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Wavefront shaping for glare suppression helps to reduce the speckle background through scattering media and
enables imaging, sensing, and some speckle-related advanced applications through customizing the speckle light
field. For glare suppression in a target region, current methods are either slow or not sufficiently generic. Here,
an alternating projection method that fully exploits the transmission matrix of the scattering medium is proposed
for fast and arbitrary glare suppression. Parallelly, multiple phase masks corresponding to different target regions
can be computationally optimized without iterative hardware feedback. Numerical simulation shows that under
phase-only modulation, a suppression factor of ~10~> can be realized for a large target region with only 30
iterations. With the use of a graphics processing unit and a digital micromirror device, fast and effective glare
suppression for target regions of various shapes and sizes was demonstrated at the distal end of a multimode
fiber. This technique could be promising for applications like multimode fiber-based speckle optical tweezer or

endoscopy with speckle illumination inside complex environments.

1. Introdction

Glare suppression was originally proposed for some imaging or sens-
ing scenarios under the reflection geometry [1,2]. For example, during
the detection of a weak object hidden behind a scattering medium, the
glare from unwanted backscattered light by the medium may seriously
degrade the signal-to-noise ratio (SNR). Such a phenomenon could oc-
cur in LiDAR detection through atmosphere or ocean, deep-tissue optical
imaging, or even broader electromagnetic scenarios such as microwave-
based detection. In these cases, the ability to suppress glare enables
imaging or sensing of weak objects in the absence of a strong back-
ground. In principle, glare suppression is feasible based on the time-of-
flight differences between the target signal and the backscattered light,
although the approaches are usually costly with limited temporal reso-
lution [2]. Coherence gating [3] can also reject glare by only detecting
the target signal that is coherent to the reference light. Not long ago, a
coherence gated negation technique was reported, which actively “gates
out” the glare component by utilizing a low-coherence source [2]. Nev-
ertheless, both methods are technically demanding.

Apart from these studies in reflection mode, suppressing the scat-
tered light intensity in a transmission geometry is also valuable for
imaging and sensing. Furthermore, custom-tailoring a speckle field with

blank window could be attractive for applications that employ speckle
fields for optical tweezer [4] or structured illumination microscopy [5].
Recent developments of glare suppression through scattering media are
primarily facilitated by wavefront shaping (WFS), a powerful tool to
control the propagation of diffused light [6-10]. By constructing a trans-
mission matrix (TM) [11] that relates the input and output fields of the
optical medium, one can deterministically shape the output light field
by applying appropriate modulation to the input wavefront. WFS can
also be iterative [12-17] when the TM is inaccessible, which, however,
lacks a versatile ability for light manipulation. With the knowledge of
TM, any desired optical field can be theoretically realized despite light
scattering. WFS has been widely applied to focus diffused light, which
enables high-resolution point-scanning imaging [18] or localized opti-
cal energy delivery-related biomedical applications [19,20] at depths.
Besides that, WFS also offers potentials for the suppression of scattered
glare through scattering media [1,21,22].

Recent efforts started with the iterative methods. Daniel et al. first
adopted a genetic algorithm (GA) to reduce the integrated intensity of a
selected region containing ~36 speckle grains to ~17% of its initial value
after 1000 iterations [1]. Later, a Hadamard encoding algorithm was ex-
plored that showed improved performance than GA in reducing the in-
tensities of both single and multiple speckle grains [21]. These methods

* Corresponding author at: Department of Biomedical Engineering, The Hong Kong Polytechnic University, Hong Kong Special Administrative Region.

E-mail address: puxiang.lai@polyu.edu.hk (P. Lai).
! These author contributed equally to this work.

https://doi.org/10.1016/j.optlaseng.2022.107368

Received 8 August 2022; Received in revised form 4 October 2022; Accepted 31 October 2022

Available online 12 November 2022

0143-8166/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.optlaseng.2022.107368
http://www.ScienceDirect.com
http://www.elsevier.com/locate/optlaseng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optlaseng.2022.107368&domain=pdf
mailto:puxiang.lai@polyu.edu.hk
https://doi.org/10.1016/j.optlaseng.2022.107368
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Cheng, T. Zhong, C.M. Woo et al.

Optics and Lasers in Engineering 161 (2023) 107368

' — L% (xy) ’ yr i) (u,v) Fig. 1. Schematic of the proposed alternat-

Ak (x’ y) € > TM{ } Ik (u,v) = |Ik (u’v)| € ing projection method to obtain the optimum
OUTPUT phase mask for glare suppression at a target re-

gion within the speckle field.
Speckle-domain constraint
k=k+1
TM_l{ e INPUT I, (u,v)
A (%, ) =|A(x, )| «—————- Initial speckle

could be time-consuming because of their nature of feedback-based it-
erative optimization and the use of a spatial light modulator (SLM) with
slow refresh rate (typically 60 Hz). More recently, an aperture-target TM
model was proposed using the low-transmittance eigenchannel as the
input wavefront to achieve minimal speckle intensity in the target area
[22]. Although the optimization results were superior, the method relied
on an amplitude-phase modulation and might not be generic enough, as
a new aperture-target TM for decomposition was required for each tar-
get region.

In this letter, we show that an alternating projection-based phase op-
timization can be used for fast and arbitrary glare suppression through
scattering media. With the knowledge of TM, multiple phase masks
that correspond to different target regions can be optimized in paral-
lel, requiring only a few tens of iterations in practice. It is stressed that
the method is purely computational that involves no hardware feed-
back, and the operation is further accelerated by implementation with
a graphics processing unit (GPU). Numerical simulation reveals that a
suppression factor of ~1073 is achieved even for a large target region
that contains over a hundred speckles, under phase-only modulation.
Experimentally, fast and effective glare suppression has been realized
in target regions of various shapes and sizes at the distal end of a multi-
mode fiber (MMF) by using a digital micromirror device (DMD) as the
SLM.

2. Methods

We get inspiration from the problem of phase retrieval solved by us-
ing the Gerchberg-Saxton (GS) algorithm [23,24]. The basic idea of GS
algorithm is to retrieve the phase of an object from the intensity mea-
surement of its diffraction pattern (i.e., the Fourier transform of the ob-
ject) via alternating projection between the object plane and the Fourier
plane. Such an iterative Fourier transform algorithm was first developed
in 1970s, and has found many variants that see applications in electron
microscopy, crystallography, synthesis of computer hologram etc. [25].
Here, we propose to optimize the phase mask for the suppression of
speckle light intensity at a target region by alternating projection be-
tween the phase and speckle planes of a scattering medium, utilizing
TM as the propagation operator.

Fig. 1 depicts the process of alternating projection-based phase op-
timization used for glare suppression. Suppose the scattering medium
is a linear system through which light propagates between the phase
and speckle fields. The algorithm starts with an initial speckle pattern
produced under zero-phase modulation. At the kth iteration, the inverse
TM transforms the estimated speckle field I, (u, v) into the phase field
Ay(x, ),

Ap(x, ¥) = |Agx )%= =T M {1, v)}, 1)

where 0, (x, y) is the phase of the resultant input wavefront. Here, the
Tikhonov inversion [26] is adopted, which helps mitigate the measure-
ment noise of TM and allows more accurate modeling of the back-
propagation of light. The phase-only constraint sets the amplitudes of
the input wavefront all to be one, such that

Al (x,y) = %0, @)

The new phase field A| (x,y) then propagates towards the speckle
domain T (u, v),

U, 0) = |V, 0)]e® @0 =TM{A (x, »)}, 3

where @ (u, v) is the phase of the resultant speckle field. Similarly, a
constraint is applied on the speckle domain to force an intensity reduc-
tion in the target region. The updated speckle field I, ; (u, v) continues
the above processes iteratively, with the goal of estimating a solution
that conforms to both constraints simultaneously.

One natural choice of the speckle-domain constraint is setting the
values of the points within the target region (represented by T') to be 0,
given by

0, w,v) €T
U wv), @vyeT

This constraint is consistent with the error-reduction (ER) algorithm
[23,27], a variant of GS algorithm, which is based on the idea that in
a phase retrieval problem, the object cannot be negative or exceed the
known diameter. However, it has been observed that the ER algorithm
tends to reach a plateau after the first few iterations and the convergence
later on is relatively slow. A modification is the hybrid input-output
(HIO) algorithm [24,27]. The alternating projection streaming can be
regarded as an input-output system, with the produced speckle field as
the output and the updated one as the system input for the next iteration,
as illustrated in Fig. 1. For the pixels outside of the target region, one
does not require a change of the output. But for those within the target
region, HIO applies negative feedback upon the previous input I, (u, v)
using the iteration output T} (u, v) to generate the next input, such as

Ly (u,0) = { “4)

u,v) €T
w,v) T

where y is the feedback coefficient. The output at the target region is
driven to a value of zero due to a decrease of the input. HIO is supposed
to have faster convergence as it could avoid a stagnation problem oc-
curred in the ER algorithm. The convergence property of the proposed
alternating projection method used for glare suppression is shown in
appendix I. In the next session, alternating projection-based phase opti-
mization using speckle-domain constraints of both ER and HIO will be
conducted to test their performances in reducing intensity in the target
regions through simulations and experiments.

L, 0)—y -V, v),
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Fig. 2. Simulated results of glare suppression for a square region with a side length of 30 pixels in the speckle field, using the proposed alternating projection
method with different speckle-domain constraints. (a) Initial speckle pattern with zero phase modulation. (b) Optimized with ER constraint; (c) Optimized with
HIO constraint. (d) Progression curves of the normalized integrated intensity in the target regions for ER and HIO. (e) Progression curves of suppression factor as
a function of iteration number. (f) Normalized signal profiles along the cyan dashed line segments in (a-c), in which the inset magnifies the ER and HIO’s profiles

corresponding to the target region.

3. Numerical simulation

The capability of our alternating projection method for glare sup-
pression was first investigated via numerical simulation. The number
of modulation units was set to be 64 x 64, with an output light field of
160 x 160 pixels. The TM was simulated by modeling the speckle field
using random phase with zero padding in the Fourier space, in which the
size of a speckle grain was 4, a number comparable to the real observa-
tion. As a proof-of-principle study, alternating projection optimized with
both types of speckle-domain constraints, ER and HIO, was explored for
the comparison of suppression performance. Herein, the feedback coef-
ficient y of HIO was empirically set to be 0.8 to ensure quick and stable
convergence. To evaluate the suppression effect, a suppression factor n
is defined as the ratio of the mean light intensity of the target region
over that outside the target region, such that

w= (U ler / #([LDligrs ©

Where u(-) denotes the mean operation, T represents the target region,
and I; is the complex amplitude at postion index i in the speckle field.
Fig. 2 shows the simulated glare suppression results using speckle-
domain constraints of ER and HIO, respectively, with an iteration num-
ber of 30 for achieving an acceptable suppression result with a short time
consumption. The region of interest (ROI) is a square of 30 x 30 pixels
in the middle of the speckle field, marked with white dashed boxes in
Fig. 2(a—c). The initial speckle pattern (Fig. 2a) has an almost uniform
intensity distribution across the whole field of view (FOV), with n ~ 1.
In comparison, the light intensities within the ROI are adequately sup-
pressed for those optimized with both ER (Fig. 2b, # = 0.042) and HIO
(Fig. 2¢, n = 0.003). Quantitively, the normalized integrated speckle in-

tensity of the ROI declines progressively during 30 iterations for both
ER and HIO, while only HIO could converge closely to zero, as seen in
Fig. 2d. The progression curves of suppression factor as a function of
iteration number are shown in Fig. 2e, which also reveals that HIO de-
clines faster and achieves superior suppression effect than ER does. More
specifically, the normalized signal profiles across the ROI, denoted by
the cyan dashed line segments in Figs. 2a—c, are also compared in Fig. 2f.
It can be seen that the signal intensities within the ROI (15th ~ 45th pix-
els) are reduced to almost zero for ER and HIO. A closer look (the inset
in Fig. 2f) shows that HIO can suppress the signal to a lower level. The
above simulation results suggest that our method is effective in glare
suppression and fast in convergence, and the performance of HIO is su-
perior to that of ER. Note that the non-target regions in Fig. 2b and ¢
seem to be brighter than that before suppression, which should not af-
fect the conclusion as we only concern the integrated intensity in the
target region and the suppression effect.

Numerical comparisons were also made between the alternating pro-
jection method and the state-of-the-art GA to test their performances of
glare suppression in square regions of various sizes (denoted by the side
length L). The controlled phase mask was at the dimension of 64 x 64
for both methods. The parameters of GA were set as follows: the initial
and final mutation rates were 0.01 and 0.001, respectively; the decay
factor was 250; the population size was 30; and the iteration number
was 1200. For our method, although the iteration number required for
convergence may be large and vary with different ROI sizes, an itera-
tion number of only 30 was adopted in practice for both ER and HIO.
This allows it to achieve a suppression factor (~10~2) comparable to
that of GA with 1200 iterations by consuming much less running time.
Specifically, it took an average of 12.03 s for GA, while only 0.54 s
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Fig. 3. Simulated progression curves of suppression factor as a function of iteration number in the square ROIs of different side lengths, when using (a) GA, and
alternating projection method with speckle-domain constraints of (b) ER and (c) HIO, respectively. Note that the subplots inside (b) and (c) show the zoomed-in

results within the first 30 iterations.

for ER and 0.46 s for HIO, when running on GPU at the environment
of MATLAB 2022a by using a PC with an Intel Xeon CPU (3.50 GHz),
NVIDIA 3070 GPU and 64 GB RAM. To reduce randomness, for each
side length L, the result of each algorithm was averaged over 30 rep-
etitions, where a new TM was simulated each time. Fig. 3 shows the
simulated progression curves for GA and our method optimized with ER
and HIO, respectively. Cases of ER and HIO are both plotted with 1000
iterations to show the theoretical performances that can be achieved.
From Fig. 3a, it can be seen that the suppression effect of GA enhances
(n declined from ~0.1 to ~0.01) as the side length of the ROI decreases
from 100 to 20. This is reasonable as the number of phase control seg-
ments remains unchanged. For the alternating projection method with
ER constraint (Fig. 3b), it converges prematurely after several hundred
iterations for different ROIs, with relatively poor performance (7 > 0.01)
in intensity suppression. Note that there is no rule between the sizes of
ROIs to be suppressed and the achieved suppression factors in this case,
and no significant difference of suppression performance in different
ROIs. In contrast, when using the HIO constraint (Fig. 3c), the suppres-
sion ability of our method can be fully exerted, achieving hierarchical
suppression results for ROIs of different sizes that are all considerably
superior to those of GA and ER. Note that in practice, the optimization
only runs for 30 iterations after which the achieved suppression fac-
tor is almost at a level of 103 theoretically, with no obvious differences
among different ROISs. Interestingly, there is a turning point for the cases
of L =20 and L = 100 (the inset in Fig. 3c), suggesting that the suppres-
sion factor of 100 x 100 ROI initially declines faster while that of 20 x 20
ROI converges to a lower level eventually. The reason might be that
the intensity suppression within the 100 x 100 region is more stable on
average and converges more soothingly in the initial phase, especially
when there is a strong modulation capability. Further analysis on the
performance of our method in intensity suppression for ROIs of various
sizes and with different numbers of modulation units can be found in
appendix IL

4. Experimental results

The experimental setup for TM measurement and glare suppression
through a multimode fiber is illustrated in Fig. 4. The light output from a
532 nm continuous-wave laser (EXLSR-532-300-CDRH, Spectra Physics,
USA) was first divided into two beams by a polarizing beam splitter
(PBS) after passing through a half-wave (4/2) plate. One beam was used
as the reference beam, which was expanded by a 4f lens system (L5 and
L6), with its polarization state being adjusted by a 1/2 plate. The other
beam was expanded by a 40x objective lens (Objl) and collimated by
a convex lens (L1) subsequently. After turning to be circularly polar-
ized light by a quarter-wave (4/4) plate, the beam was reflected by a
DMD (DLP7000, Texas Instruments Inc, USA) and relayed into another
4f system (L2, iris, and L3). After spectral filtering, the beam encoded

with the desired phase distribution [28,29] was coupled into a MMF
(0.22 numerical aperture, 105 um core, SUH105, Xinrui, China) that
was used as the scattering medium in this study. The beam after propa-
gating through the MMF was magnified by a 40x objective (Obj2) and
collimated by a tube lens L4. A 1/4 plate was used to recover the lin-
early polarized components of the disordered beam. The speckle and the
reference light paths were combined by a non-polarized beam splitter
(NPBS) for interference before being captured by a CMOS camera (BFS-
U3-04S2M, FLIR, USA). Note that the CMOS camera was triggered by
the DMD and would capture an image once the DMD displays a pattern.
With the recorded interferograms, spatial filtering-based digital holog-
raphy method [30] was employed for retrieving the complex TM of the
MMF.

In experiment, the sizes of the controlled phase masks and the cap-
tured speckle patterns were the same as those in simulation. Besides
that, GA and alternating projection method optimized with ER and HIO
were all conducted for performance comparison, with the parameter set-
tings unchanged, too. The TM of the MMF was first calibrated and then
used to optimize the phase mask via different algorithms that were im-
plemented by GPU. It should be noted that no hardware feedback was
involved and the phase optimizations for both GA and the alternating
projection method were based on the same TM for fair comparison. One
particular advantage of our method is that multiple phase masks that
correspond to different ROIs can be optimized in parallel. For example,
it only took ~2.3 s to optimize 120 frames of phase masks simultane-
ously, equivalent to ~22.5 ms/frame. This was much faster than the
sequential optimization, which required ~0.5 s to optimize one single
phase mask. The optimized phase masks were encoded into binary Lee
holograms [29] and uploaded onto the DMD for phase-only modulation
to the incident light. The glare suppression results at the distal end of
the MMF were captured by the CMOS camera synchronously. A maxi-
mum frame rate of ~50 fps was achieved for real-time glare suppression
through MMF.

Fig. 5 shows the normalized speckle images that were obtained un-
der zero phase modulation or optimized GA and our method (with ER
and HIO constraint), for ROIs of different sizes. The autocorrelation of
the initial speckle patterns revealed that the size of a speckle grain was
4 x 4 pixels on average in our experiment. The first row of Fig. 5 corre-
sponds to a square ROI with 40 x 40 pixels, which contains ~100 speck-
les. Compared to the simulated results in Fig. 3, where GA achieves
n = 0.025 after 1200 iterations and ER achieves n = 0.028 after 30 iter-
ations, the suppression factors realized in experiment are almost one
order-of-magnitude worse in both cases. For HIO, the suppression effect
(n = 0.15) is undoubtedly better than GA and ER, although still almost
two order-of-magnitude worse than the simulated one (7 = 0.0024). The
second row of Fig. 5 represents the results for a ROI of 100 x 100 pix-
els where ~625 speckles are contained. Compared to the cases in the
first row, the performance of glare suppression is slightly worse for GA
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Fig. 4. Experimental setup for glare suppression through a MMF. The complex TM of the MMF is measured via off-axis holography, and a DMD is used for phase-only
modulation. CMOS, complementary metal-oxide-semiconductor camera; DMD, digital mirror device; FC, fiber collimator; L, lens; M, mirror; MMF, multimode fiber;
NPBS, non-polarizing beam splitter; Obj, objective; PBS, polarizing beam splitter; 1/2, half-wave plate; 1/4, quarter-wave plate.
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Fig. 5. Normalized speckle patterns showing glare suppression in ROIs of various sizes at the distal end of the MMF, using different algorithms for comparison. The
first row and second row correspond to square regions of 40 x 40 pixels and 100 x 100 pixels, respectively, with (a, €) for the initial speckle pattern under zero phase
modulation, (b, f) for those optimized with GA after 1200 iterations, (c, g) for those optimized with ER after 30 iterations, and (d, h) for those optimized with HIO

after 30 iterations. The scale bar shown in (a-h) is 10 um.

(n = 0.32) and HIO (5 = 0.17), but slightly better for ER (n = 0.21). In
summary, the obtained experimental results agree reasonably with the
simulated ones as shown in Fig. 3. Although the case of ER might seem
to be counterintuitive that the 100 x 100 region yields a slightly better
suppression factor than the 40 x 40 region, it is understandable as ER is
prone to suffer from premature convergence. Moreover, the optimiza-
tion has not yet fully converged at the 30-th iteration. Further discussion
can be found in appendix II. Apart from the results shown in Fig. 5, fast
and effective glare suppression in arbitrary regions of different shapes
and sizes at the distal end of MMF has been demonstrated experimen-
tally (Medial) using HIO constraint. It is believed that the technique
could be promising for speckle optical tweezer with flexibility [4] or
super-resolution endoscopic imaging [5] inside deep tissues through the
MMF, where the customized speckle fields would be utilized.

5. Discussions and conclusions

We present an alternating projection-based phase optimization
method by exploiting the TM for glare suppression at arbitrary regions
through scattering media such as MMF. In practice, only dozens of it-
erations are required to find an appropriate phase mask that achieves a
theoretical suppression factor of ~ 103, The optimization process can
be quick and in parallel (e.g., 2.27 s for 120 frames of 64 x 64 phase
masks). Although the TM method in wavefront shaping has been used
to focus light into single spot or a pattern [31], currently there lacks a
generic way to obtain the desired phase mask for arbitrary glare sup-
pression with the use of a single TM. A recent study relies on the single
value composition of an aperture-target TM, which only applies to a spe-
cific target region [22]. Apart from the capability of arbitrary intensity
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suppression, this alternating projection method can also be extended to
produce any desired target pattern through scattering media. By mod-
ifying the speckle-domain constraint, generating a focal pattern with
high fidelity through scattering media [20] is also feasible. However,
the study also has some limitations. The first is the requirement of mea-
suring a complex TM, which could sometimes be demanding due to the
additional system complexity for a reference beam path and the high
interferometric stability required. This could be solved by adopting the
phase retrieval method [32] or the 4-phase-shifting method with inter-
nal reference [11] for the measurement of TM. In addition, the results
of glare suppression in experiment were obviously poorer than the sim-
ulated ones. The reasons may include: the inaccuracy of the TM mea-
surement for MMF (affected by the quality of the reference beam, and
the noise especially the photon shot noise during image acquisition); the
insufficient effectiveness of the phase modulation through a DMD and
4f lens system (affected by the manufacture imperfection of the DMD
surface and the accuracy of spatial filtering by the 4f system), the per-
turbation to MMF by air flow and platform vibration during numerical
phase optimization and so on.

An interesting phenomenon is that our method seems to be insen-
sitive to the size of ROI to be suppressed in experiment, which can be
observed from Fig. 5 and Medial that a suppression factor no more than
0.174 was achieved for different ROIs. Several reasons may account for
that. The first is that only 30 iterations were adopted in experiment for
phase optimization for both the cases of ER and HIO, at which the opti-
mizations did not fully converge, so the differences among different ROIs
are not obvious. Then, for ER, it suffers from premature convergence
accompanying with the problem of “oversaturation” (see Appendix II),
which means under a certain input size, it is not always the case that
a larger ROI would have a worse suppression effect. Finally, the weak-
ened performance of our method in experiment has rendered the dis-
tinction of suppression results among different ROIs less apparent. It is
emphasized that the comparisons between the constraint conditions of
ER and HIO reveal that the latter can achieve stronger performance of
glare suppression, which also confirms an inversely proportional rela-
tionship between the ROI size (i.e., number of speckles included) and
the suppression effect achieved.

In summary, a TM-based phase optimization method for fast and
effective glare suppression is proposed in this work under phase-only
modulation. Two types of speckle-domain constraints including ER
and HIO are explored for performance comparison with the state-of
the art GA. The simulated and experimental results indicate that al-
ternating projection with HIO constraint is superior in terms of fast
convergence and effective glare suppression. A suppression factor of
0.17 was realized by HIO for a large target region containing ~625
speckles at the distal end of the MMF. Advantages of our method in-
clude the fast and generic phase computation and the effectiveness
of glare suppression for a large target region. The capability of using
MMF to custom-tailor a speckle field may gain special interests for
applications like super-resolution imaging via random speckle illumi-
nation, or flexible speckle optical tweezer in complex environments,
etc.
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