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Abstract

Accurate characterization of the terrestrial laser scanner (TLS) beam footprint is essential for understanding the stochastic behavior
of the scanner. Estimating the laser footprint is crucial for determining the correlation length between neighboring observations,
and thus for providing a realistic estimation of the correlation elements within the variance-covariance matrix quantifying the
measurement uncertainties. In this contribution, an intensity-based workflow is introduced to estimate the effective laser beam
footprint by deriving the line spread function (LSF) from the edge spread function (ESF). This effective laser beam footprint
depends on the dynamic surface response over the interaction region between the emitted laser beam and the surface. The proposed
method applies no assumptions regarding the geometric or physical behavior of the beam, allowing the footprint to be determined
directly from the measured intensity values. Using the BOTAS target, the Z+F Imager 5016A was investigated at two different
distances and two scanning rates with varying mirror rotation speeds. The results provide insights into the influence of distance and

scanning rate on the effective laser beam footprint.

1. Motivation

Terrestrial laser scanners (TLS) are increasingly being used in
geodetic engineering applications that require millimeter-level
accuracy (Holst and Kuhlmann, 2016), particularly in the de-
formation monitoring of critical infrastructures such as water
dams (Kerekes and Schwieger, 2021) and bridges (Zhou et al.,
2024). Therefore, the estimation of TLS measurement un-
certainties is essential to distinguish actual deformations from
measurement noise (Yang and Holst, 2025).

To model the TLS measurement uncertainties, a fully propag-
ated variance-covariance matrix (VCM) is constructed for the
TLS polar observations, namely the range r, the horizontal
angle ¢, and the vertical angle #. This matrix is intended to
represent the combined influence of the error sources affecting
these measurements, including scanner imperfections, atmo-
spheric conditions, scanning geometry, and the physical prop-
erties of the scanned surface (Soudarissanane et al., 2011).

The diagonal elements of the VCM represent the variances
of the TLS polar measurements for each point in the point
cloud, while the off-diagonal elements describe the correlations
between these observations. Most existing studies focus mainly
on estimating the diagonal components, while the correlation
terms are typically neglected and set to zero because of the lim-
ited knowledge of their actual values (Schmitz et al., 2021).

However, in TLS, each range measurement results from a
weighted integral of the surface response over the interaction
region between the emitted laser beam and the surface — this
surface response, in the end, is also influenced by the laser scan-
ning rate; hence, it is also depends on scanning dynamics. We
refer to the area of this surface response as effective laser beam
Sfootprint in analogy to the effective number of measurements
introduced for scanning by Schmitz et al. (2020). The overlap
between neighboring effective footprints resulting from dense

data acquisition introduces spatial correlations among adjacent
points. Therefore, estimating the effective laser beam footprint
is essential for quantifying the correlation components.

To estimate the laser beam footprint, several studies have ap-
proached the problem empirically, relying on laboratory exper-
iments and direct observations of the beam—object interaction
(Schmitz et al., 2020; Chaudhry et al., 2021). In these studies,
test specimens were used to determine the footprint based on
observed mixed-pixel effects in the transition areas (Lichti et
al., 2005). In contrast, Lichti and Jamtsho (2006) applied op-
tical transfer function (OTF) theory, which characterizes how
spatial frequencies are transmitted through an optical system
and defines the imaging quality of the laser beam.

Our study introduces a workflow to estimate the effective laser
beam footprint from the spatial-domain perspective of the OTF
theory by employing the line spread function (LSF) using the
intensity values of the scanned target. This allows the investig-
ation of factors such as the incidence angle that may influence
the estimation of the effective laser beam footprint. Accord-
ingly, this study aims to address the following research ques-
tions:

e How can the effective laser beam footprint be derived from
the LSF in the spatial domain?

e Which measurement configuration is required to apply the
proposed workflow?

e What is the characteristic shape of the effective laser beam
footprint of the Z+F Imager 5S016A?

This paper is structured as follows: Section 2 reviews related
work, Section 3 presents the proposed workflow, Section 4 de-
scribes the experimental setup, Section 5 discusses the results,
and Section 6 concludes the study.
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2. Related works

In TLS, each range measurement results from an average over
the interaction of the scanner laser beam with the surface, i.e.,
over the effective laser beam footprint, obtained by weighted
integration of the reflected signal from the surface area covered
by the beam (Chaudhry et al., 2021). This averaging process
smooths fine geometric details and reduces edge sharpness.

Since the laser footprint typically ranges from millimeters to
centimeters, adjacent footprints often overlap, introducing spa-
tial correlations within the point cloud. Moreover, estimating
the effective laser beam width in a certain direction enables
quantifying how well the scanner can distinguish fine surface
details by defining the resolution capability of the system in
that direction (Barbarella et al., 2017; Pesci et al., 2011).

For simplification, some methods assume the laser footprint to
be circular (Huxhagen et al., 2011). However, (Schifer, 2017)
demonstrated that the effective laser beam footprint is ellipt-
ical rather than circular. Hence, assuming a circular footprint
implies isotropic behavior, which does not fully represent the
anisotropic characteristics introduced by the optical configura-
tion of the laser system, including asymmetric beam divergence
and astigmatic effects caused by the interaction of the beam
with mirrors and lenses. Therefore, estimating the laser beam
is essential for understanding both the geometric and stochastic
properties of TLS measurements (Schmitz et al., 2021). This
motivated many studies to investigate the laser beam footprint,
which are discussed in the following sections.

To empirically estimate the resolution capability of TLS,
Schmitz et al. (2020) introduced a methodology based on a
test specimen proposed by Bohler et al. (2003), referred to as
the Bohler star. The specimen consists of two parallel planes,
where the foreground plane has triangular recesses that increase
in size from the center toward the edge, while the background
plane is a solid surface. By analyzing the transition areas that
occur when the laser beam hits both the foreground and the
background, the transition length can be quantified as the min-
imum distance between the convex hull estimated on the fore-
ground and that on the background. By estimating the transition
distance at each of the recess edges, a single convex hull can be
used to link the transition distances across all edges. Other stud-
ies, such as Chaudhry et al. (2021); Centeno et al. (2010); Wang
et al. (2016), simplified the target geometry to form a single
edge between two planes for estimating the beam footprint.

Alternatively, to describe the scanner’s resolution capability,
(Lichti and Jamtsho, 2006) modeled the laser beam by consid-
ering the OTF. By assuming a Gaussian beam, the beam ra-
dius was defined at the 1/¢? intensity level. This study also
introduced the concept of the effective instantaneous field of
view (EIFOV), derived from the beam width and the angular
sampling interval, to quantify the scanner’s ability to resolve
small-scale surface features.

From all the mentioned studies, it can be observed that beam
estimation is generally based on physical assumptions, either
assuming that the beam follows a Gaussian distribution or that
the footprint has predefined shapes, such as circular or ellipt-
ical. Moreover, these approaches rely on range measurements
between the scanner and the target surface.

Based on this state of the art, our article introduces a method
for determining the effective laser beam footprint, mainly based

on the intensity values of the scanned target — instead of the
range measurements. Furthermore, our developed methodology
is able to identify the shape of the footprint so that non-elliptical
shapes could also be identified — if existent. Hence, our strategy
does not rely on any assumptions regarding the beam shape or
its characteristics.

3. Methodology

To estimate the effective laser beam footprint based on the OTF
theory, two approaches can be considered: in the frequency do-
main, by estimating the modulation transfer function (MTF),
or in the spatial domain, from the viewpoint of the impulse re-
sponse (Boreman, 2021). In the spatial domain, there are two
methods for estimation, namely through the point spread func-
tion (PSF) or the line spread function (LSF), which will be il-
lustrated in Section 3.1. By adopting the LSF approach, a work-
flow is introduced to estimate the beam footprint in the context
of laser scanning, as described in Section 3.2.

3.1 From point spread function to line spread function

If an infinitesimal point in space is observed by an ideal optical
system, it would appear as a single, perfectly sharp point. How-
ever, in reality, the system does not capture this point ideally.
Since the system acquires the backscattered signal from a finite
illuminated area, the point appears blurred rather than sharp,
as shown in Figure 1 (left). In the case of a TLS, this blur-
ring occurs due to the laser foot print and other several factors,
including optical aberrations, diffraction within the optics, elec-
tronic filtering, and the limited temporal response of the re-
ceiver. However, the effect of these factors is very small com-
pared to the dominant influence of the laser footprint, where
the reflected energy is distributed over a finite footprint on the
surface (Goodman, 2005; Boreman, 2021).
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Figure 1. Image of a single point in the optical system space
(left) and its corresponding PSF (right).

The size and shape of this footprint depend on the beam diver-
gence, incidence angle, surface roughness and reflectivity (Bar-
barella et al., 2017; Chaudhry et al., 2021). Therefore, the re-
corded signal represents the integrated energy reflected from
the illuminated area, referred to as the impulse response of the
system m(z, y), also known as the point spread function (PSF),
where x and y are the spatial coordinates in the optical system,
as illustrated in Figure 1 (right).

By estimating the PSF, the beam width can be determined using
two conventions: the full width at half maximum (FWHM) and
the 1/ e? beam diameter, where e denotes Euler’s number (e =
2.718). However, estimating the PSF directly is challenging, as
it requires an infinitesimal point target with high reflectivity and
strong contrast against the background. Since realizing such a
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Figure 2. Image of a straight line along y-direction in the optical
system space (left) and its corresponding LSF together with
different representations of the beam width (right).

point target is difficult in practice, a more practical alternative
is to consider the line spread function (LSF).

When a perfect line is observed by an optical system, the res-
ulting image appears as a blurred line on both sides, as shown
in Figure 2 (left). This blurring occurs because the line con-
sists of an infinite number of infinitesimal points, each having
a system response described by the PSFE. As the blurring takes
place in the direction orthogonal to the line, this response is dis-
tributed along this direction. By integrating all responses along
the line direction, the cumulative intensity variation across the
line can be obtained, representing the LSF (Williams, 1999), as
illustrated in Figure 2 (right).

If the line is oriented along the y-direction, the LSF will be
formed along the z-direction and can be expressed as

LSF(z) = /+°° PSF(z,y) dy. (1)

— o0

For a single line in the object space, there will be one corres-
ponding LSF that describes the intensity distribution across the
line. From this LSF, the beam width can be determined using
the same conventions applied for the PSF, either at FWHM level
or at the 1/¢? level of its maximum value.
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Figure 3. An edge in the object space (top), its corresponding
blurred image (bottom left), and the resulting ESF (bottom
right).

To estimate the LSF, a perfect line is required; however, in prac-
tice, this condition can only be approximated by neglecting the
line thickness and assuming a defined beam shape (Lichti and
Jamtsho, 2006). Therefore, the LSF is commonly derived from
the system’s response to an edge, described by the edge spread
function (ESF).

As shown in Figure 3, when an edge in the object space is re-
corded by an optical system, the blurring of the edge image is
due to the system’s ability to resolve the edge. The variation of
the intensity values in the direction perpendicular to the blurred
edge represents the ESF. In the case of a perfect optical system,
the ESF would produce a sharp step transition (Delakis et al.,
2009). However, due to the imperfections of the optical system,
the ESF appears as a gradual transition. By differentiating the
ESF with respect to the direction normal to the edge using

d
LSF(z) = %(ESF(x)), 2)
the LSF can be obtained (Boreman, 2021). Finally, the beam
width can be estimated from the derived LSF at FWHM or at

the 1/¢? level.
3.2 Estimation of the effective laser beam footprint

The proposed workflow for estimating the effective laser beam
footprint, adapted from the concepts of the ESF and LSF, con-
sists of five steps 1) to 5). It is illustrated in Figure 4 and ex-
plained in the following.

-
s \\

2 1

¢ 2

£ B
k-] 1 )
= 08 =
Sl= »
s | .
2|=° g =
) £06 =
) 2 12
£ 1 ] =
= E]
= =
E S 04 =
§o 4 2 0 2 4 g
5 = 0

o

= 0 02 04 06 08 1 2 0 1 2

- Intensity Position [-]

=2

For each edge

o

)

Intensity variation

uonewnsy 4S7T ()

- 0 - 0
Position [-] Position [-]

(4) Effective beam width estimation

-_—

Y [mm]
)

IS

-2 0 2 4
X [mm]

0

footprint estimation

05
Relative Intensity

(5) Complete effective beam

Figure 4. Workflow for estimating the effective beam footprint

using the ESF-LSF approach: From the target cross section (1)

to ESF estimation (2), LSF estimation (3), effective beam width
estimation (4) and the effective beam footprint (5).
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1) Target and region of interest The process begins with se-
lecting a suitable target that provides a distinct edge transition
based on the intensity values of the point cloud. In addition, the
target should contain edges oriented in different directions so
that the beam width can be estimated for each direction, thereby
defining the locus of the effective laser beam footprint.

For each edge, a region of interest (ROI) is defined perpendic-
ular to the edge. This ROI acts as a cross section within the
point cloud of the target along that edge. The data within the
ROI are represented by the relationship between the distance
of each point, measured from the first point in the ROI, and its
corresponding intensity value.

2) ESF estimation Subsequently, a step function I(x) can be
fitted through these data points. In this study, a four-parameter
logistic function is used:

c—d
1+ exp[—k(z — x0)]’

I@)=d+ 3)

with I(z) = intensity variation across the edge, x = position of
the point within the cross section, ¢ = upper asymptote corres-
ponding to the maximum intensity, d = lower asymptote corres-
ponding to the minimum intensity, xo = inflection point defining
the midpoint of the transition, k = slope parameter controlling
the sharpness of the edge transition.

As the ESF can be described as the convolution of an ideal step
edge with a Gaussian impulse response, which has no closed-
form expression, the four-parameter logistic function is there-
fore used as a practical closed-form alternative. By estimating
the four parameters c, d, xo, and k using a least-squares ap-
proach, the ESF corresponding to this edge is obtained.

3) LSF estimation By differentiating the fitted ESF in
Eq.( 3), the corresponding LSF can be derived, describing the
variation of intensity in the direction perpendicular to the edge
and enabling the estimation of the beam width:

o exp[—k(z — x0)]
ar Dk (1 + exp|—k(z — x0)])2

“4)

4) Effective beam width estimation The beam width can be
quantified either at FWHM (WgwmwMm), as in

WrwWHM = Tright (50% LSF) — et (50% LSF), &)
where

Tright (50% LSF) = x¢ — % In(3 — 2v/2),

1ot (50% LSF) = xo — % In(3 + 2v2),

or at the 1/¢? level (W1/e2), asin

W, /o2 = rigne(1/€” LSF) — ziee(1/e* LSF),  (6)

where

4—2/e? —4,/1 —1/e2
-Tright(l/eQ LSF) = xo — ]iln< /e m) 7

2/e?

4—-2/e24+4./1 —1/e?
xleft(l/ezLSF)—X0—11n< /e + \/7/6>’

k 2/e?

in which xjef, = position on the left side of the LSF curve at the
specified level and @ignt = position on the right side of the LSF
curve at the specified level. Therefore, this approach enables
an intensity based estimation of the effective beam width in the
direction perpendicular to the edge.

5) Complete effective beam footprint estimation The es-
timated one-dimensional effective laser beam width covers the
direction perpendicular to the transition area only. Thus, the
effective beam width can be estimated for various edges in dif-
ferent orientations. Consequently, the effective beam width val-
ues obtained from all edges are fitted to a geometric form that
represents the underlying footprint best. The complexity of this
geometric form can principally be adapted to the variability of
the estimated beam widths.

In case of our present investigations, the footprint can be ap-
proximated quite well by an ellipse. From this ellipse, the
semi-major and semi-minor axes (a, b) as well as the orientation
angle (3 can be estimated, allowing the effective beam footprint
to be characterized.

4. Experiment

In order to implement the workflow described in Section 3.2,
this section presents the experimental setup, including the tar-
get design, scanner configuration, and measurement arrange-
ment. The study investigates the Z+F Imager S016A (Zoller +
Frohlich GmbH, 2025) as it provides raw intensity values which
are used to estimate the effective laser beam width.

A

Figure 5. Test specimen used for estimating the effective beam
width, with the BOTAS target positioned at the center and four
additional targets for registration. The realized target coordinate
reference system is illustrated in red.

As it is essential to use a target that provides distinct intensity
transition edges, the BOTAS target represents a suitable choice
for this experiment. The target, originally proposed by Janfen
et al. (2019), has dimensions of 30 x 30 cm and features an
eight-fold pattern composed of four white and four black areas,

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLIX-B1-2026-121-2026 | © Author(s) 2026. CC BY 4.0 License. 124



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLIX-B1-2026
XXV ISPRS Congress 2026 “From Imagery to Understanding”, Commission I, 4—11 July 2026, Toronto, Canada

forming eight high-contrast transition edges. For this setup, the
BOTAS target was mounted at the center of the Bohler-star tar-
get (Bohler et al., 2003; Schmitz et al., 2020), which served as
a stable holder, as illustrated in Figure 5. In addition, four aux-
iliary targets were positioned at the outer edges and used for the
later registration of the scans.

Before scanning the target, a reference coordinate system was
established. This system was defined with the center of
the BOTAS target as the origin and was constructed using a
Leica Nova TS60 (Leica Geosystems AG, 2025) total station.
The Y-axis (Y) runs laterally along the target plane, the Z-axis
(Zr) runs vertically upward, and the X-axis (X) is oriented
normal to the target surface, forming a right-handed coordinate
system (Figure 5). After defining the reference frame, the cen-
ters of the four auxiliary targets were measured within the same
system. To ensure that the horizontal planes of both the target
and the scanner were aligned, the vertical offset between the
total station and the scanner was determined. These configura-
tions ensure that the target lies in the Yr-Zr plane (Figure 5)
and they ensure zero incidence angle at the target center area.

Afterwards, the scanner was positioned at two distances, 10 m
and 20 m, from the target. To minimize potential measure-
ment drifts caused by thermal fluctuations within the instru-
ment, the scanner was allowed to warm up prior to data acquis-
ition (JanBen et al., 2020). At each distance, two scanning con-
figurations were applied, with scanning rates of 546.495 kHz
and 1092.99 kHz, corresponding to mirror speeds of 13 rps and
27 rps, respectively. Both configurations provided a point spa-
cing of 1.6 mm at 10 m (Zoller + Frohlich GmbH, 2025), al-
lowing the evaluation of the effect of varying the scanning rate
and mirror rotation speed. To assess the robustness of the pro-
posed workflow, 50 scans were acquired for each distance and
scanning configuration.

Using the centroid estimation algorithm proposed by Janfen et
al. (2019), all scans were geo-referenced based on the estim-
ated target centers and the known target coordinates within the
target coordinate system. The registration was performed in the
Z+F LaserControl software (Zoller + Frohlich GmbH, 2021)
provided by the manufacturer. Consequently, in all scans, the
target center corresponds to the origin of the coordinate system,
and the axis orientation remains identical to that of the target
reference frame. This enables direct comparison between dif-
ferent distances and scanning configurations.

For the analysis of the transition areas, the ROIs were construc-
ted at each edge of the eight-fold pattern of the BOTAS target,
all eight ROIs were placed 5 cm from the target center (Fig-
ure 6). The length of each ROI was defined according to its
distance from the center; in this configuration, each ROI had a
length of 5 cm and a thickness of 5 mm. All ROIs were oriented
perpendicular to their respective edges to capture the intensity
variation across the transition areas. After segmenting the point
cloud within each ROI, the data points were projected along the
corresponding ROI direction to ensure that all estimations were
consistently performed along that axis.

5. Results and discussion

By applying the workflow presented in Section 3 to the exper-
imental data described in Section 4, this section presents and
discusses the obtained results. The analysis begins with the
estimation of the ESF and LSF for each edge. Subsequently,
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BOTAS target point cloud Target center ® ROI center

-0.15 -0.1 -0.05 0 0.05 0.1
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Figure 6. The BOTAS target point cloud scanned at 10 m with a
scanning rate of 546.495 kHz, showing the eight ROIs defined at
an offset of 5 cm from the target center and oriented
perpendicular to the eight-fold pattern edges.

the effective beam widths are determined at both the FWHM
and 1/e? levels for all ROIs. Finally, the fitted beam footprints
corresponding to the different scanning configurations and dis-
tances are analyzed to characterize the beam’s shape and orient-
ation.

Estimation of ESF From the segmented and projected data-
sets at each ROI, the distances between the points were com-
puted relative to the first point in the ROI, and their correspond-
ing intensity values were used to derive the ESFs, as illustrated
in Figure 7. To fit the ESFs, the parameters c, d, xg, and k of the
four-parameter logistic function (Eq. 3) were estimated using a
least-squares adjustment for each ROI. To investigate whether
the laser beam exhibits a Gaussian-like behavior, an additional
Gaussian function was also fitted to the same datasets for com-
parison.

By examining Figure 7, it can be observed that both the four-
parameter logistic function and the Gaussian function are al-
most identical, indicating that the laser beam of the Z+F Im-
ager 5016A exhibits a Gaussian behavior. However, small sys-
tematic fluctuations can also be observed, mainly caused by the
surface texture and the non-homogeneous painting of the target,
which are particularly evident in the seventh ROI.

Estimation of LSF By differentiating the fitted ESFs using
the four-parameter logistic function, and due to the rising and
falling of the intensity values at the target edges, the original
LSFs can be estimated. To ensure consistent visualization as
well as consistent beam width estimation, the absolute values
of these derivatives were used, which produced the symmetric
bell-shaped curves for the eight ROIs (Figure 8).

Estimation of effective laser beam width It is noticeable
that the peak widths vary among the ROIs, particularly at the
second, third, sixth, and seventh ROIs, while the remaining
ones appear narrower and sharper. This behavior reflects the
combined influence of beam spreading, the local surface re-
sponse at each edge, and the anisotropic nature of the beam.
Accordingly, the effective beam width is derived from the LSF
of each ROI at both the FWHM and the 1/¢? levels.

Estimation of complete effective laser beam footprint
Based on the estimated values of the effective beam widths, the
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locus of the effective laser beam footprint can be determined by
fitting an ellipse through the estimated effective beam widths at
the eight ROIs. Figures 9 and 10 show the effective laser beam
footprints for the two scanning rates used to scan the target, as
described in Section 4, at distances of 10 m and 20 m. The foot-
prints were obtained after averaging the effective beam widths
at the FWHM level for each ROI from 50 scans, together with
the corresponding standard deviation (STD) of the beam width
estimation at each edge.

Table 1. Fitted beam parameters (a, b, and ) of the
Z+F Imager 5016A for both 546.495 kHz and 1092.99 kHz at
10 m and 20 m distances.

Distance Parameter Scanning rate [kHz]
546.495 1092.99
a [mm] 5.16 5.08
10 m b [mm] 3.83 3.67
B [deg] 10.6 6.7
a [mm] 8.97 9.44
20 m b [mm] 7.00 6.51
B [deg] 1.4 2.6

The footprints at each distance are rotated by 90°, since the
estimation of the effective beam width is performed along the
direction perpendicular to the ROIs. By comparing the beam
footprints at the two distances, it is evident that the footprint
size increases with increasing distance for both scanning rates,
which is attributed to beam divergence. Moreover, the beam
footprint orientation angle 3 also changes with distance, as in
Table 1.

10F
5 L
)
E 0
N
5t
-10 1
-10 -5 0 5 10
Y [mm]
—10 m ellipse — 10 m a-axis - 10 m b-axis
— 20 m ellipse —20 m a-axis 20 m b-axis

Figure 9. Estimated effective laser beam footprint at 10 m and
20 m for the 546.495 kHz scan rate, derived from the mean
FWHM effective beam widths. Blue and green circles show the
standard deviations at each edge, while the fitted ellipse
indicates the semi-axes (a, b).

Discussion When comparing the laser footprints at the two
scanning rates, they appear almost identical at 10 m. However,
at 20 m, the beam width corresponding to the 1092.99 kHz con-
figuration is slightly larger than that of 546.495 kHz. This dif-
ference can be explained by the higher mirror rotation speed at
1092.99 kHz, which increases the temporal angular resolution
and reduces the integration time per sampled point. The shorter
integration time affects the distribution of the received signal,
leading to a slightly broader effective footprint.

10
5 b
)
£ 0
N
5t
-10 L,
-10 -5 0 5 10
Y [mm)]
—10 m ellipse — 10 m a-axis - 10 m b-axis
— 20 m ellipse —20 m a-axis 20 m b-axis

Figure 10. Estimated effective laser beam footprint at 10 m and
20 m for the 1092.99 kHz scan rate, derived from the mean
FWHM effective beam widths. Blue and green circles show the
standard deviations at each edge, while the fitted ellipse
indicates the semi-axes (a, b).

By examining the STD values, a clear dependency on distance
can be observed. At 10 m, the smaller laser footprint makes the
intensity transitions within each ROI more sensitive to local sur-
face properties, as well as to variations in the incidence angle.
In contrast, at 20 m, the footprint covers a larger illuminated
area, which smooths out local surface irregularities and reduces
these effects, resulting in smaller STD values compared to those
observed at 10 m.

6. Conclusion

This article introduces an intensity-based workflow for estimat-
ing the effective laser beam footprint by deriving the line spread
function (LSF) from the edge spread function (ESF). The pro-
posed method does not require a predefined beam model, allow-
ing the footprint to be determined directly from the measured
intensity values. The workflow was experimentally applied by
scanning the BOTAS8 target using the Z+F Imager 5016A at
distances of 10 m and 20 m with two different scanning rates
(546.495 kHz and 1092.99 kHz).

The estimated beam footprints derived from the experimental
datasets show that the laser beam of the Z+F Imager 5016A
exhibits a Gaussian-like behavior with an elliptical footprint at
both distances. It is worth mentioning that our workflow would
have been sensitive to identify footprint shapes differing from
an ellipse.

As usual, the footprint size increases with increasing distance.
By changing the scanning rate, the beam footprint remains
nearly unchanged; however, at shorter distances, it becomes
more sensitive to local surface irregularities and variations in
the incidence angle. In contrast, at larger distances, the higher
mirror rotation speed increases the temporal angular resolution
and reduces the integration time per sampled point, leading to a
broader LSF and consequently a slightly larger effective beam
footprint.

Future work will focus on investigating the effect of changing
the distance and target orientation on the beam footprint width
and its orientation. Moreover, the workflow will be extended
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to estimate the resolution capability not only in the horizontal
and vertical directions but also to investigate the effect of an-
isotropic behavior on the resolution capability. Additionally,
this methodology will be applied to laser scanners that provide
scaled intensity values.
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