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Speckle illumination is extensively applied in various imaging scenarios due to its advantages in
enhancing the performance of imaging. Generally, the existing speckle-illumination methods are mainly
based on external spatial modulation of light through a rotating diffuser or spatial light modulator. Both the
lighting efficiency and the system’s compactness are limited for these conventional external modulation
methods, due to their free-space light coupling and insertion or diffraction loss. Here, a multimode fiber
laser with self-reconfigurable speckle illumination is proposed and realized, benefiting from the temporal-
spectral randomness of a homemade coherent random-fiber laser and the spectral-sensitive output pattern
of an out-coupling multimode fiber. Output characteristics in the spectral and spatial domain of the pro-
posed laser are analyzed and show dynamically varying speckles within a moderate bandwidth. These
features pave efficient ways for superresolution imaging through an opaque scattering medium as well as
ghost imaging, which is realized and demonstrated based on the lighting of the proposed laser.

DOI: 10.1103/PhysRevApplied.18.024031

I. INTRODUCTION

Spatially designed illumination plays a pivotal role
in breaking through the imaging limitation and realiz-
ing high imaging quality (e.g., resolution and contrast)
for advanced imaging systems. In stimulated emission-
depletion microscopy, a doughnut beam is essential to
deplete the excited-state photons and shrink the point-
spread function (PSF) to reach superresolution imag-
ing [1]. In structured illumination microscopy, the high-
frequency information of the object is transferred into the
frequency-response range of the optical transfer function
by employing sinusoidal-structured light [2].

As one emerging method of spatially designed illu-
mination, laser speckle illumination (LSI), which uses
uncorrelated patterns of laser fields, is extensively stud-
ied due to its great significance to improve the imag-
ing capability. Superresolution imaging is reported using
various LSI methods, such as speckle-saturated fluores-
cence excitation [3], customized speckle for photoswitch-
ing [4], blind-structured illumination microscopy [5],
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scattering-assisted imaging [6], and photoacoustic fluc-
tuation imaging [7]. Additionally, the uncorrelated LSI
is also crucial in realizing spatial-domain ghost imaging
with advantages of nonlocality, antiturbulence, and anti-
interference [8—10]. Currently, laser speckles are mainly
generated by two ways of external modulation. The first
one uses a time-variant diffuser, such as rotating ground
glass, to disturb the output of a relatively narrow linewidth
laser, which is easy to be implemented at a low cost [11—
13]. The other one forms disordered laser patterns using
a spatial light modulator (SLM), which is programmable
and highly controllable [3,4,14,15]. However, both ways
use free-space coupling, which limits the compactness of
the system and suffers from low lighting efficiency due
to nondirectional scattering and inevitable insertion or
diffraction loss.

With the advantages of a compact all-waveguide struc-
ture, low transmission loss, and wide operating bandwidth,
multimode-fiber- (MMF) integrated light sources can effi-
ciently generate speckle patterns originating from interfer-
ence of its transverse modes. The spectral decorrelation
bandwidth of MMF-generated speckles can be extremely
narrow, which is successfully applied to a high-resolution
spectrometer and wavelength-dependent speckle multi-
plexing for phase-retrieval imaging [16—18]. However,

© 2022 American Physical Society


https://orcid.org/0000-0002-0592-8583
https://orcid.org/0000-0003-3565-0962
https://orcid.org/0000-0002-7956-7688
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.18.024031&domain=pdf&date_stamp=2022-08-26
http://dx.doi.org/10.1103/PhysRevApplied.18.024031

ZHAO WANG et al.

PHYS. REV. APPLIED 18, 024031 (2022)

conventional MMF-integrated light sources generate only
fixed speckle patterns due to the fixed operating wave-
length. The uncorrelated speckles are generally realized
by external modulation, such as changing the fiber state
and tuning the injected lasing wavelength. Therefore, it is
necessary to promote a MMF-based LSI technique with
inherently automodulated speckle generation, which is
applicable for different scenarios of LSI imaging.

On the other hand, coherent random lasers with dynam-
ically varying spectra show promising advantages in
speckle-free imaging, sensing, and information encryption
[19,20]. Benefiting from the randomly and sparsely dis-
tributed lasing spikes of a coherent random laser, superres-
olution spectroscopy is realized [21], which opens up per-
spectives for random lasing-based applications. Exploiting
the advantages of the complex output characteristics of
random lasers is of great significance.

Here, an all-fiber random laser is proposed by combin-
ing the spectral disorder of random lasing and the decor-
related speckle formation in the MMF, developing the so-
called multidimensionally disordered fiber laser (MDFL)
that features complex output characteristics in the spectral,
spatial, and temporal domains. The laser employs ran-
domly distributed coherent feedback from several weakly
reflective Fabry-Perot cavities in combination with a
MMEF. It emits a sparse spectrum, varying wavelengths,
and multiple transverse modes, which lead to the forma-
tion of dynamic, high-contrast, and spatially uncorrelated
speckle patterns. Such multidimensional randomness per-
fectly satisfies the requirement of speckle-illumination
imaging, through which superresolution imaging and ghost
imaging through an opaque scattering medium are real-
ized. The reconstructed results indicate that both imaging
scenarios exhibit excellent performance using the MDFL.
The proposed imaging method has the advantages of self-
modulated random speckle generation, a compact all-fiber
illumination structure, and high lightening efficiency at
near-infrared wavelength, which is of great significance
for the development of advanced speckle-illumination
imaging.

II. CHARACTERISTICS OF THE DISORDERED
FIBER LASER

In traditional LSI, the spatiotemporally varying speckles
are generated through modulating a time-variant diffuser
or SLM, as shown in Figs. 1(a) and 1(b). Apart from the
above methods, a MMF is also promising for forming
speckle patterns, as it provides abundant transverse modes
and mode crosstalk induced by microbending and defects.
Generally, the sizes of generated speckle grains are deter-
mined by the number and weight of transverse modes in
the MMF [22]. Interestingly, the speckles are also strongly
dependent on the wavelength of light, e.g., ultranarrow
spectral decorrelation bandwidth can be obtained with a

sufficient length of MMF [16], which is ideal for dynamic
speckle generation. Therefore, the idea of our MDFL is
to realize random wavelength emission (coherent random
lasing) in the MMF for generating self-modulated and low-
insertion-loss speckle patterns, as shown in Fig. 1(c). It
is worth noting that low insertion loss here refers to the
speckle-generation and illumination part (i.e., the MMF)
rather than the laser-generation part, which is compared
with the SLM approach and the rapidly rotating ground-
glass approach.

The experimental setup of the MDFL is shown in
Fig. 1(d). The feedback element is a random array of
Fabry-Perot cavities that is realized by depositing a thin
gold film on 11 end facets of FC—PC-type fiber pigtail
and connecting them in series. The distances between
two neighboring FC—PC-type fiber pigtails are randomly
distributed from 0.43 to 3.87 m. A photograph of the gold-
deposited FC—PC-type fiber pigtail and RDFPs is shown in
Fig. S1 within the Supplemental Material [23]. Each of the
gold-deposited FC—PC-type fiber pigtails has a reflectivity
of 5%, providing wavelength-independent coherent ran-
dom feedback. A 980-nm pump laser is launched into the
ring cavity through a 980/1550 wavelength-division mul-
tiplexer (WDM). A 14-m-long erbium-doped fiber (EDF,
EDFC-980-HP, Nufern) works as the gain medium to
reduce the lasing threshold and obtain stronger stimulated
emission light. The array of Fabry-Perot cavities is intro-
duced into the configuration by employing a circulator
that forces light flow unidirectionally, i.e., light injected
from port 1 will be directionally coupled into port 2,
and light reflected by the array of Fabry-Perot cavities
or injected from port 2 will be directionally coupled into
port 3. The laser output is coupled out of the ring cavity
using a 50:50 coupler. A polarization controller is used to
flexibly adjust the statistical bandwidth of random lasing.
This is because the optical circulator is polarization depen-
dent, and it partially controls the reflection spectrum of the
RDFPs together with the polarization controller. A photo-
graph of the actual experimental setup is shown in the Fig.
S2 within the Supplemental Material [23].

Figure 1(e) gives the reflection spectrum of the array
of Fabry-Perot cavities, which shows randomly distributed
spikes (eigenmodes) over a wide range of wavelengths.
Due to a large number of eigenmodes existing within
the gain profile of the EDF, strong competition between
resonant modes will disturb the output spectrum. The rela-
tionship between pump and output power is shown in
Fig. 1(f), where the lasing threshold is about 10 mW.
Beyond the threshold, the output power increases lin-
early with the pump power, which is a typical charac-
teristic of laser emission. The output is further injected
into a segment of step-index MMF [100 m length, core
(cladding) diameter is 105 gm (125 um), and the numerical
aperture is 0.22] to form the self-modulated laser speckles
for subsequent imaging applications.
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Ways to generate spatiotemporally varied illumination speckle and schematic of the MDFL. (a) Coherent laser transmitting

through a time-variant scattering medium. (b) Light field modulated by a spatial light modulator. (¢) Mapping randomness from the
spectral to spatial domain using a multimode fiber. (d) Experimental setup of the MDFL. (e) Reflection spectrum of the randomly
distributed Fabry-Perot cavity array. Inset shows the enlargement of the reflection spectrum with a central wavelength of 1556 nm
and bandwidth of 0.1 nm. (f) Output power of the MDFL versus the pump power. SM, scattering medium; L1, lens 1; L2, lens 2;
WDM, wavelength-division multiplexer; EDF, erbium-doped fiber; RDFP, randomly distributed Fabry-Perot cavity; PC, polarization

controller.

Due to the gain selection and strong mode competition,
only a few of the eigenmodes can emit randomly, gen-
erating narrow-linewidth lasing with dynamically varying
wavelength(s), as marked by different colors in Fig. 2(a).
The spectra show sparse and randomly located sharp
peaks, which are essential to form high-contrast time-
variant speckles at the output end of the MMF. Figure
2(b) gives the laser’s spectral distribution under a pump
power of 11.51 mW by integrating 2000 spectra taken at
different time slots, which reflects that the random lasing
wavelengths are distribute over about 4-nm bandwidth.
As discussed in the Sec. III, this bandwidth is within the
decorrelation bandwidth of the opaque scattering medium,
which retains the “memory” effect [24] of the scatter-
ing medium to recover hidden images. The integrated
spectrum has no obvious correspondence with the reflec-
tion spectrum of Fig. 1(e), as shown in Fig. S3 within

the Supplemental Material [23]. This phenomenon can be
attributed to two main reasons. First, since the reflection
spectrum and the integrated spectrum are measured by
two systems, there must be systematic error of the fre-
quencies, which would lead to the mismatch. Second, the
RDFP array is also sensitive to environmental vibrations
and temperature changes, which would lead to a frequency
shift of the reflection spectrum. Due to the limited num-
ber of random resonant cavities and the limited number
of recorded spectra for statistics, there are some promi-
nent emission frequencies, as shown in Fig. 2(b). In this
case, the requirement of the application, as described in
Ref. [21], is not fully satisfied, where all frequencies are
supposed to be excitable equally to obtain the best per-
formance of measurement. However, benefiting from the
strong resonant-mode competition, the wavelength fluctu-
ation is enough for the following application in terms of the
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FIG. 2.

Output characteristics of the MDFL. (a) Output spectra recorded at different moments under a pump power of 11.51 mW.

(b) Time-integrated spectral distribution of the output spectra. (c) Statistical peak-wavelength distribution taken at 1000 successive
moments versus pump power. (d) Average numbers of peak wavelength versus pump power. (el)—~e4) Typical output patterns at four
different moments. (f) Spatiotemporal correlation of the output. (g1) Temporal correlation when the spatial mismatch is zero. (g2)
Spatial correlation when the temporal mismatch is zero. P, power; ANPW, average number of peak wavelength; SDS, spatial distance

shift; C, correlation.

measured decorrelation time. The statistical wavelength
distribution of spectral peaks broadens with an increase in
pump power, as shown in Fig. 2(c). Additionally, the aver-
age number of sparse peaks in the laser spectra also grows
slightly with an increase in pump power, while remaining
less than two, as indicated in Fig. 2(d). The sparse charac-
teristic of the emission spectra can guarantee high contrast
of the generated speckles.

In the MDFL, the time-variant output spectrum is
mapped to dynamically varied spatial patterns, as shown
in Figs. 2(el)-2(e4). Apparently, the generated speckles
are spatially uncorrelated. Figures 2(f) and 2(g) give the
value of spatiotemporal correlation index, C, as a func-
tion of spatial mismatch, Ax, and temporal mismatch, Az.
The formula for C is discussed in Sec. VII. The spatial

correlation index, C(0, Ax), and the temporal correlation
index, C(At,0), reflect that the generated speckles have a
spatial correlation length of about 0.32 mm and a temporal
correlation length of about 40 ms. This spatial correlation
index is measured in the far field after being collimated
by a lens, as shown in Fig. 4. The temporal correlation
length is a proper value to match our camera, the largest
frame rate of which is 100 frames/s. The temporal correla-
tion length can be reduced by optimizing the structure of
the coherent random-fiber laser. For example, by changing
the feedback delay and feedback strength of the RDFPs,
a greater number of eigenmodes that share similar net
gains and possess similar Q values in the random reso-
nant cavities can lead to stronger mode competition, which
will reduce the decorrelation time of speckles. Considering
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Superresolution imaging using the MDFL. (a) Experimental setup. (b) Speckle decorrelation bandwidth of the opaque scat-

tering medium (circle) and statistic on peak-wavelength distribution of the MDFL (dot). (c) Two rectangles serve as the object. (d)
PSF of the imaging system. (e) Object speckles corresponding to different patterns of illumination. (f) Reconstructed patterns with-
out localization. (g) Reconstructed patterns with localization. (h) Mean image of 1000 reconstructed patterns without localization. (i)
Mean image of 1000 reconstructed patterns with localization. (j),(k) Intensity profiles along with the white dashed line in (h),(i). (1)
Simulated contrast index versus the distance of the object for the methods without (upper curve) and with localization (lower curve).
DMD, digital micromirror device; SM, scattering medium; /, intensity; NI, normalized intensity.

the response speed of the camera, the structure parameter
used here is appropriate. According to this spatiotempo-
ral characteristic, uncorrelated speckles can be generated
and multiplexed to achieve speckle-illumination imaging
through an opaque scattering medium, as demonstrated in
the following Secs. III and I'V.

III. SUPERRESOLUTION IMAGING THROUGH
OPAQUE SCATTERING MEDIUM BASED ON THE
MDFL

Deconvolution is one efficient method to recover the
image of an object that is hidden by a scattering medium.
The object speckle (i.e., the diffused pattern of the image
that transmits through the opaque medium), /, can be
expressed as the convolution of the object, O, with the
PSF (P) of the scattering medium [24-28]:

I=0%P, (1)

where the symbol * denotes the convolution operation. By
taking a cross correlation between / and PSF, the origi-
nal object pattern can be reconstructed based on the fact
that the autocorrelation of PSF is approximately a delta (§)

function [29]:
IQP=(0%P)®P,
=0*x(PQP), 2
~0O%6=0,

where the symbol ® denotes a correlation operation. Actu-
ally, grains of the PSF are not infinitely small, but are lim-
ited by the numerical aperture and operation wavelength
of the system. The autocorrelation of the PSF is more
like a Gauss function other than a perfect delta function.
This characteristic is similar to the Airy spot of lens-based
optical imaging that limits the resolution. For example,
if the distance between two points of O is less than the
bandwidth of the Gauss function, the reconstructed image
cannot separate the two points. This determines the reso-
lution limit of the former standard deconvolution method,
i.e., the method corresponding to Eq. (2).

To overcome the resolution limit, we use the MDFL
to generate illumination patterns and use a localization
method similar to single-molecule localization microscopy
to localize and shrink points of the image [30,31]. Thus,
different illumination patterns can be used to reconstruct
different points of the image. Beneficial from the randomly
generated illumination patterns, the whole image can be

024031-5



ZHAO WANG et al.

PHYS. REV. APPLIED 18, 024031 (2022)

recovered through the ergodicity of the reconstructed
points. This procedure can be expressed as

[i@P=(0;*P)®P,

= 0% (P®P), (3)
~ Oi %5 = O,’,
O0=) LO)=) LU®P). @)

Equation (3) describes the procedure of deconvolution to
reconstruct each of the speckle-illuminated objects, O;.
O; = OS; reflects the partially lightened object (subset of
the whole region, O), wherein S; is the illumination pattern
from the MDFL, which performs as a random spatial filter
that lights up only part of the object. Equation (4) describes
the procedure to recover the whole image through localiza-
tion and summation. L is the localization operator, which
makes only the peak regions or pixels nonzero. Because S;
is a disordered pattern generated randomly by the MDFL,
the probability to light up two neighboring points of O
by the same S; is extremely low. Thus, each peak region
corresponds to a single point other than overlapping of
two neighboring points of the object. Using the standard

Mirror
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deconvolution method without localization, the two neigh-
boring points will be recovered as one overlapping region,
if they are beyond the resolution, while our method can
recover the two points one by one through localization and
summation, superresolution imaging can be realized.

The experimental setup is shown in Fig. 3(a). The col-
limated output from the MDFL is used to illuminate the
digital micromirror device (DMD), which is programmed
as the image object. The reflected light from the DMD is
captured by a near-infrared camera (Xenics, Bobcat-640-
GigE) after transmitting through a ground-glass diffuser
that acts as the opaque scattering medium. The iris, which
is close to the ground glass, is used to control the grain size
of the PSF captured by the camera, i.e., to set a specific
system resolution. First, the speckle decorrelation band-
width of the opaque scattering medium is characterized by
employing a wavelength-scanning laser, as shown by the
circle-marked fitting curve in Fig. 3(b). The decorrelation
bandwidth is found to be about 7 nm, which is wider than
the statistics for the peak-wavelength distribution of the
MDFL [marked by the red dots in Fig. 3(b)]. Therefore,
the MDFL can be used to implement the methods of Egs.
(2) and (4).

The measured PSF is shown in Fig. 3(d). Two
60 x 60 um? rectangles are loaded into the DMD, serving
as the object, as given in Fig. 3(c). A series of object

Intensity (arb. units)

(syun “qae) Lysudjuy

0 1000
coe Speckle-pattern number

2000 3000 4000

FIG. 4. Ghost imaging using the MDFL. (a) Schematic of the experimental setup. (b) Camera-recorded speckle patterns at different
moments. (c) Data from the single-pixel detector. (d) Reconstruction of digit 5. L1, lens 1; BS, beam splitter; L2, lens 2; SM, scattering

medium; BD, bucket detector.
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speckles are taken periodically by the camera triggered by
a gate signal with a period of 40 ms and a duty cycle of
0.05. A few of these object speckles, taken at different peri-
ods are shown in Fig. 3(e). Each of them corresponds to
illumination by a specific output pattern of the MDFL.

Figure 3(f) gives the reconstructed images, O;, that cor-
respond to individual speckle illuminations. The whole
image can be obtained by directly summing 1000 indi-
vidual values of O;, as shown in Fig. 3(h). It is equal
to the imaging under uniform illumination (without
localization), i.e., the standard deconvolution method
based on Eq. (2). The two rectangles overlap with each
other, and the high-frequency information of the object is
missed, indicating that the system’s resolution is not high
enough. In parallel, the localization of each O; is imple-
mented to get the value L(I; ® PSF) = L(O;), as shown in
Fig. 3(g). The reconstructed image using Eq. (4) is given in
Fig. 3(i), wherein two rectangles are clearly reconstructed.
Figures 3(j) and 3(k) compare the intensity profiles along
with the white dashed lines of Figs. 3(h) and 3(i), which
further reflect that the imaging resolution can be improved
by using the method of Eq. (4). That is, superresolution
imaging through the opaque scattering medium is realized.

The relative size ratio, R, of the illumination speckle
grains to the object influences the performance of the
method given by Eq. (4), which is studied theoretically in
Fig. 3(1). According to the experiment, the average size of
illumination speckle grains is set to 40 um, and the diffrac-
tion limit of the imaging system is set to 60 um. In the
simulation (see details in Sec. VII), the value of R can be
varied by changing the distance between two rectangles.
The contrast index (I") is defined to characterize the res-
olution, which is expressed as I' = 2/, 1,)2/ Uy, + 1),
where r| is the center position of the first rectangle and r;,
is the center position of the other one. The upper (lower)
curve corresponds to the method without (with) localiza-
tion, i.e., Egs. (2) and (4). A smaller value of I" reflects
the better performance of imaging. Figure 3(1) reflects
that the localization method can perform better when R
is small. When R increases, especially when R > 1, the
localization method cannot improve the imaging resolu-
tion, because the two rectangles will be simultaneously
lightened up by the same grain of the illumination pattern.
Thus, superresolution imaging through the opaque scat-
tering medium can be realized if the illumination speckle
grains are properly set.

IV. GHOST IMAGING USING THE MDFL

Spatial ghost imaging [32,33] requires spatiotemporal
fluctuations of the illuminating field, which are usually
realized by external modulation that leads to low light-
ing efficiency and bulky structures. Here, we use the
proposed MDFL to generate all-fiber and automodulated
laser speckles for illumination.

The experimental setup of ghost imaging is shown in
Fig. 4(a). The structured output of the MDFL is collimated
by a convex lens (L1) and split by a beam splitter. The
transmitted beam serves as signal light to illuminate the
object (digit 5 in the USAF 1951 resolution chart) and is
further collected by a single-pixel bucket detector (Thor-
labs DET10C/M) through a 20x objective (L2). Ground
glass is set between the object and the single-pixel detector,
acting as an opaque scattering medium to verify the anti-
jamming characteristic of the imaging. The reflective beam
from the beam splitter serves as reference light, which is
recorded by a camera that is deployed at the symmetrical
plane of the object plane with respect to the beam splitter.

Data acquisition of the single-pixel detector and the
camera are synchronized by a periodical gate signal. The
period of the gate signal is set to be larger than 40 ms (from
previous analysis of the temporal correlation) to ensure
that the recorded speckles in each period are uncorrelated.
Speckle patterns, 4, captured by the camera and the cor-
responding voltage signals, y, detected by the single-pixel
detector can be linked as

ym><1 :Amxnxnx1’ (5)

where y is an m-dimensional column vector, representing
the voltage values of m times measurements. 4 is an m X n
matrix. Each row of A represents a vectorized illumina-
tion speckle corresponding to y. Information on the object
is denoted by an n-dimensional row vector, x. In Eq. (5),
m & n, so it is an underdetermined system of linear equa-
tions that has no unique solution. However, based on the
sparsity feature of the natural object, the approximate solu-
tion can be extracted using the minimization of the gradient
norm, as explained in Sec. VII.

Parts of data captured by the camera and the single-pixel
detector are shown in Figs. 4(b) and 4(c), respectively.
The speckle patterns are uncorrelated and the voltage sig-
nal fluctuates randomly in the temporal domain, which are
typical characteristics of spatial ghost imaging. The recon-
structed object is shown in Fig. 4(d), where digit 5 with a
high signal-to-noise ratio is obtained, benefiting from the
self-reconfigurable randomness of the MDFL.

V. DISCUSSION

Here, the dynamic variation of stimulated radiation
wavelength may result from the following three mecha-
nisms. First, the Kerr-type nonlinear shift of the refractive
index can be excited under an appropriate laser power in a
high-Q random cavity [34]. Second, since the laser is very
sensitive to changes of the resonant cavity, disturbance
from the environment, such as vibrations or temperature
changes, is also a reason for the change in stimulated radi-
ation wavelength [35]. Last, due to the existence of a large
number of eigenmodes in the gain bandwidth of the EDF
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and many of those eigenmodes sharing similar net gains,
the competition between them can be fierce and will also
lead to the change in stimulated radiation wavelength. So,
any changes in the above three mechanisms will affect the
stimulated radiation wavelength.

Different from previous methods of speckle-illumination
generation (e.g., using rotating ground glass or a SLM),
a dynamically varied speckle illumination is formed by
combining the dynamic variation of the lasing wave-
length of a coherent random laser with a multimode fiber,
which has the advantages of an all-fiber structure, no mov-
ing parts, self-modulation, etc. This speckle-illumination
method can potentially be used in some traditional speckle-
illumination imaging, such as blind-structured illumina-
tion microscopy [4], ghost imaging [5], scattering-assisted
imaging [6], and superresolution optical fluctuation imag-
ing [7]. However, for imaging that strictly requires a stable
laser wavelength (such as quantitative phase microscopy
[36]), the proposed method is not applicable and the
speckle-illumination methods using rotating ground glass
or a SLM should be used.

VI. CONCLUSION

We propose and realize a spectrally, spatially, and tem-
porally disordered fiber laser, i.e., the so-called multidi-
mensionally disordered fiber laser. The laser emits ran-
domly time-variant wavelengths to function as a simple,
economic, and efficient wavelength-scanning source, and
the wavelength randomness is mapped into the spatial
domain by an integrated MMF, producing self-modulated
speckle patterns that are preferred for speckle-illumination
imaging. A method of imaging through an opaque scat-
tering medium with superresolution ability is realized by
making use of the intrinsic characteristics of the pro-
posed laser and a localization strategy. That is, the ideas
of speckle illumination and image localization are intro-
duced into the deconvolution method, developing a local-
ized deconvolution method to recover an image from
an opaque scattering medium with better resolution than
that of the standard deconvolution method. Additionally,
spatial ghost imaging is also realized based on the illumi-
nation of the laser. This work provides an efficient tool
and methods for imaging through an opaque scattering
medium with improved performance, paving the way to
advanced imaging for future applications in biomedicine
and engineering.

VII. METHODS

The spatiotemporal correlation index, C, of the gener-
ated laser speckles is defined as [37]

[(61(x + Ax,t + At)SI(x,1))]
Jore + ax i an)(pre.n)

C(Ax, Af) = (6)

where (-) denotes the temporal average, | - | denotes the
absolute value, Ax is the spatial mismatch, At is the tem-
poral mismatch, and 87 (x, ) = I (x, ) — {I(x, )) represents
the spatiotemporal fluctuation of emission intensity.

The simulation of our superresolution method is based
on the Fresnel propagation theorem. First, the PSF is gen-
erated by considering a point propagation from the object
plane to the image plane, which is expressed as [38]

: 2 2 .
P = // 2T T (x| yo)eire

z

2
. 2 2
% < 2 4 y2 /d0> /2= P+ 09" gl (7)

where the subscripts s and / denote the plane of scattering
medium and image, respectively; r denotes the coordinate
in transverse directions; # and v denote the object distance
(the distance from the object plane to the image plane)
and the image distance (the distance from the plane of
the scattering medium to the image plane), respectively;
T corresponds to the scattering medium, which is simpli-
fied as a pure phase mask [39]; circ denotes a circular hole
function, representing the iris in the experiment; and the
index dj is used to adjust the resolution of the system.
The illumination speckles obey the Rayleigh statistics,
which is generated by Fourier transform of a random phase
distribution [40]:
/x2 1 12
S=F {rand(x,y)circ <x——|—y> } , ®)

d

where F' denotes the Fourier transform and rand gener-
ates the random phase distribution between —x and 7.
The index d; is used to adjust the size of speckle grains.
Using the definitions of Eqs. (7) and (8), the deconvolu-
tion methods described by Egs. (1)«4) can be implanted
numerically.

For our ghost imaging, the image can be extracted
through minimization of the gradient norm:

> lldix||  subject to Ax =y, )

where d represents the gradient operator, and || - || means
a quadratic norm calculation. Here, we use the well-
developed total-variation augmented Lagrangian alternat-
ing direction algorithm (TVAL3), which has advantages
in fast reconstruction speed and high reconstruction qual-
ity. Detailed information on this algorithm can be found in
Ref. [41].

The reflection spectrum of the RDFPs is measured by
a wavelength-swept-laser-based optical spectrum analyzer
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(OSA, Agilent with spectral resolution of 0.1 pm), as
shown in Fig. S4 within the Supplemental Material [23].
The Agilent OSA consists of two parts: a tunable laser
source (Agilent 81960A, resolution of 0.1 pm at 1550 nm)
and an optical power meter (Agilent N7744A). So, it is
based on an additional scanning light source to measure
the reflection spectrum of the RDFPs. The stimulated emis-
sion spectrum [Figs. 2(a)-2(d)] is measured by a grating-
diffraction-element-based OSA (AQ6370D with a spectral
resolution of 0.02 nm).
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