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Abstract—The analysis of data derived by full-waveform laser
scanning systems is of great interest. In this study, we use a
simulated surface response to estimate the slope of a plane
surface by full-waveform analysis. For analysis the transmitted
waveform of the emitted pulse is used to estimate the received
waveform of the backscattered pulse for a known surface. We
simulated a plane surface with different slopes. Typical spatial
beam distributions are considered for modeling, namely
Gaussian and uniform. The surface response is determined and
the corresponding received waveform is calculated. The
normalized cross-correlation function in between the estimated
and the measured waveform is used to determine the slope of the
surface. The similarity of the estimated and the measured
received waveform is compared and discussed.

I.

INTRODUCTION

The automatic generation of 3-d models for a description of
man-made objects (e.g. buildings) is of great interest. Laser
systems [1] allow a direct and illumination-independent
measurement of the range. They capture the range information
of 3-d objects in a fast, contactless and accurate way.
Pulsed laser systems base on time-of-flight ranging
techniques to determine the range of the illuminated object
[12]. The time-of-flight is measured by the elapsed time
between the emitted and backscattered laser pulse. The signal
analysis to determine the elapsed time typically operates with
analogous threshold detection. Nowadays, first pulse as well as
last pulse exploitation is used for different applications (urban
planning, forestry surveying) to capture a three-dimensional
scene (digital terrain model, digital surface model, city model).
Beside the first or last pulse exploitation the complete
waveform in between might be of interest, because it includes
the backscattering characteristic of the illuminated field. This
enhanced information is not only helpful to explore the
vegetation concerning the bio mass, foliage or density (e.g.
trees, bushes, and ground). Backscattering characteristic of
urban objects can be used for estimating the aspect angle of an
object plane with special surface property or estimating the
surface property of a plane with a special aspect angle. This
enables new techniques for reconstruction of object surfaces.
Recent developments of commercial airborne laser scanner
systems led to systems that allow capturing the waveform:
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LITEMAPPER 5600, OPTECH ALTM 3100, TOPEYE II, and
TOPOSYS HARRIER 56. The systems mentioned above are
specified to operate with a transmitted pulse width of 4-10 ns
and allow digitization and acquisition of the waveform with
approximately 0.5-1 GSample/s.
The recording of the received waveform offers the
possibility to use different methods for the range determination,
e.g. peak detection, leading edge detection, centre of gravity
detection, constant fraction detection. This topic was
investigated by different authors, e.g. [2][4][8][9][11].
The range estimation is further improved by the comparison
between the transmitted and the received waveform. This can
be done by signal processing methods (e.g. cross-correlation,
inverse filtering), if the sampling of the waveform is done with
a high sampling rate. The maximum of the cross-correlation
between the transmitted and received signal estimates the range
value with a higher reliability and accuracy than considering
the received waveform only [3][5][10].
Depending on the application different surfaces have to be
analyzed, e.g. for urban objects we have to deal with plane
objects. In rural environment we have to deal with statistically
distributed natural objects. For predicting received waveforms
of complex surfaces a modeling and simulation of the process
is required.
The modeling of the received waveform can be done when
the surface is known. A typical situation where known surfaces
can be used is for registration of multiple scans received from
different positions or at a different time. Beside this the surface
has not to be known in advance, it can be estimated by
previous measurements.
In Section II, an overview on the simulation setup with
object modeling and sensor modeling is given. We show a
method to calculate the surface response of a plane surface
with slope in Section III. In Section IV an overview on the
experimental setup is given. Assuming a plane surface with
slope the corresponding received waveforms can be calculated
and compared with measured waveforms, which is presented in
Section V. In Section VI the method is proofed by experiments
and results are depicted.
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II.

OVERVIEW OF THE SIMULATION SETUP

The simulation is necessary to estimate the received
waveform of the backscattered pulse from a known surface.
For the transmitted waveform of the emitted pulse a measured
or a modeled waveform can be used.
By the use of an object representation in form of 3-d object
model (Fig. 1-1) and the extrinsic orientation parameter for
sensor position and orientation (Fig. 1-2), the model is sampled
to get a high-resolution range and high-reflectance image (Fig.
1-3). The resolution of these images has to be higher than the
scanning grid we want to simulate for further processing.
Considering the transmitted waveform of the emitted pulse and
the spatial energy distribution of the laser beam for temporal
and spatial laser pulse properties is relevant for modeling the
laser pulse (Fig. 1-4). To simulate the spatial scanning
procedure of the laser system, the values of the grid spacing
and the divergence of the laser beam are used. Therefore a
convolution between the high-resolution reflectance image and
the spatial energy distribution of the beam (Fig. 1-5) has to be
determined. For a range depending 1-d surface representation,
the surface response is determined by the spatial
undersampling of the high-resolution range and high-intensity
image (Fig. 1-6). By convolving the surface response with the
transmitted waveform the received waveform is determined at
the receiver (Fig. 1-7).
For simulating the received waveform of the backscattered
pulses an object model (Section II.A) and a sensor model
(Section II.B) is required.
A. Object modeling
For an object representation, our simulation setup considers
geometric and radiometric features of the illuminated surface in
the form of 3-d object models with homogeneous surface
reflectance.
The object model with homogeneous surface reflectance is
then sampled higher than the scanning grid we simulate and
process, because with the higher spatial resolution we simulate
the spatial distribution of the laser beam. Considering the
position and orientation of the sensor system we receive a highresolution range image and high-resolution reflectance image.
Depending on the predetermined position and orientation of the
sensor system, various range images can be captured.
B. Sensor modeling
The sensor model takes into account the specific properties
of the sensing process: the position and orientation of the
sensor, the laser pulse description, the scanning process and the
electrical receiver properties. To simulate various aspects, a
description of the extrinsic orientation of the laser scanning
system with a GPS/INS system is used.
The emitted laser pulse of the system is characterized by
specific pulse properties. We assume radial symmetric uniform
spatial distributions and radial symmetric Gaussian
distributions for the beam profile, which are typical for the
most laser systems. For this simulation we use measured
transmitted waveforms to have a realistic description, where
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Figure 1. Simulation setup for calculating the received waveform.

the bandwidth of the receiver to capture the waveform is
6 GHz and the data is sampled with 20 GSample/s. The
transmitted waveform of the used system shows strong
intensity fluctuations from pulse to pulse (Fig. 2). The high
sampling rate provides detailed information about the shape of
the waveform with at least 100 sampling points for the typical
length of the pulse (5 ns at Full-width-at-half-maximum).
Depending on the scan pattern of the laser scanner system,
the grid spacing of the scanning process, and the divergence of
the laser beam, a sub-area of the high-resolution range and
high-resolution reflectance images is processed. Therefore, the
sub-area of the high-resolution reflectance image is convolved
with the spatial energy distribution of the laser beam
(distribution at the grid line ±2σ) to take into account the
amount of backscattered laser light for each reflectance value.
By focusing the beam with its specific properties on the
detector of the receiver, the spatial resolution is reduced and
this is simulated with a spatial undersampling of the sub-areas.
Therefore the received high-resolution intensity and highresolution range image is processed by spatial undersampling
to gain a weighted 1-d range distribution, which we call surface
response. The determined surface response is convolved with
the transmitted waveform to gain the received waveform of the
backscattered pulse.

Examples of the calculated surface response S[ z ] in
dependence of the range z for a slope of 25° received from an
uniform beam distribution and a Gaussian beam distribution is
shown in Fig. 3a and Fig. 3b. The maximum of the surface
response is at the range of 100m.
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Figure 2. Samples of the transmitted waveform.

III.

CALCULATING THE SURFACE RESPONSE OF A PLANE
SURFACE WITH SLOPE

The received waveform of a laser pulse depends on the
transmitted waveform s[t ] , the impulse response h[t ] of the
receiver unit, the spatial beam distribution of the used laser
P[ x, y ] , and the illuminated surface S [ x, y , z ] . The received
waveform r[ x, y, z , t ] can be expressed by a convolution of the
relevant terms mentioned above and we get
r[ x, y, z , t ] = s[t ]* h[t ]* P[ x, y ]* S [ x, y , z ] ,

(1)

where (*) denotes the convolution operation. The impulse
response is mainly effected by the used photodiode and
amplifier, the spatial beam distribution has typically the shape
of a Gaussian or uniform, and the surface characteristic can be
described by its geometry and reflectance properties (mixture
of diffuse and specular). We assume to have a receiver unit
consisting out of an ideal photodiode and amplifier with an
infinite bandwidth and a linear frequency characteristic. The
3-d surface characteristic can be reduced to a range depending
1-d signal S[ z ] , which we call in this paper surface response.
To study the surface response received from different
surfaces, we simulated a plane surface, which can be adjusted
for various slopes, illuminated by a beam with a spatial
uniform beam distribution and a Gaussian beam distribution.
For the simulation, the laser beam divergence is set to 1 mrad
and the spatial range spacing for processing the surface
response is 7.5 mm, which is equivalent to 20 GSample/s.
We simulated a system illuminating a plane surface with
different slopes. Therefore a high-resolution range image with
300x300 pixels of the sloped surfaces is calculated to
determine the surface response. For surface reflectance a
homogenous surface with 100% reflectance was assumed. The
distance to the surface center is 100 m.
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OVERVIEW OF THE EXPERIMENTAL SETUP

A. Emitter unit
We use a laser pulse system with a pulse duration of 5 ns at
full-width-at-half-maximum (FWHM) and a high repetition
rate (42 kHz). The average power of the laser is up to 10 kW.
The multi-mode Erbium fiber laser operates at a wavelength of
1550 nm with a beam divergence of 1 mrad and a uniform
beam distribution. The transmitted waveform of the emitted
pulse shows strong random modulation for each emitted pulse.
In Fig. 2 two examples of the transmitted waveform are
depicted. The shape of the waveform and the spatial beam
distribution depends on the design of the laser system. The
system uses a photodiode to pump the multi mode fiber cavity
and a fiber amplifier.
B. Motion control unit
For the 2-d scanning process a moving mirror is used for an
elevation scan with ±15° in vertical direction (320 raster steps)
and a rotation stage for an azimuth scan with 360° rotation in
horizontal direction (variable number and spacing of the raster
steps).
Surface response
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Figure 3. Examples of two surface responses for a slope with 25° and
different spatial beam distributions: a) uniform, b) Gaussian.
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C. Receiver unit
The receiver unit to capture the waveform contains an
InGaAs photodiode with a bandwidth of 1 GHz. Furthermore,
we use an A/D converter with 20 GSample/s. The A/D
conversion and digital recording is accomplished by using a
digital memory oscilloscope (Le Croy - Wavemaster 8600A),
where the bandwidth of the oscilloscope is limited to 6 GHz.
V.

ESTIMATING THE SLOPE OF A PLANE SURFACE

First the transmitted waveform s[t ] and the received
waveform r[t ] have to be measured with the receiver unit of
the laser system. Then by the use of the transmitted waveform
and the modeled surface response (Fig. 4-1) for different slopes
of the surface the estimated received waveform (Fig. 4-2) can
be calculated by a convolution. These estimated received
waveforms calculated for different slopes of the plane surface
are compared with the measured waveform by determining
different normalized cross-correlation functions. With the
maximum coefficient of the different normalized crosscorrelation functions for different slopes the most likely slope
and the accurate range of the surface can be determined (Fig.
4-3). Fig. 4 depicts a schematic description of the processing
chain.
The data analysis begins with the detection of the
backscattered pulses in the temporal signal. This signal is
disturbed by various noise components in form of background
radiation, amplifier noise, photo detector noise etc. The
detection of the received waveform of the backscattered pulse
in noisy data and the extraction of the associated travel time is
a well-known problem. It is discussed in detail in radar
techniques and system theory [6][7]. Due to this problem the
matched filter approach can be used.
To improve the range accuracy and the signal-to-noise ratio the
matched filter for the waveform of the backscattered pulse has
to be determined. In practice, it is difficult to determine the
optimal matched filter. In cases where no optimal matched
filter can be determined, sub-optimum filters may be used, but
at the cost of decreasing the signal-to-noise ratio. If the
temporal deformation of the received waveform can be
neglected and the waveform is uniformly attenuated the
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Figure 4. Processing chain to estimate the slope of the surface.
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transmitted waveform of the emitted pulse is the best choice for
the matched filter coefficients determination. In practice, the
temporal deformation by the surface is common phenomenon.
In this paper, we focus on determining this optimal filter by
calculating the estimated received waveform.
The matched filter is computed by the normalized crosscorrelation function Rrrˆ between the transmitted waveform
s[t ] of the emitted pulse and the estimated received waveform
rˆ[t ] of the backscattered pulse. A hypothesis for the estimated
received waveform rˆ[t ] is determined by a convolution
between the transmitted waveform r [t ] and different simulated
surface responses S[ z ] , derived by different slopes of the plane
surface. A uniform beam distribution is used for processing the
different surface responses.
Assuming zero-mean waveforms, we obtain the output
signal Rrrˆ [τ ] with a local maximum at the delay time τ
M −1

∑ r[t + τ ] ⋅ rˆ[t ]

Rrrˆ [τ ] =

t =0
M −1

M −1

∑ r[t ] ⋅ ∑ rˆ[t ]
2

t =0

(2)
2

t =0

where M is the length of the correlation function Rrrˆ [τ ] .
Then the output signal Rrrˆ is analyzed by a detection filter
searching for the local maximum to determine the travel time
of the pulse. For each angle ϕ of the surface the local
maximum of the correlation function Rrrˆ is determined and for
the greatest local maximum the most likely slope of the plane
surface is estimated.
VI.

EXPERIMENTS

An experimental setup with a pulsed multi-mode Erbium
fiber laser was built up for exploring the capabilities of
waveform analysis for estimating the slope of a plane surface.
The transmitted and the received waveforms are captured with
an overall bandwidth of 1 GHz. Both analog signals were
sampled with a rate of 20 GSample/s.
For the experiments, 500 samples of the transmitted and
received waveform derived from a plane plate with different
slopes were captured for each angle. The angle ϕ of the plane
surface was changed in steps of 5° from 0° to 60°. The range of
the plate to the laser was about 6 m. The footprint diameter at
the surface was increased to 25 cm. This footprint diameter is
equivalent to a laser scanning system with a beam divergence
of 1 mrad at a range of 250 m.
The angle ϕ of the plane surface with slope was estimated
by the greatest maximum for each of the 500 samples. The 3-d
histogram in Fig. 5 shows the distribution of the angle for the
slope compared with the estimated angles. Further the average
value of the estimated angles ϕ and the standard deviation σ ϕ
is depicted in Fig. 6 and the values are listed in Table I.
There is a good similarity between the average value of the
estimated angles and the angle of the sloped surface. The
average value yields to very good results, except for ϕ = 0° .
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TABLE I.

Figure 5. 3d-histogram of the slope compared with the estimated angles.

AVERAGE AND STANDARD DEVIATION OF THE ESTIMATED
ANGLE.

ϕ [°]

ϕ [°]

σ ϕ [°]

0

14.67

10.13

5

7.02

5.28

10

10.67

6.68

15

16.15

5.34

20

20.83

4.84

25

26.61

4.32

30

30.65

3.10

35

36.47

3.60

40

40.14

2.71

45

44.47

1.83

50

50.36

1.56

55

54.92

1.55

60

59.34

0.99
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