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ABSTRACT

Microscopic imaging through complex scattering media is recognized to be challenging. Here, we report high-resolution single-pixel micro-
scopic imaging through complex scattering media. This is developed via an integration of temporal corrections with single-pixel microscopic
imaging to enhance the quality of the reconstructed object images and achieve high resolution in complex scattering environments. By adopt-
ing a fixed pattern as a temporal carrier, the effect of dynamic scaling factors induced by complex scattering media, which disturb the
recorded light intensities, is removed. Artificial targets and biological specimens are tested in optical experiments, and feasibility of the pro-
posed approach is validated to show that the developed single-pixel microscopic imaging system exhibits high robustness against complex
scattering. This work offers a promising solution for high-resolution microscopic imaging through thick, dynamic, and complex scattering

media.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0246489

Microscopy is pivotal in applied physics, serving as an important
tool in many applications, e.g., biological and medical. However, micros-
copy could face a substantial challenge due to scattering, e.g., biological
tissues," which could be thick and dynamic with varying refractive indi-
ces.” The strong attenuation and complex scattering could lead to a fail-
ure of microscopy. Innovative strategies are desirable to overcome the
challenge, e.g., single-pixel detection and correlation.” ° In recent years,
single-pixel imaging,” which originated from ghost imaging with
entangled light source, has attracted much attention and can reconstruct
object images by optically encoding an object using a series of illumina-
tion patterns in scattering environments and decoding it via a computa-
tional way. This technique inherently possesses anti-interference
potential and high sensitivity by recording one-dimensional (1D) total
light intensities instead of two-dimensional (2D) patterns with a pixe-
lated camera. The illumination patterns include Fourier basis,””
Hadamard basis,'” Hermite-Gaussian basis,' and mutually orthogonal
random matrices.'” Using a series of orthogonal patterns, single-pixel
imaging can achieve satisfactory quality. Single-pixel imaging offers
reduced cost, broader wavelength applicability, enhanced sensitivity, and
anti-interference capability over optical imaging with pixelated cameras.

When integrated with single-pixel detection, optical microscopy
inherits the advantages mentioned above, showing potential in a wide
range of applications. An integration of single-pixel detection with

microscopy was conducted by Wu et al.'” Over the past years, single-
pixel microscopy has been developed with optical information utiliza-
tion,"*'” enhanced resolution,'*'” high adaptability,* >’ multispectral
capabilities,” >’ multimodality,”**”  multidimensionality,”®  etc.
However, the studies have been mainly conducted on single-pixel opti-
cal microscopy without scattering media or with a limited exploration
through thin and static scattering media.”” Therefore, it is crucial and
desirable to explore single-pixel optical microscopic imaging through
complex scattering media that cause significant spatiotemporal fluctu-
ations in the realizations.

Here, we report an approach to investigating single-pixel micro-
scopic imaging through complex scattering media for achieving high
resolution. A complex scattering environment, i.e., thick and dynamic
media with varying turbidities, is established in the optical path. It is
demonstrated in optical experiments that the resolving power of con-
ventional single-pixel optical microscopy would deteriorate under
such complex scattering conditions, and its application is limited. To
overcome this challenge, a temporal correction method is designed
and applied via an introduced temporal carrier to correct the fluctua-
tions on a series of measured light intensities. The proposed approach
enhances the quality of the reconstructed object images in complex
scenarios, enabling high-resolution single-pixel microscopic imaging.
It is expected that this study would introduce a promising tool for
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FIG. 1. A schematic experimental setup for the developed single-pixel microscopic
imaging through complex scattering media. BE: beam expander; L4: collimating
lens; Ly: lens; TL: tube lens; OL: objective lens; FL: Fresnel lens; and SPD: single-
pixel silicon photodiode.

high-resolution optical microscopic imaging through complex scatter-
ing media in various applications.

A schematic optical setup for the developed single-pixel micro-
scopic imaging through complex scattering media is shown in Fig. 1. A
He-Ne laser (wavelength of 632.8 nm and power of 17.0 mW, Pacific
Lasertec) emits a linearly polarized beam. The expanded and colli-
mated beam illuminates a digital micro-mirror device (DMD with a
pixel size of 10.8 um, Texas Instruments) at an angle of 24.0° guided
by a mirror. The reflected waves propagate through a 4f system (a lens
L, and a tube lens with the same focal length of 20.0 cm) to realize the
adjustment of illumination pattern size and then propagate through an
objective lens (NA of 0.55 and 50x Mitutoyo). The illumination pat-
terns displayed by DMD are projected onto a target, as shown in the
inset. After passing through complex scattering media established by
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FIG. 2. A flow chart of the proposed single-pixel optical microscopic imaging
through dynamic and complex scattering media. OL: objective lens.

using a water tank (polymethyl methacrylate) with a dimension of
50cm (length) x 10.0cm (width) x 30.0cm (height), the optical
waves are focused onto a single-pixel silicon photodiode (SPD,
PDA100A2 Thorlabs) by a Fresnel lens with 30.0-cm diameter and
12.0-cm focal length. The water tank is placed close to the test target
and is filled with 1000.0-ml clean water. To prepare the milk emulsion,
20.0-ml skimmed milk is mixed with 200.0-ml clean water, and then,
diluted milk is used via a funnel. During optical experiments, the
diluted milk is continuously dripped into water tank. In addition, a
motor-driven stirrer agitates the liquid inside water tank at a speed of
450.0 revolutions per minute, emulating a dynamic and turbulent envi-
ronment with a thickness of 5.0 cm and varied turbidities.

A temporal correction is designed and applied in the developed
single-pixel optical microscopy, as shown in Fig. 2. When optical

FIG. 3. Experimental results (Group 5 Element 5 of USAF
1951 resolution test chart): A reconstructed object image
(64 x 64 pixels), the selected spectra (25% used here), and
a normalized intensity curve along the 32nd column of the
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waves propagate in free space without scattering media, a realization
B; (i=1,2,3,...) collected by the SPD, i.e., single-pixel light intensity,
can be described by

Bi = JJL(X, y)G(x,y)dxdy, (1)

where I;(x, y) denotes an illumination pattern for the ith measurement
and G(x,y) denotes a target. If the same illumination pattern is repeat-
edly employed, the collected light intensity can be considered as a con-
stant p described by

” T(x,y)G(x,y)dxdy = p, ®)

where T(x,y) denotes one fixed pattern.

In the developed single-pixel optical microscopic imaging through
complex scattering media, the fixed pattern T'(x,y) is pre-generated
and alternately displayed by DMD just after each dithered sinusoidal
pattern, acting as a temporal carrier. Owing to complex scattering

-

Normalized Intensity
o
o
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media, a series of dynamic scaling factors k; are introduced to disturb
the light intensities, and the realizations B; can be described by

B =k; JJL(X, Y)G(x, y)dxdy7 (3)

where a series of sinusoid patterns [see Eq. (S1) in the supplementary
material] are sequentially displayed by DMD.

As the fixed temporal carrier T(x,y) is alternately applied, the
realizations B;; can be correspondingly described by

By = ky JJ T(x,y)G(x, y)dxdy, 4)

where k;; denotes a scaling factor when the temporal carrier is
used. Since DMD is employed in the optical setup, it can be rea-
sonably assumed to have k; = k;;. Therefore, the realizations B;
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can be corrected, and the corrected realizations Bi can be
obtained by

B, ki JJL(X, Y)G(x,y)dxdy X

1
1_E_k» T G dxd ,
0| | T y) G y)dxdy

Then, spectrum F(u,v) can be calculated by using four-step
phase-shifting™ via phase modulation in the illumination patterns,
and a reconstructed object image G(x,y) is obtained by using inverse
fast Fourier transform (IFFT). The derivations are shown in Egs. (S2)
and (S3) in the supplementary material,

F(u,v) = (Bi~o — Bi—x) +j(Bimo5x — Bi—15x), (6)

G(x,y) = Re{IFFT[F(u,v)]}, (7)

where j = +/—1 and Re denotes a real part.

A series of optical experiments are conducted to illustrate the
feasibility of the proposed method. With the Floyd-Steinberg error
diffusion dithering algorithm that sacrifices at least half of the
whole spatial resolution to approximate binary patterns from gray-
scale ones, the illumination patterns are resized from 64 x 64 pixels
to 128 x 128 pixels, followed by a 2x digital zoom to be of
256 x 256 pixels.

The resolving power of the developed single-pixel microscopic
imaging system is also evaluated by using the Rayleigh criterion. The
coefficient' " R is calculated by

P, P,
R = max( — v ; (8)
min(Py, P3) 'min(Ps, Ps)

where P; ~ Ps denote the extrema on an intensity curve as indicated
in Fig. 3. When coefficient'*** R is not larger than 0.81 [see Eq. (S4) in
the supplementary material], the bars are considered to be distinguish-
able. The smaller coefficient R means that it can be easier to distinguish
a reconstructed object image.

The sparsity of object information in the Fourier domain can
lead to rationality of the reconstruction using only partial spectra
in the developed single-pixel microscopic imaging system. A recon-
structed object image, the selected spectra, and a normalized inten-
sity curve along the 32nd column of the reconstructed object image
are shown in Fig. 3(a), when only static and clean water tank is
placed in the optical path. The reconstructed object image is of
high quality, and the coefficient R is 0.187. Figure 3(b) shows
experimental results, when a complex scattering environment in
Fig. 1 is applied and 50-ml diluted milk suspension is used during
the measurements. It is illustrated that the reconstructed object
image becomes blurred when optical waves propagate through
dynamic and complex scattering media, significantly suppressing
high-frequency information. As dynamic scattering media are
increasingly turbid, contemporaneous spatial-frequency informa-
tion is suppressed. In Fig. 3(b), the coefficient R is 0.718, indicating
that the bars are nearly indistinguishable. When the proposed tem-
poral correction method is applied in the developed single-pixel

pubs.aip.org/aip/apl

microscopic imaging through dynamic and complex scattering
media, Fig. 3(c) shows a substantial enhancement in spectral resto-
ration and image quality. The coefficient R is 0.191, which is close
to that obtained in single-pixel microscopic imaging through static
and clean water. Group 5 Element 5 of USAF 1951 resolution test
chart with a linewidth of 9.84 um is resolved. The detailed analyses
using different percentages of spectra are given in Fig. S1 in the
supplementary material.

The varying speed of turbidity in water tank is further investi-
gated by adjusting the milk dripping rate in the funnel, and 50-ml
diluted milk suspension is used. Figure 4(a) shows the experimental
reconstruction result with an intensity curve to serve as a comparison
benchmark, when only static and clean water is used in the optical
path. Figures 4(b) and 4(c) show the first 1000 normalized light inten-
sities (with and without temporal corrections), when slow and fast
milk dripping rates are adopted, respectively. The blurring occurs even
when turbidity changes slowly in a random manner, as shown in
Fig. 4(d). When the turbidity varies rapidly, the reconstructed object
images become heavily blurred and high frequency is suppressed as
shown in Fig. 4(e). Despite a change of the turbidity in dynamic scat-
tering environments, the proposed method can be applied to recon-
struct high-quality object images, as shown in Figs. 4(f) and 4(g). It is
experimentally verified that the proposed method is feasible and
effective.

To further verify the feasibility of the proposed method, biological
specimens are also tested as shown in Figs. 5(a)-5(c). When static and
clean water is placed in the optical path, high imaging quality with clear
edges is achieved. In dynamic and complex scattering media, the recon-
structed object images become blurred. When the proposed method is
applied, the reconstructed object images are of high quality. The
detailed analyses using different percentages of spectra are given in Fig.
S2 in the supplementary material. In addition, it can be expected”” that

FIG. 5. (a) Testis of Fish T.S., (b) Apical bud L.S., and (c) Frog Intestine Sec.
These experimental results (64 x 64 pixels) are obtained through static and clean
water (top row), complex scattering media without temporal carriers (middle row),
and complex scattering media with temporal carriers (bottom row), respectively.
100% spectra are employed. Scale bar: 100 um.
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the proposed method can be extended to three-dimensional (3D)
domain in complex and dynamic scattering environments.

In conclusion, we have reported an approach to realizing high-
resolution single-pixel optical microscopic imaging through complex
scattering media. The experimental results with artificial targets and
biological specimens demonstrate that frequency information has been
significantly suppressed, when optical waves propagate through thick,
dynamic, and complex scattering media. This challenge is effectively
overcome by employing the proposed temporal corrections with a
fixed carrier to remove the effect of dynamic scaling factors, showing
potential for the development of high-resolution optical microscopic
imaging through various dynamic and complex scattering media.

See the supplementary material for the methods and more experi-
mental results.
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