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Vortex optical communication has been a hot research field in recent years. A key step is mode recognition in the orbital
angular momentum (0OAM) free-space optical (FSO) communication system. In this article, we propose an 0AM mode rec-
ognition method based on image recognition technology, which uses the interferogram between the vortex beam and the
Gaussian beam to identify the 0AM mode. In order to resist the influence of atmospheric turbulence on the recognition
accuracy, we added a Gaussian smoothing filter into the recognition process. Moreover, we used random phase screens to
generate interferogram sets at distances of 1 km and 2 km. The verification result shows that the proposed scheme pro-
duces high identification accuracy for the distorted optical field. The average accuracy can reach 100% and 87.78% under the
conditions of medium- and strong-turbulence levels, respectively. It is anticipated that these results might be helpful for
improving the reliability of the 0AM-FSO communication system in the future.
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1. Introduction

Nowadays, vortex beams (VBs), carrying orbital angular
momentum (OAM), have been known as the hot spots and
shown great potential in various fields such as optical micro-
manipulation, optical sensors, optical transmission, optical
lasers, and amplifiers!"). In 1992, Allen ef al. indicated that
for beams with helical phase fronts of exp(il¢) the OAM in
the propagation direction has the discrete values of I per pho-
ton, where h is the reduced Planck constant, and [ is usually an
integer that represents the topological charge (TC), whose sign
indicates the direction of the phase spiral'®!. In theory, the VBs
with different OAM modes are mutually orthogonal, and their
intensity distribution presents unique “doughnut” shapes due to
phase uncertainty at the beam cross section®!. The discovery of
optical vortices carrying OAM has accelerated progress in many
research areas'®. Especially in optical communications, VBs are
of great potential in increasing capacity and modulation ability
by providing additional physical dimension'). By multiplexing
VBs, the transmission rate of Tbit/s is realized in free-space opti-
cal (FSO) communication!®”). Also, further studies have shown
that hybrid multiplexing of OAM and other dimensions can
achieve communication capacity close to Pbit/s'®!. However,
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the OAM shift keying communication, which encodes digital
signals to OAM modes, is severely hampered because the lock-
ing effective detection methods can hardly adapt to the fast
switching modes. Moreover, the VBs are susceptible to atmos-
pheric turbulence (AT), which may cause wavefront distortion
and lead to mode diffusion'®’. Hence, fast and high-accuracy
OAM mode recognition is a challenge in the practical applica-
tion of VBs.

Many schemes have been proposed to detect OAM modes.
The most common schemes are interference and diffraction
methods!'?). Through the interference of VBs with the Gaussian
beams or planar wave, the TC information can be extracted from
the interference fringes. There are two main schemes for using
machines to recognize interference fringes: traditional machine
learning and deep learning technology'"!. Unfortunately, the
effects of AT undermine the performance of simple image rec-
ognition technologies, which causes poor recognition accuracy.
Meanwhile, most machine learning schemes are based on con-
volutional neural network (CNN)!Z
complex network architecture and huge computational cost.
Therefore, the combination of reduction in computational com-
plexity and anti-turbulence capability has become top priority.

, which usually requires
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In this article, we proposed and designed an OAM mode rec-
ognition method based on an interferogram processed by a
Gaussian smoothing filter (GSF) to identify the OAM modes
of VBs. This method is called vortex interferogram recognition
(VIR) based on GSF, which is abbreviated as VIR-GSF in this
article. Performing simple image feature extraction on the VB
light field, this scheme realizes mode recognition. Without a
complex convolution and deconvolution process, the computa-
tional cost is greatly reduced. Since GSF can strengthen the sta-
bility of optical field distribution and reduce the variance of
intensity fluctuations, by adding GSF to process the interfero-
gram between the Gaussian beam and the VB, high identifica-
tion accuracy for the distorted image disturbed by turbulence
can be obtained. The calculation results show that this scheme
has high accuracy for 1 km transmission in turbulent channels.
Specifically, in no-turbulence, weak-turbulence (C2=1x
107 m~2/3), and medium-turbulence (C2 =1 x 10715 m~2/3)
conditions, the identification rate is up to 100%. Under
strong-turbulence (C2 = 1 x 107 m~2/) conditions, the recog-
nition accuracy can reach 91.24%. Moreover, the proposed
scheme is compared with two reference schemes, i.e., the tradi-
tional CNN algorithm and the CNN with Gerchberg-Saxton
(GS) adgorithm[13 I and our scheme can achieve better
performance.
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2. Methods

At the receiver end of the OAM communication system,
various OAM modes of the VB need to be demodulated.
High-accuracy recognition of OAM modes is a necessary
prerequisite for accurately distinguishing different modes. In
the proposed scheme, mode recognition is accomplished based
on the phase information carried by the VBs!**!. Firstly, the
VBs interfere with the Gaussian beam to convert the phase infor-
mation into intensity distribution, and they use a photon
detector to detect the intensity signals'*). In this process, we
need to collect both intensity images and interferograms. The
principle of interference between the VB and Gaussian beam

is shown in Fig. 1, and the expression of the interference optical
field E is!'*!

E=Eig + Etemoo- (1

Among them, the first item E;g is used to generate the
Laguerre-Gaussian beam, which is one of the classic VBs.

Th[ezz 17c]ylindrically symmetric solutions E;g(r,p,z) are given
by~

(b)

(d)

O

Fig. 1. (a) and (c) are the interference principles between Gaussian beams and VBs with /= +4 and /= —4, respectively. (b) and (d] are obtained interferograms

corresponding to /= +4 and /= —4.
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The second item Ergyg is the optical field distribution of
the fundamental mode Gaussian beam, and its expression is
as follows:

1 r2 ikTZZ
Erpmoo (r::2) = @ (2) P [_ w(z) M}
) z
X exp |:1 arctan (—) i| . ®)
ZR

In the above expressions, | and p are the order of the OAM
mode and radial index, respectively, the wavenumber k=

2z /A with 4 as the wavelength, and L‘L”(-) is the generalized

Laguerre polynomial. wy is the size of the beam waist, w(z) =

wy+/1 + (z/zg)? is the radius of the beam, and zy = 7w3 /1 is
the Rayleigh range. ¢ is the azimuth angle, and R(z) describes
the curvature of the spherical wave near the optical axis.

After the realization of Eqs. (1) and (2), the intensity images
F| and interferograms F, of VBs are obtained. Further, we adopt
an intensity map to calculate the average amplitude value of light
intensity on the ring with different radii from the center out-
ward. Then, the MAX{-} function is used to get the r value cor-
responding to the largest average amplitude. Each pair of
interference and intensity images is from the same VB, so their
intensity and phase have a one-to-one correspondence. We uti-
lize r of the maximum amplitude in the interference image to
find a circle with a radius of r and extract the intensity value
on the circle corresponding to the radius r to create a one-
dimensional matrix M,. The waveform is plotted along a one-
dimensional matrix, and the number of fluctuations of the
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waveform represents the absolute value of the OAM mode |/|.
Specifically, |I| is equal to the number of intersections between
the average intensity A(,) and the falling edge of the waveform

M,. The detailed recognition principle of this scheme is
explained in Fig. 2. Next, we need to determine the sign of
the OAM modes. We extract another one-dimensional matrix
M, ,, from the ring with radius  + Ar in the same interfero-
gram, where Ar needs to satisfy the following conditions:

0 <Ar < +/2z-R(z)/(k-z). (4)

Equation (4) guarantees that the phase difference ¢ between
matrices M, and M, , ,, satisfies —/2 < ¢ < 7/2.1f ¢ > 0, the
sign of the OAM mode is positive. If ¢ < 0, the sign is negative.
Combining the above two steps, the OAM state can be deter-
mined jointly by the absolute value and the sign. However,
the waveforms will be influenced by AT. So, we simulated tur-
bulence and added this artificial turbulence into the beam
propagation process. The influence of AT on the OAM beam
can be approximate to the effect caused by a series of random
phase screens along the propagation path. Among them, every
random phase screen is a thin sheet that can change the phase
distribution of the transmitted beam, and its perturbation of the
refractive index is approximately represented by the
Kolmogorov spectrum!®). The power spectral models of refrac-
tive-index fluctuations in each phase screen can be expressed as

Pk
k)26+k2 k)26+k2 7/12
P (kyk ):0.033Cﬁ|:1+1.802 = Y —0.254( 7 y) }
1 1
K2+ k2 1\-11/6
Xexp( 5 y)(kﬁ—l—kﬁ—i——z) , (5)
kl LO

where C2 is the structure constant of the refractive index

(in units of m~2/3), which is used to describe the AT intensity.
k. and k, are the wavenumber in the x and y directions,
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Fig. 2. Recognition principle of 0AM mode: 0AM mode equals the number of intersections between the average value and the falling edge of the waveform, and
the mode sign is determined by comparing the phase difference of the waveform at the radii rand r + Ar.
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Fig. 3. Schematic diagram of OAM-FSO communication system with VIR-GSF demodulation technique under the free-space AT channel.

respectively. The L, and I, are the outer scale and inner scale of
AT, k; = 3.3/1,. Further, the fluctuation spectrum will affect the
wavefront phase of the OAM beam. The variance of the phase
spectrum can be written as

W (hok) =208 0+ ) -9tk - (7 )+ ©)

where N and Ax represent the size and grid spacing of the ran-
dom phase screens, respectively. What is more, Az is the interval
distance between adjacent phase screens. To facilitate the calcu-
lation, the random distribution of phase perturbation is
described in the Cartesian coordinate system, and the phase
screen is then expressed in the frequency domain through the
fast Fourier transform (FFT) operation. 8(x,y) isan N X N phase
screen (N = 500), which can be expressed as follows:

0(x,y) = F{Cw(kok))}, 7)

where F{-} is FFT, Cis a complex random matrix with a mean of
zero and a variance of one. Through the above turbulence sim-
ulation model, the intensity maps after AT disturbance are
obtained. Next, after the VB interferes with the Gaussian beam,
the interferogram is eventually obtained. The principle of the VB
generation and interference under turbulence is shown in Fig. 3.

In order to reduce the influence of random scattering on the
VBs, we added GSF in the recognition process to optimize the
waveform jitter of the matrices M, and M, ,,. It should be
emphasized that executing GSF has great significance for
extracting waveforms, which can effectively improve the recog-
nition accuracy. The specific operation of GSF is calculating the
weighted average of the pixel values within the neighborhood
and then saving the value to new matrices M, and M, ,,.
The Gaussian smoothing can be described as

R (x;i = x))* .
yj=k2exp|:—1262]:|yi, 0<j<mn2m<n, (8)

i=—m

with

k= Zexp[ i ]) ], 9)

1=—m

where ¢ is the smoothing factor, and (x;,y;) are elements in
matrix M,. n is the size of matrix M,, and m represents the
smoothness level. When m increases, the GSF’s ability to filter
noise will become stronger, but the loss of features that are help-
ful with identifying the waveform will also be more obvious.
Therefore, choosing an appropriate m determines the success
rate of mode recognition. In this study, we took two cases of m =
15 and m = 25 as examples and compared their effectiveness.
The comparison results of smoothness are shown in Fig. 4.
From the results, we find that the original waveform is unstable
because the received beam additionally carries some random
disturbance and noise. By performing GSF, sawtooth waves
and noise signals are reduced. The waveform of matrix M,
becomes smoother and more stable. However, an unlimited
increase in m is disadvantageous, and a larger m will bring
greater loss of effective information. So, we finally chose m =
25 as the smoothness level.

Combining our proposed VIR scheme and using GSF can
realize OAM mode recognition under AT environment. As a
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Fig. 4. Filtering effect of GSF at different levels m, where mis set as 15 and 25.
The comparison of waveforms after GSF operation and the original waveform
is given.
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brief summary, we outline the proposed VIR-GSF scheme in
Algorithm 1.

Algorithm 1. The Proposed VIR-GSF Algorithm.

1: Input: intensity images Fjxn) and interferograms Fy(nxn
2: Convert Fynxay Fagnxny to grayscale image as Fi sy,
!
F 2(NxN)
3:for R=1:1:N/2 do

Extract elements on circle with radius R from Fjxn)
as Mp

A(R) = mean(My)
: end for
: r = {R|A(R) = MAX{A}}

: Extract elements on circle with radius r from Fjnwxx) as M,

b

v o N W

: Extract elements on circle with radius (r + Ar) from
Finsny a8 Myyar

10: M, = GSF{M,|m = 25}

11: M, , 5, = GSF{M,, 5, |m = 25}

12: Compare the phase difference ¢ between M, and M

13: if ¢ > 0 then

14: s=+1

15: else

'

r+Ar

I=+4
HEY] Intensity

Interferogram

L& v

Inte

r\I )]
L5
v

(o

Interferogram
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16: s=-1

17: end if

18: Calculate |/| by intersections between curves M, and A(r)
19:1=s x|

20: Return: OAM mode !

3. Simulations and Results

In the numerical simulation, we used five levels of AT intensity:
no turbulence, weak turbulence, medium turbulence, medium-
strong turbulence (C2=5x 10"""m™%/3), and strong turbu-
lence. The transmission distance used two cases of 1 km and
2 km. Figure 5 shows the image sets at 1 km, and the number
of images in each mode is 1000. These images will be used to
test the accuracy of the proposed scheme.

When the transmission distance is 1 km, the recognition
accuracy of the VIR-GSF scheme is shown in Fig. 6. Under
the conditions of no turbulence, since the beam is stable, and
its phase distribution is uniform, the mode identification accu-
racy can reach 100%. When the AT intensity is increased to weak
and medium levels, recognition accuracy can be maintained at
100%, and the results are shown in Fig. 6(a). Further increasing
the AT intensity to medium-strong and strong levels, the

I=+5 I=+6 I=+7

Fig.5. Intensity distribution and interferogram of the VBs when the transmission distance is 1km, where (a), (b), and (c) represent the weak, medium, and strong-

turbulence levels, respectively.
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Fig. 6. Recognition accuracy of various turbulence levels when the transmission distance is 1km. (a) shows the accuracy under no-turbulence, weak-turbulence,
and medium-turbulence conditions. (b) shows that the recognition accuracy and average accuracy under the conditions of medium-strong and strong

turbulence.

average accuracy can still reach 98.02% and 91.24%, as shown in
Fig. 6(b).

When the transmission distance is 2 km, the test results are
shown in Figs. 7(a)-7(c). The results show that the accuracy
can still be maintained at 100% under no-turbulence, weak-tur-
bulence, and medium-turbulence conditions. Upgrading the
turbulence level to medium-strong and strong degrees, the accu-
racy can reach 96.36% and 87.73%, respectively.
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In addition, the proposed VIR-GSF scheme is compared with
two reference methods of CNN and CNN-GS. The traditional
CNN algorithm includes the input layer (N X N), convolutional
layer (CL) 1 (28 x 28), pooling layer (PL) 1 (max pooling,
12x12), CL 2 (8x8), PL 2 (4x4), fully connected layer
(FCL) 1 (50 nodes), FCL 2 (50 nodes), and output layer. The
CNN-GS scheme adds the GS algorithm basis on the traditional
CNN scheme. The comparison results of average accuracy are
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Fig. 7. (a) Recognition accuracy of the VIR-GSF scheme at the conditions of no turbulence, weak turbulence, and medium turbulence. The recognition accuracy
and average accuracy under (b) medium-strong and (c) strong-turbulence conditions. (d) Comparison of performance of CNN, CNN-GS, and VIR-GSF schemes in a

turbulent environment for transmission of 2 km.
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shown in Fig. 7(d). In this case of weak turbulence, their recog-
nition accuracy can reach 100%. When increasing turbulence
intensity from the weak to the medium level, the accuracy of
the CNN scheme drops to 95.6%. In a strong-turbulence envi-
ronment, the recognition accuracies of CNN, CNN-GS, and
VIR-GSF are 74%, 81.34%, and 87.73%. Therefore, our proposed
VIR-GSF scheme has better performance than the CNN and
CNN-GS schemes.

4. Conclusion

In this Letter, an OAM modes recognition method based on an
interferogram was proposed. This method realizes the OAM
modes recognition by computing the number of intersections
between the average value and the falling edges of the waveform.
Additionally, the GSF algorithm is adopted to reduce the influ-
ence of AT on OAM-FSO communication. The VIR-GSF
scheme can achieve higher recognition accuracy in turbulent
environments without using neural networks. This scheme
can greatly save computational resources and reduce system
complexity. It is anticipated that our work might be helpful
for further improving the reliability of the OAM-FSO commu-
nication system.
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