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Wavefront shaping (WFS) based on digital optical phase
conjugation (DOPC) has gained major interest in focus-
ing light through or inside scattering media. However, the
quality of DOPC is greatly limited by imperfections of the
system in a complicated and coupled way. In this Letter, we
incorporate the concept of global optimization to solve this
problem comprehensively for the first time, to the best of
our knowledge. An automatic and intelligent optimization
framework for DOPC techniques is proposed, leveraging
the global optimization ability of particle swarm optimiza-
tion (PSO). We demonstrate the general and powerful
ability of the proposed approach in a series of DOPC-related
experiments for focusing through and inside scattering
media. This novel work can improve the OPC quality greatly
and simplify the development of a high-performance DOPC
system, which may open up a new avenue for the general
scientific community to benefit from DOPC-based WES
in their potential applications. © 2020 Optical Society of
America

https://doi.org/10.1364/0L.381930

The advent of optical wavefront shaping (WES) techniques
in recent years brings a new possibility for conquering light
scattering in applications such as optical imaging, photody-
namic therapy, and optical manipulations deep inside biological
tissues. We can roughly divide WES into three categories:
feedback-based iterative WFS [1-3], transmission matrix
inversion [4—6], and optical phase conjugation (OPC) [7-13].
Among them, OPC features the advantages of high speed. OPC
can be implemented in two ways: analog OPC (AOPC) [7-10]
and digital OPC (DOPC) [11-16]. Because of the intrinsic
capability to achieve a fluence reflectivity greater than unity,
DOPC has sparked major interest in focusing light through
or inside scattering media for some applications [17,18].
DOPC employs a digital camera to measure the phase infor-
mation of scattered light through interferometry. Based on
the measured phase, a spatial light modulator (SLM) is used
to modulate a plane wave as the conjugated field of the scat-
tered light. Although straightforward in principle, the practical
implementation of DOPC is actually complicated system
engineering. Achieving a good OPC quality imposes stringent
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requirements on the system for the phase measurement of the
scattered field and the generation of the conjugated wavefront
[18,19]. Unfortunately, it is inevitable to introduce imperfec-
tions into the system because of optical aberration, mechanical
misalignment, and even the curvature of the SLM itself. The
quality of the OPC is largely limited by these imperfections in
a complicated and coupled way. Separate correction for these
imperfections are actually less effective and even troublesome
[18]. Moreover, frequent realignment is found to be necessary
on a day-to-day basis for the optimal DOPC performance
because the accumulative mechanical drift or environmental
disturbance may severely degrade the system capacity. All these
aspects make the building and maintaining of a DOPC system
challenging, which limits DOPC to be only an exclusive tech-
nique for optical experts in this realm rather than a general tool
to benefita broader community as it should be.

Here, we incorporate the concept of global optimization
to solve these problems comprehensively for the first time.
Leveraging the global optimization ability of particle swarm
optimization (PSO), we propose an automatic and intelligent
optimization framework for DOPC techniques. The PSO
intelligently explores the Zernike mode space to optimally
determine and compensate for the imperfections of a DOPC
system. Because the PSO is implemented experimentally on the
basis of the physical system, it has the inherent ability to correct
system imperfections well. Without the loss of generality, most
of the DOPC systems can be considered as a variant of the basic
experimental setup shown in Fig. 1. The scattered light from
the scattering medium (SM) is collected through the lens L3
and interferes with a plane reference beam at the beam splitter
(BS) BS2 (Laser, Verdi G5, Coherent). The interferogram is
reflected on the surface of the SLM (Pluto-2-VIS, Holoeye) and
relayed to the camera (PCO.edge 5.5, PCO) plane by the BS3
and camera lens (CL). Note that the SLM and the camera are
at a pair of conjugated positions with a calibrated pixel match
relationship. In addition, the light incident on the SLM should
be horizontally polarized because this SLM is only sensitive
for this polarization direction. In the experiments, the phase of
the scattered beam is retrieved through the heterodyne phase-
shifting interferometry first, and, next, its conjugated phase map
is loaded to the SLM. The phase-modulated playback beam

reflected back by the SLM becomes the time-reversed version of
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Fig. 1.  Experimental setup for the general DOPC system. AOM,

acousto-optic modulator; BS, beam splitter (nonpolarizing); CL,
camera lens; HWD, half-wave plate; L, lens; M, mirror; PBS, polarizing
beam splitter; SLM, spatial light modulator; SM, scattering media.

the scattered light, and can retrace its trajectory through the SM.
We can verify the OPC quality by focusing the time-reversed
beam onto the observation camera (Grasshopper 3, FLIR) using
alens (L4).

We outline the proposed PSO-based optimization frame-
work for DOPC techniques in Fig. 2. In the optimization
step, an experiment for focusing through a static SM should be
conducted to launch the optimization process, such that the
decorrelation of the SM is negligible during the optimization
period. After a DOPC system is initially aligned using con-
ventional approaches, the OPC focus can generally be seen
on the observation camera, although the intensity may not be
optimal because of the system’s imperfections. Starting with
this OPC focus, self-tuning of the system is performed by iter-
atively adjusting the Zernike coefficients of a compensation
phase map that is added to the conjugated phase of the scattered
field and loaded to the SLM in each iteration. The optimal
phase Zernike coefficients are searched through PSO until the
intensity of the OPC focus converges to the maximum. Then a
global compensation phase map is generated corresponding to
the optimal Zernike coefficients from the PSO, and stored in the
computer as the parameters of the DOPC system. Next, we can
start the normal DOPC experiments using any desirable SM as
the target. The global compensation phase map is superposed to
the conjugated phase map of the speckle field in each experiment
to cancel the system’s imperfections. In this way, an optimally
improved OPC focus is obtained.

The PSO is a population-based intelligent computational
method that globally optimizes a problem by iteratively updat-
ing some candidate solutions with respect to a target feedback
signal [20,21]. In our problem here, the candidate solution
is the Zernike coefficients related to the global compensation
phase, and the feedback is the intensity of the OPC focus in the
optimization step. PSO is launched from a randomly initiated
population, called particle swarm. Each particle position in the
swarm corresponds to a possible solution of the target problem.
PSO updates each particle position x? in the swarm iteratively
according to a velocity vector v/_ |, where i is the particle index
and ¢ is the current iteration number. The velocity vector v/, |
incorporates three kinds of information: the velocity vector
in the last iteration v/, the individual best position p!, and the
global best position of the whole swarm p$ as of the #th iter-
ation (see the vector graph in Fig. 2). The importance of this
information is weighted by factors w, ¢1, and ¢,, which are the
inertia weight, self-adjustment weight, and social-adjustment
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Fig.2. Schematic illustration of the proposed PSO-based optimiza-
tion framework for DOPC techniques.

weight, respectively. The inertia weight controls the impact
of the previous history of velocities on the current velocity,
and generally is set to decrease linearly with time. 7y and r; are
two uniformly [0,1] distributed random vectors. Compared
with most modern optimization methods, PSO features many
desirable advantages simultaneously such as few parameters to
be tuned, good global searching ability, and fast convergence.
Here, we employ the concept of PSO to realize our optimization
framework for DOPC techniques.

We illustrate the proposed method in more detail with an
experimental example in Fig. 3. Here, we use two optical dif-
fusers (DG-220, Thorlabs) to start the optimization step. After
carefully aligning the system conventionally, the initial OPC
focus through the SM can be obtained, as shown in Fig. 3(b).
Next, we perform the PSO to search for the global compensa-
tion phase map using the intensity of the OPC focus as feedback
and the coefficients of the second through 10th rectangular
Zernike modes [22] as optimization variables. The Zernike
modes with higher orders are found to have less influence on
the DOPC [19]. In our PSO configuration, the swarm size is
set to 50, the self-adjustment weight and social-adjustment
weight are both set to 1.49, and the inertia weight range is set to
[0.1 1.1]. Instead of initiating the particle positions completely
randomly, here we designate one of the particles in the swarm as
0. In this way, we can launch the PSO from the current system
alignment, rather than from a completely random state. A typi-
cal intensity curve of the OPC focus during the optimization is
presented in Fig. 3(c). We can see that the PSO starts to converge
after about 40 generations, and the intensity of the OPC focus
increases greatly at the end of iterations. After the optimization
step is completed, the final OPC focus is acquired, as shown
in Fig. 3(d). The peak-to-background ratio (PBR) of the OPC
focus, which is defined as the ratio of the peak intensity of the
OPC focus to the mean intensity of the speckle pattern when
a random phase map is loaded to the SLM, increases from the
original 1.15 x 10% to 9.46 x 10%. The Zernike coefficients
of the global compensation phase from the PSO in this exper-
iment are given in Fig. 3(e) while the corresponding global
compensation phase is shown in Fig. 3(f).



Letter

(a) Camera
20
Reference/ \ 15 3
Playback ») =
beam /r\k @ 10 ‘g
L g
SM kJ 5 £
A W
‘] Conjugated BS 0
. beam
E 200
2 | () -
3 150 150 5
L 8
[$) 2
g 100 100.E
S 50 50 £
> =
‘@ 1 50pum
g 0
£ 0 20 40 0

Generation #

Coefficient (unit)
0
/]
[N
O
[]
1

Phase (rad)

23456780910
Zernike order #

Fig.3. Experimental realization of the particle swarm optimization
for a DOPC system. (a) Simplified schematic of the DOPC system on
the basis of Fig. 15 (b) OPC focus for focusing through a static scatter-
ing medium before the PSO process; (c) intensity of the OPC focus
during the PSO updating process; (d) final result of the OPC focus
after the PSO process; (¢) Zernike coefficients of the global compensa-
tion phase in this experiment searched via the PSO; (f) corresponding
global compensation phase map.

After obtaining the global compensation phase map via the
PSO in the optimization step above, we can use it to improve
the system performance with any SM as the target in the DOPC
experiments. To demonstrate this point, we change the SM
in Fig. 3 into three optical diffusers. The OPC focus without
loading the global compensation phase to the SLM is shown
in Fig. 4(al), with a PBR of 1.17 x 10%. After adding the
global compensation phase into the conjugated phase of the
speckle field, the PBR of the OPC focus [Fig. 4(a2)] increases
to 8.92 x 10* immediately. We also show another group of
experimental results using a 2 mm thickness chicken tissue as
the SM in Figs. 4(b1)—4(b2). Similar to Figs. 4(al)-4(a2), the
OPC foci before and after the global compensation phase map
obtained via the PSO is incorporated are presented in Figs. 4(b1)
and 4(b2), respectively. The PBR increases from 347 to 2235 in
this case.

The proposed scheme is also effective for focusing light inside
scattering media. Below, we will demonstrate its applications
in two different DOPC-based focusing-inside modalities, that
is, the time-reversed adapted-perturbation (TRAP) optical
focusing [23] and the time-reversed ultrasonically encoded
(TRUE) optical focusing [8,12]. In short, the TRAP and TRUE
methods focus light inside scattering media by taking advan-
tage of different “guide star” mechanisms. The guide star of
TRAP is the dynamic perturbations inside the scattering media
(e.g., absorption or refractive index change) while that of TRUE
is the ultrasonic focus of an externally applied ultrasonic field.
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Fig.4. Applications of the proposed method to DOPC for focusing
through general scattering media. (al)—(a2) OPC foci (al) before and
(a2) after the global compensation phase from the PSO is superposed
to the conjugated phase of the scattered filed when using three optical
diffusers as the scattering medium. The PBR increases from 11,700 to
89,200. (b1)—(b2) Same as (al)—(a2) correspondingly except that the
experiments are performed using a 2 mm thickness chicken tissue as
the scattering medium. The PBR increases from 347 to 2235.

In the TRAP optical focusing experiment [23], a piece of
human hair, which is mounted on a rotatable motor, is sand-
wiched between two optical diffusers separated by a distance
of ~ 10 c¢m to mimic the dynamic perturbation inside tissues
[Fig. 5(a)]. We rotate the hair to two different positions and
measure the scattered field at each position. Then, the con-
jugated phase of the complex differential field is calculated
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Fig.5. Application of the proposed method to TRAP optical focus-
ing. (a) Simplified schematic of the TRAP optical focusing experiment;
(b) and (c) focused patterns inside the scattering medium (b) before
and (c) after the global compensation phase from the PSO is added into
the conjugated phase of the scattered field. The PBR increases to 438
from the original 107. (d) Line profiles of the central rows of (b) and
() for a better comparison. (e) No focused pattern can be seen when a
random phase map is displayed on the SLM.
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Fig. 6.  Application of the proposed method to TRUE optical
focusing. (a) Simplified schematic of the TRUE optical focusing exper-
iment; (b) and (c) TRUE foci inside the scattering medium (b) before
and (c) after the global compensation phase obtained via the PSO
is added into the conjugated phase of the scattered field. The PBR
increases to 52 from the original 26. (d) Line profiles of the central rows
of (b) and (c) for a better comparison. (e) No focus can be seen when
a random phase map is displayed on the SLM or the frequency of the

signal beam is detuned by 100 kHz. UT, ultrasound transducer.

and loaded to the SLM. To visualize the focused pattern con-
veniently, a BS is inserted between the two diffusers to pick
up a copy of the playback beam to the observation camera.
Figure 5(b) shows the focused pattern before the global compen-
sation phase map from the PSO is loaded to the SLM. Although
we can see clearly the TRAP pattern resulted from the perturba-
tion of the hair, the intensity of the focus is not high, and there
exist severe background speckles around the focused pattern.
After adding the global compensation phase map obtained
via the PSO into the conjugated phase of the scattered light, a
much brighter TRAP pattern is obtained, and the surrounding
background speckles are attenuated greatly [Fig. 5(c)]. The PBR
increases to 438 from the original 107.

In the TRUE optical focusing experiment [8,12] [Fig. 6(a)],
an ultrasound focus is produced using an ultrasound trans-
ducer (A381S, Panametrics, USA) to shift the frequency of the
scattered light. We record the interferograms resulted from the
interference between the frequency-shifted photons and the
reference beam. Then the conjugated phase of these ultrasound-
tagged photons is retrieved based on the interferograms and is
displayed on the SLM to generate the TRUE beam, which can
trace back to the position of the ultrasound focus. In Fig. 6(b),
we show the TRUE focus observed on the observation camera
without using our PSO approach. After the global compen-
sation phase map from the PSO is loaded to the SLM, the
TRUE focus becomes much brighter immediately, as shown in
Fig. 6(c). The PBR increases to 52 from the original 26.
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We point out that all these experiments shown in Figs. 4-6
use the same global compensation phase map from Fig. 3.
For our PSO configuration, an optimization process takes
~ 20 min, which is mainly limited by the low communication
speed between the instruments (camera and SLM) and the
control program. Of course, because the PSO only needs to
be carried out for one time before the normal DOPC experi-
ments, the optimization time is not a limitation for the DOPC
technique itself. In conclusion, the proposed optimization
framework for the DOPC techniques via the automatic and
intelligent PSO method provides a general and powerful tool
to improve the OPC quality and simplify the development and
maintenance of a high-performance DOPC system. With the
proposed optimization framework, the PBRs that we realize in
this work are much higher (at least 5 times higher) than those
reported in previous elaborate works on similar experimental
conditions [11,23,24]. Besides the PSO, other global opti-
mization strategies can also be incorporated into our DOPC
optimization framework.
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