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Abstract: Inverse synthetic aperture ladar (ISAL) can achieve high-resolution images for long-range
moving targets, while its performance is affected by atmospheric turbulence. In this paper, the
dynamic evolution of atmospheric turbulence is studied by using an infinitely long phase screen
(ILPS), and the atmospheric coherent time is defined to describe the variation speed of the phase
fluctuation induced by atmospheric turbulence. The simulation results show that the temporal
decoherence of the echo induced by turbulence causes phase fluctuation and introduces an extra
random phase, which deteriorates the phase stability and makes coherent synthesis impossible. Thus,
we evaluated its effects on ISAL imaging and found a method to mitigate the impact of turbulence on
ISAL images. The phase compensation algorithm could correct the phase variation in different pulses
instead of that within the same pulse. Therefore, the relationship between the atmospheric coherent
time and pulse duration time (rather than that between the atmospheric coherent time and ISAL
imaging time) ultimately determines the ISAL imaging quality. Furthermore, these adverse effects
could be mitigated by increasing the atmospheric coherent time or decreasing the pulse duration
time, which results in an improvement in the ISAL imaging quality.

Keywords: inverse synthetic aperture ladar; atmospheric turbulence; atmospheric coherent time;
image integral time; pulse duration time

1. Introduction

Inverse synthetic aperture ladar (ISAL) is a kind of active imaging radar that combines
the advantages of synthetic aperture techniques [1] with coherent laser radar to obtain high-
resolution images [2]. Compared with conventional microwave radar, laser radar creates a
larger Doppler bandwidth and improves the imaging quality in terms of azimuth resolution.
Owing to laser heterodyne (coherent) detection, ISAL could monitor the amplitude and
phase data of extremely weak echoes [3], which enables imaging for long-distance moving
targets with a high resolution. However, the laser decoherence induced by atmospheric
turbulence reduces the heterodyne detection efficiency and introduces extra phase noise,
resulting in degradation of the image resolution. This is one of the main obstacles to the
application of ISAL. Therefore, it is necessary to study systematically the effect mechanism
of atmospheric turbulence on ISAL and find ways to overcome the adverse effects in order
to successfully implement ISAL.

Over the past decade, most previous simulation and experiment works on ISAL and
SAL imaging in atmospheric turbulence have been demonstrated [4–11]. In 2014, the
performance characterization of phase gradient autofocus for ISAL was studied by CJ
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Pellizzari [12], who showed that the phase gradient algorithm (PGA) can still maintain its
advantage of automatic focusing under atmospheric turbulence and low signal-to-noise
ratio (SNR) conditions. In 2016, based on a Monte Carlo random factor, Lu Tian-an [6] used
a Kolmogorov phase screen to simulate turbulence and rank one phase error estimation
to compensate SAL images. Russell Trahan [3] demonstrated the correction capability of
the PGA algorithm under a low carrier-to-noise ratio (CNR) and atmospheric turbulence
through experimentation. In the same year, Ning Wang [13] found that the influence
of atmospheric turbulence was related to the time through an experiment with ISAL
at 1.1 km. That aside, there are few studies on eliminating or mitigating the adverse
effects of atmospheric turbulence on ISAL, such as from Randy S. Depoy and Arnab K.
Shaw [14,15]. In 2019, they evaluated the performance of three model error correction
algorithms to mitigate atmospheric blurring in reconstructed imagery [14]. In 2020, model-
based reconstruction algorithms with model error corrections are proposed to mitigate
the deleterious effects of atmospheric turbulence and restore image quality [15]. In 2022,
Ming Liu studied the imaging performance and anti-interference ability of an SAL with
photonic lantern coupling under atmospheric turbulence [16]. At the same time, Jiyu
Xue employed the PGA algorithm to study the ISAL imaging of rough targets in slant
atmospheric turbulence through the use of an atmospheric random phase screen [11]. It
was found that ISAL images with rough targets could be resolved not only under under
weak turbulence but strong turbulence. Generally, turbulence-induced phase fluctuation is
a continuously varying random process. Nevertheless, methods used in previous studies
did not consider to describe the dynamic evolution of turbulence. Aside from that, the
decoherence induced by turbulence could reduce the heterodyne efficiency and could
introduce an extra random phase, which would deteriorate the phase stability and make
coherent synthesis impossible. Thus, we develop corresponding methods to overcome the
shortcomings of existing studies.

Considering the dynamic evolution of turbulence, we employ the moving ILPS
method [17] to simulate the time-varying receiving electric field. Based on the principle
of heterodyne detection, the influence of atmospheric turbulence on heterodyne detection
can be investigated from both the spatial and temporal domains. The spatial decoherence
of echo causes distortions in the laser wavefront, degrading the optical field from a single
mode to multi-mode, and causing a mismatch between the reference and return signal
modes, resulting in a rapid decrease in the SNR. The temporal decoherence of echo induced
by turbulence could add an extra random phase, which deteriorates the phase stability
of the echo and results in imperfect performance at the receiver. Therefore, the size and
variation speed of the phase fluctuation are the main factors to corrupt the desired signal,
which leads to high-resolution ISAL imaging losing its unique advantage.

To analyze the temporal decoherence of the echo induced by turbulence, the atmo-
spheric coherent time is defined [18] to describe the variation speed of the phase fluctuation
of the echo. The atmospheric coherent time can be improved by increasing the wavelength
and adjusting the transmitting and receiving parameters properly. Then, we investigate its
influence on ISAL images. According to heterodyne detection and the ISAL image principle,
we demonstrate that the relationship between the pulse duration time and atmospheric
coherent time determines the ISAL imaging quality. It is shown that our proposal can
effectively mitigate the adverse effect of atmospheric turbulence on ISAL and can improve
image quality.

This paper is organized as follows. In Section 2, the main methods used in this paper
are briefly introduced, including the infinitely long phase screen method, heterodyne
detection process, and range-Doppler (R-D) algorithm. In Section 3, we investigate the
influence of atmospheric turbulence with the R-D algorithm on ISAL imaging and evaluate
the correction effect of our proposed relative size to compensate for the turbulence-induced
phase error for ISAL images. In Section 4, we discuss the ISAL imaging results and conclude
the paper.
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2. Numerical Methods
2.1. ISAL Image Processing Model

A well-developed ISAL image processing model comprises three primary assignments:
a transmitter side, a receiver side, and ISAL raw data compensation. Ladar transmits a
signal to a target and receives an echo signal from it through the atmospheric turbulence.
Generally, the phase data of the echo signal are obtained by heterodyne detection, and then
phase compensation and self-focusing processing are performed to obtain the target image
after aperture synthesis. A concrete illustration is presented in Figure 1.

Figure 1. Diagram of ISAL system in atmospheric turbulence.

2.2. Infinitely Long Phase Screen

A turbulent atmosphere is equivalent to placing a series of thin random phase screens
in a vacuum. The light field diffracts to the phase screens, and each phase screen introduces
a random contribution to the phase. This diffraction and phase modulation process contin-
ues until the beam is transmitted to the receiving end. The multilayer random phase screen
is a common random phase screen method used in laser propagation simulations [19]. The
main random phase screen generation methods are the FFT power spectrum inversion
method [20], fractal method [21], and Zernike polynomial method [22], where the FFT
method with added subharmonics is the most common method [23]. However, the random
phase screen is established on the fact that the laser pulse width is significantly narrower
than the time scale width of random refractive index fluctuations [24]. Therefore, the
dynamical process of incident light propagating through atmospheric turbulence cannot be
investigated using this method. Moreover, the static assumption will lose its usefulness
when the influence of the wind velocity on ISAL imaging is studied.

The infinitely long phase screen method can overcome this barrier to simulate very
long exposure times (without using the whole memory space) as well as the time evolution
of the turbulence parameters [17]. First, we generate an initially random phase screen
with the FFT power spectrum inversion method and take the last few columns (rows) of
the last-generated phase screen to construct a matrix Z. The matrix Z is combined with
the turbulence power spectral density function to generate a new column (row) X, which
is added to the last generated one, and the excess part of the oversized phase screen is
discarded. In the simulation process, these new columns (rows) are generated in each
iteration according to the wind velocity v, wind direction θ, iteration time, grid spacing,
and other parameters. The relationship between the new column (row) X and the partial
data Z is given by [17]

X = AZ + Bβ (1)

where β is a Gaussian random vector with zero mean and its covariance is equal to
unity [25–27]. Matrices A and B can be calculated from the covariance of the X and Z
vectors, including the matrices

〈
ZZT〉, 〈XZT〉, 〈ZXT〉, and

〈
XXT〉. All the covariance

matrices can be acquired from constructing the distance matrix ri,j and acting on the phase
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covariance function C(ϕr). In the von Kármán spectrum, the covariance can be expressed
as [28]

Cϕ(r) =
(

2πr
L0

) 5
6
(

L0
r0

)
Γ(11/6)
25/6π3/8

[
24
5

Γ
(

6
5

)] 5
6

K5/6

(
2πr
L0

)
(2)

where K5/6(·) represents the McDonald function, Γ(·) represents the gamma function, L0
is the outer scale, and r0 is the Fried parameter.

2.3. Heterodyne Detection Processes with ISAL

Heterodyne detection is an important technique for implementing high-resolution
ISAL images. As a kind of coherent detection, highly steady coherence between the local
oscillator signal and echo signal in the heterodyne detection process should be maintained.
However, the spatial decoherence of the echo induced by turbulence could reduce the
SNR and heterodyne efficiency, while the temporal decoherence of the echo induced by
turbulence could introduce an extra random phase, which deteriorates the phase stability of
the echo and makes the coherent synthesis impossible. Therefore, it is necessary to analyze
the effect of turbulence on ISAL imaging based on the heterodyne detection principle. Here,
the signal transmission and coherent detection processes under the atmospheric turbulence
are given. It is assumed that both the local oscillation EL(x, y, t) and the return signal
ES(x, y, t) can be expressed as

EL(x, y, t) = EL(x, y) exp(iωLt) (3)

ES(x, y, t) = ES(x, y) exp(iωSt) (4)

where ωL and ωS are the frequency of the local and return signals, respectively. After EL
and ES are coherently detected on the beam-combining mirror, the heterodyne signal is
as follows:

i(t) =
∫∫
|ES(x, y, t) + EL(x, y, t)|2dxdy

=
∫∫
|ES(x, y, t)|2 + |EL(x, y, t)|2 (5)

+E∗S(x, y, t)EL(x, y, t) + ES(x, y, t)E∗L(x, y, t)dxdy

where the last two items are beat frequency items, and by adding the phase items φS(x, y),
φL(x, y), the above equation can be written as

i(t) =
∫∫
|ES(x, y)|2 + |EL(x, y)|2 + 2|EL(x, y)ES(x, y)| cos[(ωS −ωL)t + φS(x, y)− φL(x, y)]dxdy (6)

where φL(x, y) is the initial phase of the local signal and φS(x, y) is the phase fluctuation
caused by atmospheric turbulence. It should be noted that detection can only be performed
if the reference and return signals are in the same modes. In order to achieve good coherence
with the reference light, the mode-matching requirements must be satisfied. The transverse
mode of the laser can be described by the Hermite–Gaussian polynomial Hm,n(x, y) with
orthogonal normalization and completeness:∫∫

Hm,n(x, y)H∗k,l(x, y)dxdy = δm,kδn,l (7)

The light field in the atmosphere can be decomposed according to the Laguerre–
Gaussian (L-G) mode or Hermite–Gaussian (H-G) mode. First, the echo signal electric field
ES(x, y) is expanded according to the H-G polynomial:

ES(x, y) = ∑ CS
m,n Hm,n(x, y) (8)

where
CS

m,n =
∫∫

ES(x, y)H∗m,n(x, y)dxdy (9)
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In Equation (9), CS
m,n =

∣∣CS
m,n
∣∣eiφm,n ,

∣∣CS
m,n
∣∣2 represents the proportion of m and n mode

compositions in the echo signal field, and φm,n represents the additional phase of m and n.
The local reference light field EL(x, y) is generally a TEM00 mode:

EL(x, y) = CL
0,0H0,0(x, y) (10)

Based on the detection conditions, we can see that when the reference light is in TEM00
mode, only the component of the TEM00 mode in the echo signal field participates in the
beat frequency. Therefore, the mode decomposition is performed to obtain the coefficients
and phases of the TEM00 mode of the echo. Then, Equation (6) can be written as

i(t) =
∣∣∣CL

0,0

∣∣∣2 + ∣∣∣CS
0,0

∣∣∣2 + 2
∣∣∣CL

0,0

∣∣∣∣∣∣CS
0,0

∣∣∣ cos
[
(ωS −ωL)t + φS

0,0 − φL
0,0

]
(11)

where CS
0,0 =

∣∣∣CS
0,0

∣∣∣eiφS
0,0 is the coefficient of the echo signal’s TEM00 mode. The random

variation in CS
0,0 directly affects the heterodyne detection efficiency, the absolute

∣∣∣CS
0,0

∣∣∣
affects the amplitude of the coherent signal, and the angle φS

0,0 affects the phase history
data of the coherent signal. If φS

0,0 hardly changes during the ISAL imaging time, then the
imaging resolution will be high; otherwise, the image quality will be reduced. For the linear
frequency modulation (LFM) signal, the local oscillator signal is obtained after a certain
time delay τre f :

SL(t) = S
(

t− τre f

)
= rect

( t− τre f

TP

)
exp

{
j
[

2π fc

(
t− τre f

)
+ πK

(
t− τre f

)2
]}

(12)

where fc and K represent the center frequency and chirp rate, respectively. Therefore, the
received echo signal with a time delay τ can be expressed as

Sr(t) = S(t− τ) = rect
(

t− τ

TP

)
exp

{
j
[
2π fc(t− τ) + πK(t− τ)2

]}
(13)

The raw ISAL data are obtained by laser heterodyne detection, which can be expressed
as [29]

Sn(t) = Arect
(

t− τ

TP

)
exp

{
−j2πK

(
τ − τre f

)(
t− τre f

)
+jπK

(
τ − τre f

)2 − j2π fc
(
τ − τre f

) } (14)

where τ = 2R/c, τre f = 2Rre f /c, and R and Rre f represent the distance from ladar to the
target and the distance of the reference signal from ladar to the target, respectively. Let
RM = R− Rre f , t′ = t− τre f . Then, Equation (14) can be written as

Sn(t) = Arect

(
t′ − 2RM

c
TP

)
exp

(
−j2πK

2RM

c
t′
)

exp
(
−j

4π fc

c
RM

)
exp

(
j
4πK

c2 R2
M

)
(15)

Thus, the heterodyne signal affected by atmospheric turbulence can be written as

Sn(t) = Arect

(
t′ − 2RM

c
TP

)
exp

(
−j2πK

2RM

c
t′
)

exp
(
−j

4π fc

c
RM

)
exp

(
j
4πK

c2 R2
M

)
exp(iφ00) (16)

Finally, the motion compensation algorithm is used to achieve target imaging.

2.4. Range-Doppler Algorithm

For ISAL, the imaging algorithm is the significant procedure to achieve well-focused
images. The conventional range-Doppler algorithm (RDA) is widely used in two-dimensional
focused imaging, especially for chirp pulse signals [30]. The main algorithm steps of the RDA
are given below, where the raw ISAL data are arranged in the range cells (range dimension)
and the number of pulse (cross-range dimension) domains. First, we use range compres-
sion to obtain the ISAL range profiles. Then, we apply translational motion compensation
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(TMC) to remove the target’s translational motion, which includes range alignment and phase
adjustment. Secondly, we apply rational motion compensation (RMC), such as the polar refor-
matting algorithm (PFA) to correct rotation errors. Finally, after removing translational and
rotational motion, an ISAl range-Doppler image is generated by using the Fourier transform in
the pulse domain. To display ISAL images in the range and cross-range domains, cross-range
scaling is also needed to convert the Doppler shift to the cross-range domain.

3. Simulation Results
3.1. Laser Beam Propagation in Atmospheric Turbulence

To quantify the turbulence’s effect on laser propagation, the evolution of a laser beam
across the turbulent channel and the impact of different atmospheric coherent times on the
ISAL raw data are presented. The phase distribution and amplitude as well as the phase
fluctuation over time of the received laser beam’s TEM00 mode in different turbulence pa-
rameters are shown in Figure 2. Here, according to [18], the TEM00 mode phase fluctuation
speed after the atmospheric turbulence could be quantified by the atmospheric coherent
time, which was equal to 0.45 ms, 2.37 ms, and 4.50 ms for each row from left to right in
Figure 2.

Figure 2. Amplitude and phase fluctuation of TEM00 mode and phase distributions of received beam
in different atmospheric coherent length r0. (a–c) The amplitude fluctuation, (d–f) The phase fluctu-
ation of TEM00 mode and (g–j) The phase distributions of received beam in different atmospheric
coherent length r0.

The phase distribution of the laser beam distorted after propagation is shown in
Figure 2. With stronger turbulence, the TEM00 mode amplitude and phase fluctuations
become more intense. The spatial decoherence of the echo induced by the turbulence
could reduce the SNR and heterodyne efficiency, while the temporal decoherence could
introduce an extra random phase. Such mode crosstalk and phase instability could reduce
the SNR and efficiency during heterodyne detection, resulting in coherent synthesis being
impossible. It should be noted that applying adaptive optics (AO) [31,32] technology in the
ISAL process can correct the wavefront phase distortion and effectively upgrade the SNR
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of the heterodyne signal, but it cannot improve the phase instability of the echo induced by
turbulence. However, after the requirements of the SNR are satisfied, the phase stability of
the echo is the key factor for the ISAL imaging quality. Hence, it is of great significance
for evaluating the influence of the phase fluctuation induced by turbulence on heterodyne
detection’s performance and the ISAL imaging quality. According to [18], atmospheric
coherent time reflects the phase fluctuation speed of the echo in the atmospheric turbu-
lence. Therefore, we consider that the relationship between the atmospheric coherent
time and pulse duration time is the main factor to determine the ISAL imaging quality in
turbulent conditions.

3.2. RDA Compensation Simulation

Based on the above analysis, for the ISAL images affected by atmospheric turbulence,
the RDA was simulated. Due to the limitations of the experimental conditions, an aircraft
model was used. The transmission signal in the simulation was the LFM signal. The
parameters of the target plane simulated to be in rotation is shown in Table 1, including
both the translations and angular motion errors. The target model composed of point
scatters with uniform reflectivity is shown in Figure 3.

Table 1. Main parameters of the ladar and target.

Radar and Target Parameter Value

Laser wavelength (nm) 1024
Pulse repetition frequency (Hz) 17,987

Range sampling number 64
Pulse number 512

Distance of the target (m) 1000
Range resolution (m) 0.2927

Cross-range resolution (m) 0.0556

Figure 3. Simulated target model.

ISAL transmits N chirped pulse signals to the target, and M samples are taken in each
chirped pulse. The ISAL imaging results without turbulence are shown in Figure 4, where
the ISAL imaging time τT is equal to 1.3 s. It can be seen that without turbulence, TMC
and RMC overcame image blurring and defocusing caused by target motion, which can
effectively improve the ISAL imaging quality.

To investigate the influence of atmospheric turbulence on ISAL imaging, the aircraft
model in the ISAL process with different atmospheric coherent times τc is shown in Figure 5.
The turbulence nearly had no influence on the ISAL process (see the top row) for τc � τT
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(i.e., the turbulence was frozen under the whole ISAL process). However, atmospheric
turbulence would significantly reduce the imaging quality of ISAL when τc ≤ τT . The
reason for this phenomenon is that the turbulence remains in a frozen state throughout the
entire ISAL process for τc � τT , implying that the induced phase fluctuation is smaller,
and thus the ISAL imaging quality is higher; otherwise, the result will be the opposite.

Figure 4. Compensation results for ISAL imaging without atmospheric turbulence, where each
column from left to right represents ISAL imaging without compensation and compensated by TMC
or TMC + RMC.

Figure 5. ISAL image with different values of atmospheric coherent time (top to bottom: τc = 100 ms,
20 ms, and 1 ms; left to right: without, TMC, and TMC + PFA), where pulse duration time
τp = 5.12 ms and ISAL imaging time τT = 1.3 s.
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Compared with Figure 4, Figure 5 shows that the TMC and RMC algorithms can
effectively overcome the adverse effects induced by turbulence. The phase correction
mechanism is the key problem. There are two possible correction mechanisms. The first
one is that TMC can correct the phase fluctuations throughout the entire ISAL process. The
second one is that it can only correct the phase fluctuations between different pulses. Next,
we shall further explore the mechanisms of TMC.

Phase fluctuations at different pulses and in the entire ISAL process can reduce the
ISAL imaging quality without TMC, as illustrated in Figure 6. Moreover, the phase fluc-
tuations between different pulses can be corrected effectively by using TMC and RMC.
However, these cannot be corrected through the entire ISAL process. The reason for this
phenomenon is that TMC includes range alignment and phase adjustment. Phase adjust-
ment eliminates the phase drift between different pulses as the range profiles are aligned,
which means that TMC can only correct the phase fluctuation between different pulses.

Figure 6. ISAL imaging with atmospheric turbulence in different range and cross-range dimensions
(upper and lower rows: ISAL imaging with phase fluctuation at different pulses and entire ISAL
process; left to right: without compensation, TMC, and TMC + PFA).

From the TMC compensation principle, it can be seen that the relative difference
between the atmospheric coherent time τc and pulse duration time τp determines the
ISAL imaging quality in turbulent conditions. To verify the above anticipation, ISAL
images were plotted with different pulse duration times τp and ISAL imaging times τT in
atmospheric conditions.

Smaller τp values could improve the compensation efficiency of the TMC algorithm,
and target scatters were easier to identify (see the first row), as illustrated in Figure 7. How-
ever, there was not much difference between the ISAL images when the ISAL imaging time
τT became smaller. Compared with the upper and lower parts of Figure 7, τp was the key
parameter for mitigating the adverse effects of atmospheric turbulence on ISAL imaging.

In conclusion, turbulence-induced phase fluctuation in the range dimension is the
key ingredient for causing a degradation in the ISAL imaging quality. In addition, TMC
can only overcome the adverse effects of phase fluctuation at different pulses. Hence, two
important conclusions can be drawn: (1) For a certain range resolution, increasing the
chirp rate γ means reducing the pulse duration time τp, and thereby the adverse effect
of atmospheric turbulence can be overcome, and (2) there is no relationship between the
compensation efficiency of TMC and the ISAL imaging time τT . Thus, decreasing the ISAL
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imaging time τT reduced the cross-range resolution and could not overcome the adverse
effect of the turbulence.

Figure 7. ISAL image with different pulse duration times τp and ISAL imaging times τT (upper and
lower plots: τc = 20 ms). For the upper two plots, τT = 1.3 s, and for the lower two plots, τp = 5.12 ms.

3.3. Quantitative Evaluation of Image Quality

In addition to a visual comparison of the ISAL imaging results, we also evaluated the
single-point ISAL imaging quality before and after compensation. For single-point ISAL
imaging, the chirped pulse duration time τp was equal to 35 µs, as presented in Figure 8a.
Here, the peak side lobe ratio (PSLR) was used to evaluate the ISAL image quality [33],
which describes the ability of an ISAL system to eliminate the distortion caused by adjacent
point targets and can be expressed as

PSLR = 20 · log10
ASmax

Am
(17)

where ASmax and Am represent the maximum value of the main lobe and the strongest
side lobe maximum value outside of the main lobe, respectively. The smaller PSLR values
indicate a smaller side lobe amplitude and higher image quality. Therefore, the PSLR value
of single-point imaging before and after compensation at different atmospheric coherent
times τc is given in Figure 8b.

The PSLR value after compensation was smaller than that before compensation, as
shown in Figure 8b. In addition, with the longer atmospheric coherent times, the PSLR
values became smaller, which indicates that the TMC algorithm can compensate for the
phase error induced by atmospheric turbulence. On the other hand, the PSLR values for
single-point imaging before and after compensation at different pulse duration times τp
and ISAL imaging times τT are shown in Figure 8c,d. It was found that with the decreases
in the pulse duration time τp, the PSLR value became smaller, which means that smaller τp
values could improve the compensation efficiency of the TMC algorithm. However, with
the decreases in the ISAL imaging time τT , the PSLR value hardly changed, as shown in
Figure 8d.
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Figure 8. ISAL imaging with PSLR values. (a) The single-point ISAL imaging with TMC + RMC
compensation and (b–d) The PSLR values at different atmospheric coherent times, pulse duration
times, and ISAL imaging times, respectively.

In summation, the relationship between the pulse duration time τp and atmospheric
coherent time τc affected the ISAL image quality in the turbulence condition instead of the
atmospheric coherent time τc or the ISAL imaging time τT .

4. Conclusions

The temporal decoherence of the echo induced by turbulence causes phase fluctuations
and introduces an extra random phase, which directly affects the phase stability of the
echo, resulting in imperfect performance in the ISAL imaging process. In this paper, we
studied systematically the adverse effects of atmospheric turbulence on the ISAL imaging
quality. We used the ILPS method to simulate dynamic evolution of atmospheric turbulence
and defined the atmospheric coherent time to describe the variation speed of the phase
fluctuations induced by atmospheric turbulence.

The main results can be summarized as follows. The TMC algorithm can effectively
compensate for the phase fluctuation induced by atmospheric turbulence when τc � τT .
The TMC algorithm can compensate for the turbulence-induced phase fluctuations in the
cross-range dimension but cannot compensate for those in the range dimension. This
means that with TMC the relationship between the pulse duration time and atmospheric
coherent time, rather than between the atmospheric coherent time and ISAL imaging time,
ultimately determines the ISAL imaging quality in turbulent conditions. For a certain
range resolution, reducing the pulse duration time could overcome the adverse effect
of atmospheric turbulence. In addition, decreasing the ISAL imaging time τT reduced
the cross-range resolution, and it could not overcome the adverse effect of turbulence.
Therefore, these adverse effects of atmospheric turbulence can be mitigated by increasing
the atmospheric coherent time or decreasing the pulse duration time, and the ISAL imaging
quality can be enhanced.
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