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ABSTRACT Orbital angular momentum (OAM) shift-keying (SK), which manifests as the rapid switching
of OAM modes, is crucial but severely hampered for lacking effective demodulation techniques in OAM
communication. In this paper, we propose and investigate a novel direct-demodulation method for the
OAM-SK communication. After passing through a well-designed beam slit, the optical vortex beam will
possess varying output energies associated with the OAM modes. Hence, splitting the optical vortex beam
into two sub-beams and one of them passing through the slit, we can directly extract the OAM-SK signals
from the energy ratios of the two sub-beams. The results show that the bit-error-rate (BER) of demodulated
OAM-SK signals can reach 3.7 x 1073 even under the influence of strong atmospheric turbulence with
C? = 3 x 107!2 and misalignment of 1.8 mm. Encoding digital signals to OAM modes and amplitude
of optical vortex beams simultaneously, we construct a novel multi-modulation format composed of
16 QAM-OFDM and OAM-SK signals, which is also demodulated with the BER of 107> at the optical
signal-to-noise ratio (OSNR) of 18 dB. These demonstrate that the direct-demodulation method provides
a feasible way to demodulate OAM-SK signals and may show potential in complex OAM modulation

communications.

INDEX TERMS Free-space optical communication, optical vortices, optical modulation.

I. INTRODUCTION

Angular momentum, one of the fundamental physical quan-
tities in both classical and quantum mechanics, comprises
spin- and orbital angular momentum (OAM) [1], [2]. The
light beam carrying OAM is known as optical vortex beam,
and its helical phase wave-front can be characterized by an
azimuthal phase factor of exp(i/0), where [ is the topological
charge associated with OAM mode [2]-[14]. Theoretically,
[ can take any integer numbers, and the optical vortex beams
with different OAM modes are mutually orthogonal, which
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make optical vortex beam considerable potential in optical
communication for providing an additional degree of free-
dom [15]-[17]. OAM multiplexing and OAM shift-keying
(OAM-SK) are two main mechanisms of OAMbased com-
munication [18]-[25]. Multiplexing optical vortex beams can
provide more data channels and significantly increase the
capacity density [S]-[7]. An ultra-high-speed communication
with a total transmission capacity of 8.16Tbit/s and spec-
tral efficiency of 435bit/s/Hz was achieved by multiplexing
fifty-two optical vortex beams [26]. And the signals, which
are respectively loaded to two optical vortex beams, were
successfully transmitted over 18km OAMfiber with the bit-
rate of 8.4Tbit/s [21]. However, the OAM-SK, manifesting
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as the rapid switching of OAM modes and showing great
potential in improving modulation ability and confidentiality,
is severely hampered for lacking effective mode detection
methods [27].

Some research works on OAM-SK communication have
been reported [28]-[33]. Spatial separation is the most com-
mon way to demodulate OAM-SK signals, which diffracts
optical vortex beam to assigned diffraction orders for iden-
tification. However, this method will damage the signals
during the separation process, and the demodulation speed
is also frustrated low for the complexity of systems and
extra recognition time. Some improved detection methods
have been proposed [30]-[33], such as identifying OAM
modes by a retrieved array of sidelobe-modulated optical
vortices (SMOVs) [33] or complicated algorithms [31]-[33].
In addition, a modal decomposition technique has also been
reported in [34]-[36], which seems to show excellent merit
in OAM-SK communication, but it still relies on complicated
algorithms. These methods may provide reliable solutions for
detecting OAM modes, but the complexity of demodulation
systems and the inability to detect the rapidly switched OAM
modes make them difficult to apply to OAM-SK communi-
cations. It is an incredible challenge to demodulate OAM-
SK signals by using hologram or complex measurements
at such a high-speed. Meanwhile, the OAM-SK modulation
is rarely combined with other dimensions of light beams,
especially for intensity, because spatially separating optical
vortex beams will severely degenerate the transmitted signals.
Hence, it is also a problem to demodulate OAM-SK and other
modulation signals simultaneously.

In this paper, we propose and investigate a direct-
demodulation method for demodulating OAM-SK signals,
which may provide an efficient way for high-speed OAM-SK
communication. After passing through a well-designed beam
slit, the optical vortex beams with different OAM modes
will possess varying output energies. The beam carrying
OAM-SK signals is split into two sub-beams, and one of
which is filtered by the slit to make the output energy
change with the OAM modes. Thus, the OAM-SK sig-
nals can be directly demodulated by calculating the energy
ratio of the two sub-beams. Furthermore, we constructed a
novel multi-modulation format composed of OAM-SK and
16 QAM-OFDM signals by modulating data to OAM modes
and intensity of the optical vortex beam simultaneously.
Both the signals of 16 QAM-OFDM and OAM-SK were
well demodulated by using the direct-demodulation method.
Atmospheric turbulence and misalignment, two main factors
resulting in performance degradation of OAM communica-
tion [37], were also investigated in this work. The results
show that the OAM- SK signals can be demodulated with
the BER of 3.7 x 1072 even under the strong atmospheric
turbulence with C2 = 3 x 10~!2 and misalignment of 1.8mm.
And the 16 QAM-OFDM intensity and OAM-SK multi-
modulation signals were also demodulated with the BER of
107> at the optical signal-tonoise ratio (OSNR) of 18dB
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Il. PRINCIPLE OF IDENTIFYING OAM MODES USING

THE DIRECT-DEMODULATION METHOD
Laguerre-Gaussian (LG) beam is the most common optical
vortex beams. Its electric field distribution at the distance of
z in free space can be expressed as [38]:

\/_r —r?

! |l| 1] _
LG, = (w(z)) w(z)) ( z(z)) p(wz(z))
- exp(—i (2 ))exp<z(2p+|l|+1>
- tan™! (Z—))exp(—ll(p)exp(—ikz), e

where [ is the topological charge, p is the transverse radial
mode number. ¢ and r are the unit vectors in the azimuthal
and radial directions, respectively. k is the wavenumber, wy is
the beam waist, w(z) is the radius of the beam at z, and
z, = ko /2 is the Rayleigh length.

(al) (a2) (a3) (a4)
.

FIGURE 1. (a1)-(a8) The intensity distributions of the optical vortex
beams with / =1 to 8.

Figures 1(al)-(a8) show the intensity distributions of the
optical vortex beams (Il = 1to 8§, A = 1.55 x lO’ﬁm) at far-
field (wp=5 x 10~*m, z = 12m). Because of the phase sin-
gularity at the beam cross-section, the intensity distribution
of the optical vortex beam presents a ‘doughnut’ shape, and
the diameter (circumference) of the intensity ring increases
with the topological charge of |/| (The ring diameter of —/ is
numerically equal to /). Thus, equalizing the energy values
of the optical vortex beams, we can directly identify the
topological charge (|/|) from the energy per unit length of the
ring.

The schematic diagram of identifying OAM modes based
on the direct-demodulation method is illustrated in Fig. 2.
The optical vortex beam is split into two sub-beams (L1, L2)
by a beam splitter (BS), and its diameter increases with
the transmission distance. One sub-beam (L1) transmits for-
wardly and maintains a ‘doughnut’ shape intensity distribu-
tion, whereas the other sub-beam (L.2) is filtered by a fixed
slit. The slit, truncating the ‘doughnut’ intensity distributions,
has a size of 4mm in width and 20mm in length, as shown
in Fig. 2(a). Then, two photo-detectors (PDs) are utilized to
detect the energies. The energy ratio of the two sub-beams
will vary with the topological charge, which provides a refer-
ence to identify OAM modes without any mode conversion.
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FIGURE 2. The schematic diagram of identifying OAM modes with the direct-demodulation method. BS: beam splitter;
AT: atmospheric turbulence; PC: personal computer; MR: mirror; L1, L2: link 1, 2; PD: photo-detector; E1, E2: electrical signals.

FIGURE 3. The intensity distributions of the sub-beams with different OAM modes. (a1)-(a8) L1 with/ = 1 — 8, and
(b1)-(b8) L2 with the topological charges corresponding to (a1)-(a8).

As described in the figure, the turbulence phase screen can be
set at the initial position of zg = 2m.

Figures 3(al)-(a8) present the intensity distributions of
L1 with/ = 1to 8 at far-field (z = 12m). The energy values of
these eight optical vortex beams are maintained, but the inten-
sity diameters increase gradually with the topological charges
of L1, so the energy per unit length of the ring decreases
with the increase of topological charge. Figures 3(b1)-(b8)
show the intensity distributions of L2 with the topological
charges corresponding to Figs. 3(al)-(a8) which pass through
the slit with the width of 4mm. Consistent with our previous
discussion, the diameter (circumference) of the ring varies
with the topological charge

Therefore, the energy ratio of L1 and L2 can be calculated
by the following formula:

E 1 Ltotal
EZ Larc '

E= 2
where Rg represents the energy ratio of the two sub-beams,
Ej is the energy of L1, and E; is the energy of L2. Ly is the
circumference of the intensity ring, and L,y is the arc length
of L2 passing through the slit.

The trend chart corresponding to the standard energy ratio
of the two sub-beams is presented in Fig. 4. Limited by the
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FIGURE 4. The curve corresponding to standard energy ratios (L1/L2) of
the sub-beams with different OAM modes.

designed parameters, such as the waist of the beam (wg =
5% 10_4m), the width (4mm) and length (20mm) of the beam
slit, the size of receiving screen (0.06m x 0.06m), and the
initial position of zg, the maximal OAM modes that this link
can tolerate is [ = 8. From the figure, the energy ratios
increase from 4.2731 to 11.3331 for OAM modes with [ = 1
to 8. According to the characteristic related to the energy
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ratio, we can directly identify the OAM modes. And the
energy ratio intervals of adjacent OAM modes also provide
a decision reference which can resist noise attack to some
extent.

IIl. THE INFLUENCE OF ATMOSPHERIC TURBULENCE
AND MISALIGNMENT ON IDENTIFYING OAM MODES

A. THE INFLUENCE OF ATMOSPHERIC TURBULENCE

As one of the main factors leading to performance
degradation in optical communications, atmospheric turbu-
lence [39]-[41] causes intensity dispersion and helical-phase
distortion [42], [43], which will destroy the mutual orthogo-
nality among different OAM modes and resultin OAM modes
diffusion.

The famous structure function of the atmospheric refrac-
tive index, which obeys the “2/3 law’, has been exten-
sively studied since Kolmogorov and Obukhov proposed
in 1941 [44]. It can be expressed as:

Dy (r) =C3?3, Iy < r < Lo, 3)

where Dj, (r) is the refractive index structure function. C,% is
the atmospheric refractive index structure constant [45],
which acts as a crucial parameter for estimating the tur-
bulence strength. r is the scale of atmospheric turbulence.
[y stands for the inner scale, which describes that all turbulent
eddy kinetic energy is converted into heat energy. Lo is the
outer scales and shows that the mean field transfers energy to
turbulence. In frequency domain, the power spectral density
of Kolmogorov spectrum is related to C,%, which can be
expressed as:

@, (k) = 0.033C2k~ 1153, )

where k stands for the wave-number. However, this model is
only available for the inertial region of 1Ly K< k <K 1/ly.
Furthermore, a Tatarskii power spectrum model [46] that can
be suitable for the dissipation region is put forward, but there
exists a singularity at k = 0 or 1/Lyp — O so that the
authenticity of atmospheric turbulence cannot be completely
simulated. Based on these problems existing in previous stud-
ies, a Hill-Andrews spectrum model is proposed [47]. The
Hill-Andrews model and the turbulence phase screen used in
this work can be described as follow:

k2 + k2
K

ki + k3
—0.254( /%)—7/12]
l

2, 42
+k |
x exp(— 5 y)(kf—i—k}%-i-—z) /s, Q)
kl LO

Dp(ky, ky) =0.033C2[1 + 1.802

$(x,y) = FFT[C - @ /(NAL)) - \/27rk§Ach>n(kx, ky)l,
(6)

where ®,(k,, ky) represents the phase of k-space. kx and ky
are the spatial frequency, k; = 3.3/l. p(x,y) isa N x N
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phase screen, and FFT represents two-dimensional (2-D)
Fast Fourier Transform. AL represents the grid spacing of the
phase screen, and Az denotes the turbulence length.

If Up(x,y) is the initial function of the beam (z9 = 2m)
uninfluenced by atmospheric turbulence, the propagation
function U(x,y) after a transmission distance of Az can be
written as:

U(xy) ~ FFT ' [FFT {exp(ig (x,y) x Up(x,y)}
xexpli(ky + kD AzZ/(2k)).  (7)

Here, exp(i(kf + ky2)Az /(2k)) is the Fresnel transfer function,
FFT " is the 2-D Inverse Fast Fourier Transformation.

FIGURE 5. (a1)-(a4) The intensity distributions and corresponding helical
phases of the optical vortex beams (/= +4, z = 12m) under the
atmospheric turbulences with C2=0,1 x 10713,1 x 107125 x 10712,

Under the influence of atmospheric turbulence, the
refractive-index distribution in free space will become
inhomogeneous, which makes the optical vortex beam
propagate in a time-varying channel, and results in modes dif-
fusions that manifests as the distortion in helical-phase wave-
front and causes energy leakage to adjacent OAM channels.
Figures 5(al)-(a4) show the intensity distributions and corre-
sponding helical phases of the optical vortex beam (I = +4,
7z = 12m) under the influence of turbulence strengths with
C,% =0,1x10"13,1x10712,5 x 10712, respectively. The
wavelength of the optical vortex beam is 1.55 x 10%m, and
the waist is wgp = 5 x 10~*m. The turbulence phase screen
is set with a size of N x N = 201 x 201. The grid spacing
is AL = 2.5 x 10~*m, and the inner and outer scales are
lo =2 x 10~*m and Ly = 50m, respectively. This screen is
set at the position of zg = 2m and the turbulence length is
Az = 10m. From the figures, the circular symmetry of the
optical vortex beams are gradually destroyed, and the heli-
cal phase distortion increases with atmospheric turbulence
strength because the OAM modes diffusion degree varies
with the atmospheric refractive index structure constant C2.

As described in Fig. 6, the fluctuation of turbulence
becomes severe and causes serious modes diffusion in opti-
cal vortex beam (! = +4) with the increase of turbu-
lence strength. Under the influence of atmospheric turbulence
strengths with C2 = 1 x 10713, 1 x 10712, 5 x 10712,

VOLUME 7, 2019



Y. Li et al.: Optical OAM-SK Communication Using Direct Demodulation

IEEE Access

(al) Y R (32) 100
20 20,
| 8% | 0% |
I:'~| 15|
o
|n| o m% o
5 | e 54 et
0l nl‘
200 W% 200 20
S 200 ~ 200
100 100 —
i 100 ol & S 10 %
00 F2A0123456789 00 201 234567890
2 _ 2 _ 13
C,=0 C,=1x10
(213) 100 (34) 100%
0 20
? 0% 80% -
15 15
60% ot
10 10 B & o
5 109 54 Q é s
s
0 0.
200 - 20% | 200 W%+
S 20 RN 0
o % —— —— 1 %
00 2401234567890 00 2001 2345678900
2 —12 2 12
C, =1x10 C,=5x10

FIGURE 6. The OAM modes diffusion of the optical vortex beam (/= +4) influenced by atmospheric turbulence
strengths of (a1) C2=0, (a2) C2=1 x 10713, (a3) 2=1 x 1072, and (a4) C2=5 x 10712,

FIGURE 7. (a1)-(a6) The intensity distributions of the optical vortex beam
(I= 3) passing through the slit with the misalignments of 0mm, 0.5mm,
1mm, 1.5mm, 2mm, 2.5mm.

the mode-diffusion makes the energy leak to adjacent OAM
modes, which results that the OAM mode purity reduces to
80%, 55%, and 25%, respectively. This degeneration in OAM
modes will seriously affect the accuracy of identification
and lead to bit errors in communication. Hence, atmospheric
turbulence is a factor that must be considered in optical com-
munication, which causes modes diffusion and the decrease
of the OSNR.

B. THE INFLUENCE OF MISALIGNMENT

Misalignment means the optical vortex beam deviates from
the receiver, which also has a great influence on identifica-
tion. Figures 7(al)-(a6) describe the intensity distributions
of the optical vortex beam (/ = 3) passing through the slit
(4mm in width) with different misalignment. The intensity
distribution without misalignment is shown in Fig. 7(al).
As presented in Figs. 7(a2)-(a6), with the misalignment of
0.5mm, lmm, 1.5mm, 2mm, and 2.5mm, the intensity distribu-
tions gradually deviate from the center. This deviation makes
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FIGURE 8. The received energy ratios of OAM modes of /=1 to 8 as the
function of misalignment.

the detect energy changes and finally leads to a mutation in
the energy ratio of the two sub-beams.

Figure 8 shows the energy ratios of Ly, /L, of the optical
vortex beams (I = 1 to 8) with the atmospheric turbulence
of C2 = 1 x 107!2 and the misalignments of Omm, 0.5mm,
1mm, 1.5mm, 2mm. The ratio intervals are set to 5.5084,
6.4587,7.5929, 8.5712, 9.4457, 10.251, 10.987 according to
the reference ratios described in Fig. 4. From the figure, as the
misalignment is less than 1.5mm, the received ratios are well
maintained. However, once the misalignment over 1.5mm,
the ratios increase rapidly, which will result in a misjudg-
ment in identifying OAM modes if the received ratios exceed
the ratio intervals, especially for the topological charges of
[ = 5 to 8. Therefore, the value of OAM modes that can be
employed to perform OAM-SK communication is finite, but
which should match the size of the beam slit. And the system
performance and stability of OAM-SK communication link
with higher OAM modes are worse than the one with lower
OAM modes under the influence of misalignment.
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FIGURE 9. The schematic diagram of the OAM communication link based on direct-demodulation method. SLM: spatial light
modulator; PC: personal computer; BS: beam splitter; PD: photo-detector; E1, E2: electrical signals detected by PD1, PD2;

PS: power splitter; EA: electric amplifier.

IV. OAM COMMUNICATION LINK BASED ON THE
DIRECT-DEMODULATION METHOD

Figure 9 shows the schematic diagram of the OAM com-
munication link based on the direct-demodulation method.
The SLM loaded with phase hologram was used to pro-
duce optical vortex beams, and the turbulence screen was
added at the initial position of zp = 2m. For the multi-
modulation, encoding signals to the intensity and OAM
modes of beam simultaneously, the intensity-modulation sig-
nals can also be extracted by the direct-demodulation method.
In this work, a BS was used to decompose the optical vortex
beam into two sub-beams with the same energy. One sub-
beam (L1) transmits forwardly without interference, while
the other sub-beam (L2) was filtered by a well-designed
slit (4mm in width). Then, the OAM mode was directly
identified by calculating the energy ratio (E1/E2) of the two
sub-beams. By continuously refreshing the phase holograms,
the produced optical vortex beam will possess switched OAM
modes. Mapping the digital signals to the OAM modes
(load different phase holograms), the OAM-SK modulation
was realized. Furthermore, using a Gaussian beam carrying
16 QAM-OFDM signals as the input light, a multi-
modulation communication link combining OAM-SK and
16 QAM-OFDM signals was achieved.

A. OAM-SK COMMUNICATION BASED ON THE
DIRECT-DEMODULATION METHOD
The OAM-SK manifesting as the rapid switching of OAM
modes was realized by encoding digital signals to OAM
modes. Table 1 shows the mapping relationship between the
OAM modes and encoded signals. Here, eight OAM modes
were employed, and each OAM mode corresponds to a 3-bits
binary series. To optimize the BER performance, we make
the binary series among adjacent OAM modes only possess a
1-bit difference.

The energy ratios were divided into eight intervals by
choosing the midpoints of adjacent ratios as the interval

103438

TABLE 1. The energy ratios and encoded data for different OAM modes.

OAM () Stan(d]_z‘llr/(i l;)atios Eng;gf:r;))ata
1 4.2731 000
2 5.8437 001
3 7.0736 010
4 8.1122 011
5 9.0303 100
6 9.8611 101
7 10.6399 110
8 11.3331 111

TABLE 2. The correspondence between decision thresholds and decoded
data.

OAM | Standard Ratios Decision Decode Data
() (L1/L2) Thresholds (Binary)
1 4.2731 0~5.5084 000
2 5.8437 5.5084 ~ 6.4587 001
3 7.0736 6.4587 ~7.5929 101
4 8.1122 7.5929 ~ 8.5712 100
5 9.0303 8.5712 ~9.4457 110
6 9.8611 9.4457 ~ 10.251 111
7 10.6399 10.251 ~ 10.987 011
8 11.3331 10.987 ~ 0 010

points, which acts as the decision thresholds for demod-
ulating OAM-SK signals. Table 2 presents the relation-
ship between the decoded data and decision thresholds.
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The decision thresholds were well set for identifying OAM
modes and can be applied to the OAM-SK communication
links under the influence of misalignment and noise factors
such as atmospheric turbulence, amplified spontaneous emis-
sion noise (ASE), and crosstalk.

The demodulation of OAM-SK signals was realized by
directly extracting the energy ratios of the two sub-beams
(L1, L2). The received ratios are compared with the ratio
intervals for offline demodulation. As previously described,
the output energy of the optical vortex beam filtered by
the slit will be influenced by atmospheric turbulence and
misalignment. Thus, we first investigate the effects of atmo-
spheric turbulence on the demodulation of OAM-SK signals.
Figure 10 illustrates the BER performance with the influence
of atmospheric turbulence. From the BER curve, the OAM-
SK signals are demodulated with a BER of 9.4 x 10~ under
the influence of moderate atmospheric turbulence (C2 <
0.5 x 107!2). Even under the strong atmospheric turbulence
of C2 = 3 x 107!2, the BER also below 3.7 x 1073, The
reason for the BER increases with the atmospheric turbulence
strength can attribute to the beam spreading and scintillation.

TABLE 3. The received ratios of the optical vortex beams with the
influence of misalignment.

OAM Received Energy Ratios Decision
U Omm | 0.5mm | 1mm | 1.5mm | 2mm Thresholds
1 4.27 4.25 4.23 4.10 434 0~5.5084

2 5.84 5.82 5.80 5.63 590 | 5.5084 ~6.4587

3 7.07 7.06 7.04 6.92 730 | 6.4587~7.5929

4 8.11 8.10 8.08 8.01 8.47 | 7.5929 ~8.5712

5 9.03 9.02 9.00 8.93 9.48 | 8.5712~9.4457

6 9.86 9.85 9.84 9.78 10.38 | 9.4457 ~10.251

7 10.63 10.63 | 10.62 | 10.56 | 11.21 | 10.251 ~10.987

8 11.33 11.33 | 11.32 | 11.27 | 11.98 10.987 ~ o0

We have further studied the influence of misalignment
on the BER performance under the strong atmospheric tur-
bulence of C,f = 1 x 10712, As shown in Table 3,
the received ratios slightly decrease with the misalignment
under ~ 1.5mm. However, once the misalignment over 2mm,
the ratios rapidly raised, and the ratios corresponding to
OAM modes of [ = 5 to 8 exceed the decision threshold.
These indicate that the misalignment has a greater impact
on the detection of higher-order OAM modes, leading to a
misjudgment in identifying OAM modes and deteriorating
the BER performance of OAM-SK communication link.

Figure 11 shows the BER curve as the function of mis-
alignment under the influence of atmospheric turbulence with
C,% = 1 x 107!2. The BER increases gradually with the
misalignment below 1.8mm, but still less than 9 x 10~* at the
misalignment of 1.8mm. However, when the misalignment
over 1.8mm, the BER increases because the received ratios
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FIGURE 11. The BER curve as the function of misalignment.

corresponding to OAM modes (/=1 to 8) deviate the center
and even exceed the decision thresholds, especially for the
higher-order OAM modes.

B. OAM-SK AND 16 QAM-OFDM MULTI-MODULATION
COMMUNICATION BASED ON DIRECT-DEMODULATION
The OAM-SK and 16 QAM-OFDM multi-modulation com-
munication based on the direct-demodulation method was
realized by modulating 16 QAM-OFDM signals to the
Gaussian input beam, as shown in Fig. 9. Here, the
16 QAM-OFDM signals should be transmitted in a fixed
time-slot to avoid being damaged because there is a transi-
tion state existed in the refresh process of the two adjacent
OAM modes. After propagating for a certain distance in free
optical space, the optical vortex beam carrying OAM-SK and
16 QAM-OFDM signals were divided into two sub-beams
(L1, L2) by a BS. The L1 propagates forwardly while the
other sub-beam (L2) was filtered by a slit (4mmin width)
before being converted into electrical signals (E1, E2) by
PD1 and PD2, respectively. The E1 was divided by a power
splitter (PS, 50% 50%), one of which was amplified
by an electrical amplifier (EA) and combined with E2 for
demodulating OAM-SK signals, and the other was used for
the off-line processing of 16 QAM-OFDM signals.

Figure 12 shows the BER performance of the OAM-SK
signals with the influence of atmospheric turbulence in
the multi-modulation communication link. The BER of the
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FIGURE 12. The BER curve as the function of atmospheric turbulence
strength in the multi-modulation communication link.
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FIGURE 13. The constellations of 16 QAM-OFDM signals at the OSNR of
(a) 15dB, (b) 16dB, (c) 17dB, and (d) 18dB.

demodulated OAM-SK signals is 9.8 x 10~ with the atmo-
spheric turbulence of C,% = 0.5 x 10712, and can still reach
3.8 x 1073 even under the influence of strong atmospheric
turbulence with C? = 3 x 10712,

The down-conversion of 16 QAM-OFDM signals in the
multi-modulation communication link is also based on direct-
demodulation. The influence of atmospheric turbulence on
the optical vortex beam will lead to signal damage and optical
energy spreading, which further results in the deterioration of
communication performance. That is, atmospheric turbulence
brings a decrease of OSNR to the multi-modulation com-
munication link. With the atmospheric turbulence strength
increases, the OSNR decreases and makes the convergence
of demodulation constellations worse. Figures 13(al)-(a4)
describe the demodulated constellations and corresponding
error vector magnitudes (EVMs) of the 16 QAM-OFDM sig-
nals at the OSNR of 15dB, 16dB, 17dB, 18dB, respectively.
From the figures, with the OSNR decreased from 15dB to
18dB, the EVMs increased from 11.06% to 15.89%, but the
constellations can still be distinguished.

Figure 14 shows the BER performance of the demodulated
16 QAM-OFDM signals under different OSNRSs in the multi-
modulation link. When the OSNR is 18dB, the 16 QAM-
OFDM signals were demodulated with a BER of 1.5 x 1073,
As the OSNR reduced to 15dB, the BER is still below
1.9 x 1073, These demonstrate that the direct-demodulation
method for the demodulation of 16 QAM-OFDM signals is
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FIGURE 14. The BER-OSNR curve of 16 QAM-OFDM signals in the
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well performed in the designed multi-modulation communi-
cation link.

V. DISCUSSION AND CONCLUSION
In this work, we propose and investigate a novel direct-
demodulation method for demodulating OAM-SK signals,
which is implemented with a well-designed beam slit.
Splitting the optical vortex beam into two sub-beams and
one of which passes through the slit, we can directly extract
the OAM-SK signals from the energy ratios of the two sub-
beams. This method can directly convert the OAM modes
information into energy ratios without any mode conversion,
making it possible to demodulate OAM-SK signals in high-
speed. Besides, this technique is also suitable for identify-
ing any ring-based modes, such as, the cylindrical vector
beam [48] and the vector vortex beam [49], of which the
diameter varies with the polarization order or OAM mode

In addition, it can directly demodulate multi-modulation
signals composed of OAM-SK and OFDM  intensity-
modulation signals simultaneously because OAM is a dimen-
sion independent of the intensity of lights. Furthermore, this
method has the advantage of mitigating atmospheric turbu-
lence and misalignment bellow 1.8mm in OAM-SK commu-
nication because of the high tolerance of decision thresholds
in resisting the adverse effects of atmospheric turbulence-
and misalignment-induced. The results show that the BER
is less than 3.8 x 1073 even under the strong atmospheric
turbulence of C2 = 1x 10~ !2 and the misalignment of 1.8mm
in OAM-SK communication link. And the 16 QAM-OFDM
and OAM-SK signals were also well demodulated with the
BER of 3.8 x 1073 under the strong atmospheric turbulence
of C2 = 1 x 1072, These results indicate that the direct-
demodulation method may possess potential values in high-
speed and complex OAM based modulation communications.
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