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ABSTRACT A hybrid multi-state orbital angular momentum-multi pulse-position modulation
(NOAM-MPPM) scheme over gamma-gamma free-space optical (00-FSO) channel is studied in this
paper. In our study, all atmospheric and pointing error impacts are taken into account. Expressions for the
parameters of 00-FSO-pointing error channel are derived. In addition, approximate-tight upper bounds on
the bit-error rates (BERs) of NOAM and NOAM-MPPM techniques are developed over 00-FSO-pointing
error channels, considering the influences of beam divergence and pointing error (PE). The 00-FSO-PE
channel parameters and the BER expressions are evaluated numerically and verified by simulation. It turned
out that the analytical results are nearly the same as those obtained from simulation under different
turbulence scenarios and OAM modes. The results demonstrate that under variable turbulence conditions,
the NOAM-MPPM technique outperforms both ordinary NOAM and MPPM systems. Furthermore,
different deep learning (DL) techniques, namely random forest (RF), convolution neural network (CNN),
and auto-encoder (AE), are employed to get the optimum classification accuracy using different datasets of
NOAM-MPPM over 00-PE channel model. Finally, the results indicate that AE has the best performance
metrics compared to other models using different datasets.

INDEX TERMS Free-space optic (FSO), multiple pulse-position modulation (MPPM), orbital angular
momentum (OAM), pointing error (PE).

I. INTRODUCTION
Orbital angular momentum (OAM) multiplexing is imple-
mented as a flexible technique for transmitting multiple
signals through free space optical (FSO) communication
channels, similar to mode-division multiplexing (MDM) [1].

The associate editor coordinating the review of this manuscript and

approving it for publication was San-Liang Lee .

OAM is an excellent method for co-propagating and
maintaining multiple data sources in free space without inter-
ference due to the orthogonality of OAM modes [2], [3].
OAM beams are vulnerable to atmospheric turbulence (AT)
in real-world communication scenarios, where the random
behaviour of the air refractive index induced by irregular
pressure and temperature is experienced by spatial variations
along the propagation pathway. In the turbulent environment,
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the propagation of OAM beams contributes to phase-front
distortions as well as beam scattering and wandering [3].
Furthermore, when the power of a signal transmitted by a sin-
gle OAMmode is transferred to other modes, this is regarded
as intermodal crosstalk. Additionally, various OAM modes
suffer from various channel losses, such as mode dependent
loss (MDL), resulting in device output degradation [4], [5].

Many statistical distributions have been believed and anal-
ysed to explain the AT. The log-normal, gamma-gamma
(00), and exponentiated Weibull (EW) models are the most
commonly accepted distributions [6], [7]. The log-normal
model is reliable for a point recipient in a weak turbulence
environment, according to experimental results [6], [8]. For
a point receiver, the 00 model is widely agreed to be appli-
cable in all turbulence regimes, but this is not the case when
aperture averaging is used. The 00 distribution is a widely
used distribution that includes all turbulence regimes ranging
from weak to strong. It is the most generalised tractable
fading model for describing the AT. It is equivalent to the
squared generalised K distribution, with the squared K and
double-Rayleigh distributions as special examples [9]. In
addition, this model factorizes the irradiance as the prod-
uct of two separate random processes, each with a gamma
PDF, and describes both small- and large-scale atmospheric
changes [10]. Moreover, the 00 model is well-suited with
OAM as shown in some references such as [1], [11], and [12].

OAM modes have a Johnson SB distribution for self-
channel irradiance, while crosstalk between OAMmodes has
an exponential distribution [1]. Since the statistical prop-
erties of the SB distribution are analytically irresolvable,
closed-form expressions for output metrics cannot be derived.
In addition, since there is no single turbulence model, deter-
mining the impact of interference on OAM mode output
is difficult [1]. As seen in [6], [13], [14], a more practical
scenario has been suggested and investigated, taking into con-
sideration the impacts of divergence and pointing error (PE).
Vibrations or building sway can cause pointing errors, which
may weaken the optical wireless communication connection.

In recent years, it has been deduced that various
modulation techniques can be superimposed simultaneously
for enhancing power and spectral efficiencies [6], [15]–[18].
New modulation techniques based on a mixture of M -ary
pulse-position modulation (M -PPM) and M -ary frequency-
shift keying (M -FSK) have been developed by Liu et al. [19].
Hybrid modulation methods have been developed and inves-
tigated, combining multi pulse-position modulation (MPPM)
with different modulation schemes as shown in [16]–[21].

The conventional OAM-shift keying (OAM-SK) coher-
ent demodulation is ineffective and highly vulnerable to
arrival fluctuations and beam wandering [22]. An effec-
tive demodulation technique based on an artificial neural
network (ANN) has been proposed, where intensity rep-
resentations of received Laguerre Gaussian (LG) beams
are recognized directly, and the corresponding OAM mode
information is obtained successfully [11]. Because of the
advanced multi-layered representation training, a CNN can

directly recognize raw images and discover intrinsic fea-
tures of inputs without the need for careful feature engi-
neering [11]. Auto-encoder (AE) has proven to be a robust
algorithm that can generate unregulated representations in
the feature patterns, often more preciseLY [23]. Random
forest (RF) is the set of various decision trees that can help
avoid over-fitting in each tree and it demonstrates good
results [11], [22], [24].

The performance of FSO communication is limited in
a turbulent environment, despite its great potential in high
capacity, and low power consumption. Scintillation in the
FSO propagated signals is created by AT, which increases the
BER of the recovered signals at the receiver. The employment
of DL detection algorithms could be able to solve these draw-
backs. The utilization of DL techniques to recover transmitted
data could be an efficient way to use FSO communication in
turbulent channels without prior knowledge of the channel
conditions [43]. DL has been used in optical communication
systems for a variety of tasks, including lowering compu-
tational complexity in various optical communication tasks,
detecting AT, and developing adaptive algorithms for OAM-
based FSO communication.

In this paper, we start by developing channel param-
eters of a 00 turbulence channel with PE. Then, tak-
ing into consideration the impact of both beam divergence
and PE, we use these parameters to study and assess
both upper bound and estimated upper bound expressions
for the average bit-error rates (BERs) of NOAM, MPPM,
and hybrid NOAM-MPPM schemes. In addition, a com-
parative study between different deep learning (DL) tech-
niques, namely CNN, RF, and AE, is accomplished to
determine the optimum model for different datasets of
NOAM-MPPM.
The major contributions of this work are:
• Studying the performance of FSO communication over
00 turbulence channel with PE and deriving the expres-
sions for the various parameters of this channel.

• Developing closed-form expressions for both upper
bound and estimated upper bound BERs of NOAM,
MPPM, and NOAM-MPPM techniques in the existence
of 00 turbulence FSO channel with PE.

• Achieving a perfect fit between theoretical and simu-
lation results under various turbulence strengths, OAM
mode numbers, and SNR values, usingMathematica and
MATLAB, respectively.

• Studying the effect of different OAMmodes on the effi-
ciency of theNOAMand hybridNOAM-MPPMmodels
under different AT cases and SNR values.

• Enhancing the detection performance of OAMusing dif-
ferent DL models, and studying the performance quality
metrics of these models.

• Applying a trial-and-error method to yield the optimum
dataset and the most efficient DL model.

• Performing a comparative study between various pro-
posed DL techniques, for determining the optimum
model for OAM-SK detection.
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• Obtaining the optimum model out of CNN, RF, and AE
to get the highest classification accuracy and the lowest
root mean-square error (RMSE) for different datasets of
NOAM-MPPM-FSO systems.

The remainder of this paper is organized as follows.
In Section II, we discuss the related work of hybrid modula-
tion techniques. In Section III, we present the configuration
of the proposed NOAM-MPPMmodel, the parameters of 00
turbulence with PE channel, and the BER analysis of NOAM
and NOAM-MPPM systems. In Section IV, we explain three
DL techniques, namely CNN, AE, and RF, and use them to
enhance the classification performance. Finally, Section V is
the conclusion.

II. RELATED WORK
In [1], closed-form expressions for the outage probability,
and BER of the generalized gamma distribution have been
studied and derived for SISO transmission. This study effec-
tively models the self-channel fading between OAM modes.
To characterise the attenuation and crosstalk in a vortex-
based multi-channel FSO communication system, a unique
statistical model linked to turbulence strength was pro-
vided in [25]. This statistical model was also used with
an OAM-multiplexing FSO system with QPSK modulation,
and the theoretical average BER results match well with
the Monte Carlo simulation results. This work can be used
to investigate FSO time-varying systems that use OAM
modulation.

In a vortex-based multi-channel laser communication con-
nection, the effect of optical turbulence on energy crosstalk
among constituent OAM states was investigated and the
channel interference was determined in terms of turbulence
strength and OAM state separation [26]. Turbulence-induced
channel interference appears to be mutually correlated
throughout receive channels.

An alternative effectual CNN architecture designed on
the basis of a trial-and-error method has been used to get
the values of the optimum network parameters and hyper-
parameters [27]. These parameters and hyper-parameters
have been used to yield the highest accuracy and mean aver-
age precision (MAP), as well as the largest area under the
curve (AUC) for different optimizers. To correct and improve
the mode purity of the distorted vortex beam from 39.52% to
98.34% under heavy AT, an AT correction approach based
on DL has been suggested in [28]. In [22], the mathemat-
ical expression for the BER of OAM has been developed
over the 00 turbulence channel. After that, a comparison
between the analytical and the simulation results for different
AT strengths, ranges, and SNR values has been presented
to assure that there is a complete matching. In [11], [29],
empirical mathematical expressions have been obtained for
the BER of QAM and PSK-OFDM-FSO systems, taking into
account the fading impact, which has been modeled by a 00
distribution. In [30], under the EW distribution, an estimated
expression for the symbol-error rate (SER) of MPPM has

been developed. The effects of fog, PE, and beam divergence
have been neglected. In [6], mathematical expressions have
been obtained for the BER of QAM-MPPM through an EW
fading AT channel. It has been shown that OAM beams made
by imprinting only a helical phase parameter are not suitable
for AT-impaired functional OAM-FSO systems. Regulating
the original beam-field intensity can also help to reduce OAM
beam scrambling [31].

In terms of the Meijer G function, closed-form expressions
for the cumulative distribution function (CDF) and proba-
bility distribution function (PDF) of the end-to-end mixed
radio frequency (RF)/FSO system are developed taking into
consideration the PE [32]. In addition, the numerical and
Matlab results have been provided to support the developed
formulas. High SNR approximations have been offered to
provide more insight on the UAV-assisted solution for space-
air-ground integrated networks (SAGIN). Furthermore, in the
existence of the non-PE effect, approximate equations for the
outage probability and average BER have been given in [33].
Finally, Monte-Carlo simulations have been used to validate
all of these analytical results. To characterise the turbulence
under weak-to-strong conditions, both the lognormal and
Gamma-Gamma channel models have been used in [34].
In addition, under the impact of background noise, thermal
noise, and quantum noise, the average BER and average
channel capacity of an FSO communication system have been
evaluated. Thermal noise has a major effect on the FSO sys-
tem, according to simulation results. Some research work has
been done to investigate the effect of the isotropic weak-to-
strong oceanic turbulence on the performance of underwater
optical communication (UWOC) systems [35]. Simulation
results indicate that the parameters of oceanic turbulence
have a considerable influence on both outage probability and
average channel capacity. The accuracy of the formulations
for outage probability and average channel capacity has been
verified numerically, and a complete agreement has been
proved.

III. NOAM-MPPM SYSTEM THROUGH 00 CHANNEL
WITH PE
In this part, a detailed setup and a configuration block dia-
gram of NOAM-MPPM-00 turbulence channel with PE
transmission system are presented and explained. In addition,
a mathematical expression for the parameters of 00 turbu-
lence channel plus PE distribution is obtained. Furthermore,
the BERs of both NOAM and NOAM-MPPM in FSO trans-
mission channels are developed.

A. NOAM-MPPM SYSTEM
Fig. 1 indicates the fundamental schematic block dia-
gram of the NOAM-MPPM scheme using the 00 turbu-
lence channel with PE for both transmitter and receiver.
At the transmitter side, a frame of QMPPM+NOAM =

QMPPM + QNOAM =
⌊
log2

(M
ω

)⌋
+ ωm bits is sent to the

transmitter signal-processing unit (T-SPU), where byc is the
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largest integer not greater than y,M is the number of MPPM
time slots (M = 8), ω is the number of signal time slots
(ω = 4) within M , m = log2(N ), and N is the constellation
of NOAM technique. The bits are manipulated by the T-SPU
to control all NOAM and DC-bias level operations, which
are used to make the amplitude of OAM positive only. The
MPPM algorithm divides a signal frame of duration Tb into
M equal time slots each with duration Tb = T

M . The MPPM
data-word bits are used to describe the position of the ω = 4
signal slots with theM = 8 time-slot frame. The control sig-
nal after the T-SPU monitors both the DC-bias and the OAM
modulator ON and OFF operations. Every 4 bits are mapped
into one OAM state from the 16 used OAM states for OAM
modulation. The ωm bits (NOAM data part) are encoded in
the ω signal time slots as a result of data manipulation. The
modulator output is combined with the DC-biasing source
output to power the laser diode (LD).

At the receiver side, a band-pass filter (BPF) is applied on
the photodetector output to eliminate noise and interference,
thus improving the signal quality. The 3-dB coupler then
divides the BPF output into two parts. After being incor-
porated over each time slot, the upper arm signal is sent
to the receiver-SPU (R-SPU). An analog-to-digital converter
preserves the performance in the R-SPU. The N accumulated
levels are ordered in decreasing order to evaluate the greatest
levels of ω according to the time slots of the MPPM symbol
signal. The MPPM symbols are then decoded by the R-SPU
using a map of MPPM symbols to bits. On the other arm,
an NOAM demodulator completes the decoding step after a
fixed two-frame time delay thread. The R-SPU has enough
time to determine the positions of the ω utmost level time slot
because of this delay. NOAM symbols can be found in these
time slots. The R-SPU then decodes the NOAM symbols
chosen from an NOAM symbols-to-bits diagram. Finally, the
received data words are obtained.

B. ANALYSIS FOR THE BER OF NOAM-MPPM
To get the BER of NOAM-MPPM through FSO channel, the
following steps are followed:

1) COMPUTING THE PARAMETERS OF THE USED CHANNEL
The parameters of the channel are derived by the following
steps. The probability density function (pdf) of a 00 turbu-
lence channel with PE is given by [36]:

fI (I ) =
∫
fI |Ia (I |Ia)fIa (Ia)dIa (1)

where I is the channel fading coefficient due to both AT and
PE, while Ia is the fading coefficient due to AT only. Here,
fI |Ia (I |Ia)) denotes the conditional pdf given an Ia state

fI |Ia (Ia) =
γ 2

Aγ
2

0 Ia

(
I
Ia

)γ 2−1
, 0 ≤ I ≤ A0Ia (2)

and fIa (Ia) denotes the pdf of the00 turbulence channel given
by [37]:

fIa (Ia) =
χχBB

0(χ )0(B)
IB−1a

∫
∞

0
xχ−B−1e

−

(
χx+ BIa

x

)
dx (3)

where A0 is the percentage of the power gathered at zero
radial distance, γ is the proportion of the identical beam
radius to the standard deviation of PE displacement at the
receiver, and χ and B are the amounts of small-scale and
large-scale eddies of the scattering atmosphere, respectively,
The combined pdf of 00 channel with PE is [36], [38]:

fI (I ) =
γ 2

Aγ
2

0

χχBB

0(χ )0(B)
Iγ

2
−1W (4)

where

W =
∫
∞

I
A0

∫
∞

0
xχ−B−1e

−

(
χx+ BIa

x

)
IB−γ

2
−1

a dxdIa (5)

From [36], the combined pdf of 00 with PE is given as:

fI (I ) =
γ 2(χB)

χ+B
2

A00(χ)0(B)
I
χ+B
2 −1A

1− χ+B2
0 G3,0

1,3

[
χB
A0

I
∣∣∣κ1
κ2

]
(6)

where κ1 = 1− χ+B
2 + γ

2 and κ2 = −
χ+B
2 + γ

2,
χ−B
2 ,

B−χ
2

Comparing (4) and (6), we get:

W =

[√
BI
χA0

]χ−B [
I
A0

]B−γ 2
G3,0
1,3

[
χB
A0

I
∣∣∣κ1
κ2

]
(7)

N independent and identically distributed observed data
will represent the likelihood function for (χ,B, γ ). I =
I1, I2, · · · , IN , where N is the number of applied OAM
states.

L(χ,B, γ ) =
γ 2NχχNBBN

ANγ
2

0 0N (χ )0N (B)

N∏
i=1

Iγ
2
−1

i

N∏
i=1

Wi (8)

Taking log of both sides of (8), we get:

log[L(χ,B, γ )] = Nχ logχ + NB logB+ 2N log γ

−Nγ 2 logA0−N log0(χ )−N log0(B)

×(γ 2
− 1)

N∑
i=1

log Ii +
N∑
i=1

logWi (9)

Combining the partial derivatives of both parts of (9) with
respect to χ , B, and γ , receptively, we get:

∂

∂χ
log[L(χ,B, γ )] = ξ +

N∑
i=1

{
∂
∂χ
Wi

Wi

}
∂

∂B
log[L(χ,B, γ )] = δ +

N∑
i=1

{
∂
∂BWi

Wi

}
∂

∂γ
log[L(χ,B, γ )] = υ +

N∑
i=1

{
∂
∂γ
Wi

Wi

}
(10)
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FIGURE 1. Schematic diagram of an FSO system using NOAM-MPPM technique in a 00 turbulence channel with PE. LD: laser diode, PD: photodetector, ED:
electronic delay, T(R)-SPU: transmitter (receiver) signal processing unit, MOD (DE): modulator and demodulator, BPF: band-pass filter, DC: direct current,.
The time domain signal diagram for (i) the bits stream in a single frame and (ii) a transmitted NOAM-MPPM frame with (N = 16, M = 8, and ω = 4).

where ξ = N [logχ + 1−ψ(χ )], δ = N [logB+ 1−ψ(B)],
υ = 2N [1/γ − γ logA0]+ 2γ

∑N
i=0 log Ii, ψ(z) = log(z)−

1/2z and z ∈ {χ,B}.
The next step is to determine the partial derivatives
{
∂
∂χ
Wi,

∂
∂BWi,

∂
∂γ
Wi} in order to evaluate the set of equations

in (10). Then, we equate these equations to zero so as to
determine the parameters (χ,B, γ ) [38], [39]. Let

∂

∂χ
Wi = J1 − J2 (11)

where

J1 =
∫
∞

I
A0

∫
∞

0
log(x) xχ−B−1e

−

(
χx+

BIai
x

)
IB−γ

2
−1

ai dxdIai

J2 =
∫
∞

I
A0

∫
∞

0
xχ−Be

−

(
χx+

BIai
x

)
IB−γ

2
−1

ai dx (12)

According to [38], and [39], the solution for the previous
equation can be found.

Let: h(t, x) = {Iχ−γ
2
−1+t

ai e(−χx−
BIa
x )
}

J1 =
∫
∞

I
A0

∫
∞

0
xχ−B−1 log(x) e−(χx+

BIai
x )IB−γ

2
−1

ai dxdIai

=

∫
∞

I
A0

{∫
∞

0

∂

∂t

[
xχ−B−1x te−(χx+

BIai
x )IB−γ

2
−1

ai dxdIai

]}
, t = 0 (13)

Now: J1 = d
dtW , with t = 0 as shown in (14)

and (15) at the bottom of the next page where T1 =

G3,0
1,3

[
χB
A0
I
∣∣∣ 1− χ+B+t

2 + γ 2

χ+B+t
2 + γ 2,

χ−B+t
2 ,−

χ−B+t
2 .

]
. The value of J2

can be obtained in a similar way as that of J1 with t = 1 as:

J2 =

[√
BIi
χA0

]χ−B+1 [
Ii
A0

]B−γ 2
T2 (16)

where T2 = G3,0
1,3

[
χB
A0
I
∣∣∣ 1− χ+B+1

2 + γ 2

χ+B+1
2 + γ 2,

χ−B+1
2 ,−

χ−B+1
2

]
.

After getting J1, and J2, the value of ∂
∂χ

log [L(α,B, γ )] is
obtained as:

∂

∂χ
log[L(χ,B, γ )]

= ξ +

N∑
i=1

[
log

√
BIi
χA0
+

∂
∂t T1
T1

]

−

N∑
i=1

√
BIi
χA0

T2
T1
, t = χ − B. (17)

J3
= (−2γ ).∫

∞

I
A0

∫
∞

0
log(Ia).IB−γ

2
−1

a .xχ−B−1.e−(χx−
BIa
x ).dxdIa

= (−2γ ).
∫
∞

I
A0

∫
∞

0

∂

∂t

×

{
IB−γ

2
−1+t

a .xχ−B−1.e−(χx−
BIa
x )dxdIa

}
= (−2γ ).

d
dt

{∫
∞

I
A0

∫
∞

0
IB−γ

2
−1+t

a .xχ−B−1

.e−(χx−
BIa
x )dxdIa

}
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= (−2γ ).
d
dt


[√

BIi
χA0

]χ−B
.

[
Ii
A0

]B−γ 2+t
.T


= (−2γ ).

[√
BIi
χA0

]χ−B
{[

Ii
A0

]B−γ 2+t
. log

(
Ii
A0

)
.T +

[
Ii
A0

]B−γ 2+t
.
∂

∂t
T

}
,

t = 0

J3

= (−2γ ).

[√
BIi
χA0

]χ−B
.

[
Ii
A0

]B−γ 2
.{

log
(
Ii
A0

)
.[T1]+

∂

∂t
[T1]

}
(18)

∂

∂γ
log[L(χ,B, γ )]

= 2N
[
1
γ
− log(A0)

]
+ 2γ

N∑
i=0

log(Ii)

+

N∑
i=1


I3[√

BIi
χA0

]χ−B.[ IiA0

]B−γ 2
.[T1]


= 2N

[
1
γ
− log(A0)

]
+ 2γ

N∑
i=0

log(Ii)+
N∑
i=1

{
(−2γ ). log

(
Ii
A0

)
+

[
∂
∂t T1

]
[T1]

}
.

(19)
∂W
∂B

=

∫
∞

I
A0

∫
∞

0
−xχ−B−1. log(x) · e−(χx+

BIai
x ).IB−γ

2
−1

ai dxdIai

+

∫
∞

I
A0

∫
∞

0
xχ−B−1 · e−(χx+

BIai
x ).(
−Ia
x

) · IB−γ
2
−1

ai dxdIai

+

∫
∞

I
A0

∫
∞

0
xχ−β−1 · log(Iai ) · e

−(χx+
BIai
x )

.IB−γ
2
−1

ai dxdIai
= J4 + J5 + J6 (20)

J4

=

∫
∞

I
A0

∫
∞

0
− log(x).xχ−B−1.e(−χx−

BIa
x ).IB−γ

2
−1

a dxdIa

=

∫
∞

I
A0

∫
∞

0

∂

∂t
(−x)χ−B−1+t .e(−χx−

BIa
x ).IB−γ

2
−1

a dxdIa

=
d
dt{∫
∞

I
A0

∫
∞

0
xχ−B−1+t · e(−χx−

BIa
x )
· IB−γ

2
−1

a dxdIa

}

=

[
Ii
A0

]B−γ 2
.

[√
BIi
χA0

]χ−B+t
· log

(√
BIi
χA0

)
.T

+

[√
BIi
χA0

]χ−B+t
·
∂

∂t
T , t = 0 (21)

J4

= −

[
Ii
A0

]B−γ 2
.

[√
BIi
χA0

]χ−B

.

{
log

(√
BIi
χA0

)
.[T1} +

∂

∂t
T1

}
(22)

J5

=

∫
∞

I
A0

∫
∞

0
xχ−B−1.e−(χx−

BIa
x ).(
−Ia
x

).IB−γ
2
−1

a dxdIa

=

∫
∞

I
A0

∫
∞

0
−xχ−B−2.e−(χx−

BIa
x ).IB−γ

2

a dxdIa. (23)

J5

= −


[√

BIi
χA0

]χ−B−1
.

[
Ii
A0

]B−γ 2+1
.[T3]

 (24)

J1 =
d
dt

{∫
∞

I
A0

∫
∞

0
xχ−B−1+t .e(−χx−

BIa
x ).IB−γ

2
−1

a dxdIa

}

=
d
dt

[√
BIi
αA0

]χ−B+t
.

[
Ii
A0

]B−γ 2
.[T ] =

[
Ii
A0

]B−γ 2
.

[√
BIi
χA0

]χ−B+t
. log

(√
BIi
χA0

)
.T +

[√
BIi
αA0

]χ−B+t
.
∂

∂t
T

 (14)

J1 =
[
Ii
A0

]B−γ 2
.

[√
BIi
χA0

]χ−B
.

{
log

(√
BIi
χA0

)
.T1 +

∂

∂t
T1

}
(15)
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where:

T3 = G3,0
1,3

[
χB
A0

I
∣∣∣ 1− χ+B−1

2 + γ 2

χ+B−1
2 + γ 2,

χ−B−1
2 ,−(χ−B−12 )

]
J6

=

∫
∞

I
A0

∫
∞

0
log(Ia).xχ−B−1.e(−χx−

BIa
x ).IB−γ

2
−1

a dxdIa

=

∫
∞

I
A0

∫
∞

0

∂

∂t
IB−γ

2
−1+t

a .xχ−B−1.e−(χx−
BIa
x )dxdIa

=
d
dt

{∫
∞

I
A0

∫
∞

0
IB−γ

2
−1+t

a .xχ−B−1.e−(χx−
BIa
x )dxdIa

}

=
d
dt


[√

βIi
αA0

]χ−B
.

[
Ii
A0

]B−γ 2+t
.T


=

[√
BIi
χA0

]χ−B
.{[

Ii
A0

]B−γ 2+t
. log

(
Ii
A0

)
.T +

[
Ii
A0

]B−γ 2+t
.
∂

∂t
T

}
,

t = 0 (25)

J6 =

[√
BIi
χA0

]χ−B
.

[
Ii
A0

]B−γ 2
.

{
log

(
Ii
A0

)
.[T1]+

∂

∂t
[T1]

}
(26)

∂

∂B
log[L(χ,B, γ )] = δ

+

N∑
i=1

J4 + J5 + J6

{
∫
∞
I
A0

∫
∞

0 xχ−B−1.e−(χx−
BIa
x ).IB−γ

2−1
a dxdIa}

= δ

+

N∑
i=1

J4 + J5 + J6

{[
√

BIi
χA0

]χ−B.[ IiA0 ]
B−γ 2 .[T1]}

= δ

+

N∑
i=1

[√
BIi
χA0

]χ−B
.

[
Ii
A0

]B−γ 2

log
(
Ii
A0

)
.T1 +

∂

∂t
[T1]−


[√

BIi
χA0

]−1
.[
Ii
A0

]1.[T3]


−

{
log

(√
BIi
χA0

)
.[T1]} + {

∂

∂t
[T1]}}.

1
Q

}
= δ

+

N∑
i=1

{
{log(

Ii
A0

).[T1]+
∂

∂t
[T1 ]

−{[

√
BIi
χA0

]−1.[
Ii
A0

]1.[T3]}}

}

−{{log(

√
BIi
χA0

).[T1]} + {
∂

∂t
[T1]}}{[

1
T1

]}}

= δ +

N∑
i=1

{(
log

[√
χ Ii
BA0

]
.
T3
T1

)
−

[√
χ Ii
BA0

]}
(27)

where:

δ = N [log(B)+ 1− ψ(B)],

Q =

[√
BIi
χA0

]χ−B
.

[
Ii
A0

]B−γ 2
.[T1], ψ(z) = log(z)−

1
2z

Now, we have:

∂

∂B
log[L(χ,B, γ )]= δ+

N∑
i=1

{
log

[√
χ Ii
BA0

]
T3
T1
−

√
χ Ii
BA0

}
∂

∂γ
log[L(χ,B, γ )]= υ+

N∑
i=1

(−2γ )

{
log

(
Ii
A0

)
+

∂
∂t T1
T1

}
(28)

where T3 = G3,0
1,3

[
χB
A0
I
∣∣∣ 1− χ+B−1

2 + γ 2

χ+B−1
2 + γ 2,

χ−B−1
2 ,−

χ−B−1
2

]
.

Using [37], we have T2 = T1
√
χB
A0
Ii and T3 = T1

√
A0
χB Ii.

Let z1 =
∑N

i=1

∂
∂t T1
T1

. Accordingly, (17) and (28) become:

N
[
1+

1
2χ

]
+

N∑
i=1

log

√
BIi
χA0
+ z1 −

N∑
i=1

BIi
A0
= 0

N
[
1+

1
2B

]
+

N∑
i=1

{
log

[√
χ Ii
BA0

]√
A0
χBIi

}

−

N∑
i=1

√
χ Ii
BA0
= 0.

By subtraction and addition of the two previous equations:

N
[

1
2χ
−

1
2B

]
+

N∑
i=1

{
log(

B
χ
).

√
A0
χBIi

}
+ z1−

N∑
i=1

[
BIi
A0

]

+

N∑
i=1

[√
χ Ii
BA0

]
= 0 (29)

N
[
2+

1
2χ
+

1
2B

]
+

N∑
i=1

{
log

(
Ii
A0

)
.

√
A0
χBIi

}
+ z1

−

N∑
i=1

BIi
A0
−

N∑
i=1

[√
χ Ii
BA0

]
= 0 (30)

After simple mathematical manipulation of last two equa-
tions, we get:

N
[
1+

1
2B

]
=

N∑
i=1

√
χ Ii
BA0

(31)

Now, we can easily get the value of A0 using different
values of χ and B according to different AT strength cases
and different OAMmodes. After that, γ can also be obtained.
Finally, the parameters of the channel are now ready for
usagewith the BER equations ofNOAM, and hybridNOAM-
MPPM models.
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2) BER DERIVATION FOR NOAM THROUGH THE USED
CHANNEL
After deriving the parameters of the channel, the next step
is to extract the BER equations of NOAM and the hybrid
NOAM-MPPM system. The received signal can be claimed
as y = ηIx + Ni [1], where x represents the data transmitted
{0, 1}, I represents the obtained irradiance, η is the opto-to-
electric translation factor, and Ni is the additive white Gaus-
sian noise (AWGN). The received irradiance is given from [1]
as: I = |

∫
u(r, φ,z)u(r, φ, z)rdrdφ|2, where u(r, φ, z) is the

spatial distribution of Laguerre-Gauss (LG) beam, and it is
given by [3].

uLG(ln,p)(r, φ, z)n =
D(

1+ z2

((πω2
0)/λ)

2

)1/2 e
−

ikr2z
2(z2+((πω20)/λ)

2)

·e
−

r2

ω2(z)

(
r
√
2

ω (z)

)|l|
lp|l|(

2r2

ω2 (z)
)e−ilφeikz

·e
i(2p+|l|+1)tan−1

(
z

(πω20)/λ

)
(32)

where D is a normalization constant, r is the radial dis-
tance from z, l is the intertwined helical phase front,
p is the radial index, p + 1 is the number of circular
or ring regions, (r, φ, z) are the cylindrical coordinates,
k = 2π/λ is the wave number, λ is the wavelength,
and lp|l| is the generalized Laguerre polynomial. The beam
radius of the fundamental Gaussian beam at distance z is
given by:

ω (z) = ω0

√
1+ (z/zR)2 (33)

where ω0 is the beam waist at z = 0.
The channel applied is the 00 turbulence channel with PE,

which is the most generalized fadingmodel for characterizing
the AT, and its pdf is provided by [40]:

fI (I ) =
χBζ 2

A00(χ )0(B)
G3,0
1,3

[
χB
A0

I
∣∣∣ ζ 2

ζ 2 − 1, χ − 1,B− 1

]
(34)

The instantaneous electrical SNR and average electrical
SNR are given by [37]:

z = (ηI )2/N0

µ = (ηE[I ])2/N0 (35)

respectively. The average SNR is given by [37]:

z̄ = µ
E[I2]
E2[I ]

. (36)

After getting the values of E[I ] and E[I2], the average
received SNR is given by:

z̄ = µ
(χ + 1)(B+ 1)(1+ ζ 2)2

χBζ 2(2+ ζ 2)
. (37)

We can now calculate the value of I as follows:

I = A0.

√
z
µ
.

ζ

(
√
1+ ζ 2)

. (38)

Using this straightforward random variable transformation
between I and z, the resulting SNR pdf under the intensity
modulated/direct detection (IM/DD) technique is provided
by:

fz(z) =
C

√
z0(χ )0(B)

G3,0
1,3

[
χBζ 2√
1+ ζ 2

√
z
µ

∣∣∣ζ 2 + 1
κ

]
(39)

where c =
√
µ(ζ 2 + 1)/A0 and κ = ζ 2 − 1, χ − 1,B− 1.

The signal that was initially broadcasted on OAM mode
would expand to other OAM modes due to AT. The BER of
NOAM can be calculated in a similar way as the SSK BER,
and given as [12]:

BERUOAM ≤
1

N log2 N

N∑
i=1

N∑
j=1

dH (bi, bj) PEPi→j (40)

where

PEPi→j
= Q

|Ii − Ij|
√
z̄ log2 N

2

 (41)

where PEPi→j, and dH (bi, bj) are the bit error probability and
the Hamming distance between symbols bi and bj, respec-
tively, z̄ is the average received SNR per bit, Ii and Ij are
two channel gains that are distributed independently and
identically and characterized by the 00 distribution, andQ(·)
stands for the Gaussian Q-function.

The aim now is to obtain the value of PEPi→j. Let U =
|Ii− Ij| and Z = Ii− Ij. HenceU = |Z |. The pdf of Z is given
by [12]:

fZ (Z ) =
( ∫∞

0 fIi (Z + Ii).fIi (Ii)dIi, forZ ≥ 0∫ 0
−∞

fIi (Z + Ii).fIi (Ii)dIi, forZ < 0

)
(42)

The pdf of U is given by:

fU (u) = fZ (u)+ fZ (−u) (43)

where: fZ (u) = fZ (Z ) for Z ≥ 0 and fZ (−u) = fZ (Z ) for
Z < 0.

Now, the value of fZ (Z ) is:

fZ (Z ) =
∫
∞

0

χBζ 2

A0.0(χ ).0(B)
.G3,0

1,3

[
χB
A0

(Ii + Z )
∣∣∣ζ 2
κ

]
.

χBζ 2

A0.0(χ ).0(B)
.G3,0

1,3

[
χB
A0

Ii
∣∣∣ζ 2
κ

]
dIi. (44)

fZ (Z ) =
(

χBζ 2

A00(χ )0(B)

)2 ∫ ∞
0

T4T5 dIi (45)

where T4 = G3,0
1,3

[
χB
A0
Ii

∣∣∣∣ζ 2κ
]
and T5 = G3,0

1,3

[
χB
A0

(Ii + Z )

∣∣∣∣ζ 2κ
]
.

Letting I = (χB/A0) Ii, we get:

fZ (Z ) =
χBζ 4

A0(0(χ)0(B))2

∫
∞

0
G3,0
1,3

[
I

∣∣∣∣ζ 2κ
]
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×G3,0
1,3

[
I +

χB
A0

Z )

∣∣∣∣ζ 2κ
]
dI . (46)

The solution for this integral can be found by comparing
the previous equation with the following equation as [41]:∫
∞

0
τ θ−1

×Gs,tu,v

[
σ + τ

∣∣∣c1, · · · , cud1, · · · , dv

]
Gm,np,q

[
ωτ

∣∣∣a1, · · · , apb1, · · · , bq

]
dτ

=

∞∑
k=0

(−σ )k

k!
· Gm+t,n+s+1p+v,q+u+1

[
ω

∣∣∣ab
]

(47)

where a = 1− χ, a1, · · · , an, 1+ k − χ − dv and b =
b1, bm, , · · · , 1+ k − χ − cu, 1+ k − χ .
By comparison between (46), and (47), the following

parameters are obtained: τ = I , θ = 1, u = 1, v = 3,m =
3, n = 0, s = 3, t = 0, p = 1, q = 3, σ = 1

2 , ω = 1, ap =
cu = ζ 2, dv = bq = ζ 2 − 1, χ − 1,B− 1, σ = χB

A0
.u.

The solution of the integral in (46) is [41]:

fZ (z) = fZ (u) =
χBζ 4

A0(0(χ )0(B))2

∞∑
k=0

(
−
χB
A0
u
)k

k!
T6, (48)

where T6 =G
3,4
5,5

[
1

∣∣∣∣0, 1+k − ζ 2, 1+k − χ, 1+k − B, ζ 2ζ 2 − 1, χ − 1,B− 1, k − ζ 2, k

]
.

Similar calculations can be used to determine fZ (−u), with
the result revealing that fZ (u) = fZ (−u). Hence, pdf of U is:

fU (U ) =
2.χBζ 4

A0(0(χ)0(B))2

∞∑
k=0

(−χBA0 u)
k

k!
T6. (49)

The average PEP can be calculated using:

APEPi→j
=

∫
∞

0
Q

u
√
z̄ log2 N

2

 fU (U )du (50)

where Q(x) = 1
2 erfc(

x
√
2
) and erfc(·) is the complementary

error function.
Accordingly,

APEPi→j
=

χBζ 4

A0(0(χ )0(B))2

∞∑
k=0

(−χBA0 )
k

k!
T6

×

∫
∞

0
uk erfc

(
u
√
z̄ log2 N
2

)
du. (51)

Using
∫
∞

0 (x)a−1 erfc(bx)dx =
0( a+12 )
aba
√
π
[12], we get:

APEPi→j
=

χBζ 4

A0(0(χ )0(B))2

∞∑
k=0

(−χBA0 u)
k

k!
T6

×
0( k+22 )

(k + 1)(
√

z̄ log2 N
2 )a

√
π

. (52)

Now, to obtain the average BER, the Hamming distance
value is replaced by:

1
N log2 N

N∑
i=1

N∑
j=1

dH (bi, bj) =
1

N log2 N
N 2 log2 N

2
=
N
2
.

(53)

Accordingly,

BER =
χBζ 4N

2A0(0(χ )0(B))2

∞∑
k=0

(−χBA0 )
k

k!
T6

×
0( k+22 )

(k + 1)(
√

z̄ log2 N
2 )k+1

√
π

. (54)

3) DERIVATION A BER EQUATION FOR THE HYBRID
NOAM-MPPM
The BER for the NOAM-MPPM scheme is calculated as
the average of the BERs for both NOAM and MPPM
schemes [6], [16]:

BER =
log2

(M
ω

)
log2

(M
ω

)
+ ωm

BERMPPM +
ωm

log2
(M
ω

)
+ ωm

×

{
BEROAM(1− SERMPPM)+

SERMPPM

2

}
. (55)

We find estimates of upper bounds on BERMPPM and
SERMPPM as follows [6]:

BERMPPM ≤

{
2blog2 (

M
ω)−1c

2blog2 (
M
ω)c − 1

}
SERMPPM. (56)

To get SERMPPM, we start by evaluating SERMPPM(z) for
a given z.

SERMPPM(z) ≤

[(M
ω

)
− 1

2
√
π

]
G2,0
1,2

[
z log2

(M
ω

)
4N

∣∣∣( 1
1
2 , 0

)]
.

(57)

Next, SERMPPM is upper bounded as:

SERMPPM =

∫
∞

0
SERMPPM(z)fz(z)dz

≤

[(M
ω

)
− 1

4
√
π

]
C

0(χ)0(B)

∫
∞

0
z−0.5

×G2,0
1,2

[
(
z log2

(M
ω

)
4N

)|
(

1
1
2 , 0

)]

×G3,0
1,3

[
χBζ 2

(
√
1+ ζ 2)

√
z
µ
|

(
ζ 2 + 1
ζ 2, χ,B

)]
dγ.

(58)

We get the following parameters by comparing the previ-
ous and the following equations [41]:∫
∞

0
τ θ−1Gs,tu,v

[
στ

∣∣∣c1, · · · , cud1, · · · , dv

]
Gm,np,q

[
ωτ r

∣∣∣a1, · · · , apb1, · · · , bq

]
dτ
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FIGURE 2. BER versus average received SNR under low turbulence strength: (a) OAM. (b) OAM + MPPM.

= σ−θHm+t,n+s
p+v,q+u

[
ω

σ r

∣∣∣(a1, 1), · · · , (ap, 1)(b1, 1), · · · , (bq, 1)

]
=

kµ.l(v−u)θ+ρ−1

2π (k−1)c+(l−1)b σ
−θ

×Gkm+lt,kn+lskp+lv,kq+lu

[
ωkkk(p−q)

σ l .l l(u−v)

∣∣∣ a1k , . . . , ank , · · · , ap+k−1k
b1
k , . . . ,

bm
k , · · · ,

bq+k−1
k

]
(59)

τ = γ, θ = 1
2 , u = 1, v = 2, s = 2, t = 0, p = 1, q =

3,m = 3, n = 0, ω = αBζ 2
√
µ.(
√

1+ζ 2)
, σ =

log2 (
N
ω)

4N , r = 1
2 =

l
k , c1 = 1, d1 = 0, d2 = 1

2 , a1 = ζ 2 + 1, b1 = ζ 2, b2 =
χ, b3 = B
After comparing the two previous equations, we get:

SERMPPM ≤ Kϒ

[
2χ+B−1

(2π )1

]
×G6,2

4,7

[
(χBζ 2)2N

4µ(ζ 2 + 1) log2
(M
ω

) ∣∣∣
×

( ζ 2+1
2 ,

ζ 2+2
2 , 12 , 1

ζ 2

2 ,
ζ 2+1
2 ,

χ
2 ,

B
2 ,

χ+1
2 , B+12 , 0

) (60)

where Kϒ =
[
(Mω)−1
4
√
π

]
2C

0(χ )0(B)

[√
N

log2 (
M
ω)

]
.

Finally, we get the upper bound shown in (61), as shown
at the bottom of the next page. where the Fox’s H function is
illustrated in [42].

C. PDF MODEL OF INTERMODAL CROSSTALK
Because of the turbulence, the attenuation and crosstalk
would become OAM-dependent random variables. The
empirical PDFs of attenuation and crosstalk are mostly influ-

enced by turbulence strength and OAM mode [5]. When the
transmitted power is conveyed by vortex light with OAM
modem, the attenuation and crosstalk ηm→n describe the frac-
tion of power received on OAM mode n. According to [25],
two crosstalk statistical models are used:

1) The generalized gamma distribution (GGD) can be
used to represent crosstalk in the first model, and the
analytical relations between the parameters of pdf and
the turbulence strength are estimated as:

a(c2n,m, n) = am→n,

b(c2n,m, n) = b1m→ne
−b2m→nc

2
n + b3m→n,

c(c2n,m, n) = c1m→n(c
2
n)

2
+ c2m→nc

2
n + c

3
m→n

2) The second model lowers the crosstalk distribution to
an exponential distribution, and c2n is linear to b.

where a, b, and c are the PDF parameters. The parameters
of the OAM crosstalk pdf model are then determined using
optimization methods. The trust region approach can be used
in the future work to tackle the challenges of parameters.

D. RESULTS AND PERFORMANCE COMPARISON
In this section, our theoretical results are evaluated using
Mathematica. In addition, these theoretical results are val-
idated using Monte Carlo simulations (Matlab). Different
turbulence parameters are shown in Table 1.

Figure 2 shows a comparison between the average BER
versus SNR for different OAM states under low turbulence
strength. It is indicated from the figure that the utilization of
OAM plus MPPM improves the performance of the model
by nearly five orders of magnitude compared to the utiliza-
tion of OAM only. The reason for this improvement is that
hybrid NOAM-MPPM systems have higher instantaneous
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TABLE 1. Turbulence parameters.

TABLE 2. Average BER values for different OAM states.

SNRs than those of the corresponding ordinary NOAM sys-
tems, when transmitting comparable data rates over the same
bandwidth at a specific average SNR with a specific average
optical power, resulting in a reduction in the BER of the
NOAM part in the hybrid scheme compared to the ordinary
NOAM scheme. Ordinary MPPM raises the number of signal
slots to increase the amount of bits per symbol in order
to maintain a comparable data rate constraint as compared
to ordinary MPPM under the same conditions. As a result,
when compared to the hybrid scheme, the standard MPPM
SER rises. In addition, it is shown that both theoretical and
simulation results are nearly the same under different SNR
values.

Figure 3 shows a comparison between the average BER of
OAM versus SNR for different OAM states and turbulence
conditions. The average BERs for different OAM states are
shown in Table 2.

From the figure, it is worth noting that the theoretical
and simulation results are extremely similar. OAM mode of
order m = +1 achieves the lowest BER value compared
to those of other modes with different orders at different
AT levels. Specifically, for an OAM of order +1, the BERs
for moderate and strong turbulence strengths reach values of
nearly 4 × 10−6 and 1 × 10−4, respectively, at an SNR of
80 dB. Increasing the order of the OAMmode causes the BER
to increase. This is attributed to the fact that the OAM mode
of order m = +1 is the least affected by AT, and its power
distribution remains largely unchanged [1].

TABLE 3. Comparison between different receivers.

TABLE 4. The accuracy of different sizes of datasets.

Figure 4 demonstrates a comparison between the average
BERs of introduced NOAM-MPPM schemes using different
OAM states at different AT levels. It is clear that a good
matching between theoretical and simulation results exists.
Again, under different AT conditions, the lowest BER value
is achieved for an OAM of order +1. Specifically, the BERs
of NOAM-MPPM-FSO system are nearly 2.2 × 10−10 and
1.67×10−7 for moderate and heavy turbulence levels, respec-
tively, at an SNR of 80 dB.

From Figs. 3 and 4, it is clear that the proposed hybrid
NOAM-MPPM system outperforms the conventional OAM
systems significantly under different turbulence conditions
and different OAM mode orders.

IV. COMPARATIVE STUDY BETWEEN CNN, RF, AND AE
The artificial intelligence (AI) algorithms are applied to
enhance the detection model performance. Firstly, a compari-
son is made between the detection processes using both ordi-
nary and AI receivers. The results show that both receivers
have nearly the same performance, but with little improve-
ment with AI using CNN as shown in Table 3.
After that, the learning accuracy with three different DL

techniques is estimated on different datasets established from
the hybrid NOAM-MPPM-FSO model. In the simulation
study, the turbulence strengths are 10−15, 10−14, and 10−13

for low, moderate, and strong strength, respectively. In addi-
tion, the SNR values are also altered from 0 to 45 dB, and
the signal power is set to a constant value that corresponds to
the transmitted data amplitude. The noise power is adjusted
based on the needed SNR. The propagation range is increased
from 200 to 1000 m. The datasets are constructed using trial-
and-error method for altering the dataset size until reaching
the best one. Of course, at the beginning of simulation, the
training is done using a large-size dataset as shown in Table 4.
The accuracy of the model is high, but it takes a very long
time in the training process. So, the size of dataset is reduced

SERMPPM ≤ KϒH
3,2
3,4

[
2αBζ 2

(
√
µ(1+ ζ 2))

√
N

log2
(M
ω

) ∣∣∣( (ζ 2 + 1, 1), (1, 12 ), (
1
2 ,

1
2 )

(ζ 2, 1), (χ, 1), (B, 1), (0, 12 )

)]
(61)

VOLUME 10, 2022 10305



S. A. El-Meadawy et al.: Proposal of Hybrid NOAM-MPPM Technique for Gamma-Gamma Turbulence Channel

FIGURE 3. BER of OAM versus average received SNR under different turbulence strengths: (a) Moderate turbulence. (b) Strong turbulence.

FIGURE 4. BER of hybrid NOAM-MPPM versus average received SNR under different turbulence strengths: (a) Moderate turbulence.
(b) Strong turbulence.

for better performance of the model taking training time into
account, and the results are shown as indicated in Table 5.

Three types of datasets are used and these datasets consist
of 3 classes from the different OAM states (1, 3, and 5).
Each class has a size of 1000, 500, or 50 images for large,
moderate, and small datasets, respectively. After applying the
three DL models (CNN, RF, and AE), it is concluded that the
best dataset has a size of 150 images with 50 images in each
class. The used datasets have a very small bias without nearly
any over-fitting or under-fitting. The simulation results are

obtained using 100 epochs, mini-batch size of 3, ADAMopti-
mizer, a regularization factor of 0.0004 and a 0.0001 learning
rate. The construction of the three DL techniques is indicated
in Fig. 5.

In Tables 4 and 5, a comparative study between RF, AE,
and CNN is presented using different datasets of the hybrid
OAM-MPPM-FSO system. It is clear from the table that
AE is the optimal DL technique for different used datasets
(large, medium, and small). The AE has a value of 100% for
PSNR, Recall [29], SP, Precision, AUC, FScore, and accuracy
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FIGURE 5. Structure of the three proposed DL techniques.

TABLE 5. Different metrics of DL for the three proposed DL techniques.

for the large dataset size. In addition, the AE has the least
RMSE followed by RF then CNN. From Table 4 and 5, it is
shown that CNNwith the different used datasets has the worst
value for all metrics of DL compared to RF, and AE.

V. CONCLUSION AND FUTURE WORK
Closed-form expressions for 00 channel with PE parame-
ters and upper bounds on BERs have been extracted and
studied for the FSO system using the hybrid NOAM-MPPM
techniques. Under various turbulence levels and OAM states,
the performance of an FSO system implementing NOAM-
MPPM was compared to that of a system implementing ordi-
nary OAM. The proposed NOAM-MPPM technique outper-

forms the standard OAM technique, according to our results.
Specifically, BER improvements of orders about 10−5 and
10−3 are gained, when using the proposed NOAM-MPPM
scheme, for both moderate and heavy turbulence channels,
respectively. Moreover, we have concluded that to further
enhance the performance of NOAM-MPPM FSO systems,
three different DL classification techniques, namely AE, RF,
and CNN can be used. AE has the best classification perfor-
mance, optimal performance metrics of DL, and the lowest
RMSE compared to the other models on different datasets of
the NOAM-MPPM-FSO system.

As a future work, it will be beneficial to study OAM
performance with other effective DL techniques in order to
resolve faults in the OAM-SK optical system. Although our
study focused on SISO OAM, all of the strategies estab-
lished can be applied on the more efficient multiple input
multiple output (MIMO) OAM.We will introduce theoretical
analysis that can be easily used to approximate the perfor-
mance of OAM with other modulation techniques. In the
near future, it will also be useful to test our theoretical
results using simulations on RSoft optSIM. Utilization of
various encryption/decryption schemes with OAM-DL sys-
tems will be investigated to improve the efficiency and reli-
ability of the systems. Several recent studies have looked
into the performance of OAM mode recognition employing
LG beams. In the future, we plan to investigate the perfor-
mance of OAMmode recognition using Bessel Gaussian and
hyper-geometric Gaussian beams.
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