend, because the effective
information in the vertically polarized component increased
with the degree of depolarization. The full-polarization modu-
lation combined the two components so that the polarization
crosstalk could be suppressed. Therefore, the full-polarization
modulation recovered the image with a higher fidelity than a
single polarization modulation in a medium showing a strong
depolarization.
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Fig. 2. Characterizing the relationship between the mean depolarization distance and parameter &y, (a) Normalized intensity distributions of the
scattered light at depths of 0.05 mm, 0.30 mm, and 0.60 mm, respectively. The white arrows indicate the polarization of light. (b) 7, ;;/1, 1 as a
function of depth. (c) Mean depolarization distance /y; as a function of the standard deviation Jyc-
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Fig. 3. Time-reversal data transmission. (a) The forward step. The
size of the image is 1000 x 1000. (b) The playback step. The three
results were generated by the parallel polarization modulation
(Parallel-p), orthogonal polarization modulation (Orthogonal-p),
and full-polarization modulation (Full-p), respectively. We modulated
only the phase of optical field. The number of modulation units ap-
plied on one polarized component was 10°. (o) Fidelity as a function of
the degree of depolarization. We used F = | S 1-Soprined|* to quantify
the fidelity. S¢- is the conjugate transpose of the incident image and
Sobuained 18 the image transmitted through the scattering medium.

B. Anti-Scattering Light Focusing

Scattering depolarization can degrade the contrast of focus [32].
To understand this phenomenon, we first simulated the anti-
scattering light focusing with /pASM [Fig. 4(a)]. In this simu-
lation, the lens was modeled by a transmission function
explin(x® + »*)/Af] in which £ = 100 mm. The free-space
propagation was calculated by the angular spectrum method.
Two holograms 7, and 7y, for the two orthogonally polarized
components were captured by a camera. From them, we gen-
erated two binary patterns £, ;; and E,, ), for the two digital
micromirror devices (DMDs) used in the playback modulation
[33]. To focus the light against scattering, the conjugated light
modulated by the DMDs propagated backward through a fo-
cusing lens. Figure 4(b) shows the simulation results under a
strong depolarization condition (64, = 7/3). The three im-
ages corresponded to the foci formed by the full, horizontal,
and vertical polarization modulation. Represented by the
peak-to-background ratio (PBR), the contrast of focus of the
full-polarization modulation was larger than that of single
polarization modulation by a factor of 2.

In the experimental demonstration, we first quantified the
depolarization of a scattering medium [Fig. 4(c)]. Two polar-
izers were placed before and after the medium. Polarizer 1 set
the polarization of incident light from the 532 nm laser (Verdi
V5, Coherent, Inc.) and Polarizer 2 selected a particular
polarized component in the scattered light. According to the
speckles captured by the camera (Basler ace acA1920-155um,

1@ Research Article

Basler AG), the intensity ratio of the horizontally polarized
component to the vertically polarized component was
16.99/17.38 ~ 0.98, indicating a strong depolarization.

We focused light against this scattering medium. The num-
ber of controlled optical modes of one DMD (JUOPT-DLP
7000, JUOPT Technology Co., Ltd.) was 48 x 48 = 2304.
The peak intensity and PBR of focus of full-polarization modu-
lation were higher than those of the other two methods by fac-
tors of four and two, respectively [Fig. 4(d)]. Furthermore, we
analyzed the contrast of focus under various depolarization con-
ditions [Fig. 4(e)]. The PBR of the full-polarization modulation
was not affected by the change of depolarization conditions and
kept at a high level. In comparison, the PBRs were declining
considerably while the degree of depolarization was increasing if
we modulated only the horizontally or vertically polarized com-
ponent because half of the information carried by the light was
lost without an effective control. The result demonstrated that
JPASM could help to improve the contrast of anti-scattering
light focusing.

5. DISCUSSION AND CONCLUSION

We have proposed fpASM, an optimized angular spectrum
method modeling the polarized light propagation for scattered
light modulation. This model decomposes the scattering
medium into a series of scattering planes and free spaces, with
the Jones matrices describing the distortion on amplitude,
phase, and polarization of the scattered light and the angular
spectrum method calculating the free-space propagation. We
established the relationship between several model parameters
and the macroscopic properties of the scattering medium. With
this model, we first analyzed the influence of depolarization on
the fidelity of time-reversal data transmission, and found that
the full-polarization modulation provided the best fidelity
among the three modulation methods. Then, we analyzed
the influence of depolarization on the contrast of anti-scattering
light focusing and found that the contrast of focus generated by
the full polarization modulation was higher than that of single
polarization modulation by a factor of 2, under the strong
depolarization condition.

We introduced the Jones matrix to simulate the scattering
distortion on the information of the light field, which made
each pixel in the scattering plane appear to be a birefringent
crystal in form. Nevertheless, this did not limit the applicability
of our model to different scattering media. Instead, we just ap-
plied the clothing of the familiar optical process to approxi-
mately simulate the unknown scattering propagation inside
the medium. By setting some random parameters, which were
not even clearly defined in the actual scattering media but could
be determined according to the scattering phenomenon of me-
dia, we made the multi degrees-of-freedom information change
process no longer birefringent but an approximation of a ran-
dom scattering event. As the results showed, lots of repetitions
of random birefringent events and free-space diffraction could
indeed effectively complete the simulation of multiple scat-
tering.

Besides the scattered light modulation based on time rever-
sal, other methods can benefit from fpASM. For example, by
incorporating fast decorrelation components [16], our model
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Fig.4. Anti-scattering light focusing. (a) Procedure of anti-scattering light focus. First, record the holograms of the scattered optical fields. Second,
play back the conjugate optical fields. (b) Simulation of three different modulation methods. (c) Verification of depolarization property of the
scattering medium (#34-473, Edmund Optics, Inc.). (d) Profiles of foci generated by the three different modulation methods. (e) PBR as a function

of the degree of depolarization.

has the potential to evaluate whether the speed of the feedback-
based optimization methods [5] meets the dynamic scattering.
Moreover, the fpASM can be further improved. First, we as-
sumed that the incident light was highly coherent.
Therefore, a comprehensive model for the incoherent light,
based on the incoherent diffraction transmission theory [34],
is warranted. Second, fPASM considered only the forward
propagation of the optical field in the scattering medium
and neglected reflection. Adding a weak reflection layer may
produce a more accurate model [18]. Third, introducing a con-
trollable guide star can enable focusing within a scattering
medium and analyze its internal dynamics [16,35].

In addition, many applications may benefit from our model.
For example, by focusing light against scattering in a tissue, a
photo-therapist can optimize the dosage, minimizing the damage
to normal cells [36]; by analyzing the detrimental effects of scat-
tering on the image quality, the resolution of optical microcopy
may be further improved [37]; the scattering effect of liquid crys-
tal polarization optical elements may be simulated to support
high-resolution augmented reality and virtual reality [38];
and, after quantifying the dynamics of atmosphere, our model
also has the potential to mitigate the negative impacts of turbu-
lence in free-space optical communications [39]. Therefore, we
expect this approach to support advancements in biomedicine,
imaging, and optical communications in the future.
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