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Vortex beams (VBs), possessing a helical phase front and carrying orbital angular momentum (OAM),
have attracted considerable attention in optical communications for their mode orthogonality. A platform
for achieving all-optical signal processing of VBs, however, remains elusive due to the limited light-field-
manipulation capability. We introduce diffractive deep neural networks (D*NNs) and their applications
to process VBs. Exploiting the multiple-light-field-modulation ability of multilayer diffraction structures
and the strong data-processing capability of deep neural networks, we reveal that D?’NNs can manipulate
multiple VBs by configuring the phase and amplitude distribution of diffractive screens. The diffraction
efficiency and converted-mode purity are greater than 96%. After being trained, D?°NNs with functions
of hybrid-OAM-mode generation, identification, and conversion are obtained, and three typical types
of all-optical signal-processing communication, (OAM-shift keying (OAM-SK), OAM multiplexing and
demultiplexing, and OAM-mode switching) are successfully achieved. Our simulation results provide
an approach that breaks the limitations of poor functionality and complex design in processing VBs,
introducing the D?NN as a universal light-field-modulation platform.
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I. INTRODUCTION

Vortex beams (VBs), possessing a helical phase front
described by the phase factor expilf, have been proved
to carry ab orbital angular momentum (OAM) of /A per
photon, where / is the topological charge representing the
OAM mode, 0 is the azimuth angle, and & is the Planck
constant divided by 27 [1]. This nonuniform field distribu-
tion endows VBs with many unique optical characteristics,
attracting broad interest in optical tweezers [2,3], quantum-
information processing and quantum entanglement [4,5],
optical trapping [6], optical communication [7—15], etc.
VBs with different OAM modes are mutually orthogonal,
which offers an additional physical dimension for optical
communication in increasing transmission capacity. Map-
ping digital signals to OAM modes, researchers realized
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OAM-shift-keying (OAM-SK) communication via rapidly
switching OAM modes [15]. The multiplexing commu-
nication transmits multiple VBs in one physical channel,
and the communication-capacity density will be signifi-
cantly enhanced by increasing the number of multiplexed
VBs [16—-18]. Besides, the OAM mode of VBs can be
exchanged by passive optical devices, which provides an
efficient way for signal switching [19]. The modulation
of VBs is ubiquitous in OAM-SK multiplexing, and opti-
cal switching, but conventional passive optical devices are
available only for limited OAM modes, which restricts
their application in optical communications and all-optical
networks.

Various devices, including a spiral phase plate [20], a
spatial light modulator [16,17,19], and a metasurface [21—
31], have been widely investigated for manipulating VBs.
The spiral phase plate with azimuthally rotated optical
thickness modulates the spatial phase of light beams via
introducing phase differences to the wave front and has
been used to produce VBs due to its simple structure and
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easy fabrication. However, the fixed structure makes it pos-
sess limited modulation ability. Writing signals via electri-
cal or optical addressing to change the optical characteris-
tics, a spatial light modulator can flexibly adjust the phase
and amplitude of VBs. But the prescient phase-modulation
signals require electro-optical conversion, resulting in a
low modulation rate and poor integration. A metasurface, a
two-dimensional metamaterial with subwavelength struc-
ture, modulates the wave front of light beams by manip-
ulating the arrangement of materials and microstructures
[32—-40]. Although a metasurface can accurately manipu-
late light fields, it is difficult to simultaneously modulate
multiple VBs, resulting in reduced functionality. Besides,
these methods are usually single-layer phase-modulation
methods, which have limited modulation capability to
perform complex wave-front processing in multiple light
fields.

Multilayer diffraction methods cascading multiple
diffractive screens empower complex phase-modulation
functions. However, inverse designs or algorithms are
required to determine the profile of each diffraction screen
in advance. Wave-front-matching algorithms are used to
calculate the phase distributions of multiple diffractive
screens [41—44]. The forward and backward propagation
of the input basis and desired output basis determine
each phase mask, and the matching masks are obtained
by setting phase iteration update rules. However, differ-
ent matching principles must be designed for modulation
tasks. Even worse, with the number of modes exceed-
ing number of the phase screens, the light-processing
capability will significantly decrease because of the exces-
sive information required to be matched and the lack of
efficient optimization-function assistance [41]. Recently,
an all-optical diffractive deep neural network (D?NN)
combining the rich light-processing functions of multi-
layer diffraction and the learning, memory, and excellent
information-processing ability of deep learning was pro-
posed and applied in classification of Modified National
Institute of Standards and Technology (MNIST), an open
resource handwritten digit database, holographic imaging,
and all-optical saliency detection [45—52]. With the power-
ful optimization functions and strong mapping capabilities,
these D?NN methods can precisely optimize the modula-
tion parameters of each grid in diffractive screens and affect
the wave front of secondary wave sources to output light
fields via coherent superimposition. Unfortunately, they
are applicable for target-classification tasks and consider
only intensity distributions.

In this work, we introduce D?NNs to manipulate VBs,
aiming to provide a comprehensive platform for light-
field processing. Composed of multiple diffractive lay-
ers with learnable grid phase and amplitude parameters,
the abundant neurons enable D?°NNs to manipulate the
light field with multiple OAM modes. By minimizing
the loss between the predicted output field and the ideal

output field and inversely optimizing the structural param-
eters of diffraction layers, D’NNs with optimal phase and
amplitude distributions are trained for processing complex
light fields. Focusing on effective features, D*NNs can
realize the mode conversion between different light fields
and achieve multiple modulation functions via changing
the input and desired output bases. Through the training
of a five-layer D’NN with mode- and spatial-location-
conversion capabilities, single or hybrid OAM modes with
/ € [—4,44] and Gaussian modes at different positions
are mutually converted, and different OAM modes can
be exchanged, which results in D?NN functions for gen-
erating, detecting, and switching multiple OAM modes.
Even if the mode range extends to [—8, 48], the diffrac-
tion efficiency and mode conversion purity are greater than
96%. Constructing and simulating three typical types of
all-optical signal-processing communication, OAM-shift
keying, OAM multiplexing, and OAM-mode switching,
we demonstrate that the bit error rates (BERs) are all
below 10~*. The D’NN method offers an alternative solu-
tion for light-field manipulation, which may have potential
for all-optical signal processing, optical communication,
interconnection, etc.

II. LIGHT-FIELD PROCESSING WITH D?NNs

The D>NN possessing learning, memory, and light-field-
processing abilities can be trained as a comprehensive
platform for simultaneously manipulation of the mode and
spatial location of light beams. Here we construct D*NNs
with updatable phase and amplitude parameters to modu-
late complex light fields (see Appendix A). Figure 1 shows
a five-layer D’NN, which is trained for processing VBs,
including spatial-location conversion and mode exchange.
A Laguerre-Gaussian beam with phase factor expilf is
used for simulating VBs with a working wavelength of
1550 nm and a radial index of zero [53]. The training
period and learning rate are set as 2000 and 0.01, respec-
tively. We first convert VBs to spatially separated Gaus-
sian beams. As shown in Fig. 2, VBs with [ € [—4, +4]
and Gaussian beams with different spatial locations are
set as the training input dataset and ideal output dataset,

FIG. 1.

The five-layer D?NN.
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FIG. 2. Results for converting VBs to spatially separated Gaussian beams.

respectively. The constructed five-layer D?2NN will auto-
matically establish a conversion relationship and update
the phase and amplitude distributions of diffractive lay-
ers. With training, the predicted output light fields are
highly consistent with the ideal output (see Fig. 2), and
the training process takes about 10 min with the graphics-
processing unit of a NVIDA GeForce GTX 1080 Ti. The
predicted phase and amplitude distributions are shown in
Fig. 3(a). The conversion of the D?NN can be expressed by

f;)ut(xsy) =D(ﬁn(x7y))a (1)

where fi,(x,y) and fou(x,») are the input and output light
fields, D represents the transform function of D*NN.

To evaluate the conversion performance, the energy uti-
lization of each OAM mode is monitored. The results
demonstrate that all the diffraction efficiencies exceed 99%
without our considering fabrication error and reflection
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Efficiency (%)  99.22 99.89 99.49 99.90

FIG. 3. Results for converting VBs to spatially separated
Gaussian beams. (a) Phase and amplitude distributions of diffrac-
tive layers. (b) Efficiencies of output Gaussian beams. Here the
unit of amplitude is mm.

[see Fig. 3(b)]. We use hybrid OAM modes as testing data
to analyze the light-field-processing capability. The field
distribution of input hybrid VBs can be expressed by

Jmuttiple (%, ) = foam1 (X, ) + foama (x, ) + -
+ foamn (x, ), (2)

where foamn(x,y) represents the input OAM mode
included in the training set, where n is the number of
modes, which is not larger than the size of the training
set. The test results in Fig. 4 show that the D?NN can rec-
ognize the OAM modes of input hybrid VBs, which can
also be converted to spatially separated Gaussian beams.
Notably, the D?NN can process hybrid VBs with hybrid
OAM modes except for single OAM modes in the training
process. The modulation is expressed by

Jmultiple_out (X, ¥) = D1 (fmuttiple_in (X, )
= D1(foam1 (x, ) + foamz (%, )
+ foams (X, ¥) + foama(x,))
= fGaus1 (%, ¥) + fGaus2 (X, )
+ fGaus3 (X, ¥) + fGausa (¥, 1), (3)

where fGaus(x,y) represents the field distribution of the
spatially separated Gaussian beam.

-4,4 -4,1,4 |-3,-2,1 [-4,-3,2,4(-3,-1,2,4

FIG. 4. Test results for converting the hybrid VB to spatially
separated Gaussian beams.
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Besides, we investigate the inverse conversion from
Gaussian beams to VBs. As shown in Fig. 5, the input
training beams are eight Gaussian beams with different
spatial locations, and VBs with / € [—4,+4] are set as
the ideal output data. After being trained, the D?°NN can
accurately modulate the input spatially separated Gaussian
beams to target fields. The final phase and amplitude dis-
tributions of the five-layer diffractive screens are displayed
in Fig. 6(a). The test results show that both the diffraction
efficiency of the D°NN and the mode purity of VBs are
more than 99% [see Fig. 6(b)].

Similarly, the superimposed Gaussian beams are ran-
domly combined as the testing data and propagate through
the diffractive layers. As shown in Fig. 7, the D*NN can
convert Gaussian beams to VBs, even through the test-
ing data are not considered in the training process, which

(a) Phase Layers
27T sy R

1

-15
(b) Output OAM -4 -3 -2 -1
Efficiency (%)  98.44 99.55 98.85 99.67
Purity (%) 99.89 99.96 99.91 99.97
Output OAM +1 +2 +3 +4
Efficiency (%) 9936 98.97 99.69 99.57
Purity (%) 99.98 99.97 99.98 99.95
FIG. 6. Results for converting spatially separated Gaussian

beams to VBs. (a) Phase and amplitude distributions of diffrac-
tive layers. (b) Efficiencies and purities of output VBs. Here the
unit of amplitude is mm.

Results for converting spatially separated Gaussian beams to VBs.

gives it the ability to produce hybrid VBs and reduce the
complexity of OAM-mode multiplexing.

Furthermore, we demonstrate the mode exchange of
VBs. Six sets of VBs (shown in Fig. 8) with mode interval
Al from 1 to 3 are used as training data. After training, the
mode exchange is realized, which can process light fields
according to input OAM modes. The phase and amplitude
distributions of the five-layer D?NN are shown in Fig. 9(a).
The diffraction efficiency and converted-mode purity reach
approximately 97% and 99%, respectively [see Fig. 9(b)].
Compared with conventional optical elements such as
metasurfaces, the D*NN can process more OAM modes,
which significantly increases the light-field-manipulation
capability and decreases the system complexity.

III. ALL-OPTICAL SIGNAL PROCESSING OF
VBs WITH A D*NNs

To verify its light-field-manipulation capabilities, we
use the previously trained D?NNs for optical communica-
tion, including OAM-SK, OAM multiplexing and demul-
tiplexing, and OAM-mode switching.

A. OAM-SK

In OAM-SK communication, the digital signals are
encoded into different OAM modes and decoded in the
receiver for information recovery. The modulation capa-
bility depends on the accuracy of identifying OAM modes.

Output

FIG. 7. Test results for converting superimposed Gaussian
beams to multiple VBs.
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FIG. 8.

However, conventional identifications are realized by clas-
sifying the intensity distributions of VBs, which makes
it difficult to identify conjugate modes that have the
same intensity distributions, and offline demodulation is
required. The D’NN-based demodulator can demodulate
shift-keying signals in real time.

To test the anti-interference ability, we introduce atmo-
spheric turbulence to disturb VBs, and the Hill-Andrew
turbulence model is used to simulate atmospheric turbu-
lence [54]. The inner and outer scale of atmospheric turbu-
lence are set as 0.2 mm and 50 m, respectively. Multiple
VBs With | = —4, -3, -2 and different turbulence inten-
smes( e[l x 10_16 m~23,1 x 1073 m=%/3], z=10 m)
are 1nputted into the D°NN for mode processing, as shown
in Figs. 10(b)-10(h). After demodulation, the hybrid VBs
are converted to Gaussian beams [see Figs. 10(j)—10(p)].
These results indicate that the D2NN can resist weak tur-
bulence [Figs. 10(j)—10(1)]. While under strong turbulence
[Figs. 10(m)—10(p)] some energy is dispersed because the

(a) Layers

b
( ) Output OAM -3 -2 +1 +3 -1 +2
Efficiency (%)  96.20 99.38 99.37 97.29 98.96 98.63
Purity (%) 99.83 99.89 9991 99.53 99.58 99.92
FIG. 9. Results for the mode exchange of VBs. (a) Phase and

amplitude distribution of the D?NN. (b) Efficiencies and purities
of the converted VBs. Here the unit of amplitude is mm.
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Results for OAM-mode exchange with different mode distances (Al).

D’NN is sensitive to both the phase and the amplitude
distortions, it is still robust with regard to the distor-
tions under moderate turbulence even though the phase
distortions are not shown in the training.

We construct a 70-ary OAM-SK communication link,
as shown in Fig. 11(a). A 100 x 100 grayscale image of
the Shenzhen University emblem is encoded into 20 000
hybrid VBs (see Appendix B), and these then prop-
agate 10 m under atmospheric turbulence. The D*NN

FIG. 10. Conversion hybrid OAM modes
(I = —4,-3,—2) with atmospheric turbulence (z=10 m). (a)
VBs without atmospheric turbulence. (b) C2 = 1 x 10~1m=2/3,
() C=5x10""m23 (@ C=1x10"Pm23
(&) C2=5x10"5m™23. () C2=1x10""m23. (g)
C2=5x10""m23. (h) (2 =1 x 107Bm~2/ (i)«p) Output
multiple Gaussian beams corresponding to different turbulence
intensities.

results for
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FIG. 11.

constructed as reported in the previous section is used
to convert VBs to spatially separated Gaussian beams,
and the intensity distributions are received for signal
demodulation.

To explore the impact of transmission environments on
the performance of OAM-SK communication, we intro-
duce and simulate atmospheric turbulence with C2 € [1 x
1071%m=2/3,5 x 10~ m~2/3], and the propagation dis-
tance is 10 m. The demodulation-accuracy curve under
different turbulence strengths is shown in Fig. 11(b); the
errors of the calculations come mainly from turbulence dis-
tortion and the coding principle of OAM-shift-keying sig-
nals. Turbulence will cause errors in modulation and result
in the dispersion of energy. For weak and moderate tur-
bulences (C2 € [1 x 107*m=2/3,1 x 10~ m~2/3]), the
D?NN can modulate the input light fields to output light
fields with high conversion efficiency and low disper-
sion. Since the three regions of maximum light energy
determine the OAM modes, if the light energy output at
the right regions is dominant, the OAM modes can be
accurately demodulated, which endows the D?NN-based
modulator with a certain error tolerance, and the accuracy
can be increased up to 100%. However, as the turbulence

16-QAM Signal

Laser Generator oC

Generation and Multiplexing Delay

60 —————— : :
1 5 10 50100 300 500
Turbulence (107 m=273)

D>NN

(a) D*NN-based OAM-SK communication. (b) Demodulation accuracy for different atmospheric turbulences.

strength increases, modulation becomes more difficult for
severe phase distortion, which scatters most of the energy
to wrong regions and results in non-negligible calculation
errors in signal demodulation. What is worse, if any set of
hybrid VBs is wrongly predicted, the D?’NN cannot cor-
rectly decode the grayscale value in this pixel. Therefore,
the accuracy decreases to 65.50% as the intensity increases
to 5 x 1074 m=2/3,

B. OAM multiplexing

Generally, the complexity of multiplexing systems is
proportional to the number of multiplexing channels.
Trained D>NNs possess the functions of converting VBs
and spatially separating Gaussian beams, providing an effi-
cient way for multichannel OAM multiplexing and demul-
tiplexing and greatly simplifying the system. Figure 12
shows a diagram of OAM-multiplexing-demultiplexing
communication with D?NNs, which is composed of the
signal generation and multiplexing-demultiplexing mod-
ules. In the transmitter, a laser beam loaded with 16-
quadrature-amplitude (16-QAM) signals produced by the
signal generator is split into multiple sub-beams, which

D2NN2

D?NNI1

Signal
Processer

Demultiplexing

FIG. 12. D?NN-based OAM-multiplexing-demultiplexing communication. OC, optical coupler; Pol., polarizer.
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Results for D?2NN-based three-channel OAM-multiplexing communication. (a) BER curves as a function of SNR for dif-

ferent channels. (b) EVM curves as a function of the SNR for different channels. (c) Constellations of different channels for different

SNRs. FEC, forward error correction.

are delayed for decorrelation. All Gaussian sub-beams are
inputted to D?°NN1 for OAM mode generation and channel
multiplexing. After free-space transmission for 30 cm,
the coaxial OAM channels are incident to D*NN2 for
synchronously demultiplexing multiple signals. The
D?’NNs can accomplish the functions of generating,
multiplexing, and demultiplexing OAM modes simulta-
neously, abolishing the need for additional devices and
significantly decreasing the system complexity. We select
three OAM modes with [ = —4, —3, —2 to carry 16-QAM

signals, and multiplexing and demultiplexing are realized
by D*NNs. Here the waist radius of Gaussian sub-beams
is 3 mm, the size and resolution of the plane are set as
30 mm and 256 x 256, and the distance between Gaussian
sub-beams on the horizontal axis is 10 mm.

Since channel noise will interfere with signals and
increase the BER in communications, we use Gaussian
white noise to disturb signals and use the signal-to-noise
ratio (SNR) to represent the level of noise. Figure 13 shows
the BER and error-vector magnitudes (EVMs) of the

a b FIG. 14. Results for
@-20 * T g e T () 0.20 D?*NN-based eight-channel
—) 5 FoeE saes s SesE S = | ¢ OAM-multiplexing-demul-
. $ ) tiplexing communication.
r =3.01 2 0.151 (a) BER curve and (b)
E f . = H EVM curve. FEC, forward
=1 -3.51 P % i . error correction.
2 40 . 0.10; T
~45] - Py
5 O L] A L ] * 9 w 0.05_
15 17 19 21 23 25 15 17 19 21 23 25
SNR (dB) SNR (dB)
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FIG. 15.

OAM-mode-switching communication.

transmitted signals, which reflect the error of the demod-
ulated signals in scaler and vector dimensions. CHI,
CH2, and CH3 represent the OAM channels with /=
—4, -3, -2, respectively. From Fig. 13, the BERs in all
channels are below the forward-error-correction threshold
(3.8 x 1073) except in the cases of SNR of 15 dB. When
the SNR reaches 21 dB, the BERs decrease to 1074, and
the EVMs of constellations decrease to 0.07.

The communication capacity of a multiplexing sys-
tem depends on the number of multiplexed channels. To
make full use of the information-processing capability of
D?NNs, we increase the number of multiplexing channels
from three to eight. These Gaussian beams are converted
to VBs and superimposed for coaxial transmission, and
are then decomposed and converted to Gaussian beams
for signal demultiplexing. The curves of EVM and BER
with different SNRs are shown in Fig. 14. When the SNR
reaches 20 dB, the BERs of all channels are less than 1074,
which indicates that the D?’NN-based all-optical process-
ing method can significantly reduce the system complexity
and improve the communication performance of OAM
multiplexing.

C. OAM-mode switching

OAM-mode switching, transferring signals from one
OAM channel to another, is usually performed by a single
optical element or multiple optical elements. For example,
VBs with OAM modes of / = a and / = b can be exchanged
by one reflective-type spatial light modulator loaded with

the same helical phases, which can be expressed by

Ela = El}, eXp{i[_(la + lb)]e}a (4)

Ey, = Ej, exp{i[—(la + 1,16}, (%)
where E;, and E;, are the field distributions of the VBs
with different OAM modes, and —(/, + /) represents the
helical phase information loaded on the spatial light modu-
lator. However, this method can exchange only two OAM
modes and has limited processing ability. Besides, mul-
tiple spatial light modulators are required to increase the
number of switching OAM modes, and it is difficult to find
accurate phase-conversion-map relationships for arbitrary
OAM modes.

The constructed D*NN can exchange multiple OAM
modes with a nonuniform mode interval. For VBs with
different OAM modes inputted coaxially, the D?°NN can
exchange the OAM modes (see Fig. 15). The results of
three sets of mutual data exchange of VBs [/=—-2,-3
(Jall=1),1=+3,4+1 (Al =2), and I=+2,—1 (|Al| =
3)] with one D®NN are shown in Fig. 16. The BERs of all
channels are below 10~* with SNR of 20 dB, indicating
that the D’NN has strong plasticity in mode exchange.

IV. DISCUSSION

The collimation of light beams is critical for the perfor-
mance of optical systems, and most of optical-information
processing devices are position sensitive, which require
high alignment accuracy. For the D’NN, we divide the
input plane into eight regions corresponding to eight spa-
tially separated Gaussian beams. The incident shift of
Gaussian beams may cause inaccurate light modulation,
decreasing the diffraction efficiency and mode purity. The
tolerance of position deviation is necessary for actual
applications. To improve the fault tolerance for misalign-
ment, we consider the deviation of the incident position in
the training data set in advance. As shown in Fig. 17(a),
eight sets of Gaussian beams are inputted into the D*NN

a) _ ' . . ' ' . b ' FIG. 16. Results for
@ -20 . FEC Threshold (£)0.20 . OAM-mode-switching

_2‘5-"2‘; “““““““““““ i ' communication. (a) BER
—_ ! § curve and (b) EVM
% -3.01 . Ny i . curve. FEC, forward error
Eg 35 . E bt ‘ correction.
S =2 L, m =l=-2 1.
B3 P w K R

-5 L LT vini f1

50 1=-1 0.054 «<1=-1

. 15 17 19 21 23 25 15 17 19 21 23 25
SNR (dB) SNR (dB)
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(b)

FIG. 17.

Output OAM -4 -3 -2 -1
Efficiency (%) 97.01 97.83 97.83 99.62
Purity (%) 99.79 99.82 99.92 99.98
Output OAM +1 +2 +3 +4
Efficiency (%) 99.55 98.84 97.77 97.72
Purity (%) 99.98 99.93 99.92 99.75

Results for conversion from spatially shifted Gaussian beams to VBs. (a) Training data of Gaussian beams with the spatial

shift on the x axis and VBs. (b) Efficiency and purity of different OAM modes.

to generate VBs, where each set of input data is composed
of two Gaussian beams with and without a 4-mm spatial
shift on the x axis. The structure, learning rate, and iteration
period of the D°NN are set as the same as in the previous
sections. After supervised training, the D?°NN can convert
all Gaussian beams to VBs in the eight regions, even if
the incident position is changed. The D?NN can accurately
complete all mode-interval modulation with A/ € (0, 4] by
constructing a “two-to-one” mapping relationship between
the input separated Gaussian beams and VBs, and the effi-
ciency and mode purity of all OAM modes exceed 97%
[see Fig. 17(b)]. Besides, we use a Gaussian beam (map-
ping the OAM of /=-4) with different shift distances as
test data; the test results in Fig. 18 show that the purity of
the converted VBs is inversely proportional to the mini-
mum distance Ad = min(d,,d,), where d; represents the

1001 LRl N ]
~m 4-’.
;\3 95 - L (NI )
2
=
A& 901
Q
=
o
851 EX 20% 96.89% 95 37% 95. 39% 97. 03%
‘—'— Mode Purlty
80 T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
x-axis shift (mm)
FIG. 18. Mode-purity curve asa function of spatial shift.

distance between the input beam and the standard Gaus-
sian beam, and d, represents the distance between the input
beam and the Gaussian beam with a spatial shift of 4 mm.
For a spatial shift of 2 mm, the mode purity is 95.37%,
which is about 4% lower than for the standard Gaussian
beam. This is because it is far from the incident position of
the two Gaussian beams in the training set, making it dif-
ficult for the D2NN to accurately capture feature informa-
tion. In addition, the transverse displacement should not be
too large to avoid it being too close to the incident position
of the Gaussian beam in adjacent regions, which causes
mode crosstalk and reduces the modulation accuracy.

D?NNs can simultaneously modulate multiple VBs and
realize OAM-mode multiplexing and demultiplexing in
OAM communications. To further explore the all-optical
processing ability, we increase the training data size to 16,
including Gaussian beams with different input locations
and VBs with [ € [—8, +8]. The structures are the same
as in the previous section, both of which have five-layer
diffractive screens with adjusted phase and amplitude dis-
tributions. After training, the D*NN can convert arbitrary
hybrid VBs with multiple OAM modes with / € [—8§, 48]
superimposed, and the diffraction efficiency and converted-
mode purity are greater than 96%. Constructing a 16-
channel OAM multiplexing communication link, we use
the trained D’NNs to multiplex and demultiplex 16 OAM
channels carrying 16-QAM signals. The results in Fig. 19
show that the BERs of most channels are lower than the
forward-error-correction threshold with SNR of 17 dB,
and the EVMs of all channels decrease with the SNR as
expected. These findings indicate that the D?NN has strong
signal-processing capability in simultaneously converting
modes and spatial locations.

With the development of near-field optics and the
use of small-scale and large-angle light sources such as
nanolasers, when the transmission distance comes close
to the magnitude of the wavelength or is less than the
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wavelength, scalar diffraction theory will be no longer
suitable for simulating light-field transmission, and vector
diffraction theory should be used instead. In this work,
scalar Fresnel diffraction theory is used to simulate the
transmission of light beams (ignoring the polarization free-
dom) between the layers of the D*NN. However, it is
necessary to replace it with vector angular spectrum the-
ory or vector Rayleigh-Sommerfeld diffraction theory and
consider multiple light-field-transmission components for
the light-field modulation with a transmission distance on
the order of the wavelength or less than wavelength to be
realized. This can be further applied to design a few-layer
metasurface or metamaterial optical devices, providing an
alternative solution for all-optical light-field processing of
both far-field and near-field optics.

For the experimental realization of the D*NN, an opti-
cal element that can simultaneously manipulate the phase
and amplitude is required. A few-layer metasurface, which
contains multiple functional layers, may be suitable to
fabricate D?’NN-based modulators. By designing the struc-
tural unit with two crystal-silicon nanoblocks, the metasur-
face can independently manipulate the phase and ampli-
tude of light beams, which can be used as the neural
layer of D’NNs [55]. However, the interlayer coupling
in a few-layer metasurface may deteriorate the light-
field-modulation performance by energy absorption and
reflection in the dielectric surface. What is worse, the
reflected beams between metasurfaces may interfere with
each other, further imposing crosstalk on light beams.
Therefore, few-layer metasurfaces may be suitable to
construct a D’NN if the interlayer coupling effect can be
suppressed, which needs further research.

V. CONCLUSION

In summary, we explore a D?NN-based all-optical
signal-processing platform for VB manipulation,
expanding the manipulation capability of light fields. By
combining the light-field-manipulation capability of a mul-
tilayer diffraction structure and the memory, learning,

and information-processing ability of a deep neural net-
work, D?NNs can establish an accurate mapping relation-
ship between input and output beams, which significantly
increases the accuracy of light-field modulation and the
number of tolerable modes. By our training a five-layer
D?NN with the ability to manipulate the spatial location
and mode, VBs with / € [—8,+8] and Gaussian beams
at different positions are mutually converted, and different
OAM modes are exchanged, with the diffraction efficiency
and purity reaching more than 96%. After being trained,
D?NNs with the functions of hybrid-OAM-mode genera-
tion, detection, and switching are obtained, and three typ-
ical types of all-optical signal-processing communication
(OAM-SK, OAM multiplexing and demultiplexing, and
OAM-mode switching) are successfully achieved in sim-
ulation. It is anticipated that this D°NN method may open
an alternative avenue for optical communication and inter-
connection due to its powerful light-field-manipulation
capability.
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APPENDIX A: LIGHT-FIELD PROCESSING
BY A D2NN

Conventional electronic neural networks are formed
by interconnecting massive neurons and simulating the
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synapse behaviors in human brains, and the information-
processing speed is limited by electron flow. The optical
D’NN takes the light fields as the information-processing
object, and possesses the same learning and memory
ability as electronic neural networks. The D?°NN contains
one input layer, multiple diffractive layers, and one output
layer (see Fig. 1). Each point in the diffractive layers can
be regarded as a neuron and fully connects with the next
layer. According to Rayleigh-Sommerfeld diffraction the-
ory, each neuron is regarded as the source of a secondary
wave, following the optical modes [50]:

n 1 Jj2mr,
— Jex ,
JA P A

(AT)

z—z, 1
Wy (6,,2) = — (

p 27y,

where L represents the layers of the network, n
represents the neuron located at (x,,Vu,zn), ¥n =

\/(x —x) + 6% —y,,)2 + (z — zn)z,j2 = —1, and X is the
working wavelength. The amplitude and phase of the sec-
ondary wave are determined by the input wave of neurons
and the transmission coefficient tﬁ (X, Y, zn)- The output
function of the nth neuron in the Lth layer can be described
as

”ﬁ(xn,J’mZn) = Wﬁ(xnaymzn)r;l;(xn,ynazn)

X D O Y 2 (A2)

where the impact of the input wave on the nth neuron is
described by >, ni_l(xn, Vu»Zn). Considering the optical
characteristics, the light fields are manipulated by both the
amplitude and phase, and Eq. (A2) can be simplified to

nﬁ(xnaynazn) = W,L,(Xn,J/n,Zn)|A| eXP[/Q(Xn,)’n,Zn)], (A3)

where |A| and 0 (x,, v, z,) refer to the relative amplitude
and additional phase delay of the secondary wave caused
by the input wave and transmission coefficient. The sec-
ondary waves of neurons in the previous layer will inter-
fere with each other and be diffracted and then propagate to
the next layer until the output layer. D*NNs can be classi-
fied as phase-modulated, amplitude-modulated, and phase-
modulated and amplitude-modulated types according to
the transmission coefficient tﬁ (Xns Vs Zn)-

The theoretical derivation proves that the spiral phase
structure is preserved when VBs propagate in free space
[56], and the transmission results simulated by Fresnel
scalar diffraction theory are consistent with the experimen-
tal results [19]. Therefore, Fresnel scalar diffraction theory
is used in this work to construct the forward-propagation
model of D?NNss to simulate the propagation between lay-
ers. The frequency description of incident beams at the

(L—1)th layer can be expressed as

U (o) = F@l Groryi), (A4)
where F represents the fast Fourier transform, z;
is the observation plane on the propagation axis, and
ub ! (xp-1,y0-1) is the light field of the (L—1)th layer
in the spatial domain, and its expression in frequency is
UL~ (1. f,). Considering the transmission in the (L—1)th

ZL—-1

layer, Eq. (A4) should be modified to

ULt (fafy) = Fi ooty oo, yi).
(AS5)

According to Fresnel diffraction theory, the beam propa-
gating to the Lth layer can be described by multiplying the
transform function H (f;, f,) in the frequency domain, and
the light field can be expressed by

s, O yn) = F UL afH (), (A6)
where H (f, f,) = expljk(zp — z—1)]exp[—jwA(zL — z1-1)
(> +£,)], where k =27 /i represents the wave num-
ber and z; —z;_| =d is the distance between cascading
diffractive layers, and F~! represents the reverse fast
Fourier transform.

Here the size of the input plane, passive diffractive
layers, and output plane are set as 30x30 mm?, with a
resolution of 256 x 256. The distance between each pas-
sive diffractive layer and the output layer is set as 30 mm.
Each neuron of the layers fully connects with the next,
and the neuron parameters in diffractive layers are com-
puted by Google TensorFlow with a backward-propagation
algorithm. The absolute-root-error function is selected to
evaluate the difference between the output light fields pre-
dicted by scalar diffraction theory and the ideal output light
fields of the D’NN, which can be expressed as

E, = V|Y()_Yi|a

where Y, and Y; represent the actual and ideal output fields
of the D?NN, respectively. The Adam gradient-descent
algorithm is used to minimize the error function while the
neurons are updated in diffractive layers.

(A7)

APPENDIX B: CODING PRINCIPLE OF OAM-SK

In the modulation of OAM-shift keying, we select
arbitrary four OAM modes with / € [—4, +4] to encode
the pixel values, and an eight-bit binary number [see
Fig. 20(a)] is used to represent the OAM modes to reduce
coding complexity. There are a total of 70 (Cy) sets of
hybrid VBs when four arbitrary bits from right to left
are set as “1” and the rest are “0,” indicating that the
D?NN is capable of 70-ary OAM-shift-keying modulation.
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FIG. 20. Coding principle of OAM-shift keying. (a) The 70-ary mapping relationship between grayscale values and the hybrid VB.

(b) Coding diagram of the grayscale image.

To represent all the pixel values, two sets of hybrid VBs
are required for coding single grayscale values, and each
grayscale value can be decomposed as
G=70xm+n, (B1)
where G represents the grayscale value, m and n repre-
sent two coding bits. As shown in Fig. 20(b), the 100x 100
Shenzhen University emblem can be regarded as a matrix
with grayscale values, and it can be decomposed into a
sequence composed of 20000 hybrid VBs for transmis-
sion. For example, the grayscale value “69” is encoded
into two hybrid VBs with /= —1,42,43,44 (m=1,
00010111) and / = +1,+2,+3,4+4 (n =0, 00001111).
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