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ABSTRACT

We report a ghost diffraction-based approach to realize accurate recognition of light beams carrying orbital angular momentum (OAM)
through dynamic and complex scattering media. A bit sequence is first encoded into an OAM beam, which is sequentially modulated by a
series of Hadamard patterns, and then an optical wave propagates through dynamic and complex scattering media. The collected single-pixel
light intensities are temporally corrected, and ghost images can be reconstructed by using the principle of ghost diffraction. The reconstructed
ghost images are further processed by using block-matching and 3D filtering with image registration, which are then utilized for OAM recog-
nition assisted by the featured normalized cross correlation. Optical experiments are conducted to demonstrate that light beams carrying
OAM can be accurately recognized in dynamic and complex scattering environments, and the proposed approach is feasible and effective.
The developed ghost diffraction-based approach could open an avenue for various OAM-encoded applications in dynamic and complex scat-

tering environments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0220504

Orbital angular momentum (OAM)"” is one of two forms of
angular momentum of light and attracts much attention. An additional
degree of freedom exists in OAM by exploiting the helical phase front
of light beams. The helical phase structure imparts a quantized amount
of angular momentum to the photons, allowing them to carry energy
and OAM.” The interest of such states can be observed in various
areas,” e.g., metrology,’ communication,”” etc. Although OAM was
widely investigated, there is still concern about its recognition in scat-
tering environments. In terms of OAM-encoded optical transmission
through scattering media, it could be a challenge to extract OAM from
the received signals. In addition, the classification is pivotal for effec-
tively harnessing the full potential of OAM-encoded optical systems,
and the precise manipulation and control of OAM modes need to be
enabled. Some approaches were studied and applied for OAM recogni-
tion,” '* e.g., interference.”'’ Deep learning'” '® has also made signifi-
cant strides in beam recognition. However, deep networks could
require extensive training beforehand, and the parameters of deep
learning could lack portability across different scenarios.'” When light
beams carrying OAM propagate through dynamic and complex scat-
tering media, strong turbulence could affect the wavefront, which

makes conventional receivers incapable of capturing effective data.
Therefore, there is a need to further develop OAM recognition meth-
ods in order to address the challenge. It is widely recognized that ghost
diffraction'” can be studied to realize high-quality information
retrieval in scattering environments. A temporal correction strat-
egy” " was also developed to enable high-resolution ghost retrieval.
Inspired by ghost diffraction principles, we realize the recognition
of light beams carrying OAM through scattering media. Here, we
report a ghost diffraction-based approach to realize the accurate recog-
nition of light beams carrying OAM through dynamic and complex
scattering media. The bit sequences are first encoded by using a combi-
nation of pre-selected OAM bases. The principle of ghost diffraction
with a temporal correction is introduced for optical transmission in
dynamic and complex scattering environments, and Hadamard pat-
terns are utilized to sequentially modulate the OAM beam. A series of
single-pixel light intensities are sequentially collected at the receiving
end to be temporally corrected to recover a ghost image with an
inverse Hadamard transform. The reconstructed ghost image is further
processed by block-matching and 3D filtering (BM3D)** with image
registration,” which is then utilized for OAM recognition assisted by
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the featured normalized cross correlation (FNCC). Experimental
results demonstrate that the proposed ghost diffraction-based
approach can realize ultrahigh-accuracy OAM recognition and is
robust against high scattering in the optical channel.

Light beams carrying OAM can be described by using Laguerre—
Gaussian (LG) modes.""” The LG beam can be described by
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where (r, 0, z) denotes a cylindrical coordinate, i = v/—1, @y denotes
the beam waist radius at the source, I(f) denotes the initial intensity
(usually be set to 1), R denotes the Rayleigh range, p denotes the order
of the Laguerre polynomlal I denotes the topological charge of the
beam carrying OAM, L, ! denotes an associated Laguerre polynomial,

(z) denotes the radlus of the beam at a distance z, and /4 denotes the
wavelength.

An OAM-encoded transmission scheme is presented to verify the
proposed approach. In Fig. 1, three OAM bases (LG|0,1), LG|0,—3),
and LG|0,—4)) are pre-selected to be demonstrated as a typical exam-
ple. A mapping relationship between bit sequences and OAM is estab-
lished in Table I. For instance, bit sequence 010 means that phase and
amplitude distributions of the OAM beam are generated by
0 x LG|0,1) + 1 x LG|0, —3) 4+ 0 x LG|0, —4). Since three bases are
used, there are eight class labels. A look-up table is obtained to estab-
lish a mapping between bit sequence and the OAM. A flow chart for
the proposed ghost diffraction-based approach is given in Fig. 2. Bit
sequences are first encoded into OAM beams, and a series of phase
masks containing phase information of OAM are generated and placed
in an optical channel to modulate optical wave. Then, the light beam
carrying OAM propagates in a designed Hadamard-based setup
through dynamic and complex scattering media. At the receiving end,
a ghost image is first recovered via a temporal correction’’”" of the
recorded single-pixel light intensities followed by an inverse

- oo
‘ﬁh‘

FIG. 1. Three OAM bases pre-selected for the designed OAM-encoded optical sys-
tem: (a) and (d) intensity and phase patterns of LG|0,1); (b) and (e) intensity and
phase patterns of LG|0,—3); and (c) and (f) intensity and phase patterns of
LG|0,—4).
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TABLE 1. A mapping relationship among class label, bit sequence, and OAM inten-
sity. In the established database, the generated intensity pattern for bit sequence 000
is re-set as all ones rather than all zeros for the calculation of NCC.

Class Bit Class Bit

label sequence  Intensity = label = sequence  Intensity
1 000 . 5 100 n
2 001 E 6 101 n
3 010 n 7 110 -
4 011 - 8 111 -

Hadamard transform, and then processed using BM3D*” with image
registration” aimed at correcting rotation and scale. The image regis-
tration process” is designed to align the coordinates of the recovered
image with those in the database. These transformations are essential
to achieve the precise alignment and ensure that the recovered ghost
images can be accurately compared and analyzed. Finally, the normal-
ized cross correlation (NCC) 7(u, v) can be calculated by™*

S [F6r) =] [ =y = vy~ ]
) == e

> ()~ Fu] 3 [ =y —v) ]
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where f(x, y) denotes a ghost image obtained after image registration,

h(x, y) denotes an intensity pattern in Table I, f .y denotes the mean of
flx, y) in the region under the intensity pattern in Table I, and
denotes the mean of the intensity pattern in Table I. Here, the maxi-
mum value of y(u, v) is defined as FNCC. Therefore, eight FNCC val-
ues need to be calculated when one bit sequence is transmitted.
Through a comparison among the calculated FNCC values, an inten-
sity pattern in Table I can be recognized so that the transmitted bit
sequence can be retrieved accordingly.

An experimental setup for the proposed optical system was
designed and is shown in Fig. 3. A laser (MGL-III-532, 200.0 mW)
with a wavelength of 532.0 nm is collimated. An optical wave propa-
gates through a zero-order half-wave plate (Thorlabs, WPHSMO5-
266) and then illuminates a phase-only spatial light modulator
(SLM-1, Holoeye PLUTO2) with a pixel size of 8.0 um. The phase
mask embedded into SLM-1 is generated by combining the phase
information of OAM and a grating,” The first diffraction order can be
selected with an Iris. 16384 Hadamard patterns are sequentially
embedded into an amplitude-only SLM (SLM-2, CASMICROSTAR
FSLM-2K39-A02) with a pixel size of 4.5 um, and a pre-generated ran-
dom amplitude-only pattern is used before each Hadamard pattern.
Then, an optical wave propagates through dynamic and complex
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FIG. 2. A flow chart for the developed ghost diffraction-based method to realize an accurate recognition of light beams carrying OAM in dynamic and complex scattering envi-
ronments. In the established database, the generated intensity pattern for bit sequence 000 is re-set as all ones rather than all zeros for the calculation of NCC in this study.
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FIG. 3. A schematic experimental setup for the designed optical system. ZW: zero-
order wave plate; BD: single-pixel bucket detector; SLM-1: phase-only spatial light
modulator; SLM-2: amplitude-only spatial light modulator. The proposed method in
other scattering media (e.g., with other physical parameters) can also be feasible.

scattering media, and a water tank with 15.0 x 10.0 x 30.0 cm® (length
x width x height) is used, which contains 3000.0 ml clean water. A
rotator is kept operating at 700.0 rpm to create a dynamic environ-
ment, and 20.0 ml full-cream milk mixed with 500.0 ml clean water is
continuously dropped into the water tank during the experiments. The
axial distance between SLM-1 and SLM-2 is 60.0 cm. The axial dis-
tance between SLM-2 and the front side of the water tank is 15.0 cm,
and the axial distance between the back side of the water tank and a
single-pixel bucket detector is 5.0cm. A single-pixel bucket detector
without spatial resolution (Thorlabs, PDA100A2) is placed at the
receiving end to collect single-pixel light intensities. The collected
single-pixel light intensities can be temporally corrected,””"***’ since

B

(b) (© (d)

) (2 (h)

FIG. 4. Typical experimental results: (a)—(h) the recovered ghost images (obtained
after the BM3D operation), respectively, corresponding to those in Table |, i.e., 000,
001, 010, 011, 100, 101, 110, and 111.

a fixed and random amplitude-only pattern has been applied in optical
experiments.

As can be seen in Fig. 4, eight ghost images can be individually
recovered in dynamic and complex scattering environments. The pat-
tern in Fig. 4(a) can be considered a recovery of a Gaussian beam since
no phase information related to OAM is used in the optical channel.
The recovered ghost images in Figs. 4(b)-4(h) correspond to those
intensity patterns in Table I, respectively.

The calculated FNCC values corresponding to those in Figs.
4(a)-4(h) are shown in Figs. 5(a)-5(d). For each recovered ghost
image, eight FNCC values are calculated and then a bit sequence corre-
sponding to the maximum FNCC value can be determined. For
instance, as can be seen in the black curve of Fig. 5(a), the maximum
FNCC value corresponds to class label 1. Therefore, the recovered
ghost image in Fig. 4(a) is recognized, and its corresponding bit
sequence is 000. It has been experimentally demonstrated that the
ghost diffraction-based approach can realize accurate recognition of
light beams carrying OAM through dynamic and complex scattering
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FIG. 5. (a)—(d) The FNCC, respectively, corresponding to Figs. 4(a)-4(h).
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FIG. 6. A confusion matrix.

media. To further evaluate the accuracy and reliability, a series of opti-
cal experiments are conducted. 80 ghost images are recovered, and
each bit sequence is encoded and tested 10 times. A confusion matrix
is obtained and given in Fig. 6. The diagonal elements indicate
ultrahigh-accuracy recognition achieved by using the proposed
method based on ghost diffraction through dynamic and complex
scattering media. It is worth noting that it could also be straightfor-
ward to encode and recognize a sequence with more bits using the pro-
posed approach, and other OAM bases can also be pre-selected and
applied.

ARTICLE pubs.aip.org/aip/apl

In conclusion, we have reported a ghost diffraction-based
approach to realize accurate recognition of light beams carrying OAM
through dynamic and complex scattering media. The principle of
ghost diffraction has been introduced to recover ghost images in
dynamic and complex scattering environments for OAM transmission,
and ultrahigh-accuracy recognition of OAM is realized. A series of
optical experiments are conducted to illustrate the feasibility and effec-
tiveness of the proposed approach, and the developed ghost
diffraction-based approach could open an avenue for various OAM-
encoded applications in dynamic and complex scattering
environments.
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