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Abstract— This paper describes the first successful attempt (ICAO) regulations, and depend on the leading and following
to detect wake vortices axially using an on-board infrared aircraft weights (implementation of these rules by the Falde
pulsed Doppler LIiDAR (Light Detection And Ranging). On-board Aviation Administration (FAA) can be found in [3] [4]).

axial detection is more complex than the classic ground-basedI fi b i h that th | dapted
tangential approach, because the axial air speed in vortices is n pracuce, observations show that these rules are adapte

low and the atmospheric particle density is reduced, yielding a Py Air Traffic Control (ATC) personnel to reach optimum
poorer SNR. To provide meaningful results in such unfavorable throughput. For example, a crosswind moving a vortex away
conditions we have developed a new flexible signal processingfrom the trajectory of a following aircraft can lead to reddc
method based on a two-primitive model fitting the spectrum of the - gonaration distance between planes. This adaptation ie mad
Doppler return. This new spectral estimation successfully detest . . . .

with the expert judgement of the air traffic controllers, but

wake vortices with an admissible SNR that is lower than other . o )
on-board state-of-the-art approaches. It was validated thragh it iS nonetheless “on a case-by-case basis” and is stressful

flight tests. for operators and pilots. A more systematic approach based
Index Terms— Doppler LIDAR, wake vortex, spectral estima- ©" in situ measurements is therefore sought. In the recent
tion. years, ground Doppler Light Detection And Ranging (LiDAR)

systems have been deployed in large airports to detectgerti
near the runway threshold [5] [6] [7] [8]. These systems
have a very good detection capability, since they scan in the
AKE vortices are rotating air masses generated ligansverse plane of the vortex where wind speeds are the
aircraft as a result of their bearing pressure. These highest. However, their measurement is local: it does ne¢ico
flows induce a rolling moment in a following aircraft enterthe entire approach corridor. This partly explains why ool
ing them, creating a hazard particularly during take-oftl arsystems are being contemplated to directly warn pilots [9]
landing phases. The rotating speed induced by a wake vortad to be one of the components to airport-wide wake vortex
in these phases is more important than in cruise phase ana@nagement.
the aircraft may not have the resources to recover from suchOn-board integration of a LiDAR system was demonstrated
an encounter. Investigations on wake vortices started én tim [10] and since then has been the subject of several studies
1940s with the work of the Russian scientist Belotserkovskgom atmospheric particle backscatter experiments [12] [1
[1], who later made it a personal challenge to better undedst to in situ measurements of wake encounters [13] [14]. The
this phenomenon after the death of Yuri Gagarin, thougBuropean Commission funded I-WAKE project, which will
to have been caused by a wake vortex encounter in 196@. described here, is however the first to test an operational
The dynamic behaviour of wakes is now well understoodn-board LiDAR-based axial detection of wakes.
and experiments have confirmed the theoretical advancesThis paper is organised around the data collected during
However, the practical impact of these advances is limied, two test campaigns. The first is a series of preliminary gdgoun
wake hazard together with weather conditions are stillidgv tests performed by the M-FLAME project in 2000 [15]. The
the separation distance of landings and the period betwegwmimary goal of this campaign was to study the feasibility of
take-offs. These restrictions affect the throughput ofatosl axial vortex detection. This paper uses the M-FLAME data set
close-to-saturation airports [2]. A system allowing a $&ior for the purpose of testing our new signal processing algost
period or a smaller separation distance, while maintaitiieg for wake detection.
safety level, would therefore yield benefits for airportddan The second part of this paper uses the data collected in
reduce the need for unpopular new installations. 2004 during the flight tests of the I-WAKE project. Two
The periods or distances between aircraft movements anejor differences exist between ground and on-board sygstem
currently fixed by the International Civil Aviation Orgaatéon (i) the aircraft is a moving platform and its position, speed
and attitude must be compensated for; (ii) the return signal
The authors are with the Universitatholique de Louvain, Laboratoire dejs noisier as measurements are taken at an altitude of 6000
Télecommunications etéledetection, Thales Avionics and the Nara Institute . Lo
of Science and Technology, Image Processing Laboratory. feet where particle density is lower than at ground levele Th
This work was supported by the European Commission as the IHVAKpresent association of a new spectral model with the flight
project, contract number G4RD-CT-2002-00778, project nur@ieD1-2001-  tagts of the |-WAKE project provides the first proof of the
40176. The spectral analysis of the ground-based LiDARad&ggnses data o, . . .
from the M-FLAME project, also funded by the European Comroissinder 1€aSibility of wake vortex on-board detection with an iméd
contract number BRPR96-182. LiDAR.

I. INTRODUCTION
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The underlying principle of operation of the vortex detecto 400
is the Doppler effect. A Doppler LIDAR will be able to E3q0
distinguish a vortex from the rest of the atmosphere as thegzoo
wind speeds inside a vortex are different from those in its 100
more static surrounding environment. The Doppler effesetlit 0 S 500
describes the frequency shiffs of a received signal due to L 20°| 0 -200 0O Distanc®
the relative speed of the transceiver and the local air mass: ateral position (m]

Il. WAKE VORTEX DETECTION WITH A DOPPLERLIDAR WA'A'“‘

—

2000 2500

1000 12‘18& LiDAR LM

—2v Fig. 1. The M-FLAME experiment configuration. The first gateaisa
As = T (1) distance of 800m and the last at 2375m. The trace of the sisalssatanning
is shown on the last gate. A typical volume of analysis for ageagate is

where ) is the wavelength of the emitted signal. This relatiopresented at a distance of 1500m.
is only valid along the axis of propagation joining the reeei

and emitter, and it is therefore only possible to measure the )
component of the air speed vector along the line of sight. Ones used by Keane [15] and correspond to the landing of a

The wavelength of the laser is selected with respect to tlg€ A340-600, a heavy A300-600 Super Transporter, a light
particle size to be observed, the absorption spectrum of figkker 100 and a medium A320.
atmosphere and the eye safety of the system. For the exper-
iments described here, a 2.022um diode-pumped Tm:LUAG [1l. BUILDING THE SPECTRA
pulsed laser was used as the light source of the heterodynin
system. Pulsed operation is necessary to obtain vqumegi
information, and also to avoid blindness when receivingalhar
target returns from the ground or other highly reflectiveeoty
such as clouds. The pulse width of 400ns limits the dep
resolution of the system to around 75m. PL(k) = |FFT (SL(k))HQ 3)
Contrary to tangential vortex detection, which only needs a g g
one-dimensional angle scan, axial detection of wakes regjuiAnother less intuitive option is to analyse the signal cor-
the laser to be swept across a volume. This is achieved byetation, which can be performed directly on the samples
two-dimensional scan, as depicted in Fig. 1, andapropgerarSgL(k:). Among the time-domain techniques available, the
gating of the return signal. The sinusoidal scanning patier Auto-Regressive-Moving-Average (ARMA) has been tested on
achieved by one mirror for the horizontal deflection and khe M-FLAME data but did not provide satisfactory results
two counter-rotating prisms for the vertical deflectioneTivo because the shape of the spectral modes is not Gaussian [17].
deflections form one full sinusoidal scan of 37 periods every Analysing the power spectrurﬁ’gL(k), the mean returned
5.5s. The horizontal and vertical openings are respegtivdtequency will reflect the Doppler shift and therefore can be
12° and 3. The average horizontal scanning speed i$ /2 used to provide the mean wind speed along the line of sight.
and the maximal vertical scanning speed i$ 47 The beam As every wind speed will yield a different Doppler shift, the
is collimated and has a diameter of approximatively 50mmaariance of the signal is an indication of the breadth of the
The angle of view of the scanner is pointed towards the 3peed distribution in a certain volume (for a more complete
glideslope. The Gaussian laser beam is made of 2mJ puldesussion of broadening effects see [18]). Since vortares
sent every 2ms so that each complete scan comprises aronodaminar flows, we can expect to detect them by considering
2500 laser shots. As each pulse travels at the speed oftlight, not only mean speed variations (Doppler shift) but alsodarg
speed distribution of the atmosphere at a specific distance f spectrum variances (wider peaks).
the LiDAR is obtained by processing the associated delayedrormally, the signal spectrum meafi and variancec
signal return. The return signal can therefore be timeehjtde correspond to the spectral moments of order one and two.
obtain an analysis volume between 800m and 2375m. It is thEhe estimation of these moments is well described in the
digitised at a sampling rate of 128MHz. Each resulting timi@erature. The most complete description of spectrahgstiion
seriesS (k) of shotL is then split into gates of 64 samplesapplied to wind measurements is provided by Doviak and
which is roughly equivalent to a spatial range of 75m. Tdrnic [19]. Zrnic also proposes a study of range weighting
obtain better frequency resolution and stability, the &suof [20] and a discussion of the particular case of pulse pairs
the previous and next gates are concatenated to the curf@di, among others. Frehlich details a method for estingatin
gate data, which effectively yields 19 overlapping rangeegia the wind velocity statistics in a stationary atmosphere],[22
of 225m (192 samples), each separated by a distance of 75vhich essentially uses the same spectral estimation tgobsi
The data available for each range gatare thus defined as: Dias et al. also discuss improvements in spectral estimatio
I I of the moments for the case of a Gaussian signal in Gaussian
{ Sy (k) = 5% (64(g —1)...64(g + 1)) (2) noise [23] [24] [25]. The broad coverage of the subject alow
g=1...19,L=1...2500 .
us to concentrate here on the practical aspects of spectral
Of the numerous scans measured by the M-FLAME proje&stimation for vortex detection, taking the work of Keang][1
four will be presented here. These tests are the same asahe starting point.

%s the aim is to estimate the Doppler shift of the return
ﬁnal, our analysis is based on the signal power spectrum
16], which is obtained using a Fast Fourier Transform (FFT)
an the signalS (k):
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09 09 clear broadening of the main peak. This allows more accurate
08 08 model matching, which in turn yields more information about
0.7 0.7 g y
0s 0s the atmosphere.
o o Before addressing the estimation of the spectral moments,
03 03 we note that it is possible to extract the noise componemnt fro
o o the stable spectrum obtained from (5). It can be shown that
oL LA Y S @'SNHMSO o the_ power of the refe_rence_ signal at the detector can reach th

reatency (i reauency (M point where most noise will come from the shot noise of the

@) (b) reference signal on the detector [27]. This noise therdfiae

1.0

I 09 a constant spectrum which can be estimated once by acquiring
08 08 data with a direct laser feedback. The noise spectrum can the
0.7 07 H
o 06 be removed from the observed spectrum to enhance extraction
0s zj of the spectral parameters. The noise spectrum can also be
- 03 part of the spectrum model, which is the approach presented
02 02 below.
O.; M 30M/\/\4A6\A 50 60 Ol; 10 20 30 40 50 60

Frequency [MHz) Frequency MHz] IV. M ODEL-BASED SPECTRAL ESTIMATION

© (d) Direct estimation of spectral moments is widely covered in

Fi . . . . . the literature. Estimation of the mean velocity is desdibre

ig. 2. Comparison of the spectra obtained with and withoetaying. (a), . . . .

(b), (c): individual spectra from a close range gate. (didgl signal spectrum [28] [29] and [30], while Zrnic also discusses retrieval bét

obtained with a weighted spectral averaging. The maxima o$méctra are  spectral width in [29] and [31]. Another approach to spdctra

normalised. estimation is to match a spectrum model to the received kigna
using non-linear fitting techniques [32]. Using this model-

The spectra obtained from (3) are subject to local fadinafased technique, we first present the results of a single-

are noisy and can depart significantly from a single Gaussi fmitive fit and then show that a new two-primitive model

shape as can be seen in Figs. 2a-c. Attempts to estimate 'th8'°r¢ appropriate and has better discriminating capbili

spectral momentg‘"gL and ag on these raw spectr@QL(kz) for wake vortices.
will therefore lead to spurious estimates [15]. Instead s fi

calculating the moments and then aggregating the resudts, &« Single signal primitive
choose to apply these processing steps in reverse ordeo(see A typical observed spectrun®?(f) such as the one shown
example [26]): we first average the spectra of several Lifiesia Fig. 2d has two identified components in the literature: th
Sight (LOS) and then calculate the moments on this averagedurned signal and the detector noise. The returned sigmal
spectrum. We also move the data to a regular grid by choosisg modeled as a Gaussian curve with a mean frequgnapd
resampling points located on a regular lattice of siz&B0 a variancer; (see for example [32] [33] [34] and [35]). As far
with horizontal and vertical coordinatésindj. However, one as detector noise is concerned, its spectmify) is known
cannot simply average the spectra by summing them pointfigm specific measurements (see Section Il above). However
point, because each spectrum is Doppler-shifted by a differ an automatic gain control circuitry (AGC) was used before
amount. Summation would then result in a broader peak thgie signal digitization so that the amplitude of the noise

is actually observed. To avoid this, the spectra within thgpectrum must still be determined. The simplest model fer th
sampling radiusr=0.3" are shifted to the median positionsignal spectrum is therefore

kg mealt,j) Of their peak frequencieké before averaging

(F1=0?
them. The average is then weighted with an approximative ma(f) = me la% +nN (f) (6)
estimationtL of the signal quality to further improve the ] . )
final spectrum: wherem is the amplitude of the signal peak. The spectrum
pPL,, —PL is further normalised to reduce the degree of freedom of the
WgL = g"PLig’ (4) model, leading to the following simplified expression:
g,M
_ (=2
WherePﬁM is the power spectrum peak value_ aﬁﬁm is‘_iFs My(f) = e 1 +naN(f) @
average value. The resampled spectrum for image gaini 1+nN(f)
is thus expressed as: where n is the relative noise level. Two resulting fits are
S WnggL (k — /{;5 + kg.med (i,j)) presented in Fig. 3. The main peak of the spectrum is coyrectl
P,(i,j, k) = Ler (5) modeled, but the fit is not accurate at its base: not only
g >, Wk is the variance insufficient, but the spectrum also shows a
Ler clear asymmetry that cannot be accounted for with the ctirren

A typical resulting spectrum is presented in Fig. 2d and shownodel.
that averaging the spectra provides a better basis forastim  The resulting spectral width; is presented in Fig. 4. The
of the spectral moments with fewer secondary peaks ands#ccessive range gate images obtained are shown, staamg f
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Fig. 4. Estimated parameters for the single-primitive modetcspl width

o1 and residue energ¥z. The range gate distance refers to the range gate
center. The fact that the vortices are visible on the resihergy confirms
the inadequacy of the single-primitive model.

Fig. 3. Comparison of spectral fits obtained with a single alignimitive
(a,b) and two signal primitives (c,d). The maxima of all speat@normalised.

the farthest one (top) down to the nearest one (bottom). Each _ o

gate image can be seen as a vertical slice of the conic viewig TWO signal primitives

volume, each point of the slice being located at a constantGiven the insufficiency of the single-primitive approach,
distance from the LiDAR. The use of an angular scan explaiag additional Gaussian curve is added to model the base of
why the nearer gates have a higher spatial resolution (khie spectrum peak. This curve has a relative amplitsge

are smaller) than the farther gates. The axial detectios ugevariances, and a mean frequency,. We call this new

the turbidity of the vortex regions to detect them. Turlyiditcomponent the secondary return and obtain a new normalised
appears as a wider spectrum as it corresponds to a widesdel:

range of air speeds. Since we are scanning the vortices almos (F1—)2 (Fo—§)?

(but not perfectly) along their axis, residual projectionfs e 1 4se 2 +aN(f)

the tangential wind velocities in the vortex also contrét My(f) = _U2—11)2 ©)
the spread of the return spectrum. Two long parallel feature l+se 72 +nN(f)

should be visible on the spectral width results of Fig. 4, ongg. 3¢c-d show the results of this two-primitive fit on the
for each vortex generated by the aircraft. However, thetsplec same spectra of Fig. 3a-b. The base of the main peak and the
width differs significantly from the estimations of Kean&[1 main peak itself are now much better modeled. The residue is
with vortex signatures that can barely be seen. (An exampjgry small compared to the original single-primitive aparb

of good signatures is presented later in Fig. 7.) This al#sengg consists almost entirely of small noise variations.sThi

is explained by observing that all the broadening inforovati jngicates the new model is meaningful and that the spectrum
is located at the base of the peak, where the quality of the §i{ould indeed be modeled by two Gaussian curves of different
of the Gaussian curve is poor (Fig. 3a). The second resmbam level and variance.

provided in Fig. 4 is the residual energyr between the A fy|| description of the parameter variation is provided in
observed spectr&(f) and its modelM; (f): Figs. 5 and 6. Let us comment on each parameter one by one:

o Mean velocity, main primitive v; or f;: the mean

Ep = /||M1(f) — P(f)| df (8) frequencyf, is here represented by the associated wind
velocity v; obtained with (1):

Since no metric was available for the energy of the observed vy = )\fl —Ji (10)
spectrum due to the AGC, energy-related results will be 2

presented without units throughout this paper. Obsematio  where f;(¢, j) is the laser frequency, estimated by direct
of Fig. 4 reveals that the residue is the best way to detect sampling of the emitted pulse. This result is almost
the vortex activity, thereby clearly indicating that thegle- identical to the single-primitive model, which is not
primitive model is not complete. We therefore conclude that surprising since the latter was already able to fit the main
the single Gaussian model is not appropriate and that adecon peak correctly.

component must be used to take the broadening of the peak Spectral width, main primitive o: the spectral width
into account. of the main peak, also converted to velocity measures, is
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Fig. 5. Estimated parameters for the two-primitive model. That four columns describe the main primitive: its mean velogity spectral widtho 1, energy
E, and global return signal enerdgy,. The noise component is described only by its relative enéfgy The last column shows the SNR defined in (12).

completely decorrelated from the vortex signature. This the distance to the laser sourdey represents the noise
shows that the main Gaussian component is not suitable energyrelative to the signal peak, as described by (9).
for vortex detection with spectral width measurements. As such, Ey is expected to increase when the signal
« Relative energy, main primitive E;: since we are work- peak decreases with the distance to the LiDAR, which is
ing with a normalised spectrum, the energy is directly observed in Fig. 6. Radially-aligned features appear on
proportional to the peak variance, leading to similar this set of gates as well as for other model parameters.
results forE; ando;. These features are not vortices, which have a parallel
« Relative amplitude, secondary peaks,: the relative alignement, but are due to fluctuations in the energy of
amplitude of the secondary return bears only a small the emitted pulse.
correlation with the vortex location. It will be used below « Relative signal energyE,: the received power is not
in the form of the secondary return energy. homogeneous, as stated above, and also decreases with
« Mean velocity, secondary primitive vy or fy: the mean distance from the laser. Zones where it is higher corre-
frequency (or wind velocity) of the secondary signal is  spond to a lower relative noise energy.
similar to that of the main signal. This velocity is more « SNR: the signal-to-noise ratio is defined in dB as
corrupted by noise in the far field because the relative L+ By
amplitude of the secondary component is close to the SNR = 10109TN

amplitude of the noise spectrum variations in this region. ) ) .

. Spectral width, secondary primitive o,: the vortex ¢ Relative residue energyEx: as expected, the residue
signatures are clearly visible, showing again that only the IS Much lower than in Fig. 4, confirming that the two-
secondary return signal contains valid information about ~ Primitive approach is better than the single-primitive one
their higher turbidity. The estimated values of these parameters are obtained

« Relative energy, secondary primitive E;: the vortex Dy fitting the spectrum model to the observed data using
signatures are also clearly detected. The response of figon-linear iterative process, in our case a Gauss-Newton
parameter is more polarised (high or low values, witfethod with a Levenberg-Marquart-type adjustménpriori
few intermediate ones), but has fewer parasitic detectiokowledge of the vortex parameters has been integrated in
than o, in the far field. This energy coincides with thethe form of limited variation domains for each parameter.
vortex location and the Secondary peak is 0n|y prese-ﬁhis I|m|tat|0n iS particularly important fOI’ the Varial’E@f
where a vortex is located. It can be thus considerdge Gaussian primitives, which must have mutually exclisiv
as the signature of a vortex. Note that we are able ¥@riation domains for the algorithm to converge properlye T
capture larger spectral variances than [15], and the raridues used empirically are; € [0.25,1.25]MHz and o, €
maximum has Consequenﬂy been extended to 3m/s. [15775]MHZ The result is a convergence that is rEIatiV6|y

12)

« Relative noise energyE y: defined as fast, requiring less than 30 iterations. In a few cases the
convergence is not achieved, especially in the far fieldctwhi
En = n/N(f)df (11) has more variability due to a higher noise level. Howevas th

is limited to about 0.5% of the worst-case farthest gate and i
Although theabsolutenoise energy is not dependent omot visible in the final results.
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Fig. 7. The final detection field of the two-primitive model-based vortex
detection for two other reference flybys: the A300-600 Sdpansporter (left)
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389 x 97

358 x 90

327 x 82

295 x 74

264 x 66

232 x 58

201 x 50

170 x 43

138 x 35

107 x 27

size [m]

weaker wakes, even in the far field and without any parameter
tuning, thanks to the superior discriminating power of the-t
primitive model. Inspection of the SNR and fields reveals
that the minimum SNR for a good detection lies between -5dB
and -10dB, while the threshold found by Keane in [15] was
0dB. Another advantage of our approach is that this SNR is
available for each estimation of the detection field. It can b
used as a weight in (13) to automatically adapt the detection
to lower SNR situations that might otherwise trigger unweant
alarms in the cockpit. The residue energy can also be used for
the same purpose. On a broader scope, the two primitive model
provides more information about the atmosphere and may be
used to detect other atmospheric hazards which would have a
different signature on the several parameter fields.

C. Physical interpretation

We have observed that in the ground data set of the M-
FLAME project noisier spectra were found not only in the
case of local fading but also when the LOS was intersecting
the vortex. The spectra show a similar multiple-peak patiter
both cases (Fig. 2). However, the strength of the returnasign
is likely to be higher in the case of an intersection with a

From this discussion of the variation of the model paranyortex, so that spectra affected by local fading will notdav
eters, we conclude that a good candidate for the detections@ijnificant negative impact on the averaged spectrum. B thi
wake vortices would be to combine the secondary peak enetgntext, the combination of neighbouring LOSs will create a

and variance into a single detection figltl, j):

D(Zaj) = 02(i7j)E2(iaj)

(13)

secondary Gaussian component when multiple small peaks are
averaged to form a wider spectral base for the primary return
This does not by itself justify the shape that we have chosen

The resulting detection field is shown in Fig. 6 and in Fig. 7 fdor the secondary return. However, given the poor SNR with
two other flybys. The overall performance of the new detectamhich we are working, a simple model is necessary, and the
is better from several aspects. First we note the higherasint Gaussian curve provides satisfactory results.

between vortex and atmosphere zones, which, together wittAltough this vortex detection technique is based mainly on
the lower noise, results in a greater usable range for thARID axial wind speeds within the vortex, the tangential compbne
than was presented in [15]. The results for the landing of tiséill affects ground and airborne detection favourably ti@o
Fokker 100 (Fig. 7, right) also show that we are able to deteetasons. First, we cannot guarantee a perfectly axial view o
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the vortex. This is a minor problem for the ground tests, Whic
in fact are very well aligned. For airborne flight tests, heare
obtaining a good alignment would require the measuring

aircraft to fly below the vortex pair, a significant safetyuiss 100 M

(see Section VI). Second, the use of an angular scan on two

parallel features like wake vortices means that it is imjies
to align all LOSs with the vortex axis. For instance, if the E
vortex is aligned with a LOS on the left of the scanning T ] B _

volume, then a LOS on the right will be several degrees off
the vortex axis (12 in the case of our tests). Overall sincdig. 8. Installation of the LIDAR on board the NLR Citation diircraft.
l ti t fect. the | t tial ' t AigIeSa and 3 are the mean gazing angles of the LiDAR relative to the
alignment is not perfect, the large tangential component g qe axis.
the wind speed can and will be used for vortex detection in
addition to the axial component.
Finally, our own simulations of LIDAR and vortex inter-jt also meant that the vortex would be visible only for a few
actions have confirmed the presence of a secondary Gaussi@hs at each pass.
component in the return signal in the case where the spectra
of several neighbouring LOSs are averaged [36]. Thosetsesul
also show that the secondary component is present only in Bre
vortex region and thus allows the detection of wake vortices From a signal processing point of view, the adaptations
necessary for an on-board system are limited to the speed,
V. SPECTRAL ESTIMATION OF ONBOARD SIGNALS attitude and pOSition of the plane, which must be integrated
ri]lato our algorithms. However, the operational conditiolsa

After development of the signal processing algorithms a ) .
their testing on ground-based LiDAR data, the next step whagjuire an adaptation of the model-based approach for the

to perform flight tests with an airborne LIDAR. We will first OvierPSNiIE t:atng et)t(i?eéle-'rllﬁedmatva r:Ig:terfazlgltulde. .
describe this installation. The flight tests are then degict ) Position and attitude:The movement of the laser source

mgans that every shot is issued from a different point inespac
[

followed by a discussion on the necessary signal process 4 ) )
adaptation compared to the ground system used in the pr.eviﬁ et the_ relatlv_e_ly high speed of the aircraft (30m/s), the
difference in position between the first and last shot of a

section. scan is 80m/g5s=400m, which is a significant displacement
compared to the LIDAR range of 2360m. To compensate for
A. Aircraft installation and flight tests this motion and for the aircraft's attitude, all the LOSs of
Installation of the LiDAR in the aircraft is performed undeone scan are placed in a single reference system (in this
several constraints. First, for safety reasons, the eegdippgase the reference frame of the aircraft when the last LIDAR
aircraft must not encounter the vortex generated by théamiep return was acquired). The bundle of LOSs is then truncated
in front of it. As wakes move downwards with time, thedy near and far boundaries of 800m and 2360m, respectively.
altitude of the following aircraft must be equal to or highef his truncation reduces the volume of analysis but guaesnte
than that of the generating aircraft. During flight tests thgeometrically coherent results.
measuring aircraft also follows the generating aircrafthsat 2) Speed:In a Doppler system, the relative speed of the
the vortices can be detected axially, in a configuration asecl source and the target creates the frequency shift. The speed
as possible to a real approach. This forces the forwardihgok of the aircraft therefore has a major impact on the results an
LiDAR to aim downwards, in the direction of the flight pathmust be integrated into the signal processing. This is ézlbec
The second limitation comes from the aircraft itself whiash true because both speeds have the same weight in (1), so that
no opening on its underside to allow the laser beam to a#@wariation of 1% in the aircraft speed (0.8m/s) correspdads
straight forward along the fuselage axis. As an additiomdg h nearly 25% of the airspeed variations due to a vortex (which
cannot be made in the fuselage, we have modified one of #ire roughly within+3m/s). The direction of each LOS must
lateral windows and designed a protruding fiberglass fairialso be taken into account for this compensation since the
to protect the scanner optics. For aerodynamic reasons thBAR measures air speed vectors along the LOS only.
fairing could not extend far outside the airplane; as a tesul 3) Adaptation to the lower SNREhe aerosol concentration
the LiDAR did not aim straight ahead but with a small anglat the altitude of the flight tests is much lower than on the
offset from the longitudinal axis. These vertical and honial ground, leading to a lower reflected and received power than
anglesw andg are represented in Fig. 8 and both have a valudserved during the M-FLAME tests. As the noise level at
of 9°. the detector is constant, the global SNR of the sampled kigna
The flight tests were conducted in the vicinity of Toulousewill decrease. Given the low SNR of -25dB to 0dB observed
Blagnac airport at the end of June 2004, with an A340-600 the flight, test data one must carefully integrate the aois
as generating aircraft. The flight plan included a zig-zageo component into the spectrum model. For the gate closest
to be followed by the measuring aircraft behind the straight the observing aircraft (980m), the noise spectrum can be
flight path of the A340-600. This approach almost guaranteednsidered flat with respect to the amplitude of the main
that the vortex would intersect the analysis volume, algiou return peak (Fig. 9a). These spectra are similar to thoskeof t

Signal processing adaptation
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C. Geometric estimation of the vortex positions

We performed a geometric estimation of the vortex positions
in the scanned volume to provide more confidence in our
results. These estimations use the all geometric measateme

350 360 390 400 350 360

Fresnancy fi) S ety 0 40 available, including the position and attitude of both the
10 10 generating and following aircrafts, their speed, and thgdesn
09 - Spectrum 09 — Spectrum of regard of the LIiDAR scanner. An estimate of the wind

Residue

speed vector (23kt, 291 was also used to obtain the correct
lateral displacement of the vortices. However, the wind has
little influence on our measurements because it was almost
aligned with the track of the generating aircraft. For thet@o
descent rate, we used the following expression that yields a
370 371 372 373 374 375 376 377 378 result close to the commonly applied value of 1m/s:

Frequency [MHz] Frequency [MHz]

@ (b)

~ 0.96 (14)

Wsink = 27Fb0
Fig. 9. Spectral fits of on-board signals with a two-primitisedel for
range gates 1 (a, 980m) and 7 (b, 1700m). The maxima of all speetra where the circulation' was set to 300Ais, by=rb/4 and
fho contra peak of th Upper graphe. The first spectrum @anmise floor D=63-45M is the aircraft wingspan. The resuits of this geo-
that is significantly higher than what was observed for theugd tests in Metric estimation are presented in the final results asesircl
Fig. 2d, even though (a) is from a close range gate. (Figs. 10 to 12). The diameter of each circle does not reflect
the true zone of influence of the vortex; it has been selected

based on visualization criteria only. Estimations for tlogtex

ground tests. However, as the analysed gate is locatecefurthge and for the laser-vortex misalignemerit (@rtically and
away from the aircraft, the SNR decreases rapidly and tAerizontally) were also obtained using the geometric estim
larger noise component amplitude can no longer be considefi@n of the vortex positions.
constant across the spectrum. A typical spectrum at a distan
of 1640m is presented in Fig. 9b. Its higher noise level preve VI. AIRBORNE RESULTS AND DISCUSSION
the detection of the secondary signal component and alés lea The results of each model parameter are presented for the
to noise in the estimated spectral width of the main peak. ¢c5n 07-23 (2GB-block number 7, scan 23) in Figs. 10 and 11.
As explained in Section Ill, the shape of the noise spectrumitime evolution of the vortex is shown in Fig. 12 for scans
is constant over the scans, so that only the amplitude fact®-09 to 09-14. Like the ground results, the nearest gate is
varies. It is thus logical to estimate this spectrum and usBown at the bottom. The distance to the airplane increases
it in the same way as in the ground tests. However, my steps of 120m moving from the bottom to the top of the
specific noise-spectrum shots were taken during the I-WAKfigure. The center of the nearest gate is located at 980m, and
flight tests because the laser was started after take-off apdt the farthest is at 2060m.
no such tests could be performed in flight. Furthermorestest Two vortices should be visible in the detection field of
done before take-off would not accurately describe theenoigig. 11, because the gate size is much larger than the vortex
spectrum, as the laser changes its characteristics dewendieparation distance. We observe this for gates 4 to 6, ajthou
on factors such as aircraft altitude and vibration levelst Fthe strength of the two vortices is dissimilar. On those eéhre
these reasons, the noise spectrum is estimated from the {pgks the vortices are roughly parallel, as expected, and fit
samples of the LOS. These samples correspond to a distafigr geometrically-predicted positions.
of a little more than 5km from the aircraft, which is outside Compared to the ground tests (Figs. 5 and 6) we note that
the useful range of the LIDAR. The corresponding data shoulfle parameters are noisier; this is expected given the lower
therefore only contain noise whose spectrum is estimated ®NR, which is now at best 0dB. As noted in Section IV-B
every LOS and then averaged over the whole scan to obtgie detection capability quickly degrades when the SNR is
stable data. This approach is more time-consuming than #&ow -10dB, which here corresponds to a distance of 1580m
off-line estimation made in the ground-based tests, butth&s or gate 6. The detection field of Fig. 11 confirms this -10dB
advantage of automatically adapting every 6s to changestiiteshold, as the first six gates are well rendered but fram th
the detector noise spectrum that might occur during thetfligieventh gate onward the results are significantly noisiee D
Finally, the lower SNR requires that we adapt two parame the zigzag trajectory of the following aircraft, the voets
ters specified for the ground tests: the gate length is nowsetappear only in the range from 1300m to 2000m and within
120m to ensure a better basis for the FFT, and the resamplihg range only three gates (4 to 6) have an acceptable yualit
radiusr is set to 0.7 to include more shots in the spectruniThe necessity of good noise estimation is also more impbrtan
aggregation. As this radius is significantly higher thantfa than for the ground tests as the noise (and its power vamgtio
ground tests, the resolution of the range gate images igthahalong the spectrum) is relatively more important and quickl
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masks the useful signal if not modelled properly. Tests hakaser (Germany), the University of Hamburg (Germany), the
shown that, using a simpler flat noise spectrum, the quafity NLR (Netherlands), Faunhofer IOF Jena (Germany) and UCL
the results degrade much faster and no detection can be mag&M (Belgium), all of which should be thanked for their
at all. indispensable participation in the project.

The observed mean speed deficit is more intense than for th&he authors are also grateful to Michael Keane for his help
ground tests. This is due to the larger misalignment betwegith the M-FLAME data and signal processing.
the vortex and the scanning axis, which leads to the tarajenti
component being taken into account in the measurements (see
Section IV-C). Indeed, the space between the two vortices
contains air moving downwards; this air mass will appear agj w. Jackson, “Wake vortex prediction: An overview;” Teportation
moving away from the aircraft, when seen from above from Development Center, Transport Canada, Tech. Rep. TP13628E,
the following plang. The mean speed deficit a'?‘O oceurs OV?E] ?ON Hallock, C. Tung, and S. Sampath, “Capacity and wakéaces,” in
a wide range, which shows that we are looking at a well-" proc. ntl. Congress of Aerospace Sciences (ICAST@jonto, Canada,
formed vortex section, before its turbulent breakdown. age Sept. 2002, paper 7.9.1.

of the vortex was estimated using geometric simulationd ar{3] Air Traffic Control Federal Aviation Administration (FAA), 2004, no.
’ 7110-65P, ch. 3-9-7.

ranges from 365_t0 42s eren(jing on the scan and gate. TEHF Aeronautical Information Manual Federal Aviation Administration
age correlates with the simulations of Darracq, who observe  (FAA), 2004, ch. 7-3.
that a vortex is axially detectable between 18s and 48s & J- M. Vaughan, K. O. Steinvall, C. Werner, and P.-H. FlamaBoherent

i o dar in E Proc. |EEE vol. 84, no. 2, pp. 205-226, Feb.
age [37]. The present technique can thus work not only with fggeer_ra arin Europerroc Evo no. £ pp ©

almost pure axial data (as shown by the ground tests) bgg] D. A. Hinton, “An aircraft vortex spacing system (AVOS®) dynamical
also if the following aircraft is not perfectly aligned withe wake vortex spacing criteria,” ifProc. 78th Fluid Dynamics Panel

. . SymposiumTrondheim, Norway, May 1996.
vortex. However, our approach may not work in a purely aXIa[7] C.R.Tatnall, “An investigation of candidate sensosetvable wake vor-

configuration and when the observed vortex is very young tex strength parameters for the NASA Aircraft Vortex SpacBygtem
[37]. Old vortices after turbulent breakdown will also ben@o (AVOSS),” NASA, Hampton, VA, Tech. Rep. 206933, Mar. 1998.

e P 8] B. Lamiscarre, B. Christophe, C. Fournet, J. Lemorton, autier, and
difficult to detect, but they present a limited threat to the A. Oyzel, “Nouveaux capteurs pour Idfioration de la acurie et

following aircrarft. de lefficacie des mouvements en zonéraportuaire,” inProc. &me
Finally, Fig. 12 shows six successive scans across thexvorte  Journée AAAF Toulouse, France, Jan. 1999.
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Their apparent displacement to the left actually corredpon wake vortices,” inProc. Digital Avionics Systems Conf. (DASC'01)
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