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Abstract To effectively mitigate the influence of atmospheric turbulence, a novel discrete-time analog transmission free-
space optical (DTAT-FSO) communication scheme is proposed. It directly maps information sources to discrete-time analog
symbols via joint source-channel coding and modulation. Different from traditional digital free space optical (TD-FSO)
schemes, the proposed DTAT-FSO approach can automatically adapt to the variation of the channel state, with no need to
adjust the specific modulation and coding scheme. The performance of the DTAT-FSO system was evaluated in both intensity
modulation/direct detection (IM/DD) and coherent FSO systems for high-resolution image transmission. The results show
that the DTAT-FSO reliably transmits images at low received optical powers (ROPs) and automatically enhances quality
at high ROPs, while the TD-FSO experiences cliff and leveling effects when the channel state varies. With respect to the
TD-FSO scheme, the DTAT-FSO scheme improved receiver sensitivity by 2.5 dB in the IM/DD FSO system and 0.8 dB in
the coherent FSO system, and it achieved superior image fidelity under the same ROP. The automatic adaptation feature
and improved performance of the DTAT-FSO suggest its potential for terrestrial, airborne, and satellite optical networks,
addressing challenges posed by atmospheric turbulence.
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1 Introduction

FREE-space optical (FSO) communication has the advantages of high bandwidth, easy deployment, high
security, and desirable cost-effectiveness, being an effective solution for integrated terrestrial, airborne,
and satellite networks [1,2]. However, the transmission performance of FSO is limited by impairments
such as geometric loss, pointing error, influences of atmospheric attenuation and turbulence. In particular,
the atmospheric turbulence effect will cause an adverse effect known as scintillation or fading, leading to
performance degradation, especially in long-distance transmissions of several kilometers [3,4].
Currently, traditional digital free-space optical (TD-FSO) communication systems are often used for
point-to-point transmission. In these schemes, information sources (such as text, images, and videos)
are first converted into bits via source coding and encoded via channel coding and then mapped to
symbols via a modulator for transmission [5]. However, TD-FSO systems suffer from a “cliff effect” in
which the performance will drop like a cliff when the channel signal-to-noise ratio (SNR) deteriorates
below a threshold [6]. In other words, the performance of digital communication systems critically
depends on channel states [7]. However, in FSO communication systems, the SNR, varies over time due
to the optical intensity scintillation induced by atmospheric turbulence. This will significantly impact
the performance of the TD-FSO scheme. To improve system performance, many adaptive coding and
modulation schemes have been proposed by adjusting the modulation and coding scheme according to
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Figure 1 (Color online) Structure of TD-FSO and DTAT-FSO systems.

the estimated channel state [8,9]. As the coherence time of the FSO channel is typically 0.1 to 10 ms,
millisecond-level adjustment speed for adaptive coding and modulation schemes is required [10]. This is
challenging for a practical system. In addition, the adaptive coding and modulation scheme requires an
additional channel information feedback link, which increases system complexity.

In this paper, we propose a free-space optical communication scheme based on discrete-time analog
transmission (DTAT-FSO), with the aim of enhancing FSO transmission performance under atmospheric
turbulence. With no bit-based coding or modulation, the proposed DTAT-FSO scheme can effectively
avoid the cliff and leveling effects. In particular, a joint source-channel coding and modulation (JSCCM) is
proposed to directly map the information sources to channel symbols (while in the traditional system, this
function is completed using source coding, channel coding, and modulation separately). These channel
symbols, discrete in the time domain with continuous amplitude, characterize the system as discrete-
time analog transmission [11,12]. The main contributions of this study are summarized as follows.
A discrete-time analog transmission scheme is proposed for the first time for FSO communication. A
transformer-based JSCCM network is designed for image transmission, which can constrain the peak-
to-average power ratio (PAPR) of the output symbols and ensure an efficient transmission in physical
optical links. The performance of the DTAT-FSO scheme is evaluated in intensity modulation/direct
detection (IM/DD) and coherent FSO systems both, showing high transmission quality under atmospheric
turbulence effects. Due to the characteristics of discrete-time analog symbols, the DTAT-FSO exhibits
a graceful and gradual performance degradation similar to analog communication when the received
optical power (ROP) decreases. In the presence of atmospheric turbulence, the DTAT-FSO demonstrates
automatic adaptation to channel noise variation, whereas the TD-FSO requires adjustment in coding and
modulation schemes. Moreover, the DTAT-FSO shows superior image transmission performance. When
compared to the TD-FSO scheme, the DTAT-FSO enhances receiver sensitivity by more than 2.5 dB in
the IM/DD FSO system and by 0.8 dB in the coherent FSO system. Under identical ROP conditions,
the DTAT-FSO scheme achieves higher image transmission fidelity, notably enhancing fidelity in textures
and details.

2 Challenges and motivations

2.1 Challenges of TD-FSO

Figure 1 illustrates the structure of the TD-FSO and DTAT-FSO systems. In the TD-FSO structure,
source coding, channel coding, and modulation are designed separately. Source encoding compresses
information, while channel coding adds redundancy to correct bit errors during channel transmission.
Modulation converts the encoded bits into symbols for transmission. In the TD-FSO systems, forward
error correction (FEC) codes such as Reed-Solomon codes, polar codes, and low-density parity-check
codes (LDPC) are commonly considered for channel coding [8,13,14]. These FEC coding schemes exhibit
a threshold effect, wherein the performance of the system will rapidly decline when the bit error rate
after channel transmission (before FEC decoder) exceeds a certain threshold (i.e., the number of errors
exceeds the error-correcting capability of the FEC codes). Bit error seriously affects the quality of the
received information. Therefore, the TD-FSO system based on a separate design faces two challenges.
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First, when the system SNR varies rapidly under the effect of atmospheric turbulence, the TD-FSO
system is prone to experiencing mismatches between the system design and the channel state. Two
inherent issues in digital transmission systems are the cliff and leveling effects. The cliff effect occurs
when the system’s BER is beyond the FEC threshold as the channel condition varies, leading to a rapid
increase in bit error probability. This failure in the source decoding process results in a substantial
decrease in reconstruction quality. Similarly, the leveling effect is observed when the system cannot
benefit from enhanced channel conditions either. Specifically, when source and channel coding rates are
fixed, no matter how good the channel is, the reconstruction quality remains the same as long as the
channel capacity is above the target rate [6,15].

Second, based on Shannon’s theorem, the separation of source and channel coding can achieve opti-
mality as the block length approaches infinity. Nevertheless, to ensure system latency, the block length
is limited in practice, especially in applications with low-latency demands. Furthermore, the optimality
of separation design breaks down with non-ergodic source or channel distribution [16,17]. Hence, com-
munication systems based on a separate design generally exhibit a performance gap compared to the
theoretical limits.

2.2 Motivation for DTAT-FSO

The structure of the proposed DTAT-FSO is depicted in Figure 1. A notable feature is the extraction
of the desired features of information sources and mapping them into channel symbols directly using a
JSCCM network. This process eliminates the need for bit-based coding and modulation. The performance
of the DTAT-FSO system shares similarities with the analog communication system, where the quality
of source reconstruction closely depends on the channel state. As a result, the DTAT-FSO system can
effectively avoid the cliff and leveling effects and adapt to the channel state variation automatically.
Considering the time-varying nature of the channel state under atmospheric turbulence, the integrated
design DTAT-FSO system is a promising approach to improve the performance of the system.

3 Proposed DTAT-FSO system

3.1 JSCCM network

In the DTAT-FSO, information sources are mapped into channel symbols by the JSCCM network. Then,
the symbols are transmitted through the FSO channel. After transmission, the symbols are demodulated
and decoded by the joint demodulation decoding (JDD) network. The JSCCM network is a key part of
the DTAT-FSO system. The following description focuses on designing the JSCCM network for high-
resolution image transmission in the DTAT-FSO system. Inspired by advanced artificial intelligence
technology, deep convolution neural networks (CNN) and transformer structures are widely utilized for
image encoding. Limited by model capacity, the performance of a CNN-based network degrades rapidly
with an increase in image dimensions. For encoding high-resolution images, transformer-based networks
show greater potential [18-20]. To achieve high-performance transmission of high-resolution images, the
designed JSCCM network is based on the Swin Transformer [21], as shown in Figure 2. The input
RGB images © € RT*W >3 are split into I; = (H/2) x (W/2) non-overlapping patches. The patches are
arranged in a sequence by following a left-to-right, top-to-bottom order and input the network. After
patch embedding, the Swin Transformer blocks are utilized for encoding. After undergoing four stages
of encoding and a fully connected layer, the images are encoded into discrete-time analog symbols. The
constellation of the DTAT-FSO system is shown in Figure 2(a). It is irregular and has a near-Gaussian
distribution of amplitude. After transmission through the FSO channel, the images are recovered by the
JDD network, which acts as the inverse process of the JSCCM.

During training, images from the DIV2K dataset were used [22]. These images were cropped randomly
into 256 x 256 patches as the training set. The training batch size was set to 16. We employed an Adam
optimizer with a learning rate of 1 x 10~%. To enhance the noise robustness of the DTAT-FSO system,
the JSCCM and JDD network models were trained end-to-end under an additive white Gaussian noise
(AWGN) channel, with a uniform distribution for SNRs ranging from 1 to 14 dB.

Having a reasonable signal PAPR is important for transmission over the physical FSO link, as a large
PAPR will lead to distortions caused by nonlinear devices like AD/DA converters and modulators [23].
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Figure 2 (Color online) (a) Principle of the DTAT-FSO system; (b) architecture of two successive Swin Transformer. LN: layer
normalization; MLP: multi-layer perceptron; W-MSA and SW-MAS are multi-head self-attention modules with regular and shifted
windowing configurations, respectively.

To ensure good performance in image encoding and simultaneously control the PAPR of the output
discrete-time analog symbols, we design a loss function L for the DTAT-FSO model training,

L=(1-M,)+AP, (1)

where M; is a multi-scale perceptual metric (MS-SSIM) that closely approximates human visual percep-
tion, assessing the performance of the received images [24]. The closer the MS-SSIM is to 1, the more
closely the received image resembles the transmitted image. Thus, the function of term 1 — Mj is to make
the received image close to the transmitted image under linear AWGN impairments. P indicates the
PAPR of the output symbols. The term AP is to prevent the PAPR of the output discrete-time analog
symbols from being too high and avoid suffers from excessive nonlinear distortions. The A is a tunable
parameter. After optimization, \ was set to 5 x 10~* in this study.

3.2 JSCCM model analysis

To evaluate the performance of the Swin Transformer-based model, we analyzed its transmission perfor-
mance under an AWGN channel. For comparison, we also assessed the performance of the attention-based
CNN model [11] under the AWGN channel. Both CNN and Swin Transformer models are trained under
the DIV2K data set and tested under the Kodak dataset. A TD-FSO system with advanced source and
channel coding was also used for comparison. Specifically, JPEG2000 (JP2K) and 3/4 code rate LDPC
coding were used as source coding and channel coding, respectively [25,26]. The modulation format
included QPSK and 16QAM. Figure 3(a) shows the transmission performance in the AWGN channel.
The results demonstrate that, compared to the CNN model, the Swin Transformer model exhibits ob-
vious performance advantages. The visual results of different communication schemes are presented in
Figure 3(b). The performance gain can be interpreted as Transformer’s ability to produce more diverse
features, thanks to its content-adaptiveness and global receptive field. CNN’s failure to produce diverse
features can be explained by the significant redundancy of learned filters [27, 28], leading to redundant
representations. Figure 3(c) presents a comparison of the complexity between the two models. Due to the
relatively small number of parameters in convolution kernels, the CNN model has an advantage in terms
of model parameters. However, thanks to the efficient window-based attention mechanism, the multiply-
accumulate operations (MAC) of the Swin Transformer model are only slightly higher than those of the
CNN model [20].
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Figure 3 (Color online) (a) Transmission performance over the AWGN channel; (b) visual results of the three transmission
schemes at SNR of 11 dB; (¢) model complexity comparison between the CNN-based and Swin Transformer-based models.

3.3 FSO channel model

Inhomogeneities in temperature and pressure within the atmosphere, attributed to solar heating and wind
dynamics, induce variations in the air refractive index along the transmission path. These variations,
termed atmospheric turbulence, result in random fluctuations in optical power. Various stochastic channel
models have been proposed to characterize the distribution of turbulence-induced fading in FSO systems.
These include the log-normal distribution, negative exponential distribution, double Weibull distribution,
and gamma-gamma distribution models. Among them, the gamma-gamma model demonstrates good
performance across weak to strong fluctuation regimes [2,3]. Therefore, in this study, the gamma-
gamma model was selected to model atmospheric turbulence effects [4]. In the gamma-gamma model,
the probability density function of the received intensity I is

2(apB)(@t+h)/2
[(a)L'(B)

where I'(.) is the gamma function and K, _g( ) is the modified Bessel function of the second kind. a and
[ are two parameters related to the atmospheric conditions, defined as

P(I) = 1@FA21E 5(2v/aBl), 2)

a=1[0.490%/(1 + 1.11)0 /%) /6 — 171, (3)
B =1[0.510%/(1 +0.69)a/)>/® — 171, (4)

Further, the Rytov variance 0‘%_3 characterizing the intensity of the scintillation effect can be calculated
as follows:
0% = 1.23C2k7/6 711/6, (5)

where C? is the refractive index structure parameter, k is the wavenumber and Z is the transmission
distance.

4 Evaluation in IM/DD system

Both IM/DD and coherent structures are commonly used in FSO transmission systems. IM/DD offers
advantages in simplicity and cost-effectiveness, while coherent architecture enables higher transmission
rates and improves receiver sensitivity [29,30]. The performance of the proposed DTAT-FSO system was
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Figure 4 (Color online) Setup of the IM/DD FSO system.

Table 1 Number of bits and symbols obtained after encoding and modulation.

Coding and Number of bits Number of bits Number of symbols
modulation scheme after JPEG2000 after 3/4LDPC after modulation
JPEG2000+3/4LDPC+OOK (D-FSO) 112345 149796 149796
JPEG2000+3/4LDPC+PAM4 (D-FSO) 224801 299736 149868
Number of symbols after JSCCM
JSCCM (DTAT-FSO) 147456
Compression ratio 0.125

evaluated in IM/DD and coherent FSO systems. We initially implemented an IM/DD FSO system to
evaluate the transmission performance of the DTAT-FSO. Figure 4 illustrates the system setup, where
high-resolution images are transmitted to assess the DTAT-FSO scheme’s performance. The system baud
rate and sampling rates are 10 Gbaud and 20 GSa/s, respectively. The channel symbols generated from
coding and modulation are processed by the digital signal processing at the transmitter (Tx-DSP). The
Tx-DSP includes square root raised cosine (SRRC) filtering with a 0.1 roll-off factor and resample. Then,
the electrical signals are modulated using the Mach-Zehnder modulator (MZM). The optical amplifier
amplifies the transmitting optical power. After transmission through the FSO channel, the optical signals
are converted to electrical signals by the photodiode (PD). These electrical signals are processed by the
receiver digital signal processing (Rx-DSP), which includes resampling, matched filtering, and a 61-tap
forward feedback equalization (FFE). The tap coefficients of FFE are obtained using a training sequence-
based least mean square (LMS) algorithm. The LMS algorithm is an iterative optimization algorithm
that minimizes errors through gradient descent [31].

A TD-FSO system was employed for comparison. The JP2K and 3/4 code rate LDPC coding were
used as source coding and channel coding, respectively. The modulation format included OOK and
PAM4. With a fixed system baud rate, the image transmission rate of the system relies on the number
of symbols obtained after encoding and modulation for each image. To enable a fair comparison of
transmission performance at a similar image transmission rate, the TD-FSO and DTAT-FSO schemes
produced a comparable number of symbols after encoding and modulation for each image. High-resolution
images from the Kodak dataset and ADE20k with 768 x 512 x 3 pixels were transmitted?) [32]. For a
single image with 768 x 512 x 3 pixels, the number of bits and symbols obtained after encoding and
modulation are described in Table 1. The compression ratio is calculated by S/(H x W x 3), where S is
the number of output symbols after coding, H and W are high and width of the input image, and “3”
represents the three values of RGB. The image transmission rate R can be calculated by

R = R,/Nspr, (6)

where R is the symbol rate and Ngpy is the number of symbols per image after coding and modulation.

According to the data in Table 1, the image transmission rates of the TD-FSO and DTAT-FSO were
approximately 6.68 x 10* and 6.78 x 10* images/s, respectively. The net bit rates of the OOK and PAM4
transmissions were 7.5 and 15 Gb/s, respectively. By adjusting the compression ratio of the source coding,
the image transmission rates of the TD-FSO and DTAT-FSO were controlled to be similar. The JP2K
encoding of the OOK transmission required a higher source compression rate.

The receiver sensitivities of the various transmission schemes were investigated in an optical back-to-
back (OB2B) transmission link. The ROP was controlled using an optical attenuator. The relationships
between the ROP and transmission performance of the Kodak dataset and ADE20k dataset [32] are

1) True Color Kodak Images. https://rOk.us/graphics/kodak/.
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Figure 5 (Color online) Relationships between ROP and transmission performance of (a) Kodak dataset and (b) ADE20k dataset
in the IM/DD FSO system.

Table 2 Parameters of the FSO channel.

Parameter Value
Carrier wavelength (nm) 1550
Attenuation (dB/km) 0.443
Beam divergence (mrad) 0.25
Transmitter aperture diameter (cm) 5
Receiver aperture diameter (cm) 20
Scintillation model gamma-gamma
Index refraction structure le—15

depicted in Figure 5. For more intuitive observation and comparison, the MS-SSIM is converted into dB
form. The formula is MS-SSIM(dB) = —10log(1 — MS-SSIM). In the TD-FSO system, there is a trade-
off between the quality of source coding and the robustness of channel impairments. At the same baud
rate, using a high-order modulation format (PAM4 is considered in this paper) enables the transmission
of more bits, supporting higher quality source transmission. However, a high-order modulation format
implies poorer robustness to channel impairments, compared to low-order modulation (OOK). When the
ROP is below —5 dBm, the PAM4 transmission exhibits a “cliff” effect. For the OOK transmission, the
receiver sensitivity reaches about —13 dBm. However, with increasing ROP, the OOK transmission may
not efficiently utilize the channel, and the quality of image transmission remains the same. In contrast,
channel noise will impact the quality of the received discrete-time continuous amplitude symbols in
the DTAT-FSO transmission, directly influencing the performance of the received image. Therefore,
the DTAT-FSO can automatically adapt to variations in ROP. As the ROP decreases, the DTAT-FSO
provides a graceful and gradual performance degradation similar to analog communication. Meanwhile,
the DTAT-FSO improves the transmission quality of the image significantly, achieving over 2.5 dB receiver
sensitivity improvement in the low ROP region.

After the OB2B transmission, the performance of the DTAT-FSO was investigated in a 5 km FSO
channel with atmospheric turbulence effects. The parameters of the FSO channel are shown in Table
2. The refractive index structure parameter C2(m~2/3) was set to 1 x 107'® (moderate turbulence).
The coherence time of the FSO channel was 1 ms. In the FSO system, where the transmission rate
was very high (10 Gbaud), the channel fading coefficient remained constant over millions of symbols.
Therefore, the channel fading was quasi-static [3]. The transmitting optical power was set to 15 dBm.
We performed data collection 50 times at intervals of 1 s. The relationship between measured ROP and
time is illustrated in Figure 6. Due to the atmospheric turbulence effect, the ROP was time-varying.
The measured ROP varied between 2.3 and —11.3 dBm. When the ROP was below —5 dBm, reliable
transmission of PAM4 became challenging, as demonstrated in the OB2B transmission. The information
could not be transmitted effectively at 40% of the sampling time in PAM4 transmission.

The transmission results in the FSO channel are shown in Figure 7. The PAM4 transmission scheme
experienced unreliable communication with fluctuations in ROP. Specifically, when the ROP was low, the
receiver did not effectively receive the transmitted information. The OOK transmission achieved reliable
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Figure 6 (Color online) Measured time-varying ROP of the FSO system.
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Figure 7 (Color online) Transmission performance of the IM/DD FSO system for (a) Kodak dataset and (b) ADE20k dataset.

transmission throughout all sampling times. However, it did not enhance transmission performance at
high ROPs. In comparison, the DTAT-FSO demonstrated automatic adaptation to ROP variations. It
achieved reliable transmission at low ROPs and automatically enhanced image transmission quality at
high ROPs. Furthermore, the overall performance of the DTAT-FSO transmission surpassed that of
TD-FSO. The visual results of the fifth sampling are shown in Figure 8. At the fifth sampling, the
ROP was about —10.5 dBm. The PAM4 scheme did not transmit the image efficiently. Moreover, the
DTAT-FSO achieved superior visual quality compared to the OOK-based TD-FSO scheme. Specifically,
the DTAT-FSO produced higher fidelity textures and details.

5 Evaluation in coherent system

We also conducted a dual-polarization coherent FSO system to investigate the transmission performance
of the DTAT-FSO scheme. Figure 9 shows the system setup, where high-resolution images were trans-
mitted to assess the DTAT-FSO system’s performance. The system baud rate and sampling rate were
25 Gbaud and 50 GSa/s, respectively. The channel symbols generated from coding and modulation are
processed by the Tx-DSP, which includes SRRC filtering with a 0.1 roll-off factor and resample. Then,
the electrical signals are converted into optical signals by the dual-polarization IQ modulator (DP-IQ
modulator). The optical signals are then amplified. After transmission through the FSO channel, the
optical signals are converted to electrical signals by the coherent receiver. The electrical signals are
processed by the Rx-DSP.

A 21-tap 2x2 multiple-input multiple-output (MIMO) equalizer was employed for depolarization and
channel equalization. There are differences between the TD-FSO and DTAT-FSO schemes in the carrier
phase recovery (CPR) algorithm. Since the constellation of the DTAT-FSO is irregular, a pilot-aided
algorithm was used for CPR, which is modulation format independent [33,34]. In our coherent DTAT-FSO
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Figure 8 (Color online) Visual results at the fifth sampling: (a) Kodak dataset and (b) ADE20k dataset.
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Figure 9 (Color online) System setup of the coherent FSO system.

system, the pilot overhead was 2%. For the TD-FSO scheme, the symbol constellation exhibits statistical
characteristics, allowing the use of the blind phase search (BPS) algorithm for phase recovery. The
coding schemes for the coherent TD-FSO were identical to those used in the IM/DD TD-FSO system.
The modulation schemes of the coherent TD-FSO were QPSK and 16QAM. For the DTAT-FSO, the
discrete analog symbols outputted by the JSCCM network were transformed from serial to parallel into
four channels and converted into optical signals by DP-IQ modulation. The net bit rates of QPSK and
16QAM transmission were 75 and 150 Gb/s, respectively. The image transmission rate of the coherent
TD-FSO system was 6.67 x 10° images/s. The image transmission rate of the coherent DTAT-FSO
was 6.65 x 10° images/s, where 2% pilot overhead was considered. The receiver sensitivities of different
transmission schemes were investigated in OB2B coherent transmission. The ROP was regulated by an
optical attenuator. The relationships between ROP and transmission performance of both the Kodak
dataset and ADE20k dataset in the coherent system are shown in Figure 10. Similar to the results
obtained in the IM/DD FSO system, the DTAT-FSO obtained superior image transmission quality. The
DTAT-FSO adapted the channel state variation automatically, thereby avoiding the cliff effect. Moreover,
the receiver sensitivity was improved by over 0.8 dB using DTAT-FSO.

The performance of the coherent DTAT-FSO system was investigated in a 5 km FSO channel. The
parameters of the channel were consistent with those of the IM/DD FSO system mentioned in Section
4. The transmitting optical power was set to 8 dBm. We conducted data collection 50 times at in-
tervals of 1 s. The transmission results of the coherent FSO system are shown in Figure 11. Under
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Figure 10 (Color online) Relationships between ROP and the transmission performance of (a) Kodak dataset and (b) ADE20k
dataset in the coherent system.
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Figure 11 (Color online) Transmission performance of the coherent FSO system for (a) Kodak dataset and (b) ADE20k dataset.

the influence of the atmospheric turbulence effect, the 16QQAM transmission scheme suffered unreliable
communication. The 16QQAM transmission frequently failed to effectively transmit the information. The
QPSK transmission achieved reliable transmission at all sampling times, but it was unable to improve
transmission performance at high ROPs. In comparison, the DTAT-FSO automatically adapted to ROP
variations. The DTAT-FSO achieved reliable transmission at low ROPs. At high ROPs, it transmitted
the image with high fidelity. Meanwhile, the overall image transmission quality of the DTAT-FSO was
better than that of the TD-FSO. The visual results of the 17th sampling are shown in Figure 12. At the
17th sampling, the ROP was about —9.7 dBm. Both the TD-FSO and the DTAT-FSO schemes efficiently
transmitted the image. (As can be seen in Figure 10, the receiver sensitivities of the 16QAM and QPSK
transmissions were —19 and —13 dBm, respectively.) The DTAT-FSO scheme obtained the best visual
results among the schemes, with higher fidelity textures and details. In the TD-FSO scheme, the visual
results based on 16QAM transmission were better than those based on QPSK transmission.

6 Conclusion

In this paper, we propose a novel free-space optical communication system based on discrete-time analog
transmission. In the DTAT-FSO system, the deep learning-based JSCCM network maps the information
source directly to the channel symbols, without traditional source coding, channel coding, and modula-
tion. These channel symbols are discrete in the time domain with continuous amplitude. We established
both IM/DD and coherent FSO systems and compared the performance of the DTAT-FSO with tradi-
tional digital FSO schemes. High-resolution images were transmitted to evaluate the performance. The
DTAT-FSO scheme showed excellent capability in automatically adapting to channel state variations and
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Figure 12 (Color online) Visual results at the 17th sampling: (a) Kodak dataset and (b) ADE20k dataset.

enhancing information transmission quality.

In scenarios with time-varying FSO channels affected by atmospheric turbulence, designing separated
digital encoding and modulation schemes becomes challenging. If the separated scheme is designed for
high impairment robustness, the information transmission ability under favorable channel conditions will
be limited. Conversely, if the separated scheme is designed for high information transmission ability, it
will face communication interruptions during low-power optical signal reception. In contrast, the DTAT-
FSO reliably transmits information at low ROPs and enhances transmission quality automatically at
high ROPs. Moreover, the adoption of the DTAT-FSO scheme results in improvements in the system’s
receiver sensitivity, with enhancements of over 2.5 dB in the IM/DD FSO system and 0.8 dB in the
coherent FSO system. The automatic adaptation feature and improved performance of the DTAT-FSO
hold promise for advancing the development of terrestrial, airborne, and satellite networks by offering
improved reliability and information transmission rates in FSO systems.

In addition to the image source, the DTAT-FSO scheme can support the effective transmission of
other information sources through the design of appropriate JSCCM networks. It will then improve the
application capabilities of the FSO system in sensing, positioning, multimedia, and other areas.
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