Research Article

| 876 Vol. 12, No. 5 / May 2024 / Photonics Research

PHOTONICS Research

Complex transmission matrix retrieval for
a highly scattering medium via regional
phase differentiation

QiaozHi HE,"? RoNGJUN SHAO,' Yuan Qu,"? @ Linxian Liu,™® CHunxu DiNG,' ® AnD Jiamiao YANG'2*
'School of Electronic Information and Electrical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China

2Institute of Marine Equipment, Shanghai Jiao Tong University, Shanghai 200240, China

3School of Automation and Software Engineering, Shanxi University, Taiyuan 030006, China

*Corresponding author: jiamiaoyang@sjtu.edu.cn

Received 17 November 2023; revised 8 February 2024; accepted 25 February 2024; posted 26 February 2024 (Doc. ID 513519);
published 8 April 2024

Accurately measuring the complex transmission matrix (CTM) of the scattering medium (SM) holds critical sig-
nificance for applications in anti-scattering optical imaging, phototherapy, and optical neural networks. Non-
interferometric approaches, utilizing phase retrieval algorithms, can robustly extract the CTM from the speckle
patterns formed by multiple probing fields traversing the SM. However, in cases where an amplitude-type spatial
light modulator is employed for probing field modulation, the absence of phase control frequently results in the
convergence towards a local optimum, undermining the measurement accuracy. Here, we propose a high-accuracy
CTM retrieval (CTMR) approach based on regional phase differentiation (RPD). It incorporates a sequence of
additional phase masks into the probing fields, imposing a priori constraints on the phase retrieval algorithms. By
distinguishing the variance of speckle patterns produced by different phase masks, the RPD-CTMR can effec-
tively direct the algorithm towards a solution that closely approximates the CTM of the SM. We built a prototype
of a digital micromirror device modulated RPD-CTMR. By accurately measuring the CTM of diffusers, we
achieved an enhancement in the peak-to-background ratio of anti-scattering focusing by a factor of 3.6, alongside
a reduction in the bit error rate of anti-scattering image transmission by a factor of 24. Our proposed approach
aims to facilitate precise modulation of scattered optical fields, thereby fostering advancements in diverse fields
including high-resolution microscopy, biomedical optical imaging, and optical communications. ~ ©2024 Chinese
Laser Press

https://doi.org/10.1364/PRJ.513519

1. INTRODUCTION

The presence of refractive index heterogeneity within a strong
scattering medium (SM) deflects the photons multiple times,
leading to the rapid transformation of a regular laser beam into
disordered speckles [1,2]. Forming disordered speckles however
is a deterministic process, that is, the light beam propagates
along the intrinsic transmission channels [3—10]. This trans-
mission channel model is mathematically equivalent to a com-
plex transmission matrix (CTM) featuring M x N complex
entries that depict the linear coupling between the 7th output
and zth input channels [11-13]. Through precise CTM mea-
surement and subsequent compensation of the scattering effect,
researchers have successfully accomplished anti-scattering light
focusing and imaging through biological tissues [14—19].
Furthermore, by harnessing the SM’s high-dimensional pro-

computing, and miniature spectrometry. Notably, these ad-
vancements have contributed to substantial enhancements in
the resolution of optical imaging [20-22], improved comput-
ing performance in optical neural networks [23-25], and the
successful decoupling of spectral and spatial information within
miniature spectrometers [26,27].

Presently, the CTM measurement methods can be broadly
classified into two categories: interferometric and non-
interferometric approaches [28-32]. The former utilizes phase-
shifting interferometry to measure the optical field located
behind the SM and subsequently resolves the CTM through
a matrix transformation. Despite its utility, the interferometric
method is susceptible to various disturbances such as aerody-
namic fluctuations and mechanical vibrations, consequently
leading to a notable degradation in the precision of CTM mea-

cessing capability, significant breakthroughs have been achieved
in various fields, including super-resolution imaging, optical
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surements [33]. To circumvent the above challenges, a non-
interferometric method was proposed [29], in which a spatial
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light modulator generated a series of probing fields following
random probability distribution, a camera captured the speckle
patterns corresponding to each probing field, and a program
retrieved the CTM using phase retrieval algorithms, including
the phase retrieval variational Bayes expectation maximum
(prVBEM), Gerchberg—Saxton (GS), semidefinite program-
ming (SDP), and extended Kalman filter (EKF) [29,34-37].
Notably, the non-interferometric method exhibits robust noise
immunity and has become a hot spot in the recent studies
[9,38-40]. Nevertheless, conventional non-interferometric ap-
proaches have frequently suffered from slow processing speeds
due to limitations imposed by the low frame rate of spatial light
modulators (SLMs), such as the liquid-crystal-on-silicon SLMs,
thereby impeding the pace of measurement [34]. To address
this issue, researchers turned to the utilization of the ampli-
tude-type SLM, e.g., digital micromirror device (DMD), rec-
ognized for its outstanding attributes as an SLM in terms of
modulation speed, stability, spectral width, and polarization
sensitivity. Unfortunately, the lack of control over the phase
of the probing fields posed a significant challenge when imple-
menting the amplitude-type SLM for non-interferometric
CTM measurements [41]. Consequently, under the utilization
of amplitude-type SLM, the non-convex problem in the phase
retrieval algorithm became a critical concern, leading to the
phase retrieval process easily converging to a local optimum
and substantially undermining the accuracy of the measure-
ment process [42].

Here, we propose a high-accuracy CTM retrieval (CTMR)
method based on regional phase differentiation (RPD) to ad-
dress the non-global convergence problem of amplitude-type
SLM-based CTMR approaches. The proposed RPD-CTMR
incorporates a sequence of additional phase masks, encompass-
ing both phase-preserved and phase-shifted regions on the
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probing fields. This incorporation facilitates corresponding
alterations in the speckle patterns, thus establishing & priori
constraints for the phase retrieval. By distinguishing the
variance of speckle patterns across different phase masks, the
RPD-CTMR method effectively directs the algorithm towards
consistent convergence, culminating in a solution accurately
approximating the correct CIM and ensuring high-accuracy
CTMR. Our comprehensive investigation involved compara-
tive analyses between the RPD-CTMR method and the
conventional one in the absence of phase constraints. Our
numerical analysis indicated a substantial enhancement in
CTM measurement accuracy by three orders of magnitude
via the RPD-CTMR. Furthermore, the accurate measurement
of the CTM during our experimental evaluation resulted in a
3.6-fold increase in the peak-to-background ratio (PBR) for
anti-scattering focusing and a 24-fold reduction in the bit error
ratio (BER) for anti-scattering image transmission.

2. PRINCIPLE OF THE RPD-CTMR

Figure 1(a) is the schematic of RPD-CTMR. A series of phase
masks, @ y (1 £k <K), each possessing distinct regional
phase factors, is performed on the probing fields modulated
by the amplitude-type SLM, e.g., DMD. Here, N represents
the modulation modes of the DMD, and 1 x NV represents the
dimension of phase masks. Consequently, each phase mask
contributes to the generation of a distinctive speckle pattern.
During each iterative phase of the phase retrieval algorithm,
K distinct CTMs are derived from the probing fields and their
corresponding observed speckle patterns, each associated with
different phase masks. The subsequent step involves computing
the average of these CTMs, which is then utilized as the input
for the subsequent iteration. The algorithm effectively accounts
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Fig. 1.

Principle and schematic of RPD-CTMR. (a) Schematic of RPD-CTMR. (b) Illustration of phase constraint. ZBAC =

£2B'AC" = £B"AC". (c) Numerical simulations of CTM measurement via the RPD-CTMR and C-CTMR with a equal to four. The top, middle,
and bottom rows are the amplitude and phase distribution of ground truth (GT), and CTMs measured by RPD-CTMR and C-CTMR, respectively.
The red pixels correspond to the CTM entries whose value deviates from the true value by more than 10%.
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for the variations in the speckle patterns induced by the diverse
phase masks and can mitigate any convergence ambiguities.
As a result, the algorithm consistently gravitates towards a sol-
ution that much more accurately approximates the CTM of the
SM compared to the conventional method.

To generate the required probing fields for the RPD-
CTMR, a binary random probing matrix Pj,, is created.
Here, we define L = alN /K, with the coefficient « fine-tuned
in accordance to match the experimental performance. The
phase mask, @* ,,, consists of two distinct regions: one in-
troducing a phase offset ¢* to the probing field, and the
other maintaining the phase of the probing field unaltered.
Subsequently, under the phase mask ®* ., each row entry
within the probing matrix P;,  is loaded onto the DMD gen-
erating L distinct probing fields. For each probing field, K dif-
ferent phase masks are sequentially applied to modulate it. After
propagating through the SM, the L distinct probing fields along
with K different phase masks will result in a/V different speckle
patterns, consistent with previous CTMR methods such as
prVBEM [29], GS [34], and prVAMP [37]. The intensity
of each speckle pattern is captured and integrated into a matrix

I% ,,. Then, the CTM of the SM, denoted as X/, , could be

solved from
VI = (P Ly » 0 )X H

U]

Here, “e” and “*” represent the Hadamard product and con-
jugate transpose, respectively. @fx y is a matrix that repeats
@ ,, by L times to match the dimensions mathematically.

In this work, we chose the GS algorithm as a phase retrieval
algorithm [43]. The steps in one iteration involve the forward
propagation, imposition of constraint, and backward propaga-
tion in each iteration utilizing the acquired information. The
forward propagation generates an estimated observation matrix
through the linear operation Vi = (PLy e Ot XN
With imposition of the constraint, the observation matrix

Y4 . = \/It, , exp(i@h,,,) is obtained, where @F , is
the phase of V% ., and It ,, is the intensity of the kth
speckle pattern. The backward propagation solves the CTM
Xt v =[Py o O )TYE 15 Here, “f”  represents
Moore—Penrose inverse. Finally, {X}, . X%/ s 0 X5 )
are averaged to update the CTM X for the next iteration, until
the solution converges to somewhere approximating to the
real CTM.

Figure 1(b) illustrates the phase constraint of the RPD-
CTMR. To facilitate the explanation, assume the CTM
X =[x; x,] has only two entries, i.e., DMD has only
two modulation modes, and the positions of x; and x, in

the complex plane correspond to E‘l) and A_B) in Fig. 1(b).
Also, assume both modulation modes of DMD are turned
ON, and x; as well as the amplitude of the output field
- — —

|E| = |OA + AB| is known. At this point, solving for x,
is equivalent to finding a point B on a circle with origin O

and radius |75| As shown in Fig. 1(b), B, B', and B" are all
possible choices in this case, which indicates that the phase

K
X1y = argmin g

Xun =1

retrieval algorithm is highly susceptible to trapping in the local
optimum in the absence of phase constraints. In comparison, if
a probing field with a phase shift ¢ is generated to the second
modulation mode of the DMD, the amplitude of output field

=, —  — —  —
|E’| would become |OA + AB exp(jp)| = |OA + AC|. At
this point, we could find that only B” and C" respectively sat-
isfy £ZB"AC" = ¢ as well as B" and C" respectively lie on the

circles |E | and |E '| observed in the two measurements. This
simple example illustrates that with the additional phase con-
straint, the phase retrieval algorithm can avoid certain local
optima and saddle points, and then easily converge to the global
optimum.

3. RESULTS

A. Numerical Simulation

After reviewing the mechanism of RPD-CTMR, we numeri-
cally compared this method with a conventional CTMR
method (C-CTMR), based on the GS algorithm as described
in Refs. [34,37], in terms of measurement accuracy [Fig. 1(c)].
The numerical simulation was conducted on a GPU (GeForce
GTX 1660 Ti, NVIDIA). We assumed the SM was random so
that each entry x,,(1 <m<M,1 <n<N) within the
CTM X was independent and followed a circular Gaussian dis-
tribution [44]. Based on this, we set both the number of DMD
modulations and camera pixels as 1024, and numerically gen-
erated the CTM X with the dimensions of 1024 x 1024, which
was taken as the ground truth (GT) for the following CTMR.
Then, the light intensity at the mth output channel would
be [45]

I, =

N
> %A, exp(id))‘- 2

Here, A, is the binary amplitude of the nth modulation
mode of the DMD, and ¢ corresponds to the phase shift at
the nth pixel of the phase mask @*. Hence, we emulated
the probing field and resulting speckle pattern, including P,
®*, and I*, and then retrieved the CTM by the RPD-
CTMR and C-CTMR methods at a@ = 4. Figure 1(c) displays
the amplitude and phase distribution of the GT CTM X©T,
and CTMs X and X, measured by RPD-CTMR and
C-CTMR, respectively. To clearly compare these CTMs, we
only show the values of 20 x 20 pixels. The results show that
the RPD-CTMR s robust and gives a higher CTM measure-
ment accuracy in both amplitude and phase dimension.

To systematically verify the performance of RPD-CTMR,
multiple numerical simulations were carried out (Fig. 2). We
analyzed the normalized mean square error (NMSE) of 1024
rows in X with the coefficient @ equal to 4 [Fig. 2(a)] and
12 [Fig. 2(b)]. The NMSE of the mth row in the CTM X
was defined as NMSE,, = || f(x,,) - FGSDHL, /1 £ &SH],-
Here, “||||,” denotes the /2-norm; f denotes either the ampli-
tude or phase of the optical field; x,, and xg1 denote the mth
row of X and the simulated GT Xgr, respectively.

At a equal to four, the constraint proved comparatively
low for the C-CTMR, consequently leading to an NMSE ex-
ceeding 0.4, notably evident across the majority of rows in
terms of both amplitude and phase [Fig. 2(a)]. In contrast,
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Fig. 2. Numerical simulation for comparison between the RPD-CTMR and C-CTMR. (a), (b) NMSE distribution of 1024 rows of X with a
equal to (a) 4 and (b) 12. The NMSEs were calculated with respect to the amplitude, denoted by “||”, and phase, denoted by “2”. The subscripts R
and C correspond to RPD-CTMR and C-CTMR, respectively. (c) Relation between the coefficient @ and TM measurement accuracy. The vertical
coordinate of data points corresponds to the median of 1024 NMSEs. (d)—(f) Influence of the number of phase masks K (d), phase shift between two

consecutive masks ¢y =

NMSE.

d* 1 — @ (), and the ratio between the areas of phase-shifted region and phase-preserved region in a phase mask (f) on the

the RPD-CTMR maintained the NMSE below 0.1 under the
same conditions. With an adjustment in @ to 12, both methods
demonstrated a similar performance in terms of amplitude
accuracy. However, the RPD-CTMR still maintained an ad-
vantage over the C-CTMR in the context of phase accuracy
[Fig. 2(b)]. Our observations consistently indicated that the
measurement accuracy of the RPD-CTMR surpassed that of
the C-CTMR within the range of @ between 4 and 12
[Fig. 2(c)]. Notably, when a exceeded 10, the RPD-CTMR
exhibited the ability to achieve an amplitude and phase accu-
racy level of 1071% in the numerical simulations, surpassing the
C-CTMR by three orders of magnitude. We further investi-
gated the impact of various parameters on the CTM measure-
ment accuracy of RPD-CTMR. Specifically, we analyzed the
influence of the number of phase masks (X). To achieve this,
we need to specify the phase offset. In a nutshell, we chose to
evenly distribute the phase offset across the range of zero to 7,
ie., ¢f = m(k-1)/K. As shown in Fig. 2(d), the measure-
ment accuracy was highest when K = 2 and the phase offset
was ¢! = 0 and ¢?> = 7/2. When K > 2, many stochastic
constraints would be removed, while constraints with strong
linear correlation would be introduced. This increases the com-
plexity of solving the linear equation problem and results in
reduced CTMR accuracy. At K equal to two, we adjusted
the value of ¢y = ¢* - @' to determine the optimal phase off-
set. Our result indicated that the optimal phase offset was
¢o = n/2 or 37/2 [Fig. 2(e)]. We also analyzed the ratio be-
tween the areas of phase-shifted region and phase-preserved
region within a phase mask [Fig. 2(f)]. As a result, we
found that the RPD-CTMR method achieved the optimal

measurement accuracy when K = 2, ¢y = n/2 and the phase
mask was equally divided. The above simulation provides a
theoretical basis for the parameter selection in the following
experiment.

B. Experimental Setup and Characterization

We built a DMD-based RPD-CTMR  system depicted in
Fig. 3(a). To measure the CTM of the SM, a collimated beam
originating from a 532 nm laser (Verdi G2, Coherent, Inc.)
underwent expansion via a beam expander. The collimated beam
was first modulated by a phase mask controller. The phase mask
controller included a polarizing beam splitter (PBS251, Thorlabs
Inc.), a controlled phase retarder (LCC1423-A, Thorlabs, Inc.),
two half-circular customized aperture stops, two half-wave plates,
and a beam splitter (BS004, Thorlabs Inc.). The polarized beam
splitter effectively segregated the field into two distinct regions.
One of these regions underwent an additional phase offset
through the phase retarder. The customized aperture stops were
integrated to regulate the illuminating area of the two beams and
two half-wave plates were incorporated to ensure that both beams
maintained identical polarization. Then, the two regions were
merged into a unified beam using a beam splitter to apply the
required phase mask on the incident beam. Consequently, the
combined field was conjugated at the modulation surface of
a DMD (JUOPT-DLP7000, JUOPT Technology Co., Ltd.).
Then, we generated a probing matrix Py, 5, where the specific
values of L and N depended on different applications, and trans-
ferred each row of Py, 5 sequentially onto the DMD to modulate
the probing fields. A stack of three diffusers (DG10-120,
Thorlabs, Inc.) was used as the strong SM. The resultant speckle
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Fig. 3. Schematic and characterization of the RPD-CTMR system. (a) System setup. HWP, half-wave plate; AS, aperture stop; CAS, customized
aperture stop; PBS, polarized beam splitter; BS, non-polarizing beam splitter; OL, objective lens. (b) Comparison between the recorded speckle
pattern (denoted as GT) and estimated speckle patterns via RPD-CTMR and C-CTMR at @ equal to six. Scale bar: 150 pm. (c) Relative error

distributions in the speckle patterns.

patterns were captured using a scientific complementary metal-
oxide-semiconductor (sSCMOS) camera (PCO.edge 5.5, PCO,
Corp.) equipped with a 20x objective lens. The CTM of this
medium was extracted via both the proposed RPD-CTMR
and C-CTMR methods, subsequently utilized in the context
of the anti-scattering focusing and image transmission experi-
ments. During the C-CTMR experiment, the phase retarder
was deactivated to prevent the imposition of phase constraints
on the probing fields. Subsequently, upon the acquisition of
the CTM of the SM, all components except for a mirror were
removed from the phase mask controller, enabling subsequent
demonstrations, including those pertaining to anti-scattering
focusing and image transmission.

After the system setup, we measured the CTMs of the
stacked diffusers through RPD-CTMR and C-CTMR, de-
noted as X p and X ¢, respectively. Both CTMs had the dimen-
sions of 16,384 x 1024, i.e., the number of camera pixels
M = 16,384 and DMD modulation modes N = 1024, and
the CTMs were measured with @ equal to six to reduce
the impact of experimental noise. For the RPD-CTMR, we
generated the probing matrix P with the dimension of

L=aN/K =3072 and N = 1024. We set K = 2 since
we found this as the optimal value in the numerical simula-
tion, and set the phase offset ¢! =0 and ¢* = x/2. For
the C-CTMR, the dimension of probing matrix P was set
to 6144 x 1024. Since each DMD pattern needed to be se-
quentially modulated by X* = 2 phase masks, the total number
of measurements for RPD-CTMR was 3072 x 2 = 6144,
which was the same amount as C-CTMR. To evaluate the
CTM measurement accuracy, we estimated the speckle pattern
using X  and X ¢, given the same probing field. Then, we com-
pared these estimations with the GT speckle pattern captured
by the camera. As depicted in Fig. 3(b), the RPD-CTMR es-
timation exhibited a higher correlation (0.84) with the GT, in
contrast to the value (0.27) corresponding to the C-CTMR
estimation. Further assessment involved the computation of
the relative error between the estimation and the captured pat-
tern, as illustrated in Fig. 3(c). The RPD-CTMR method dem-
onstrated an improvement in estimation accuracy by a factor
of 2.51 relative to the C-CTMR. These results confirm the
superior accuracy of the RPD-CTMR in CTM measurement
compared to the C-CTMR approach.
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Fig. 4. Anti-scattering focusing. (a) Single-spot anti-scattering focusing using X and X . Scale bar: 100 pm. (b) Normalized cross-section
profiles of focal spots along the white dashed lines in (a). (c) Multi-spot anti-scattering focusing using X and X . (d) Normalized cross-

section profiles of focal spots along the white dashed lines in (c).

C. High-Contrast Anti-scattering Focusing

To demonstrate the practical applicability of the RPD-CTMR,
we directed the beam for anti-scattering focusing against the
stacked diffusers. Before anti-scattering focusing, we measured
the CTMs, Xz and X -, with dimensions of 4096 x 4096, uti-
lizing both the RPD-CTMR and the C-CTMR, respectively.
Subsequently, we computed the modulation pattern for focus-
ing through the double phase retrieval method [29,37], then
adjusting the incident field via the DMD in accordance with
the modulation pattern. Figures 4(a) and 4(b) depict the in-
tensity distributions and cross-section profiles of the resulting
focal spots. Subsequent compensation for the scattering effects
employing X, and X yielded peak-to-background ratios
(PBRs) of 123 and 35, respectively. Additionally, we designed
a triangular pattern comprising nine spots, and successfully
achieved multi-spot focusing through the diffusers [Figs. 4(c)
and 4(d)]. Notably, in this multi-spot focusing experiment,
compensating for the scattering effect using the RPD-CTMR
led to a PBR of 16, marking a 3.6-fold increase compared to
employing the C-CTMR. Furthermore, the relative deviation
accounted for 4%, indicating a significant 10.2-fold enhance-
ment compared to the utilization of C-CTMR.

D. High-Fidelity Anti-scattering Image Transmission

Finally, we demonstrated the high-fidelity image transmission
through the stacked diffusers with a CTM dimension of
65,536 x 1024. In this demonstration, we loaded four distinct
binary images, namely, the numeral “8,” smiley face, text
“SJTU,” and random pattern, onto the DMD in four separate
instances. These images were subsequently recovered from the
corresponding speckle patterns using the double phase retrieval
method, as illustrated in Fig. 5. Upon binarizing the images
restored by RPD-CTMR, the bit error rate (BER) was effec-
tively reduced to as low as 0.4%, representing a remarkable

24-fold improvement compared to the results restored by
C-CTMR. These findings serve as compelling evidence that the
RPD-CTMR excels in the precise measurement of CTM by
effectively compensating for the detrimental scattering effects,
thereby enabling superior image recovery capabilities in a scat-
tering environment compared to the C-CTMR approach.

4. DISCUSSION AND CONCLUSION

We propose the concept of a high-accuracy RPD-CTMR
measurement method to facilitate the performance of anti-
scattering applications including anti-scattering focusing and
image transmission. By applying external phase masks on the
probing field and measuring the variation of the speckle pat-
terns, the RPD-CTMR could impose proper constraints on
the phase retrieval algorithm for the CTMR process and pre-
vented the algorithm from being trapped in a suboptimal re-
gion. As a result, the solver consistently converged to a solution
approximating the real CTM of SM. Since the RPD-CTMR
method retrieves the CTM without preset conditions like
Gaussian random distribution or a certain degree of sparsity,
it is applicable to measure SM with an arbitrary scattering de-
gree. Through the numerical simulation, we demonstrated that
the RPD-CTMR method could give a more accurate CTM
than the conventional method, given a particular a. With
the same number of observations, the RPD-CTMR method
improved the CTM measurement accuracy by three orders
of magnitude. We compared the performance of the RPD-
CTMR and C-CTMR in the experiments of anti-scattering
focusing and image transmission. The contrast of the focal spot
was improved by a factor of 3.6 and the BER decreased by a
factor of 24. The proposed RPD-CTMR method allows the
adoption of SLMs without the phase modulation capability

in the non-interferometric CTM measurement.
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Fig. 5. Anti-scattering image transmission. The first column shows the binary images to be transmitted through the SM. The second column
shows the speckle patterns recorded by the camera. The two RPD-CTMR columns show the retrieved (left) and later binarized (right) images
restored by X . The two C-CTMR columns show the retrieved (left) and later binarized (right) images retrieved by X ¢. The values on the right

side of the binary images represent their BERs.

The RPD-CTMR still exhibits potential for enhancement.
Particularly, there remains a scope for the further augmentation
of the retrieved CTM dimension, which holds significant im-
plications for various applications, notably in the domain of
high-resolution biological optical imaging. Presently, our maxi-
mum retrievable dimension of the RPD-CTMR is constrained
by the computational capabilities of our current computing
platform. There are several approaches to mitigating this chal-
lenge. First, the enhancement of computing capabilities or the
optimization of the efficacy of the phase retrieval algorithm
could serve as viable solutions. This could involve replacing the
GS algorithm with a more efficient alternative, such as the
prVBEM, SDP, or EKE-MSSM, to expedite the CTMR pro-
cess. Additionally, the utilization of more advanced GPUs could
further support the high-dimension numerical computations.
These concerted efforts would enable the utilization of a larger
CTM featuring a heightened resolution, thereby facilitating
more accurate compensation for the scattering effects. On the
other hand, simplified modeling of the SM holds the poten-
tial to substantially reduce the number of entries within the
CTM by several orders of magnitude. This approach would
considerably expand the dimensions of the retrievable CTM.
Consequently, the PBR of the anti-scattering focusing and
the resolution of the anti-scattering transmitted image could
be further enhanced.

Overall, the proposed RPD-CTMR method provides a new
perspective to achieve high-accuracy CTM measurement using
spatial light modulators without phase modulation capability.
Our work is potentially useful in the applications such as bio-
medical imaging, optical communication, and optical computing,
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