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ABSTRACT 

To obtain high ranging resolution and to record full waveform signals, full waveform LiDAR requires short pulse width 
laser sources, high bandwidth sensors, high bandwidth A/Ds, and large on-board memories. To relax these requirements, 
temporal super-resolution is studied in this paper. In temporal super-resolution, the reflected beam is split into several 
branches, and then transpose through different distances before collected by detectors. The minimum distance difference 
among branches determines the system resolution. To reduce the number of measurements, compressive sensing idea is 
further used in temporal super-resolution LiDAR.  
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1. Introduction 

LiDAR is a technology to measure a distance by measuring the time of flight of a laser pulse emitted from a source then 
reflected by a target and finally collected by a detector. Through couple of decade development, the newest LiDAR 
technology can record the full waveform of the reflected signal, named full waveform LiDAR. In full waveform LiDAR, 
high speed A/D converter and large data storage device is required for signal collection. A target distance is calculated as

2tc , where t is the time of flight of a pulse andc is the speed of light. From this calculation, we can observe that, the 
ranging resolution is directly related to the measurement accuracy of time t , which is decided by the laser source pulse 
width, the detector’s bandwidth, and the A/D converter’s sampling rate. For example, if a system ranging resolution 0.15m 
is required, then the time resolution needs to be 0.15m 2 / 1nsc× = , which means that, the source pulse width should be 
less than 1ns, the detector’s bandwidth is larger than 1GHz, and the A/D converter’s sampling rate is higher than 1G 
samples/second. Additionally, because of the high sampling rate in full waveform LiDAR, the system needs large size 
memories for measurements. Thus, full waveform LiDAR needs lot of resources to have high ranging resolution. 

To deal with this issue, we discuss temporal super-resolution in this paper. In such a system, the returned signal is 
separated into several branches and transpose different distances before each of them is detected by a detector. By using 
this idea, we can reduce system requirements to laser source pulse width and the bandwidths of detectors and A/D 
converters. To reduce the number of measurements, we further discuss compressive sensing (CS)1,2,3 in temporal 
super-resolution LiDAR.  
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2. Temporal Super-resolution in full waveform LiDAR 

2.1 System model 

 
 
 
 
 
 
 
 
 
 
 

(a)                                (b) 
Fig.1. (a) full waveform LiDAR; (b) temporal super-resolution LiDAR 

Fig.1(a) shows the schematic diagram of traditional LiDAR. In such a system, a source pulse ( )s t  is emitted to a target. 
The reflectivity of the target is represented by ( )io t t− , where the distance from the target to the source corresponds to a 
light flight time it . The return light from the target ( )ic t t−  is the convolution of ( )s t  and ( )io t t− . If the source 
pulse has very narrow width, then ( )s t  becomes ( )tδ . The return light is ( )io t t− . However, in general ( )ic t t−  is

( ) ( )is t o t t∗ − . In LiDAR, the detector and the A\D device has finite bandwidth. Thus, the detection process of the return 
signal becomes ( )ic t t−  convolving with a kernel function, such as a rectangular function ( )tΠ , followed by a down 
sampling process ( )D • . After the down sampling process, the digitized signal becomes 

( )( ) ( ) ( ) ( )iy n D t o t t s t= Π ∗ − ∗ . 

This process can be written into a matrix form,  

=y DΠSorr
, 

where or is the vector for target reflectivity at different distances, each row of matrix S is a shifted version of the source 
pulse, Sor  represents the convolution of ( )s t  and ( )io t t− . Similarly, ΠSor  represents the convolution of the 
reflected signal from a target and a detector. Matrix D  is for the down sampling process of an A/D converter.  

Fig.1(b) is for temporal super-resolution LiDAR. As discussed in Section 1, the returned light is separated into several 
branches, and each beam transmits a different distance. The distance corresponds to a time delay jt . Then one digitized 
beam signal becomes  

( )( ) ( ) ( ) ( ) ( )j j iy n D t t t o t t s tδ= Π ∗ − ∗ − ∗ . 

Its matrix form is  
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j j j= Δ =y DΠ So H or rr
. 

If we put all branches together, then we have the measurements of temporal-super resolution LiDAR as 
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To reconstruct the original signal back, linear Bregman method4 is used to solve following problem, 
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2.2 Experimental Results 

We use data acquired by NEON5 with a Riegl LMS Q780 full waveform Lidar system. The sampling rate of Riegl LMS 
Q780 is assumed as B = 1Gbps, which means the laser pulse width is 1ns. With this setup, the ranging resolution is 0.15m. 
Fig.2 shows the signal part where targets exist. It is a reflected signal from a tree. The detected range is about 15 meters, 
and the sequence length is 15 0.15⁄ = 100. The wavelength of the laser emitted by SLD is 1550 nm.  

 

Fig.2 The original signal, one set of measurements, and two reconstructions using 2 and 3 sets of measurements 

As mentioned before, if we use a laser with wider pulse width, such as 4ns, and the bandwidth of a detector and an A/D 
converter is 250MHz, then the system resolution is reduced to 0.6m. In Fig.2, the dot-dash line is for one set of low 
resolution measurements. However, if we use the temporal super-resolution idea, such that the returned light is separated 
into three branches and the transmission distance difference between two beams is 0.15m, then we can still obtain the 
ranging resolution 0.15m. We reconstruct the original signal from two or three sets of measurements using the linear 
Bregman algorithm. The results are also shown in Fig.2. The normalized root mean square error (RMSE) is calculated to 
evaluate the reconstructions. The RMSE values using 2 and 3 sets of measurements are 14% and 5.4%. The peak positions 
are reconstructed accurately. 
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  (a)                                  (b) 
Fig.3. Reconstructed signal from (a) 33 randomly selected measurements, and (b) 28 randomly selected measurements 

  Another experiment we did is to reconstruct the signal from randomly selected measurements. This is to reduce the 
storage for measurements. As shown in Fig.3, the reconstruction quality degrades as the number of measurements reduces. 
If 20~30 randomly selected measurements are used, the RMSE averaged over 100 trails is 0.51. If 30~40 randomly 
selected measurements are used, the RMSE averaged over 100 trails is improved to 0.40. It is clear simply using temporal 
super-resolution idea for randomly selected measurements, the reconstruction is not good. To deal with this issue, we use 
compressive sensing idea. 

3. Compressive temporal super-resolution LiDAR

3.1 System Model 

 (a)                                   (b) 
Fig.4. (a) Compressive full waveform Lidar; (b) Temporal super-resolution compressive Lidar 

Fig4.(a) is the system diagram for compressive full waveform LiDAR2,3. In such a system, a continuous laser beam is 
modulated by an EOM before it is emitted to the target. A random sequence rand ( )s t is used to control the EOM. The
reflectivity of the target is still ( )io t t− . Then, the returned signal from the target becomes rand ( ) ( )is t o t t∗ − . A low 
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bandwidth detector and A/D converter are used for measurements collection. This whole process can also be written into a 
matrix form as CS rand=y DΠS orr

. Note that, the difference between the compressive full waveform LiDAR and one 
brand of the temporal super-resolution LiDAR is that, the source beams in the two systems are different. With this 
random sequence rand ( )s t , fewer measurements are required for object reconstruction in compressive LiDAR.  

Combining the CS idea with temporal super-resolution LiDAR, we obtain the compressive temporal super-resolution 
full waveform LiDAR as shown in Fig. 4(b). The measurements in different brands can be written as 

CS, rand CS,j j j= Δ =y DΠ S o H or rr
. Putting all measurements together, we have 

CS 1 CS 1

CS 2 CS 2
CTS CTS

CS CSj j

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥= = =
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

y H
y H

y o H o

y H

r

r
r rr

M M
r

， ，

， ，

， ，

. 

Linear Bregman method is still used for signal reconstruction. 

3.2 Experimental Results 

 
(a)                                 (b) 

Fig.5. (a) one set of measurements from compressive temporal super-resolution LiDAR; (b) the reconstructions from 2 

and 3 sets of measurements. 

In the experiment, a high bit rate (1 Gbps) pseudo random binary sequence is generated by AWG. LiNiO3 electro optical 
modulator is used to modulate the quasi continuous waveform laser. Fig.5(a) presents one set of measurements in 
compressive temporal super-resolution LiDAR. It is clear that, the measurements collected using a detector is no longer a 
down sampling version of the original signal. However, using these measurements, we can obtain the original signal 
reconstruction with small RMSE. The RMSE values for reconstructions using 2 and 3 sets of measurements are 13.8% and 
4.4%, respectively. In Fig.6, we presents 6 reconstructions using randomly selected 20~35 measurements. We can see that, 
the reconstruction quality compared with Fig.3 is improved. Averaging over 100 trails, the RMSE using 20~30 randomly 
selected measurements is improved from 0.51 without using CS idea to 0.29 with CS idea. The RMSE using 30~40 
randomly selected measurements is improved from 0.40 to 0.19. Thus compressive sensing is good idea to reduce the 
measurements number for temporal super-resolution LiDAR. 
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(a)                       (b)                       (c) 

   

(d)                       (e)                       (f) 
Fig.6 Reconstructions obtained from randomly selected (a) 31, (b) 32, (c) 33, (d) 26, (e) 27, and (f) 28 measurements 

collected using 3 detectors. 

4. Conclusion 

In this work, temporal super-resolution idea is used for full waveform LiDAR to reduce system requirements to laser 
sources, detectors, and A/D converters. CS is discussed to further reduce the number of measurements. A system with 
0.15m ranging resolution is demonstrated using a 4ns pulse width laser, 250MHz detectors and A/D converters, and less 
than 1/3 of the measurements. 
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