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G W N e

Abstract: The ranging accuracy of pulsed time-of-flight (TOF) lidar is affected by walk error and
jitter error. To solve the issue, the balanced detection method (BDM) based on fiber delay optic lines
(FDOL) is proposed. The experiments are carried out to prove the performance improvement of
BDM over the conventional single photodiode method (SPM). The experimental results show that
BDM can suppress common mode noise and simultaneously shift the signal to high frequency, which
reduces the jitter error by approximately 52.4% and maintains the walk error at less than 300 ps with
a non-distorted waveform. The BDM can be further applied to silicon photomultipliers.
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1. Introduction

Lidar based on pulsed time-of-flight (TOF) is widely used in industrial precision
measurement [1], unmanned aerial vehicle mapping [2,3], military [4,5] and autonomous
driving [6,7]. The key metric for pulsed TOF laser ranging is the accuracy of distance
measurement [5]. However, the accuracy of the pulsed TOF laser ranging will be reduced
due to ranging error, which is caused by various noise sources, detection circuit hardware,
echo pulse rise time and other factors.

The ranging error mainly includes walk error and jitter error [8]. Walk error is primarily
manifested by the timing point drift caused by the change in the amplitude of the echo
pulse [9,10]. The constant ratio timing discrimination method can reduce a certain degree
of the walk error caused by the amplitude change of the echo signal [11], but it will bring
more circuit noise. It is possible to improve the ranging accuracy by using an analog-
to-digital converter with a high sampling rate to sample the full waveform of the echo
pulse signal [12], which will lead to the problem of power consumption. The method of
compensating for the walk error by measuring the rise time or pulse width of the echo
pulse signal can also be used to decrease the effect on the ranging accuracy. However, it
requires to be calibrated and calculated separately, which increases the complexity of the
lidar signal processing system and reduces its processing speed [13-15]. Another approach
to reduce the walk error is to complete the shaping of the unipolar to bipolar pulses at the
receiver input through an LC resonator, where the first zero-crossing point is used as the
timing marker [16].

Jitter error is generally limited by the bandwidth and signal-to-noise ratio (SNR) of
the receiver [9,17,18], which is a statistical error in the signal range due to noise and circuit
nonlinearity [19-21]. There are many different types of noise, including background noise,
shot noise brought on by laser signal, dark current noise, thermal noise, amplifier noise,
etc. The background noise takes a great effect when measured, particularly in a bright
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environment [22,23]. When single-photon detection techniques are used, the jitter error
can be reduced by using materials with low latency such as superconducting nanowire
single-photon detectors (SNSPDs) [24]. Liang et al. [25] developed a high-performance
GHz-gated InGaAs/InP APD that operated in the quasi-free-running mode, and adjusted
the repetition frequency of the gate to reduce jitter error from 156 ps to 114 ps. When linear
optical detection techniques are used, jitter error can be reduced by improving the SNR of
the echo signal. With the differential optical path method for dual optical path detection,
a part of the common mode noise generated by the light intensity can be eliminated to
improve the SNR of the lidar system [26]. However, it makes the lidar system bulky and
complex to assemble and calibrate, which is difficult to be applied in practical engineering.

From the above, we found that the ranging error is still the main issue of improving
the ranging accuracy. Therefore, we propose a balanced detection method (BDM) based on
fiber optic delay lines to restrain the noise in the detection. It can transform the unipolar
pulse signal into the bipolar signal by a balanced photodetector (BPD) and fiber delay
optic lines (FDOL), and take the zero-crossing point as the moment identification point to
improve the ranging accuracy of lidar systems. In addition, the lidar system based on BDM
will not introduce excessive power consumption, with its small size and compact structure,
which is convenient in practical engineering.

This paper presents the working principle of the pulsed TOF lidar system based on
BDM and the noise sources thereof. Then, the BDM and the traditional single photodetector
method (SPM) are used to experiment on the response of background noise and laser signal,
which show that the BDM can effectively suppress the common mode noise and make
the laser signal energy more concentrated. Finally, we measured the jitter error and the
walk error across the two methods under the same conditions. The results show that the
BDM can improve the SNR, reducing the jitter error and the walk error, which effectively
improves the ranging accuracy.

2. Methods

The block diagram of the pulsed TOF lidar system based on BDM is shown in Figure 1.
The working principle is as follows. The field programmable gate array (FPGA) triggers
the laser to emit a short pulse laser, and marks this moment as the start moment of the
TOEF. The laser pulse is collimated by the optical system and then illuminated to the target.
The echo pulse reflected by the target is converged by the optical system and coupled into
a multimode fiber coupler with a 50:50 splitting ratio. One path is coupled into one side
of the BPD via FDOL whose distance is the equivalent optical pulse width [26], and the
other path is coupled directly into the other side of the BPD. The zero-crossing comparator
identifies the moment of the differential analog signal from the BPD output and exports the
digital signal representing the stop moment to the FPGA. The time of flight is calculated by
the FPGA through the start moment and the stop moment.
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Figure 1. The block diagram of the pulsed TOF lidar system based on BDM.
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The laser pulse is with a temporal function of the Gaussian model [27] and can be

written as:
E;

2
Pi(t) = Tmexp<2;>, )

where E; is the original pulse energy and 7 is the transmit pulse width. According to the
lidar equation, the optical power P,y and Py, at the two sides of the BPD can be written as:
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where T is the atmospheric transmittance, 7; is the transmitting optical system efficiency,
1r is the receiving optical system efficiency, |p; is the target reflectivity, D is the optical lens
diameter, R is the detection distance, / is the length of the fiber, n is the medium refractive
index and Py,ex1 and Py,exp are the power of the background noise.

The BPD mentioned above converts the input optical signal to photocurrent using two
selected and well-matched photodiodes, with PD1 generating a photocurrent of I. + I
and PD2 generating a photocurrent of I, — I;. As shown in Figure 2a, the current flow is
divided into two parts: the same components of photocurrent I. in two channels form a
loop to the ground and flow from V+ to V—, which suppresses the common mode noise.

(a) (b) 4

Figure 2. (a) The flow of photocurrent in the BPD. (b) Conceptual diagram of the walk error. (c) The
bipolar signal with zero-crossing point as the timing moment.

The different components of photocurrent I;; and I, in two channels flow into the
transimpedance amplifier, which then becomes the output bipolar voltage signal. Walk
error caused by variation in echo pulse amplitude during ranging can be as large as several
nanoseconds [16], as shown in Figure 2b. The BDM takes the zero-crossing point of the
bipolar signal as the timing moment, shown in Figure 2c, which can keep the walk error at
a low level.

The jitter error of pulsed TOF laser ranging is roughly proportional to the rise time
and the SNR of the echo pulse signal [17,28].

OR =~ (3)
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where 0, is the jitter error of the ranging, ¢, is the rise time of the pulse. In the condition of
constant bandwidth, the improvement of SNR will reduce the jitter error. The expression of
SNR can be written as:

i i
SNR =2 = — S ) (4)
IN 2 2 2 2 i2
\/ln,back + ln,dark + ln,shot + ln,th + ln,ﬂmp

where ig is the signal current and the denominator of the equation corresponds to various

noise sources, i2, . is the background noise, i2 , . is the dark current noise of the photode-

2
tector, Ly shot

is the noise introduced by the amplifier circuit [29-32].

is the shot noise caused by the laser signal, iﬁ, 4 18 the thermal noise and i%/ump

Compared with the conventional SPM, ifl/ i and % in both noise sources can be
considered approximately equal when ensuring the same structure of the amplifier circuit
behind the receiver circuit of BDM and SPM. A portion of the other three noise components
is random numbers whose probability distribution functions obey the Poisson distribu-
tion [33,34]. Because of the strong consistency between the two diodes for manufacturing
the BPD [35], the common mode noise can be effectively suppressed during the differential
processing of the photocurrent. It provides a certain degree of suppression to these three
types of noise and especially background noise, thus improving the SNR.

3. Experiment and Results

In order to test the performances of BDM in improving the accuracy of pulsed TOF
laser ranging, and also to compare the differences between the BDM and the traditional
SPM, we carried out experiments in three aspects as follows: Firstly, the response of the two
methods to the background noise and the suppression effect of BDM on the background
noise was tested. Meanwhile, we studied the influence of differential extension distance on
the effectiveness of BDM to suppress background noise. Then, we compared the laser echo
pulses obtained with SPM and BDM to study the characteristics of the laser signal in the
power spectrum. Finally, the jitter error and the walk error of the ranging based on SPM
and BDM were tested.

3.1. Suppressing the Effect of Background Noise

In order to observe the suppression effect of BDM on background noise, the experi-
mental platform shown in Figure 3 was constructed.

(a)
PD
Halogen _ﬂ_lhlzg Oscilloscope
lamp =
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Oscilloscope

50
Coupler

Figure 3. The experimental setup to measure the background noise: (a) based on SPM and (b) based
on BDM.

To begin with, we measured the self-noise of the circuit using separately two methods
without the background noise introduced by the environmental light and found it to be
almost identical. Then, as shown in Figure 3a, we used a halogen lamp (MR16 13,163 24 V
250 W GX5.3) with a color temperature of 3300 K-5000 K to provide the background noise,
and the background light is directly coupled into the PD through the multimode fiber



Sensors 2023, 23, 4020

50f11

optic patch cable (XFOPC-1064mm-0-FA) thus obtaining the background noise measured
by SPM. According to the experimental setup shown in Figure 3b, the same background
noise is coupled into a multimode 1 x 2 fiber coupler with a splitting ratio of 50:50 (YXOS-
1064sm-1*2-0-FA). One way is coupled into the BPD through the differential extension
line (length of 1 m) composed of multimode fiber optic patch cables, and the other way is
directly coupled into the BPD. The background noise measured by BDM is thus obtained.

The results are shown in Figure 4, showing the power spectra of the circuit self-noise
(gray), the background noise measured by SPM (green), and BDM (red), which shows
that the BDM can effectively suppress the background noise. It can be seen that the BDM
can reduce the direct current (DC) component of the background noise by about 87 dB
compared to the traditional SPM with the background light noise applied. Meanwhile,
the BDM can suppress the alternate current (AC) noise caused by the background light by
about 30 dB~87 dB in the range of 0~10 MHz.
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Figure 4. Power spectra of background noise and circuit self-noise measured by the two methods
over the frequency band of (a) 0~500 MHz and (b) 0~10 MHz.

In addition to measuring the circuit self-noise and the response of the two methods to
background noise, we also explored the influence of the FDOL on the background noise
suppression effect of BDM. We performed the power spectrum analysis of the background
noise measured by BDM at 0 m, 1 m, 2 m, 3 m, 4 m and 5 m with the same background
noise applied, where the length of the differential extension was changed by changing the
number of multimode fiber optic patch cables. The results are shown in Figure 5, which can
see that the BDM can reduce the DC component of the background noise by about 40~87 dB
compared to the conventional SPM when the differential extension line length is 1 m~5 m.
It can also perform a certain effect of suppressing the AC noise in the range of 0~10 MHz
caused by the background light. When the differential extension line length is 0 m, the
common mode component of the background noise is stronger, and the suppression effect
of the DC component of the noise is the best, which can reach 115 dB. With the increase
in the differential extension line length, the suppression effect of BDM on the background
noise gradually decreases and tends to 40 dB.
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Figure 5. Power spectra of circuit self-noise and background noise measured by BDM with different
lengths of differential extension lines in the frequency band of (a) 0~500 MHz and (b) 0~10 MHz.
3.2. Responsivity

In order to observe the difference between the laser echo signal measured by BDM

and traditional SPM, we constructed an experimental setup as shown in Figure 6.

(a)
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Figure 6. The experimental setup to measure the laser signal: (a) based on BDM and (b) based
on SPM.

The laser (VLSS-1064-M-PL, Connet, Shanghai, China) is set in internal trigger mode
with a pulse width of 3 ns, a re-frequency of 1000 kHz, and a peak output power of
100 mW. As shown in Figure 6a, the laser emitted from the laser is coupled into the
fiber coupler with a 50:50 splitting ratio after passing through the fiber extension and
the electrically adjustable fiber attenuator (YXVOA-1064sm-MVOA-0-FA, Yixun Photon,
Mianyang, China). At the same time, the background noise provided by the halogen lamp
is also coupled to the fiber coupler. Then, the mixed laser signal and background noise are
coupled into the PD simultaneously so that the response of SPM to the laser pulse signal is
obtained. According to the experimental setup shown in Figure 6b, we couple the same
laser signal and background noise into the multimode 2 x 2 fiber coupler (TM200R5F2B,
Thorlabs, Newton, NJ, USA) with a 50:50 splitting ratio. Then, the mixed laser signal and
the background noise are divided into two ways and coupled into the two detectors of the
BPD to obtain the response of the BPD method to the laser pulse signal.
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The waveforms of the laser signals measured by SPM and BDM are shown in Figure 7.
It can be seen that the BDM converts the unipolar pulse signal into a bipolar pulse signal,
and its crossing zero point is the stop moment of the TOF.
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Figure 7. Comparison of the signals acquired by SPM and BDM.

Under the condition of keeping the same background light intensity, and setting
the laser output peak laser power to 5 mW and 100 mW, we used SPM and BDM for
detection based on the above experimental platform, and analyzed the power spectrum of
the obtained signal, which is shown in Figure 8.The signal measured by SPM is a typical
Gaussian signal with the highest intensity at a low frequency in the spectrum and decreasing
as the frequency increases, while the signal of BDM is relatively concentrated around
91 MHz. It can be seen that the laser signal measured by BDM shifted to a high frequency
in the spectrum, and the signal intensity of BDM at 91 MHz is 3.05 dB and 14.01 dB stronger
than that of SPM at the same frequency, respectively. While the background noise is mainly

concentrated in the low frequency, the signal moves to the high frequency, which is more
favorable to distinguish the effective signal.
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Figure 8. Power spectra of the signals sampled by the two methods for laser output peak powers of
(a) 100 mW and (b) 5 mW.

As can be seen from the above experiments, compared to the SPM, the BDM provides
excellent suppression of noise, especially background light noise, as well as concentrating
the energy of the laser signal to a higher frequency.

3.3. Improvement on Jitter Error and Walk Error

Based on the experimental setup shown in Figure 6, we set the halogen lamp to
provide the same background noise and measured the jitter error of both methods in high
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SNR conditions and low SNR conditions, respectively. We adjusted the voltage of the fiber
attenuator so that the signal SNR detected by SPM was approximately equal to 9. Under
this condition, we used BDM and SPM to range 1000 times continuously, and obtained the
ranging error of the two methods. Then we adjusted the SNR to be approximately equal to
2 and repeated the above experiments to measure the ranging error of the two methods in
low-SNR conditions, as shown in Figure 9.
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Figure 9. Jitter error under high SNR conditions based on (a) SPM and based on (b) BDM and under
low SNR conditions based on (c¢) SPM and based on (d) BDM.

When the ranging experiment was carried out in high-SNR conditions, the root-mean-
square (RMS) value of the jitter error for SPM ranging was calculated to be 184 ps, while the
jitter error for BDM ranging was 154 ps. In this case, the jitter error of BDM was reduced by
16% compared to SPM. According to Equation (3), the effect of jitter error is more significant
when ranging in a low SNR condition. When ranging in a low SNR condition, the RMS
value of the jitter error for SPM ranging was calculated to be 462 ps, while the jitter error
for BDM ranging was 220 ps. In the case of low SNR, the BDM can reduce the jitter error
by 52.4%.

In order to observe the improvement effect of BDM on walk error, we conducted
several ranging experiments using the experimental setup in Figure 6. The halogen lamp
was used to provide the background noise and the peak output power of the laser was
200 mW. We changed the laser power by adjusting the fiber attenuator and recorded the
RMS values of SPD and BDM ranging error without distortion of the waveform, as shown
in Figure 10.
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Figure 10. RMS of walk error under different laser powers based on the two method measurements.

It can be seen that the ranging error of SPM gradually increases as the laser signal
power decreases, while the ranging error of BDM does not change much and remains
relatively stable between 200 ps~300 ps, indicating that the BDM can effectively suppress
the walk error.

4. Conclusions

In summary, we propose a BDM based on fiber optic delay lines to the accuracy of the
pulsed TOF laser range, and experimentally verify its effectiveness in improving SNR and
reducing the walk error and the jitter error. The experimental results illustrate that the BDM
can effectively suppress the common mode part of the noise such as background noise
compared with the traditional SPM. The laser signal can be shifted to a higher frequency in
the power spectrum to make the signal energy more concentrated, which is beneficial to
extract the effective signal and finally improve the SNR. Moreover, the BDM can reduce
the jitter error to 52.4% of the SPM, and has a significant reduction effect on the walking
error. Meanwhile, the BDM is small in size and simple in structure, which has a good
application prospect in engineering practice and can be further promoted for applications
such as single photon measurement.

Author Contributions: Conceptualization, J.L., Y.B. and K.L.; methodology, ].L. and K.L.; validation,
J.L., K.L. and Y.B.; formal analysis, ].L. and Y.B.; investigation, J.L.; resources, J.C. and Q.H.; data
curation, J.L. and L.W.; writing—original draft preparation, ].L.; writing—review and editing, J.L.,
K.L., Y.B. and J.C; supervision, Q.H.; project administration, Q.H. and J.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (62275022),
Beijing Nature Science Foundation of China (No. 4222017) and the funding of the Science And
Technology Entry program under grant (KJFGS-QTZCHT-2022-008).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data underlying the results presented in this paper are not publicly
available at this time but may be obtained from the authors upon reasonable request.

Acknowledgments: The authors thank the editor and the anonymous reviewers for their valuable
suggestions.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2023, 23, 4020 10 of 11

References

1.  Ruotsalainen, T.; Palojarvi, P.; Kostamovaara, ]. A wide dynamic range receiver channel for a pulsed time-of-flight laser radar.
IEEE ]. Solid-State Circuits 2001, 36, 1228-1238. [CrossRef]

2. Mallet, C.; Bretar, F. Full-waveform topographic lidar: State-of-the-art. ISPRS ]. Photogramm. Remote Sens. 2009, 64, 1-16.
[CrossRef]

3. Rieger, P.; Ullrich, A. Resolving range ambiguities in high-repetition rate airborne light detection and ranging applications. J.
Appl. Remote Sens. 2012, 6, 063552.

4. Donati, S. Electro-Optical Instrumentation: Sensing and Measuring with Lasers; Pearson Education: London, UK, 2004.

5. Areann, M.-C.; Bosch, T.; Lescure, M. Laser ranging: A critical review of usual techniques for distance measurement. Opt. Eng
2001, 40, 10-19.

6. Royo, S.; Ballesta-Garcia, M. An overview of lidar imaging systems for autonomous vehicles. Appl. Sci. 2019, 9, 4093. [CrossRef]

7. Geng, D; Fu, X,; Du, P; Wang, W.; Gong, M. Combination of differential discrimination and direct discrimination in pulsed laser
time-of-flight systems. Chin. Opt. Lett. 2016, 14, 062801. [CrossRef]

8.  Baharmast, A.; Kostamovaara, J. Noise considerations in pulse-shaping based TIA channel designed for a pulsed TOF laser radar
receiver. In Proceedings of the 2018 IEEE Nordic Circuits and Systems Conference (NORCAS): NORCHIP and International
Symposium of System-on-Chip (SoC), Tallinn, Estonia, 30-31 October 2018; pp. 1-6.

9.  Palojarvi, P; Ruotsalainen, T.; Kostamovaara, J. A 250-MHz BiCMOS receiver channel with leading edge timing discriminator for
a pulsed time-of-flight laser rangefinder. IEEE ]. Solid-State Circuits 2005, 40, 1341-1349. [CrossRef]

10. Pehkonen, J.; Palojarvi, P.; Kostamovaara, J. Receiver channel with resonance-based timing detection for a laser range finder.
IEEE Trans. Circuits Syst. I Regul. Pap. 2006, 53, 569-577. [CrossRef]

11. Kilpeld, A.; Ylitalo, J.; Méaéttd, K.; Kostamovaara, J. Timing discriminator for pulsed time-of-flight laser rangefinding measure-
ments. Rev. Sci. Instrum. 1998, 69, 1978-1984. [CrossRef]

12.  Li, C,; Chen, Q.; Gu, G.; Qian, W. Laser time-of-flight measurement based on time-delay estimation and fitting correction. Opt.
Eng. 2013, 52, 076105. [CrossRef]

13.  Zhang, Z.; Zhao, Y.; Zhang, Y.; Wu, L.; Su, J. A real-time noise filtering strategy for photon counting 3D imaging lidar. Opt. Express
2013, 21, 9247-9254. [CrossRef] [PubMed]

14. Kurtti, S.; Jansson, J.-P.; Kostamovaara, ]. A CMOS receiver—-TDC chip set for accurate pulsed TOF laser ranging. IEEE Trans.
Instrum. Meas. 2019, 69, 2208-2217. [CrossRef]

15. Wang, X.; Ma, R.; Li, D.; Zheng, H.; Liu, M.; Zhu, Z. A low walk error analog front-end circuit with intensity compensation for
direct ToF LiDAR. IEEE Trans. Circuits Syst. I Regul. Pap. 2020, 67, 4309-4321. [CrossRef]

16. Baharmast, A.; Kostamovaara, ].T. High-speed wide dynamic range linear mode time-of-flight receiver based on zero-crossing
timing detection. Opt. Eng. 2020, 59, 104102. [CrossRef]

17.  Kostamovaara, J.T.; Maatta, K.E.; Myllylae, R.A. Pulsed time-of-flight laser range-finding techniques for industrial applications.
In Proceedings of the Optics, [llumination, and Image Sensing for Machine Vision VI, Boston, MA, USA, 14-15 November 1991;
pp. 283-295.

18.  Simpson, M.; Britton, C.; Wintenberg, A.; Young, G. An integrated, CMOS, constant-fraction timing discriminator for multichannel
detector systems. IEEE Trans. Nucl. Sci. 1995, 42, 762-766. [CrossRef]

19. Jansson, J.-P; Koskinen, V.; Mantyniemi, A.; Kostamovaara, . A multichannel high-precision CMOS time-to-digital converter for
laser-scanner-based perception systems. IEEE Trans. Instrum. Meas. 2012, 61, 2581-2590. [CrossRef]

20. Chen, L.-Y,; Yang, C.-K.K. A 19-GHz pulsed-coherent ToF receiver with 40-um precision for laser ranging systems. In Proceedings
of the ESSCIRC 2019-IEEE 45th European Solid State Circuits Conference (ESSCIRC), Cracow, Poland, 23-26 September 2019;
pp. 191-194.

21. Tancock, S.; Arabul, E.; Dahnoun, N. A review of new time-to-digital conversion techniques. IEEE Trans. Instrum. Meas. 2019,
68, 3406-3417. [CrossRef]

22. Qin, Y,; Vu, T.T,; Ban, Y.; Niu, Z. Range determination for generating point clouds from airborne small footprint LIDAR waveforms.
Opt. Express 2012, 20, 25935-25947. [CrossRef]

23. Agishev, R,; Gross, B.; Moshary, E; Gilerson, A.; Ahmed, S. Simple approach to predict APD/PMT lidar detector performance
under sky background using dimensionless parametrization. Opt. Lasers Eng. 2006, 44, 779-796. [CrossRef]

24. Korzh, B.; Zhao, Q.-Y.; Allmaras, ].P; Frasca, S.; Autry, TM.; Bersin, E.A.; Beyer, A.D.; Briggs, R.M.; Bumble, B.; Colangelo, M.
Demonstration of sub-3 ps temporal resolution with a superconducting nanowire single-photon detector. Nat. Photonics 2020,
14, 250-255. [CrossRef]

25. Liang, Y.; Xu, B.; Fei, Q.; Wu, W,; Shan, X.; Huang, K.; Zeng, H. Low-timing-jitter GHz-gated InGaAs/InP single-photon avalanche
photodiode for LIDAR. IEEE ]. Sel. Top. Quantum Electron. 2021, 28, 1-7. [CrossRef]

26. Hao, Q.; Cao, J.; Hu, Y,; Yang, Y.; Li, K; Li, T. Differential optical-path approach to improve signal-to-noise ratio of pulsed-laser
range finding. Opt. Express 2014, 22, 563-575. [CrossRef] [PubMed]

27. Li, Y.; Wu, Z. Targets recognition using subnanosecond pulse laser range profiles. Opt. Express 2010, 18, 16788-16796. [CrossRef]
[PubMed]

28. Kurtti, S.; Baharmast, A.; Jansson, J.-P.; Kostamovaara, J. A Low-Noise and Wide Dynamic Range 15 MHz CMOS Receiver for

Pulsed Time-of-Flight Laser Ranging. IEEE Sens. J. 2021, 21, 22944-22955. [CrossRef]


https://doi.org/10.1109/4.938373
https://doi.org/10.1016/j.isprsjprs.2008.09.007
https://doi.org/10.3390/app9194093
https://doi.org/10.3788/COL201614.062801
https://doi.org/10.1109/JSSC.2005.848022
https://doi.org/10.1109/TCSI.2005.858758
https://doi.org/10.1063/1.1148884
https://doi.org/10.1117/1.OE.52.7.076105
https://doi.org/10.1364/OE.21.009247
https://www.ncbi.nlm.nih.gov/pubmed/23609635
https://doi.org/10.1109/TIM.2019.2918372
https://doi.org/10.1109/TCSI.2020.3022714
https://doi.org/10.1117/1.OE.59.10.104102
https://doi.org/10.1109/23.467795
https://doi.org/10.1109/TIM.2012.2190343
https://doi.org/10.1109/TIM.2019.2936717
https://doi.org/10.1364/OE.20.025935
https://doi.org/10.1016/j.optlaseng.2005.07.010
https://doi.org/10.1038/s41566-020-0589-x
https://doi.org/10.1109/JSTQE.2021.3109584
https://doi.org/10.1364/OE.22.000563
https://www.ncbi.nlm.nih.gov/pubmed/24515017
https://doi.org/10.1364/OE.18.016788
https://www.ncbi.nlm.nih.gov/pubmed/20721070
https://doi.org/10.1109/JSEN.2021.3105447

Sensors 2023, 23, 4020 11 of 11

29.

30.

31.

32.

33.

34.

35.

Tan, S.; Narayanan, R.M. Design and performance of a multiwavelength airborne polarimetric lidar for vegetation remote sensing.
Appl. Opt. 2004, 43, 2360-2368. [CrossRef] [PubMed]

Cao, N.; Zhu, C.; Kai, Y.; Yan, P. A method of background noise reduction in lidar data. Appl. Phys. B 2013, 113, 115-123.
[CrossRef]

McManamon, P. Review of ladar: A historic, yet emerging, sensor technology with rich phenomenology. Opt. Eng. 2012,
51, 060901. [CrossRef]

Cheng, Y.; Cao, J.; Hao, Q.; Xiao, Y.; Zhang, F,; Xia, W.; Zhang, K.; Yu, H. A novel de-noising method for improving the
performance of full-waveform LiDAR using differential optical path. Remote Sens. 2017, 9, 1109. [CrossRef]

Liu, Z.; Hunt, W.; Vaughan, M.; Hostetler, C.; McGill, M.; Powell, K.; Winker, D.; Hu, Y. Estimating random errors due to shot
noise in backscatter lidar observations. Appl. Opt. 2006, 45, 4437-4447. [CrossRef]

Adamo, G.; Parisi, A.; Stivala, S.; Tomasino, A.; Agro, D.; Curcio, L.; Giaconia, G.C.; Busacca, A.; Fallica, G. Silicon photomultipliers
signal-to-noise ratio in the continuous wave regime. IEEE ]. Sel. Top. Quantum Electron. 2014, 20, 284-290. [CrossRef]

Lu, Q.-M,; Shen, Q.; Cao, Y.; Liao, S.-K.; Peng, C.-Z. An ultra-sensitive balanced detector with low noise for continuous-variable
quantum key distribution. arXiv 2018, arXiv:1806.03394.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1364/AO.43.002360
https://www.ncbi.nlm.nih.gov/pubmed/15098840
https://doi.org/10.1007/s00340-013-5447-9
https://doi.org/10.1117/1.OE.51.6.060901
https://doi.org/10.3390/rs9111109
https://doi.org/10.1364/AO.45.004437
https://doi.org/10.1109/JSTQE.2014.2346489

	Introduction 
	Methods 
	Experiment and Results 
	Suppressing the Effect of Background Noise 
	Responsivity 
	Improvement on Jitter Error and Walk Error 

	Conclusions 
	References

