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Abstract: A continuous time-domain adaptive power model of transmitter optical and control
algorithm based on atmospheric turbulence channel reciprocity are explored for mitigating the
free-space optical communication (FSOC) receiver optical intensity scintillation and bit error
rate (BER) deterioration. First, a transmitter optical adaptive power control (OAPC) system
architecture using four wavelength optical signals based on atmospheric turbulence channel
reciprocity is proposed, and electronically variable optical attenuator (EVOA) and erbium-doped
fiber amplifier (EDFA) are employed as the main OAPC units for power adaptation. Moreover,
a reciprocity evaluation model for gamma-gamma (G-G) continuous-time signals is generated
using the autoregressive moving average (ARMA) stochastic process, which takes into account
the delay time and system noise, and a reciprocity-based OPAC algorithm is proposed. Numerical
simulations were also performed to analyze the signal reciprocity characteristics under different
turbulence, noise, and sampling time mismatch at both ends, as well as the scintillation index
(SI) performance under OAPC system operation. Simultaneously, the time-domain signals of
continuous quadrature amplitude modulation -16 (QAM-16) and QAM-32 real states are fused
with the gamma-gamma (G-G) reciprocal turbulence continuous signals to analyze the probability
density function (PDF) and bit error ratio (BER) performance after OAPC correction. Finally,
a 64 Gpbs QAM-16 OPAC communication experiment was successfully executed based on an
atmospheric turbulence simulator. It is shown that the OAPC correction is carried out using
reciprocity at millisecond sampling delay, the light intensity scintillation of the communication
signal can be well suppressed, the signal-to-noise ratio (SNR) is greatly improved, the suppression
is more obvious under strong turbulence, the overall BER reduction is greater than 2.8 orders
of magnitude with the OAPC system, and this trend becomes more pronounced as the received
power increases, even reach 6 orders of magnitude in some places. This work provides real
time-domain continuous signal samples for real signal generation of communication signals in
real turbulence environments, adaptive coding modulation using reciprocity, channel estimation,
and optical wavefront adaptive suppression, which are the basis of advanced adaptive signal
processing algorithms.
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1. Introduction

With the rise of intelligent online interactions, such as ChatGPT, requiring vast amounts of image,
voice, and video data, optical fiber technology is now managing the majority of ground access
networks and backbone networks with a total capacity of tens of Terabits per second (Tbps)
[1–3]. However, the expensive hardware costs and complex geographical environments have
hindered the deployment of optical fiber networks in certain rural and remote areas as well as
between islands. Although mobile networks provide another reliable communication system,
they are still struggling to meet the explosive growth in data demand [4,5]. In response to this
issue, free-space optical communication (FSOC) technology can be utilized to bridge this gap
and provide return service coverage, particularly to sparsely populated areas, through satellites
and high-altitude platforms (HAP) [6,7].

However, the disturbance caused by atmospheric turbulence severely degrades the wavefront
of the propagating optical beam, limiting the FSOC technology development. Therefore, new
approaches are required to mitigate the bit error rate (BER) caused by turbulence perturbation.
For instance, adaptive optics (AO) techniques at the receiver [8], adaptive thresholding [9,10],
automatic gain control (AGC) [11], adaptive coding techniques at the transmitter [12], adaptive
rate [13], adaptive power control (APC) [14,15], etc. For receiver-side adaptive processing
systems, it is usually necessary to employ a large number of training sequences at the receiver
end to obtain channel state information (CSI) for signal compensation processing, and these
operations need to be completed within the coherence time of turbulence perturbation. However,
the presence of training sequences cannot be processed in real time, resulting in high system
hardware overhead and high time delay, which seriously restricts the real-time and high-speed
performance of FSOC. As seen in Ref. [8], the AO system requires obtaining the detailed
wavefront information of the spot at the receiver end and then feedback to adjust the deformable
mirror, which is a complex control system. In Refs. [9,10], the receiver needs to be split into two
optical speeds, one for channel estimation to obtain CSI and the other for adaptive thresholding.
A significant amount of time is spent on processing the CSI information, which is unfavorable for
fast-fading atmospheric turbulence channels. Similarly, our team has developed AGC techniques
but still requires a large number of training sequences for adaptive CSI information acquisition
[11].

In particular, for the transmitter adaptive techniques (see Refs. [12–15]), it is usually necessary
to establish a separate radio-over-fiber (ROF) link and transmit the CSI obtained by a complex
channel estimation algorithm at the Bob to Alice for adaptive control through this link. This
system structure increases hardware overhead and introduces time delay, which is not conducive
to high-speed communication scenarios (for the convenience of description, the two ends of
FSOC are defined here as Alice and Bob). Fortunately, the researchers found that atmospheric
turbulence channels are similar to radio channels (see Refs. [16,17]) in terms of reciprocity,
and we can utilize this characteristic to perform channel estimation on the light waves coming
from Alice to Bob, so as to obtain the CSI of the light waves propagating from Bob to Alice
[18–20]. Based on this idea, Hong et al. investigated transmitter-side power adaptive techniques
using APC - erbium-doped fiber amplifier (EDFA) for turbulence-tolerant FSOCs [21,22].
However, they are assuming the existence of reciprocity of the entire FSOC channel, without
theoretical analysis of the reciprocity performance of the system. They only simply constructed an
FSOC experiment employing on-off keying (OOK) modulation and effectively suppressed light
intensity scintillation with the APC-EDFA. It is undeniable that this technology is a significant
improvement. However, it has been shown that FSOC atmospheric turbulence channel is not
absolutely reciprocal, and the conditions for maintaining reciprocity are strict [23–25]. For
example, R. R. Parenti et. al. measured that the reciprocity of the aircraft-land slant path was
maintained above 0.95 using single-mode fiber (SFM) [23]. J. Minet et. al. constructed an SMF
measurement system to find reciprocity under medium-to-strong turbulence. He also obtained
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reciprocity of γ12=1 under absolute symmetry and alignment at the transmitter and receiver by
phase-screen stepwise propagation simulation, but the reciprocity diminished as the two sides
were not parameter mismatched [24]. D. Giggenbach et. al. experimentally observed that the
reciprocity is limited by the Fresnel size

√
λ · L ( λ and L denote the wavelength and propagation

distance, respectively) and the reciprocity is less than 1 in the absence of an SMF receiver system
[25]. In our previous work, we have theoretically and numerically simulated the existence of
reciprocity in the atmospheric channel of FSOC using the SMF receiver system and measured
the reciprocity to be above 0.85 in the field experiments [26–29]. The above analysis shows that
in the actual experimental operation, we cannot perfectly keep the system reciprocity of FSOC
at 1. Most of the similar radio channels are in the reciprocity mismatch state, which makes us
unable to achieve the optimum performance of transmitter OAPC using reciprocity. Therefore,
the reciprocity of atmospheric turbulence channel with FSOC transmitter OAPC system working
principle and performance needs to be further studied and analyzed.

In this paper, we propose a model for FSOC transmitter OAPC systems based on the
reciprocity of atmospheric turbulence channels. We also present a simulation method for
spatiotemporal domain continuous communication signal generation, which can be used to
analyze the performance of the OAPC system, including BER and the correction effect of
optical intensity scintillation. In Section 2, the model for FSOC transmitter OAPC systems
based on the reciprocity of atmospheric turbulence channels is deduced. In Section 3, the
performance of the transmitter OAPC model is demonstrated and discussed. Additionally, the
numerical simulation of the time-domain signal generation for FSOC’s APC BER and scintillation
suppression performances are also implemented and verified. In Section 4, the conclusion is
elaborated.

2. FSOC transmitter OAPC model based on reciprocity

In our previous works [26–29], we constructed a reciprocity measurement system and measured
that the reciprocity of a 1 km atmospheric channel could keep above 0.85. Based on the reciprocity
principle, a system model is proposed for transmitter OAPC, as shown in Fig. 1. Figures 1(a)
and 1(c) have the same structure, denoted as Alice and Bob, respectively. At Alice, the optical
wave transmitted by LD1 is λ1. Digital signal {sA−M(t)} undergoes a raised-cosine filter in the
arbitrary waveform generator (AWG) to generate a continuous baseband signal sA−M(t), which is
then fed into the microwave power amplifier (MPA). By employing the lithium niobate (LiNbO3)
electro-optic phase modulator, the modulation signal sA−M(t) is loaded onto the optical wave λ1
to generate a continuous optical baseband signal sA−Mλ1 (t). After passing through the EDFA, the
signal sA−Mλ1 (t) is injected into the electrically variable optical attenuator (EVOA) to generate
the transmitted optical signal.

It is worth noting that the EVOA can be precisely controlled by the FPGA in terms of attenuation
magnitude, where the control feedback signal is obtained by the low-speed detector (low-speed
PD) detecting the jittered light wave signal ψBA−λ4 (t) coming to pass through the turbulence
channel as shown in Fig. 1(b). Where, "BA" represents the transmission of the optical wave from
Alice to Bob, and can also be denoted as "Bob → Alice". It can be known that the ψBA−λ4 (t)
contains the continuous time-domain fading information of the turbulent channel. rBA−λ2 (t)
denotes the high-speed modulated signal for communication optical from Bob to Alice. bA−λ3 (t)
denotes Alice’s beacon light to indicate reciprocity calibration, acquisition, pointing, and tracking
(APT).

At the transmitting antenna of the Alice, a dense wavelength division multiplexing (DWDM)
is connected mainly to distinguish the received optical signal rBA−λ2 (t), transmitted optical
signal tAB−λ1 (t), beacon light signal bA−λ3 (t), and the turbulence reciprocity information signal
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Fig. 1. OAPC system diagram for FSOC based on atmospheric turbulence channel
reciprocity. (a) Optical terminal, denoted as "Alice", consists of an optical antenna, a dense
wavelength division multiplexing (DWDM) system, a transmission unit, an automatic gain
feedback control unit, and a detection unit. Where the sending and receiving light waves are
tA−λ1 (t) and rBA−λ2 (t), respectively. The beacon light is denoted as bA−λ3 (t). ψBA−λ4 (t)
indicates the reciprocity characteristic information of the optical signal at Alice. λ1 - λ4 are
four adjacent wavelengths in the C band. Transmission unit: laser diode (LD1), arbitrary
waveform generator (AWG), microwave power amplifier (MPA), lithium niobate modulator
(LiNbO3), and erbium-doped fiber amplifier (EDFA). Automatic gain feedback control unit:
electrically variable optical attenuator (EVOA), field-programmable gate array (FPGA).
Detection unit: fiber optic splitter (FOS), high-speed detector, digital storage oscilloscope
(DSO), and low-speed detector. (b) Atmospheric turbulence channel. (c) Optical terminal,
denoted as "Bob," has the same components and structure as Alice, where the sending and
receiving light waves are tB−λ2 (t) and rAB−λ1 (t), respectively, the beacon light is denoted as
bB−λ4 (t), ψAB−λ3 (t) indicates the reciprocity characteristic information of the optical signal
at Bob.

ψBA−λ4 (t). The whole process can be expressed by Eqs. (1)–(2)

tA−λ1 (t) = ρAµA−λ4 (t) sA−Mλ1 (t) + nA (t) , (1)

µA−λ4 (t) · ψBA−λ4 (t) = 1, (2)

nA = σ
2
A-shot + σ

2
A-elec + σ

2
A-dark + σ

2
A-signal ,ASE + σ

2
A-ASE, ASE . (3)

where sA−Mλ1 (t) = {sA−M(t)} ⊗ gA (t). ⊗ represents the convolution process. gA (t) denotes the
matched filter, which is typically comprised of up-sampling and down-sampling raised cosine
filters. ρA is the index of EDFA amplification at the Alice. nA (t) represents signal noise, which
include the shot noise (σ2

A-shot ), the electronic noise (σ2
A-elec ), and the dark current noise (σ2

A-dark )
for the detector, the interactions between signals and amplified spontaneous emission (ASE) noise
(σ2

A-signal, ASE ) for the EDFA as well as between ASE and ASE noise itself (σ2
A-ASE, ASE ). They

can be equivalent to the additive white noise (AWGN) in the linear operating region where the
Alice electronics are located as described in Fig. 1 (see, [30], Chaps. 7-12). µA−λ4 (t) denotes the
gain-adjustable signal generated by the field-programmable gate array (FPGA), which primarily
utilizes the EVOA to generate an automatically adjusted optical signal tA−λ1 (t) that suppresses
the received optical power jitter. It is worth noting that µA−λ4 (t) is a time-varying continuous
feedback signal with low time delay in practical engineering, and its accurate generation is
especially important in this model, which can be obtained by detecting the fading characteristics
of turbulence signal ψBA−λ4 (t) by low-speed photodetector and processing in FPGA.

It is known from our previous work that ψBA−λ4 (t) and ψAB−λ3 (t) are a pair of reciprocal optical
signals with continuous time-varying spatial and temporal domains after propagating turbulence
channel. Therefore, it is necessary to analyze the reciprocity between them. In order to keep
the fading characteristics of light waves consistent, four wavelengths of adjacent wavelengths in
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the C-band can be used as communication light and beacon light in practical engineering [26].
Here the ψBA−λ4 (t) signal is received by the detector and is sampled as a collection of digital
sequences of the form

{︁
ΨBA−λ4−1,ΨBA−λ4−2, . . . ,ΨBA−λ4−n

}︁
= ΨBA−λ4 , whose power spectral

density (PSD) function SψBA−λ4
(ω) can be regarded as a process that describes white noise of

power σ2
n through a transfer function HψBA−λ4

(ω) rational filter, as show in Eq. (4)

SψBA−λ4
(ω) =

∑︁∞
n=1 RψBA−λ4

(n)e−jωn

=

|︁|︁|︁|︁BψBA−λ4
(ω)

AψBA−λ4
(ω)

|︁|︁|︁|︁σ2
n = HψBA−λ4

(ω)σ2
n

. (4)

where RψBA−λ4
(n) represents the digital signal form of the auto covariance function (ACF) of the

signal. AψBA−λ4
(ω) = 1 + a1e−jω + · · · ane−jnω , BψBA−λ4

(ω) = 1 + b1e−jω + · · · bme−jmω , where
ai is the filter coefficient of the transfer function for the atmospheric turbulence channel.

According to our previous work [31], Eq. (4) could be solved by utilizing the autoregressive
moving average (ARMA) process. Therefore, we have:⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

RψBA−λ4
(0) +

N∑︁
n=1

aiRψBA−λ4
(−n) = σ2

RψBA−λ4
(m) +

N∑︁
n=1

anRψBA−λ4
(m − n) = 0

, (5)

RψBA−λ4 ,n+1

⎡⎢⎢⎢⎢⎣
1

θn

⎤⎥⎥⎥⎥⎦ =

⎡⎢⎢⎢⎢⎣
σ2

n

0

⎤⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

RψBA−λ4
(0) RψBA−λ4

(−1) · · · RψBA−λ4
(−n)

RψBA−λ4
(1) RψBA−λ4

(0)
...

...
. . . RψBA−λ4

(−1)

RψBA−λ4
(n) · · · RψBA−λ4

(0)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1

a1
...

an

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
.

(6)

By employing the order recursive solution of the Yule-Walker function, the time-dependent
series {I1, I2, . . . In} = I can be obtained by solving Eqs. (5) and (6), as shown in Eqs. (7)–(9).
Note that the I at this point does not have fusion probability density function (PDF) characteristics.

θn+1 =

⎡⎢⎢⎢⎢⎣
θn

0

⎤⎥⎥⎥⎥⎦ + ξn+1

⎡⎢⎢⎢⎢⎣
θn

1

⎤⎥⎥⎥⎥⎦ , σ2
nθn = In, (7)

σ2
n+1 = σ

2
n

(︂
1 − |ξn+1 |

2
)︂

, (8)

σ2
nH (ω) = In. (9)

where ξn+1 = −αn/σ
2
n . The gamma-gamma (G-G) function as the PDF for turbulence channels.

The parameters α and β of this function can be associated with the turbulence intrinsic parameter
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C2
n, as shown in Eqs. (10)–(12) [31,32],

pI
(︁
ψBA−λ4

)︁
=

2(αβ)(α+β)/2
Γ(α)Γ(β)ψBA−λ4

(︃
ψBA−λ4
⟨ψBA−λ4⟩

)︃ (α+β)/2
×

Kα−β
(︃
2
√︃

αβψBA−λ4
⟨ψBA−λ4⟩

)︃
,ψBA−λ4>0

, (10)

α = 1
σ2

X
= 1

exp(σ2
ln X)−1 β = 1

σ2
Y
= 1

exp(σ2
ln Y)−1 , (11)

σ2
ln X =

0.49σ2
R(︂

1+1.11σ12/5
R

)︂7/6 , σ2
ln Y =

0.51σ2
R(︂

1+0.69σ12/5
R

)︂5/6 . (12)

where
⟨︁
ψBA−λ4

n⟩︁ = ∫ +∞
−∞

pI
(︁
ψBA−λ4

)︁ (︁
ψBA−λ4

)︁ndψBA−λ4 represents the nth moment of signal
ψBA−λ4 (t), andΓ (·) is the gamma function. We assume that the normalized random optical power
signal sequences

{︂ˆ︁ΨBA−λ4−n/
⟨︂ˆ︁ΨBA−λ4

⟩︂}︂
1×N

obey the gamma-gamma PDF. ˆ︁ΨBA−λ4 is rearranged

in the order of I to obtain
−→ΨBA−λ4 , so that we have mapped the time-dependent information of I

perfectly to
−→ΨBA−λ4 , and satisfy⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

−→ΨBA−λ4 ∈ PDFGamma−Gamma⟨︂(︂
−→
ΨBA−λ4−i −

⟨︂
−→ΨBA−λ4

⟩︂)︂ (︂
−→
ΨBA−λ4−(i−m) −

⟨︂
−→ΨBA−λ4

⟩︂)︂⟩︂
⏞ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄⏟⏟ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄⏞

R−→ΨBA−λ4
(m)

= RψBA−λ4
(m) . (13)

Equation (13) also means that the ACF R−→Ψ (m) of the generated
−→ΨBA−λ4 is equal to the

numerical solution RψBA−λ4
(m) of the theoretical solution equation, and no PDF information is

lost. Similarly, the digital sequence signal
−→ΨAB−λ3 of the ψAB−λ3 (t) signal can be found according

to Eqs. (4)–(13).
To evaluate their relationship better, the correlation coefficient (CC) is used to measure the

degree of reciprocity, as shown in Eq. (14):

ηAB = ηBA = CC
(︁
ψBA−λ4 (t) ,ψAB−λ3 (t)

)︁
=

⟨(ψBA−λ4 (t)−⟨ψBA−λ4 (t)⟩)(ψAB−λ3 (t)−⟨ψAB−λ3 (t)⟩)⟩√︃⟨︂
(ψBA−λ4 (t)−⟨ψBA−λ4 (t)⟩)

2
⟩︂⟨︂
(ψAB−λ3 (t)−⟨ψAB−λ3 (t)⟩)

2
⟩︂ . (14)

However, in practical scenarios, the noise of the detector and the signal acquisition time is
not synchronized causing reciprocity mismatch, i.e., ηAB ≠ 1. In order to describe the above
relationship more accurately, by rewriting Eq. (14), we can obtain

ηAB = CC
(︁
ψBA−λ4 (t + τd) + nA−Low(t),ψAB−λ3 (t) + nB−Low(t)

)︁
. (15)

where τd is the relative delay time between Alice and Bob, nA−Low(t) and nB−Low(t) denote the
noise of Alice’s and Bob’s low-speed detectors, and the noise of other electronics, respectively.
Equations (14) and (15) are equivalent when the signal-to-noise ratio (SNR) of the system is
optimal and the reciprocal turbulence signals are sampled synchronously. Therefore, a high SNR
and synchronous sampling detection system are required in practical engineering.

By comparing Eqs. (2) and (15), it is found that the µA−λ4 (t) at Alice is to calibrate the jitter
caused by the signal sA−Mλ1 (t) at Bob passing through the atmospheric turbulence channel, and
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the conventional practice is to obtain the CSI at Bob and then correct it. Theoretically, there
exists

µA−λ4 (t) · ψAB−λ3 (t) = 1. (16)

However, in practical scenarios, it is necessary to obtain many training sequences and perform
CSI extraction. Since atmospheric turbulence is a continuous and fast-changing process in the
spatiotemporal domain, there is a high delay in principle, the channel state cannot be accurately
estimated, and the real-time processing of high-speed signals cannot be performed to reduce the
BER. In this paper, based on this problem, the reciprocity can be utilized to obtain the CSI of the
Alice → Bob light beam propagation process in real time. Specifically, we have

ηAB = 1, (17)

ψAB−λ3 (t) = ψBA−λ4 (t) , (18)

µA−λ4 (t) · ψBA−λ4 (t) = µA−λ4 (t)ψAB−λ3 (t) . (19)

Hence, the attenuation coefficient of the EVOA at Alice in Fig. 1 can be adjusted by acquiring
the optical signal ψBA−λ4 (t) from Bob → Alice. The CSI of Alice → Bob can be obtained in
real-time by utilizing reciprocity, and the automatic gain factor µA−λ4 (t) can be calculated, that
is, the automatic gain adjustment of the transmission power as in Eq. (1) is implemented, which
can suppress signal scintillation caused by turbulence disturbance, and reduce the BER.

3. Theoretical model analysis for FSOC transmitter OAPC

Before analyzing the reciprocal characteristics of the turbulent signal, we plotted the 1-second-
long ψBA−λ4 (t) continuous time-domain waveform

−→ΨBA−λ4 according to Eqs. (4)–(13), as shown
in Fig. 2. To maintain continuity, the simulation conditions were set in accordance with those in
Ref. [31]. The turbulence intensities are set to C2

n = 5 × 10−14 m−2/3, C2
n = 5 × 10−15 m−2/3,

and C2
n = 5 × 10−16 m−2/3, corresponding to the strong Fig. 2(a), medium Fig. 2(b), and weak

Fig. 2(c) turbulence scenarios, respectively. In this paper, the optical wavelengths are set to
λ1 = 1550.12 nm, λ2 = 1550.52 nm, λ3 = 1550.92 nm and λ4 = 1551.32 nm, respectively.
Moreover, the propagation distance, the transverse wind speed, and system noise are set to
L = 5000 m, v⊥ = 1 m/s, and nA = nB = 0.

The Rytov variances of turbulence under these three conditions are 19.03, 1.903, and 0.19,
respectively, corresponding to the strong, medium, and weak turbulence scenarios. We statistically
analyzed the simulated data and obtained the scintillation indexes (SIs) of 1.1869, 0.9445, and
0.1845 for the three turbulent states according to Eq. (20). It can be concluded that the SI
decreases and the fluctuation amplitude decreases as the degree of turbulence increases.

σ2
ψBA−λ4

= σ2
−→ΨBA−λ4

=

(︃⟨︂
−→Ψ2

BA−λ4

⟩︂
−

⟨︂
−→ΨBA−λ4

⟩︂2
)︃/︃ ⟨︂

−→ΨBA−λ4

⟩︂2
. (20)

According to Eq. (15), knowing that time delay τd is an important factor, we analyze the
three turbulent signals shown in Fig. 2 and plot the relationship between the effect of sampling
time delay on reciprocity at Alice and Bob, as shown in Fig. 3. Where blue,black and red lines
represent C2

n = 5 × 10−14 m−2/3, C2
n = 5 × 10−15 m−2/3 and C2

n = 5 × 10−16 m−2/3, respectively.
Observing Fig. 3, we can know that as the turbulence delay time τd increases, the CC decreases

and gradually approaches 0, indicating that the correlation between ψAB−λ3 (t) and ψBA−λ4 (t)
optical signal sequences decreases. This also indicates that atmospheric turbulence is a random
process in the spatiotemporal domain, leading to irregular random fluctuations of optical intensity
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Fig. 2. Continuous time-domain optical signal waveforms for different turbulence scenarios.
The turbulence intensities are set to (a) C2

n = 5 × 10−14 m−2/3, (b) C2
n = 5 × 10−15 m−2/3,

and (c) C2
n = 5 × 10−16 m−2/3. The four optical wavelengths are λ1 = 1550.12 nm,

λ2 = 1550.52 nm, λ3 = 1550.92 nm and λ4 = 1551.32 nm, respectively. The propagation
distance, the transverse wind speed, and system noise represent L = 5000 m, v⊥ = 1 m/s,
and nA = nB−Low = 0.

Fig. 3. Reciprocity performance of Alice and Bob optical signal sequences under different
turbulences and sampling delays. Blue, black, and red lines denote C2

n = 5 × 10−14 m−2/3,
α = 7.2306, β = 1.0453; C2

n = 5 × 10−15 m−2/3, α = 3.9935, β = 1.7438; and
C2

n = 5 × 10−16 m−2/3, α = 12.1495, β = 10.6132. The four optical wavelengths are
λ1 = 1555.75 nm, λ2 = 1554.13 nm, λ3 = 1552.52 nm, and λ4 = 1548.51 nm, respectively.
The propagation distance, the transverse wind speed, and system noise represent L = 5000 m,
v⊥ = 1 m/s, and nA = nB = 0.

as well. In practical engineering, 1/e is usually adopted as a maintenance condition of reciprocity,
which can be expressed as [26,31]

ηAB ⇒

⎧⎪⎪⎨⎪⎪⎩
Reciprocity, ηAB ≥ 1/e

Non − reciprocity, ηAB<1/e
. (21)

According to Eq. (21), when channel is strong turbulence, i.e., C2
n = 5 × 10−14 m−2/3, the

reciprocity decreases sharply as the relative sampling delay time τd increases at both Alice and
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Bob and the reciprocity is mismatched after 5.30 ms, as shown by the blue line in Fig. 3. However,
as the degree of turbulence decreases, the reciprocity retention time is prolonged, as depicted
by the black and red lines in Fig. 3. For the medium and weak two turbulence intensities, the
reciprocity retention times are 22.60 ms and 33.90 ms, respectively.

In practical communication systems, time delays are typically maintained at the millisecond
level to ensure high-speed transmission of information [33]. Therefore, the time-continuous signal
reciprocity evaluation model proposed in this paper can accurately characterize the relationship
between reciprocity and delay time. The SNR of the detector is another major factor that affects
reciprocity. The CCs between ψAB−λ3 (t) and ψBA−λ4 (t) optical signal sequences with different
SNRs under three types of turbulence are investigated in our study to reflect their reciprocity
performance, as shown in Fig. 4. For weak turbulence, the CC is enhanced from 0.575 to 0.996
when the SNR increases from 5 dB to 30 dB. Afterward, it tends to approach 1 and reaches an
ideal saturation state, which means that the detector SNR needs to be kept above 30 dB if we
want to obtain the perfect reciprocity between ψAB−λ3 (t) and ψBA−λ4 (t) signals, as shown by the
red line in Fig. 4. Similarly, the similar phenomenon exists under medium and strong turbulence,
as shown by the black and blue lines in Fig. 4.

Fig. 4. Reciprocity performances of Alice and Bob optical signal sequences under
different turbulences and SNRs. Blue, black, and red lines denote C2

n = 5 × 10−14 m−2/3,
α = 7.2306, β = 1.0453; C2

n = 5 × 10−15 m−2/3, α = 3.9935, β = 1.7438; and
C2

n = 5 × 10−16 m−2/3, α = 12.1495, β = 10.6132. The four optical wavelengths are
λ1 = 1555.75 nm, λ2 = 1554.13 nm, λ3 = 1552.52 nm, and λ4 = 1548.51 nm, respectively.
The propagation distance, the transverse wind speed, and sampling delay time represent
L = 5000 m, v⊥ = 1 m/s, and τd = 0.

This demonstrates that to obtain the same perfect reciprocity, i.e., ηAB = 1, for the medium-
intensity turbulence in this paper, the SNR needs to be kept just at 25 dB. Due to the large degree
of undulation in medium to strong turbulence, it is not sensitive to noise, as shown in Fig. 2(b)
and Fig. 2(c). For weak turbulence, the degree of random jitter of the signal increases as the
noise increases, leading to a decrease in reciprocity, thus the weaker the turbulence, the more
sensitive it is to noise. It also shows that the reciprocity degrades as the degree of turbulence
increases under the same SNR condition. In addition, the CCs of all three turbulent states in
Fig. 4 are greater than 1/e , indicating that the ψAB−λ3 (t) and ψBA−λ4 (t) optical signal sequences
are reciprocal at SNR greater than 5 dB. At a certain degree of turbulence, the CC will be in
saturation with the increase of SNR.

The purpose of this paper is to achieve OAPC at the transmitter. Therefore, according to
Eqs. (1)–(15), the Monte Carlo numerical simulations are carried out to generate the spatiotemporal
domain continuous signal tA−λ1 (t). It is worth noting that in practical engineering, the optical
gain cannot be increased infinitely, and considering the existence of saturation of the detector, we
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assume that the maximum detectable optical gain of the low-speed detector in Fig. 1 is 25 dB and
is in the optimal operating condition. Where the photocurrent in the saturated state is 2 times
that of max

(︁
ψBA−λ4 (t)

)︁
and is in the detectable range of 25 dB, hence Eqs. (2) and (16) exist

µA−λ4 (t) =
⎧⎪⎪⎨⎪⎪⎩

1
/︁
ψBA−λ4 (t) , 1

/︁
ψBA−λ4 (t)<25dB

25 dB, Others
, (22)

µA−λ4 (t) · ψBA−λ4 (t) =
⎧⎪⎪⎨⎪⎪⎩

Still, µA−λ4 (t) · ψBA−λ4 (t) ≤ 2 · max
(︁
ψBA−λ4 (t)

)︁
2 · max

(︁
ψBA−λ4 (t)

)︁
, Others

. (23)

In addition, to better evaluate the correction depth χdB of the SI, it is defined as

χdB = 10log10

(︂
σ2

rAB−λ1
− σ2

rAB−λ1−Turb

)︂/︂
σ2

rAB−λ1−Turb . (24)

where σ2
rAB−λ1−Turb = σ

2
ψAB−λ3

. The signal sA−Mλ1 (t) propagated from Alice to Bob through the
atmospheric turbulence channel is denoted as rAB−λ1−Turb (t), while the signal transmitted through
OAPC correction utilizing µA−λ4 (t) is denoted as rAB−λ1 (t), which can be written

rAB−λ1−Turb (t) = ρAψAB−λ1 (t) sA−Mλ1 (t) + nA (t) , (25)

rAB−λ1 (t) = µA−λ4 (t)
[︁
ρAψAB−λ1 (t) sA−Mλ1 (t) + nA (t)

]︁
= ψAB−λ1 (t) tA−λ1 (t).

(26)

Combining Eqs. (15)–(24) , the performances of the transmitter OAPC are investigated
using reciprocity at different sampling time delays, as plotted in Fig. 5. For strong turbulence
C2

n = 5 × 10−14 m−2/3, it was observed that the SI sharply increases with an increase in delay
time τd. When the delay time exceeds 5.30 ms, the SI is found to be in the saturation region,
approximately 1.60, as shown by the blue line in Fig. 5. It is noteworthy that, 5.30 ms is also
the maintaining condition of reciprocity for strong turbulence. This indicates that within the
reciprocity time, the OAPC can effectively suppress the jitter of the detector receiving signal
caused by turbulence disturbance. Furthermore, the SI σ2

rAB−λ1
at the point where the delay time

τd is 0. It shows that the light wave emitted from Alice propagates through the atmospheric
channel to Bob and the light intensity jitter can be completely suppressed theoretically. It is also
required that the system shown in Fig. 1, in practical operation, requires the sampling times at
both Alice and Bob to be kept synchronized. The same properties are present when the turbulence
is medium C2

n = 5 × 10−15 m−2/3 and weak C2
n = 5 × 10−16 m−2/3, as shown by the black and red

lines in Fig. 5.
Additionally, in the portion where the reciprocity is maintained, the slopes of the blue,

black, and red curves in Fig. 5 are approximately 0.307, 0.060, and 0.075, respectively. This
indicates that the weaker the turbulence, the more sensitive the corrected SI is to the time delay,
i.e., the relative SI suppression effect slows down as the turbulence intensity increases within
the same delay time. For instance, when the delay time is τd = 1 ms and strong turbulence
C2

n = 5×10−14 m−2/3, there is σ2
rAB−λ1−Turb = 1.1869

↓χdB=−3.5 dB
−−−−−−−−−−−→ σ2

rAB−λ1
= 0.6334; with medium

turbulence C2
n = 5 × 10−15 m−2/3, there is σ2

rAB−λ1−Turb = 0.9445
↓χdB=−0.18 dB
−−−−−−−−−−−−→ σ2

rAB−λ1
= 0.0395;

with weak turbulence C2
n = 5 × 10−16 m−2/3 , there is σ2

rAB−λ1−Turb = 0.1845
↓χdB=−0.047 dB
−−−−−−−−−−−−−→

σ2
rAB−λ1

= 0.002. This also exactly validates the perfect reciprocal state information extraction
in Fig. 3, which requires the system Alice and Bob to have simultaneous sampling capabilities.
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Fig. 5. SI performances of reciprocity optical signal sequences at Alice and Bob after
OAPC calibration under different turbulences and sampling delays. Blue, black, and red
lines denote C2

n = 5 × 10−14 m−2/3, α = 7.2306, β = 1.0453; C2
n = 5 × 10−15 m−2/3,

α = 3.9935, β = 1.7438; and C2
n = 5 × 10−16 m−2/3, α = 12.1495, β = 10.6132. The

four optical wavelengths are λ1 = 1555.75 nm, λ2 = 1554.13 nm, λ3 = 1552.52 nm, and
λ4 = 1548.51 nm, respectively. The propagation distance, the transverse wind speed, and
system noise represent L = 5000 m, v⊥ = 1 m/s, and nA = nB = 0.

Comparing with Fig. 4, the SI performances of reciprocal optical signal sequences at Alice and
Bob after OAPC calibration under different SNRs are investigated, as shown in Fig. 6. Where
τd = 0 ms. The blue, black, and red dashed and solid lines represent uncalibrated and calibrated
SI of optical signals propagated from Alice to Bob under strong C2

n = 5 × 10−14 m−2/3, medium
C2

n = 5 × 10−15 m−2/3, and weak C2
n = 5 × 10−14 m−2/3 turbulence conditions, respectively.

It can be observed that the correction using a reciprocal signal is effective in suppressing
light intensity scintillation. Under the same turbulence condition, the ability of the OAPC
to suppress the optical intensity jitter first decreases and then increases with the increase
of SNR. This phenomenon is plotted in Fig. 6(a). For strong turbulence conditions, there
is a minimum correction ability of 4.762 dB at SNR = 27 dB, which can be depicted as
σ2

rAB−λ1−Turb = 1.1913
↓χdB=−4.762 dB
−−−−−−−−−−−−−→ σ2

rAB−λ1
= 0.7934 @ SNR = 27 dB , meaning that the

correction capacity at this time is weak. After the fusion of noise and optical signals, the system
is in a state of entropy saturation. Consequently, when using reciprocity-based automatic gain
control, the SI gradually approaches a saturation state. Under medium C2

n = 5 × 10−15 m−2/3 and
weak C2

n = 5 × 10−16 m−2/3 turbulence conditions, there are also minimum points of scintillation
correction depth χdB, which are −3.716 dB and −1.7690 dB, respectively. These phenomenons
of BER comparison before and after OAPC calibration of Alice and Bob reciprocal optical signal
sequences under different SNRs are depicted in Fig. 8.

The purpose of this paper is to utilize reciprocity to perform automatic gain control on the
optical signal sA−Mλ1 (t) at the Alice, thereby suppressing the optical intensity scintillation caused
by turbulence disturbance. Considering the transmission rate, the noise equivalent power (NEP)
of the detector, and the SNR of the received signal, we set sA−Mλ1 (t) as a quadrature amplitude
modulation - 16 (QAM-16) signal ( see, [34], pp. 29 and 102; [32], Eqs. (8) and (9); [35], Eq.
(35); [36], Chap. 6). In the ideal scenario without turbulence, the system’s BER is mainly affected
by the bandwidth and noise of the detector. For high-speed signals, the BER is obtained by
thresholding the received signal and accumulating statistics over a long period of time. Therefore,
under equivalent SNR, the analysis can be conducted employing equivalent low-speed signals
as experimental samples. Considering that the frequency of turbulence disturbances is less
than 100 Hz level, the signals generated by the turbulence disturbance model in this paper are
continuous sequences in the spatiotemporal domain with millisecond coherence times [37]. They
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Fig. 6. SI performances of reciprocity optical signal sequences at Alice and Bob after
OAPC calibration under different turbulences and SNRs. (a) Correction and non-correction;
(b) correction depth χdB. Blue, black, and red lines denote C2

n = 5 × 10−14 m−2/3,
α = 7.2306, β = 1.0453; C2

n = 5 × 10−15 m−2/3, α = 3.9935, β = 1.7438; and
C2

n = 5 × 10−16 m−2/3, α = 12.1495, β = 10.6132. The four optical wavelengths are
λ1 = 1555.75 nm, λ2 = 1554.13 nm, λ3 = 1552.52 nm, and λ4 = 1548.51 nm, respectively.
The propagation distance, the transverse wind speed, and sampling delay time represent
L = 5000 m, v⊥ = 1 m/s, and τd = 0.

are 6.4 ms, 26.0 ms, and 35.2 ms, respectively, corresponding to the disturbance frequencies
of 156.25 Hz. 38.4615 Hz, 28.4091 Hz, as shown in Figs. 2(a)-(c). In order to capture the
BER more easily and increase the detection resolution, the BER statistics are calculated for the
information transmitted from Allice to Bob in 1 second of the 16-QAM signal, and the number of
samples is taken as 1000. The number of symbols in 1 second of the continuous signal sA−Mλ1 (t)
is set to 1.0 × 106 bit, and the up-sampling frequency is set to 4 times the symbol rate, with a
raised cosine filter of 0.025 roll-off factor. According to Eqs. (25)–(26), we plot the PDF and
constellation diagram distributions of rAB−λ1−Turb (t) and rAB−λ1 (t) under different turbulences
for SNR = 25 dB in Fig. 7. Where the sampling time delay τd = 0 ms, and the received optical
signal is mean normalized I/⟨I⟩. As the turbulence intensity increases, the peak of the PDF of
rAB−λ1−Turb (t) moves closer to the Y-axis. However, the peak value of the PDF of the auto gain
corrected signal rAB−λ1 (t) tends to be more biased towards "1" as the turbulence level decreases,
at weak turbulence, i.e., there is

arg Max
{︁
PDF

(︁
rAB−λ1 (t)

)︁ }︁
→ 1. (27)
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Equation (27) indicates that the corrected envelope signal rAB−λ1 (t) theoretically should be a
stable power line without optical intensity scintillation, as the PDFs shown in Figs. 7(a)-(c). The
phenomena depicted in Figs. 5 and 6 are also substantiated.

Fig. 7. PDF and constellation performances of reciprocity optical signal sequences at Alice
and Bob after OAPC calibration under different turbulences. (a) C2

n = 5 × 10−14 m−2/3,
α = 7.2306, β = 1.0453; (b) C2

n = 5 × 10−15 m−2/3, α = 3.9935, β = 1.7438; and (c)
C2

n = 5 × 10−16 m−2/3, α = 12.1495, β = 10.6132. The four optical wavelengths are
λ1 = 1555.75 nm, λ2 = 1554.13 nm, λ3 = 1552.52 nm, and λ4 = 1548.51 nm, respectively.
The propagation distance, the transverse wind speed, sampling delay time and system SNR
represent L = 5000 m, v⊥ = 1 m/s, τd = 0 and SNR = 25 dB, respectively.

It is worth noting that under strong turbulence C2
n = 5 × 10−14 m−2/3, there is a protrusion

at point rAB−λ1

/︁ ⟨︁
rAB−λ1

⟩︁
= 20.3803, as shown in Fig. 7(a). At this point, the corrected signal

rAB−λ1 (t) reaches its maximum gain, causing the optical power to reach the saturation state
of the detector, thus validating Eqs. (23)–(24). Additionally, by observing the constellation
diagram, we know that the communication signals rAB−λ1−Turb (t) after the matched filter and
downsampling deviates more and more from the theoretical value as the degree of turbulence
increases, leading to an increase in the degree of data point jitter and a deterioration in the BER.
The BER deterioration is greatly improved by utilizing µA−λ4 (t) for OAPC correction. (e.g.,

strong turbulence C2
n = 5 × 10−14 m−2/3, log10 (BER)=-0.6842

↓1.2958
−−−−−−→ log10 (BER) = −1.98;

medium turbulence C2
n = 5 × 10−15 m−2/3, log10 (BER)=-0.8945

↓1.3755
−−−−−−→ log10 (BER) = −2.27;

weak turbulence C2
n = 5 × 10−16 m−2/3, log10 (BER)=-1.0925

↓4.507
−−−−−→ log10 (BER) = −5.7) as

shown in the constellation diagrams in Figs. 7(a)-(c). Meanwhile, the BER of the OAPC signal
rAB−λ1 (t) for different modulation orders M under three turbulence and SNRs are investigated, as
depicted in Fig. 8. Where M is set to be M = 32 and M = 16, the sampling time delay τd = 0 ms.
The theoretical curves in Fig. 8 are plotted according to Ref. [38] (see, Eqs. (7)–(8), (21)–(22)).

It can be observed that the BER deterioration is greatly moderated by using µA−λ4 (t) auto
gain correction, and the stronger the turbulence, the better the correction effect. For instance,
when M = 16 and BER reaches forward error correction (FEC) threshold 3.8 × 10−3, the
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Fig. 8. BER performances of reciprocity optical signal sequences at Alice and Bob after
OAPC calibration under different turbulences and SNRs. (a) C2

n = 5 × 10−14 m−2/3,
α = 7.2306, β = 1.0453; (b) C2

n = 5 × 10−15 m−2/3, α = 3.9935, β = 1.7438; and (c)
C2

n = 5 × 10−16 m−2/3, α = 12.1495, β = 10.6132. The four optical wavelengths are
λ1 = 1555.75 nm, λ2 = 1554.13 nm, λ3 = 1552.52 nm, and λ4 = 1548.51 nm, respectively.
The propagation distance, the transverse wind speed, and sampling delay time represent
L = 5000 m, v⊥ = 1 m/s, and τd = 0, respectively.

log10(BER) decreases by 1.72, 1.45, and 1.147 (i.e, BER decreases by 1.72, 1.45, and 1.147
orders of magnitude )under the strong turbulence C2

n = 5 × 10−14 m−2/3, medium turbulence
C2

n = 5 × 10−15 m−2/3, and weak turbulence C2
n = 5 × 10−16 m−2/3 , respectively. Furthermore,

when M = 32, all the BER curves shift to the right, indicating that under the same conditions,
the BER performance of M = 16 is superior to M = 32, as shown in Figs. 8(a)-(c). It should
be noted here that we define two types of SNR here, one is QAM for AWGN and the other is
obtained by performing complex calculations on the received signal and the source signal, as
shown in Eq. (28)

SNRSig =

|︁|︁rAB−λ1 (t)
|︁|︁2|︁|︁rAB−λ1 (t) −

(︁
ρAsA−Mλ1 (t) + nA (t)

)︁ |︁|︁2 . (28)

SNRSig can truly reflect the state of the signal, the growth trend (slope of the curve) of SNR Sig
is relatively fast compared to SNR, but with the increase of turbulence, the growth trend becomes
slower and tends to saturation. It can be deduced from the numerical calculations that under
the strong turbulence C2

n = 5 × 10−14 m−2/3, SNRSig → 34.8971 dB; the medium turbulence
C2

n = 5 × 10−15 m−2/3, SNRSig → 322.2233 dB; the weak turbulence C2
n = 5 × 10−16 m−2/3 ,

SNRSig → 322.2735 dB. It can be observed that the OAPC method based on reciprocity employed
in this paper has significantly improved the signal SNR. However, the OAPC correction capability
is limited under strong turbulence conditions and an extreme scenario exists, which is due to the
saturation limit of the SI and further validates the situation illustrated in Fig. 6.

When the experimental system is running in real-time, it is difficult to guarantee absolute
synchronization between Alice and Bob. Based on Eq. (15) and Fig. 5, The BER performances
of reciprocity optical signal sequences at Alice and Bob after OAPC calibration are investigated
under different turbulences and sampling delays where SNR = 50 dB, as shown in Fig. 9.
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Fig. 9. BER performances of reciprocity optical signal sequences at Alice and Bob after
OAPC calibration under different turbulences and sampling delays. (a) C2

n = 5×10−14 m−2/3,
α = 7.2306, β = 1.0453; (b) C2

n = 5 × 10−15 m−2/3, α = 3.9935, β = 1.7438; and (c)
C2

n = 5 × 10−16 m−2/3, α = 12.1495, β = 10.6132. The four optical wavelengths are
λ1 = 1555.75 nm, λ2 = 1554.13 nm, λ3 = 1552.52 nm, and λ4 = 1548.51 nm, respectively.
The propagation distance, the transverse wind speed, and system SNR represent L = 5000 m,
v⊥ = 1 m/s, and SNR = 50 dB, respectively.

When the system BER is lower than FEC 3.8 × 10−3, it is required to have τd ≤ 0.186 ms
under strong turbulence C2

n = 5 × 10−14 m−2/3, τd ≤ 1.129 ms under medium turbulence
C2

n = 5 × 10−15 m−2/3 and τd ≤ 9.028 ms under weak turbulence C2
n = 5 × 10−16 m−2/3. It

illustrates that the BER performance of the OAPC correction system is less tolerant to the sampling
desynchronization time as the degree of turbulence increases. As the reciprocity decrease, the
corrected scintillation factor and BER deteriorate, which provides another perspective to verify
Fig. 5. From the trend of the BER curve shown in Fig. 9, the current 5G and 6G system
requirement for keeping the system time delay under the millisecond level is also precisely
fulfilled [33].

4. Experimental demonstration and analysis

To further verify the correctness of the previously proposed model, an OAPC experiment system
is conducted according to Fig. 1, where the key components in the experiment are shown in
Fig. 10. The optical antenna and 3D turntable are used as the transmitting system (see, Fig. 10(a)),
and our self-developed turbulence simulator is used to generate turbulence (see, Fig. 10(b)) [39],
a high-speed EVOA from Agiltron is used as an adaptive power regulation device with a response
rate DC-100 kHz ((see, Fig. 10(c))). Moreover, the FPGA is a Xilinx Spartan-6 XC6SLX9
chip, when performing internal DA and OAPC algorithm, the delay unit is <0.01 ms after the
optimization procedure, which can be considered τd = 0. The wavelengths λ1 = 1555.75 nm,
λ2 = 1554.13 nm, λ3 = 1552.52 nm, and λ4 = 1548.51 nm at Alice ends are generated by tunable
fiber lasers, corresponding to ports C27, C29, C31, and C36 of DWDM, respectively. Since the
structures of Alice and Bob’s ends have symmetry, this experiment mainly verifies the OAPC
performance of Alice → Bob. Where λ1 is employed as the carrier of the QAM signal, which
generates two RF signals of pseudo random binary sequence (PRBS-15) with 16Gbps through
AWG (Keysight M8195A) and drives IQ modulator to generate 64Gbps QAM-16 modulated
signal, which is amplified through EDFA (CEFA-C-BO-HP-PM-37-NL1-OM1-M403-FA-FA)
and emitted as spatial light through the optical antenna. At Bob, the QAM optical signal passing
through the turbulence simulator is received using a DWDM C27 optical antenna, and analyzed
using an optical modulation analyzer (Tektronix OM4006D ) for mixing, and the signal is
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acquired employing a DSO and analyzed offline. First, we use a low-speed detector (bandwidth
DC-200 kHz, minimum detection power −33 dBm, saturation power −8 dBm) at both Alice and
Bob to detect the turbulent disturbance signals. The signals from Alice’s C36 port λ4 and Bob’s
C31 port λ3 are simultaneously acquired and stored for analysis using an acquisition card with
a sampling interval of 1 ms. We compute the real experimental under reciprocity signals with
different scintillation indexes offline according to Eq. (20).

Fig. 10. Experimental main component and hot air convection turbulence simulator. (a) an
optical antenna and a 3D turntable; (b) a turbulence simulator with a physical length of 3
m and an equivalent length of 3000 m, which consists of a heating, cooling, and control
unit and can simulate an atmospheric coherence length of 0.65 cm- 48 cm; (c) Agiletron’s
high-speed EVOA with a response rate of DC-100 kHz.

As can be seen from Fig. 11, the mean value of the reciprocity of the experimental system we
built keeps above 0.99, which supports the correctness of Eqs. (15) and (16). Furthermore, the
QAM-16 communication transmission experiments are performed for verifying the performance
of OAPC, as plotted in Fig. 12. The temperature differences of the atmospheric turbulence
simulator are set to 20 ◦C, 80 ◦C, and 150 ◦C, corresponding to the atmospheric coherence
lengths r0 of 0.8291 cm, 1.3796 cm, and 4.2404 cm, respectively. The physical path of the
atmospheric simulator we developed is 3 m. According to the Ref. [39], the equivalent
path we calibrated is 3000 m, and we can equivalently calculate C2

n as 1.412 × 10−13 m−2/3 ,
6.0430 × 10−14 m−2/3 and 9.4342 × 10−15 m−2/3 , respectively. When the turbulence intensity
is 9.4342 × 10−15 m−2/3 and the received power is −32.458 dBm, the BER decreases by an
order of 2.8 with OPAC. Under 6.0430 × 10−14 m−2/3 , 1.412 × 10−13 m−2/3 and the received
power is −29.971 dBm, −25.163 dBm, the BER decreases by 3.0 and 3.2 orders of magnitude,
respectively. As the received power increases, the BER is improved to a greater extent, e.g., when
6.0430 × 10−14 m−2/3 and the received power is −21.66 dBm, the BER decreases by 6 orders of
magnitude, which are depicted by the green markers in Fig. 12. It can be seen that the overall
BER reduction is greater than 2.8 orders of magnitude with the OAPC system, and this trend
becomes more pronounced as the received power increases, which also verifies exactly what is
shown in Fig. 8. Thus, reciprocity is utilized in this work for transmitter OAPC. There could have
important theoretical model parameter reference significance for adaptive optics, adaptive coding,
probabilistic shaping, and other advanced coding research using reciprocal systems, as well as
adaptive regulation of the intrinsic parameters of communication light beams (such as beam
dispersion angle, orbital angular momentum (OAM), etc.) In particular, the components required
for the OAPC technique in this paper are all commercially available and standard devices, and
the system structure is simple. This could further promote the industrialization and practical
application of this technology, and provide new compensation methods for the FSOC BER
degradation caused by atmospheric turbulence.
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Fig. 11. Reciprocity at different scintillation indexes σ2
ψBA−λ4

, the average received power of
the signal fiber output at Alice and Bod’s end for −22 dBm@ψBA−λ4 and −16 dBm@ψAB−λ3 ,
respectively. At σ2

ψBA−λ4
= 0.3063, the red and blue lines indicate the acquired signal

and signal envelope, respectively. The four optical wavelengths are λ1 = 1555.75 nm,
λ2 = 1554.13 nm, λ3 = 1552.52 nm, and λ4 = 1548.51 nm, respectively.

Fig. 12. Experimental statistics for QAM-16 BER performance with and without OAPC
under three atmospheric turbulence states, where the three turbulence states are T =
150 ◦C @ r0 = 0.8291 cm, T = 80 ◦C @ r0 = 1.3796 cm, and T = 20 ◦C @ r0 = 4.2404 cm.
The four optical wavelengths are λ1 = 1555.75 nm, λ2 = 1554.13 nm, λ3 = 1552.52 nm,
and λ4 = 1548.51 nm, respectively.

5. Conclusion

In this paper, the continuous time-domain OAPC model and control algorithm of FSOC based
on atmospheric turbulence channel reciprocity are proposed for mitigating the optical intensity
scintillation and communication BER deterioration at the receiver. First, a transmitter OAPC
system for atmospheric channel reciprocity is proposed using four adjacent wavelengths in
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the C-band. EVOA and EDFA are employed as the main OAPC units for power adaptation,
where DWDM is utilized to distinguish between beacon light for reciprocity monitoring and
communication light for transmitting information. Taking into account the delay time and system
noise, a reciprocity performance evaluation model for G-G continuous-time signals is derived
using the Yule-Worker equation in the ARMA stochastic process, and a reciprocity-based power
adaptive control algorithm is proposed. The effects of system noise and sampling asynchrony on
the signal reciprocity and the SI performances under OAPC calibration are numerically simulated
for strong C2

n = 5×10−14 m−2/3 , medium C2
n = 5×10−15 m−2/3, and weak C2

n = 5×10−16 m−2/3

three turbulence intensities. Moreover, the QAM-16 and QAM-32 real-state continuous time-
domain signals are fused with the G-G reciprocal turbulent continuous signal model, and the
PDF and communication constellation diagram performances after APC correction are analyzed
under different turbulence. The BER performances are also discussed at different SNRs and
sampling time delays. The numerical simulation results show that G-G reciprocity is maintained
at millisecond sampling delay, and the signals are absolutely reciprocal at both receiving ends in
hardware configuration and sampling simultaneously. By using reciprocity for OAPC correction,
the light intensity scintillation of the communication signal can be well suppressed, and the
SNR is substantially improved, and the suppression effect is better under strong turbulence.
Considering the actual system operation state, the signal SI suppression degree is 3.5 dB under
strong turbulence C2

n = 5 × 10−14 m−2/3 when the system noise is in good working performance
and sampling delay time τd = 1 ms. The QAM-16’s BER is reduced by 1.72 orders of magnitude
when the BER reaches FEC limit compared with no correction. Finally, a 64 Gpbs QAM-16
OPAC communication experiment was successfully executed by using an atmospheric turbulence
simulator and high-speed EVOA (DC-200 kHz). The experimental results show that the overall
BER reduction is greater than 2.8 orders of magnitude with the OAPC system, and this trend
becomes more pronounced as the received power increases, even reach 6 orders of magnitude in
some places.
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