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Aiming at coherence degradation during target detection, a suppressing method based on frequency-modulated continuous
wave coherent lidar is proposed. Combined with a random iteration algorithm, a long-pulse echo signal with coherent deg-
radation is matched with random phase noise of a certain frequency and achieves coherence restoration. Simulation and
field experiment results show that this proposed method can recover the intrapulse coherence in long-pulse echo signals.
In addition, for the real target echo signal at 4.2 and 19.8 km, the peak signal-to-noise ratio processed by this method is
increased by 0.35 times and 4 times after pulse compression, respectively.
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1. Introduction

Compared with traditional radar, light detection and ranging
(lidar) has several advantages and is widely applied in several
areas, such as automatic driving, artificial intelligence, and drone
reconnaissance[1–4]. However, during the target detection, some
factors such as laser resource coherence length, atmosphere tur-
bulence, and target scattering characteristics, have a serious in-
fluence on the performance of lidar, which can easily lead to
phase disturbance in long-pulse echo signals and severely
restrict the performance of the lidar[5–9].
The ranging accuracy of the femtosecond pulse lidar depends

on the pulse width of the echo beam after propagating over a
long path. In addition, the temporal dispersion easily caused
by optical components, atmosphere, or seawater factors during
its propagation results in intrapulse coherence degradation and
pulse widening of the echo signal, which decreases the ranging
accuracy of the lidar[10–13]. For this problem, Lee et al. compen-
sated for the dispersion effect by combining single-mode fiber
with actively controlled prism pairs to improve the detection
accuracy of pulse lidar[11]. Fan et al. applied the speckle noise
reduction technique based on self-adaptive pulse matching in-
dependent component analysis to suppress speckle noise[14].
However, the threshold selection of the wavelet threshold algo-
rithm may distort the effective signal. Similarly, these factors,

such as atmospheric turbulence, dispersion, target characteris-
tics, and vibration, could cause phase disturbance in long-pulse
echo signals to broaden the signal spectral width, reducing the
peak signal-to-noise ratio (SNR) of the echo signal, and limiting
the resolution and accuracy for coherent lidar[9,15–18]. Zheng
et al. adopted a dual-frequency laser seed source to eliminate
the signal coherence degradation effect caused by atmospheric
turbulence and improve the peak SNR of the intermediate sig-
nal[19]. However, it is necessary to make the wavelengths of the
two lasers as close as possible to ensure the correlation of the
effects of atmospheric disturbance on dual-frequency lasers.
Zhao et al. adopted the frequency sampling method to correct
the nonlinear effect of the frequency-modulated continuous
wave (FMCW) laser source and analyzed the influence of fiber
dispersion on the velocity measurement and ranging in coherent
lidar[20]. Wang et al. constructed a T-FMCW particle filter to
compensate for temporal vibration errors and residual nonlinear
errors[21].
For the FMCW coherent lidar, the nonlinear modulation

effect can also lead to decoherence and spectrum broadening
of the echo signal, which also limits the ranging performance
of the lidar. Dilazaro, Yang, and Zhang et al., respectively, used
a photoelectric phase-locked loop, back propagation neural net-
works combined with proportion-integration-differentiation
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control, iterative learning predistortion, and other methods to
reduce laser phase noise and sweep error[22–24]. All the above
schemes need to set feedback loops around the FMCW laser
source, which undoubtedly increases the complexity of the sys-
tem. Based on the dynamic range measurement method of dual
lasers, Yu et al. adopted the frequency modulation nonlinear
kernel function to reduce the dispersion mismatch influence,
thus improving the ranging and velocity measurement accuracy
in FMCW[25]. But the calibration accuracy of the method
depends on the phase accuracy of the signal obtained by the aux-
iliary interferometer, which may be influenced by external fac-
tors. Meanwhile, Bai et al. adopted a nonlinear correction
method based on singular value decomposition and least squares
algorithm to improve the SNR of long-pulse echo signals by
minimizing the phase error between the fitted phase and the true
phase and accurately calculating the nonlinear coefficients of
each order[26]. The method has a high demand for sampling
points and needs to select a reasonable number of sampling
points.
Different from the above methods, this paper directly pro-

poses a coherence degradation suppression method for long-
pulse echo signals with coherence degradation. Compared with
the above schemes, the intrapulse coherence degradation sup-
pressing method proposed in this paper does not require addi-
tional feedback circuits, and it does not have a high demand for
sampling points. Meanwhile, the proposed method processes
phase errors directly without the phase mechanism and model
construction. Based on FMCW coherent lidar, the influence of
random phase disturbance on the peak SNR of the long-pulse
echo signal is analyzed in detail from a theoretical point view,
and then the intrapulse coherent degradation suppressing
method in long-pulse echo signal is verified through numerical
simulation and field experiment. The results show that this pro-
posed method can effectively suppress the intrapulse coherence
degradation in long-pulse echo signals, improve the pulse com-
pression peak SNR, and further enhance the detection capability
of coherent lidar. It is important for the application of coherent
lidar in remote target detection, the limited laser coherence
length, and phase disturbance.

2. Analysis of Coherence Degradation Effects

It is assumed that the pulse repetition rate in T-FMCW is PRF,
modulation bandwidth is B, and pulse half-period T is equal to
1=�2 · PRF� as shown in Fig. 1, so the emitted light field expres-
sion is

uT�t� = ET exp�−j�2πf 0t � πkt2� � jφT0�, (1)

where ET is the amplitude of emitted light; f 0 is laser carrier fre-
quency; k is the chirp rate; and φT0 is the initial phase of emitted
light. Meanwhile, the local oscillator light-field expression is

uLO�t� = ELO exp�−j�2πf 0t � πkt2� � jφLO0�, (2)

where ELO is the amplitude of the local oscillator light field, and
φLO0 is the initial phase of the local oscillator light field.

For a stationary target at L (in km), the optical field expression
uS�t� of the echo signal is

uS�t� = ES expf−j�2πf 0�t − τ� � πk�t − τ�2�g exp�−jφS0�, (3)

where ES is the amplitude of the echo signal; τ represents the
time delay and is equal to 2 L=c; c is light speed; and φS0 is
the initial phase of the echo signal.
For coherent lidar with I/Q receivers as shown in Fig. 2, I and

Q channel echo signals (ignoring the part of the second-order
phase), respectively, are

xI�t�= sI�t��nI�t�
=GβELOES cos�2πf 0τ�2πkτt−πkτ2�ΔφI��nI�t�, (4)

xQ�t�= sQ�t��nQ�t�
=GβELOES sin�2πf 0τ�2πkτt−πkτ2�ΔφQ��nQ�t�, (5)

where sI�t� and sQ�t� represent the effective signal in the I/Q
channel; nI�t� and nQ�t� represent band-limited Gaussian white
noise (GWN), which meets the same statistical distribution of
parameters in both balanced photodetectors of the I/Q channel.
For the sake of analysis, it is assumed that the effective band-
width of GWN is Bn, and GWN satisfies the Gaussian distribu-
tion whose mean value is 0 and the variance is σ2n; σ2n is constant;
G is the photodetector gain; β is the photodetector responsivity
and is equal to ηDe=hf 0, where ηD is the quantum efficiency; e is
the electron charge constant; h is the Planck constant;ΔφI is the
phase difference between echo signal phaseΔφI

S0 and local signal
phase ΔφI

LO0 in I channel; and ΔφQ is the phase difference

Fig. 1. Relationship between frequency and time in T-FMCW.

Fig. 2. Block diagram with I/Q receiver.
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between the echo signal phase ΔφQ
S0 and the local signal phase

ΔφQ
LO0 in the Q channel.
For the convenience of analysis, the complex echo signal of

coherent lidar is[27]

x�t� = xI�t� � jxQ�t�
= GβELOES exp� j2πf 0τ� j2πkτt − jπkτ2 � jΔϕ�

� EN�t� exp� jϕN�t��, (6)

where Δϕ is the phase difference, assuming that Δϕ, ΔφI , and
ΔφQ are the same; EN�t� is the random noise amplitude; and
ϕN�t� is the random noise phase.
Combined with pulse compression, a long-pulse echo signal

with a low chirp rate could be compressed into a narrow pulse
with high peak intensity, which largely improves the detection
sensitivity of lidar[28]. The long-pulse period echo signal after
pulse compression (τ ≪ T) is

X� f � = GβELOES · T sinc�πT� f − f r�� exp� jφ� � N� f �, (7)

where sinc(·) is the sinc function; f r is the intermediate fre-
quency (IF) of the echo signal and is equal to kτ; φ is a
constant phase in long-pulse echo signal and is equal to
2πf 0τ − πkτ2 � Δϕ; and N� f � represents the random noise
spectrum distribution. Accordingly, the power spectrum density
(PSD) of the long-pulse echo signal is

P� f � = G2β2PSPLO · T sinc2�πT� f − f r�� � σ2n=Bn, (8)

where PLO, PS represent respectively local oscillator signal opti-
cal power and echo signal optical power, which, respectively,
correspond to E2

LO and E2
S.

In addition, band-limited GWN mainly depends on shot
noise in heterodyne detection, so the random noise variance
σ2n isG2βeBnPLO. Finally, the peak SNR of long-pulse echo signal
without coherence degradation is

SNR =
G2β2PLOPST · Δf
�σ2n=Bn� · Δf

=
ηDPST
hf 0

, (9)

where Δf represents frequency resolution and is equal to 1=T .
In general, a long-pulse echo signal can attain more accumu-

lation time compared with a short-pulse echo signal in coherent
lidar. However, in practice, phase fluctuation deteriorates the
intrapulse coherence of the long-pulse echo signal. Ultimately,
it can decrease effective accumulation time after pulse compres-
sion and affects the target detection capability of coherent
lidar[6].
To simplify the analysis, assuming that random phase pertur-

bation φadd�t� is a stationary stochastic process, a long-pulse
echo signal x 0�t� with intrapulse coherence degradation is

x 0�t� = GβELOES exp� j2πkτt � jφ� exp� jφadd�t��
� EN�t� exp� jϕN�t��: (10)

Assuming that the long-pulse echo signal is independent of
GWN, the autocorrelation function of the long-pulse echo signal
x 0�t� is

R�τ 0� = hx 0� �t�x 0�t � τ 0�i
= h�GβELOES�2 exp� j2πkττ 0� · exp� jΔφadd�t, τ 0��i
� hEN�t�EN�t � τ 0� expf j�ϕN�t � τ 0� − ϕN�t��gi, (11)

where Δφadd�t, τ 0� represents the phase difference between
φadd�t � τ 0� and φadd�t�. Combined with the statistical charac-
teristics of random phase disturbance, it is known that
Δφadd�t, τ 0� is a stationary random Gaussian process whose
mean is zero and whose distribution function is

f �Δφadd�τ 0�� =
1

�2πhΔφ2
add�τ 0�i�1=2

· exp

�
−

Δφ2
add�τ 0�

2hΔφ2
add�τ 0�i

�
,

(12)

where hΔφ2
add�τ 0�i represents mean square value and is

equal to 2π2n0jτ 0j, where n0 is the PSD of Δφadd�t, τ 0�, so
hexp� jΔφadd�t, τ 0��i in R�τ 0� is equal to exp�−hΔφ2

add�τ 0�i=2�.
The autocorrelation function of long-pulse echo signal x 0�t�

with intrapulse coherence degradation is simplified as[29]

R�τ 0� = �GβELoES�2 exp�−2π2n0jτ 0j� exp� j2πkττ 0�

� σ2n
sin�πBnτ

0�
πBnτ

0 : (13)

According to the Wiener–Khinchin theorem, the PSD func-
tion of a long-pulse echo signal x 0�t� is

P 0� f � = G2β2PLOPS · T sinc�πT� f − f r��
� n0
f 2 � �πn0=2�2

� σ2n
Bn

, (14)

where A�B is the convolution operation between A and B.
Defining Y�T , f � as the partial differential of the PSD function
P 0� f � to T , Y�T , f � is

Y�T , f � = G2β2PLOPS cos�πT� f − f r���
n0

f 2 � �πn0=2�2
: (15)

Therefore, this PSD function P 0� f � is analyzed in the follow-
ing two cases.

(1) When T tends to infinity, Y�T , f � is

Y�T , f � = G2β2PLOPSn0
�f − f r�2 � �πn0=2�2

: (16)

When f is equal to f r , the peak SNR of the long-pulse echo
signal after intrapulse coherence degradation is

SNR 0 =
ηDPST
hf 0

4
π2n0

<
ηDPST
hf 0

: (17)

(2) When T tends to be infinitesimal or f is extremely close to
f r , Y�T , f � is
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Y�T , f � = G2β2PLOPS

�
1 −

1
2
π2T2� f − f r�2

�

� n0
f 2 � �πn0=2�2

: (18)

Based on the above, the value ofY�T , f � gradually decreases as
T increases. Especially, when f is equal to f r , the peak SNR of the
long-pulse echo signal after intrapulse coherence degradation is

SNR 0 ≤
ηDPST
hf 0

: (19)

To more clearly analyze the influence of random phase dis-
turbance on the long-pulse echo signal, it is necessary to define
the peak SNR loss ratio γ,

γ =
SNR − SNR 0

SNR
: (20)

Combined with theoretical analysis, it is known that the peak
SNR loss ratio γ is less than 1 forever. It shows that intrapulse
random phase disturbance can induce coherence degradation
of the echo signal, resulting in energy dispersion and peak inten-
sity decrease.

3. Suppressing Method of Coherence Degradation

As for this problem, the coherence degradation suppression
method for long-pulse echo signals with coherent degradation
is proposed in this paper, as shown in Fig. 3.
The working process of the proposed method is as follows.
First, attain the long-pulse echo signal with coherence degra-

dation and select the amplitude as the initial amplitude from its
frequency spectrum. Second, divide the long-pulse echo signal
into N segments. Third, generate an N-segment random phase
so that each segment random phase satisfies the Gaussian dis-
tribution. Then compensate for the N-segment echo signal with
the N-segment random phase noise. Meanwhile, the number of
iterations increases one by one, and the compensated echo signal
performs a pulse compression after signal splicing. Next, reat-
tain the frequency amplitude as the updated amplitude at the
selected frequency point and compare the updated amplitude
with the initial amplitude.
If the updated amplitude is not smaller than the initial ampli-

tude, perform a random phase accumulation and then use it as
the current phase, exchanging the updated amplitude with the
initial amplitude. Subsequently, regenerate the N-segment ran-
dom phase and sum the current phase with the N-segment ran-
dom phase to compensate for the N-segment echo signal with
the current phase.
If the updated amplitude is smaller than the initial amplitude,

regenerate the N-segment random phase directly and sum the
current phase with theN-segment random phase to compensate
for the N-segment echo signal with the N-segment echo signal.

Just like the workflow in Fig. 3, when the method finally con-
verges, the current phase is regarded as the final compensating
phase, and the echo signal could achieve coherence restoration
after being compensated with it at this moment.
To attain the results at different random phase frequencies or

different frequency points, it is necessary to change the segment
number and frequency point, respectively.
To verify this method, a numerical simulation of the long-

pulse echo signal in coherent lidar is performed with the param-
eters shown in Table 1.
Under the condition of random phase disturbance, a long-

pulse echo signal with intrapulse coherence degradation is

Fig. 3. Workflow of the proposed method.

Table 1. Parameters of Simulation.

Number Parameter Value

1 Pulse period 4 ms

2 Intermediate frequency 2 MHz

3 Sampling rate 20 MHz

4 SNR0 (with phase noise) ∼25 dB

5 Random noise PSD 5 μW/Hz

6 Random frequency noise PSD 10 × 103 Hz2/Hz

7 Random phase-matching frequency 250 Hz–50 kHz

8 Number of iterations 2000 times
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processed by the method proposed in this paper, and the results
shown in Fig. 4(a) are obtained. It shows that the frequency
amplitude of long-pulse echo signal with coherent degradation
rapidly increases at first and then tends to converge with the
increase of the iteration number processed in this method.
When the random phase-matching frequency is 25 kHz and
the number of iterations is 1000, the frequency amplitude of
the long-pulse echo signal with 4 ms is about 1.73 times higher
compared with the echo signal after coherence degradation.
In addition, it can be seen that the frequency spectral width of

the long-pulse echo signal with coherent degradation suppres-
sion after pulse compression is decreased by about 2 times in
Fig. 4(b), which indicates that themethod proposed in this paper
can effectively suppress the intrapulse coherence degradation of
the long-pulse echo signal.

According to the random phase-matching frequency shown
in Table 1, the long-pulse echo signals with coherence degrada-
tion are processed by the coherence degradation suppression
method proposed in this paper, and the results shown in
Fig. 5 are obtained. When the matching frequency of random
phase disturbance is greater than 30 kHz, the peak SNR gain
of the long-pulse echo signal with coherence degradation is
maintained at 3.4 times. In the subsequent processing, the
SNR gain of the long-pulse echo signal with pulse compression
tends to be saturated as the matching frequency of random
phase disturbance increases. In this case, the intrapulse coher-
ence of the long-pulse echo signal is mostly restored.

4. Experimental Result and Analysis

To further verify the above method of suppressing the long-
pulse echo signal with coherence degradation, a verification
experiment was designed. As shown in Fig. 6, the FMCW laser
source is split into an emitted signal and a local signal through a
1 × 2 fiber coupler. After the power amplification of the optical
fiber amplifier, the emitted signal enters into free space through
the optical transceiver and directly illuminates the static target.
After the static target scattering, the echo signal light is transmit-
ted again through free space and is received by the optical trans-
ceiver of the coherent lidar. Then, the echo signal light passes
through the fiber circulator and performs a heterodyne detec-
tion with a local oscillator signal in the optical hybrid. The
obtained beat optical signal is converted by a photodetector into
an IF electrical signal, which is finally collected by a digital
acquisition device.
Based on the above field verification experiment scheme, the

FMCW parameter settings, optical transceiver telescope, and
emitted beam power are shown in Table 2. In this field
test, the visible light camera uses Nikon AF-S DX NIKKOR
optical lens, and the type of charge-coupled device (CCD)

Fig. 4. Processing results of the proposed method. (a) Iterative process of the
frequency peak intensity of long-pulse echo signal; (b) frequency spectrum of
the long-pulse echo signal with coherent degradation comparison before and
after the proposed method.

Fig. 5. Results of intrapulse coherence degradation suppression method for
long-pulse echo signal with different random phase matching frequencies.
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applied in this field test is PointGrey-BFLY-PGE-13E4M-
CS, whose pixel size is 5.3 μm and image size is
1280 pixels × 1024 pixels.
At the beginning of the field test, it is necessary to calibrate the

relationship between the center of the emitted beam in coherent
lidar and the image pixels of the visible light camera to attain the
accurate pointing from coherent lidar to the distant target to be
measured. Under the current experimental condition, pixel
coordinates in the CCD corresponding to the emitted light beam
are (368, 824).
After setting the above parameters, the target to be measured

is selected from the test scenario. In this verification experiment,
two physical targets in the scene shown in Fig. 7 were selected,
respectively, and the approximate distances between the two tar-
gets and coherent lidar are 4.2 and 19.8 km, respectively, corre-
sponding to the targets in the scenario one by one.
Manually rotate the servo aiming mechanism equipped with

the transceiver telescope of the coherent lidar and the visible
light camera, and point the pixel coordinates (368, 824) of the
visible light-monitoring camera at the target to be measured
located at 4.2 km in this experiment, as shown in Fig. 8. A digital
acquisition device is applied to save long-pulse echo signals with
coherent degradation, and then the echo signal is processed
offline.
The same as the processing method in the above section,

the proposed method in this paper is adopted to match the

long-pulse echo signal after coherent degradation for a single
pulse period using a random phase disturbance frequency of
500 Hz to 2.5 kHz; the processing results are obtained, as shown
in Fig. 9(a). When the transmission optical power is 1.6 W and

Fig. 6. Field verification experiment scheme.

Table 2. Experimental Parameters.

Number Parameter Value

1 PRF 250 Hz

2 Modulation bandwidth 300 MHz

3 Telescope diameter 50 mm

4 Transmission power 1.6 W

5 Target distance 4.2 km/19.8 km

6 Sampling rate 250 MHz

Fig. 7. Optical transceiver and target scenario in the field verification
experiment.

Fig. 8. Real target scenario at a distance of 4.2 km from the coherent lidar.
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the diameter of the transceiver telescope is 50 mm, for the target
at 4.2 km, the long-pulse echo signal after coherent degradation
in a single period has a certain initial SNR. The peak SNR gain of
the long-pulse decoherence echo signal increases with the
increasing frequency of the matching random phase disturb-
ance. While the frequency of the random phase disturbance is
15 kHz, the uptrend of peak SNR gain becomes flat. At this time,
the peak SNR of the long-pulse echo signal with coherent deg-
radation suppression is increased by 0.35 times compared with
the original long-pulse decoherence echo signal.
When a random phase disturbance frequency is 2.5 kHz and

the iterative process reaches a convergence, Fig. 9(b) shows that
the frequency spectral width of the long-pulse echo signal proc-
essed by this method is smaller than before.
To avoid the occasionality of echo signal processing results at

4.2 km, the pixel coordinates (368, 824) of the visible light-mon-
itoring camera are aligned to the building target at 19.8 km. As

shown in Fig. 10, the long-pulse decoherence echo signal is saved
using a digital acquisition device, and then the echo signal is
processed offline.
Similarly, the long-pulse coherence degradation signal is

matched to a single pulse period with a random phase frequency
of 500 Hz to 2.5 kHz using the intrapulse coherence degradation
suppression method. The obtained processing results are shown
in Fig. 11(a). Under the same condition, for the target at 19.8 km,
the peak SNR gain of the long-pulse decoherence echo signal in a
single pulse period increases and then remains relatively stable
as the random phase-matching frequency gradually increases.
When the matching frequency of random phase disturbance
is 20 kHz, the rising trend of peak SNR gain becomes relatively
flat. Comparing the long-pulse echo signal with intrapulse
coherence degradation, the peak SNR of the long-pulse echo sig-
nal with coherence degradation suppression increases by about
4 times.
When a random phase disturbance frequency is 2.5 kHz and

the iterative process reaches a convergence, Fig. 11(b) shows that
the frequency spectral width of the long-pulse echo signal proc-
essed by this method is almost twice as small as before. In addi-
tion, the frequencies corresponding to the largest amplitude of
the echo signal spectrum before and after being processed by this
method are not the same; this shows that this method can result
in the increasing range error as the SNR is decreasing.
Combined with the processing results of target echo signals at

4.2 and 19.8 km, it shows that during the process of target detec-
tion, the intrapulse coherence of long-pulse echo signals will
indeed degrade due to the system hardware and external envi-
ronment in coherent lidar. The method proposed in this paper
can restore intrapulse coherence and improve the peak SNR to a
certain extent. On the other hand, the target echo signal at differ-
ent distances has different decoherence under the same condi-
tion. In general, the farther the target is from the coherent lidar,
the more serious the intrapulse coherence degradation of its

Fig. 9. Frequency spectrum and related results for the target at about 4.2 km.
(a) Processing result of long-pulse echo signal with coherent degradation by
the proposed method under different random phase-matching frequencies;
(b) comparison of the frequency spectrum before and after being processed
by this method.

Fig. 10. Real target scenario at a distance of 19.8 km from the coherent lidar.
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echo signal will be. In this case, the coherence degradation sup-
pression method proposed in this paper is more effective.

5. Conclusion

During target detection, long-pulse echo signal FMCW coherent
lidar has the problem of intrapulse coherence degradation. As
for this problem in long-pulse echo signals, first this paper gives
a detailed theoretical analysis to demonstrate that coherence
degradation can reduce the peak SNR of the echo signal, decreas-
ing the detection probability of coherent lidar. And then a
method to suppress the intrapulse coherence degradation of
long-pulse echo signals is proposed to improve the target detec-
tion capability of coherent lidar.
This proposed method is verified from numerical simulations

and field tests. These results show that the proposed method for

suppressing intrapulse coherence degradation in the long-pulse
echo signal can effectively suppress the coherent degradation of
the echo signal, which is of great significance for coherent lidar
in remote stationary target detection and weak signal detection.
In future work, the specific reasons for coherence degradation in
the long-pulse echo signal and the corresponding optimization
methods will be further analyzed.
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