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Atmospheric turbulence (AT) induced crosstalk can significantly impair the performance of a free-space optical (FSO)
communication link using orbital angular momentum (OAM) multiplexing. In this paper, we propose a multiple-user
detection (MUD) turbulence mitigation scheme in an OAM-multiplexed FSO communication link. First, we present a
MUD equivalent communication model for an OAM-multiplexed FSO communication link under AT. In the equivalent
model, each input bit stream represents one user’s information. The deformed OAM spatial modes caused by AT, instead
of the pure OAM spatial modes, are used as information carriers, and the overlapping between the deformed OAM spatial
modes are computed as the correlation coefficients between the users. Then, we present a turbulence mitigation scheme
based on MUD idea to enhance AT tolerance of the OAM-multiplexed FSO communication link. In the proposed scheme,
the crosstalk caused by AT is used as a useful component to deduce users’ information. The numerical results show that
the performance of the OAM-multiplexed communication link has greatly improved by the proposed scheme. When the
turbulence strength C2 is 1 x 1013 m~2/3, the transmission distance is 1000 m and the channel signal-to-noise ratio (SNR)
is 26 dB, the bit-error-rate (BER) performance of four spatial multiplexed OAM modes /,, = +1,+2,+3,+4 are all close
to 1073, and there is a 2-3 fold increase in the BER performance in comparison with those results without the proposed
scheme. In addition, the proposed scheme is more effective for an OAM-multiplexed FSO communication link with a larger
OAM mode topological charge interval. The proposed scheme is a promising direction for compensating the interference
caused by AT in the OAM-multiplexed FSO communication link.
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1. Introduction

Orbital angular momentum (OAM) is identified by the an-
gular distribution of its wave phase front.!!! Generally, a laser
beam with a helical phase front, i.e., containing a phase term
of exp(il0), carries an OAM value of /7 on each of its pho-
tons, where / is an unbounded integer indicating the topologi-
cal charge, 0 is a azimuthal angle, and 7 is the reduced Plank’s
constant.>3! In this context, research studies have shown that
an increase of both channel capacity and spectral efficiency
can be achieved by exploiting the orthogonality phenomenon
among different OAM modes.!¥) The OAM multiplexing tech-
nique has been extensively studied in both free-space opti-
cal (FSO) communication systems and fiber communication
systems.>-14]

One limitation of the FSO communication link is
known as the atmospheric turbulence (AT) induced signal
degradation.!>~!71 The purity of an OAM mode is susceptible
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to spatial aberrations caused by AT when data-carrying OAM
beams are transmitted through an AT aberrated channel.[!8-21]
Part of the energy would be spread from one OAM mode to
other OAM modes after the turbulent propagation. Conse-
quently, AT causes both errors for a single OAM mode and
time-varying crosstalk among different OAM modes.!??! Tt is
shown that these errors and interference significantly impair
performance of an OAM-multiplexed FSO communication
link.[>3! Subsequently, several methods have been presented
to mitigate the crosstalk caused by atmospheric turbulence in
the OAM-multiplexed FSO communication link.?4°! For ex-
ample, a wavefront correction method has been used to com-
pensate the deformation caused by AT.?4261 A low density
parity check (LDPC) coding method has been used to re-
duce the OAM modal crosstalk induced by AT in Ref. [27].
We proposed a channel coding scheme to mitigate AT inter-
ference and achieved a big improvement in the performance

S.[28

of the AT interference systems.”8! In addition, a multiple-
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input-multiple-output (MIMO) adaptive equalization method
has been used to mitigate crosstalk degradation in an OAM-

(291 In all of the above

multiplexed FSO communication link.
turbulence mitigation methods, however, the crosstalk caused
by AT is regarded as a noise to the communication system and
the noise is restrained rather than utilized in the systems’ in-
formation detection.

In a different context, the multiple-user detection
(MUD) 393! technique provides a good solution both for the
joint detection of all the interfering signals'3%! and the single-
user detection. In addition, it is robust against the mul-
It has been

verified that it is an effective way to mitigate multiple ac-

tiuser interference and the background noise.

cess interference and fading effect in wireless communication
systems.*3 Currently, a lot of MUD algorithms have been de-
signed to utilize the interference among the multiple users to
obtain the optimum sending information, such as the optimum
MUD algorithm,** de-correlating detection linear MUD
algorithm, [*3] minimization of mean-square-error(MMSE) de-
tection linear MUD algorithm,[*%! blind adaptive detection
algorithm, 371 non-linear MUD detection algorithm,Bg] and
neural network detection algorithm.[**) In each MUD algo-
rithm, the interference is used as a useful component for de-
tecting the users’ information.

In this paper, we present a turbulence mitigation scheme
based on MUD idea in the OAM-multiplexed FSO commu-
nication link. Here, the crosstalk caused by AT is utilized as
a useful component instead of an interference and it is used
to obtain the sending information. Firstly, an equivalent MUD
model for the OAM-multiplexed FSO communication link dis-
turbed by AT is presented. In the equivalent model, each in-
put bit stream represents one user’s information, the deformed
OAM modes caused by AT, which are the substitutes of the
pure OAM modes, are used as information carriers to modu-
late each user’s information. The problem caused by AT in
the turbulent aberration channel is now changed to the prob-
lem of modulating users’ information with the deformed OAM
modes at the transmitter. The overlapping between the de-
formed OAM modes are computed as the correlation coeffi-
cients. Subsequently, the de-correlating detection method is
adopted to detect the users’ sending information. The perfor-
mance of the OAM-multiplexed communication link is dis-
cussed with and without the proposed mitigation scheme.

The rest of the paper is organized as follows. In Section 2,
the theoretical analysis of the equivalent MUD model for the
OAM-multiplexed FSO communication link disturbed by AT
is presented, and the de-correlating MUD detection method
is used to solve the problem. In Section 3, simulation envi-
ronment of the turbulence model and the turbulence mitiga-
tion scheme based on MUD is firstly given. Then, the per-

formance of the OAM-multiplexed FSO communication link
is discussed with and without the proposed turbulence mitiga-
tion scheme. The conclusions are given in Section 4.

2. A turbulence mitigation scheme based on
MUD in the OAM-multiplexed FSO commu-
nication link

In this section, an equivalent MUD model for the OAM-
multiplexed FSO communication link disturbed by AT is pre-
sented, and subsequently the de-correlating MUD detection
method is used to solve the MUD detection problem.

2.1. The equivalent model of OAM-multiplexed FSO com-
munication link through atmospheric turbulence

A schematic diagram of an equivalent MUD model for the
OAM-multiplexed FSO communication link disturbed by AT
is shown in Fig. 1, where figure 1(a) is the OAM-multiplexed
FSO system disturbed by AT, figure 1(b) is an equivalent MUD
system model. In Fig. 1(a) we assume that each user has an
input bit stream and that each input is an information-carrying
Gaussian beam with planar phase front in a multilevel am-
plitude/phase modulation format. A spiral phase mask in an
OAM mode converter transfers the input planar phase front
to a helical one, resulting in the generation of an OAM spa-
tial mode, labelled by LGy, (r,0),LG;, (1 0),...,LGy,(r,0),
where LG, (r,0),m € 1,...,N are called pure OAM spatial
modes and [, is the corresponding OAM topological charge.
Different pure OAM spatial modes are mutually orthogonal
in principle.!*° Subsequently, N OAM beams are multiplexed
to a superposition OAM mode beam in an OAM mode multi-
plexer and the superposition OAM mode beam is transmitted
through the free space channel disturbed by AT and additive
white Gaussian noise (AWGN). Consequently, the received
OAM mode is distorted, and the crosstalk is introduced, which
results in the errors in the OAM-multiplexed FSO communi-
cation link. In Fig. 1(b), the distortion of the superposition
OAM mode is equal to an output of a multiple users com-
munication system with the deformed OAM modes’ modula-
tion. Now, each input information-carrying Gaussian beam is
modulated by a deformed OAM mode in a deformed OAM
mode converter, where LG, (r,0),LG},(,8),...,LG, (r,0)
are the corresponding deformed pure OAM modes,
LGy, (r,0),LG,(r,0),...,LGy(r,0), disturbed by AT. The
distorted OAM beam is obtained by superposing all the de-
formed information-carrying OAM beam in a deformed OAM
mode multiplexer, and the transmission channel is only with
AWGN noise. It is obvious that the influence caused by AT
at the atmospheric aberrated channel in Fig. 1(a) is moved to
the modulation procedure of the communication system at the
transmitter in Fig. 1(b).
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Fig. 1. (color online) An equivalent MUD model for the OAM-multiplexed FSO communication link disturbed by AT. (a) The OAM-

multiplexed FSO system; (b) an equivalent MUD system.

The analysis of the equivalent MUD model is presented
as follows.

Laser light with a Laguerre—Gaussian (LG) amplitude
distribution is found to have a well-defined orbital-angular

momentum.**?] LG mode can be expressed as!>!

2p! rf Il
LOIn0) =7 <p+|1|>'wO{ o }

2,2 _2
x L! [ ] exp { ] exp(—ilf), (1)
w5 w

where r is the radial distance from the propagation axis, 6
is the azimuthal angle, and wy is the radius of the zero-order
Gaussian beam at the waist, and Lﬁ,() represents the gener-
alized Laguerre polynomial, p refers to the number of radial
nodes of the mode in the intensity distribution, and / refers to
the topological charge number. Hence, the multiplexed OAM
beams in Fig. 1(a) which contain N mutually orthogonal OAM
modes could be expressed as

LG[ o),

UMUX r0, I 2)

HMZ

where s,,(t) is the mth user’s information, LGy, (r,6) is the
mth user’s modulation spatial channel mode with topological
charge /.

Turbulence aberration occurs when the multiplexed OAM
beams transmit through the free-space optical link. Here, a
thin sheet phase screens model is used to simulate the aberra-
tion. The spatial variation caused by AT can be approximated
by several thin sheets with random phase screen ¢(r, 6) that
modify the phase profile of the propagating beam. 3] Accord-
ing to the principle of the wave propagation, the multiplexed
OAM beams before the first random phase screen would be

Ul\l,[fjx(r,e,t):FFT [FFT[Umux (1, 8,1)]Uprop (ks ky)], (3)

where FFT, FFT~!
inverse transformation, respectively, and Upmp(kx,ky) is the

represent fast Fourier transform and its

propagation function in k-space, which can be expressed as
—iAZ(k} k) ]

2k(Ax)2 @

Uprop (kx, ky) = exp [

Here, k = 2m/A is the wavenumber, A is the optical wave-
length, AZ is the transmitting distance between two neighbour-
ing phase screens in z direction, Ax is the grid spacing in x di-
rection. The multiplexed OAM beams after the first random

phase screen would be

UI\I/ITJX(nGat)
= UI\I/HJX(r?G’[)ei(DI(’?e)
= FFT_I[FFT[UMUX(r 0,1)|Uprop (ky, ky)] &' ¥ (r6)

= FFT™'[FFT] Zsm )LGy,, (7, 6)]Uprop (e, ky ) & #1076

m=1

N
= Y 5,u(t)FFT ' [FFT[LGy, (1, 0)]Uprop (ks ky)] e #1"0) (5)
m=1

where @;(r,0) is the first random phase screen. Here, FFT,
FFT~!
lationship with the variable s,,(r). Hence, s,,(¢) is picked out
from FFT and FFT~! transformation.

The procedure is repeated until the last random phase
screen is reached. Therefore, the multiplexed OAM beams

are computed in the spatial domain, which have no re-

after the turbulent aberration channel are

Unux (1,0,1)
FET ! [FET[U ) (1, 6,1)]Uprop (ke Ky )] € 9159 4 (1)

i Sm(t)FFT'[FFT- -

m=1

[EFTILG,, (7, 8)Uprop (ke, ky)] €191 39)]
X Uprop (kx, ky)] eifpz(n@)] .
Upr0p(kxaky)] eifn(nd) +n(t)

[FFT~![FFT[FFT !
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Il
M=

sm(t)LG) (r.0)+n(1), (6)

m=1

where 7 is the total number of random thin sheet phase screens,
n(t) is the channel AWGN noise, LG) (r,0) is defined as the
deformed OAM mode,

LG?m (r,0)
= FFT !'[FFT... [FFT !'[FFT[FFT"!
[EFT[LG,, (1, 8)Uprop (ks ky)] & 1919
X Uprop (ke iy )] € 250 Uprgp (ks Ky )] € 91050)(7)

Here, LG;m (r, 0) represents the state after the pure OAM mode
LG;,, (r,0) transmitting through all » random thin sheet phase
screens, where the space distance between the successive ran-
dom phase screens is AZ. It is indicated that LG; (r,0) is
the deformed LGy, (r,6) spatial mode. There is a correla-
tion between any two of them; i.e., LG; (r,0) and LG;j(r, 0),
i # j,i,j € [1,N] are not orthogonal.

Equation (6) shows that the output of the OAM-
multiplexed communication link disturbed by AT can be con-
sidered to be a communication system with each user’s infor-
mation s, (#) modulated by a corresponding deformed OAM
mode LG;m (r,0). Consequently, the crosstalk caused by AT in
the turbulent aberration channel is now moved to the modula-
tion procedure with a deformed OAM mode at the transmitter.
Of course, the crosstalk is produced among the different OAM

spatial channel modes because the deformed OAM modes ex-
pressed in Eq. (7) are not orthogonal to each other either in the
superposition state.

2.2. The turbulence mitigation using de-correlating MUD

detection

It is shown that equation (6) is a typical formula of re-
ceived signal in a multiple access channel (MAC) system,
where LG;m(r7 0),m € 1,...,N are functions similar to direct
spread sequences in the MAC system, and n(r) is a chan-
nel AWGN noise. The inner product of any two deformed
OAM spatial modes (LG;’,(r,G),LG;/_(r, 0)) is similar to the
correlation between two users in the MAC system. Accord-
ingly, MUD method could be used to solve the above prob-
lem. Figure 2 is a schematic diagram of the proposed turbu-
lence mitigation scheme based on MUD. In the scheme, the
received multiplexed OAM beams are first de-multiplexed by
each deformed OAM mode matched filter, which is denoted as
L Z{(r,e), ke [1,N],

LG}, (r.6) = FFT "' [FFT[LGy, (1, 0)Uprop(kx,ky)],  (8)

where LGy (, 8) is the k-th received OAM mode with topolog-
ical charge Iy. LGZ{ (r,0) denotes the state when the pure OAM
beam LGy, (r,0) transmits distance nAZ without AT distur-
bance (representing by n random phase screens) and AWGN
noise, n is the total random phase screens number with AZ

distance of any neighbouring phase screens.
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Fig. 2. (color online) The turbulence mitigation scheme based on MUD for the OAM-multiplexed FSO communication link.

Therefore, the received signal for the k-th user yi(r)
through deformed OAM mode matched filter can be given as

Wlt) = / / Usiux (1, 0,1)LG])" (1, 0)rdrdo
N

n;sm(z) / / LG}, (1,6)LG,” (1, 0)rdrd6 + (1)

x //LG}’k*(r, 0)rdrdo

N
=skOMa+ Y, () Mom + (1), ©)
m=1,m#k

where LG} (r, 0) is a conjugate of LGj (r,8). Crosstalk factor
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Nim and ng (1) are defined as
Nim = //LG;m(r,G)LGZ(*(V,G)rdrdG, (10)
n(t) Zn(f)/ LG *(r,0)rdrd6. (11)

Moreover, by dividing both sides of Eq. (9) with 1y, the

received signal for the k-th user J(¢) can be simplified as

N
) =skO)+ Y snlt) w4 Aa(0), (12)
m=1mstk
where o = Tion /M and g (1) = n(t) /M.

From Eq. (12), it is shown that the k-th received signal
$% () contains the k-th user’s useful information sy (¢), and the
correlation information Z%:l,m 2 Sm(t)Tin from other users,
where f)y,, is the normalized crosstalk factor.

For all the users, the received signals are given as

91(1) 1 v
$a(r) i 1 flon
In(t) vt fivz -+ 1
s1(1) Ay (1)
Sz(l) ﬁz(l
X . + ) . (13)
sn(t) Ain(t)

The corresponding matrix formula is
Y=HS+N, (14)

where H is the normalized cross-correlation matrix with the
relative crosstalk fjy,,, and IN is the AWGN vector which has
elements of 7 (t),k € [1,N].

The cross-correlation matrix H shown in Eq. (14) is de-
termined by the normalized crosstalk factor g, = N/ Niks
where Ny, is the inner product between the output of the m-th
OAM mode LG;m (r,0) which passed through the atmosphere
turbulence channel and the OAM mode LGy, (r, 0) transmitting
distance z without turbulence. The details for LG; (r,6) and
LGZ{ (r,0) are described by Egs. (7) and (8).

If H in Eq. (14) is invertible, the solution for .S can be
obtained by multiplying each side of the Eq. (14) by H!,

S=H'Y=H '"(HS+N)=S+H'N. (5

This is called de-correlating MUD method. It is shown
that the de-correlating MUD method can effectively cancel
the interference between users. Importantly, the de-correlating
MUD method makes the interference caused by AT become a
useful component to obtain the users’ information. As dis-
played in Eq. (15), the received users’ information is only in-
terfered by additive white Gaussian noise.

Of course, the matrix H is not always invertible. Further-
more, the computational complexity is normally high, even if
the invertibility of H is existed. The other MUD solution,
such as blind adaptive detection algorithm,*”] can be used
to solve the problem in Eq. (14). Furthermore, the cross-
correlation matrix H should be altered during the multi-user
detection method used. Hence, it is suitable for atmospheric

turbulence that varies slowly.

3. Numerical simulations

In this section, we discuss the effect of the proposed tur-
bulence mitigation scheme by numerical simulations. We use
10 random phase screens to approximate AT disturbance. The
transmitting distance z is 1000 m, and the space distance be-
tween the successive random phase screens is AZ = 100 m.
The inner scale size of phase screen is [ = 1 mm, the outer
scale size of phase screen is Ly = 50 m. The size of the phase
screen is 128 x 128 with grid spacing Ax = 2 mm. The struc-
ture constant of the index of refraction C2, representing the
different turbulence strength, is set from 1 x 10715 m2/3 1o
1 x 10~'3 m~2/3. Four users are used in the multiplexing sys-
tem. Each user carries an OOK signal using the binary bits
stream. The binary bits stream is represented by an indepen-
dent and identically distributed (i. i. d.) binary sequence with
equal probability po = p; = 1/2. The iteration number of the
binary bits stream is 10000. The parameters for the LG mode
are as follows. The radial number of Laguerre polynomial is
p =0, the radius of the zero-order Gaussian beam at the waist
is wo = 0.035 m, and the wavelength is A = 1550 nm.

Figure 3 shows the crosstalk caused by AT in the
superposition OAM mode beam for the transmitted OAM
spatial modes [, € {+1,+2,+3,+4} when C2 is 1 x
10~ 14m2/ 3 the received OAM modes are LG modes
with [, € {-3,-2,—1,0,+1,42,+43,+4,+5,4+6,+7,+8}.
It is shown that the superposition OAM mode beam is
distorted when it is transmitted through AT. Using the
transmitted OAM mode [, = +1 as an example, the
normalized power of received OAM mode [ = +1 is
0.42, the other power is moved to OAM modes [; =
{-3,-2,—-1,0,42,4+3,+4,+5,4+6,+7,+8}. Their normal-
ized powers are 0.0234, 0.0406, 0.0721, 0.129, 0.141, 0.072,
0.039, 0.021, 0.011, 0.008, and 0.005, respectively. It is
shown that AT induces heavily crosstalk to the OAM spatial
modes, which results in a quality degradation of the OAM-

multiplexed communication link.
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modes I, € {+1,42,43,+4} when C2 is 1 x 10714 m~2/3

{=3,-2,—-1,0,41,42,43, 44,45, 46,47, +8}.

Figure 4 shows the BER performance of OAM-

multiplexed communication link with and without MUD mit-

igation scheme against the strength of AT C2, where SNR

for AWGN noise is set to 20 dB. Figure 4 chooses trans-
mitted and received OAM modes as LG modes with [,,,,[; €
{+1,42,+43,4+4}. The results show that the BER perfor-
mance of the OAM-multiplexed FSO link decreases as C2 in-

creases. In addition, the BER performance is improved greatly

by using the proposed scheme. When C2 is 1 x 10715 m

-2/3

the BER performance of the proposed scheme is 1 x 1074,
2% 1074, 3 x 1074, 2.5 x 1074, respectively, which is a 1—

2 fold increase in comparison with those results without the

MUD mitigation scheme.

Figure 5 shows the BER performance of OAM-
multiplexed FSO link with and without the proposed MUD

mitigation scheme against SNR when the transmitted and re-
ceived OAM modes are I, [y € {+1,+2,+3,+4}, and C2 is
1 x 1075 m~2/3, The results show that the BER performance
of the OAM-multiplexed FSO link decreases as the SNR in-

creases.

son with those results without the MUD mitigation scheme.

When SNR is 26 dB, the BER performance with
MUD are all close to 10~ for the four OAM modes I, €
{+1,42,+3,+4}, which is a 2-3 fold increase in compari-
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Fig. 4. (color online) The BER performance of OAM-multiplexed FSO
link with and without MUD mitigation scheme against C2 when the
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for AWGN noise is set to 20 dB. MS represents the proposed MUD
mitigation scheme.

In order to demonstrate the mitigation effect of the pro-

posed scheme on the crosstalk, figure 6 shows the BER per-
formance of a two OAM-multiplexed FSO link with one trans-
mitted OAM channel mode is /,;; = +1 and the other is /,,, =
+1+ A, against OAM topological charge interval A, when
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C2is 1 x 107" m~2/3 and SNR is 20 dB. The results show
that the larger topological charge interval A is, the better BER
performance the OAM-multiplexed FSO link has. Simultane-
ously, the two OAM-multiplexed FSO link with the proposed
MUD mitigation scheme has a better BER performance in
comparison with those without the MUD mitigation scheme.
The reason for this is that the OAM-multiplexed FSO link
has a less crosstalk when the modes in the link with a larger
topological charge interval and the proposed MUD mitigation
scheme has a better performance on the less crosstalk. When
the topological charge interval A is 1, the BER performance

100 T T T T T T y
—©— [ =+1 with MS
—O— [ =41 without MS
—*— [ =+2 with MS
. —%— | =42 without MS
107°F =43 with MS
| =43 without MS
—+— [ = +4 with MS
L _ —+— | = 44 without MS
02 =& ZE IE T o—e- 3
[ T —x— T T o—
= E - —o —on o TF= —+
M TO— it

103

104

3

10 12 14 16 18 20 22 24 26
SNR/dB

Fig. 5. (color online) The BER performance of OAM-multiplexed
FSO link with and without the proposed MUD mitigation scheme
against SNR when the transmitted four OAM modes are [, €
{4+1,42,43,+4},and C2 is 1 x 10~1° m~2/3 | MS represents the pro-
posed MUD mitigation scheme.

109 T T T T T T
—6— | =+1 with MS
—0— [ =+1 without MS

BER

OAM mode topological charge interval A

Fig. 6. (color online) The BER performance of a two OAM-multiplexed
FSO link with the two OAM-multiplexed modes being /,,; = +1 and
Lmp = +1+ A, against OAM topological charge interval A, when Cﬁ is
1x 10~ m~2/3 and SNR is 20 dB. MS represents the proposed MUD
mitigation scheme.

with the proposed scheme is the same as the BER performance
without the proposed scheme. As the OAM mode topological
charge interval increases, the BER performance of [, = +1
mode with the proposed scheme becomes better. When A is
8, the BER performance with the proposed scheme can be an
almost 1-fold increase on that without the MUD mitigation
scheme.

4. Conclusion

In this paper, we have proposed a MUD idea turbulence
mitigation scheme for the OAM-multiplexed FSO commu-
nication link. First, we have presented a MUD equivalent
communication model for the OAM-multiplexed FSO com-
munication link disturbed by AT. In the equivalent model, the
crosstalk caused by AT is moved from the channel to the trans-
mitter and used as the correlations between the users. Then,
we have given an MUD solution for the equivalent model to
enhance the AT tolerance of the OAM-multiplexed FSO com-
munication link. In the scheme, the crosstalk caused by AT is
not regarded as noise but is regarded as a useful component to
obtain the users’ information. The results have shown that the
proposed mitigation scheme can effectively improve the AT
tolerance of the OAM-multiplexed FSO communication link.
For the four OAM-multiplexed FSO communication links with
the transmitted OAM spatial modes [,, = {+1,+2,+3,+4},
the BER performance with the proposed scheme is close to
107>, which is a 2-3 fold increase in comparison with those
results without the MUD mitigation scheme. Here, C,% is
1 x 1015 and channel SNR is 26 dB. Moreover, the OAM-
multiplexed FSO link with a larger OAM mode topological
charge interval in the proposed MUD mitigation scheme has a
better BER performance.
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