
Full-waveform fast correction method for photon
counting Lidar

Ahui Hou (侯阿慧)1,2*, Yihua Hu (胡以华)1,2**, Nanxiang Zhao (赵楠翔)1,2, Jiajie Fang (方佳节)1,2, Shilong Xu (徐世龙)1,2,
and Quan Zhou (周 权)1,2

1 State Key Laboratory of Pulsed Power Laser Technology, National University of Defense Technology, Hefei 230037, China
2 Anhui Provincial Key Laboratory of Electronic Restriction, National University of Defense Technology, Hefei 230037, China

*Corresponding author: hou_a_hui068@163.com

**Corresponding author: skl_hyh@163.com
Received August 23, 2020 | Accepted October 29, 2020 | Posted Online February 20, 2021

The first photon bias of photon detection results in distortion of the photon waveform, which seriously affects the accurate
acquisition of target information. A rapid universal recursive correction method is proposed, which is suitable for
multi-trigger and single-trigger modes of photon detection. The calculation time is 2 to 3 orders of magnitude faster than
that of Xu et al.’s method. In the experiment, we have obtained good correction results for area targets and targets with
varying depths. When the average number of echo photons is 0.89, the correlation distance of the correction waveform is
reduced by 85%.
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1. Introduction

Photon counting Lidar is widely used in target detection because
of its high sensitivity and long detection range. Based on point-
by-point scanning, a photon counting Lidar measures the flight
time and the counts of photon events from a single pixel to
achieve high-precision ranging[1,2] and three-dimensional
imaging[3–12]. Given that the size of the laser spot at the target
becomes larger with the increase of detection distance[12],
extracting only one distance and reflectivity information from
each pixel can no longer meet the needs of target detection and
identification. It is well-known that the photon waveform, which
is the statistical histogram from multiple cumulative detections
of time-correlated single-photon counting (TCSPC)[13], has an
internal relationship with the pulse laser[14–17]. The pulse laser
echo is modulated by the target characteristics[18–20]. Therefore,
the photon waveform is related to the characteristics of the target
and can be used to obtain the target details. However, due to the
existence of dead time, the first photon bias occurs[21], which
results in distortion between the photon waveform and pulse
laser waveform (viewed as the ideal waveform). As a result,
the target detail information contained in the photon waveform
is no longer accurate. Hou et al.[22] analyzed the relationship
between distortion and dead time as well as system factors with-
out performing waveform correction analysis. Therefore, it is of
great significance to study the correction method of the photon

waveform to restrain the distortion of the photon waveform and
acquire accurate target details.
Based on the photon Poisson probability distribution, Oh

et al.[23] proposed the walk error of photon ranging for the first
time, to the best of our knowledge, and corrected it with the
center of the mass detection method. He et al.[24] and Chen
et al.[25] obtained the theoretical time error as compensation
through simulation, so as to realize the correction of the range
walk error. Huang et al.[26] deeply analyzed the influence of
parameters on the walk error and corrected it. Xu et al.[27] pro-
posed a new signal restoration method based on the Poisson
probability response model and restrained the walk error with
the center of the mass detection method. The above researches
focus on the correction of the range walk error of the photon
ranging and lack research focuses on the reconstruction and cor-
rection of the photon waveform itself. Based on the single-
photon detection probability, Jonsson et al.[28] gave the recon-
structed photon intensity distribution waveform and obtained
the optimum range of detection probability for targets hidden
in vegetation or camouflaged. Since the focus is on the detection
probability of the target, the discussion of the waveform
reconstruction of the intensity distribution is relatively simple.
The summation form of the correction method severely slows
down the data processing speed.
Here, we propose a fast and universal general recursive

correction method for the photon waveform based on the
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single-photon detection probability model, which is suitable for
the multi-trigger and single-trigger modes. Subsequently, the
calculation speed of our method is verified. After that, the effects
of the photon waveform correction method with different inten-
sities have been experimented and discussed. Finally, the photon
waveform is corrected for the target with varying depths to verify
the universality of the correction method.

2. Full-Waveform Correction Model

Following the theory of the Poisson probability response
model[29–31], the detection probability of the time bin is

P0�i� = 1 − exp�−N�i��, (1)

where N�i� is the average number of photons in a time bin,
N�i� = Ns�i� � Nn, Ns�i� is the average number of echo pho-
tons, and Nn is the number of noise photons in a time bin.
Single-photon detectors have dead time. According to the

length of the dead time and the range gate, photon detection
can be divided into two modes[32]: single-trigger and multi-
trigger. In the single-trigger mode, only one photon event can
be detected during the range gate, and the detection probability
of the ith time bin is

P�i� = f1 − exp�−N�i��g · exp
�
−
Xi−1
j=1

N�j�
�
: (2)

Combining Eqs. (1) and (2), the correction function is defined
as follows:

FC�i� =
P�i�
P0�i�

= exp

�
−
Xi−1
j=1

N�j�
�
,

FC�i� = f1 − 1� exp�−N�i − 1��g exp
�
−
Xi−2
j=1

N�j�
�
: (3)

Thus, we can obtain the recursive correction function:

FC�i� = FC�i − 1� − P�i − 1�: (4)

In the multi-trigger mode, the dead time is less than the gate
time, and multiple photon events can be detected within the
gate time. The premise of detecting the ith time bin is that it can-
not be triggered by any photon event within the previous dead
time[33]:

P�i� = f1 − exp�−N�i��g ·
�
1 −

Xi−1
j=i−dead�1

P�j�
�
: (5)

The correction function for the multi-trigger mode is

FC�i� =
P�i�
P0�i�

= 1 −
Xi−1

j=i−dead�1

P�j�: (6)

The correction function is expressed in recursive form:

FC�i� = FC�i − 1� − P�i − 1� � P�i − dead�: (7)

In summary, the correction function of the photon
waveform is

FC�i� =
�
FC�i − 1� − P�i − 1�, i ≤ dead
FC�i − 1� − P�i − 1� � P�i − dead�, i > dead

,

(8)

when i is not equal to 1; otherwise, FC�1� = 1.
In the time-of-arrival histogram of photons built up by multi-

ple pulses, P�i� can be expressed as P�i� = K�i�=M, whereK�i� is
the count of photon events in the ith time bin, andM is the num-
ber of the emitted laser pulse.
The pulse laser waveform of the target can be restored:

Ns�i� = − ln

�
1 −

P�i�
FC�i�

�
− Nn: (9)

So far, based on the full-waveform correction method of pho-
ton counting Lidar, the rapid reconstruction and recovery of tar-
get laser echo have been achieved.
To accurately describe the overall difference between the pho-

ton waveform or the corrected waveform and the ideal wave-
form, the correlation distance RC is defined as

RC = 1 −
P �W −W��N s0 − N s0�����������������������������P �W −W�2

p ��������������������������������P �N s0 − N s0�2
p , �10�

where N s0 is the ideal waveform, and N s0 is the mean of N s0;W
is the photon waveform or the corrected waveform, andW is its
mean. The smaller the correlation distance, the lower the wave-
form distortion becomes, and the more similar the wave-
forms are.
Notably, if the number of photons is greater than 0.1[12], a big

distortion will be introduced between the photon waveform and
the ideal laser echo. Considering that there is a relationship
between the detection probability and the original signal, the dif-
ference can be controlled.
The emitted laser with Gaussian distribution is given by

Nr�t� =
Ns���
π

p
τ
e−

t2

τ2 , (11)

where Ns is the average number of photons in one signal period;

τ = FWHM=�2
���������
ln 2

p
�, and FWHM is the full width at half-

maximum.
Figure 1 shows the simulation of distortion among the pulse

laser, photon, and corrected waveforms. The laser signal is with
4.5 ns FWHMand one photoelectron intensity. The width of the
time bin is 16 ps. In Fig. 1, the photon waveformmoves forward,
and the intensity is reduced. The waveform distortion is large
between photon echo and ideal echo, whose RC is 0.04. After cor-
rection, the RC falls to 0.001, and the waveform almost coincides
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with the ideal one, indicating that the correction method has a
good effect.
To analyze the performance of the correction method, we

compare the correlation distance and time cost with Xu et al.’s
restoration method[27], as shown in Fig. 2. Reference [27]
focuses on the single-trigger mode of photon detection and uses
cumulative summation to reconstruct the target’s pulsed
laser echo.
Figure 2(a) shows, as the echo intensity increases, that the cor-

relation distance increases sharply between the photon wave-
form and the ideal waveform. If the intensity is high, the
photon waveform will move forward, and the end of the photon
waveform is overwhelmed by noise. At this time, the correction
method treats the end of the photon waveform as noise, resulting
in the width of the corrected waveform to be similar to the pulse
width of the distorted photon waveform. Therefore, the corre-
lation distance between the corrected waveform and the ideal
waveform gradually increases when the intensity increases,
which is greatly less compared with the correlation distance
of the photon waveform as a whole. For example, when
Ns = 3, the RC between the corrected waveform and the ideal
waveform is 0.00184, while between the photon waveform
and the ideal waveform it is 0.2571. Figure 2(b) illustrates that
our method calculates much faster than that of Xu et al. [27],
especially when the time bin width is short. The shorter the time
bin width, the larger the number of time bins. Xu et al.’s method
is the cumulative summation, and, as the number of time bins
increases, the calculation time becomes longer. Meanwhile, our

method does not include accumulation. Compared with that of
Xu et al., the calculation time of ourmethod is increased bymore
than two orders of magnitude. In detail, our method costs 4 ×
10−4 s less than 7 × 10−2 s of the method in Ref. [27], when
the range gate is 100 ns and the time bin width is 16 ps.
Therefore, our method has an obvious advantage in the restora-
tion of full waveforms from the photon waveform and real-time
analysis for the photon counting Lidar.

3. Experiment Analysis

To verify the full-waveform correction method, we establish the
indoor experiment system of the photon counting Lidar, as
shown in Fig. 3. The width of the laser pulse is 4.5 ns, the
repetition frequency is 100 kHz, and the wavelength is
1064 nm. The Geiger-mode avalanche photodiode (GM-APD)
(SPD4F100A) works in the near-infrared band, and the param-
eters are as follows: detection efficiency of 5% at 1064 nm, dead
time of 1 μs, the dark count rate of 5 × 10−6=pulse; when the
working frequency of the detector is 100 MHz, the after-pulse
probability is 5%, and the time jitter is less than 400 ps. The
TCSPC module (FT1040) is selected to acquire the data, and
the width of the time bin is 16 ps.
A diffuse reflector is set as the target to analyze the waveform

distortion and correction effect with different photon numbers.
The target of 30 cm × 30 cm size is located at 5 m. By adjusting
the attenuator to change the average number of echo photons, a
set of experimental data is obtained. Among them, the photon
waveforms and correction results with the average number of
echo photons of 0.04 and 0.6 are visually shown in Fig. 4.
It can be found in Fig. 4 that there is a sudden change in the

front of the photon waveform. Due to the limitation of the detec-
tor’s gate, part of the echo photons cannot be detected, resulting
in the loss of the front of the echo pulse. Therefore, the photon
waveform changes suddenly, and the intensity of the sudden
change is greater than the actual intensity. It can be seen from
Fig. 1 that the laser waveform and photon waveform almost con-
form to the Gaussian distribution, so Gaussian fitting is used to
smooth the corrected waveform. As shown in Fig. 4(a), if the
average photon number is less than 0.1, the photon waveform

Fig. 1. Waveform distortion among the pulse laser, photon, and corrected
waveforms.

Fig. 2. Comparison with Xu et al. ’s method. (a) Correlation distance versus the
intensity; (b) time cost versus the width of the time bin.

Fig. 3. Description of the photon counting system. (a) Schematic diagram: the
components are a semiconductor laser source, a GM-APD detector, a TCSPC
system, and the optical system. The optical system contains a beam splitter
(BS), PIN fast photodiode, optical attenuation system (OAS), beam expansion
(BE), telescope, bandpass filter (BPF), and fiber coupling receiver (FCR);
(b) photograph of the experiment system.
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and the correction waveform almost completely overlap, which
can be regarded as an ideal echo waveform. As shown in
Fig. 4(b), when the average photon number is large, the photon
waveform moves forward with a large amplitude, and the end of
the waveform is submerged in noise, with the RC of 1.98%. After
being corrected, the RC becomes 0.22%. Not only the intensity
but also the distribution of the corrected waveform is almost the
same as that of the real waveform. However, it is not difficult to
find that when the number of photons is large, the end of the
photon distribution cannot be corrected well, and the effect of
the waveform correction is weakened. To further analyze the
correction effect, the correlation distance between the photon
waveform and correction waveform, as well as the photon wave-
form and ideal waveform with varying photon numbers is
shown in Fig. 5, and Table 1 shows some data.

From Fig. 5 and Table 1, it appears that with more echo pho-
tons, the correlation distance between the photon waveform and
the ideal waveform increases rapidly. When the average photon
number is 0.89, RC reaches 4.11%. After the correction, RC is
reduced to 0.62%, which is a reduction of 85%. Moreover, the
echo intensity has also been well corrected, and the corrected
waveform can be regarded as an ideal waveform to obtain
detailed information of the target. It is worth noting that the
time cost of the correction method is about 0.4 ms when the gate
time is 100 ns in the experiment data processing. In short, our
correction method can increase the range of the average photon
number intensity of photon detection, and it is conducive to
rapid real-time data analysis.
To verify the effect of the correction method on the photon

waveform of the target with varying depth, we conduct experi-
ments on two targets located at 2.25 m with a distance of 1.2 m.
To better describe the change of the waveform, the ratio of the
pulse peak is defined asK I = Nmax 1=Nmax 2, andNmax k is the kth
peak in the echo. The relative areas of the two planes are differ-
ent so that the ratios of pulse peak are 1.4 and 0.93, respectively.
The results are as shown in Figs. 6 and 7.
As can be seen from Figs. 6 and 7, when the average number of

echo photons is less than 0.1, the photon waveform can be
regarded as the ideal waveform[12], and the correction waveform
coincides with the photon waveform on the whole. As shown in
Fig. 6(b), the greater the intensity, the more severe the distortion
at the end of the photon waveform, and the greater the drop in
intensity. In detail, when the number of photons is 0.5, the ratio
of pulse peak of the photon waveform changes from 1.4 to 1.8,
and the correlation distance increases from 2.78% to 6.24%. The
correlation distance of the corrected waveform is slightly large
because the Gaussian fitting waveform has a gap between the
pulse width and the ideal pulse width. In Fig. 7(b), when the

Fig. 4. Photon waveform, which is the statistical histogram from multiple
cumulative detections of TCSPC and corrected waveform when
(a) Ns = 0.04 and (b) Ns = 0.6. The blue line and the green line are the fitting
curves of the photon waveform and the correction waveform, respectively.

Table 1. Comparison of Correction Effects with Different Echo Photon
Numbers.

N s 0.04 0.18 0.39 0.62 0.89 1.10

RC Uncorrected (10−2) 0.05 0.09 0.58 1.98 4.11 6.61

Corrected (10−2) 0.012 0.014 0.042 0.220 0.620 1.540

Time cost (10−3 s) 0.37 0.39 0.42 0.36 0.43 0.38

Fig. 5. Correlation distance versus the average number of photons.

Fig. 6. Photon waveforms and correction waveforms of depth targets with
(a) Ns = 0.02 and (b) Ns = 0.5 at Kl = 1.4.

Fig. 7. Photon waveforms and correction waveforms of depth targets with
(a) Ns = 0.04 and (b) Ns = 0.27 at Kl = 0.93.
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number of photons is 0.27, the ratio of the pulse peak of the pho-
ton waveform increases from 0.93 to 1.15, the photon waveform
at the end of the target with varying depth is severely distorted,
and the intensity drops severely, resulting in the error of the tar-
get’s information acquired from the photon waveform. After
correction, the ratio of pulse peak of the corrected waveform
is 0.934, which is basically equal to that of the ideal waveform.
The target information in the correction waveform ismore accu-
rate. Therefore, for the target with varying depth, the full-wave-
form correction method can correct the photon waveform, and
we can acquire the accurate target details.

4. Conclusion

In summary, a rapid universal recursive correction method of
the photon waveform is proposed to restrain the distortion of
the photon waveform and acquire accurate target details. The
calculation time of our method is on the order of milliseconds
(ms), which greatly accelerates the speed of data analysis. When
the average number of echo photons is 0.89, the correlation dis-
tance is reduced by 85%, and the intensity of the correction
waveform is equal to that of the actual waveform. For targets
with varying depths, the signal at the end of the photon wave-
form is severely distorted. When the photon number is 0.27, the
ratio of the pulse peak of the photon waveform increases from
0.93 to 1.15, and the corrected ratio is 0.934, which is basically
equal to that of the ideal waveform. The universality of the cor-
rection method is verified. However, if the number of photons is
large, the signal submerged by noise cannot be recovered due to
the limitation of the external environment and the single-pho-
ton device. The correction method has an obvious advantage
with the real-time analysis and accurate acquisition of target
detail information for the photon counting Lidar. It is conducive
to accurate analysis of the detection performance of targets hid-
den in vegetation or camouflaged and rapid correction of the
walk error of photon ranging.
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