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ABSTRACT:
ALS has become a standard tool for high-resolution topographic mapping within the last two decades. Besides the geometric data in
form of three-dimensional point clouds, also radiometric information is available in form of amplitude and width of the backscattered
echo (the latter is provided by full waveform (FWF) systems only). However, these radiometric observables need to be calibrated.
Influences originate not only from the factors included in the radar equation, but also from fluctuations of the emitted laser pulse and
from automatic gain control (AGC) devices. These two influences are investigated in detail in this study on behalf of the two data
sets acquired with a FWF capable Riegl LMS-Q560 system and a Leica ALS50-II discrete echo system. It could be shown that the
influences of laser pulse fluctuations and AGC can be removed to a certain extent. This way, radiometric calibration can be performed
more reliably.
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INTRODUCTION

Airborne laser scanning (ALS) is well known for its capability
to accurately and densely sample the terrain surface and is thus
widely used for topographic mapping. Besides the 3D coordinates of the sampled surface points also the signal strength of the
returns, which carries information about the surface’s backscattering characteristics, is measured. While discrete ALS systems
directly store this signal strength in form of an amplitude measurement (often referred to as intensity), full waveform (FWF)
ALS systems enable the extraction of the amplitude and additionally also the echo width from the recorded waveform in the post
processing. Only recently these physical observables of the signal
strengths have become of greater interest and thus are more and
more investigated in order to use them as additional information
channel for analysing surface characteristics.
However, these signal strength measurements are affected by several factors, such as range, angle of incidence and atmospheric attenuation. Absolute radiometric calibration (Lehner and Briese,
2010) proved to be able to transfer the physical observables into
absolute radiometric values free from these influencing factors
(see section 2.1). This study investigates two additional factors:
(1) fluctuation of the emitted laser pulses and (2) automatic gain
control (AGC), which amplifies the received signal strength in
order to keep it within the range of the receiver (see sections 2.2
and 2.3 respectively). The variations of the emitted pulse are a
transmitter property and were studied on a full waveform data set
acquired with a Riegl LMS-Q560. The AGC, on the other hand,
is a receiver property and was investigated on a discrete echo data
set originating from a Leica ALS50-II system. The data sets and
the derived results are presented in section 3. Conslusions are
given in section 4.

2
2.1

THEORY

Radiometric Calibration

The LIDAR adapted formulation of the radar equation (see equation (1)) relates the product of system waveform amplitude and
width, Ŝss , to the product of echo amplitude and width, P̂i sp,i .
The first is directly proportional to the emitted laser power while
the latter is directly proportional to the detected power. Furthermore, the following influencing factors are considered: the diameter of the receiver aperture Dr , the range between sensor and
target R, the backscattering coefficient of the surface γ as well as
transmission factors for the system and the atmosphere ηsys and
ηatm (Wagner, 2010):
P̂i sp,i =

Ŝss Dr2
· ηsys ηatm · γi
16Ri2

(1)

The backscattering coefficient γ is normalised to the laser’s transverse area and thus independent of R and the beam divergence
of the ALS system. With respect to typical ALS wavelengths
most surfaces can be assumed to be diffuse (Lambertian) reflecting. For such surfaces the backscattering coefficient γd depends
simply on the reflectance ρd of the surface and the angle of incidence θ (Lehner, 2011):
γd,i = 4 · ρd,i · cos θi

(2)

Unkown parameters in equation (1) are Dr and ηsys , which are
assumed to be constant for one specific ALS system. Using meteorological observation data, ηatm can be accounted for (Höfle
and Pfeifer, 2007, Lehner, 2011). The correction for atmospheric

transmission is important in case of multi temporal analysis. During one flight campaign, however, ηatm can be assumed to be
rather constant. Therefore, it was neglected in this study. Finally,
the emitted laser pulse parameters Ŝss are typically unknown,
which is why they are treated as constant as well (see section 2.2).
Combining all these parameters in the calibration constant Ccal
(see right equation of (3)) yields the basic calibration equation
(left equation of (3)):

ρ̃d,i

Ccal Ri2 P̂i sp,i
=
4 cos θi

with

Ccal

16
=
(3)
2
Dr Ŝss ηsys ηatm

Based on these equations, an absolute calibration procedure and
software (opalsRadioCal module (IPF, 2010)) were developed.
Details concerning the method and the workflow can be found in
(Briese et al., 2008) and (Lehner and Briese, 2010) and (Lehner,
2011). The method is based on in-situ reflectance measurement
of a reference surface. (Briese et al., 2008) and (Lehner, 2011)
use a Riegl reflectometer and Spectralon R diffuse reflectance
standards (Labsphere Inc., 2010) for the estimation of the reflectance of the calibration targets (in the following indicated by
the subscript CT ) but any other measurement system providing
this information can be used as well. However, it is crucial that
the measurement device measures at the same wavelength as the
ALS system, since the reflectance of a specific surface can vary
a lot between different wavelengths. Based on the ALS echoes
hitting the calibration targets, a mean calibration constant can be
estimated by the following equation:

Ccal =

NCT
1 X 4 ρ̃CT,j cos θj
NCT
Rj2 Pˆj sp,j
j=1

ρ̃d,i =

Ccal R2 P̂i sp,i
4 cos θi Ŝi ss,i

with

Ccal =

16
Dr2 ηsys ηatm

(5)

This, however, requires the system waveform amplitude Ŝi and
width ss,i as additional attributes per echo, which leads to higher
storage space and processing time. Alternatively, echo parameters normalized by the parameters of the individual laser pulses
can be used instead of the original echo amplitudes and echo
widths (see (Roncat et al., 2011)). For analysis and visualization purposes the first approach was chosen for this study and
equations (5) were used to perform the radiometric calibration.
2.3

Automatic Gain Control

Some ALS systems, e.g. the discrete echo ALS system Leica
ALS50-II, use an adjustable automatic gain control (AGC) device, which amplifies the received echo amplitudes in order to
keep it within an 8 bit range. The value of the AGC is measured
and recorded as an 8 bit value per pulse as well. The general
idea of such a device is that if the returning signal strength is
too low, the AGC increases to the next higher level and thus also
the recorded amplitude value increases. Accordingly, the AGC
decreases in case the signal strengths are too high in order to
decrease the amplitude measurements. The information on the
technical background of AGC is sparse. However, some more information including a correction approach can be found in (Vain
et al., 2010).

(4)

This calibration constant can be used consecutively to calibrate
the whole data set.
2.2

laser shot by simply moving the shot-based system waveform parameters Ŝi ss,i (see equations (3)) from the right equation to the
left equation:

Based on the information we have, we know that the recorded
amplitude (intensity) P̂i,g , the gain function G of the recorded
gain value g and the received signal amplitude P̂i are presumably
related to each other as follows:

Laser Pulse Fluctuations

As can be seen in equation (1), the strength of the emitted laser
pulse affects the return power. ALS manufacturers, however,
try to keep this factor at different levels as constant as possible,
wherefore most correction and calibration methods treat it as constant. Higher flight heights require higher levels of pulse energy
in order to guarantee that the reflected signal is still strong enough
to be recorded. To reach higher pulse energies, the laser needs
more time for pumping, which, in turn, results in lower pulse
repetition rates. (Chasmer et al., 2005) report e.g. pulse energies
in dependence on selectable pulse repetition frequencies (PRF)
for different discrete echo ALS systems of Optech. This means
that according to the flight height a suitable pair of PRF and pulse
energy level has to be chosen when planning the flight campaign.
Furthermore, the chosen energy level can be considered within
radiometric correction (Höfle and Pfeifer, 2007, Ahokas et al.,
2006).
Besides these general changes of emitted pulse energy within different levels, also fluctuations within one specific level might occur. FWF ALS systems, e.g. the Riegl LMS-Q560, do not only
record the temporal shape of the received echoes but also the
shape of a damped copy of the emitted pulse (Roncat et al., 2011).
This information per pulse enables to study the fluctuations in
emitted pulse energy. Moreover, it enables to consider the emitted pulse energy during the radiometric calibration process per

P̂i =

P̂i,g
G(g)

(6)

The studied data originates from the discrete echo ALS system
Leica ALS50-II (see section 3.1), which is why no echo widths
are available. Therefore, they are treated as constant and sp,i is
moved from the left to the right equation as sp . Possible echo
widening is, thus, ignored. Furthermore, the Leica ALS50-II
does not record the system waveform. Thus, equations (3) take
the following form:

ρ̃d,i =

Ccal Ri2 P̂i,g
4 cos θi G(g)

with

Ccal =

16 sp
(7)
Dr2 Ŝss ηsys ηatm

Accordingly, equation (4) results to:

Ccal =

NCT
1 X 4 ρ̃CT,j cos θj G(g)
NCT
Rj2
P̂j,g

(8)

j=1

Regarding a specific gain value g the gain function
P G(g) is constant and can, thus, be factored out of the sum . Calculating the
sum for every g individually results in the g-dependent calibration

constants C̃cal,g , which can be related to the overall calibration
constant by the gain function:

Ccal = G(g) C̃cal,g = G(g)

NCT
1 X 4 ρ̃CT,j cos θj
NCT
Rj2 P̂j,g
j=1

(9)

Based on equation (9) two specific gain functions were investigated and their parameters α and β were determined by least
squares adjustment (see section 3). The C̃cal,g values (see figure 8, which is derived from the data presented in figure 7) served
as observations for the least squares adjustment and their reciprocal variances as weights, whereas Ccal , α and β are the unknowns
to be estimated.
G1 (g) = eαg+β = eαg · eβ

(10)

Since eαg+β can be reformulated as eαg · eβ , the term β results
in a factor which just increases or decreases the calibration constant. Therefore, it cancels out when applied in equation (7). As
a second function a linear approach was tested:
G2 (g) = αg + β = λ (ᾱg + β̄)

(11)

Here a similar situation occurs: λ is considered as a common
factor of α and β and thus also of Ccal . In order to perform least
squares adjustment out of the three parameters a suitable one has
to be chosen (6= 0) so that the others can be derived.
3
3.1

RESULTS AND DISCUSSION

Data Sets

The effect of the laser pulse fluctuations on radiometric calibration was tested on one flight strip of the Vienna wide ALS campaign carried out at the end of 2006 and beginning of 2007. The
data of this flight strip was acquired on December 27th 2006,
by the company Diamond Airborne Sensing GmbH with a Riegl
LMS-Q560, which operates at a wavelength of 1550 nm. The
scan frequency was 200 kHz, the aircraft speed above ground
150 km/h, the flying height above ground 500 m and the scan angle ± 30◦ . These settings resulted in a swath overlap of about
60 %, a mean point density of more than 20 measurements per
square meter and a laser footprint size on the ground of about
25 cm.
The strip data covers parts of Schönbrunn palace and garden. The
particular test site chosen for this study was the parade yard of
Maria Theresia casern (see figure 1) in the south of Schönbrunn
area since it features a very large area with homogeneous scattering properties. Its reflectance was measured with the Riegl reflectometer and Spectralon reflectance standards to 23.5 ± 1.8 %
(Lehner and Briese, 2010).
While all nine asphalted tiles (highlighted in figure 1 by blue and
red squares) were used in order to calculate the calibration constant, only one tile (highlighted in figure 1 by the red square) was
used to analyse the effect of laser pulse variations on the calibrated diffuse reflectance measure values (see next section).
The effect of AGC was investigated on ALS data collected during the EUFAR AIMWETLAB survey in August of 2010, using

Figure 1: RGB-Orthophoto of Maria Theresia casern in the south
of Schönbrunn gardens (MA41, 2010). The reference areas (parade yard asphalt) are highlighted in blue and out of those the
studied tile is highlighted in red.
a Leica ALS50-II sensor operated from the Dornier Do 228 of
the NERC Airborne Research and Survey Facility. This sensor
operates in the 1064 nm wavelength, and scans with an oscillating mirror, creating a sinusoidal pattern of points on the ground.
The surveyed area was the shore zone of Lake Balaton and the
area of the Kis-Balaton wetland. The detailed rationale and full
technical background of the survey is explained in (Zlinszky et
al., 2011). Out of this data set two flight strips were used in
this study, which were acquired utilizing the following settings:
The scan frequency was 45 kHz, the aircraft speed above ground
250 km/h, the flying height above ground 1500 m and the scan
angle about ± 20◦ . These settings resulted in a swath overlap of
about 30 %, a mean point density of 1 measurement per square
meter and a laser footprint size on the ground of about 20 cm.
A bare soil and a white gravel area served as calibration targets
(see figure 2(a)). Their reflectances were determined by an ASD
FieldSpec 3 spectrometer and a Spectralon reflectance standard
to 13.8 ± 2.0 % for the bare soil and 53.5 ± 3.8 % for the white
gravel. Additionally, a parking space (white gravel as well) and
a sports field (see figure 2(b)) were used for the analysis. While
only one flight strip covers the reference surfaces, the additional
study areas are covered by both flight strips.
3.2

Laser Pulse Fluctuations

As presented in section 3.1, only one asphalted square of the parade yard of Maria Theresia casern was used for the analysis of
the laser pulse fluctuations on radiometric calibration. The selected echoes are presented in figure 3, grey-coded according to
their corresponding laser pulse amplitudes. Flight direction was
approximately from north to south. It can clearly be seen that the
laser pulse amplitudes vary considerably. However, the variations
within one scan line seem to be lower than between different scan
lines resulting in two significantly dark bands in scan direction.
Figure 4 presents the calibrated diffuse reflectance measure values of the test area plotted against their corresponding emitted
pulse amplitude: (a) when neglecting the laser pulse variations
(see equation (3)) and (b) when considering those variations (see
equation (5)). Additionally, linear regression lines are plotted in
order to better visualise the trends.
As can be expected, when neglecting the shot-based laser pulse
parameters, the diffuse reflectance measure values of echoes originating from lower pulse energies are lower and the ones from
higher pulse energies are higher. After considering the laser pulse
parameters in the calibration process, an approximately but not
totally horizontal line can be seen for the linear regression. This
means that the data fits the physical model presented in section 2.2
much better and compensating for fluctuations in emitted pulse
energy in this way is appropriate.

(a)
(a)

(b)

Figure 2: RGB-Aerial images covered by one flight strip of the
Balaton flight campaign: (a) bare soil and white gravel served
as reference surfaces (highlighted in blue) and (b) additionally
studied surfaces highlighted in red, namely a parking site covered
with white gravel and an asphalted sports field.

Figure 3: Points within the studied asphalt area (see figure 1)
grey-coded according to their individual emitted laser pulse amplitudes.

3.3

(b)

Figure 4: Diffuse reflectance measure ρ̃d when neglecting (a) and
considering (b) the laser pulse variations. The green and magenta
line represent the linear regression lines.

(a) AGC values g

Automatic Gain Control

Compensating for gain changes due to the automatic gain control faces the problem that the gain function is unknown and has
to be determined before the calibration constant can be derived.
This first step was achieved using the two reference surfaces (see
section 3.1). Figure 5 presents the echoes of the bare soil target:
(a) grey-coded according to their corresponding gain value and
(b) the recorded amplitudes accordingly. In figure 5(a), it can be
seen that consecutive scan lines are characterised by alternating
higher and lower gain value. Thus, this effect can also be seen in
figure 5(b).
Figure 6 presents the recorded echoes and the gain values of all
test areas and for both flight strips as histograms. The histograms
of the sports field have a very characteristic shape, meaning they
consist of two bumps. The same would be the case for the high
reflecting parking space. However, the second bump is recorded
under oversaturation of the receiver with the value 255 for most

(b) recorded amplitude values P̂j,g

Figure 5: Points within the bare soil area (see figure 2(a)) greycoded according to their corresponding gain value (a) and according to their recorded amplitude (b).
echoes. Thus, these echoes were excluded from further processing. For the reference areas the gain values do not just jump from

one extreme to the other, which is why only one bump can be
observed there.

(a) bare soil reference area

(a) recorded amplitude values P̂j,g

(b) white gravel reference area

Figure 7: Recorded echo amplitudes of the echoes within the bare
soil reference surface (a) and within the white gravel surface (b)
plotted against their corresponding gain value. The line represents the mean value of P̂j,g for a certain g and the error bars
their standard deviation.
(b) AGC values g

Figure 6: Histograms of the recorded amplitude (a) and gain values (b) with their error bars from top till down: bare soil (dark
blue), white gravel (blue), parking space (light blue), sports field
(green) and finally parking space (yellow) and sports field (orange) for the second flight strip.
Figure 7 presents the echo amplitudes plotted against their corresponding gain value for the bare soil (a) and the white gravel
area (b). As was expected, with increasing gain value the echo
amplitudes increase as well. The error bars of the data points are
additionally plotted on top of them.
As mentioned in section 2.3, the gain function was unknown (i.e.
not revealed by the manufacturer). Thus, an exponential and a
linear gain function were investigated. In order to perform least
squares adjustment based on equation (9), the C̃cal,g values were
calculated. These mean values and corresponding error bars for
both reference surfaces are presented in figure 8. At first sight it
can be seen that the C̃cal,g values for the lower and higher reflecting reference surface match quite well.
Based on these C̃cal,g observations (mean and variance), the parameters α and β for both gain functions were determined using
least squares adjustment. Afterwards, the gain functions were
used to derive a global calibration constant in order to perform radiometric calibration of the whole data set. Figure 9 presents histograms of the resulting diffuse reflectance measure values separately for each test area and for both flight strips as in figure 6. As
quality criteria of the gain function it is assumed that the bumps
of the test areas, which are recorded in both flight strips, coincide.
This is, however, not the case for both gain functions. Using the

Figure 8: C̃cal,g (mean values with error bars) derived for the two
reference surfaces.
linear gain function, the peaks of the bumps of the parking space
echoes are clearly separable from each other (see figure 9(b)).
The corresponding peaks utilizing the exponential function are
much closer to each other, though. Thus, it can be concluded
that the exponential function characterises the gain function better than the linear function.
As mentioned in section 3.1, the reflectances for the test areas
are 13.8 % and 53.5 %. The gain values for the echoes within
the reference areas were in the range of 154 to 168. Thus, for
higher reflecting surfaces as well as for gain values outside the
specific gain range of the reference surfaces, the gain functions
with the determined coefficients extrapolate. Reference surfaces
with higher reflectance and surfaces which are acquired at other
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