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Abstract: Due to the difference in surface reflectivity, the laser measurement waveform data recorded
in full waveform have a saturation phenomenon. When the signal is saturated, the echo waveform
produces peak clipping and pulse spreading, which seriously restrict the accuracy of laser mea-
surement results and the usability of data. Therefore, we conducted a ranging investigation on the
“peak clipping” phenomenon of the saturated waveform and found a nonlinear time delay in the
range, which is between the two extreme cases of saturated “dead time” and Gaussian fitting peak
time as pulse signal reception time. Subsequently, based on the consistent relationship between the
geometric characteristics of the high- and low-gain channels of the space-borne laser altimeter, we
constructed a laser waveform saturation compensation model, namely, the laser pulse flight time
delay compensation and the laser waveform peak intensity compensation, and carried out the data
saturation compensation and validation with the dual-channel measurement data from the GaoFen-7
(GF-7) satellite. The experimental results showed that the saturation compensation model (SCM)
proposed in this paper could restore the features of the saturated waveform signal and effectively
improve the accuracy of the laser ranging. The accuracy of the laser waveform fitting result after
saturation compensation improved from 0.7 ns (0.11 m) to 0.14 ns (0.02 m), which greatly improved
the usability of the saturated laser measurement waveform data.

Keywords: GF-7 satellite; full-waveform data; signal saturation; saturation compensation model;
waveform fitting; precision validation

1. Introduction

Space-borne laser altimeter is an active remote sensing measurement equipment that
can accurately and quickly obtain three-dimensional surface information. In 2003, the
ICESat satellite launched by the National Aeronautics and Space Administration (NASA)
carried the first Earth observation laser altimeter system, the Geoscience Laser Altimeter
System (GLAS) [1], and related research has played an important role in polar ice eleva-
tion measurement, monitoring changes in sea ice thickness, forest biomass estimation,
global elevation control point acquisition, etc. [2–6]. As laser altimetry has shown better
development potential and application prospects in three-dimensional space exploration,
other countries have developed more laser altimeters to enhance their laser exploration
capabilities [7–9].

In 2016, China launched the ZiYuan3-02 (ZY3-02) satellite which carried the first
domestic experimental laser altimetry payload and successfully obtained laser altimetry
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data, laying an important technical foundation for the rapid development of satellite laser
altimetry in China [10,11]. GaoFen-7 (GF-7) satellite was launched successfully on 3 Novem-
ber 2019, which carried a set of laser altimeter systems to meet the 1:10,000 scale stereo
mapping [12–14]. In 2020, ZiYuan3-03 (ZY3-03) was launched one after another, and its
laser altimeter was upgraded to an operational payload based on the experimental payload
of the ZY3-02 satellite [15,16]. Unlike the ZY3-02/03 satellite, the GF-7 satellite platform
was equipped with a full-waveform laser altimeter. The space-borne laser altimeter that
records the full waveform can not only obtain more abundant surface height information
but also obtain the geometric and physical features of ground objects using waveform
inversion technology [17,18]. Notably, the full-waveform data improve the practicability
of the space-borne laser altimeter and the waveform quality, which is important for the
accuracy of laser altimetry and ground feature inversion.

Due to the variation of the Earth’s surface reflectivity, scattering angle, and atmospheric
conditions, the echo signal collected by the laser altimeter has an extensive linear dynamic
range. To accommodate the return pulse with a wide range of signal power, the upper and
lower limits are preset when designing a space-borne laser altimeter, but under high signal
conditions (such as high energy, high reflectivity, and clear sky), the two-way atmospheric
transmission and surface reflectivity can exceed expectations to the point where the peak
power of the return pulse sometimes exceeds the linear dynamic range of the receiver,
resulting in saturation of the remote sensing signal [19,20]. This saturation phenomenon
is common in satellite remote sensing data, such as DMSP-OLS nighttime light data and
synthetic aperture radar (SAR) data, and usually, a specific gain function relationship model
is used to correct the saturation data [21,22]. Concerning the saturation data of space-borne
lidar, the Sun team used a spare laser detector to establish the saturation correction model
in the laboratory and conduct ranging correction. The saturation correction model was
improved by comparing the GLAS elevation compensation value and the GPS measurement
value [23–26].

The calculated ranging information could yield a longer laser pulse time of flight by
applying a method based on a linear receiver to process the laser saturation waveform. A
dual-channel with high and low gain was designed for the GF-7 space-borne laser altimetry
system to effectively deal with the laser saturation waveform problem. In this paper, we
proposed to construct the SCM for laser waveform data to recover the energy characteristics
and geometric measurement accuracy of the laser saturation waveform for the consistent
relationship between the high- and low-gain channels of the space-borne laser altimetry.
In Section 2, we describe the technical performance and system structure of the GF-7
laser altimeter system. In Section 3, we introduce the main methodological process of
laser waveform saturation compensation, including signal saturation identification, the
feature parameter extraction method, and the construction method of the SCM. Then in
Section 4, we conduct experiments and analyses and perform range accuracy verification
and waveform feature recovery. Section 5 mainly discusses the applicability and error
analysis of the method. Finally, Section 6 summarizes the conclusions of this study.

2. The GF-7 Laser Altimeter System

The GF-7 space-borne laser altimeter system is equipped with four lasers (two main
components and two backups), two footprint cameras, and one optical axis surveillance
camera. The main technical performance parameters [12] of the laser are listed in Table 1.
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Table 1. Main technical performance parameters of the laser.

Parameter Value

Number of beams 2
Wavelength/nm 1064
Frequency/Hz 3/6

Emission pulse energy/mJ 100~180
Emission pulse width/ns 4~8

Laser divergence angle/µrad 30~35 (80% energy)
The aperture of receiving telescope/mm 600

Digital sampling interval of waveform/ns 0.5
Laser emission efficiency 0.994

Beam spot size/m 15–20
Laser receiving efficiency 0.790

The GF-7 space-borne laser altimeter system adopts a dual-beam synchronous Earth
observation system. Each laser beam has two independent transceiver channels, and each
channel contains three complete parts: a laser transmitter, a full-waveform receiver, and
a footprint camera. The transmitting channel consists of two independent lasers and a
transmitting lens. The receiving channel shares the receiving telescope. After the laser echo
of the two channels passes through the receiving telescope, it enters the corresponding
full-waveform receiver and footprint camera [27]. The structure of the laser altimeter is
shown in Figure 1.
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3. Methods

Aiming for the dual-channel structural characteristics of the GF-7 laser altimeter
system, this paper proposes a laser waveform signal saturation compensation algorithm as
shown in Figure 2 with the following main steps:

1. Filtering waveform data. Two sets of data were selected from the GF-7 full-waveform
data. One set of data showed no saturation in both high- and low-gain channels; in
the other set of data, there was saturation in the high-gain channel and no saturation
in the low-gain channel.

2. Waveform pre-processing. The laser altimetry full-waveform data were waveform
decomposed to obtain single-peak echo data; then, the valid waveform was filtered
out using the threshold denoising method.
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3. Extraction of laser waveform characteristic parameters. The Gaussian fitting of valid
waveform data involved using the least square method iteration to extract the peak
time and peak intensity parameters.

4. Construction of the laser waveform saturation compensation model. Based on the
consistency of laser ranging time and waveform features between the high- and low-
gain channels of the space-borne laser altimeter, the laser waveform compensation
model was constructed, namely, laser pulse flight delay compensation and laser
waveform peak intensity compensation.

5. Recovery of saturated waveform characteristic parameters. The SCM was used to
compensate for the features of the saturated waveform and then recover the energy
characteristics and geometric measurement accuracy of the laser saturated waveform.
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3.1. Signal Saturation Identification

After the satellite is in orbit, the return pulse energy exceeds the linear dynamic range
of the receiver with changes in laser emission energy, environmental conditions, and surface
reflectivity. This saturation usually occurs on snow and ice, smooth paved floors in cities
and towns, and other areas with high reflectivity [29].

In the design of the waveform sampling circuit of the GF-7 laser, to avoid damage to
equipment caused by excessive signal strength, the detector assembly adopts the protection
mechanism of high- and low-gain amplifiers. When the signal power exceeds the effective
quantification range of the receiver’s linear dynamic change, the signal peak is truncated by
the detector, and the “peak clipping” phenomenon with three or more consecutive identical



Remote Sens. 2022, 14, 3158 5 of 16

voltage value occurs; that is, “signal saturation” occurs, as shown in Figure 3. When the
receiver is saturated, the echo waveform produces flat peaks and pulse broadening, thus
prolonging the pulse time of flight and affecting the ranging accuracy.
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The ICESat/GLAS laser altimetry system adopts a single gain channel with a linear
dynamic effect of 8 bits and an effective quantization range of 0–255 for the echo waveform
signal values [25]. The GF-7 space-borne laser altimeter system detector and ICESat/GLAS
detector are both linear detectors but the GF-7 laser receiver uses a linear dynamic sampling
range with 10-bit quantization, and the effective quantization range of the echo waveform
signal value is 0–1023 [30]. Obviously, the quantization range of the GF-7 laser receiver has
been improved, but for the larger dynamic range of the echo signal, there is still saturation
of the echo signal.

3.2. Extraction of Laser Waveform Characteristic Parameters

The waveform data of the GF-7 laser altimeter include the transmitting waveform and
echo waveform, and the sampling frequency was 2 GHz. The transmitted waveform adopts
a Gaussian basis mode, and the echo waveform can be expressed as the superposition of the
Gaussian signal and noise. The single-peak echo signal can be expressed by the following
Gaussian distribution function [31]:

f (t) = Ae−
(t−t0)

2

2σ2 + Nn (1)

where A is the peak, t0 is the corresponding time of the peak, σ is the root mean square
pulse width, and Nn is the waveform noise value.

The full-waveform laser altimeter mainly uses the flight time measurement method
to achieve range, as shown in Formula (2). The peak method is used to determine the
transmitting signal time and the receiving time of the echo signal; that is, the laser ranging
value is calculated by calculating the peak time of the transmitting wave and the echo.

h =
1
2

c · (tR − tT) (2)

where c is the speed of light, tR is the time of receiving the signal for the system, and tT is
the time of transmitting the signal for the system.

Owing to the influence of the equipment itself and the measurement environment,
there is some noise in the signal detected by the laser receiving system. Background noise
has a very important influence on the extraction of the waveform characteristic parameters.
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Threshold denoising is used to pre-process the original waveform data of the space-borne
laser, and the effective waveform can be screened out. The average and mean square
deviation of 100 sampling values were used to estimate the threshold of background noise.
Sampling point data greater than the background noise threshold are effective data. The
calculation formulas for background noise mean, mn, and the mean square deviation, σn,
are as follows:

mn =
n

∑
i=1

Vi/k (3)

σn =

√√√√ k

∑
i=1

(Vi −mn)
2

k
(4)

where n is the sample value of each n frames before and after the echo data, k is the number
of waveform sampling points used to calculate the background noise parameters, and Vi is
the waveform intensity value.

In the satellite on-orbit operation, the quantization error of the space-borne laser
analog waveform signal is generated after digital processing, which makes the emission
and echo appear as multiple maximum values in some cases or prevents the peak point
from being the real waveform peak point, resulting in random errors in laser ranging.
Therefore, to improve the ranging accuracy, the least square method is used to iteratively
perform Gaussian fitting for the effective waveform, and then the waveform characteristic
parameters are extracted [32].

By fitting a single-peak laser signal with a Gaussian function, characteristic parameters
such as peak time, peak intensity, and pulse width can be obtained [33]. Figure 4 shows an
example of extracting some characteristic parameters of the laser echo waveform.
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3.3. Saturated Compensation Model

The GF-7 laser altimeter records the echo waveform data through high-gain and
low-gain channels, as shown in Figure 5.
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Figure 5. Schematic diagram of high- and low-gain comparison of laser emission waveform (a)
and echo waveform (b). The blue solid line is the high-gain waveform and the red solid line is the
low-gain waveform.

Compared with low-gain data, high-gain data are more prone to saturation in strong
reflection echo signals; although low gain is not easy to saturate, some effective signals are
easily submerged by noise when the local surface reflectivity is low. When the signal of the
high-gain channel is saturated and the signal of the low-gain channel is not saturated, there
is a deviation in the ranging value obtained by Gaussian fitting after processing the high-
and low-gain waveforms, as shown in Figure 6. Because the high- and low-gain channels
obtain the ranging information of the same pulse, the low-gain pulse time of flight (TOF)
can be used to correct the signal receiving time of the high-gain saturated echo.
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Figure 6. Schematic diagram of the deviation of the Gaussian fitting results in high gain (saturated)
and low gain (unsaturated). TOF is the pulse flight time and ∆t is the ranging difference.

When the saturation is too high and the waveform amplitude is too large, the broaden-
ing of the echo pulse changes with saturation. The peak time obtained using the Gaussian
model is used to preliminarily locate the saturated echo reception time, which is denoted
as t1, and then based on the dual-channel ranging consistency assuming that the pulse
crossing times are equal, the saturated echo reception time t2 is solved using the Gaussian
parameters of the low-gain waveform corresponding to the saturated waveform and the
Gaussian parameters of its transmitting waveform, after which the difference between
the two is compared to establish a functional model between the saturation and deviation
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values of the echo receiving time. Using this model, the error values4y corresponding to
different saturation levels are calculated and used to correct the echo receiving time of the
saturated waveform, namely,

Ynew = Yc −4y (5)

where Ynew is the receiving time for corrected laser signals and Yc is a Gaussian fitting peak
time parameter for saturated echo. The specific process is shown in Figure 7.
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Figure 7. Flow diagram of the laser pulse delay compensation process.

According to the working mode of GF-7 laser ranging, it is known that the dual gain
channels obtain the ranging information of the same pulse, and therefore, the pulse time
of flight obtained by high and low gain are equal and the waveform intensity values of
the two channels collected by the digitizer are linearly correlated. The regression model is
established by using the peak intensity parameters of the high- and low-gain unsaturated
data, which is applied to the saturated waveform to compensate for the high gain using
its corresponding low-gain echo peak intensity. Finally, the features of the saturated echo
signal are restored based on the receiving time compensation model and peak intensity
regression model of the saturated echo.

4. Experiments and Analysis
4.1. Experimental Data

In the experiment, one-track laser data taken by the GF-7 satellite in December 2019
were selected. The terrain of the experimental area includes mountains, towns, water, and
farmland, as shown in Figure 8. The experimental data were divided into two groups:
in the first group, the laser waveform data did not appear saturated in both high- and
low-gain channels; in the second group of data, the laser waveform was saturated in
the high-gain channel and there was no saturation in the low-gain channel. Two groups
of experimental data were used to verify the time delay compensation and waveform
characteristic parameter recovery of the laser saturation waveform.
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The experiment was divided into two main parts. First was the pulse time of flight
delay compensation experiment, which used the full-waveform data of the GF-7 laser
altimeter to verify the time delay phenomenon of the saturated waveform, and the rang-
ing deviation model, which was established to compensate for the receiving time of the
saturated echo. Second was the saturated waveform characteristic parameter recovery
experiment, which used GF-7 unsaturated high- and low-gain waveform data of the same
laser beam to establish a peak intensity regression model and the low-gain peak intensity
parameters corresponding to the saturated waveform to compensate for the high gain.
Then, the features of the saturated waveform signal were recovered by combining the pulse
time delay compensation of the saturated echo in Experiment 1.

4.2. Experiment 1: Laser Pulse Flight Delay Compensation

The signal saturation of the laser detector showed a “peak clipping” phenomenon in
the waveform feature but there was a time delay in the photoelectronic response of the
detector, which is usually called the saturation “dead time” [34]. We assumed that the
saturated echo waveform did not record the signal beyond the threshold strength, and
then the laser ranging from one was calculated according to the waveform characteristic
parameters. We also assumed that the receiving time of the saturated echo signal was the
“dead time,” that is, the laser detector only generated one digital number (DN) value when
detecting one or more electrons. The “dead time” signal was eliminated and the waveform
parameters were calculated to obtain the laser ranging value of two.

In the experiment, high- and low-gain waveform data with different saturations were
selected. Based on the ranging value of the low-gain channel laser waveform, the errors
ranging from one and two were counted and the ranging deviation value of the high-gain
saturation waveform was obtained, as shown in Figure 9.
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Figure 9. Ranging means deviation of high and low gain with different saturation.

Taking the peak time after eliminating saturated “dead time” as the receiving time
of saturated echo signal, the ranging accuracy was 0.322 m. Taking the Gaussian fitting
peak time as the receiving time of the saturated echo signal, the ranging accuracy reached
0.106 m. By comparing the pulse time of flight of the two algorithms in Figure 9, it could be
found that the “peak clipping” phenomenon of the saturated waveform had a nonlinear
time delay in the range.

In this experiment, a data set (including 30 sets of high- and low-gain full-waveform
data) of dual-channel unsaturated waveforms with different waveform parameters of
the same laser beam of the GF-7 space-borne laser altimeter was randomly selected for
Gaussian fitting, and the corresponding waveform characteristic parameters (i.e., peak
time and peak intensity parameters) were extracted. First, the consistency of the GF-7
dual-channel ranging was verified according to the extracted transmitting wave and echo
peak time parameters. The verification results showed that the measurement distances of
the two channels with high and low gain were equal within the systematic error range,
as shown in Figure 10; the determination coefficient was one, and the residual plots are
shown in Figure 11.
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Figure 10. Fitting results of the high- and low-gain time of flight.
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Figure 11. Residual plots of the high- and low-gain TOF fitting, which are composed of the residual
plot with the independent variable as abscissa (upper left), the residual plot with the fitted value of
the dependent variable as abscissa (lower left), the histogram of the residuals (upper right), and the
normal probability plot of the residuals (lower right).

The experiment calculated the low-gain channel laser pulse time of flight correspond-
ing to the high-gain saturated waveform and used it as the laser pulse time of flight of
the high-gain saturated waveform. The peak time parameter of the high-gain transmit
waveform was added to calculate the receiving time of the high-gain saturated echo.

Since the “peak clipping” phenomenon of the saturated waveform had a nonlinear
time delay in ranging, the ranging deviation changed with the change in saturation. We
selected 51 groups of sample data with different saturations (saturation range 0–300%).
By comparing the difference between the Gaussian fitting peak time of the saturated echo
and the receiving time of the echo signal based on the dual-channel consistency solution, a
functional relationship model between the deviation value and saturation was established.
As shown in Figure 12, the goodness of fit of the model was 0.895, and the residual figure is
shown in Figure 13.
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Figure 12. The variation of the laser signal receiving time deviation with saturation.
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Figure 13. Residual plots of the laser signal reception time deviation model, which are composed of
the residual plot with the independent variable as abscissa (upper left), the residual plot with the
fitted value of the dependent variable as abscissa (lower left), the histogram of the residuals (upper
right), and the normal probability plot of the residuals (lower right).

The accuracy of the laser ranging value calculated by eliminating the saturated “dead
time” was 0.322 m (2.15 ns), and the accuracy of the laser ranging value calculated directly
from the waveform characteristic parameters was 0.106 m (0.7 ns). While the laser ranging
value was calculated after the pulse time of flight delay compensation, the ranging accuracy
was the highest, up to 0.021 m (0.14 ns). The compensation algorithm could effectively
improve the range accuracy of the saturated laser pulse.

4.3. Experiment 2: Recovery of Characteristic Parameters of Saturated Waveform

The GF-7 laser dual-gain channel obtains the echo signal of the same pulse, and as a
result, the peak intensity of the dual-channel wave is linearly correlated with the effective
quantification range of the detector. A data set (containing 50 sets of full waveforms with
unsaturated both high and low gain) was randomly selected as a sample for the experiment.
By regression analysis of the peak intensity of the dual-channel unsaturated waveform,
the fitting results of the peak intensity of the high- and low-gain echoes were obtained as
shown in Figure 14, and the goodness of fit of the model was 0.992, with its residual plots
shown in Figure 15. Using this linear regression model to compensate for the saturated
waveform data of the high-gain channel, the peak intensity parameter of the high-gain
saturated echo could be obtained.
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Figure 14. Fitting results of the high- and low-gain peak intensity regression model.
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Figure 15. Residual plots of the fitted high- and low-gain peak intensity regression model, which are
composed of the residual plot with the independent variable as abscissa (upper left), the residual
plot with the fitted value of the dependent variable as abscissa (lower left), the histogram of the
residuals (upper right), and the normal probability plot of the residuals (lower right). The units of
coordinate axes are arbitrary.

The unsaturated data sets of the same size from other tracks were selected experimen-
tally, and the peak intensity solved from the laser measurements was used as the reference
base to verify the calibration accuracy of the high-low gain peak intensity regression model
in this article. Through the correlation analysis of the high- and low-gain peak intensity
of the unsaturated data sets from two different tracks, it could be determined that the
regression model was linear and had a consistent slope within a certain confidence interval
(see the top of Figure 16). The regression model and the other tracks’ low-gain data were
used to predict the relative high-gain peak intensity, and the peak intensity solved from
the other tracks’ laser measurements were used as checkpoints to determine the relative
correction error of the regression model. The experimental results showed that the relative
correction accuracy of the model reached 98.2%, and its relative correction accuracy error
distribution is shown at the bottom of Figure 16.
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Figure 16. The correlation analysis of the high- and low-gain peak intensity is shown at the top of the
graph, where the red points are the measured values for track 382, the blue points are the measured
values for track 388, and the black points are the predicted values calculated by the regression model.
The relative correction error of the peak intensity of the laser waveform for the unsaturated data set
is shown at the bottom of the figure.
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Based on the saturated echo receiving time compensation model and peak intensity
regression model, we compensated the original saturated waveform and obtained the echo
pulse signals with different saturations, as shown in Figure 17.
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Figure 17. Laser pulse saturation echo compensation results. The black solid line is the high-gain
saturated echo, the blue solid line is the low-gain unsaturated echo, and the red solid line is the
high-gain echo after saturation compensation.

5. Discussion

According to the operating mode of the space-borne laser altimeter, it is known that
the different gain channels acquire the same pulse ranging information, and ideally, they
have a linear correlation between the different gain channels. However, due to the laser
pulse being affected by its own performance, clouds, atmosphere, ground features, and
other factors in the process of propagation, the recorded echo signal is inevitably mixed
with different degrees of noise, and in the process of data processing, some random noise
values of the high- and low-gain waveforms as well as the accuracy of the waveform fitting
can cause small errors in the ranging results. Therefore, during the verification of the GF-7
dual-channel ranging consistency, there was a phenomenon of high linear consistency
without perfect linearity, and the fitting accuracy was almost 100 percent. In the subsequent
experiments, we ignored these small errors and evaluated the accuracy of the compensation
results based on consistent high- and low-gain ranging.

The method proposed in this paper is a waveform saturation compensation model
constructed based on the consistency of geometric characteristics of the high- and low-gain
channels of a space-borne laser altimeter. For the case of high-gain saturation and low-gain
unsaturation, we could obtain the functional relationship between saturation and distance
deviation according to the model (shown in Figure 12) to perform ranging compensation
on the saturated waveform and then combine it with the peak intensity regression model
to achieve the feature recovery of the saturated signals. However, for the case where both
high- and low-gain waveforms are saturated, we could only compensate the ranging of
laser waveforms with different gains by saturation, and feature recovery was not possible.
In addition, the method is also relevant in single-channel space-borne laser altimeters such
as the Chinese Terrestrial Ecosystem and Carbon Inventory Satellite (TECI-Satellite) which
will be launched in the latter half of 2022.

6. Conclusions

In this study, the full-waveform data of the GF-7 space-borne laser altimeter were
taken as the experimental object. Focusing on the issue of saturation of laser measurement
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waveform data recorded by a full waveform, the study uncovered a method for recovering
the features of a saturated waveform signal. Based on the SCM, the echo pulse receiving
time of the saturated waveform was corrected to improve the ranging accuracy of the
saturated waveform data. The following conclusions were drawn:

1. Based on the dual-channel ranging consistency, it was found that the laser saturation
waveform had a nonlinear delay in calculating the pulse flight time.

2. The pulse delay compensation model could be used to correct the range distance of the
GF-7 space-borne laser altimeter saturated data and improve the ranging accuracy of
saturated data. The ranging accuracy after correction by the SCM could be improved
from 0.7 ns (0.11 m) to 0.14 ns (0.02 m).

3. The compensation method proposed in this paper could effectively restore the features
of saturated waveform signals, which is of great significance in the study of global
elevation control point acquisition, forest parameter inversion, biomass estimation,
and polar ice cover monitoring.
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