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To sum up, by processing full-waveform data the end user has the ability to 
control the echo detection method, which can significantly improve point cloud ac-
curacy. On the other hand, by waveform shape parameters determination, the point 
cloud could be enriched by additional attributes characterizing the type of target 
surface.

Small-footprint full-waveform laser scanners have been available since 

2004, when Riegl presented the world’s first commercial digitizing and full-

waveform processing airborne laser scanner, LMS-Q560 [14]. The main 

feature that distinguishes full-waveform from a conventional discrete system 

is the possibility to register both emitted and backscattered laser signal at 

high sampling frequencies of around 1 GHz. Therefore restoring a full profile 

of the reflected energy is achievable (Fig. 1). 

 

Fig. 1. Principles of full-waveform data acquisition 

In traditional techniques, the echo detection process is done 

automatically online, most often by simple thresholding methods – the 

manufactures however do not provide the end user with information about 

the used algorithm, so the precision of the range estimation is practically 

unknown. An example presenting simple thresholding results is shown in 

Figure 2.  

It should be noted that the obtained point cloud does not perfectly match 

the scene. Secondly, neither weak nor overlapping echoes were detected. 

Moreover, by comparing the point cloud with the entire energy profile, it can 

be observed that full-waveform data holds information about the properties 

of reflecting objects in addition to geometry information (i.e. amplitude of 

recorded energy implies surface reflectivity and echo width may indicate 

target’s roughness). 

Fig. 1. Principles of full-waveform data acquisition

To sum up, by processing full-waveform data the end user has the ability 

to control the echo detection method, which can significantly improve point 

cloud accuracy. On the other hand, by waveform shape parameters 

determination, the point cloud could be enriched by additional attributes 

characterizing the type of target surface. 

 

Fig. 2. Principles of simple thresholding method. 

2. Processing Methods 

The basic description of the measurement process is given by the radar 

equation [18]: 
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where: 

rP  – received signal power, 

tP  – transmitted signal power, 

rD  – diameter of receiver aperture, 

R  – range from scanner to target, 

t  – laser beamwidth, 

sys  – system transmission factor, 

 – atmospheric transmission factor, atm
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A few examples of initial valu estimation are presented below:
 ‒ In [17] Wagner et al. use the centre of gravity and zero-crossing of the first 

derivative methods for initial values extraction.
 ‒ The deterministic nonparametric “bump-hunting” procedure, providing 

the number, amplitudes, and positions of the suspected returns, is men-
tioned in [3].

 ‒ In [20] the initial values for amplitude and timing point are calculated after 
conducting a specific search procedure for the detection of visible and over-
lapping peaks. Firstly, the local maxima above the defined threshold separat-
ing the signal from background noise are found. Then, the algorithm looks 
for inflexion points on both sides of the primary visible peaks. An initial 
width value for each component is set to the width of the transmitted pulse.

 ‒ In [13] initial estimates are derived by combining the peak thresholding 
method (called the maximum detection method) with zero crossing method.

 ‒ The zero crossing of the first derivative technique is used as well in [2]. This 
peak detection method is applied to the thresholded version of the waveform. 
In addition, the proposed algorithm takes into account a minimal number of 
samples separating two detectable peaks (spatial resolution of the system).

 ‒ In [11] the number of peaks is determined by inspecting the second deriva-
tive of a cubic smoothing spline fitted to the waveform data.

In the second step, one of the optimization methods is carried out to fit the 
data with single modelling function to obtain the final estimates of echo parameters. 
Currently, there are three typically used optimization approaches:

1) the non-linear least-square method using the Levenberg–Marquardt algo-
rithm,

2) the maximum likelihood estimate with the expectation-maximization al-
gorithm,

3) the stochastic approach based on the reversible jump Monte Carlo Markov 
chain model [9].

2.3. Signal Correlation Techniques

Unfortunately, the shapes of the backscattered overlapping echoes usually dif-
fer from the assumed model [20]. Additionally, modelling is much more compli-
cated when the signal is distorted by a high level of noise or when the data include 
artificial echoes caused by the so-called “ringing effect”. This effect is due to the 
bandwidth limitation of the receiver electronics and can be observed as a smaller 
peak right after the main peak [13] (Fig. 9).

To overcome issues mentioned above, another approach of full-waveform data 
processing is proposed. These techniques are based on the transmitted and received 
waveform comparison. Firstly, a proper correlation function is computed. Then, the 
local maxima (minima), representing echoes of the emitted laser pulse, have to be 
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detected. This can be performed by using one of the simple peak detection methods, 
or, for example, a method based on a few user defined criteria with parabola fitting, 
as presented in [13].

a)          b)

Unfortunately, the shapes of the backscattered overlapping echoes 

usually differ from the assumed model [20]. Additionally, modelling is much 

more complicated when the signal is distorted by a high level of noise or 

when the data include artificial echoes caused by the so-called “ringing 

effect”. This effect is due to the bandwidth limitation of the receiver 

electronics and can be observed as a smaller peak right after the main peak 

[13] (Fig. 9). 

 

Fig.9. “Ringing effect” in Riegl LMS-Q680i data:  

a) emitted laser pulse; b) backscatter signal 

To overcome issues mentioned above, another approach of full-waveform 

data processing is proposed. These techniques are based on the transmitted 

and received waveform comparison. Firstly, a proper correlation function is 

computed. Then, the local maxima (minima), representing echoes of the 

emitted laser pulse, have to be detected. This can be performed by using one 

of the simple peak detection methods, or, for example, a method based on a 

few user defined criteria with parabola fitting, as presented in [13]. 

In the first approach, the normalized cross-correlation Rsr between the 

emitted pulse waveform s(t) and the received waveform r(t) of the 

backscattered echo is calculated [1]: 
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Fig. 9. “Ringing effect” in Riegl LMS-Q680i data: 
a) emitted laser pulse; b) backscatter signal

In the first approach, the normalized cross-correlation Raver between the emit-
ted pulse waveform s(t) and the received waveform r(t) of the backscattered echo is 
calculated [1]:
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The second method analytically comparable with the direct correlation is called 
the averaged square difference function (ASDF). The ASDF is a time delay estima-
tion technique based on the correlation of the reference signal s(t) and the measured 
signal r(t) [4]. In full-waveform data processing s(t) and r(t) are equidistanced time 
series with sampling interval T. The ASDF response value RASDF(τ) between s(t) and 
the shifted waveform r(t + τ) is defined as follows [4]:
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where τ – time shift, τ = − − +NT N T NT,( ) ,...,1  is an integral multiple of T.

The ASDF method is equivalent to direct correlation (DC) if normalized in the 
interval [0, 1] [13]. The minimum of the ASDF function corresponds to the maximum 
of correlation coefficient.








