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ABSTRACT This study proposes an adaptive thresholding optical detection technique using a stochastic
approximation (SA) to enhance receiver performance in multi-level pulse amplitude modulation (PAM)
based free-space optical (FSO) transmission. When the receiver detects the symbol by fixed threshold
decision (FTD) scheme, the detection performance of high order modulation, including PAM4, becomes
degraded due to a random fluctuation of the received signal. Owing to the slow varying characteristic
of atmospheric turbulence, we used an adaptive linear prediction (ALP) filter to predict the decision
threshold of the upcoming frame. The experiment was conducted on various degrees of turbulence chan-
nels. A Mach-Zehnder modulator (MZM) based turbulence channel emulator was used to experimentally
investigate the turbulence-induced scintillation effect. The experiment results confirmed that the proposed
technique yielded improved receiver performance compared to FTD. In the case of considering the ampli-
fied spontaneous emission (ASE) noise of erbium-doped fiber amplifier (EDFA), the adaptive threshold
decision (ATD) scheme obtained about 3dB gain compared with an even-valued threshold (EVT) decision
scheme when the average EDFA input optical power was below −16dBm.

INDEX TERMS Adaptive estimation, erbium-doped fiber amplifier, free-space optical communication,
multi-level pulse amplitude modulation, scintillation effect.

I. INTRODUCTION
The 3rd Generation Partnership Project (3GPP) has recently
considered the development of a non-terrestrial network
(NTN) [1], [2]. The NTN is developing scenarios to pro-
vide 5G services using airborne vehicles, such as unmanned
aircraft systems. The user equipment is connected to the
airborne vehicle via a service link, and the airborne vehi-
cle is connected to the gateway via a feeder link. For the
feeder link, free-space optical communication (FSOC) can
be adopted for NTN scenarios as a hybrid system because
FSOCs have more advantages than radio frequency (RF)
communication technology: wide bandwidth, small diver-
gence angle, unlicensed spectrum, high security, and low
power requirement [3], [4]. However, when a laser beam
propagates through an atmospheric channel between the gate-
way and airborne vehicles, atmospheric turbulence-induced
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beam scintillation deteriorates the FSOC system. Atmo-
spheric turbulence is an unpredictable phenomenon that
causes random fluctuation of the received light intensity.
Atmospheric turbulence is caused by variations in the tem-
perature and pressure of the atmosphere. According to the
Kolmogorov energy cascading theory [5], [6], it results in the
formation of turbulent cells, known as ‘‘eddies,’’ which have
different sizes and refractive indices. The eddies act like a lens
that focuses and defocuses the incoming beams. As a result,
they induce received intensity fluctuation, called scintillation.

An important consideration in establishing a stable
free-space optical (FSO) link is mitigating the scintillation
effect. Studies have been conducted using spatial light mod-
ulators (SLM) or digital micro mirror devices for adaptive
optics [7], [8]. Another method involves using saturated opti-
cal amplifiers as an efficient and straightforward approach
to suppress scintillation [9]–[11]. The results are remark-
able; however, only the gain saturation effect on the on-off
keying (OOK) format was analyzed. In terms of symbol
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detection from the random fluctuation of the received light
intensity, studies have been conducted to estimate the deci-
sion threshold on the OOK format [12]–[15]. The optimum
decision needs perfect instantaneous channel state infor-
mation (CSI), unavailable in practical systems. However,
quasi instantaneous CSI or channel model can be applied
to enhance the receiver performance. Maximum likelihood
(ML) symbol-by-symbol detection and ML sequence detec-
tion techniques were introduced theoretically. The receiver
is assumed to know the channel model instead of instan-
taneous CSI [12], [13]. Both ML symbol-by-symbol detec-
tion and ML sequence detection need the accurate marginal
distribution of the turbulence-induced fading. However, it is
non-attainable in practice, and the distribution model is also
not fixed in the FSO channel. So, the receiver has to gather
information on the distribution model adaptively and update
the decision threshold criteria. Even if the receiver knows the
marginal fading distribution, the ML-based fixed threshold
decision (FTD) scheme has to overcome the burst errors [15].
Unlike FTD, adaptive threshold decision (ATD) techniques
were introduced [14], [15]. In those schemes, the receiver
knows the instantaneous fading state. In [14], it applied a low-
pass filter (LPF) to extract the CSI from the optical carrier
component. This technique uses the slow varying character-
istics of turbulence-induced fading and the DC component
of the optical signal. Similarly, applying a DC block or AC
coupling of a photodiode (PD) can stabilize symbol detection
in binary PAM signals. It centers the eye diagram at one and
zero levels [9], [10]. However, the decision threshold in a
multi-level PAM signal, such as PAM4, needs to be adaptively
tracked using another method. PAM4 has multiple levels,
implying that the number of thresholds has to be three, unlike
one in a binary PAM signal. Therefore, the CSI cannot be
estimated using only the LPF or DC block. In [15], it applied
a dynamic decision threshold to improve the receiver per-
formance compared with FTD. The FSO signal is detected
frame by frame. The duration of each frame is in the order of
sub-millisecond, which is smaller than the channel coherence
time. Hence in each detection frame, a decision threshold is
provided for signal detection by monitoring the preamble.
This technique also uses the slow varying characteristics of
turbulence-induced fading. However, it has to consider the
frame duration. Since each frame is in the order of sub-
millisecond, it stores the sampled data on buffer until it moni-
tors the preamble for detection threshold. This problem can be
worse with a high data rate since it has to store the increased
sampled data, and it disturbs the real-time implementation
in the detection process. In addition, the works above have
analyzed only in OOK format and are valid for the same noise
statistics on the symbol level.

In this paper, we propose a stochastic approximation (SA)
aided adaptive threshold decision technique which con-
tributes to PAM4 detection in the presence of different noise
statistics on symbol level and the capability of real-time
implementation in FSO systems. Based on the slow varying
characteristic of the atmospheric turbulence channel, we used

the SA algorithm to predict the decision threshold of upcom-
ing frames. We demonstrated that the proposed technique is
valid for multi-level modulation signals, e.g., PAM4, which
requires a more precise threshold than OOK in FSOC. The
experiment was conducted on various degrees of turbulence
channels. A Mach-Zehnder modulator (MZM) based turbu-
lence channel emulator was used in experiments to emulate
the turbulence-induced scintillation effect. The experimental
results confirmed that the proposed technique, comparedwith
FTD, improves the receiver performance. Also, the adap-
tive threshold decision (ATD) scheme obtained about 3dB
gain compared with the even-valued threshold (EVT) scheme
when the average erbium-doped fiber amplifier (EDFA) input
optical power below −16dBm.

FIGURE 1. Decision threshold in IM/DD-based FSOC systems. (a) Binary
PAM case with thermal noise. (b) Multi-level PAM case with thermal
noise. (c) Multi-level PAM case with signal-to-ASE beating noise.

II. OPERATION PRINCIPLE
Fig. 1 illustrates the decision threshold in IM/DD-based FSO
systems. The response of intensity fluctuation in turbulence
is relatively slow compared with that of the data rate with a
cutoff frequency of 1 kHz. For this reason, there is a varia-
tion in time about the optimal threshold, causing significant
burst errors when a fixed threshold is used. Applying a DC
block or AC coupling of PD can stabilize symbol detection
in binary PAM signal, implying that FTD can be applied.
However, the decision threshold in a PAM4 signal needs
to be adaptively tracked using another manner. PAM4 has
multiple levels, implying that the number of thresholds has
to be three, unlike one in a binary PAM signal. Therefore,
the CSI cannot be estimated using an LPF function [14].
Moreover, the optical amplifier is used at the receiver, ASE
noise can deteriorate the decision process [16], [17]. The total
noise is calculated using the following equation:

σ 2
total = σ

2
Signal×ASE + σ

2
ASE×ASE + σ

2
Shot + σ

2
Thermal, (1)

where σ 2
Signal×ASE and σ 2

ASE×ASE are the signal-to-ASE
beating noise and ASE-to-ASE beating noise, respectively.
In Fig. 1. (c), σ 2

Signal×ASE is proportional to the received signal
power; therefore, the decision threshold must be adaptively
tracked between each symbol.
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FIGURE 2. Operation principle of the proposed adaptive threshold
decision. (1) MLE of the mean obtained from PE. (2) Prediction of
upcoming frames using the ALP filter. (3) Adaptive threshold decision
process. MLE: maximum likelihood estimate, PE: preamble extraction,
ALP: adaptive linear prediction.

Fig. 2 illustrates the operation principle of the proposed
ATD. Unlike the binary PAM signal, each decision threshold
of the PAM4 signal is adaptively predicted using the SA
algorithm. The first step is preamble extraction (PE) for frame
synchronization and maximum likelihood estimate (MLE) of
mean and variance on power levels of the PAM4 signal in each
frame. Frame duration was set to 0.1ms, ten times faster than
the cutoff frequency of atmospheric turbulence. The frame
duration is the cycle of the threshold update. The preamble
comprises 100 symbols for each level, which is 400 symbols
for PAM4 levels: ‘‘3,’’ ‘‘2,’’ ‘‘1,’’ and ‘‘0’’ in each frame.
The MLE of mean and variance were performed for over
100 symbols, which is 0.8 % overhead in each frame. The
preamble size can be optimized, however, it was set to a fixed
value to extract the MLE of mean and variance in our study.
In the second step, the adaptive linear prediction (ALP) filter
is applied to the output of the first step, and it predicts the
mean value of each level of the PAM4 signal for upcoming
frames. Since the filter is applied to each symbol state, it can
be applied for M-ary PAM. However, the system complexity
can be increased in proportion to the order M. The ALP filter
is a sort of adaptive filter. It is useful in speech and image
compression techniques, e.g., linear predictive coding. The
purpose of ALP in our study is to use an adaptive filter to

predict the futuremean value of each PAM4 signal level based
on past values. The SA algorithm, also known as the least
mean square (LMS) algorithm, was used to solve the coef-
ficient equation of ALP. As the convergence rate of the SA
algorithm is relatively slow, it is well matched to the slow
varying characteristic of the atmospheric turbulence channel.
Moreover, for real-time operation in FSO systems, SA can
reduce the burden of coefficient computation. In Fig. 2,
the filter input is mk , the sample mean of the kth frame. The
error εk is the difference between the filter output m′k and
sample mean of the current frame dk . The filter output is
calculated using the inner product of the weight vector and
the filter input vector with tap delays. The number of taps
in the ALP filter is set to four. It is the optimal number for
tracking the dynamics of intensity fluctuation, which will be
discussed later. The SA algorithm is implemented in such a
manner as to minimize error. The equation of mk is

m′k = EH
T
k ·
EMk , (2)

εk = dk − m′k = dk − EHT
k ·
EMk , (3)

where EHT
k = [w1,k ,w2,k , · · ·,wL,k ] is the weight vector and

EMT
k = [mk−1,mk−2, · · ·,mk−L] is the filter input vector with

tap delays of 1 to L. εk has to be minimized, and it can be
performed by finding theminimummean square error (MSE).
By updating the weight vector with the gradient of MSE ∇k ,
the filter can probe the minimum MSE.

EHk+1 = EHk + µ · (−∇k ), (4)

where µ is the convergence rate or learning rate, which
determines how fast the filter converges the output. The
convergence rate is adjusted with the average received opti-
cal power and degrees of turbulence channels in our work.
Instead of calculating the gradient of MSE using the input
vector statistics, the SA algorithm uses ε2k as an estimate of
MSE:

∇k = −2 · εk · EMk . (5)

Therefore, the intensity fluctuation of upcoming frames
can be predicted using the sample mean of the past frames
with length L. On the other hand, we have applied a mov-
ing average filter to obtain exact sample variance. In the
last step, the ATD is applied to upcoming frames using the
pseudo-optimal threshold [16], which is defined below:

γn−1 =
mn_levelσn−1_level + mn−1_levelσn_level

σn_level + σn−1_level
. (6)

The threshold in FTD is determined by averaging the sam-
ple means over the long-term FSO channel.

III. EXPERIMENTAL SETUP
The performance of the proposed technique was experimen-
tally verified for different states of the turbulence channel.
As shown in Fig. 3, the MZM (JDS IOAP-MOD9140-B-
B-O-AA1) based turbulence channel emulator is used. The
realization of intensity fluctuation in turbulence is modeled
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FIGURE 3. Experimental setup and DSP block diagram. (a) Experiment
without EDFA. (b) Experiment with EDFA. AWG: arbitrary waveform
generator, RF AMP: RF amplifier, LD: laser diode, PC: polarization
controller, VOA: variable optical attenuator, OBPF: optical band-pass filter,
DPO: digital-processing oscilloscope, DSP: digital signal processing.

on the Kolmogorov power-law spectrum and Taylor frozen
hypotheses [18]. The turbulence data are realized by the val-
ues of the turbulence spectrum, which undergo random phase
mapping, inverse fast Fourier transform (IFFT), and deviation
scaling. The power spectral density (PSD) of log-amplitude
fluctuation is mathematically modeled as a function of the
altitude.

WA(f ) = 0.528π2k2
∫ L

0
dzC2

n (z)

×

∫
∞

2π f
v(z)

[(κv(z))2− (2π f )2]−1/2 · ··

κ−8/3 sin2(
κ2γ z
2k

)F(γ κ)dκ, (7)

where k is the optical wave number; L is the propagation
distance; z is the altitude; C2

n (z) is the refractive-index struc-
ture parameter, obtained from the Hufnagel-valley model;
v(z) is the wind speed, obtained from the Bufton wind model;
κ is the spatial wavenumber; γ is the propagation parameter,
one for plane waves; F(γ κ) is the aperture filter function,
which is [2J1(γ κD/2)/(γ κD/2)]2 for a circular aperture with
diameter D; and J1 is the first kind Bessel function of order
one. D was set to 0.05 m. The wavelength and propaga-
tion (vertical) distancewere 1550 nm and 20 km, respectively.
By setting the above parameters, we can derive the shape of
the PSD. C2

n (z) represents the strength of the turbulence as a
function of altitude; The strength of the turbulence near the
ground is the dominant term of the vertical FSO channel.
In this study, we changed the ground turbulence strength
to obtain different PSDs. The ground turbulence strengths
are 8× 10−13m−2/3, 5× 10−12m−2/3, and 8× 10−12m−2/3.
The degree of the scintillation effect is represented in terms
of scintillation index (SI) σ 2

I , which is the variance of the
intensity fluctuations for the received optical signal. SI is
represented by [3]

σ 2
I =

〈
I2
〉

〈I 〉2
− 1, (8)

where I is the signal intensity and 〈·〉 is the ensemble average.

The outputs of the ground turbulence strengths arematched
to σ 2

I of 0.0690, 0.2026, and 0.3045, respectively. In our
experiment, only the scintillation effect is emulated through
the MZM. The probability density function (pdf) model of
the pointing errors (PEs) is not considered in our work
under the assumption that a proper pointing, acquisition,
and tracking (PAT) function is working. PAT mechanisms in
FSOC systems may avoid PEs by continuously measuring
the received signal power and Strehl ratio, and adjusting
correction elements, such as gimbals, mirrors, or adaptive
optics. In the FSO systems, the link between transmitter and
receiver has various parameters, such as various degrees of
scintillation effect, link distance, link direction, etc. There-
fore, the systems may or may not require optical amplifiers,
and link margins can be changed in various situations. In our
study, we analyzed the performance of the proposed tech-
nique under various degrees of turbulence with and without
an optical amplifier. The experiments were conducted based
on two schemes, as shown in Fig. 3 (a) and (b). PAM4 data
was generated by the AWG (TEKTRONIX AWG 70002A)
and directly modulated using DFB-LD (Gooch & Housego
E0059439) of 1550 nm wavelength. For proof-of-concept
experiments, the PAM4 data rate was set to 250 Mbps.
It is because our DPO (TEKTRONIX MSO71604C) record
length is limited, and the duration of turbulence realization
is 0.1 s. In scheme (a), the pre-optical amplifier was not
added to determine the proposed ATD and FTD perfor-
mance. VOA1 was varied to change the average received
optical power (ROP) in PD (new focus 1544B). The average
received optical power is set at a range of −13 to −5dBm.
In scheme (b), the EDFA (LiComm OFA-WCB-15AG) was
added to determine different noise statistics on power levels
of multi-level signals. VOA1, which monitors the average
EDFA input optical power in this structure, varies from
−21 to−9dBm. Since the operating range of our EDFA input
power is from−26dBm to−8.93dBm, we set the range of the
average EDFA input power from -21dBm to −9dBm. The
bit-error-rate (BER) was measured on the above range, and
the average input power in PD is -3dBm in all points. The
BER performance was obtained after the digital signal pro-
cessing (DSP) went offline. Fig. 4 (a) shows the FSO channel
emulation result using the MZM-based turbulence emulator.
The results were obtained from DPO. Fig. 4. (b) shows that
two different turbulence channel realizations follow lognor-
mal distributions, where ground turbulence strengths are 8×
10−13m−2/3 and 8×10−12m−2/3. The SI becomes large with
ground turbulence strength, and the SI is 0.069 and 0.3045,
respectively.

Fig. 4 (c) and (d) show the intensity fluctuation and
eye pattern for average EDFA input power values of
−21 and −9dBm, respectively. From the eye pattern shown
in Fig. 4 (c), ATD is necessary for the small average EDFA
input power. If the FTD is used for the small average
EDFA input power, it will make burst errors because the
EDFA output power fluctuates. However, the eye pattern
in Fig. 4. (d) shows that FTD can be applied. When the
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FIGURE 4. Turbulence emulation results. (a) DC-coupled signal without
EDFA. (b) Probability density of normalized intensity without EDFA.
(c) and (d) Intensity fluctuation and eye pattern of average EDFA input
power values of −21 and −9dBm, respectively.

average EDFA input power is high enough, the intensity
fluctuation is equalized by the gain saturation of the EDFA.
When the average EDFA input power is small, the gain is
nearly constant. So, the output of the EDFA has the same
gain. However, when the average EDFA input power is large,
the gain is non-constant. It means that the high-intensity point
has a small gain and the low-intensity point is vice versa.

IV. RESULTS AND DISCUSSION
Before analyzing the performance of the proposed technique,
the optimization of tap numbers is required to implement the
SA algorithm. Fig. 5 shows the BER performance, which
varies with the number of taps. The experimental data, which
optimize tap numbers, are obtained at an average received
optical power of −13dBm in the absence of EDFA and an
average EDFA input optical power of −21dBm in the pres-
ence of EDFA. The BER performance is the lowest when the

FIGURE 5. BER performances for a different number of taps.

tap number is 4, considering various scintillation effects. The
variation of BER is marginal, especially at SI = 0.0690 and
SI= 0.2026 in the presence of EDFA. The BER performance
will not be marginal with the tap number if the variation of the
channel state is dramatic. However, the cutoff frequency of
intensity fluctuation is about 1kHz, and the updating cycle of
a tap we used is 0.1ms. Considering updating cycle of a tap is
0.1ms, it shows that 0.4ms (4 taps) are required to implement
the SA algorithm.

Before comparing the performancewith FTD,we validated
the proposed ATD. Based on Fig. 2, the MLE of the mean
obtained from the preamble is used to predict upcoming
frames in our study. Furthermore, considering that the inten-
sity fluctuation is in a quasi-stationary state compared with
the data rate, the MLE of the mean obtained from the pream-
ble can be used for CSI. Therefore, we named the ATD using
the MLE of mean obtained from the past preamble data as
PA-ATD and the ATD using the MLE of mean obtained from
the present preamble data as PR-ATD. In Fig. 6 (a) and (b),
the BER performance of the proposed ATD is better than that
of PA-ATD and PR-ATD.However, there is a slight difference
between PA-ATD and PR-ATD owing to the accuracy of the
CSI. The result shows that the SA algorithm used in the
proposed ATD tracks intensity fluctuation using the sample
mean of the past frames. Fig. 6 (c) and (d) illustrate the output
of mean tracking when the SI is 0.0690.

The red line shows that it adaptively tracks the dynamics
of intensity fluctuation and smooths the intensity fluctuation,
including noisy signal. As a result, we can conclude that
the proposed ATD helped predict the CSI, which is well
matched to the slow varying characteristic of the atmospheric
turbulence.

Fig. 7 shows the BER performance of the proposed ATD,
proposed EVT, and FTD in the absence of EDFA. The
threshold of the proposed ATD is calculated based on the
pseudo-optimal threshold, and the proposed EVT is calcu-
lated by dividing the tracked mean value of the adjacent
symbol by two. The FTD is decided by averaging the sample
means over the long-term intensity fluctuation. The received
optical power used in Fig. 7 is the average value over
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FIGURE 6. (a) Measured BER performance of the proposed ATD, PA-ATD,
and PR-ATD in the absence of EDFA. (b) BER performance in the presence
of EDFA. (c) Output of mean tracking in the absence of EDFA (the blue line
is the MLE of mean, and the red line is the output of the ALP filter, which
is used in the proposed ATD). (d) Output of mean tracking in the presence
of EDFA.

FIGURE 7. BER performance of the proposed ATD, proposed EVT, and FTD
without EDFA.

long-term intensity fluctuation. Fig. 7 includes the various
scintillation effects of which the SI is 0.3045, 0.2026, and
0.0690. The result shows that the proposed ATD outperforms
the FTD without EDFA. However, the proposed ATD and
EVT exhibit similar performance. Since the channel does
not consist of signal-dependent noise, e.g., signal-to-ASE
beating noise. Fig. 8 shows the BER performance of the
proposed ATD, proposed EVT, and FTD with EDFA. Unlike
the performance without EDFA, the BER performance dif-
ference of FTD and the proposed ATD becomes smaller
when the EDFA input optical power is high. It is because
the EDFA operates in the gain saturation region at high input
power. When the average EDFA input power is applied in the
gain saturation region, the intensity fluctuation is suppressed
(Fig. 4). When the average EDFA input power is −21dBm,
the signal power is amplified by EDFA gain, but the intensity
fluctuation is not suppressed. Therefore, the result of the
gain saturation effect can be seen in Fig. 8 (c), where SI
is 0.0690. When the SI is 0.0690, the intensity fluctuation
is small; therefore, the performance difference between the
FTD and proposed ATD reduces when the average EDFA
input power is high. However, the intensity fluctuation in
SI = 0.2026 and 0.3045 is more significant than that in SI =
0.0690, which means that the intensity fluctuation is not fully
equalized when the EDFA input power is high. Therefore,
the performance difference between the FTD and proposed
ATD does not reduce with increasing EDFA input power.
The performance of the proposed ATD obtained about 3dB
gain compared with the proposed EVT when the average
EDFA input optical power is below −16dBm. Considering
that the EDFA gain is high when the input power is low,
more ASE is generated. The ASE causes signal-to-ASE beat-
ing noise, which is a sort of signal-dependent noise. The
beating noise is dependent mainly on the optical amplifier
gain and PAM4 symbol level [16]. Fig. 8 (d) shows the
ASE beating noise effect on the PAM4 symbol. Unlike the
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FIGURE 8. BER performance of the proposed ATD, proposed EVT, and FTD
with EDFA. (a), (b), and (c) BER performance of SI = 0.3045, 0.2026, and
0.0690, respectively. (d) Left: MLE of variance without EDFA (average
received optical power: −13dBm). Right: MLE of variance with EDFA
(average EDFA input optical power: −21dBm).

MLE of variance without EDFA, the MLE of variance, when
the average EDFA input power is -21dBm, differs between
PAM4 symbols ‘‘3’’ and ‘‘0.’’ In relay-based all-optical FSO

system, multiple relays would increase ASE beating noise
effect. So, the proposed ATD can give more precise decision
criteria using the adaptive threshold decision process, which
considers the different noise statistics on power levels of
PAM signals [19]. In our study, we directly modulated the
PAM4 signal using DFB-LD. When an external modulator
modulates the PAM4 signal, the extinction ratio between each
PAM4 symbol level becomes larger. As a result, the overall
performance would be better; however, the MLE of variance
would have more differences than our experiment results.
Consequently, the proposed ATD has enhanced the receiver
performance using the SA algorithm in PAM4 FSO trans-
mission. Considering that the multi-level modulation would
be in demand for future FSO technology, we believe that
the proposed technique would be helpful in multi-level PAM
signal detection for IM/DD-based FSO communication.

V. CONCLUSION
In summary, the adaptive threshold decision technique was
proposed to enhance receiver performance using the SA algo-
rithm in PAM4 FSO transmission. The experiment was con-
ducted using an MZM-based turbulence channel emulator at
various turbulence strengths. According to the experimental
results, the proposed ATD adaptively tracked the dynamics of
intensity fluctuation and smoothed the intensity fluctuation,
including the noisy signal. Experimental results demonstrated
that the proposed ATD had better transmission performance
than FTD. In the presence of signal-to-ASE beating noise,
the performance of the proposed ATD was better than that
of the proposed EVT. With this technique, PAM4 detection
becomes available in various atmospheric turbulence chan-
nels, even in different noise statistics on the power levels of
multi-level signals. Considering that the ALP filter predicts
the decision threshold of the multi-level signals for upcoming
frames, the proposed technique has the capability of real-time
implementation in FSO transmission.
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