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1. Introduction

In this report we present a theoretical model for depth sounding lidar (light detection
and ranging). The purpose of the model is to predict the lidar pulse response from
airborne and mast-mounted lidar sensors. The specific work presented is this report
concerns the model capacity to simulate modern multipixel lidar receivers with
several detectors. The work is an extension of our earlier modeling efforts.' The
abtlity to simulate multipixel systems is important for many purposes such as
performance estimation for target detection, target signature and wake signature
studies, estimation of surface wave signals and development of signal processing for
water volume turbidity estimation or sea bottom classification. We exemplify the
results with two different configurations of a lidar receiver with four pixels. However,
simulations can be performed with an arbitrary number of pixels in the receiver with
the available simulation time as the only limitation. Simulations of active (for
example gated viewing) and passive (video) imaging systems are possible but for
more than 100-1000 pixels, the computation burden becomes too high. The simulation
time for one pixel is from | s to 1 min depending on the required accuracy and water
depth.

A depth sounding lidar can be used for depth measurements and target detection. The
airborne lidar has proven to be a valuable sensor for depth sounding with its
possibilities for rapid and accurate sounding of shallow areas. An illustration of the
measurement principle is shown in Fig. 1 and an example of target detection in Fig. 2.
An example of a reflected and received pulse response waveform of a transmitted
laser pulse 1s shown in Fig. 1 (b). The received signal in the lidar system is time-
resolved and the bottom depth is calculated from the time interval between the sea
surface and the bottom reflections. The backscatter from the water volume shows an
approximately exponential decay with increasing depth z within the waveform. The
measurement principle for a mast-mounted lidar is similar to an airborne lidar. A
mast-mounted lidar can be used for detection and obstacle warning on a ship or for
detection of shallow underwater targets mounted on a fixed mast, for example in a
harbor or on a bridge, see Fig. 3 and Fig. 4.
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Fig. 1. Illustration of an airborne depth sounding lidar (a) and an example of a received

waveform (b).
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Fig. 2. Experimental example of airborne detection of a spherical mine dummy at 9 m depth,

with the Hawk Eye I system. Target echoes from the mine can be seen in the middle of the
waveform plot (a). The mine dummy used in the experiment’ is shown in figure (b) and has a

diameter of 1 m.
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Fig. 3. Schematic illustration of a mast mounted lidar system for detection of shallow underwater
targets. Various incidence angles and air ranges are exemplified for different mast heights above
the sea surface.
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Fig. 4. Example of an echo from a 1 m* target 1 m below the sea surface. The data is from an
experiment with a mast-lidar with incidence angle a = 5.4° to the sea surface (cf. Fig. 3).

2. Multipixel lidar model

We will use the multipixel lidar model for description of an airborne system. A
schematic illustration of the lidar measurement system and its typical parameter
values are given in Fig. 5 and in Table 1 respectively. The significant system
parameters are the laser output pulse energy Eo, the FWHM laser pulse length #y, laser
beam divergence, flight altitude H, transmitter optical efficiency nry, and incident
beam off-nadir angle 6y. The receiver parameters are the one-dimensional field of
view (FOV), optical efficiency nrx and the receiver aperture area Ax. For a flat water
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Fig. 5. Schematic illustration of the depth sounding lidar system and the (x, y, 7)-coordinate
system. The coordinate system has its origin in the hit on the mean water surface level by the
optical axis of the collocated, collinear transmitter and receiver. The laser inclination angle 6, is
in the x-Z plane.

Table 1. Parameters and typical values for airborne depth sounding lidar.

Laser system Value Unit
Pulse energy (A = 532 nm) (£p) 5 mJ
Beam off-nadir angle (6o) 20 °
Flight altitude (H) 200 m

Laser beam divergence, Gaussian 10-15 mrad
beam full width with irradiance
decreased to e'?

Pulse length (FWHM) (#) 5 ns
Optical efficiency (0, ) 0.9

Receiver system

Aperture area (A4r) 0.025 m’
Field of view, full angle (FOV) 10-50 mrad
Optical efficiency (1, ) 0.9
Atmosphere

Two-way atmospheric loss (7. atmz) 0.9
Target or bottom
Target or bottom reflectivity (p) 0.1




surface, the off-nadir angle in water is 6 , = arcsin{sin(0,)/n,}, where n,, = co/cy,

and ¢y and ¢, are the velocities of light in air and water, respectively. The laser beam
footprint diameter on the sea surface is typically about 1-2 m and the receiver field-
of-view larger than 2 m. A scanner sweeps the beam and FOV in a semi-arc pattern
with a nearly constant off-nadir angle 8. For an airborne sensor, a nearly constant
nadir angle gives the advantage of a nearly constant slant range and a uniform spot
density. The nadir angle and slant range are used for depth bias and wave height
corrections to obtain accurate depth estimation.

2.1 Modeling method

The simulation model consists of components for calculation of laser pulse transfer
through the sea surface, pulse propagation within the water and reflection on the sea
bottom or targets. The pulse transfer through the sea surface is calculated using a
triangular grid, Fig. 6 (b), which resolves the large-scale surface waves. The incident
power from the laser beam and the receiver response in its field-of-view are divided
into local rays on each surface triangle. These local rays are reflected from or
transferred through the surface triangles using a model for small-scale waves or
ripples (capillary waves). The capillary wave model is generated as precalculated
look-up tables, called for in each transfer through a surface triangle. The surface wave
pattern has several impacts on the lidar signal; especially the sea surface echo strength
depends on the specific large and small scale wave pattern for each lidar shot. The in-
water beam propagation and reflection on the sea bottom or targets are calculated with
beam tracing and analytical beam propagation functions. A detailed description of
each model component is given in Ref. 1. In the following we will briefly describe
how the pulse response is calculated.

The received backscatter from the water column is calculated as a weighted sum of
individual impulse responses for each pair of transmitter and receiver rays on the
surface triangles. The weighting factor for an individual impulse response is given by
the product of the transmitted power through the entrance triangle and the receiver
response factor of the exit triangle. Thus, each sea surface triangle (Fig. 6 (b)) is used
in the context of both a transmitter and a receiver. For calculation of the target or
bottom echo a similar triangular grid as the water surface is used. The geometry and
significant parameters for the backscatter calculation from one transmitter-receiver
triangle-pair is shown in Fig. 7. The impulse response for one triangle-pair is affected
by:

Triangle separation.

Initial beam width (corresponding to the triangle grid size).

Initial beam divergence (corresponding to the scattering in the water surface).
Propagated beam width from beam spreading due to scattering within the
water.

¢ Angle between optical axes of the rays through the two surface triangles.

The analytical functions used for the impulse response calculation for one triangle-
pair is described in Ref. 3. By summing the individual impulse responses, the
important characteristics of the backscatter can be calculated with respect to water
parameters and different parameter settings in the lidar system such as the off-nadir
angle, the beam width and the receiver field-of-view. All of these parameters
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influence the backscatter and target returns both in total backscattered energy and the
temporal distribution of the received radiation. The propagated beam width due to
scattering in water is calculated with analytical beam spread function developed by
McLean et al.* Examples of water optical parameters of importance for the received
backscatter are:

e The absorption coefficient (absorbed energy per unit distance of propagation).
The approximately exponential decay of the volume backscatter in Fig. 1 (b) is
explained by the absorption of backscattered energy from each depth z.

e The scattering coefficient (scattered energy per unit distance of propagation,
affecting the beam broadening). The beam broadening affects the intersection
between the transmitter and the receiver beams (Fig. 7) and also causes a
temporal stretching of the transmitted and reflected laser pulse.

e The backscattering coefficient (backscattered energy per unit distance of
propagation). The amount of backscattered energy from each depth z is
proportional to the backscattering coefficient at depth z.

2.2 Horizontally stratified water volume

For calculation of the received pulse response (backscatter) from a horizontally
stratified water column we have modified the calculations for the propagated beam
width to account e.g. for the increased beam width when the beam passes through a
layer with increased scattering coefficient. The calculations are made in the small
angle approximation,4 meaning that mean scattering angles are close to zero and that
errors in the solution can occur if that is not the case.

We have also considered the increased slant depth that is due to the oblique incidence
of the transferred rays. The oblique incidence (see example in Fig. 6 (b)) of a
transferred optical axis is of importance for appropriate calculation of the temporal
distribution of the backscattered energy from a certain depth. If the correct
geometrical distances are not calculated, a scattering layer in the water volume may
be shown too clearly in the simulated waveform and consequently the possibility to
detect the layer in the lidar signal will be overestimated. An additional modification
made in the simulation model concerns the depth-averaging of the absorption
coefficient. With this modification the backscattered radiation from depth z is subject
to an absorption calculated from the actual distance traveled upwards in each layer
from depth z.

11
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Fig. 6. Illustration of the depth sounding lidar system (a). The laser beam (solid) and the receiver
(dashed) footprints are illustrated as ellipses on the sea surface (b). Our model calculation of
laser beam transfer through the sea surface is achieved by implementation of the sea surface
shape as a triangular grid pattern. The dashed lines exemplify individual optical axes transferred
through two of the surface triangles.
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3. Sample results of the multipixel lidar model

By separation of the lidar receiver FOV (see Fig. 5) into pixel channels and collection
of the temporal impulse responses from each channel the lidar signal can be studied
for different pixel geometries. We will exemplify the simulation results with the
normal single pixel FOV, a 2-by-2 pixel FOV, and a 1-by-4 pixel FOV, see Fig. 8 (a)-
(c). The colors of the pixels in Fig. 8 are used to make the waveform plots easy to
understand in the following figures. Note in Fig. 5 and Fig. 8 that the lidar inclination
angle 6y 1s in the x-z plane and that the lidar is directed forward in the x-axis direction.

In Fig. 9 we compare the simulated lidar response from a 2-by-2 and a single pixel
receiver. The system and environmental parameters used are given in Table 1 and
Table 2. In Fig. 9 (a) we observe that both the surface echo and the bottom echo arrive
earlier, or “shallower”, in the pixels that are geometrically closer to the receiver (blue
and black pixels in Fig. 8) than the corresponding echoes from the red and green
pixels. We can also see that each of the pixels has approximately 1/4 of the power
compared to the power in the single pixel receiver, which is reasonable because the
single pixel signal can be regarded as the sum of all four signals in the 2-by-2 pixel
receiver. The sum of all four signals will be exactly the same as the signal in the
single pixel receiver if the sea surface wave shape, where the beam hits the surface, is
the same and if there is no receiver noise present. An advantage with the 2-by-2
receiver 1s that a temporal smearing effect of short pulses (surface and bottom echoes)
can be avoided. In the following subsections we will consider the influence from
surface waves, target detection, pixel geometries, and horizontally stratified water.

Table 2. Environmental parameters for simulation

Parameter

Water

Water attenuation coefficient ¢ (m') 0.3
Scattering coefficient b (m™) 0.15

Backscattering coefficient b, (m™) 0.006
Sea surface
Wind-driven sea surface waves, wind  3-6

speed (m/s)

(b)

Fig. 8. Examples of FOV pixel geometries as orthogonal projections to the optical axis of the
receiver.
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Fig. 9. Examples of model waveforms from flat bottom at 8 m depth, with 2x2 pixel (a) and single
pixel receiver (b). Wind speed 3 m/s, beam divergence 10 mrad, and FOV=30 mrad. The
individual pixel positions for the waveforms in (a) are shown in Fig. 8.

3.1 Sea surface waves

In Fig. 10 we show three simulated lidar shots with a 2-by-2 pixel system with the
shots distributed on different positions on the sea surface slopes according to Fig. 10
(a). Details of the sea surface echo for Shots 1-3 are shown in figures (b)—(d). In Shot
1 the sea surface is sloping slightly towards the receiver and hence the surface echoes
are significantly stronger (by a factor of 4-5) than the surface echoes in Shots 2-3.
We can identify the possibility to estimate the local sea surface slope angle. Note e.g.
that
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Fig. 10. Simulated lidar shot positions on a sea surface (a) and examples of simulated surface
echoes with a 2x2 pixel receiver (b)-(d). Wind speed 6 m/s, beam divergence 10 mrad, and
receiver FOV=15 mrad. The individual shot and pixel positions for the waveforms (red, green,
blue, black) are shown in figure (a). The incidence angle 6, = 20° for all shots.
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the four echoes in Shot 1 are more tightly grouped together, indicating a slope angle
towards the receiver, than the echoes in Shot 3 where the surface normal points away
from the receiver in the forward direction and thus separates the surface echoes red
and green from the blue and black echoes. Note also e.g. in Shot 1 that the side
sloping direction is indicated by the earlier arrival of the red-pixel echo compared to
the green-pixel echo. In Shot 2, where the surface is approximately horizontal, the
distance between the blue and black echoes and the red and green echoes is shorter
than in Shot 3 and longer than in Shot 1.

The sea surface influences the lidar sea surface echo, but also the water volume
backscatter and bottom signals are affected. In Fig. 11 we show the same three
simulated lidar shots as in Fig. 10 and a detailed zoom of the bottom echo for Shots 1-
3 from the red-pixel. For Shots 1 and 2 the water surface is sloping nearly towards the
receiver, while for Shot 3 the surface is sloping away from the receiver in the forward
direction. The simulation results in Fig. 11 (b) demonstrate that the bottom echo in
Shot 3 is slightly stronger and shallower by about 0.1 m compared to the previous
shots. A simple explanation to the higher intensity and the shallow bias is that the
beam path in water is shorter for Shot 3, due to the refraction into a beam path close
to the vertical, see Fig. 12. In practice the influence is more complex and involves
scattering effects from ripples on the sea surface and within the water volume, which
both are included in the simulation model.
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Fig. 11. Simulated lidar shot positions on a sea surface (a) and examples of simulated bottom
echoes from pixel 0 (red pixel) with a 2x2 pixel receiver (b). Bottom depth is Sm, wind speed 6
m/s, beam divergence 10 mrad, and receiver FOV=15 mrad. The individual shot and pixel
positions for the waveforms are shown in figure (a). The incidence angle 0, = 20° for all shots.
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Fig. 12. Illustration of the sea surface slope influence on the beam path. In Shot A the in-water
beam path between the sea surface and the bottom is longer than in Shot B.

3.2 Target detection and different pixel geometry

Different pixel geometries will affect the signals from targets. In Fig. 13 and Fig. 14
we compare the echo from a 1.5 m x 1.5 m target using two pixel geometries; a 2-by-
2 pixel FOV, and a 1-by-4 pixel FOV, see Fig. 8 (b)-(c). Both the laser shot center
position and the target center position are in x =y = 0. For both pixel geometries we
see that the pixels closer to the receiver (blue and black), contain the largest parts of
the power reflected from the target. To the left in Fig. 14, at depths smaller than 8 m,
we notice that the pixels 0 (red) and 3 (black) contain much lower water volume
backscatter because these pixels are on the outer parts of the transmitted beam on the
sea surface, see e.g. Fig. 5. Due to the smaller FOV-areas of pixel 0 (red) and 3
(black) the signal level is therefore lower for these pixels than for the green and blue
pixels. One interesting result from Fig. 14 is that the target echo in the black pixel is
almost as strong as the target echo in the blue pixel, despite the smaller FOV-area and
the reduced volume backscatter in the black pixel. This result can be used for
improvement of target detection when the detection is limited by the volume
backscatter signal, which often is the case for small targets. It should be noted that the
pixel signals also depend on the relative position of the target and the laser beam.
Studies of such influence must be examined with many simulation runs and is outside
the scope of this report.

18



Shot position

- Target 1.5m*1.5m

x10°°
3 T T T T T T T T T
25} i
2
5 °f ¥
=
o
Q.
w
S 15} §
o
o
©
(0]
=
8 1t -
(0]
(am
0.5} .
O 1 1 1 1 1 1 1 1 1
65 7 75 8 85 9 95 10 105 11 115

Depth, z (m)
(b)

Fig. 13. Simulated lidar shot pixel positions (a) and examples of simulated target echoes with a
2x2 pixel receiver (b). The target depth is 8 m, wind speed 3 m/s, beam divergence 10 mrad, and
receiver FOV=35 mrad. The individual pixel positions for the waveforms are shown in figure (a).
The incidence angle 0, = 20°.
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Fig. 14. Simulated lidar shot pixel positions (a) and examples of simulated target echoes with a
1x4 pixel receiver (b). The target depth is 8 m, wind speed 3 m/s, beam divergence 10 mrad, and
receiver FOV=35 mrad. The individual pixel positions for the waveforms are shown in figure (a).
The incidence angle 0, = 20°.
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3.3 Stratified water type

In Fig. 15 we examine the simulated lidar response from a horizontally stratified
water type with a 2-by-2 and a single pixel receiver. In Fig. 15 (a) we observe that
both the surface echo and the indication of stratification (at 3 m depth) arrives earlier,
or “shallower”, in the pixels that are geometrically closer to the receiver than the
corresponding echoes from the red and green pixels. By comparing the result in detail
in Fig. 16 we realize that the 2-by-2 pixel receiver has a better possibility to resolve
scattering layers better than the single pixel receiver. The advantage with the 2-by-2
receiver is that a temporal smearing effect of rapid changes in the waveform can be
avoided.

4. Conclusion

We have presented a model for simulation of multipixel lidar systems. The ability to
simulate multipixel systems is important for performance estimation for target
detection, target signature studies, estimation of surface wave signals and
development of signal processing for water volume turbidity estimation or sea bottom
classification. We have exemplified the results with two different receiver pixel
geometries with four pixels. However, simulations can be performed with an arbitrary
number of pixels and shapes of the field-of-view.

From sample simulations we have identified several system effects and signal
processing methods of significance for different applications. In a multipixel system
there is a possibility to estimate the local sea surface slope angle not only by the wave
height data from shot to shot but also by the local slope angle within one laser shot.
This information can e.g. be used for improvement of the depth sounding accuracy of
the system.” The simulation results also show that a sea surface correction factor
could be applied to improve the estimation of the sea bottom properties from the
bottom echo. Another result is that the use of specific pixel information for certain
pixel geometries can improve the performance for target detection when the detection
is limited by the volume backscatter signal. Generally, the use of multipixel systems
will improve both the horizontal and the depth resolution, which is valuable for most
applications. One disadvantage with a multipixel system is the lower signal level in
each pixel channel, but this disadvantage only has an impact when the signals are
noise limited.

The pixel effects on depth biases and echo strength will be affected by different water
turbidities. A systematic use of simulation results from the model for development of
detection and signal processing methods will require many simulation runs with
different water types, depths, bottom and target properties.
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Fig. 15. Examples of model waveforms from horizontally stratified water with 2x2 pixel (a), and
single pixel receiver (b). Wind speed 3 m/s, beam divergence 10 mrad, and FOV=35 mrad. The
individual pixel positions for the waveforms in (a) are shown in Fig. 8. The water attenuation
coefficient is ¢ = 0.9 m” for 0-3 m depth and ¢ = 0.5 m™ for depths larger than 3 m.
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Fig. 16. Examples of model waveforms from horizontally stratified water with 2x2 pixel (a), and
single pixel receiver (b). Zoom of waveforms from Fig. 15. The arrows show the start and stop of
the change in the waveforms which are caused by a sudden change in the attenuation coefficient
at 3 m depth. The water attenuation coefficient is ¢ = 0.9 m” for 0-3 m depth and ¢ = 0.5 m™' for
depths larger than 3 m.
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