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ABSTRACT In this paper, we propose an adaptive multiple-input–multiple-output (MIMO) free-space
optical (FSO) links using an orbital-angular-momentum (OAM)-multiplexed based on the spatial-
mode multiplexing (SMM) through the turbulent channel. We propose to use the SMM and spatial-mode
diversity (SMD) combined with an adaptiveMIMO technique to mitigate the atmospheric turbulence effects.
In this paper, our objective is to design the adaptive MIMO–FSO links based on OAM–MIMO/SMM
multiplexed and analyze its performance in the atmospheric turbulence conditions. The simulation results
show four OAM modes-based MIMO/SMM and resulting in four OAM-multiplexed channels. Each
OAM mode carries a 100-Gbit/s quadrature phase-shift keying signal (aggregate 400 Gbit/s) on a single
wavelength channel (λ ∼ 1550 nm) and is transmitted for a 2-km link. The calculated received power and
inter-channel crosstalk of an OAM–MIMO/SMM signal fluctuate by 4.5 –6 dB, respectively. The power
penalties can be reduced by 1–4 dB for all channels after OAM–MIMO/SMM equalization at a bit-error
rate (BER) of 10−9. The calculating results show that the system using an OAM-based MIMO/SMM
and SMD multiplexing achieves superior BER performance using an adaptive MIMO/SMM equalization.
The Numerical results show favorable transmission performance of OAM based on MIMO/SMM and
the SMD multiplexing compared to the conventional-MIMO (CMIMO) of FSO transmission link. The
Simulation models verified the superior BER performance of OAM–SMD-based MIMO/SMM. The
SMM/MIMO–SMD technique performed better in the channel capacity and signal-to-noise ratios over other
commonly used CMIMO algorithms. To sufficiently discuss the OAM–MIMO/SMM behavior-based SMD
multiplexing, the performance of the novel SMM/MIMO–SMD technique is analyzed using simulations
based on the Matlab/simulink program in order to verify the accuracy of the models and simulation results.
This paper could be useful for the practical implementation of the SMM and the SMD using an adaptive
MIMO equalization in the FSO systems.

INDEX TERMS Free-space optical communications, adaptive MIMO equalization, orbital-angular-
momentum-multiplexed, spatial-mode multiplexing (SMM), power penalty (PP), spatial-mode diver-
sity (SMD).

I. INTRODUCTION
Free-space optical (FSO) communication systems can poten-
tially benefit from the transmission of multiple spatially
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orthogonal beams and orbital-angular-momentum (OAM)-
multiplexed beams through a single aperture pair where
the channel capacity is multiplied by the number of
OAM modes [1]–[7]. There are several ways to mitigate
the power penalty (PP) and inter-channel crosstalk (ICC),
including wave-front sensor or wave-front sensorless based
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adaptive optics (AO) systems [8]–[10], adaptive multiple-
input and multi-output (MIMO) techniques [11]–[13], and
forward error correction (FEC) based channel coding tech-
niques [14]–[16]. Spatial-mode multiplexing (SMM) in an
FSO communication is the counterpart of the mode-division
multiplexing (MDM) that has recently attracted a fair amount
of attention to increase the channel capacity [1], [17]. One
approach is to use the well-MIMO techniques, for which
multiple aperture sizes are employed at the transmitter and
the receiver [18]. SMM is to useMIMO-based multiple OAM
as an additional effective degree of freedom (EDOF) has
been investigated in [18]. SMM has the potential of achieving
high EDOF for communication. In this work, we developed
the proposed system of [18] using the SMM and spatial-
mode diversity (SMD) in OAM–MIMO to increase the link
robustness and system capacity. We proposed a novel case for
four OAM–MIMO/SMM modes, the resulting in four OAM
channels. Each OAM mode carries a 100 Gbit/s quadrature
phase-shift keying (QPSK) signal on a single wavelength
channel (λ ∼ 1550 nm) is transmitted for a 2 km link.
The optimal sets of OAM state numbers are determined at
each value of the signal-to-noise ratio (SNR) and turbu-
lence strength considered. However, the SMM distribution
of the OAM state is susceptible to aberrations caused by
the atmospheric turbulence (AT) effects [19]–[21]. When
beams-carrying OAM and MIMO-based SMM multiplexing
are transmitted in the FSO links, the AT will modify the
phase structure of OAM modes, the power of one OAM state
spread to the other OAM states [19]. Recently, the adaptive
optics and channel coding are commonly used to mitigate the
AT effects of an OAM-based MIMO multiplexed FSO com-
munication links. For example, I.B. Djordjevic and Z. Qu
demonstrated a turbulence mitigation scheme by a low-
density parity check (LDPC) coded OAM-based transmis-
sion system and an AO [22], [23]. Using this model,
we maximize the overall channel capacity for the opti-
mal set of OAM mode numbers [24], [25]. We analyze
the performance of FSO communication link using an
OAM–MIMO/SMM beam based on an adaptive MIMO
equalization with non-zero radial index [26]. Also, we use
OAM–MIMO/SMM which carries by a Laguerre–Gaussian
(LG) beam, is described by its nonnegative integerρ and an
azimuthal integer l

(
i.e.,LGρ,l

)
[27]. Previous works describ-

ing the use of OAM-multiplexed data channels have typically
shown data transmission using ρ = 0 beams of different
l [3]. In this paper, we explore the use of LG beams with
ρ > 0 in OAM–MIMO/SMMmultiplexed FSO communica-
tion links. Through simulation and modeling, we investigate
the power loss incurred by the beam divergence and limited-
size receiver apertures. In this work, we discuss the perfor-
mance of LG beams with ρ > 0 in OAM–MIMO/SMM.
The simulation results show that ρ = 0 beams is lower as
compared to ρ > 0 beams with receiver aperture sizes and
the received power under certain 2 km that has the same l
value. Simulation results show that in 2 km OAM–MIMO/
SMM-based FSO links, using transmitter lenses to focus

OAM–MIMO/SMM beams could reduce power loss for
higher-order OAM beams by more than 12 dB in both
links [28]. For system robustness, we investigate the effect
of using transmitter lenses under conditions of link misalign-
ment (i.e., receiver angular error (RAE) or lateral displace-
ment between the transmitter and receiver). In this study,
we discuss the high-speed OAM–MIMO/SMM multiplexed
FSO communication systems, enabled by enabled by AO,
LDPC coding, spatial diversity and adaptiveMIMO equaliza-
tion. In addition, we demonstrate the PP mitigation for 4× 4
OAM modes using an adaptive MIMO equalization com-
bined with the SMM and SMD of an OAM–MIMO/SMM
techniques [12]. The simulation results show that under
the weak turbulence (WT) using four OAM–MIMO/SMM
could help recover system bit-error rate (BER) with PP
of 1 dB −4 dB for all channels after OAM–MIMO/SMM
equalization [12], [29]. In this paper, we discuss the design
guidelines and technical challenges for achieving good per-
formance in an OAM-multiplexed FSO communication link
using OAM–MIMO/SMM and the novel SMM/MIMO-SMD
technique. The remaining part of this paper is organized as
follows. Section II discusses the proposed scheme along with
a mathematical model of OAM–MIMO/SMM in the FSO
communication link. The performance of the power penalty
is analyzed in Section III. In Section IV, the numerical
results and discussions of the proposed system are reported.
Finally, Section V concludes the paper and discusses future
work.

II. SYSTEM MODELING
Fig. 1 shows the concept and model simulating the use of
the proposed system in an OAM-multiplexed data link. The
proposed system of OAM based on an adaptive MIMO/SMM
and SMD multiplexed data links in the FSO system as
shown in Fig. 1 (b). In our simulation, the system PP could
be reduced using the mode spacing (MS), multiple aper-
ture sizes, power loss, and ICC. The collimated Gaussian
beams (GBs) are carrying independent data streams at the
wavelength λ ∼ 1550 nm. Spiral phase plate (SPP) con-
verts the data carrying GBs into OAM-MDM beam. Multiple
OAM–MIMO/SMM beams are then multiplexed and passed
through a pair of Tx lenses (f1 and f2) before transmitting
in the FSO link. The equivalent focal lengths f1 and f2 of
the lens pair f0 satisfies 1/f0 = 1/f1 + 1/f2−df /f1f2, where
the lens-spacing offset 1 defined as f1 + f2 − df , with
df representing the center-to-center spacing between these
two lenses [28]–[31]. In our simulation, we use these trans-
mitter (Tx) lenses to focus OAM beams at the receiver by
tuning offset 1 and the spacing between those two lenses
was adjustable such that the equivalent focal length was
tunable. Careful design of the transmitter lenses could help
reduce power loss, but it is also useful to know its effect
on the robustness of an OAM-multiplexed FSO link under
angular error or displacement [28]. To sufficiently discuss
the OAM–MIMO/SMM behavior based SMD multiplexing,
the performance of the novel SMM/MIMO–SMD technique
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FIGURE 1. Simulation schematic of an OAM-multiplexed data link (a) concept of an OAM-multiplexed and (b) the proposed system of OAM based on an
adaptive MIMO/SMM and SMD multiplexed data links in the FSO system.

is analyzed using simulations based on Matlab/Simulink
Program in order to verify the accuracy of models, simulation
results are compared with those obtained from [18]. The
algorithm is validated by the program developed by Matlab,
and the results show that the model can be accurately and
effectively supported.

A. ATMOSPHERIC TURBULENCE MITIGATION BASED ON
AN ADAPTIVE MIMO/SMM
In this section, we first briefly describe the OAM–
MIMO/SMM multiplexed in the FSO links under the
AT. After that OAM–MIMO/SMM transmits through the
AT and additive white Gaussian noise (AWGN) channel,
the received OAM–MIMO/SMM-multiplexed beams are
deformed, after OAM–MIMO/SMM beam de-multiplexer
and OAM–MIMO/SMM state converter, the output signal
matrix Ŝ =

[̂
S1 (n) , Ŝ2 (n) , . . . , ŜN (n)

]T
can be shown

as [32]–[34]

Ŝ = HS, (1)

where the transmitted signal S = [S1 (n) ,S2 (n) , . . . ,
SN (n)]T , T denote matrix response, H is theN×N ATmatrix
with hi,j, i, j ∈ [1,N ]. After OAM–MIMO/SMM multiplex-
ing, the output signal Y =

[
y1 (n) , y2 (n) , . . . , yN (n)

]
is

shown as

Y = GŜ, (2)

whereG is theOAM-MIMO/SMMmatrixwith gi,j, i, jε [1,N ].
The estimation SNRs ŷj (n) , jε [1,N ] is the estimation
of ŝi (n), which can be expressed as

ŷj (n) =
N∑
i=1

L∑
l=0

wli,j (n) ŝi (n− l) , (3)

where wli,j is the tap gain coefficient of OAM–MIMO/SMM
equalization, and L + 1 is the length of tab coefficient.
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B. AN OAM–MIMO/SMM WITH SPATIAL-MODE
DIVERSITY
In our analysis, an OAM–MIMO/SMM multiplexed beam
U (wz, θ) can be formed by a SPP exp (ilθ) to GB

U (wz, θ) = A (wz) � exp (ilθ) , (4)

where A (wz) ∝ exp
(
−w2

z
/
w2
0

)
is the electric field ampli-

tude at the waist of GB, wz is the beam radius at the
transmission distance of z, and w0 is the beam waist. After
QPSK modulation, the hybrid light field distribution of N
OAM–MIMO/SMM-multiplexed beams is given by [3]

UMUX (wz, θ, t) =
N∑
s=1

ms (t) � As (wz) � exp (ilsθ) , (5)

where ls is the topological quantum number which is distinc-
tive by the anglemark of s,As (wz) represents the electric field
amplitude and is different with various ls.ms (t) represents the
QPSK signal of OAM–MIMO/SMM channel s, which can be
written as [33]

ms (t)=α � exp (ω � t+iψs) , ψsε
{
π

4
,
3π
4
,
5π
4
,
7π
4

}
, (6)

where α is the signal amplitude andω is the angular frequency
of OAM–MIMO/SMMbeams.ψs denotes the signal phase of
OAM–MIMO/SMM channel s, and t is the axis of time. With
a total power, rk = P+m+P−m = |U1|

2
+|U2|

2, power ratio
between one beam and the total power, αN =

√
P+m/rk , and

a relative phase shift between the two beams, ϕL , expressed
as [34]

SKNL (rk , αN , ϕL , t)

= U1 (rk , αN , ϕL , t)+ U2 (rk , αN , ϕL , t)

=

√
rkg (t) α2N exp (imψ) exp

(
−
iϕL
2
g (t)

)
+

√
rkg (t)

(
1−α2N

)
exp (−imψ) exp

(
iϕL
2
g (t)

)
, (7)

In this case, g(t) is GB pulse for the amplitude and signal
phase.

P (t) =
∑
n

SKNL (rk , αN , ϕL , t) ∗ δ (t − nT ). (8)

whereP (t) is the pulse train, SKNL (rk , αN , ϕL , t) is the coher-
ent coupling in the optical light field. At the link distance of z,
the radius of a LGρ,l beam could be characterized as [27], [30]

wz = w0
√
2ρ + l + 1

√√√√1+

(
λz

πw2
0

)2

, (9)

where λ is the wavelength, the received field can then be
written as [35]

ϕ (r, z) =
+∞∑
i=−∞

∑
k∈N

ρkαkiui (r, z) (10)

After the SMM de-multiplexing, for the photo-detector col-
lecting the power in the SMD state i, the received power is
given by [35]

yi =
∫ ∣∣∣∣∣∑

kεN

ρkαkiui (r, z)

∣∣∣∣∣
2

dr =

∣∣∣∣∣∑
kεN

ρkαki

∣∣∣∣∣
2

, (11)

In Eq. (11), the signal and ICC are coherently superimposed,
thus for the whole SMM system. αki is a complex value
which is related to the instantaneous channel state i, where r
refers to the position vector and z is the propagation distance.
The vector of the received field Y = [y1, . . . , yN ]T can be
expressed as

Y =
∣∣Hρ∣∣2 , (12)

H =

 α11 . . . αN1
...

. . .
...

α1N . . . αNN

 , (13)

where H is the channel matrix and ρ = [ρ1, . . . , ρN ]T

is a vector of the transmitted signal. This non-linear trans-
formation between the received power Y and transmitted
signal ρ is due to the square-law detection making the con-
ventional MIMO (CMIMO) digital signal processing (DSP)
techniques [36], [37]. N is a number of transmitted spatial
modes N in SMM. Using Eq. (11), the photon rate Ai for this
channel can be rewritten by [35]–[37]

Ai = µ

∣∣∣∣∣∣ρiαii +
∑

kεN ,K 6=i

ρkαki

∣∣∣∣∣∣
2

, (14)

where ρiαii refers to the signal from the calculated
SMM [35], [38], [39]. We assume that the receiver has the
channel state information of the signal amplitude fading |αii|,
which estimated by collecting the received power and excit-
ing the SMM state i in the same mode. Using the mean
achievable rate (MAR) given by Eq. (17) in [40], the MAR
conditioned on the signal αii can be shown as

C(i |αii) =
1
2
log

µ |αii|
2 Pt

Nσ 2
zs.i

+
1
2
log

(
1+

2Nσ 2
zs.i

µ |αii|
2 Pt

)

−
µ |αii|

2 Pt
Nσ 2

zs.i

− 1

+

√
µ |αii|

2 Pt
(
µ |αii|

2 Pt + 2Nσ 2
zs.i

)
Nσ 2

zs.i

−

√√√√ πNσ 2
z0.i

2µ |αii|2 Ptσ 2
zs.i

, (15)

This rate can be achieved from half-normal distributed with
the probability density function is given by

fρ (ρ) =

√
2N
πPt

exp
(
−
Nρ2

2Pt

)
. (16)
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Since both of the noise variance σ 2
zs.i and σ

2
z0.i contain mc.i

is the average signal photon given by mc.i = 2µσ 2
c,i which

depends on the transmitted optical power Pt [35]. The asymp-
totic MAR at high Pt can be achieved as

C∞(i |αii) =
1
2
log

(
1
2
γi + 2

)
−
γi

2
− 1+

√
γi (γi + 4)

2

−

√
π

4γI
, (17)

The instantaneous asymptotic SNR γi is given by

γi = |αii|
2
/ ∑

kεN ,k 6=i

E
[
|αki|

2
]
. (18)

The received field for OAM–MIMO/SMM multiplexing i at
the transmitter plane is given by [35]

ui (wz, ϕ, 0) =

√
2

π |i|!
1
w0

(√
2wz
w0

)|i|
L i0

(
2w2

z

w2
0

)

× exp

(
−w2

z

w2
0

)
exp (−jiϕ) , (19)

wherew0 is the beamwaist for GB at the transmitter plane, L i0
(·) represents the LG polynomial and ϕ refer to the azimuthal
angle.

III. ANALYSIS OF THE POWER PENALTY PERFORMANCE
We simulated for four OAM-modes multiplexed based on
MIMO/SMM in the FSO communication link, with each
channel is transmitting a 16-QAM signal. The transmit-
ter apertures contain four OAM–MIMO/SMM-multiplexed,
each mode is carrying a 100Gbit/s QPSK signal, resulting in
four OAM channels. The error probability of a 16-QAM (Mq)
signal is given as [7], [18], [41]

Pe,16-QAM(Mq) = 3Q

(√
4Eavg
5N0

)[
1−

3
4
Q

(√
4Eavg
5N0

)]
,

(20)

where Eavg/N0 is the average SNR per bit. Eavg is the average
received power and N0 is the power density of AWGN, and
Q (·) is the complementary error function [7], [18], [42].
Eq. (20) allows the calculation of the minimum power
required at the transmitter Prq for a single channel to achieve
a target BER. In our analysis, we choose a FEC limit of
3.8 × 10−3 as the BER threshold [43]. We assume that:
(i) all channels have the same transmitted power; (ii) channel
crosstalk interferes with the signal in a similar way as the
noise at our BER threshold [, [18]. αrq,m and βrq,m are the
effective number of large-scale and small-scale eddies of the
scattering process, respectively. The power penalty is defined
as

Ppenalty = 10 � log10

(
Prq,m
Prq

)
dB. (21)

Prq,m = Prq

(
αrq,m − βrq,m �

Prq
N0

)−1
, (22)

FIGURE 2. Weak turbulence (a) the received power and (b) BER curves
with and without SMM/MIMO signal processing.

where Prq,m is the minimum power required at the transmitter
for channel m can be expressed as [7], [18]. For calculations
of spot size (beam diameter) D, the second moment of the
intensity of an OAM beam or GBs, which is generally related
to the beam waist, is employed, as given by the following
equation:

D = 2

√√√√2
∫ 2π
0

∫
∞

0 w2
0I (w0,ϕ)w0dw0dϕ∫ 2π

0

∫
∞

0 I (w0,ϕ)w0dw0dϕ
, (23)

Here, ϕ is the azimuthal angle varying from 0 to 2π , I (w0,ϕ)

is the radial intensity and (w0,ϕ) are polar coordinates [7].

IV. NUMERICAL RESULTS AND DISCUSSIONS
The physical parameters used in the calculations are pre-
sented in Table 1. The default parameters are implemented
in Table 2. To check the credibility of the below results,
OAM–MIMO/SMM in FSO links have been simulated using
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TABLE 1. The physical parameters used for calculations [proposal] and ref. [18].

TABLE 2. Design parameters required for an OAM–MIMO/SMM in FSO link.

Matlab. The OAM–MIMO/SMM signal traveling through
the turbulence is encountered by various AT [44], [45].
Fig. 2(a) and 2(b) show the received power and BERs under
14 turbulence realizations and BER curves as a function of
OSNR with and without OAM–MIMO/SMM based DSP,
respectively. It can be seen from the results [Fig. 2 (a)] that

the received power fluctuates by 4.5 dB −6 dB and all BERs
after MIMO-DSP are below FEC of 3.8 × 10−3 as shown
in Fig. 2 (a). We can see that BER increases using an OAM–
MIMO/SMM multiplexing varies for different realizations.
We see that without an adaptive MIMO/SMM equalization,
the BER of 10−9 show the ‘‘error floor’’ (EF) due to the

84406 VOLUME 7, 2019



B. B. Yousif, E. E. Elsayed: Performance Enhancement of an Orbital-Angular-Momentum-Multiplexed Free-Space Optical Link

FIGURE 3. Simulated systems PP (dB) as a function of (a) lateral
displacement (mm), (b) RAE (µ rad), and transmission distance are 2 km.

strong turbulence (ST) and decrease after using an adaptive
MIMO/SMM technique and the system PP is below 4 dB as
shown in Fig. 2 (b). Fig. 3 shows the system PP for various
transmitted beam sizes. When the applied lateral displace-
ment is 2 mm, a system with DTx = 11 cm suffers ∼ 2 dB
less PP than that with DTx = 7 cm [see Fig. 3(a)]. Fig. 3(b)
shows the results of the PP for four OAM–MIMO/SMM are
transmitted over a 2 km link with different DTx and DRx.
Mode spacing of 2 with DTx = 3 cm and DRx = 4.5 cm
for OAM–MIMO/SMM has better performance than the MS
of 1 when the RAE is larger than 5 µrad. With DTx = 8 cm
and DRx = 10 cm, the PP is slightly larger than that of

FIGURE 4. The power loss of LG beams with ρ = 0 and ρ > 0 as functions
of transmission distance, with DTx of 8 cm and DRx of 10 cm.

DTx = 3 cm and DRx = 4.5 cm for OAM–MIMO/
SMM [46]. The system with MS of 2, DTx = 2 cm and
DRx = 3.5 cm of OAM–MIMO/SMM beams should fulfill
less PP of 1 dB as shown in Fig. 3 (b). The PP analysis
indicates some selection rules for MS: (i) a larger transmitted
beam size and receiver aperture could increase the system
tolerance to lateral displacement, but decrease its tolerance
to receiver angular error, and (ii) systems with larger MS
have higher-order OAM beams, which leads to higher signal
power loss due to beam divergence, however, such systems
also suffer less ICC [7] as shown in Fig. 3. For example,
mode spacing of 1 with DTx = 8 cm and DRx = 10 cm show
higher power penalty thanMS of 2 at DTx = 2 cm and DRx =

3.5cm for RAE. Comparing between Fig. 3 (a) [present work]
and Fig. (5) [18] show the ICC impact and PP of
OAM–MIMO/SMM. The PP can be reduced of 1 dB at a tar-
get BER of 10−9 [present work]. Fig. 4 shows the advantage
of using ρ > 0 beams may also decrease under larger DRx.
We simulate the power loss for different l and ρ values when
DRx = 10 cm. It can be seen that (i) the power loss of LG0,1
is smaller than LG1,1at most transmission distances, which
is because through the inner ring of LG1,1 is smaller than
the single ring of LG0,1 (ii) LG0,5 has lower power loss than
LG1,5 at< 600mbecause the receiver aperture covers only
part of the outer ring of LG1,5 but covers most of the single
ring of LG0,5 [47]–[49]. Fig. 5 shows the BER as a function
of average optical-SNR (OSNR). The numerical results show
that without using the lenses of an adaptive MIMO/SMM,
the BER curves show the EF due to ST and decrease after
using the lenses [29, 43]. The outage probability (OP) versus
the transmitted optical power with and without the SMD
is plotted in Fig. 6 for C2

n = 8.54 × 10−15m−2/3, and
C2
n = 1 × 10−15m−2/3, respectively. According to Rytov
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FIGURE 5. BER vs. average OSNR (dB) for two channels (l = +1, l = +3)
with and without Tx lenses of OAM–MIMO/SMM multiplexing.

variance σ 2
R = 1.23C2

nk
7/6l11/6fso [35], [50] where the wave

number k = 2π/
λ, λ is the wavelength and lfso is the FSO

link length. For each multiplexed channel, the best mode
sets for SMD as presented in Fig. 6. From Fig. 6, we can
observe the significant enhancement of the OP performance
by employing the SMD. For instance, when C2

n = 8.54 ×
10−15m−2/3 and N = {±10}, the OP decrease to 10−9 in
the presence of MIMO/SMM as shown in Fig. 6 (a). When
the turbulence condition is C2

n = 1 × 10−15m−2/3, and four
modes are employed for MIMO/SMM multiplexing, the OP
of the state with i = {0} is 10−9 for Pt = −18 dBm as
shown in Fig. 6 (b) [35]. In order to illustrate the performance
improvements achieved by the LDPC coded OAMmultiplex-
ing, the normalized power requirements at BER of 10−9 [51]
are shown in Fig. 7. The simulated power distributions of
the OAM–MIMO/SMM beam as a function of the RAE with
and without Tx lenses are depicted in Fig. 7 (a) and 7 (b),
respectively. In this figure, the OAM beam of l = +3 is
transmitted to a distance of 2 km, with DTx and DRx is 35 cm.
Fig 7 (a) shows less power loss with Fig. 7 (b). The simulation
results show that the use of Tx lenses could enhance the sys-
tem robustness under the RAE [28]. Also, the Tx lenses used
in our system will improve the transmitted power, reduced
the power penalty, and enhance the system robustness. Thus,
the amplifying signal of the lens will be affected by some
noise, but an adaptive threshold function of the proposed
system will control the noise and compensate the decreased
of SNR for the lowest BER in the sent data. Fig. 8 shows the
obtained BER as a function of OSNR by multiplexing 4× 4
OAM modes for l = +3 channels with and without adaptive
MIMO/SMM multiplexing. We extrapolated this curve to
cross the FEC threshold with MIMO/SMM multiplexing at

FIGURE 6. The OP versus the transmitted optical power for
OAM–MIMO/SMM system with and without the SMD; (a) transmitted
mode N = {±10} and C2

n = 8.54× 10−15m−2/3, (b) N = {0} and
C2

n = 1× 10−15m−2/3.

the OSNR of 15 dB at the BER of 1.763 × 10−4. After the
adaptive MIMO equalization, the estimated required OSNR
at the BER of 3.8× 10−3 is 6.5 dB. Fig. 9 compares the BER
curves vs. SNR [dB] under Gamma-Gamma (GG) turbulence
for different values of Rytov variance. It is observed from the
figure that, as the values of σ 2

R decreases from 3.51 to 0.63,
resulting in a better BER performance of the system. This
is because of the fact that larger values of σ 2

R correspond
to the case of stronger turbulence. It can also be seen from
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FIGURE 7. Simulated OAM–MIMO/SMM power distribution of 2-km FSO
link with (a) RAE (µrad) and Tx lenses and (b) RAE (µrad) but without Tx
lenses.

Fig. 9 that, for σ 2
R = 1.61, the BER is 2.31e−005 at 60 dB

SNR and 8.1e−006 at an SNR of 65 dB. As a result, the diver-
sity achieved is log10 (2.31e− 005) − log10 (8.1e− 006) =
0.455. It is observed from Fig. 9 that, for σ 2

R = 3.51, the BER
is 5.125e−005 at 60 dB SNR and 1.696e−005 at SNR 65 dB.
As a result, the diversity achieved is log10 (5.125e− 005) −
log10 (1.696e− 005) = 0.480. It can also be seen from Fig. 9
that, for σ 2

R = 0.63, the BER is 8.1e-006 at SNR
60 dB and 2.612e−006 at SNR 65 dB and the diversity

FIGURE 8. Obtained BER as a function of OSNR (dB) with multiplexing
4× 4 OAM modes for l = +3 channels with and without adaptive
SMM/MIMO equalization.

FIGURE 9. Analytical BER vs. SNR [dB] under GG turbulence for different
values of Rytov variance.

achieved is log10 (8.1e− 006) − log10 (2.612e− 006) =
0.491. The calculation results of Fig. 9 are summarized
in Table 3. Fig. 10 shows the channel capacity as a func-
tion of the SNR (dB) for different spatial diversity in an
OAM–MIMO multiplexed beams. It is observed from the
figure that the OAM-based SMM/MIMO-SMD outperforms
the conventional MIMO (CMIMO) by 3 dB [52]–[54].
The SMM/MIMO-SMD technique performed better in the
channel capacity and SNR over other commonly used
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TABLE 3. The calculation results of the BER and SNR under gamma-gamma turbulence for different values of Rytov variance.

FIGURE 10. The channel capacity vs. SNR (dB) for different spatial
diversity in an OAM–MIMO multiplexed beams.

CMIMO algorithms. We show that the novelty approach can
improve the diversity gain and channel capacity.

V. CONCLUSIONS AND FUTURE WORK
We have investigated the high-speed of an OAM and adap-
tiveMIMO-based SMM/SMDmultiplexed free-space optical
link, enabled by adaptive optics, LDPC-coded OAM-based
transmission system, and SMD. The OAM–MIMO/SMM
wireless optical links is a multi-element link, which exploits
spatial dimensions to derive the spectral efficiency and gains
in reliability. Through outage probability analysis, it is con-
cluded that using SMD, both the OP and outage MAR can
be significantly improved. The proposed system shows that
the BER can reach to 10−9 and the power penalty of 1 dB
−4 dB for all channels after OAM–MIMO/SMM equaliza-
tion. The proposed system with mode spacing of 2 for four

OAM–MIMO/SMM beams are transmitted over a 2 km link
should fulfill less power penalty of 1 dB. The power penalties
can be reduced by 1 dB − 4 dB for all channels after OAM–
MIMO/SMM equalization at a BER of 10−9. The numerical
results show that the system using OAM-based MIMO/SMM
and the SMD multiplexing achieves superior BER perfor-
mance to that using the adaptive MIMO/SMM equalization,
with lower or nearly the same computational complexity. The
simulation models verified the superior BER performance
of OAM-SMD based MIMO/SMM. The simulation results
illustrate that the proposed OAM–MIMO/SMM based on the
SMD approach has effectively enhanced the performance
of FSO links under the atmospheric turbulence effects. The
algorithm is validated by the program developed by Matlab,
and the results show that the model can be accurately and
effectively supported. A wavelength division multiplexing of
OAM–MIMO/SMM based SMD/MDM coherent FSO sys-
tem can be used to increase the data rate per wavelength
and the channel capacity. Finally, it should be noted that
OAM–MIMO/SMM has other applications besides commu-
nications, including micromanipulation and imaging.
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