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Abstract: This study proposes a threshold decision technology to compensate for the turbulence effect in free-space optical (FSO)
communication links, which integrates deep learning (DL) with a low-pass filter (LPF) to enhance system performance. Firstly, we
introduce DL model of fully connected neural network (FCNN) for the sake of adaptive threshold decision (ATD) capability
improvement. Then, in the cascaded LPF and FCNN approach, in order to improve the accuracy of channel state information (CSI)
signal acquired from LPF, FCNN model is deployed behind LPF with a fixed cut-off frequency set for different turbulence channel
degrees and data rates. For the adaptive cut-off frequency scheme of FCNN-based LPF technology, we utilize the FCNN model to
determine the cut-off frequency value of LPF according to the estimated turbulence channel characteristics, enabling flexible variation of
cut-off frequency values across diverse turbulence channel degrees and data rates. Finally, we conducted simulations to evaluate this
technology. Simulation results demonstrate that FCNN-based adaptive cut-off frequency LPF technology outperforms LPF-based ATD
with a fixed cut-off frequency, the FCNN-based ATD, and our proposed cascaded LPF and FCNN approach. Furthermore, its
performance is approximate to theoretical ATD with comprehensive CSI knowledge. Therefore, the proposed method is a promising

solution to compensate turbulence effect in FSO links.
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1. Introduction

The free-space optical (FSO) communication system has
emerged as a highly attractive alternative to address the limitations
imposed by radio frequency (RF) bandwidth saturation [1]. With
unique attributes such as exemption from licensing, straightforward
deployment, and a heightened security profile due to reduced
detectability, FSO has become a notable contender for applications
ranging from initial network access to emergency communication
recovery [2]. However, as a result of the heterogeneous
distributional attributes of the atmospheric refractive index, the
optical signal in transit encounters significant intensity variations
upon reaching the receiver, a phenomenon commonly referred to as
the scintillation effect [3]. This turbulence-generated effect
significantly degrades the capacity of optical communication link
and limits the development of FSO communication technology.

To address the issue of scintillation effect, researchers have
developed various technologies, including adaptive optics, saturated
optical amplifiers, polarization modulation, diversity techniques, and
adaptive threshold decision (ATD), among others [4-6]. Among
them, the ATD method has garnered significant attention due to its
simplicity. Researchers have explored the application of ATD in
mitigating scintillation effect on the basis of estimating thresholds
symbol-by-symbol [7]. However, in order to make optimal
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decisions, the high precision degree of channel state information
(CSD) is required, ie., the knowledge of time-varying signal
intensity variation [8]. Given the low-frequency spectrum features
of turbulent channels, researchers have used well-configured low-
pass filters (LPF) to fetch the CSI signal from the received signal
[9, 10]. However, it should be noted that in the case of low-speed
signal transmission, the performance of this method can be severely
impacted due to a significant reduction in CSI signal accuracy. To
this end, researchers have studied a block-based multi-symbol
threshold decision method that optimizes periodic decision
threshold for a block-wise received signal utilizing incomplete CSI
knowledge [11]. Yet, determining the specific scope of this
incompleteness remains a challenge.

In the face of the challenges posed by conventional signal
processing methods, efforts are currently being conducted to introduce
deep learning (DL) technologies into FSO links [12—14]. A universal
artificial neural network (ANN) has been proposed to classify analog
and digital modulation formats using the nine key features [15].
Nonetheless, the applicability of the neural network model hinges on
the process of the training data, which may influence it to fall into
local optimums. Additionally, a deep neural network (DNN) model
was adopted to demodulate received signals under conditions of
incomplete CSI [16]. It is worth noting that different turbulent
channels require different weight configurations. The receiver
structure in line with fully connected deep neural network (FC-DNN)
model has been studied for achieving synchronization and recovery of
received signals in underwater optical wireless communication [17].
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Furthermore, a convolutional neural network (CNN) model has been
introduced to identify the degree of turbulence and mode of orbital
angular momentum [18-20]. However, this method increases the
complexity of transmitters and receivers. With an understanding of
fully connected neural networks (FCNN), the use of channel
parameters has been explored to differentiate received on-off keying
(OOK) signals [21]. Yet, due to the imbalance features of class in the
dataset, the accuracy of predictions may decrease. Therefore, it is
particularly important to explore the application of DL technologies to
develop an efficient ATD method.

In this work, DL and LPF-based decision method is proposed in
FSO links. Since the scintillation effect is mainly composed of
low-frequency spectral components, the CSI signal can be filtered
out from the receiving signal using a LPF. Manchester on-off
keying (M-OOK) is adopted as to enhance the CSI signal accuracy
extracted by the LPF. The receiving M-OOK signal is split into
two parts: one for extracting CSI signal and the other for
demodulation. To increase the accuracy degree of CSI extracted by
the LPF across different turbulent channels and data rates, a FCNN
model is employed. Two DL-assisted approaches are proposed. The
first is the cascaded LPF and FCNN method, which deploys the
FCNN model following LPF configuring the fixed cut-off
frequency as to enhance the accuracy of CSI knowledge extracted
by the LPF. The second is the adaptive cut-off frequency based on
FCNN for LPF technology, which uses FCNN model to determine
the cut-off frequency value of LPF based on the estimated
characteristics of the turbulent channel. This technique is compared
with LPF-based ATD with a fixed LPF cut-off frequency,
FCNN-based ATD, and theoretical ATD with perfect CSI
knowledge. Simulation results show that the proposed FCNN-based
adaptive cut-off frequency LPF technology outperforms LPF-based
ATD with a fixed LPF cut-off frequency, FCNN-based ATD, and
the proposed cascaded LPF and FCNN method. Furthermore, its
performance is approximate to theoretical ATD under ideal CSI
knowledge.

2. Principle of Operation

Figure 1 shows the block diagram of the proposed technique. In
this technique, direct modulation and 1550 nanometers laser diode
(LD) are adopted. Compared to OOK, the application of M-OOK
signals can reduce signal distortion in the low-pass filter (LPF)
caused by missing low-frequency features. The transmitted M-
OOK signal s(t) is represented by [22]

s(t) = dlklg(t —kT) (1)

where T, d[k], and g(t) are symbol period, data sequence, and square-
wave shaping pulse respectively. When the optical signal traverses
an atmospheric turbulence channel, due to the random fluctuation
characteristics of temperature and pressure, the optical signal under-
goes significant distortion severely impacted by turbulence effects
[4]. Among these turbulence effects, the scintillation induced by tur-
bulence leads to intense optical irradiation variation. It is the major
issue in FSO system and usually evaluated using the scintillation
index o?. Besides, high value of o2 indicates a serious signal intensity
fluctuation phenomenon. o7 is given by

o?=——2—1 (2)

where I and (.) are the intensity of receiving signal and symbol of
ensemble average respectively [23]. The receiving optical signal is
transformed into electrical signal using photodiode (PD) alongside
the noise generation during the detection process. Then, analog r(t)
to digital 7 [k] conversion process is accomplished, and it is given by [24]

rlk] = I[k]s[k] + N[k] 3)

where N[k] is additive white Gaussian noise (AWGN). In order to
handle scintillation effect, we propose DL-assisted LPF-based
ATD approaches, i.e., the cascaded LPF and FCNN, and adaptive
LPF cut-off frequency based on FCNN.

2.1. Cascaded LPF and FCNN

Figure 1(a) shows the proposed Cascaded LPF and FCNN
method. In this method, receiving signal is split into two parts. One
part utilizes the LPF and FCNN model to acquire CSI knowledge
of the turbulent channel. For the other branch, which is the lower
one, time delay is carried out to ensure synchronization between
two paths. The output signal of LPF r;[k] is expressed as

rilkl = rlk]h[k] )

where h[k] is LPF impulse response. Frequency domain of h[k] is
shown as

Figure 1
Block diagram of (a) LPF and FCNN cascading and (b) adaptive LPF cut-off frequency based on FCNN
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H(w) = Z h[k] - el=iek) (5)

where o depicts angular frequency. Cut-off frequency w, of LPF is
given by [25]

w, = 1/(1’ (270 — 1)) (6)

where T and O are the nominal bandwidth and order of the LPF
respectively. H(w,) is calculated by [25]

H(w) = 1/(1+ (0,/0)*) @)

where w,, represents normalized frequency. As to LPF, the cut-off fre-
quency is dynamically adjusted in order to obtain CSI signal with high
accuracy under various turbulence degrees and data rates [10]. Thus,
FCNN model is adopted associated with LPF to realize an effective
CSI estimation under LPF with a fixed cut-off frequency. The basic
FCNN model is deployed in this work, since it is sufficient to process
the features of received signal. FCNN model is composed of one input,
two hidden, and one output layers as shown in Figure 2. The input sig-
nalr,[k] transparently passes through modified input layer into hidden
layer. The rectified linear unit (ReLU) plays the role of activation func-
tion to achieve nonlinear transformation in hidden layer, which trans-
forms by learning the nonlinear feature representation of ry[k].
Subsequently, the spectrum of the output signal is reconstructed by
these learned feature representations in the output layer. The processes
of input, hidden, and output layers are represented by [26]

Li[k] = R(wiri [K] + by),
Ly[k] = R(w, Ly [k] + by),
q1[k] = R(w3L,[k] 4 bs) (8)

where w; is the weight matrix of the layer i, b; is the bias term of the
layer i, L, is the input layer, L, represents a neural network structure
composed by two hidden layers, R denotes RelLU-based activation
function, and g, is the output layer. q,[k] is obtained through a
prediction process of the CSI signal and is utilized as the decision
threshold for implementing the ATD scheme. Mean squared error
(MSE) is applied as loss function to measure the accuracy, and it is
calculated by [27]

MSE = 37 ((r, = o)) /& ©)

Figure 2
FCNN model

Output
—_—
Input Hidden Hidden Output
Layer eR! Layer eR3? Layer €eR32  Layer €R*

where k is the index of the sample. The error probability P, is analyzed
to evaluate the capability of decision method, and P, is given by

P, = P(0) - P(1|0) + P(1) - P(0]1) (10)

where the conditional error probabilities are represented by P(1|0) and
P(0|1) respectively. P(0) and P(1) are supposed to 0.5, and BER, is
calculated by [23]

1t 1, (O =
BER1—4f(\/R)+47f<m>, (11)

where erfc(-) shows the complementary error function. (U, ) and o are
mean and variance values, respectively.

2.2. FCNN-based adaptive cut-off frequency of LPF

Figure 1(b) shows the proposed FCNN-based adaptive cut-off
frequency of LPF method. In this proposed mechanism, the received
signal is split into three branches, with an added delay in the upper
branch to ensure synchronization with signals from other paths. The
middle branch utilizes an LPF with the capability of dynamically
adjusting its cut-off frequency to extract CSI signals from the
receiving signal. As to LPF, the cut-off frequency is adaptively
selected by the lower branch using FCNN model by leaming the
frequency characteristics of the received signal as to increase the
accuracy of extracted CSI. The input signal r[k] is delivered into the hid-
den layers through modified input layer. The frequency domain features
of k] learned by ReLU by the process of nonlinear transformations. The
frequency spectrum of r, [k] is rebuilt in output layer by learning the fre-
quency domain features. In Figure 3, the maximum spectral component
o, is selected in the process of cut-off frequency optimization process,
and o is set as the optimal LPF cut-off frequency. It is calculated by

., = max(|C(e)|) (12)

where C(e/) shows frequency spectrum of 7, [k].
The CSI signal g, (w) is acquired via LPF with the selected cut-
off frequency. This acquisition process is shown by

Figure 3
Optimized cut-off frequency selection
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Figure 4
Modeled turbulence channel: (a) intensity, (b) spectrum, and (¢) PDF
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where frequency domain of 7 [k] is represented by R(w). Finally, ATD
is realized using estimated CSI signal g, [k], which plays the role of
the decision thresholds. The degree of accuracy is estimated by MSE
in Equation (9) as well. The BER, is expressed as

1 r—(Up) 1 (Up) —r
BER, = Zerfc (ﬁ) + Zerfc (W) (14)

Therefore, the scintillation effect is effectively mitigated through
cascading LPF and FCNN, as well as the adaptive cut-off
frequency technique based on FCNN-enabled LPF.

3. Channel Modeling

In this work, the log-normal distribution is utilized to
accommodate the scintillation effect based on the characteristics of
time-varying intensity variations. The log-normal distribution is
commonly utilized to express weak turbulence channel on account
of its simplicity and widespread application. The probability density
function (PDF) of the log-normal distribution is calculated as [24]

m—ah

where 1 is the mean of In(I). The time-varying intensity variations
with a log-normal distribution are derived from the time spectrum
of log-normal amplitude variations. In the context of weak turbulence
channels, it is depicted by [25, 26]

fl) = (15)

WD(f) =
v(H)

oo [ i) [ e (B

2k

)F(yk)d!{dH7
(16)

where D represents log-amplitude, 1 is the distance of communication
link, H is the transmitter altitude, C2 is the refractive index structure
based on the model of Hufnagel-Valley, v represents wind velocity
model, k = 27/A is the number of optical wave, k represents spatial
wave number, and F(+) is the function of aperture filter. The information
of phase is randomly added into Wy, (f). Then, it is converted into time
domain using Fourier inverse transform. Through the above process, we
finally obtain a turbulent channel with scintillation effect. Figure 4 shows
the simulated turbulent channel when o? is 0.0596. Figure 4(a) shows the

04
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intensity variation features of the modeling channel, and the time-varying
signal intensity alteration was observed. Figure 4(b) shows the spectrum
of the modeled turbulence channel, and it is obvious that low-frequency
components dominate in spectrum. Figure 4(c) presents the distribution
feature of the simulated turbulent channel, with its distribution curve
matching the log-normal distribution. Therefore, we have effectively
established a model of the turbulent channel and used it as the training
dataset for this study, and channel attenuation coefficient and back-
ground noises were ignored.

4. Simulations and Results

In simulation, the proposed DL and LPF-based decision method
was validated. ATD with accurate CSI, ATD with a single LPF using
a fixed LPF cut-off frequency, ATD based on a single FCNN, and the
proposed cascaded LPF and FCNN with adaptive cut-off frequency
based on FCNN were compared under various data rates and
turbulent channels. Besides, the degree of computational
complexity and accuracy were also analyzed between different
methods. The noise equivalent power was configured into
5 x 10~ W/Hz for PD. LPF was set according to the specifications
illustrated in Table 1 [28]. FCNN model was configured as to param-
eters depicted in Table 2, and training and testing of dataset were set
80% and 20% respectively. The simulations were carried out on a
laptop equipped with an NVIDIA GeForce RTX 3050 GPU.

Table 1
LPF parameters

Type Passband attenuation Stopband attenuation
Butterworth 3dB 30 dB
Table 2
The tuned hyperparameters
Hyperparameters Values

10 Mbps = 1 x 107, 50 Mbps = 5 x 107
10 Mbps = 8 x 10°, 50 Mbps = 4 x 107
10 Mbps = 2 x 10°, 50 Mbps = 1 x 10°

Dataset size
Dataset size-training
Dataset size-testing

Function of activation = ReLU
Function of loss MSE
Epoch 20
Batch-size 500
Learning rate 0.001

Turbulence intensity 02 =0.7248, 0.4286, 0.2080, 0.0596
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Figure 5 displays the BERs of ATD using single LPF at
different cut-off frequencies of the LPF, where the CSI signal is
obtained through LPF filtering. The data rates for M-OOK
modulation were configured into 10 Mbps and 50 Mbps,

respectively. The average signal-to-noise ratio (SNR) was fixed at
a high value to reduce the impact of PD noise. The simulations
were employed by turbulent channels with scintillation effects
at o7 values of 0.0596 and 0.4286. On account of turbulent channel

Figure 5§
BERSs of ATD using single LPF with different cut-off frequencies
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BERs of various threshold decision methods at 7 of (a) 0.0596, (b) 0.2080, (c) 0.4286, and (d) 0.7248 at the data rate of 10 Mbps.
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Figure 7
Optimized cut-off frequency selection in the spectrum of received
M-OOK signal at 02 of 0.0596
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possessed with low-frequency features, the cut-off frequency of LPF
was set from 0 Hz to 2 x 10° Hz. For M-OOK signal with 10 Mbps
transmission, when cut-off frequency was increased, the accuracy of

the CSI knowledge was increased through the acquisition of a larger
number of turbulent channel frequency components. However, the
decrease of BER was observed under circumstance of exceeding a
critical cut-off frequency point by the reason of larger quantity of
M-OOK signal component addition. A similar relationship between
BER and cut-off frequency was observed at M-OOK signal transmis-
sion with data rate of 50 Mbps. Besides, it has a better BER perfor-
mance and wider range of permitted cut-off frequencies by increased
data rates transmission, since a lower proportion of signal compo-
nents were included in CSI signal. Therefore, to improve the preci-
sion of CSI estimation under M-OOK signal with different data rates,
a dynamic cut-off frequency of LPF is required.

Figure 6 demonstrates the BERs of various threshold decision
methods under data rate of 10 Mbps. ATD based on LPF and FCNN
cascading and FCNN-based adaptive LPF cut-off frequency were
evaluated under conditions with o? values of 0.0596, 0.2086,
0.2080, 0.4286, and 0.7248. Additionally, they were compared to
theoretical ATD with ideal CSI knowledge, ATD accompanied with
LPF of fixed cut-off frequency, and single ATD based on FCNN. For
ATD accompanied with LPF of fixed cut-off frequency method, the
frequency was configured to 1 kHz based on Figure 5. Due to the
large proportion of signal components in the estimated CSI
signal, its BER performance was limited. For the ATD technology
based on a single FCNN, the obtained BER performance was poorer

Figure 8
BERs of proposed methods at ¢ of (a) 0.0596, (b) 0.2080, (c) 0.4286, (d) 0.7248 under 50 Mbps signal transmission
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compared to other methods because it was difficult to obtain CSI
knowledge with high accuracy using a single FCNN model. The pro-
posed cascaded LPF and FCNN method involves grading with an
FCNN model after the LPF, with a cut-off frequency of 1 kHz. This
CSI extraction method reduced the signal complexity and LPF
noises, and improved BER performance and the accuracy of
extracted CSI knowledge. However, under different turbulent chan-
nels, the BER performance was inferior to theoretical ATD due to the
limitation of the fixed cut-off frequency. Regarding the FCNN-based
adaptive LPF cut-off frequency method, FCNN model was adopted
to adaptively determine the optimized cut-off frequency. Figure 7
shows the optimized cut-off frequency selection in the spectrum
of M-OOK signal in the circumstances of o7 at 0.0596. The FCNN
model was applied after LPF to study the frequency features of M-
OOK signal, and the frequency component with maximum value is
selected as the optimal cut-off frequency in LPF. The results indicate
that BERs of FCNN-based adaptive LPF cut-off frequency are close
to that of theoretical ATD.

Figure 8 illustrates BERs of the proposed LPF and FCNN
cascading and FCNN-based adaptive LPF cut-off frequency under
50 Mbps M-OOK signal transmission. They were analyzed under
conditions with o? values of 0.0596, 0.2080, 0.4286, and 0.7248.
Additionally, the comparison was conducted with theoretical ATD
with ideal CSI knowledge, ATD based on LPF, and ATD based
on FCNN. With regard to ATD based on LPF method, the cut-off
frequency was configured to 20 kHz based on Figure 5. Similar
BER performance was achieved at 50 Mbps M-OOK signal trans-
mission compared to Figure 7. Therefore, BERs of FCNN-based
adaptive LPF cut-off frequency are effective under varying data rates
and turbulence channel intensities.

The degree of accuracy and computational complexity were
analyzed for ATD based on FCNN, LPF, and FCNN cascading,
and FCNN-based adaptive LPF cut-off frequency under different
data rates and turbulence channel intensities. As shown in
Tables 3-8, the FCNN-based adaptive cut-off frequency for LPF
exhibits the highest accuracy, as the optimized LPF cut-off
frequency effectively reduces the noise degree and signal
processing complexity by FCNN model. Nonetheless, due to the
additional cut-off frequency optimization process, this method

Table 3
Degree of accuracy and complexity under ATD based on FCNN
at 10 Mbps signal transmission

Channel Accuracy rate Training time

0?7 =0.0596 85.51% 72's

0?2 =0.2080 85.02% 70 s

0?=0.4286 87.12% 70 s

0?2 =0.7248 86.69% 72's
Table 4

Degree of accuracy and complexity under LPF and FCNN
cascading at 10 Mbps signal transmission

Channel Accuracy rate Training time
02 =0.0596 91.95% 69 s
0?2 =0.2080 91.82% 65s
0? =0.4286 91.49% 65s
0?2 =0.7248 90.69% 66 s

Table 5
Degree of accuracy and complexity under FCNN-based adaptive
HPL cut-off frequency at 10 Mbps signal transmission

Channel Accuracy rate Training time

0?7 =0.0596 96.69% 73 s

0?2 =0.2080 95.17% 71s

02 =0.4286 95.98% 72s

0?=0.7248 94.78% 69 s
Table 6

Degree of accuracy and complexity under ATD based
on FCNN at 50 Mbps signal transmission

Channel Accuracy rate Training time

02 =0.0596 88.96% 980 s

0% =0.2080 87.93% 996 s

02 =0.4286 88.25% 989 s

0?2 =0.7248 89.47% 993 s
Table 7

Degree of accuracy and complexity under LPF and FCNN
cascading at 50 Mbps signal transmission

Channel Accuracy rate Training time

0?2 =0.0596 95.68% 975 s

0% =0.2080 95.11% 962 s

0? =0.4286 94.28% 985 s

0?=0.7248 95.75% 976 s
Table 8

Degree of accuracy and complexity under FCNN-based adaptive
HPL cut-off frequency at 50 Mbps signal transmission

Channel Accuracy rate Training time
02 =0.0596 98.45% 1095 s
0% =0.2080 97.85% 1042 s
02 =0.4286 99.02% 1032's
0% =0.7248 98.89% 1024 s

consumes relatively longer training time. Therefore, the proposed
FCNN-based adaptive LPF cut-off frequency can efficiently
compensate turbulence effect in the circumstance of various
turbulent channel conditions and data rates. In future work, we
will explore other DL model application, FCNN model
optimization, and computational complexity reduction.

5. Conclusion

In summary, we have proposed an ATD technique for FSO
communication, which was based on DL model and LPF. For the
cascaded LPF and FCNN approach, the FCNN model was utilized to
estimate the CSI of signals processed by fixed cut-off frequency-
based LPF. Regarding FCNN-based adaptive HPL cut-off frequency
technique, FCNN model was employed to adaptively determine the
values of cut-off frequency. This technique was analyzed by
comparing ATD with ideal CSI, ATD with fixed cut-off frequency
configured HPF, and ATD based on FCNN in the situation of
different degrees of data rates and scintillation effects. The proposed
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methods were verified through simulation. The simulation results
indicated that FCNN-based adaptive HPL cut-off frequency
technique outperforms the ATD with fixed cut-off frequency
configured HPF, ATD based on FCNN, and LPF and FCNN
cascading method. Besides, it approaches the performance of ATD
with ideal CSI across various degrees of data rates and turbulence
channels. Therefore, this is a highly promising technique for FSO links.

Recommendations

This study proposes ATD technique assisted by DL model and
LPF. Among various DL models, FCNN model is introduced. In the
cascaded LPF and FCNN approach, FCNN model is deployed after
LPF is configured with fixed cut-off frequency. Regarding FCNN-
based adaptive LPF cut-off frequency technique, FCNN model is
utilized to dynamically determine the cut-off frequency of LPF
according to the variation of turbulence channel and data rate.
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