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A novel equalizing Dammann vortex grating (EDVG) is proposed as orbital angular momentum (OAM) multiplexer to realize
OAM signal demultiplexing and channel equalization. The EDVG is designed by suppressing odd diffraction orders and adjusting
the grating structure. The light intensity of diffraction is subsequently distributed evenly in the diffraction orders, and the total
diffraction efficiency can be improved from 53.22% to 82%. By using the EDVG, OAM demultiplexing and channel equalization
can be realized. Numerical simulation shows that the bit error rate (BER) of each OAM channel can decrease to 10™* when the bit

SNR is 22 dB, and the intensity is distributed over the necessary order of diffraction evenly.

1. Introduction

Vortex beam is a structured light beam that can carry
orbital angular momentum (OAM) and possess helical phase-
front. The spiral phase wavefront beam can be represented
by using a phase function exp(ilf), and each photon can
carry orbital angular momentum I [1]. OAM can be used
in photonic computer [2], quantum information processing
[3-5], optical communication [6], and so forth. Especially
for communication, OAM can be used as a new freedom
degree of modulation/multiplexing to further increase the
transmission capacity and capacity density [7]. The OAM
free space optical communication, therefore, is one of the
hot topics of research in recent years [7-12]. In 2010, Awaji
et al. first applies the OAM multiplex technology into
optical communication [11]. In addition, in 2014, Huang et
al. fuse OAM multiplexing together with PDM and WDM
technology achieved 100 T bits/s transmission rate in free
space optical communication [13]. One of the most important
issues for OAM optical multiplex communication system
is looking for a highly efficient multiplexing/demultiplexing
method to realize the space separation of different OAM

states and achieve the channel equalization among different
OAM channels.

There was evidence that the intensity of OAM beams
will attenuate while propagating in the free space caused
by the influence of atmosphere turbulence, and the signal
degradation and fading will not equalize among different
channels [6]. The most common way of demultiplexing OAM
beams is the using of multiple optics beam-splitter and spiral
phase plate. However, it is hard to realize OAM channel
equalization, and complex system structure is required to
achieve parallel detection [7, 11, 12]. The binary gratings
combined with coordinate transformation are also used to
separate and detect OAM beams, but it is hard to ensure the
equilibrium of OAM channels [14]. According to the earlier
work, it can be seen that the phase diffractive optical elements
(DOEs) can be used to decompose the coherent light fields
in terms of an orthogonal basis with angular harmonics [15-
17]. Dammann vortex grating (DVG), such as DOEs, which
combined Dammann grating and vortex phase diagram, can
be used to separate different OAM in free space by different
order of diffraction and shows ability to parallel separate
multi-OAM beams [18]. By designing the changing point of
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phase with 0.23191, 0.42520, and 0.52571, the DVG can be
used to produce seven optical vortexes with different OAM
states [19]. Researchers also found that the light intensity can
be focused on the necessary order of diffraction by proper
designing grating by using different change point of phase.
However, the diffraction orders intensity is imbalanced, and a
lot of light energy concentrates on the zero order, which could
easily lead to BER disequilibrium among OAM channels.

In this paper, an equalizing Dammann vortex grating
(EDVG) is proposed by suppressing the even and zero
diffraction order, which can be used to realize the uniform
regulation of diffracted light intensity. Theoretical and sim-
ulation results show that the diffraction angle of grating can
be increased from 0.9251° to 1.8502° which indicated a larger
separation among diftraction orders can be realized, and the
total diffraction efficiency is improved from 53.22% to 82%.
By using the EDVG as multiplexer to separate OAM beams,
the bit error rate (BER) of each OAM channel can decrease
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where {x,} are the normalized phase transition points with
boundary values of x, = 0 and xy = 1 and N is the total
number of these transition points. Putting the vortex phase of
charge [ into formula, the transmission function of the DVG
can be written as

Tovg = Jio C,.exp [im X <2nTx + lO)] . (3)

m=—00

The topological charge value for generated optical vortex
is m x 1 in m-order of diffraction. Here, the changing point of
phase with 0.23191, 0.42520, and 0.52571 can be used to design
the DVG, and the grating could produce seven different
optical vortices. When I = 1, it can be used to generate the
optical vortex with topologies of 0, +1, +2, and +3. The phase
structure of the EDVG is showed in Figure 1.

For Gauss beam, the light field distribution can be

represented as
A, —r?
— ], 4
w(z)eXP<w2 (z)) @

where w, is the waist radius at the propagation distance of
Z = 0m, w(z) is the beam waist radius at the propagation
distance of Z > 0m, zz = 7mw,’/A is Rayleigh distance, and
k = 2m/A is wave vector.

As the light beam is transmitted through the DVG and
Fourier transformation for the output light was carried out,
the obtained light field distribution can be represented as

E(r,0,z) =

Epyg (r,0,2) = FFT {Tpy - E} - (5)

N-1
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to 10~* when the bit SNR is 22 dB, and the BER equilibrium
among all OAM channels can be achieved effectively.

2. The Design of Equalizing Dammann
Vortex Grating

Dammann vortex grating, which evolved from traditional
Dammann grating, can be used to produce and separate
optical vortex parallelly. Its transmission function can be
written as [20]

Tpg = Jio C,.exp [im X (%)] , )

m=—00

where m is the diffraction order and T is the period of grating.
C,, is the coeflicient of the mth diffraction order, and it can
be expressed by

1+2 Z (-1)"exp (-i27x,) + (-1)" exp (—i2nme)] , m#0,

)

m =0,

The light intensity distribution and normalized spectrum
diagram are showed in Figure 2, where the optical working
wavelength is A = 1550 nm. Figure 2(a) shows the emer-
gent light intensity distribution, the output light intensity
is concentrated on the diffraction order of 0, 1, +2, and
+3, and the total number of the diffraction order is 7. And
it should be noted that the light intensity distribution of
different diffractions is disproportionate. The normalized
spectrum diagram is showed in Figure 2(b). From Figure 2(b),
the light intensity of zero-order diffraction is significantly
higher than other diffraction orders. The light intensity of
zero order is unhelpful or harmful for OAM optical commu-
nication, because it cannot be multiplexing/demultiplexing.
The intensity increase in zero-order diffraction means the
decrease in the other diffraction order, which results in the
degraded BER in the optical communication. And, as showed
in Figure 2(a), the light intensity at the diffraction order of +2
is significantly greater than the order of +1 and +3, and this
phenomenon will lead to the BER imbalance among OAM
channels. Therefore, the most urgent problem that needs to
be resolved, which DVG used for OAM demultiplexer, is
how to suppress the zero-order diffraction and realize the
equalization of intensity distribution. Here, we proposed a
EDVG by suppressing the odd-order diffraction and applying
the intensity equally among the order diffractions. As showed
in Figure 2(c), the emergent light intensity almost focused on
the order of diffraction of +£1 and +2. The topological charges
of the generated optical vortices are +1 and +3, respectively,
and the light intensities are nearly equal among different
diffraction orders. The normalized spectrum diagram also
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FIGURE 1: The phase structure of the Dammann vortex grating, (a) the original DVG and (b) the EDVG.
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FIGURE 2: The emergent light intensity distribution and normalized spectrum diagram. (a) The light intensity distribution of the original DVG.
(b) The corresponding normalized spectrum diagram. (c) The light intensity distribution of the EDVG. (d) The corresponding normalized
spectrum diagram.
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FIGURE 3: The detected light intensity distribution and normalized spectrum diagram. (a) The detected light intensity distribution of the
original DVG. (b) The corresponding normalized spectrum diagram. (c) The detected light intensity distribution of the EDVG. (d) The

corresponding normalized spectrum diagram.

verified that the average distribution of light intensity is
achieved, which shows in Figure 2(d).

To measure the detection ability of EDVG, the LG beams
with certain states will be coupled together. After propagating
through the EDVG, it will be separated and recovered
backed to Gauss beams. The simulation results are showed
in Figure 3. The light field distribution of LG beams can be
represented as

[ 1 [V
Eig (r,6,2) = \j;-[(p+|l|!)w(z) [w(z)]

—1’2 1] 2}’2
) 4|2
ikr’z ]
2(z% +z3)

-exp[

cexp | i (2p+|I| + 1) tan™" <zi>]

R

- exp (i10) ,
(6)

where w, is the waist radius of Gauss beam with the
propagating distance of Z = 0m, w(z) is the waist radius
with propagation distance of Z > 0m, zz = mw,’/A is
Rayleigh distance, k = 2m/A is wave vector, [ is azimuth
pattern (also called optical vortex topological charges), and
p is radial mode number.

If the radial mode number is p = 0, the optical field
distribution can be represented as

JERCC TR
E(r’e’Z):\/ [w(z)] exp[wz(z)]

1

]! w(z)
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As showed in Figures 3(a) and 3(c), as the multiplexed
OAM beams propagate through the two DVG, they can be
separated with different states in free space and recovered
back to Gauss-like beam realizing OAM demultiplex. How-
ever, compared with Figures 3(b) and 3(d), for the DVG, the
zero order of diffraction has a great intensity distribution
after demultiplexing, and the light intensity of +2 order of
diffraction is less than other orders of diffractions, which
will cause BER imbalance of different OAM channels. But,
for the EDVG, the intensity distribution of each diffraction
orders is almost equal, which is beneficial to improve the error
performance of OAM optical communication, making the
BER equalized among the OAM channels.

Figure 4 is the normalized diffraction spectrum of DVG
and EDVG. As shown in Figure 4, the EDVG shows the
benefit of realizing the multiplication of diffraction angle and
achieving greater space separation. The period of grating is
1.05142, corresponding to the minimum resolution of 0.10051.
Given the common resolution of SLM is 1920 x 1080, we
designed the cycle number with 160. When the size reduced
proportionately until being consistent with the common SLM
(15.36 x 8.64 mm), the cycle size is 0.096 mm. As the light
beam, with the wavelength of A = 1550 nm, passes through
the DVG the angle between the adjacent two diftractions is
B = arcsin(A/T) = arcsin(1.550/96) = 0.9251° but 1.8502°
for the EDVG.

3. The Atmospheric Turbulence for Vortex
Beam Propagation

A major factor for inducing the distortion of vortex beam
is atmospheric turbulence. The presence of atmospheric
molecules, aerosols, and water mist particle will cause variety
of atmospheric attenuation effects, including absorption and
scattering [21, 22]. And the nonuniform temperature and
air pressure in the atmosphere will cause refractive index
change in the transmission path, resulting in the distortion
of wavefront phase. The distortion on phase wavefront is
extremely harmful for OAM communication, because the
OAM demultiplexing is based on the spiral phase distribution
[23]. Some previous works have suggested that the refractive
index inhomogeneity will result in channel crosstalk among
different OAM channels.

Theory and experiment confirmed that the random phase
screen can be used to establish the model of atmospheric
turbulence for simulation [24]. The modified Hill spectral
model is used and can effectively avoid the insufficiency of
sampling frequency. Its expression can be written as [25-27]
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FIGURE 4: The normalized diffraction spectrum of DVG and EDVG.
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where C? is the atmospheric refraction constant, L, is the
turbulent outer scale, [, is the turbulent interscale, k; =
3.3/ly, and k,, k,, are the coordinates of power spectrum
phase screen, respectively. The relationship between refrac-
tive index spectrum and phase spectrum can be present as (Z
is the transmission distance)

@ (k,k,) = 21ky’ AZ®,, (ko k) . ©)

The random phase screen spectrum variance can be
expressed as

0" (ko k,) = @ (KK, ). (10)

Then Fourier transform for the random phase screen
spectrum variance can get the random phase screen:

¢ (x,y) =FFT (o (k,.k,)). (1)

And if the input field is E,, the output optical field
distribution can be expressed as

E(x, )
12)

= FFT ™' [FFT [E, - exp (ig (x, y))] - Eprop (KoK, )] -

Among them, FFT[-] and FFT![] are referred to Fourier
transform and inverse Fourier transform, and E,,o, (k. k,)
is the transfer function of the Fresnel diffraction. In the
next section, it will be used to simulate the transmission of
optical vortex in atmospheric turbulence. In simulation, the
atmospheric refractive index constant of C> = 10~ is used.
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4. The OAM Optical Communication System
Design and Simulation

As shown in Figure 5, the OAM optical communication
systems based on EDVG demultiplexer are designed. The
communication system mainly consists of four parts, includ-
ing the transmitter, multiplexer, free space transport channel,
and the demultiplexer. In the sending side, the IQ modulator
is used to load 16-QAM signals to Gaussian light. Then, four
signal light beams are converted into optical vortex by liquid
crystal spatial light modulator (SLM). Finally, it coupled into
a bunch of coaxial vortex transmitted lights by three beam
splitters. After a distance transmission in free space, the
EDVG can be used to demultiplex and demodulate the signals
at the receiving side.

4.1. The Equalizing of Diffraction Efficiency. The optical vor-
tices with corresponding topological charges are generated
by SLM. After being transmitted over free space, it is
demultiplexed by using EDVG, and the results of calculated
diffraction efliciency of diffracted orders are showed in
Figure 6. By using the EDVG, after the coaxial propagation
of 1 m in the free space the diffraction efficiencies are 19.45%
and 21.55% with the topological charges of +3 and +1 and the
total diffraction efficiency is 82%. However, when using the
DVG, the diffraction efficiencies +3, +2, and +1 are 12.06%,
5.06%, and 12.06%, and the total diffraction efficiency is
53.22%. By comparison, these two Dammann vortex gratings
can be used to realize optical vortices demultiplex, and
the total diffraction efficiency of DVG is lower than the
EDVG due to a significant portion of light energy focused
on the zero-order diffraction level. This energy is useless or
even harmful to OAM communication, because it cannot

0.24

Diffraction efficiency

0.03:....I....I....I....I....I....
0 5 10 15 20 25 30

FIGURE 6: The diffraction efficiency of every diffraction order.

implement effective demultiplexing and take up the light
energy of other orders of diffraction, which caused the loss
of light energy. From Figure 6, it can be seen obviously that
the balance of diffraction efficiency is achieved. The EDVG
can realize the uniform distribution of light intensity, and the
diffraction efficiency had significant doubled increase for the
topological charges of +3 and +1. In general, the EDVG can be
used to improve diffraction efliciency and make the diffracted
light intensity distribution even to each order of diffraction.

4.2. 'The BER Performance of OAM Optical Communication
by Using Dammann Vortex Gratings as Demultiplexer. In this
section, the BER performance of OAM optical communi-
cation system by using two Dammann vortex gratings as



Advances in Condensed Matter Physics

0.0

-0.5

-1.0

-1.5

-2.0

Ig(BER)

=25

-3.0

=35

-4.0

10 12 14 16 18 20 22
Eb/No

—o— [ = -3 for EDVG
—o— [ =-1for EDVG
—o— [ =1for EDVG
—o— [ =3 for EDVG

—o— [ = -3 for DVG
—o— | =-1for DVG
—— [ =1for DVG
—o— | =3 for DVG

()

7
=
<3}
=
=
10 12 14 16 18 20 22
Eb/No

—o— [ = -3 for DVG —o— [ =-3for EDVG

—o— I =-1for DVG —o— [ =-1for EDVG

—— [ =1for DVG —o— [ =1for EDVG

—o— | =3forDVG —o— [ =3 for EDVG

(®)

FIGURE 7: The error curves graph of the OAM optical communication system. (a) The error curves by using DVG and EDVG for
demultiplexing, respectively. (b) The error curves by using DVG and EDVG for demultiplexing in the absence of channel crosstalk.

demultiplexer will be discussed. As shown in Figure 5, 16-
QAM signals can be modulated to 4 Gaussian lights by using
IQ modulator in the sending side. Then, the light sources
carried signals are converted into optical vortex through SLM
and coupled by 3 beam splitters. After transmitting 1m in
free space, the two Dammann vortex gratings are used to
demultiplex and demodulate OAM signals at the receiving
side. Figure 7 is the error curves graph of the OAM optical
communication system. Figure 7(a) is corresponding to the
error curves by using DVG and EDVG demultiplexer. As
shown in Figure 7(a), with the increase of SNR, the BER of
channels are decreased, and the BER of 4 OAM channels are
unequal. The BER in the channels with topological charges of
£1 are higher than the other two channels. When the SNR is
22 dB, the BER for topological charges I = +1,-1,+3,and —
3are 23 x 1074, 2 x 107, 1.5 x 107%, and 1.5 x 1074,
respectively. However, by using the EDVG to demultiplex, it
can be seen from the graph that, with the increase of the SNR,
the BER of all channels are gradually reduced almost equally.
When the SNR is 22 dB, the error rates for the channels of
topological charges | = +1,-1,+3,and — 3 are 1.1 x 1074,
1.1 x 107, 1.0 x 107%, and 1.0 x 107*, respectively. At the
same time, it also can be found that the BER differences
among different channels are growing with the SNR increase.
This is because the low SNR and the intersymbol noise will
play a major role. With the enhancing of SNR, intersymbol
noise decreased, and the channel noise became the main
factor which leads to BER difference among different OAM
increases. There are two factors that lead to channel noise:
one is the channel crosstalk between different OAM states
due to the effect of atmospheric turbulence in the process of
beam transmission; the other one is that the light intensity
distribution of different diffraction order is uneven when

DVG is used for demultiplexing. The detected intensity is
weak which will cause error rate rise. In simulation, the same
OAM beams are used, and the OAM channel crosstalk of
two kinds of demultiplex way is consistent. Therefore, the
distribution difference of BER using the EDVG can achieve
diffracted light intensity equilibrium distribution.

To further study the effect of channel crosstalk, only one
OAM light beam carried signals, the BER changes of each
OAM with SNR increasing in the absence of channel crosstalk
are measured, and the results are showed in Figure 7(b).
From Figure 7(b), when the SNR is 22 dB, the BER of OAM
channels are 8 x 107, 8 x 107, 8 x 107, and 7 x 107,
respectively, by using the improved demultiplex. However,
the BER increased to 2x107%,1.3x107%,8x107°,and 8x 10,
if the original grating is used with similar SNR. Compared
with Figures 7(a) and 7(b), it is easy to find that the BER
within each OAM channel is lower in the same SNR when not
considering the channel crosstalk, but the error rate change is
very small. Therefore, the main reason causing that the BER is
uneven within each OAM channel is the unevenness of light
intensity after using DVG demultiplexer.

5. Conclusion

Optical vortex is a kind of structured light beam which can
carry OAM. In theory, every single wavelength light can
carry infinite vortex state, and they are orthogonal to each
other. By using OAM as a new multiplexing dimension, it
can greatly improve the capacity density of communication.
However, the efficient multiplexing method, with channel
equalization, is one of the most important issues that need to
be resolved. Dammann vortex grating is a kind of component
to achieve efficient separation of vortex state and realize the



light intensity distribution uniformly. However, we found
that the common Dammann vortex grating can be used
to demultiplex the multiplexed OAM beams and the light
intensity after demultiplexing can focu on the necessary order
of diffaraction. But its zero order has a large amount of
light intensity and the diffracted light intensity is unevenly
distributed, which will result in the BER imbalance between
OAM channels. Here, we improved the Dammann vortex
gratings by inhibiting the even and zero order of diffrac-
tion and realized the uniform regulation of the diffracted
light intensity. The research results show that this improved
Dammann vortex grating can make the diffraction angle
of grating multiplied and achieve greater separation of the
diffracted order. The diffraction angle of grating is 1.8502°,
and the total diffraction efficiency is 82%. The distribution
balance of light intensity is also achieved by reducing the
number of diffraction orders. Employing this Dammann
vortex grating as demultiplexer for OAM communication
system, the BER within each order of diffraction are relatively
uniform, and the channel BER equilibrium distribution is
efficiently realized. When SNR is 22 dB, the BER of topolog-
ical charge I = +1,-1,+3,and — 3are 1.1 x 107, 1.1 x 107%,
1.0x107%,1.0x 10™* respectively. Our results indicate that the
improved vortex grating has exhibited the wide prospective
in OAM multiplexing and channel equalization for optical
communication.
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