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Abstract—In this paper, we present the development of an axial
aircraft wake vortex light detection and ranging (LIDAR) sen-
sor, working in Mie scattering regime, based on pulsed 1.5-µm
high-brightness large-core fiber amplifier. An end-to-end Doppler
heterodyne LIDAR simulator is used for the LIDAR design. The
simulation includes the observation geometry, the wake vortex ve-
locity image, the scanning pattern, the LIDAR instrument, the
wind turbulence outside the vortex, and the signal processing. An
innovative high-brightness pulsed 1.5-µm laser source is described,
based on a master oscillator power fiber amplifier (MOPFA) ar-
chitecture with a large-core fiber. The obtained beam quality is
excellent (M 2 = 1.3), and achieved pulsed energy is 120 µJ with
a pulse repetition frequency of 12 kHz and a pulse duration of
800 ns. A Doppler heterodyne LIDAR is developed based on this
laser source with a high-isolation free-space circulator. The LIDAR
includes a real-time display of the wind field. Wind dispersion is
postprocessed. Field tests carried out at Orly airport in April 2008
are reported. Axial aircraft wake vortex signatures have been suc-
cessfully observed and acquired at a range of 1.2 km with axial
resolution of 75 m for the first time with fiber laser source.

Index Terms—Heterodyne light detection and ranging (LIDAR),
large-core fiber, LIDAR, pulsed fiber amplifier, wake vortex.

I. INTRODUCTION

D ETECTING atmospheric hazards such as wake vortices,
wind shear, and clear air turbulence has been a major con-

cern for 20 years. In order to increase the operation capacity of
the air transport system, it is of interest to minimize the sep-
aration between aircrafts during takeoff and landing. Previous

Manuscript received October 1, 2008; revised November 19, 2008 and
November 20, 2008. First published February 2, 2009; current version pub-
lished April 8, 2009. This work was supported by the European Union under
Grant 12008 (FIDELIO program).

A. Dolfi-Bouteyre, G. Canat, M. Valla, B. Augère, C. Besson, D.
Goular, L. Lombard, A. Durecu, and D. Fleury are with the French
Aeronautics and Space Research Center (ONERA), the French Aerospace
Laboratory, Palaiseau 91761, France (e-mail: agnes.dolfi-bouteyre@onera.fr;
guillaume.canat@onera.fr; matthieu.valla@onera.fr; beatrice.augere@onera.fr;
claudine.besson@onera.fr; didier.goular@onera.fr; laurent.lombard@onera.fr;
anne.durecu@onera.fr).

J.-P. Cariou was with the French Aeronautics and Space Research Cen-
ter (ONERA), the French Aerospace Laboratory, Palaiseau 91761, France.
He is now with Leosphere Company, Orsay 91400, France (e-mail:
jpcariou@leosphere.fr).

L. Bricteux, S. Brousmiche, S. Lugan, and B. Macq are with the Univer-
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developments have already demonstrated that coherent detec-
tion light detection and rangings (LIDARs) offer a practical and
efficient tool to monitor and characterize wind fields, and, more
specifically, wake vortices [1], [2].

LIDAR systems used to date are based on solid-state laser
technologies that do not meet commercial aircraft requirements
for onboard implementation due to high power consumption,
size, weight, reliability, and life cycle cost. It was therefore
the purpose of FIDELIO European project to introduce a
unique fiber laser technology geared for the aerospace industry
requirements, enabling onboard realization of an atmospheric
hazard detection LIDAR system.

The basis of FIDELIO LIDAR is the remote measurement of
windtracer velocities using coherent detection and fiber archi-
tecture based on mainstream telecommunication components.
FIDELIO LIDAR’s goal is to detect wake vortices along their
axis at range of 2 km.

The electrical to optical efficiency of 1.5-µm fiber laser
sources is of the order of 10%, thus allowing low electrical
consumption. This wavelength is also the most favorable for
eye-safe LIDAR designs: the eye-safety laser energy limitation
being high, the laser power can be increased with little constrains
on the LIDAR operation or design. One advantage of the IR fiber
technology is its reliablility. It is now well established that a fiber
architecture is easy to adjust and mechanically reliable in a vi-
brating environment. Recently, 1.5-µm fiber coherent LIDARs
have been successfully flown [3]. The other advantages of fiber
architectures are their compacity and flexibility in terms of on-
board installation. The LIDAR can be split up into subsystems
spatially far apart in the aircraft body and linked together using
fiber optics. The new technology of large-mode-area (LMA)
fibers enable high peak power generation without nonlinear
effects.

Air particles producing Mie scattering play the role of
windtracers. The LIDAR measures the wind velocity compo-
nent projected on its line of sight (LOS) using the Doppler
shift. A pulsed laser allows to spatially resolve the wind
field along its LOS and scanning of the laser enables to
generate an accurate 3-D velocity image of the wind field.
In-flight demonstration has been made during IWAKE UE
program [4].

FIDELIO project activities encompass the fiber laser design,
the LIDAR simulations and design, and the field tests on Orly
airport.
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Fig. 1. Modeling wind field construction with UCL wind boxes.

Section II describes the end-to-end simulation tool developed
for laser and LIDAR architecture specifications. The results
obtained on the laser source development are presented in Sec-
tion III. The choices in LIDAR architecture are discussed in
Section IV. Field test results are given in Section V.

II. LIDAR MODELING

In order to specify the adequate laser, the French Aeronau-
tics and Space Research Center (ONERA) has developed an
end-to-end simulation tool. The simulations take into account
the observation geometry, the wake vortex velocity image, the
scanning pattern, the LIDAR instrument, the wind turbulence
outside the vortex, and the signal processing. A simulation of
large aircraft wake vortex evolution in a turbulent atmosphere
has been performed by the Université Catholique de Louvain
(UCL)/TERM.

The geometry for the simulated wind field construction is
presented in Fig. 1. Three wind boxes, each including one wake
vortex pair, are used in order to show the influence of the angle of
view. Because of higher radial velocities (projection of the 3-D
air velocity on the LIDAR laser axis), lateral vortices are easier
to detect than in line vortices. The scan pattern is sinusoidal with
horizontal and vertical fields of view of 12◦ and 3◦, respectively.
The frame rate is 0.2 Hz. The angle of view of the scanner is
pointed toward the 3◦ glideslope.

The radial velocity for a 20-s-old wake vortex pair (young
vortices) located 1600 m away from the LIDAR is presented in
Fig. 2. The velocity values are coded in color. For this example
of the scanning pattern centered on the wake vortex pair, radial
velocity varies from−1.3 to 0.9 m/s. The sinusoidal scan pattern
is superimposed.

A. Modeling Assumptions

First, the simulator builds the wind field around the scan
pattern by paving the whole area with individual cubic wind
fields provided by UCL, with either turbulence-only or vortex
distribution. It then computes the projection of the global 3-D
wind field on each LIDAR LOS corresponding to each laser
pulse by 2-D interpolation on the velocity grid. LOS orientation
is computed from the LIDAR position and scanning pattern.
Computation is operated for range gates having a length of
200 m. Data are then concatenated and sorted by pulse number.

Fig. 2. Radial velocity of wake vortex model (UCL/TERM) + scanning
pattern.

The simulator second step computes the temporal LIDAR
signal for each emitted pulse from the radial velocity on ev-
ery point of the LOS, the atmospheric parameters, and LIDAR
parameters.

The simulator third step processes the time series, analyzing
the spectral content in each range gate. Pulses are averaged into
angular pixels. The signal processing is based on a Fourier trans-
form maximum likelihood estimator (see Appendix for more
details). The outputs are mean velocity, velocity dispersion, and
carrier to noise ratio (CNR) for each range gate and each angular
pixel.

Then the code compares the ideal image we could process
from the wind dispersion with the one observed by the LIDAR.
The results are sorted using the computed quality score.

The LIDAR model is based on a “feuilleté” [5] model. It
includes effects of laser beam propagation in the instrument and
the atmosphere, diffraction, defocus, refractive turbulence, Mie
scattering on aerosols, laser speckle, and receiver noise [6]. The
laser beam shape (which is a critical aspect of large-core fiber
amplifier) is introduced by its M 2 beam quality factor affecting
the Gaussian beam divergence.

B. Modeling Results

To estimate the LIDAR performance, we compute a correla-
tion coefficient CC between the LIDAR measured dispersion im-
age [Fig. 3(a)] and the theoretical dispersion image [Fig. 3(b)].
This coefficient CC is the normalized covariance of the two
images (LIDAR simulation dispersion image and theoretical
dispersion image) calculated at zero.

When CC = 1, images are perfectly proportional to one an-
other. Even for a value of CC = 0.9, images are quite similar.
This score is never zero except for special cases (orthogonal
images). We can consider that a score of CC = 0.3 corresponds
to independent images without correlation.

For vortex pattern detection, the correlation score threshold
(CCT) has to be adjusted, depending on the detection algorithm
and the number of frames considered. For the LIDAR design,
CCT was set to 0.7.

Example of the simulation outputs is shown in Fig. 4: the
correlation coefficient CC is drawn as a function of range for
various pulse durations and two vortex ages. The LIDAR energy
is E = 1 mJ and its pulse rate frequency (PRF) is 4 kHz. For
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Fig. 3. LIDAR simulation images using the following parameters: pulse en-
ergy E = 1 mJ; pulse duration of 800 ns; pulse repetition frequency of 4 kHz;
atmospheric backscattering coefficient β = 1 × 10−7 m−1 · sr−1 ; atmospheric
turbulence Cn2 = 1 × 10−14 m−2/3 ; range gate of 2120 m. The value of the
correlation coefficient for this image is CC = 0.74.

Fig. 4. Correlation coefficient between theoretical velocity dispersion and
LIDAR measured velocity dispersion for standard atmosphere (scattering coef-
ficient β = 1 × 10−7 m−1 · sr−1 and Cn2 = 1 × 10−14 m−2/3 ) and different
LIDAR configurations (dashed line: 20-s-old vortex; plain line: 120-s-old vor-
tex; green line for 400 ns pulse duration; blue line for 800 ns pulse duration; red
line for 1600 ns pulse duration).

pulse duration 1600 ns, an overlap between consecutive gates
of 0.5 is taken for the range gates in order to keep the range
resolution. It can be seen that the detection is ensured with
800 and 1600 ns pulse duration (CC > 0.7). For shorter pulse
(400 ns), the detection of young vortex is not possible because
of laser spectral broadening.

The pulse duration must be at least 800 ns. A 1600 ns pulse
gives very good simulation results, but was not chosen for the

LIDAR design because such large range gates (240 m) would
lead to a system sensitive to wind gradient.

Extensive simulations were carried out with the following
parameters varying: laser energy E, pulse duration PRF, and
turbulence factor. The main conclusions are as follows.

1) At medium range (>1 km), the vortex is easier to detect by
measuring the spectrum broadening. These results confirm
the IWAKE conclusions [4].

2) Longer pulse durations (800 ns) give better results than
the nominal value of 400 ns and lead to a high-velocity
resolution.

3) The vortex is easier to detect at later times than at earlier
times since dissipation increases the velocity dispersion
on the observation axis.

4) Low PRF cannot be compensated for by increasing the
laser energy. Indeed, a high PRF value enables incoherent
summation, reducing speckle effect, and therefore gives a
better velocity resolution.

5) For PRF = 4 kHz, E = 1 mJ, and for nominal atmospheric
conditions, the theoretical LIDAR range is 2400 m. For
PRF = 10 kHz, E = 0.1 mJ, and the theoretical LIDAR
range is 1200 m.

III. LASER DEVELOPMENT

Laser source for aerospace application requirements includes,
among others, high level of coherence and high energy. In the
recent years, the 1 µm fiber lasers have scaled tremendously in
energy and power: a few millijoules have been produced in a
nonsingle frequency Yb source [7]. For eye-safe 1.5-µm laser
sources, erbium-doped fibers have limited absorption and are
thus restricted to average power up to about 1 W. Due to the
high absorption of Yb ions, erbium–ytterbium double-cladding
fibers (DCFs) have enabled amplifier power scaling. These fibers
also incorporate a large amount of phosphorous to improve Yb
to Er transfer efficiency. However, the phosphorous codoping
strongly increases the core refractive index.

When the signal linewidth is very narrow, such as for a co-
herent detection system, the achievable peak power in fiber am-
plifiers is limited by stimulated Brillouin scattering (SBS) [8].
Indeed, SBS must be avoided since it reflects the amplified signal
toward the local oscillator and can damage optical components.
To avoid SBS, the so-called SBS threshold must be increased by
shortening the fiber length, reducing the laser intensity, or broad-
ening the laser spectrum (pulse length < 10 ns). In our case, the
resolution specifications of the LIDAR lead to pulse duration of
several hundreds of nanoseconds that cannot be decreased. The
peak power is thus SBS-limited, but SBS threshold can be in-
creased by using LMA fibers [9] that reduce the laser intensity.
These fibers must also have low core numerical aperture (NA) to
avoid multimode operation detrimental to beam quality for LI-
DAR efficiency and minimize amplified spontaneous emission
(ASE) generation. However, due to phosphorous, the erbium–
ytterbium fibers have NAs ranging between 0.11 and to about
0.17. The maximum core diameter for single-mode operation is
therefore limited to about 11 µm. A meaningful figure of merit
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TABLE I
PERFORMANCE OF NARROW-LINEWIDTH ERBIUM–YTTERBIUM SOURCES

COMPATIBLE WITH COHERENT LIDAR APPLICATIONS

for coherent wind LIDAR range performance is the ratio

R =
E
√

PRF
1 + (M 2)2 (1)

where E is the pulse energy, PRF the pulse repetition rate
frequency, and M 2 the beam quality factor. The square of the
LIDAR range scales roughly with R. The larger the R, the larger
the LIDAR performance. Besides high energy and good beam
quality, a stable and polarized beam output and long pulses
are required. Table I summarizes the performance of erbium–
ytterbium master oscillator power fiber amplifier (MOPFA) with
our LIDAR application in view. It can be seen that good beam
quality and high energy are difficult to achieve.

More elaborate fiber structures have been introduced to re-
duce the effective core NA [10]. The pedestal structure uses an
additional undoped layer around the core. The raised refractive
index of this layer reduces the core effective NA, and there-
fore, the number of modes overlapping to the core. Fig. 5 shows
the modeling of the 25-µm-core fiber used in the last stage of
our laser. The doped region NA is close to 0.17. However, the
surrounding Ge pedestal reduces the effective NA to 0.09. It re-
duces the number of modes effectively guided into the core to 4
(black solid lines). The high-order modes have a strong overlap
with the pedestal and can be filtered by bending.

We have built a MOPFA using a distributed feedback (DFB)
laser diode with a linewidth of 600 kHz as oscillator (Fig. 6). The
800 ns pulses are generated by a 1545-nm DFB laser diode asso-
ciated with an acoustooptic modulator. The first stage amplifier
is made of a commercial pure erbium polarization maintaining
(PM) fiber. The second stage is composed of a standard single-
mode PM erbium–ytterbium fiber. Interstage ASE filtering is
required to avoid saturation by the forward propagating ASE.
We have thus introduced a 1-nm-wide bandpass filter between
each stage and an optical isolator. After the second stage, the
pulse energy is 27 µJ per pulse at 4 kHz repetition frequency. The
last preamplifier stage is made of a 25-µm-core-diameter com-
mercial LMA fiber with 0.1 core NA surrounded by a pedestal
similar to the fiber used for modeling in Fig. 5. The cladding
diameter is 300 µm. The cladding pump absorption at 975 nm
is 3.4 dB/m. This pump wavelength has been chosen to mini-

Fig. 5. Modes of the pedestal fiber. The fundamental mode LP01 (black line)
and the LP11 mode (red line) are well confined into the core whereas the higher
order modes extends deeply into the pedestal.

mize the fiber length and maximize the Brillouin threshold. The
pulse energy out of the last stage of the all-fiber MOPFA is
220 µJ (Fig. 9). For this measurement, we took into account the
interpulse ASE fraction and the average power.

Despite the pedestal fiber structure, four mode groups are
still guided by the fiber core. The imperfect mode matching and
splice condition at the fiber input lead to higher order modes
excitation. Let us assume that a single-mode fiber with amplitude
distribution Ψ0 is spliced to an LMA fiber guiding N modes with
amplitude distribution Ψk and propagation constant βk . The
imperfect splice condition will affect ψ0 in phase and amplitude,
for instance, due to offset between fiber cores, mode adaptation,
and/or tilt. The injected field is then ψinj .

The amplitude in the propagating modes (ignoring the
nonguided modes) is given by

ψ =
N∑

k=0

〈ψinj, ψk 〉ψk (2)

where 〈ψinj, ψk 〉 is the scalar product.
After propagation over a fiber length L, the field is expressed

as

ψ=
N∑

k=0

〈ψinj, ψk 〉ψk ejβk L=ejβ0 L
N∑

k=0

〈ψinj, ψk 〉ψk ej (βk −β0 )L .

(3)

Due to temperature and strain fluctuations, the fiber cladding
refractive index n will have small fluctuations δn in real exper-
iments. The mode propagation constants are thus changed by a
small deviation proportional to δn. Equation (4) shows that the
resulting field will fluctuate accordingly

ψ = ejβ0 L
N∑

k=0

〈ψinj, ψk 〉ψk ej (βk −β0 )Lej (βk −β0 )(δn/n)L . (4)

Fig. 7 shows the fluctuation of the beam centroid and M 2

(along the X-direction), assuming the existence of a phase tilt
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Fig. 6. Setup of the MOPFA laser source. DFB: 600 kHz linewidth laser diode at 1545 nm; AOM: acoustooptical modulator; WDM: pump/signal multiplexer;
EDF1: erbium-doped fiber; EYDF1 and EYDF2: erbium–ytterbium codoped fibers; TFB1 and TFB2: tapered fiber bundles.

Fig. 7. Centroid position (along the X -axis) and M2 evaluated along the
X -axis for the field emerging from the pedestal fiber.

of 1◦ and imperfect mode matching (reflecting the situation
at the time of laser build) with injection-mode field diameter
of 14 µm. The centroid position and M 2 have been evalu-
ated for the X-axis using [16]. The interference between the
modes generates modulation of these quantities. This can be
detrimental to coherent LIDAR operation generating pointing
errors and degradation of the heterodyne efficiency. The in-
dex modulation period in Fig. 7 is about 3 × 10−4 . The fiber
temperature must be controlled within less than 5 K range if
we assume that the thermal refractive index change of silica is
10−5 K−1 . In our system, special care was taken for the fiber
packaging, thus greatly reducing the differential phase fluctu-
ations. The resulting beam quality fluctuates when the laser is
switched ON, but quickly stabilizes in a reproducible manner to
M 2∼1.3 (Fig. 8). The beam is linearly polarized with a degree
of linear polarization better than 98%. In the LIDAR system,
the MOPFA was operated at 12 kHz pulse repetition frequency,
reaching a pulse energy of 120 µJ. The packaging of the MOPFA
including the additional pump protections reduced the signal
power by 15% attributed to a reduction of the launched pump
power.

The high PRF allows hundreds of LIDAR signals to be av-
eraged on each LOS, and thus significantly reduces the speckle
noise.

To further improve the laser energy, we have performed pre-
liminary tests using this three-stage amplifier to inject a fourth
stage. This last amplifier has been built using a special fiber de-
veloped by the Institute of Photonic Technology (IPHT), Jena.

Fig. 8. M2 measurement along X- (open symbols) and Y -axes (full symbols)
of the output beam.

Fig. 9. Output energy (solid symbols) and average power (open symbols) of
the laser source before packaging.

The active core is composed of doped erbium–ytterbium fila-
ments and the fiber is single-mode with a core size of about
30 µm. This fiber allowed to extract 750 µJ for 1 µs pulses at a
repetition rate of 5 kHz. These laboratory results were achieved
with a beam quality M 2 = 1.3 [15]. This last prototype has not
been integrated for the field test.
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Fig. 10. LIDAR optical layout.

IV. LIDAR ARCHITECTURE

A. Optical Architecture

The optical architecture was designed with collimated beams,
and so, is compatible with different fiber lasers since the laser
output is collimated to free space. Fig. 10 shows the LIDAR
optical layout. The outcoming and backscattered laser beams
are split by polarization selectivity due to the association of
a Brewster plate with a quarter-wave plate: this compact laser
beam circulation has been specially designed for both robustness
and very good optical isolation (60 dB).

The collimated laser beam is emitted horizontally polarized,
and thus, is fully transmitted by the Brewster plate. After a pass
through a quarter-wave plate and an afocal system, the laser
beam is circularly polarized and has an effective Gaussian di-
ameter of 60 mm (at 1/e2 , with M 2 = 1.3), allowing a focus
range up to 1000 m. The light backscattered by windtracers
is collected by the same afocal system. After a second pass
through the quarter-wave plate, the backscattered light has ver-
tical polarization and is reflected by the Brewster plate toward a
collimator. The backscattered light is focused on a single-mode
PM fiber before being mixed with the fibered local oscillator.

In order to retrieve the sign of the Doppler shift, the laser
beam frequency is shifted by an acoustooptic modulator before
being injected in the amplifier. In our experiment, the value of
the frequency shift is 70 MHz.

Fig. 11 is a photograph of LIDAR integration into the “Be-
mol” mobile laboratory.

The optimized set of parameters that have been finally
integrated for the test campaign was E = 120 µJ, PRF =
12 kHz, and M 2 = 1.3. Based on the simulation, detection up to
1200 m was then theoretically possible.

B. Acquisition and Processing Systems

The synchronization between the LIDAR and the acquisi-
tion system is performed by combining the signal used for the
laser pulse generation and the trigger signal from the scanner
controller. As a delay exists between the pulse generation and
its actual emission, a hardware acquisition delay has to be de-
fined. It is estimated by measuring the elapsed time between the

Fig. 11. View of the LIDAR head from the rear. The laser is located under the
LIDAR head.

Fig. 12. Acquisition, processing, and visualization system.

trigger edge and the maximum of the laser echo coming from
the output lens. The precision range depends on this estimation
since it gives the “zero” position. Signals are acquired together
with their angular positions for further parameters reconstruc-
tion. The scanning pattern shows a good stability of the vertical
scanning initial phase. It enables to use the reference scanning
profile (implemented in the scanner controller) for the real-time
processing. The synchronization board also controls the laser
shutter in order to stop the beam as soon as a scanner failure is
detected.

Up to 4096, 8-bit samples per signal are acquired at a
500 MHz sampling rate, giving us a range dynamic of about
1200 m. The minimum range can be adjusted by adding an ex-
tra acquisition delay. It is typically set to correspond to the end
of the blind region. This blind region is determined by the end
of the echo signal of the optical emitter lenses. Fig. 12 shows
the different parts of the synchronization system.

For each aircraft, a few tens of scans are recorded. The ac-
quisition is started when the aircraft is detected using the video
tracking system. The acquired signals are transferred to the pro-
cessing board through a buffer of multiple redundant array of
independent disks (RAID). The results are sent to the main pro-
gram at the end of each scan during the flyback of the scanner.
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Fig. 13. Scanning configuration.

As shown in Fig. 12, results are sent over a local network to be
visualized by one or several independent workstations.

Estimations of mean wind velocity and dispersion are per-
formed on a set of signal samples corresponding to the range
gates (Fig. 13). The number of these segments depends on the
desired axial resolution. For a given range gate, a wind field
image is generated by averaging all the segments spectra corre-
sponding to the same circular region of interest (ROI). In order
to increase the SNR, ROI radius is usually chosen higher than
the image pixel size. Consequently, a signal segment usually
contributes to several neighboring pixels, thus increasing the
algorithm computing time.

The information obtained for each range gate image is up-
dated every scan. Up to 16 images are computed per scan cor-
responding to 16 range gates of 75 m (in the nonoverlapping
case). The image resolution has been fixed to 128 × 32 pixels,
giving an angular resolution of 1.6 mrad (total field of view is
12◦ × 3◦).

Moreover, due to the fact that the aggregation process can be
viewed as the projection of a sinusoidal scanning pattern onto a
uniform grid, the aggregation level can vary a lot from one pixel
to another. It can be seen that in this configuration, the pixels
having the higher aggregation level are on the range gate image
boundaries, which is not interesting in our case. To reduce this
effect on the algorithm execution time, the correspondence table
between LOS and pixels is computed at an early stage of the
algorithm. By doing this, it becomes possible to equalize the
aggregation level over the image by fixing it to a given value N
for all pixels, for instance. In this case, the LOSs for each pixel
are sorted depending on the distance to the pixel center in order
to select the N nearest ones. The correspondence table is then
inverted in order to be able to assign the LOSs to pixels as they
are acquired (in real-time conditions).

The number of signals per scan is determined by the PRF
and the scanning period (5 s). Increasing the pulse repetition
frequency allows us to decrease the estimation variance of the
computed spectra, but does not necessarily improve the image
resolution given the fixed sinusoidal scanning pattern.

The average spectra are first processed to isolate the main
spectral peak corresponding to the heterodyne signal. In its sim-
plest form, the one implemented in real time, the algorithm

Fig. 14. Aircraft tracking video for distance computations for the wind data
(refer to Fig. 15).

only extracts the central peak position (mean velocity), the peak
width (velocity dispersion), and its maximum (related to the
local SNR).

During postprocessing, the wind velocity dispersion is com-
puted by fitting the logarithm of the spectral peak upper part
with a second-order polynomial function. The higher polyno-
mial coefficient is inversely proportional to the peak variance.

V. FIELD TESTS RESULTS

Field tests were conducted at Orly airport in April 2008. The
LIDAR position was about 800 m before the runway touched
down threshold, facing landing aircrafts.

The global average wind velocity displayed in the main win-
dow has been validated with the atmospheric information com-
ing from the tower.

In order to validate the vortex detection, video recordings of
the landing aircraft have been made during the test campaign. A
real-time aircraft detection, tracking, and geometric reconstruc-
tion algorithm was used in order to track the distance between
the aircraft and the sensor (Fig. 14). Moreover, markers have
been written on the images whenever a strong-level return sig-
nal was received back from the LIDAR, corresponding to a
reflection of the beam on the aircraft. This allows validating the
results obtained by processing the LIDAR return signal.

Fig. 15 shows a set of wind velocity dispersion images com-
puted after the passing of two successive aircrafts. Each box
represents the 3◦ × 12◦ field-of-view image acquired at differ-
ent ranges (vertical axis) and different times (horizontal axis).
We can clearly see the vortex signatures in scans 0 and 1 for the
first plane, and in scans 4 and 5 for the second one. The elapsed
time between two scans is 6 s. The disappearing of turbulence is
mainly due to the lateral wind, moving them outside the spatial
region of scan. The distance of the vortex signature corresponds
to the distance between the aircraft and the sensor measured by
the video detection and tracking system (Fig. 14).
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Fig. 15. Velocity dispersion images obtained for eight successive scans of 16
range gates of 75 m.

Fig. 16. 3-D view of mean velocity images obtained during lading of a B747
(X -axis: azimuth scan; Y -axis: 16 range gates; Z -axis: elevation scan; color
chart: wind velocity).

Fig. 17. 3-D view of mean velocity images obtained during lading of a B747
(X -axis: azimuth scan; Y -axis: 16 range gates; Z -axis: elevation scan; color
chart: wind velocity).

Figs. 16 and 17 show a 3-D representation of wake vor-
tex detection on two consecutive scans, a few seconds after a
B747 landing. Each rectangle corresponds to a range gate. The
X-axis represents the 12◦ horizontal field of view, Z-axis the
3◦ vertical field of view, and Y -axis the distance of the range
gates. The detection was possible on wind velocity that shows
strong discontinuities. The blue regions (gates 7–10 around 1.2
km) are again consistent with the aircraft location. We can see
the wake vortex decay on the two consecutive scans. This range
detection is in accordance with simulated results.

VI. CONCLUSION

We have presented the development of an axial aircraft wake
vortex LIDAR sensor and the field tests results.

An end-to-end Doppler heterodyne LIDAR simulator enabled
early performance prediction for LIDAR design. The simu-
lations take into account the observation geometry, the wake
vortex velocity image, the scanning pattern, the LIDAR instru-
ment, the wind turbulence outside the vortex, and the signal
processing.

An innovative high-brightness pulsed 1.5-µm laser source
has been built based on a MOPFA architecture with a large-
core fiber. The beam quality is excellent (M 2 = 1.3). Achieved
pulsed energy is 120 µJ with a pulse repetition frequency of
12 kHz and a pulse duration of 800 ns. With a further amplifi-
cation stage, 750 µJ pulses were obtained in the laboratory at
5 kHz and 1 µs with excellent beam quality.

A Doppler heterodyne LIDAR has been developed based on
the 120 µJ laser source with a high-isolation free-space circula-
tor. The LIDAR includes a real-time display of the wind field.
Wind dispersion is postprocessed.

Field tests were carried out at Orly airport in April 2008.
Axial aircraft wake vortex signatures have been successfully
observed and acquired at a range of 1.2 km with axial resolution
of 75 m for the first time with fiber laser source.

This study was undertaken in the framework of FIDELIO pro-
gram and is aiming at meeting commercial aircraft requirements
for onboard implementation of a wake vortex sensor. Among its
results, the project has generated important advances in research
and development on fiber laser technology.

APPENDIX

In this appendix, we will describe the signal processing used
with simulated results shown in Fig. 1. The signal processing is
based on a maximum-likelihood estimator for simulated accu-
mulated periodogram data.

Assuming that the accumulated periodogram has a χ2-
statistic with M DOF, M being the number of accumulated
periodograms, the likelihood of the signal is given by

P (X) =
MNM

ΓN (M)

N∏

i=1

XM −1
i

SM
i

e
−M

N∑
i = 1

Xi /Si

where S is a parametric spectrum model and N is the number
of spectral bins of the periodogram. Three parameters are taken
into account in the model:

1) the CNR;
2) the mean velocity vmean in the probed volume;
3) the wind dispersion σv in the probed volume.
The maximum-likelihood estimator finds the parameters

(CNR, vmean , σv ) that maximize the log-likelihood ln P (X) us-
ing an optimization algorithm.

Precise details about the computation of the spectrum S, using
the “feuilleté” model, can be found in [4].
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Computer Science, Université de Marne-La-Vallée, France. He is currently
working toward the Ph.D. degree at the Communications and Remote Sensing
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