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Abstract-The demand for reliable obstacle avoidance
capabilities to ensure safe operation of manned and unmanned
aircraft platforms in proximity of the terrain has led to the
development of a number of obstacle detection and warning
systems. Among the different technologies proposed for the
application, the Light Detection and Ranging (LIDAR)
technology employing eye-safe laser sources, advanced
electro-optics and mechanical beam-steering components has
proven to deliver the highest angular resolution and accuracy
performances in a wide range of incidence angles and weather
conditions. LIDAR obstacle avoidance systems have become a
mature and successful solution for rotorcraft platforms, and
current research activities are addressing its extension to other
platforms, both civil and military. Small-to-medium size
Remotely Piloted Aircraft Systems (RPAS) also employ
LOAM sensor, especially for operations in proximity of the
ground, further aggravated by the very limited see-and-avoid
capabilities of the pilot. In this paper we describe the design
and test activities performed to develop and certify the Laser
Obstacle Avoidance “Marconi” (LOAM) system. After a brief
description of the system architecture as well as of the data
processing algorithms, emphasis is given to avoidance
trajectory generation and performance estimation models. The
evaluation of the avoidance trajectory generation algorithm in
realistic scenario is also described. An overview of ground and
flight test activities performed on various platforms and their
results is also presented. The paper also overviews the future
LOAM developments and integration activities with a focus on
non-cooperative RPAS Detect-and-Avoid (DAA) applications.

Keywords-Laser Sensor, Obstacle avoidance, Sense-and-
Avoid, RPAS

|. INTRODUCTION

A number of manned and unmanned aircraft missions
involve low-level flight activities beyond the relatively safe
aerodrome perimeter. Low level and terrain-following
operations are challenged by a variety of natural and man-made
obstacles, and the significant number of obstacle strike
accidents recorded is a major concern both for aircraft
operators and for people on the ground. Reduced atmospheric
visibility due to adverse weather is frequently a contributing
factor in such accidents, but the very difficult identification of
small size obstacles such as wires has led to analogous

accidents even in clear sky conditions. While the development
of an integrated and certified Detect-and-Avoid (DAA)
solution is an essential milestone for the non-segregated
operation of Remotely Piloted Aircraft Systems (RPAS),
significant development activities are specifically addressing
the integration of obstacle detection and avoidance systems
based on the technology introduced for rotorcraft [1-7]. Table 1
compares various candidate sensor technologies for Obstacle
Warning System (OWS) applications in low dynamics
platforms such as most rotorcraft and small RPAS.
Unfortunately, state-of-the-art radar is not capable of detecting
small natural and man-made obstacles such as trees, power line
cables and poles. The outstanding angular resolution and
accuracy characteristics of Light Detection and Ranging
(LIDAR), coupled to its good detection performance in a wide
range of incidence angles and weather conditions provide an
ideal solution for obstacle detection and avoidance. The first
experiments towards the development of a laser OWS back in
1965 employed a Nd:YAG laser [8]. Semiconductor lasers,
including GaAs and GaAlAs, operating in the spectral region
of 0.84 to 0.9 um have been experimentally evaluated since
1966 [9]. The experience gained at those stages highlighted
many aspects that are now acknowledged in state-of-the-art
designs. Due to eye-safety and adverse weather (fog)
propagation concerns, further development with Nd:YAG and
various semiconductor lasers has been substantially reduced, in
favour of CO, lasers [10, 11]. One of the first heterodyne
detection CO, systems was the LOWTAS, developed by
UTRC. More recent developments include CLARA, the
Anglo-French compact LIDAR demonstrator program [12],
HIWA, a German system built and tested by Eltro and Dornier
[13], and OASYS, developed in the U.S. by Northrop [14].
More recent research efforts have concentrated on 1.54 pum
(frequency-shifted Nd:YAG and Er:glass) solid state lasers. In
the early 2000’s, an eye-safe 1.54 um system, called LOAM
(Laser Obstacle Avoidance ‘“Marconi”) was developed and
tested by SELEX-ES in collaboration with the Italian Air Force
Flight Test Centre [15]. The LOAM is a low-weight/volume
navigation aid system for rotary-wing/RPAS platform
specifically designed to detect potentially dangerous obstacle
placed in or nearby the flight trajectory and to warn the crew in
suitable time to implement effective avoiding manoeuvres.
Figure 1 depicts the LOAM in a low-level integration layout,
including ad-hoc control panel and display unit combination



(i.e., no interface with other visual/FLIR sensors).The LOAM
prototype was tested in 2002 both on the ground and in flight,
demonstrating positive results in terms of obstacle
classification and detection range [15]. The system was
subsequently integrated on various rotorcraft in service with
the Italian Air Force and other NATO defence forces. More

recent research activities are addressing the scalability of
LOAM for small size RPAS, with a special focus on the
potential contributions that this LIDAR technology can provide
to the development of a cost-effective integrated sensor system
for non-cooperative DAA.

TABLE I. CANDIDATE OBSTACLE DETECTION TECHNOLOGIES FOR LOW-DYNAMICS PLATFORMS.
MILLIMETRIC
REQUIREMENT MAGNETIC THERMAL WAVE RADAR LIDAR
. . Only energized . . All wires preferably perpendicular .
Wire detection wires Only energized wires to flight trajectory All wires
Detection range Short Short As required As required
Coverage Area Small As required As required As required
Resolution and accuracy o
T - Good for position and type, . .
(obstacle type, position and Insufficient no ranging capabilities Medium Very high
distance)
All-weather perfo_rmance in low- Good Poor Very Good Good*
level flight
False alarm rate High Low Very low Very low
Base technology status Mature Mature State-of-art State-of-art

* Laser energy is significantly attenuated by rain and blocked by clouds and fog.
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Figure 1. LOAM low-level integration on an AB-212 rotorcraft [16].

Il. OPERATIONAL REQUIREMENTS

The operational requirements for a reliable and effective
OWS are the following:

e Capability to detect all types of hazardous obstacles,
including topographic features, vegetation, buildings,
poles/masts, towers, cables and transmission lines;

e High minimum detection range, adequate for the platform
airspeed performances;

e Wide Field of View (FOV), adequate for the manoeuvring
envelope limits of the platform;

e High range and bearing resolutions and accuracies and
good probability of detection, since no real obstacle threat
shall remain undetected,;

e Operability in all-weather conditions, night-time and
darkness;

o Very Low False Alarm Rate, to prevent spurious warnings
that would increase the crew’s workload and prompt
unnecessary avoidance manoeuvres, potentially disruptive
to the mission safety;

o Satisfactory technological maturity levels.
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IIl.  SYSTEM DESCRIPTION

The LOAM was designed to detect obstacles placed in or
nearby the aircraft trajectory, classify/prioritise the detected
obstacles, and provide obstacle visual and aural warnings and
information to the crew. The LIDAR beam scans periodically
the area around the host platform’s longitudinal axis within a
FOV of 40° in azimuth and 30° in elevation. As shown in
Figure 2, in order to enhance the coverage during turning
manoeuvres at high yawing rates, the flight crew may select the
azimuth orientation of the LOAM FOV can be tilted by 20°
left/right with respect to the axis.

Figure 2. LOAM FOV, including lateral tilting [17].

As conceptually exemplified in Figure 3, during every full
FOV scan (4 Hz refresh frequency) the LIDAR beam performs
a number of elliptical scan patterns across the FOV. This
scanning pattern is well suited to detect the most dangerous
obstacles, like wires, due to the several and regularly spaced
vertical lines that it produces. The electro-mechanical device
responsible for the described scanning pattern is a swashing
mirror, documented in [18]. The LOAM Er:fiber laser sub-
system is the IRE POLUS model ELPM-20K, whose main

Figure 3. LOAM scan pattern for a slowly advancing platform.

V. OBSTACLE DETECTION AND CLASSIFICATION
SOFTWARE ARCHITECTURE

The signal pre-processing steps involve an analogue
optical-electrical conversion of the echo signal by an
Avalanche PhotoDiode (APD), a signal pre-amplification by an
automatic controlled gain amplifier and a threshold comparison
with adjustable threshold in order to adjust the sensitivity on
the basis of the expected return signal power in relation with
the time elapsed from the LIDAR pulse emission. The
threshold level may also be adjusted to take into account the
background conditions. These features reduce the probability
of false echo detection due to the atmospheric back-scatter near
the laser beam output and optimise the system sensitivity in
various operational weather conditions. Subsequently, a digital
signal processing is performed in order to validate positive
echo detections, determine the position of the detected
obstacles and their geometrical characteristics. For this
purpose, the LOAM software architecture is organised in two
sequential stages: Low Level Processing (LLP) and High Level
Processing (HLP). Figure 4 represents the signal processing
software architecture and the integrated architectures for
manned and unmanned aircraft are shown in Figure 5 and 6
respectively.

Laser Echoes Tracking System

characteristics are listed in Table 1. l l

‘ Echoes Pre-Classification ‘ ‘ Tracking Pre-Processing ‘
] [

TABLE II. ELPM-20K LASER PARAMETERS [4]. ‘ ion (Low Level ing) ‘ ‘ Tracking Data Processing ‘
Pal’ameter Va|LIE Classification and Identification (High Level Prot:esslng)l

EmISSiOT‘I Wavelength 155um ‘ i Obstacles in Motion i l Static Obstacles i ‘

Pulse power at the assembly output 10 kW ‘ Fiying F", ooound | | static aeria _,| static Grouna

Objects Motion Obstacles Obstacles
Pulse Duration 2.8ns i I i‘ l
Pulse Repetition Frequency 40 kHz ‘ AL ‘
Figure 4. LOAM signal processing software architecture [17].
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Figure 5. Architecture of the LOAM avionic integration — Manned aircraft [16].
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Figure 6. Architecture of the LOAM avionic integration — Unmanned aircraft [16].

The LLP is performed on the individual echoes in order to ~ shape and type of the obstacle. The LOAM is capable to
determine range, angular coordinates and characteristics of the automatically classify obstacles according to the following
obstacle portion generating them. The HLP analyses the LLP classes:
output to identify groups of echoes, in order to reconstruct the
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e Wire: all thin obstacles like wires and cables (e.g.,
telecommunication/power lines and cableways);

e Tree: vertical obstacles of reduced frontal dimensions
(e.g., trees, poles and pylons);

e Structure: extended obstacles (e.g., bridges, buildings and
hills).

The wire LLP algorithm processes only the echoes whose
magnitude is weaker than pre-defined thresholds. The single
echoes are processed as soon as they are acquired.
Subsequently, the wire HLP algorithm works on the subset of
acquired echoes in the current frame. Clusters are merged into
a single obstacle by means of iterative image segmentation,
specifically implemented to identify echoes characterised by
uniform range. A statistical algorithm subsequently validates
the merged echoes by verifying if the obstacle is generated by
real aligned echoes or by noise data. The processing algorithms
for extended obstacles (Trees and Structures) are also divided
in two different phases: echoes analysis and segmentation. The
echoes already classified as extended object need to be
processed by a dedicated validation algorithm, since many of
these are not generated by obstacles (like, for example, the
ground). A well-defined number of echoes, acquired in a short
time range, have some geometrical characteristics. The
segmentation algorithm is responsible of detecting, merging
and validating the clusters of echoes. The LOAM performs
automatic prioritisation of the detected obstacles in function of
the risk represented according to the relevant range, and
provides timely visual and aural warnings to the flight crew,
including information of the detected obstacles. The dedicated
signal processing algorithms grant reliable detection
performance, independent from the platform motion, allowing
a reconstruction of the obstacle shape without using navigation
data (stand-alone integration) in slow-moving platforms with a
benign attitude envelope. The LOAM can also be integrated
with the navigation system to grant equally efficient reliable
detection in extreme flight envelopes of high-dynamics
platforms [4, 15]. A history function is implemented to retain
obstacles information even when they are outside the FOV.
Such history function stores the obstacle position and
characteristics for a defined time and updates it based on the
platform motion. Since both the obstacle data and the platform
navigation data are affected by errors, a propagation of
uncertainty is performed to grant a minimum 95% confidence
level (2-sigma) to obstacle positions.

V. CALCULATION OF AVOIDANCE TRAJECTORIES

Once the obstacle has been detected, classified and
prioritised as described, LOAM triggers the generation of
feasible avoidance trajectories based on the platform dynamics,
obstacle positions and shapes. An optimal avoidance trajectory
is subsequently identified among the feasible set based on a
robust multi-criteria decision logic. The original avoidance
trajectories generation algorithm for rotorcraft platforms was
introduced in [4]. Similarly to the rotorcraft case, the 4D
avoidance trajectory generation algorithm for fixed-wing
aircraft follows the dynamic programming approach. A direct

optimisation method is adopted, hence the algorithm is based
on the aircraft dynamics, and not on a geometric trajectory
model.

5.1 Fixed-wing flight dynamics model

The approximated dynamic model of the fixed-wing
aircraft for avoidance trajectory generation by the LOAM is
derived by introducing the following assumption [17]:

e The aircraft is modelled as a point-mass rigid body with
three linear degrees of freedom (3DOF);

e The mass of the aircraft is considered constant along the
avoidance trajectory;

e The inertial reference system adopted is centred on the
initial aircraft position, with the X axis pointing eastward,
the Y axis northward and the Z axis normal to the ground;

e The aircraft is subject to a constant gravitational
acceleration parallel and opposite to the Z axis, and for the
purpose of our estimation we assume g = 9.81 m/s?;

e The airspeed is expressed as True Air Speed (TAS). In our
case, the assumed initial TAS is v = 25 m/s. The effects
of wind are considered in the dynamics model, but not
simulated.

The resulting system of differential equations for 3-DoF
vehicle dynamics is:

(V" '=1T"-D" —siny
Y= %-(N-cosu—cosy)
. _ 1 N-sinu
{ X =5 cosy @
X =v*gcosy-siny+v,
Yy =v"-gcosy-cosy+vyy
\ 2 = v*gsiny+vy,,,

where T is thrust, D is aerodynamic drag, y is flight path angle,
x is track angle and u is bank angle. The accuracy of 6
Degrees-of-Freedom (3-DoF) flight dynamics is shown here to
be adequate for low-dynamics platforms, and in combination
with smooth control logics leads to the generation of relatively
smooth avoidance trajectories. Additional trajectory generation
algorithms based on 6 Degrees-of-Freedom (6-DoF) dynamics
are currently being developed, with aerodynamic and inertia
coefficients retrieved as documented in [19].

5.2 Control logic

During the avoidance manoeuvre, the load factor, N, is set
close to the certified flight envelope limits of the aircraft. In
our case these correspond to N = Ny ,x = 2.5 for the pull-up
manoeuvres and N = N,y = —1 for the diving manoeuvres.
We then assume that during the entire approach to the obstacle,
the vehicle control system can provide a linear variation of p,
up to the assumed maximum bank angle. This can be expressed
as:
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{.U = Uo + fmax 't (U < Uyax) )

p=0 (4 = Umax)
The maximum roll rate was set at jiy4x = 20 °/s.
5.3 Avoidance geometry

The algorithms for estimation of the obstacle absolute
motion based on differential geometry approach were
introduced in [20]. In order to provide the fast and reliable
performance required for our safety-critical task, the avoidance
trajectory generation is based on simplified geometric shapes.
The standard deviation of the LOAM detection and tracking
error for each axis is given by:

Oxyz) =

2 2 2
\/ Orange(y y 7 + O-azimuth(x‘y‘z) + O—elevation(x‘y‘z) ®)

In particular, given the different values of uncertainty
associated with the three cardinal directions, an ellipsoidal
avoidance volume is implemented in the algorithm. In order to
assure adequate safety levels, a separation buffer is introduced,
which inflates the ellipsoidal avoidance volume associated with
the obstacle. In particular, to provide a confidence level of
95%, the uncertainty associated with the position of an obstacle
is calculated as twice the standard deviation (i.e. the two-
sigma) of the total obstacle detection and tracking errors. When
the distance between two detected obstacles is comparable with
the calculated uncertainty values, or with the aircraft
dimensions, the algorithm combines the two obstacles in a
single avoidance volume. The subsequent step involves the
selection of the optimal trajectory from the generated set of
safe trajectories, which is then fed to the aircraft guidance
subsystems. The implemented decision logic is based on
minimisation of the following cost function:

J =W - toarg + wa[SFC -T(t)]dt

—wq [ D()dt )
where tg, ¢ IS the time at the minimum distance point to the
obstacle, hence it corresponds to the attainment of a safe
condition, SFC [%g - 5] is the specific fuel consumption, T'(t) is
the thrust profile and

z(®)-zops)?

Z
AMINZ

®)=yobs)?

. is the
dmiNy

D(t) = [(x(t)z—xobs)z N

AMINx
distance from the ellipsoidal avoidance volume of the obstacle.
w,,wr,w, are the weightings attributed to time, fuel and
integral distance respectively. In time-critical avoidance
applications (i.e., closing-up obstacles with high relative
velocities and/or accelerations) appropriate higher weightings
are used for the time and distance cost elements.

VI. SIMULATION AND RESULTS

Realistic simulation scenarios were implemented to
evaluate the avoidance trajectory generation algorithm and
assess its performance. The simulation activities were
performed on a personal computer with 1A64 hardware
architecture in realistic three-dimensional scenarios to validate
the avoidance trajectory generation algorithm and to assess its
performance. The RPAS equipped with LOAM is flying
towards a number of obstacles of different geometric
characteristics. The original horizontal flight trajectory would
lead to a collision. A representative set of avoidance
trajectories generated following these assumptions, is depicted
in Figure 7. Figure 8 shows the separation envelopes between
the aircraft and the boundary surface of the ellipsoidal
avoidance volume, calculated for each point of the conflicting
and avoidance trajectories.

e Original trajectory
— Avoidance trajectory
—-Conflicting trajectory
——Time horizon
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Figure 7. Results of the avoidance trajectory generation algorithm in case of
natural obstacles (a) and man-made obstacles (b)
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Figure 8. Absolute distance of the generated trajectories from the ellipsoidal
avoidance volume boundary
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VII. LASER BEAM PROPAGATION

The propagation of laser radiation in atmosphere is affected
by a number of linear and nonlinear effects. Assuming a
Gaussian profile of the laser beam at the source and an average
focused irradiance, the comprehensive expression of the peak
irradiance, Ip, accounting for absorption, scattering, diffraction,
jitter, atmospheric turbulence and thermal blooming effects is
[21]:

b(z) ©(z,A) P(1)

In(z,1) =
p(24) 7 (a3 +ad@) + apz)

(5)

where z is the linear coordinate along the beam, 1 is the
wavelength, P(%) is the transmitted laser power, b is the
blooming factor, z(z,A) is the transmittance coefficient, which
accounts for absorption and scattering associated with all
molecular and aerosol species present in the path. The 1l/e
beam radiuses associated with diffraction, a,(z, 1), beam jitter,
a;(z), and turbulence, a,(z, 1), can be calculated as [21, 22]:

QzA

aa@ 1) = 2 Q
a?(z) = 2(02) (")
ar(z,2) = 222 )

where Q is the beam quality factor, a, is the beam 1/e
radius, (©2) is the variance of the single axis jitter angle that is
assumed to be equal to (©3), and C7 is the refractive index
structure constant. An empirical model for the blooming factor
b(z), which is the ratio of the bloomed I to unbloomed I
peak irradiance, is:

(9)

Ip 1
bz)=—=————
( ) Iyg  1+0.0625N2(z)

N is the thermal distortion parameter, calculated as:

— U 2 n
N(z) = Zomle (2 (8t gy [ BT gy (10)

mdovocpad 1z270 a(z') 0

where v, is the uniform wind velocity in the weak attenuation
limit (yz « 1), nr, d,, and ¢, are, respectively, the coefficients
of index change with respect to temperature, density, and
specific heat at constant pressure. The transmittance coefficient
7 depends on the integral effect of absorption and scattering
phenomena, both for molecular and aerosol species, on the
entire beam length, which are comprehensively described as:

T(Z, l) =e" f()ZV(Z,}L) dz (11)

where y(z, A) is the extinction factor. In the practical case, the
molecular and aerosol composition of the atmosphere along the
entire LIDAR beam is unknown and cannot be accurately
guessed, therefore it is necessary to adopt an empirical model
for the extinction factor. Considering that the LIDAR
operational wavelength is fixed, and assuming that variations
in the transmittance are caused by changes in the water content
of the air only, y(z,4) can be calculated using the model
suggested by Elder and Strong [23] and modified by Langer
[24]. Additionally, for propagation in rainy conditions, the
equations developed by Middleton were adopted [25]. This

approach (ESLM model) relates the atmospheric transmission
of the i" window to the atmospheric visibility, relative
humidity and rainfall-rate (i.e., readily measurable parameters).
This is a valid assumption since other atmospheric constituents
have reasonably constant effects within the given atmospheric
window. The number of H,O molecules encountered by the
laser beam can be expressed by the amount of perceptible
water, which equals the depth of the layer that would be
formed if all the water molecules along the propagation path
were condensed in a container having the same cross-sectional
area as the beam. Hence, for a beam path length of z meters,
the total perceptible water amount in millimetres is:

w=10"p-z (12)

where p is the absolute humidity [g/m®]. Two empirical
expressions, developed by Langer can be used to calculate the
absorptive transmittance z,; for the i window for any given
value of the perceptible water content [24]. These expressions
are:

Ty = e~ AW forw < w; (13)
N\ Bi
Tai = ki (%) y forw > w; (14)

where A;, ki, £ and w; are constants whose values for each
atmospheric window are listed in [4]. For the LOAM
wavelength (A = 1550 nm - 4™ atmospheric window), A =
0.211, k;= 0.802 , S = 0.111 and w; = 1.1. These empirical
equations apply to horizontal paths in the atmosphere at sea-
level and for varying relative humidity. To obtain the total
atmospheric transmittance we must multiply z; by z; (i.e., the
transmittance due to scattering only). Based on rigorous
mathematical approaches, the scattering properties of the
atmosphere due to the aerosol particles are difficult to quantify,
and it is difficult to obtain an analytic expression for the
scattering coefficient that will yield accurate values over a
wide variety of conditions. However, an empirical relationship
that is often used to model the scattering coefficient has the
form [4]:

plA)=ca’+c,2* (15)

where C;, C,, and o are constants determined by the aerosol
concentration and size distribution, and A is the wavelength of
the radiation. The second term accounts for Rayleigh
scattering, which may be neglected for all wavelengths longer
than about 0.3 um. The valuess ~1.3+0.3 produce reasonable
results when applied to aerosols with a range of particle sizes.
An attempt has also been made to relate ¢ and C; to the
meteorological range. The apparent contrast C,, of a source
when viewed at A = 0.55 um from a distance z is given by:

C = Rsz - sz (16)
’ sz

where R, and Ry, are the apparent radiances of the source and
its background as seen from a distance z. For A = 0.55 pm,
the distance at which the ratio:
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Rsz - sz
(17)
v=C_ Ru g0
C RSO RbO
RbO

is defined is termed as the meteorological range V (or visual
range). It must be observed that this quantity is different from
the observer visibility (Vqps). Observer visibility is the greatest
distance at which it is just possible to see and identify a target
with the unaided eye. The International Visibility Code (IVC)
designations are too broad for scientific applications. If only an

estimated observer visibility (Vo) is available, the
meteorological range (V) can be estimated from [4]:
V ~(1.3£0.3)-V,,, (18)

Assuming that the source radiance is much greater than the
background radiance (i.e., R >> Ry) and that the background
radiance is constant (i.e., Ry, = Ry, ), then the transmittance at 1
=0.55 um (where absorption is negligible) is given by:

R
— - =0.02 (19)
s0
Hence, we have:
mLij — AV =-391 (20)
RSO
and also:
B= ﬂ = Cl/r;
v (21)

The constant C, is given by:
C = % -0.55° (22)

With this result the transmittance at the centre of the i
window is:

(23)

where 4; must be expressed in microns. If, because of haze, the
meteorological range is less than 6 km, the exponent ¢J is
related to the meteorological range by the following empirical
formula:

§=0585V (24)

where V is in kilometres. When V > 6 km, the exponent J can
be calculated by:

0 =0.0057-V +1.025 (25)

For exceptionally good visibility 6 = 1.6, and for average
visibility 6 = 1.3. In summary, an appropriate value for &

allows to compute the scattering transmittance at the centre of
the i™ window for any propagation path, if the meteorological
range V is known. During periods of high humidity, water
molecules condense onto microscopic particles such as salt
crystals, very fine dust, and combustion products, whose initial
radii of less than 0.5 um increase in size. Since salt is quite
hygroscopic, it is by far the most important condensation
nucleus. Fog occurs when the condensation nuclei grow into
water droplets or ice crystals with radii exceeding 0.5 um. By
convention fog limits the visibility to less than 1 km, whereas
in a mist the visibility is greater than 1 km. We know that in
the early stages of droplet growth the Mie attenuation factor K
depends strongly on the wavelength. When the drop has
reached a radius a = 10 - A the value of K approaches 2, and
the scattering is now independent of wavelength, i.e., it is non-
selective. Since most of the fog droplets have radii ranging
from 5 to 15 pm they are comparable in size to the wavelength
of infrared radiation. Consequently the value of the scattering
cross section is near its maximum. It follows that the
transmission of fog in either the visible or IR spectral region is
poor for any reasonable path length. This of course also applies
to clouds. Since haze particles are usually less than 0.5 um, we
note that for laser beams in the IR spectral region a/A « 1 and
the scattering is not an important attenuation mechanism. This
explains why photographs of distant objects are sometimes
made with infrared-sensitive film that responds to wavelengths
out to about 0.85 pm. At this wavelength the transmittance of a
light haze is about twice that at 0.5 um. Raindrops are of
course many times larger than the wavelengths of laser beams.
As a result there is no wavelength-dependent scattering. The
scattering coefficient does, however, depend strongly on the
size of the drop. The scattering coefficient with rain is
approximated by [25]:

f. —125.10° DA (26)

a3

where Ax/At is the rainfall rate in centimetres of depth per
second and a is the radius of the drops in centimetres. In order
to obtain accurate estimates, the distribution of raindrop sizes
and the associated rainfall rates should be known. In this case,
the scattering coefficient can be calculated as the sum of the
partial coefficients associated to the various raindrops. A
simpler approach, used in LOWTRAN, gives good
approximations of the results obtained for most concentrations
of different rain particles. Particularly, in LOWTRAN, the
scattering coefficient with rain has been empirically related
only to the rainfall rate Ax/4t (expressed in mm/hour), as
follows:

0.63
B zo.3€>5-[§j (27)
n At

Table 2 provides representative rainfall rates which can be
used in eq. (23) and (24), when no direct measurements are
available, to obtain order of magnitude estimations of g

rain
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TABLE Il REPRESENTATIVE RAINFALL RATES
Rain Intensity Rainfall (mm/hour)
Mist 0.025
Drizzle 0.25
Light 1.0
Moderate 4.0
Heavy 16
Thundershower 40
Cloud-burst 100

In the presence of rain, in addition to the scattering losses
calculated with eq. (27) or (28), there are also losses by
absorption along the path, and these must be included in the
calculation of the total atmospheric transmittance with rain. In
order to estimate the SNR from experimental LOAM detector
current measurements (i), obtained with certain obstacle
ranges (R) and incidence angles (6), SNR is expressed as
follows:

SNR = 20 |og{iS'_G(R’9)} (28)

INOISE

The noise current term in eq. (25) is modelled as:

. . 2 . 2 . 2 . 2
INOISE=\/ITH tlg Tlpx tlga (29)

where ity is the thermal noise current, igk is the background
noise current, ipx is the dark noise current and igs is the
receiver amplifier noise. According to the LOAM design
characteristics, we have:

i =+/20PsP,M ,(2+kM,)B

(30)
L= lak, T, Bk
R (31)
[ =0.5-10"? (32)
s 10-12
Ipy =1.5-10 (33)
where
Ps = received solar power
Pn = amplifier gain
M, = avalanche multiplier
k = noise factor of the avalanche photodiode
B = electronic bandwidth
Kg = Boltzmann constant (1.39x10-23 J/°K)
Ty = absolute temperature (°K)
R. = amplifier load resistance

The following characteristics were defined for a wire type
obstacle according to LOAM operational requirements:

- Diameter: 5mm <Dy <70 mm

- Shape: twisted or round

- Reflection: Purely diffuse (Lambertian)
- Reflectivity:> 20% (6 = 0)

The reference environmental parameters were set as
follows:

- Visibility: V > 800 m

- Humidity: RH < 100%

- Temperature: T <50 °C

- Rain: Light/Medium/Heavy

- Background: Pg = 50 W/m2 sr um

For calculation purposes, the igig (R,8) term is modelled as:

Y i -2 L S (34)
e 4R%A K, R,

where Py is transmitted power, P, is amplifier gain, D, is

aperture diameter and K, is aperture illumination constant =

sin(@)** . The false alarm probability is modelled as [26]:

Pfa = 1 (35)
B 'Tfa N

where B is receiver bandwidth, T, is mean time between false
alarms and # is the maximum useful/non-ambiguous range.
The mean time between false alarms corresponds to elementary
electrical false alarm at the receiver level. The probability to
have several false alarms on a straight line pattern is
significantly lower. Statistically, these phenomena are
described by the False Alarm Rate (FAR) and Detection
Probability (Pg). If the noise and signal distributions are
known, the SNR can be estimated and the corresponding Dp
and FAR can be determined. According to the Rice calculation
[26], the average FAR for the LOAM system is given by:

_— 1 17
FAR = _exp| — -t (36)
2043 Xp( 2|§]

where ¢ is the electrical pulse length, I; is the threshold
current and |, is the average noise current. The LOAM Py is
determined using pure Gaussian statistics:

S S U O Y (37)
Fo \/E.lj.nexp( 2|§Jd[ﬁ|nj

Va2,

where |, is the average signal current and i, is the
instantaneous noise current. The false alarm probability (Py,) is
therefore given by:

P, =7 FAR (38)

and the cumulative detection probability (Pp) is given by:

clri@-p, )" (39)

s

Il
o

P, =1-
where Mis number of possible detections and m is minimum
number of detections required. The performance estimation
models introduced in this section enable the extension of the
collected ground and flight test results to all the platform
maneuvering envelopes.
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HUMAN-MACHINE INTERFACE AND INTERACTION
(HMI?)

In low integration architectures, information relative to all
detected obstacles is provided on a dedicated avionic display.
Both 3D and 2D display formats are available, as well as an
altimetry display format. Figure 9 shows a visible image (a)
and the corresponding LOAM 3D display format (b).
Comparing Figure 9 (a) and (b), it is evident that poles and
wire obstacles placed at a certain distance from the platform
and hard to be seen by a visual camera (and by the human eye)
are successfully detected and displayed by the LOAM. A 2D
display format is also available (Figure 9 (c)) as well as a
combined format, shown in Figure 9 (d), providing a synthetic
augmented-reality image of the scene captured by the visual
camera and by the LOAM.

VIII.

T ]
=

(d)
Figure 9. Visible camera image (a), LOAM 3D display (b), 2D display (c)
and synthetic enhanced-reality image (d).

An altimetry display format is also available and depicted
in Figure 10. In all these avionics implementations, the actual
platform orientation and velocity vector flight path with respect
to the LOAM axis are represented (an auto-alignment function
can be also implemented if the required data are available from
other avionics navigation and guidance systems).

Figure 10. LOAM altimetry display formats.
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IX. GROUND TESTING

Ground trials of the LOAM were performed in order to
estimate the system detection performance in various weather
and obstacle conditions to test the validity of the mathematical
models used for performance calculations [4, 27, 28]. In
particular ground tests were performed in various weather
conditions (i.e., clear weather with 10 < V < 15 km, and
light/medium/heavy rain), using a wire of known section and
reflectivity (Dy = 2.5 cm and p = 40%). The sets of data
collected in clear and rainy weather conditions were obtained.
Form these data, it was evidenced that the returned signal
power fluctuates independently from pulse to pulse according
to a Gaussian distribution. A comparison between the SNR
predicted (SNRp) with y calculated using the ESLM model
(0.19 km™ < < 0.22 km™ for clear weather and 1.23 km™ < y
< 2.94 km™ for rainy conditions), assuming a background
power of 10 Watt/m%sr/um and p = 0.5, and estimated from
experimental data (SNRg), is shown in Table 3.

TABLE V. DETECTION RANGE OF 5 MM DIAMETER CABLE.
Visibility |Incidence| ESLM | Actual Det.| Minimum
Angle | Model Det.| Distance Specified
Distance Det. Distance
800 m 90° 662 m 727 m 500 m
1500 m 90° 783 m 832m 560m
2000 m 90° 921 m 980 m 600 m
800 m 45° 495 m 529 m 400 m
1500 m 45° 553 m 623 m 440 m
2000 m 45° 629 m 657 m 520 m

TABLE IV. LOAM PREDICTED AND MEASURED SNR’S.
Clear Weather Rain
V=10 |V=125]| V=15 Light | Medium | Heavy
km km km
SNRp | 4.90x10* | 4.95x10* | 5.02x10* | 3.14x10* | 1.83x10* | 1.45x10*
SNRe | 3.35x10* | 3.80x10* | 4.27x10* | 2.87x10* | 2.47x10* | 2.13x10*

X.  PROTOTYPE FLIGHT TEST ACTIVITIES

The extensive flight test activities performed have
addressed, in particular, the Human-Machine Interface and
Interaction (HMI? and avoidance trajectory generation
algorithms for rotorcraft low-level flight. Two different
rotorcraft platforms were used for these tests: NH-300 and AB-
212. For the AB-212 test campaign, the LOAM MCU was
installed in the centre of the pedestal console, in a position
accessible to both pilot and co-pilot. During the test flights, a
Flight Test Engineer operated a computer, linked to the LOAM
system and displaying in real-time a 3D image reconstructed
using the LOAM data. All images were recorded for the
successive data analysis. The results of this test campaign were
very satisfactory. Particularly, the LOAM range performances
were in accordance with the predictions and the LOAM
detection/classification algorithms were validated.
Furthermore, it was verified that the LOAM history function
was adequate to cover the flight envelope of the selected test
platforms. Table 4 shows the detection range results obtained
for wire obstacles of 5 mm in diameter, in dry weather
(visibilities of 800 m, 1500 m and 2000 m), and incidence
angles of 90° and 45°. It is evident that LOAM fulfils the
minimum performance requirements set for the designated
rotorcraft platforms. The experimental detection ranges also
exceed the ESLM model detection ranges and this is due to a
slight overestimation of the extinction coefficient at A=1.55um
as detailed in [11].

Xl.  FUTURE DEVELOPMENT AND TEST ACTIVITIES

The candidate platforms for LOAM integration and flight
test activities include the AB412, A129, NH90 and EH101
rotorcraft, as well as various fixed and rotary wing RPAS
platforms (Figure 11).

w AB412
Dedicated Avionics — A
(Control and Display Units) i”_ 2 'ig ;
A129 £l
‘i" ‘:ﬁl“_ v
“LereE
High-Level ©
Avionics Integration —
(Cockpit pisplays and_possible v EH101 and NH90
Multi-Sensor Fusion)
High-Level
Avionics Integration :
(Autopilot and Ground Pilot > UnmannedAircraft
Interfaces through -
LOS and BLOS Data Links) _'? \

Figure 11. Candidate platforms for LOAM integration.

For small-size RPAS, a scaled version of the LOAM,
currently under development, is conceived for integration in
the forward section of the RPAS by removing the chassis and
tailoring the design of the various optical and electronic
components for this application [20, 29]. Error analysis is
performed to determine the overall uncertainty volume in the
airspace surrounding the intruder track based on Sabatini-
Ramasamy Unified Method (SUM) [29]. A dedicated LOAM
control unit is also being developed for RPAS applications. Its
characteristics are conceptually similar to the MCU developed
for the initial rotorcraft flights. However, as this MCU is to be
operated by the remote pilot, in this case the LOAM operating
modes are activated using two different communication data
links for Line-of-Sight (LOS) and Beyond LOS (BLOS)
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operations. Additionally, the LOAM display functions are
planned to be integrated in the RPS and the required LOAM
display formats displayed to the RPAS pilot in real-time.
Specific activities will address the integration of LOAM with
Forward Looking Infrared (FLIR) and Night Vision Imaging
Systems (NVIS), in order to investigate the synergies attainable
in terms of obstacle/threat detection, recognition and
identification [30-32]. In higher-level integration layouts (e.g.,
EH101, NH90, AB129 and RPAS), the LOAM obstacle
information and the computed optimal avoidance flight path
data are provided to the flight crew in a synthetic form using
the avionics Multi-Function Displays (MFD) in the flight deck
(case of rotorcraft) or in the Remote Piloting Station (RPS)
displays (case of RPAS). The potential interfaces between
LOAM and other avionics and Air Traffic Management (ATM)
systems are also being investigated. In particular, current
research is addressing the possible direct integration of LOAM
and other Forward-Looking Sensors (FLS) information with
manned aircraft and RPAS Guidance, Navigation and Control
(GNC) systems [33, 34], and with the next generation of Air
Traffic Management (ATM) systems being conceived for 4D
Trajectory Based Operations (TBO) [35, 36]. Figure 12 shows
the synthetic display formats currently being developed for the
RPAS displays. In particular, Figure 12 (a) depicts the safety
line, which connects the points of minimum pitch for safe
obstacle avoidance at all azimuths. Figure 12 (b) illustrates the
representation of wire and pole-shaped obstacles, whereas
Figure 12 (c) shows obstacles of all obstacles including the
ones with bulk geometry (trees). Figure 12 (d) depicts the
synthetic vision format integrating information from the
LOAM and from FLIR systems.

(d)

Figure 12. Synthetic display formats: safety line (a), wires and poles (b), all
obstacles (c) and integrated LOAM/FLIR (d)
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