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Optical memory effect-based speckle-correlated technology has been developed for reconstructing hidden objects
from disordered speckle patterns, achieving imaging through scattering layers. However, the lighting efficiency and field
of view of existing speckle-correlated imaging systems are limited. Here, a near-infrared low spatial coherence fiber
random laser illumination method is proposed to address the above limitations. Through the utilization of random Rayleigh
scattering within dispersion-shifted fibers to provide feedback, coupled with stimulated Raman scattering for amplification,
a near-infrared fiber random laser exhibiting a high spectral density and extremely low spatial coherence is generated.
Based on the designed fiber random laser, speckle-correlated imaging through scattering layers is achieved, with high
lighting efficiency and a large imaging field of view. This work improves the performance of speckle-correlated imaging

and enriches the research on imaging through scattering medium.
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1. Introduction

Imaging is one of the important ways for humans to ob-
tain information, playing a crucial role in promoting cogni-
tion, information exchange, and decision-making. With the
advancement of science and technology, human beings have
greatly improved their ability to obtain information through
imaging. For example, the emergence of microscopes allows
us to see more finely, and the emergence of telescopes en-
ables us to see further. However, when signal light passes
through strong scattering media (such as biological tissues,
clouds, fog, etc.), random modulation from scattering media
will result in spatially disordered speckle patterns, and the
interested object information is submerged in noise. In re-
cent years, many new methods and technologies have been
proposed for recovering useful information from disordered
speckle patterns, such as wavefront shaping,'=3! transmis-

[4-6] deep learning,!’~11 speckle-

sion matrix measurement,
correlated imaging, ['1-1®! and so on.

Speckle-correlated imaging based on the optical mem-
ory effect (OME) has advantages such as strong generaliza-
tion, non-invasive, fast imaging speed, and simple device,
which has been widely studied, from scanning imaging to
single-shot imaging, from two-dimensional imaging to three-
dimensional imaging, from monochromatic imaging to color
imaging, and then to multi-spectral imaging.!!1!%1417.18] At
present, the illumination source of speckle-correlated imag-

ing systems mainly uses narrowband spatially incoherent
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light, which is usually generated in two ways: one is a

narrow linewidth laser passing through fast-rotating ground

12,19,20

glass, | | and the other is a narrowband filtered light-

emitting diode (LED)/amplified spontaneous emission (ASE)

21.22] However, due to the non-directional scattering

source. !
of ground glass, and the specified wavelength selection of nar-
rowband filters, the lighting efficiency of these two methods is
relatively low.

On the other hand, the OME is mainly dominated by bal-
listic photons and single-scattering photons.>3] For most bi-
ological tissues, the intensity of light scattering is inversely
proportional to A% (A4 is the wavelength of the signal light,
and o0 < 3).[24] Therefore, compared with visible light, near-
infrared light has more ballistic photons and single-scattering
photons after passing through the scattering medium, theoret-
ically resulting in a larger range of OME and a larger imag-
ing field of view (FOV). However, in existing OME-based
speckle-correlated imaging systems, the wavelength of the il-
Iumination source mainly focuses on visible light, and there is
relatively little imaging under near-infrared illumination.

In this work, a near-infrared low spatial coherence fiber
random laser illumination method is proposed and validated to
improve the FOV and lighting efficiency of speckle-correlated
imaging systems. Through the utilization of random Rayleigh
scattering within dispersion-shifted fibers to provide feedback,
coupled with stimulated Raman scattering for amplification,
a near-infrared fiber random laser with high spectral density

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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(3-dB spectral bandwidth of 2.4 nm) and extremely low spa-
tial coherence (speckle contrast of 0.048) is generated. Then,
based on the illumination of the designed fiber random laser,
high lighting efficiency speckle-correlated imaging through
scattering media is achieved. Moreover, compared to visible
light illumination at 635 nm, the proposed near-infrared illu-
mination method improves the FOV of the speckle-correlated
imaging system by approximately 1.72 times. The proposed
illumination method can be potentially applied to biological
tissue imaging, light-scattering imaging, and other spatially
incoherent illumination imaging.

2. Near-infrared low spatial coherence fiber ran-
dom laser

The OME shows that the point spread function (PSF) of
speckle-correlated imaging systems has a linear translation-
invariant property within a certain range of FOV. Therefore,
under spatially incoherent illumination, the speckle patterns
(donated as I) formed by an object passing through a scatter-
ing medium can be mathematically described as a convolution
of the object (donated as O) and PSF!1%19:23]

I = O%PSF, (1)

where * represents the convolution operation. Due to the de-
crease of speckle contrast with the increase of spectral band-
width of incoherent illumination sources, to preserve effec-
tive information, narrowband spatially incoherent light is usu-
ally chosen as the illumination source of speckle-correlated
imaging systems. In this work, different from previous nar-
rowband spatial incoherent illumination ways, where usually
using either a narrow linewidth laser passing through a fast-
rotating ground glass or a narrowband filtered ASE/LED, a
near-infrared low spatial coherence fiber random laser illumi-
nation method is proposed with higher lighting efficiency and
larger FOV.

Raman fiber random laser is a new type of laser source
with advantages such as flexible working wavelength, high
power, and high stability.[*6-28] Making full use of the advan-
tages of Raman fiber random laser, the near-infrared low spa-
tial coherence fiber random laser (LSCFRL) is first designed,
as shown in Fig. 1(a). The pump source is a Raman fiber
laser with a central wavelength of 1365 nm. To achieve low
threshold and high-efficiency random laser lasing, a 6-km long
dispersion-shifted fiber (DSF) with a high Raman scattering
coefficient is selected as the Raman fiber serving as the gain
medium. The 1365-nm Raman laser is coupled into the DSF
via a wavelength division multiplexer. Subsequently, back-
ward Rayleigh scattering within the DSF provides intensity
feedback, while stimulated Raman scattering provides optical
amplification, forming the fiber random laser. A 9:1 coupler

is used to guide the output of the fiber random laser. Among
them, 90% of the port of the coupler is connected to a power
meter (Newport 843-R) to measure the power of fiber random
laser, and 10% of the port is connected to an optical spectrum
analyzer (MS9710C) to analyze the spectral change.
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Fig. 1. The design of near-infrared LSCFRL and its output characteristics.
(a) Experimental setup of the LSCFRL. (b) The power output characteristic
of the LSCFRL. (c) Spectral characteristics of the LSCFRL. DSF: dispersion-
shifted fiber, OSA: optical spectrum analyzer, MMF: multimode fiber, CL:
collimated lens, GG: ground glass.

The power output characteristic of the fiber random laser
is shown in Fig. 1(b). In the beginning, since the pump power
has not yet reached the threshold of stimulated Raman scatter-
ing, spontaneous Raman scattering is dominant. The light-to-
light conversion efficiency of spontaneous Raman scattering
is low (only 107 of the incident light energy is converted to
Stokes light), so the output power is small. When the pump
power exceeds 3.27 W, the threshold condition of stimulated
Raman scattering is reached, and the power of the fiber ran-
dom laser increases greatly. Under the mechanism of stimu-
lated Raman scattering, the light-to-light conversion efficiency
is greatly improved, and the power of the fiber random laser
increases linearly with the increase of pump power. When the
pump power is 8.33 W, the output power of the fiber random
laser reaches 1.38 W.

The spectral characteristic of the fiber random laser is
shown in Fig. 1(c). In the beginning, spontaneous Raman scat-
tering is dominant. When the pump power is 2.69 W, the cen-
tral wavelength of spontaneous Raman radiation is 1452 nm,
with a 3-dB spectral bandwidth of approximately 13.8 nm. If
the threshold of stimulated Raman scattering is reached (i.e.,
the pump power is greater than 3.27 W), mode (longitudinal
mode) competition will lead to a sharp decrease in the 3-dB
spectral bandwidth of fiber random lasers. When the pump
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power is 3.82 W, the central wavelength of stimulated Ra-
man radiation is 1452 nm and the bandwidth is approximately
2.4 nm. As the pump power increased from 3.82 W to 8.33 W,
the central wavelength of the fiber random laser remained sta-
ble at 1452 nm, and the 3-dB bandwidth remained almost un-
changed at 2.4 nm. Therefore, the designed fiber random laser
has high stability and spectral density.

In the imaging experiment based on near-infrared fiber
random laser, the OSA is replaced by a 100-m long step re-
fractive index multimode fiber (MMF, core/cladding diame-
ter: 105 um/125 pwm, NA 0.22). The MMF is connected to the
10% ports of the coupler, which is used to reduce the spatial
coherence of the laser source. Due to the existence of numer-
ous modes (transverse mode) in MMF, when the transmission
delay of different modes is greater than the coherence time
of the laser source, diverse modes will be incoherently inten-
sity superimposed forming a spatially incoherent illumination
source. 28291 Therefore, different from the narrow linewidth
laser transmission in MMEF, where diverse modes are coher-
ently superimposed, distinct speckle patterns will be formed
at the output end of the MMF. The intensity distribution of the
random laser from MMF exhibits a smooth transition charac-
teristic, without speckle grains, as shown in Fig. 2(al).
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Fig. 2. Spatial coherence of the designed fiber random laser. (al) Mode
profile of fiber random laser at the output end of the MMF, (a2) speckle
patterns corresponding to panel (al). (b1) Mode profile of fiber random
laser at the output end of the single mode fiber, (b2) speckle patterns
corresponding to panel (b1). MMF: multimode fiber.

The speckle contrast of speckle patterns decreases with
the decrease of spatial coherence, which is used to quanti-
tatively analyze the spatial coherence of laser sources.!?”-3]
Thus, to analyze the spatial coherence of the designed fiber
random laser, a piece of 400-grit ground glass (Zolix, grit 400)
is used to scatter the laser source, and then a near-infrared
camera (Xenics, Bobcat-640 Gige, resolution of 512x640,
pixel pitch of 20 um) is used to capture the speckle patterns.
Under the guidance of MME, figure 2(a2) shows the speckle
patterns formed by the fiber random laser passing through the
scattering medium, exhibiting a relatively uniform intensity

distribution. Furthermore, calculate the speckle contrast (C):
Or

C 0’ 2)
where o7 is the standard deviation of speckle patterns, and
(I) is the average intensity of speckle patterns. To reduce
data fluctuations and improve the reliability of data calcula-
tions, the scattering medium is shifted to 10 different posi-
tions, and the corresponding 10 sets of experimental data are
measured. Subsequently, the statistical mean and standard de-
viation of [ are calculated. When the fiber random laser (FRL)
guided by MMEF, the speckle patterns formed by FRL passing
through scattering medium has a speckle contrast as low as
0.048+0.002, which is close to the perception threshold of the
human eye (0.04), indicating that the designed laser source has
a low spatial coherence.

In contrast, the spatial coherence of fiber random lasers
is also analyzed without the guidance of MMF. Figure 2(bl)
shows the mode profile of the fiber random laser, exhibit-
ing the classical Gaussian intensity distribution characteris-
tic, which corresponds to the characteristic of the fundamen-
tal mode of single-mode fiber. Under the guidance of single-
mode fiber, figure 2(b2) shows the speckle patterns formed by
the fiber random laser passing through the scattering medium,
with a speckle contrast of 0.66+0.041, indicating that the laser
source has a high spatial coherence.

Based on the above analyses, the designed fiber random
laser guided by MMEF has a low spatial coherence, so it can be
used for imaging of spatially incoherent illumination, such as
speckle-correlated imaging, microscopic imaging, and so on.

3. Optical memory effect-based speckle-
correlated imaging through scattering layers

Under the illumination of the homemade near-infrared
LSCFRL, optical memory effect-based speckle-correlated
imaging through scattering layers is realized. The experi-
mental setup is shown in Fig. 3(a). The output of the fiber
random laser is collimated by a convex lens (focal length of
6.2 mm), and then irradiates on the digital micro-mirror de-
vice (DMD, DLPLCR65NEVM, Texas Instruments). DMD
can load any two-dimensional pattern serving as the imag-
ing object. In the experiment, the handwritten digit “7”, five
symmetrically distributed points, and the Chinese character
“Tian” are loaded onto the DMD, as shown in the bottom
left corner of Figs. 4(b1)-4(b3). Besides, by loading a point
(54 ymx54 pm) onto the DMD, the PSF of the scattering
imaging system is measured as shown in Fig. 4(a). To vali-
date the speckle-correlated imaging, a piece of ground glass
(Zolix, grit 400) is placed between the object (i.e., DMD) and
the camera serving as scattering media, scattering signal light
from the object. The distance from the ground glass to the
DMD and camera is 12 cm and 4 cm, respectively. The signal
light from DMD forms speckle patterns after passing through
the scattering medium, which is collected using a near-infrared
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camera (Xenics, Bobcat-640 Gige), as shown in Figs. 4(b1)-
4(b3). The camera exposure time is dynamically adjusted ac-
cording to the power of the near-infrared fiber laser and the
sparsity of the object.

Based on Eq. (1), under the precondition of obtain-
ing the PSF of the scattering imaging system, the decon-
volution algorithm can be used to reconstruct objects from
speckle patterns.[!*16311 The speckle-correlated imaging un-
der Richardson-Lucy deconvolution reconstruction is shown
in Figs. 4(c1)—4(c3), where the handwritten digit “7”, five
symmetrically distributed points, and the Chinese character
“Tian” are reconstructed with a high contrast and signal-to-
noise ratio. Thus, the homemade near-infrared LSCFRL can
serve as the illumination source of speckle-correlated imaging
systems.

In contrast to conventional illumination ways utilized in
speckle-correlated imaging systems, such as narrow linewidth
laser passes through fast-rotating ground glass or narrow-band
filtered LED/ASE configurations, the proposed near-infrared
LSCFRL illumination approach offers superior lighting effi-
ciency. This is attributed to its high spectral density (3-dB
spectral bandwidth of 2.4 nm) and extremely low spatial co-
herence (speckle contrast of 0.048), thereby obviating the non-
directional scattering introduced by ground glass and the en-
ergy losses introduced by narrow-band filters. The qualita-
tive evaluation of lighting efficiency is shown in Appendix B.
Moreover, in speckle-correlated imaging systems, the range
of OME increases with the increase of signal light wave-
length. Therefore, under the illumination of the proposed near-

PSF

infrared LSCFRL, the imaging system is expected to have a
larger FOV.

Lens

LSCFRL

SCI under 635-nm illumination
(b)
RGG 635 LD

DMD

Lens

Zs ’5/
©

OQ’))

G,.Q

Fig. 3. Optical memory effect-based speckle-correlated imaging through
scattering medium under the illumination of LSCFRL (a) and 635-nm
illumination (b). SCI: speckle-correlated imaging, DMD: digital micro-
mirror device, SM: scattering medium, IR camera: near-infrared camera,
LD: laser diode.

Speckle

(a) |Deconvolution (b1)

(b) (b3)

Reconstruction

(c1)

(c2) (c3)

Fig. 4. Experimental results of speckle-correlated imaging under near-infrared fiber random laser illumination. (a) PSF of scattering imaging
system, (b1)—(b3) speckle patterns formed by the handwritten digit “7”, five symmetrically distributed points, and Chinese character “Tian”
passing through the scattering medium, where the bottom left corner shows the ground value of the hidden objects, (c1)—(c3) Richardson-Lucy

deconvolution reconstruction image.
To verify that speckle-correlated imaging systems under
near-infrared illumination have a larger FOV, imaging is com-
pared under the illumination of two wavelengths, 635 nm and

1452 nm. Except for the differences in illumination source and

camera, the experimental setup of speckle-correlated imaging
under two wavelengths of illumination is the same, as shown
in Fig. 3. Among them, for speckle-correlated imaging sys-

tem under 635-nm illumination (shown in Fig. 3(b)): to meet
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the requirements of narrowband spatial incoherent illumina-
tion, the output of the 635-nm laser diode (FODL-43A-635-1)
is passed through a fast-rotating ground glass; a visible cam-
era (Andor Zyla 5.5, resolution of 2160x2560, pixel pitch of
6.5 um) is used to collect speckle patterns formed by the ob-
jects passing through scattering medium.

1.0 . 5 -
(a) oo o 1452 nm

— 1452 fit
0.8 o 635 nm |

v _— 635 fit

e
o

<
=~

Correlation (arb. units)
©
b

oL— = :
—200  —100 0 10 200

Offset (pixels)

Fig. 5. Optical memory effect range of speckle-correlated imaging sys-
tems under illumination of 635 nm and 1452 nm. (a) The variation
curve of C(Ar). (b) The speckle patterns shift with the translation of the
point (i.e., optical memory effect), and Ar in the figure represents the
translation distance of the point.

Firstly, the range of OME under illumination of two
wavelengths is compared. The range of optical memory ef-
fect range is decided by the scattering strength of scattering
medium, the wavelength of the lighting source, and the object
distance, which is independent of other parameters. The ex-
perimental setup for measuring the range of OME is shown in
Fig. 3. A 5x5 point (54 pmx54 pm) is loaded on DMD, and
the corresponding speckle patterns formed by passing through
the scattering medium is labeled Sy9. Then, the point is trans-
lated along the x axis of the DMD in steps of 5 pixels (54 pm),
and the corresponding speckle patterns is labeled as S;;. Un-
der the near-infrared illumination at 1452 nm, the S;; at dif-
ferent translation distances is shown in Fig. 5(b), where the
speckle patterns S shifts with the translation of the point,
indicating a high translation correlation between the speckle
patterns, which is consistent with the essence of OME. The
normalized cross-correlation between S;; and Sy is calculated,
and the maximum (donated as C(Ar)) is extracted. Define the

full width at half maximum (FWHM) of C(Ar)) as the range
of OME. The numerical simulation is shown in Appendix A.

Under near-infrared illumination at 1452 nm, the corre-
lation coefficient curve C(Ar) is shown in the blue circle in
Fig. 5(a), where the solid blue line represents Gaussian fit-
ting with an FWHM of approximately 220 DMD pixels (i.e.,
2376 pwm). Thus, under near-infrared illumination at 1452 nm,
the FOV of the speckle-correlated imaging system is 2376 pm.
As a comparison, the correlation coefficient curve C(Ar) of
635-nm illumination is shown in the red circle in Fig. 5(a),
where the solid red line represents Gaussian fitting with an
FWHM of approximately 128 DMD pixels (i.e., 1382.4 pum).
Therefore, the range of OME under 1452-nm near-infrared il-
lumination is larger, about 1.72 times that under 635-nm illu-
mination.

Under the same experimental conditions, the speckle-
correlated imaging system illuminated by near-infrared light
has a larger range of OME. Thus, it can be expected that com-
pared to visible light, near-infrared illumination has a larger
FOV and can image larger objects. The range of FOV of the
speckle-correlated imaging system under the illumination of
two wavelengths is compared, as shown in Fig. 6. The first
row in Fig. 6 is the object loaded on the DMD (the Chinese
character “Tian”), with sizes of 90x90, 120x 120, 150x 150,
180180, and 210x210 DMD pixels, located at the center of
the DMD. Firstly, by loading a 5x5 point at the center of the
DMD, the PSF of the scattering imaging system is measured.
After obtaining speckle patterns formed by objects of different
sizes passing through scattering media, the Richardson-Lucy
deconvolution operation between speckle patterns and PSF is
used to reconstruct the objects.

The Richardson—-Lucy deconvolution reconstruction im-
age under 1452-nm near-infrared illumination is shown in the
second row of Fig. 6, where the white dashed box repre-
sents the range of OME. It is discernible that, for object sizes
< 180 x 180 DMD pixels, the object is within the range of
OME, so the Chinese character “Tian” can be fully recon-
structed; When the object sizes is 210x210 DMD pixels, the
distance between the four corners and the center of the Chi-
nese character “Tian” is greater than 220 pixels, which is out-
side the range of OME, resulting in a decrease in the signal-
to-noise ratio of the reconstructed image. In contrast, the re-
constructed image under 635-nm illumination is shown in the
third row of Fig. 6. For object sizes > 120 x 120 DMD pix-
els, the edge part of the objects is no longer within the range
of OME, resulting in the Chinese character “Tian” cannot be
fully reconstructed; When object size is 180x 180 or 210x210
DMD pixels, only the cross line in the middle of the Chinese
character “Tian” can be reconstructed.

Based on the above analyses, compared with 635-nm vis-
ible light illumination, the speckle-correlated imaging sys-
tem under 1452-nm near-infrared light illumination can image
larger objects and has a larger imaging FOV.
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Fig. 6. Comparisons of the field of view of speckle-correlated imaging under illumination at two wavelengths of 635 nm and 1452 nm. The
first row is the object loaded on the DMD. The second row shows the reconstructed image under 1452-nm illumination. The third row shows

the reconstructed image under 635-nm illumination.

4. Conclusion

In the present investigation, a 1452-nm near-infrared fiber
random laser illumination method is proposed with high spec-
tral density (3-dB spectral bandwidth of 2.4 nm) and extremely
low spatial coherence (speckle contrast of 0.048). Based on
the illumination of the near-infrared fiber random laser, the
speckle-correlated imaging through scattering layers is real-
ized with a high lighting efficiency. Compared to 635-nm vis-
ible light illumination, the range of the optical memory effect
under 1452-nm fiber random laser illumination has increased
by 1.72 times.

Moreover, the Richardson-Lucy deconvolution recon-
struction image also indicates that the speckle-correlated
imaging system under 1452-nm fiber random laser illumi-
nation can image larger objects. The proposed illumination
method can be potentially applied to biological tissue imaging,
light-scattering imaging, and other spatially incoherent illumi-

nation imaging.

Numerical simulation of PSF

Appendix A: Numerical simulation of OME

Firstly, the PSF of scattering imaging system is consid-
ered, i.e., a point (50 pm x50 pwm) propagating from the object
plane to the scattering medium plane, and then to the image
plane, as shown in Fig. Al(a). The propagation process can be
described by Fresnel diffraction, as expressed as

PSF = ‘ //exp <;;(x§ +y§)> T (xs,s)

ik 2
cexp ( 5eln =+ n- 3 ) dna

, (AD

where the subscripts s and I denote the plane of scattering
medium and image, respectively; u and v denotes the object
distance (the distance from the object plane to the scattering
medium plane, 5 cm) and the image distance (the distance
from the scattering medium plane to the image plane, 10 cm),
respectively, T corresponds to the random phase induced by
scattering medium. The scattering medium is numerical gen-
erated with a correlation length 30 pm.

Camera

Scattering medium

Correlation (arb. units)

g 1.6
= C
£ 14 (c)
B 1.2
5 1.0
——635 nm % 0.8
980 nm o
——1200 nm o 0.6
—=—1452 nm =
< 0.4
—0.5 0 0.5 s 500 1000 1500

Offset (mm) Wavelength (nm)

Fig. Al. The numerical simulation of PSF: (a) model of numerical simulation, (b) the correlation coefficient between PSFs under illumination

of different wavelengths, (c) the range of OME for different wavelengths.

According to Eq. (Al), under illumination of different
wavelengths, when the point is shifted to different spatial posi-
tions, the corresponding PSF is captured. Then, the correlation

coefficient between PSFs under illumination of different wave-

lengths is calculated, as shown in Fig. A1(b). Define the full
width at half maxima (FWHM) of the curve of correlation co-
efficient as the range of OME. Under illumination of 635 nm,
980 nm, 1200 nm, and 1452 nm, the range of OME of the
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scattering imaging system are 0.55 mm, 0.95 mm, 1.25 mm,
and 1.55 mm, respectively. Moreover, the curve of the range
of OME changing with wavelength is plotted, as shown in
Fig. Al(c). It can be seen that as the wavelength increases, the
range of OME approximately linearly increases, which con-
sists with the Ori’s opinion (i.e., ABroy ~ A /(xl)).[1?]

Appendix B: Qualitative evaluation of lighting
efficiency

In this work, a near-infrared LSCFRL illumination ap-
proach is proposed for speckle correlated imaging, which has
larger field-of-view and higher lighting efficiency. To quali-
tatively evaluate the lighting efficiency, the proposed illumi-
nation method (i.e., the FRL guided by MMF, as shown in
Fig. B1(al)) and the traditional illumination way (i.e., a piece
of fast-rotating ground glass is used to lower the spatial coher-
ence of laser, as shown in Fig. B1(b1)) are compared. Except
for the different lighting modules, the other experimental con-
ditions are the same in Figs. Bl(al) and B1(bl), e.g., the
power of the light source, the exposure time of the camera,
etc. The speckle patterns captured by a near-infrared cam-
era for the proposed illumination method and the traditional
illumination way are shown in Figs. B1(a2) and B1(b2), re-
spectively. Due to the non-directional scattering and insertion
loss introduced by ground glass, the intensity of Fig. B1(b2)
is obviously smaller compared to the intensity of Fig. B1(a2).
To qualitatively evaluate the lighting efficiency, the average
intensity of Figs. B1(a2) and B1(b2) are calculated, as shown
in the white font in Figs. B1(a2) and B1(b2). For the former,
the average intensity is 2.52 x 10%; for the latter, the average

SCI under the proposed illumination method

MMF

1452 nm_(«()_ Lens
FRL
| e

DMD

(al) (a2)

SCI under the traditional illumination method

1452 nm gl Lens DMD
FRL )
iz
3 SM

"un

1.85%10%*

(b2)

Fig. B1. Qualitative evaluation of lighting efficiency. (al)/(bl) Speckle-
correlated imaging using the proposed illumination method/traditional illu-
mination way. (a2)/(b2) Speckle patterns corresponding to panels (al)/(b1).
SCI: speckle-correlated imaging, MMF: multimode fiber, DMD: digital mi-
cromirror device, SM, scattering medium, IR camera: near-infrared camera,
RGG: fast-rotating ground glass.

intensity is 1.85 x 10*. Therefore, compared to the traditional
illumination way, the lighting efficiency of proposed illumina-
tion method has increased by 36%.
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