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(57) ABSTRACT

Detecting and grading the state and evolution of wake turbu-
lence caused by an aircraft is made on the basis of radar
signals reflected by this turbulence, these signals being ana-
lyzed through analysis cells of given dimension in terms of
distance and bearing. A first preliminary detection step
detects and locates turbulence in a cell. A second step deter-
mines the strength of the detected turbulence, while a third
step determines the age of the detected turbulence as well as
the geometric parameters which characterize it. This method
makes it possible to detect wake turbulence and to determine
at one and the same time the position and the strength of the
latter as well as its stage of evolution.
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1
METHOD FOR RADAR MONITORING OF
WAKE TURBULENCE

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is the U.S. National Phase of Inter-
national Patent Application Serial No. PCT/EP2008/055864,
filed May 13, 2008, which claims the benefit of French Patent
Application Serial No. 07/03479, filed May 15, 2007, both of
which are hereby incorporated by reference in their entireties.

FIELD OF THE INVENTION

The present invention relates to the field of air traffic con-
trol and air safety in general. It relates more particularly to the
safety, rules which govern the relative distances between
aircraft following one behind another along one and the same
air corridor, notably during the takeoff phases and during the
approach and landing phases.

BACKGROUND OF THE INVENTION

In the field of air traffic control, the safety distances
between airplanes, standards dictated by the ICAO (Interna-
tional Civil Aviation Organization), have been established so
as to avoid the dangers related to the encountering by air-
planes of the wake turbulence (or “Wake Vortex™ as it is also
known) generated by an airplane in front of them. Such tur-
bulence is indeed particularly dangerous when the airplane
which passes through it is in a situation of vulnerability, such
as that which it experiences during the takeoff and landing
phases, in particular at the point of entry into the ILS (i.e.
“Instrument Landing System”) guidance zone for runway
approach on landing, while it is situated a relatively small
distance from the ground and in relatively congested naviga-
tion zones.

Currently, for safety reasons, and because the evolution of
such turbulence over time is relatively poorly known, the
distances separating two aircraft, imposed by the ICAO, cor-
respond to significant safety margins. These safety distances
do not in particular take into account meteorological condi-
tions (natural turbulence of the atmosphere) which condition
the rate of fading of the phenomenon, nor the aerological
conditions (crosswind for example) which condition its
movement through space.

Faced with the constant and rapid increase in air traffic and
with the arrival of new wide-bodied airplanes (Airbus A380
and Boeing B747-8), a dual problem arises related to the
following two conflicting constraints:

a first constraint gives expression to the fact that a wide-
bodied airplane produces greater wake turbulence than a
medium-bodied or narrow-bodied airplane. Hence, and
in the absence of complementary parameters, the safety
distance that must be complied with by an airplane
which is following a wide-bodied craft must naturally
be, in absolute terms, greater than in the case where the
same airplane is following a medium-bodied or a nar-
row-bodied craft; in particular in the takeoff and landing
phase. This constraint results in a predictable lengthen-
ing of the waiting times during takeoffs and landings for
airplanes situated behind a wide-bodied craft.

asecond constraint gives expression to the fact that in order
to handle ever greater air traffic, it is necessary to accel-
erate the rotations so as to avoid clogging up air termi-
nals.
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Faced with these conflicting constraints, one solution con-
sists in complicating the airport infrastructures so as to allow
aircraft to follow, both on takeoft and on landing, diversified
trajectories (corridors), so that two airplanes can follow one
another relatively closely by moving along different takeoff
or landing axes allowing each airplane not to pass through the
wake of the airplane in front while the wake turbulence is still
dangerous. However this solution, in addition to the fact that
it requires the installation of relatively sophisticated guidance
equipment, lacking in many airports, furthermore does not
make it possible to determine whether the safety distance
applied in this or that circumstance is a just sufficient distance
or whether conversely it is too widely estimated.

Another known solution consists in trying to detect the
presence of wake turbulence and the distance of such turbu-
lence by means of sensors. Various types of sensors have been
studied for the detection of wake turbulence, and in particular
the Doppler Lidar, pulsed Laser emission systems making it
possible to carry out a Doppler measurement. The major
drawback of this type of sensor for operational use is that it
can only operate correctly in clear weather. In fog and rain,
the Lidar can no longer be employed. Moreover the Lidar,
although possessing good angular resolution, better in par-
ticular than a Radar, has lower distance and Doppler resolu-
tions. In particular, the Lidar is incapable of measuring cer-
tain details on the geometry of the turbulence spiral which
make it possible in particular to determine its state of fading
so that insufficient knowledge of the detected turbulence is
obtained. Moreover, current Lidar systems are not able to
monitor, in a time span compatible with operational require-
ments, a sufficiently wide sector of space to allow effective
monitoring of an airport zone.

SUMMARY OF THE INVENTION

An aim of the invention is to propose a scheme making it
possible, within the general context of airport traffic, to deter-
mine for a given airplane whether it is a sufficient distance
from the airplane in front on its route so as not to experience
the effects of the wake turbulence caused by the airplane in
front while itself being in a vulnerable situation, in the takeoff
or landing phase for example.

The issue here is to be able to determine in real time and in
all weathers (clear weather, fog, rain, etc.) the behavior of
such wake turbulence so as to be able, as a function of the
configuration of the runways and of the weather conditions, to
adjust in a dynamic manner the safety distance between air-
planes, while ensuring a high level of security.

For this purpose the subject of the invention is a method for
detecting and grading the state and the evolution of wake
turbulence caused by an aircraft, on the basis of the radar
signals reflected by this turbulence, these signals being ana-
lyzed through analysis cells of given dimension in terms of
distance and bearing, characterized in that it comprises:

a first preliminary main detection step proper for detecting

and locating turbulence in a cell,

a second main step for determining the strength of the
detected turbulence,

a third main step for determining the age of the detected
turbulence as well as the geometric parameters which
characterize it;

the second and the third step being implemented in parallel,
independently of one another, for each analysis cell for which
turbulence has been detected on completion of the first step.

According to the invention, the first main step itself com-
prises:

a first step of high-resolution spectral decomposition
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a second step of calculating the entropy S of the high-
resolution Doppler spectrum of the signal received,

athird step of detecting the presence of turbulence for each
observation cell, by comparison with a fixed threshold of
the level of the entropy S measured for this cell;

this first main step providing an indication regarding the
position of the detected turbulence and an indication regard-
ing the richness of the spectrum of the corresponding signal
received.

According to the invention, the second main step itself

comprises:

a first step of spectral decomposition by Fourier transfor-
mation of the signal received,

a second step of normalizing the Doppler spectrum
obtained,

athird step of detecting the components of significant level
of'the Doppler spectrum, by comparison with respect to
a fixed threshold,

a fourth step of calculating the circulation I' of the tangen-
tial speed V(r) within the turbulence,

a fifth step of calculating the variance L of the tangential
speed V(r) on the basis of the significant components of
the Doppler spectrum;

this second main step providing an indication regarding the
strength of the detected turbulence

According to the invention, the third main step itself com-

prises:

a first step of determining the frequency components of the
high-resolution Doppler spectrum of the signal received
by determining the roots of the characteristic polyno-
mial of the autoregressive model of the signal received

asecond step of analyzing the density of the components of
the Doppler spectrum and the slope of the variation of
the value of these components over the analysis time;

this third main step providing an indication regarding the
stage of evolution of the detected turbulence and an indication
regarding the geometry of the latter.

DESCRIPTION OF THE DRAWINGS

The characteristics and advantages of the invention will be
better appreciated by virtue of the description which follows,
which description sets forth the invention through a particular
embodiment taken as nonlimiting example and which apper-
tains to the appended figures, which figures present:

FIGS. 1 to 3, schematic illustrations of the phenomenon of
wake turbulence,

FIG. 4, an illustration of the evolution of such turbulence
over time,

FIG. 5, a basic schematic of the method according to the
invention,

FIG. 6 a spectrogram representing in a schematic manner
the evolution of the components of the Doppler spectrum of
the signal corresponding to recently formed threshold wake
turbulence,

FIG. 7, a spectrogram representing in a schematic manner
the evolution of the components of the Doppler spectrum of
the signal corresponding to currently evolving threshold
wake turbulence,

FIG. 8, a spectrogram representing in a schematic manner
the evolution of the components of the Doppler spectrum of
the signal corresponding to threshold wake turbulence in the
process of disappearing.

DETAILED DESCRIPTION

FIGS. 1 to 4, which illustrate in a schematic manner the
wake turbulence phenomenon created by an aircraft 11, are
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considered initially. As illustrated by these three figures, the
wake turbulence is materialized by the creation to the rear of
the aircraft of two swirls 21 and 22 (vortices) which cause
oppositely directed rotations of the air mass. One thus speaks
of “counter-rotating” eddies.

Each eddy 21, 22 takes the form of a spiral whose points are
situated with respect to the center at a distance r(0) varying
exponentially as a function of the number of revolutions
performed in order to join the point under consideration to the
center. It is thus possible to write the relation:

#(0)=a-€*® for 0 varying from 0 to Nat (N integer). [1]

where a and b represent the geometric parameters of the
spiral.

Each eddy is furthermore characterized by its nucleus 31 of
radius r..

It is known to evaluate the danger related to the wake
turbulence caused by an aircraft, by determining the value of
certain physical characteristics.

Thus, turbulence is generally characterized by its size,
through the distance b, which separates the centers of the two
eddies (vortices) which constitutes it. This distance is given
by the following relation:

by=sB 2]

in which B represents the wingspan of the airplane, as illus-
trated by FIG. 1.

The factor s is for its part equal to /4, so that b, is substan-
tially equal to ¥ of the wingspan B.

This turbulence is also characterized, in a known manner,
by the tangential speed of the air mass inside the two eddies
21 and 22. This speed follows an exponential law, with
increase in the tangential speed from the center toward the
periphery inside the core 31 of the eddy at the radius r_ of the
core, and a decrease as a function of the radius r(0) outside the
core. It can thus be defined in a known manner by the follow-
ing relations:

v(r) = rL  Vinax (3]

for O <|r| < r.

and
V)= Vi &
r
for r. < |r|
V... being defined by the relation:
r 5]

V’""Xzz-n-r
3

where I' represents the circulation of the vector V along the
spiral forming the eddy.

The tangential speed inside the eddies can thus reach on
average, or indeed exceed, +/-10 m/s.

This turbulence is also characterized, in a known manner,
by the circulation I" of the speed of the air masses in the
turbulence. The circulation I which represents the kinetic
moment (in m%s) of the tangential speed of the air mass
(integral of the product of the tangential speed V ,of the eddy
times its radius r(0)) makes it possible to characterize the
strength of the wake turbulence. The initial value of the cir-
culation, I'y, is defined as a quantity proportional to the
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weight of the airplane and inversely proportional to its wing-
span and its speed. It is thus possible to write:

M-g

[0 =——
0 p-V-s-B

where M represents the mass of the aircraft, V its speed and B
its wingspan.

The parameters g, p and s represent for their part respec-
tively the acceleration due to gravity, a parameter character-
istic of the geometry of the wings of the aircraft and a factor
equal to /4.

It is moreover known that the wake turbulence created by
an aircraft evolves over time, this evolution as. As illustrated
by FIG. 4, the two eddies 21 and 22 evolve over time. They
thus naturally lose altitude (because of the counter-rotation)
with a speed V ; inversely proportional to the wingspan B of
the aircraft, given by the following relation:

Iy Iy

Vy=—e— = —
4 2-mby 2-m-s-B

A descent speed of the order of 2 m/s on average is thus
obtained for airplanes of average size.

This wake turbulence may furthermore experience the
influence of the wind so that the two eddies, or vortices, are
also subjected to the possible action of the wind and may be
transported by the crosswind.

Moreover it is known that when turbulence is situated in
proximity to the ground, it is also subjected to other more
complex phenomena, such as wind shear phenomena which
rotate each eddy one with respect to the other, or else phe-
nomena of rebound from the ground giving rise to spurious
mirror eddies.

Finally, it is known that, in a natural manner, wake turbu-
lence decays and dies out as a function of the natural turbu-
lence of the atmosphere, characterized by the quantities TKE
(“Turbulent Kinetic Energy”) and EDR (“Eddy Dissipation
Rate”), and also under the action of “Crow wave” related
self-destruction phenomena linked with the swirling of the
eddies around themselves. This decay and this death result in
particular in a progressive loss of strength and a decrease in
the speed of the air masses within the turbulence. Thus a given
turbulence undergoes a phase of growth, followed by a phase
of decay and extinction.

As far as wake turbulence is concerned, investigations,
conducted among aircraft pilots, have shown that the most
dangerous zones during the approach to an airport are two in
number. The first zone corresponds to the ILS interception
zone (entry point of the approach cone defined by the ILS
situated from 700 m to 1000 m above the ground). In this
zone, indeed, airplanes coming from various directions align
themselves with the descent axis defined by the ILS while
generating at this point wake turbulence that an aircraft enter-
ing the approach cone will have to pass through. The second
zone corresponds to the final ground approach because of the
rebound phenomena described above. For these two zones, in
which aircraft maneuver close together at low or indeed very
low altitudes, it is therefore necessary that each aircraft be
able not only to detect the presence of turbulence ahead of'it,
but also that this aircraft be able to estimate the strength of the
disturbance generated by the turbulence detected.
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FIG. 5, which presents the basic flowchart of the method
for detecting and characterizing wake turbulence, is now con-
sidered.

The method according to the invention carries out for this
purpose three distinct main steps:

a first preliminary main detection step 51 proper which

makes it possible to detect and to locate turbulence,

a second main step 52 which makes it possible to determine
the strength of the detected turbulence,

a third main step 53 which makes it possible to determine
at one and the same time the age of the detected turbu-
lence as well as the geometric parameters which char-
acterize it.

The data 54 processed by the method according to the
invention consist of the samples of received radar signal. Each
signal sample corresponds here in a known manner to the
signal originating from a cell of space determined by its radial
distance and its bearing and its size in terms of distance and
bearing, which size defines in a known manner the resolution
of'the signal received. Each signal sample is defined in terms
of' amplitude and phase by a real component I and an imagi-
nary component Q.

On the basis of these input data, the method according to
the invention delivers the following indications:

the position 55 of the detected turbulence,

an indication 56 regarding the spectral richness of the
corresponding signal,

indications 57 relating to the strength of the detected tur-
bulence,

an indication 58 regarding the age of the detected turbu-
lence,

the value 59 of the geometric parameters characterizing the
turbulence.

According to the invention the detection task 51 is carried

out in several steps:

a first step 511 of high-resolution Doppler analysis of the
signal received,

a second step 512 of calculating the entropy of the Doppler
spectrum determined in the previous step,

a third step 513 of detection itself.

The high-resolution Doppler analysis step 511 is carried
out by implementing an analysis scheme based on autoregres-
sive filtering making it possible to determine for each (dis-
tance, azimuth) cell a spectral model of the signal received
through its reflection coefficients 1, on the basis of restricted
signal sample sequences. To calculate the coefficients ,, it is
possible to use any known scheme such as the trellis algo-
rithm of Burg for example. However, in a preferred manner of
implementing the method according to the invention, the
scheme implemented to determine the order of the model and
the coefficients y,, is the Doppler analysis scheme based on
“regularized autoregressive” filtering, described in French
patent applications filed by the Applicant on Jun. 13, 1995
under the number 95 06983, and on Sep. 6, 2005 under the
number 05 09095, which scheme makes it possible to satis-
factorily estimate the coefficients p, of the autoregressive
model on the basis of a restricted signal sample series. This
scheme, not detailed here, consists in particular in associating
a block-wise autoregressive trellis filtering implementing
Burg’s algorithm or else an algorithm of “MUSIC” (Multiple
Signal Classification) type with a so-called regularization
scheme consisting in applying to each coefficient 1, obtained
a coefficient making it possible advantageously to limit the
consequences of the numerical instabilities engendered by
the autoregressive filtering when a small number of samples
is available. The coefficients |, obtained are then termed
“regularized”.
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Step 511 is followed by a step 512 during which the coef-
ficients 1, are used to calculate the entropy S of the Doppler
spectrum obtained. The expression for this entropy, which
characterizes the richness of the spectrum in spectral compo-
nents, is:

- St (i)

where N represents the number of coefficients 1, of the model
defined in step 511.

Accordingly, in the course of step 513, the entropy S cal-
culated for each of the (distance, azimuth) cells is compared
with a threshold S, fixed as a function of detection probabil-
ity and false alarm probability criteria. In this way, each cell
exhibiting an entropy S greater than the threshold S, is
detected and considered to be a zone where the air mass
exhibits a disturbance linked with wake turbulence. A map-
ping of the (distance, azimuth) cells in which it has been
possible to detect turbulence is thus available on completion
of step 513 of the task 51.

According to the invention, the object of the task 52 is to
characterize the strength of the detected turbulence. It there-
fore applies only to the cells for which the task 51 has pro-
duced a detection. Like the task 51 it is also carried out in
several steps:

afirst step 521 during which a conventional spectral analy-
sis of the spectrum of the signal received is performed,

a second step 522 of normalizing the level of the spectral
components,

a third step 523 of detecting the significant spectral com-
ponents,

a fourth step 524, during which the circulation I" of the
tangential speed characterizing the turbulence is calcu-
lated,

a fifth step 525, during which the variance L of this same
tangential speed is calculated.

The first step 521 is carried out by applying the conven-
tional spectral analysis scheme, by Fourier transformation for
example. This spectral analysis makes it possible to deter-
mine the components of the Doppler spectrum which charac-
terizes the turbulence. It is followed by step 522 the object of
which is to normalize the Doppler spectrum obtained with
respect to an ambient signal level in the frequency plane. This
normalization of the spectrum of the signal on the frequency
axis can for example be carried out for each frequency on the
basis of the mean value and the variance of the level of the
spectrum in the neighborhood of the frequency considered,
by known methods of CFAR type (i.e. “Constant False Alarm
Rate™).

The normalization step 522 is followed by a step 523 of
detecting the significant spectral components, that is to say
spectral components which characterize the turbulence. Like
during step 513, the detection is carried out here by compar-
ing the normalized level of each spectral component with a
threshold S,. Each of the components whose level exceeds the
threshold, is here retained so as to characterize the turbulence.

The significant spectral components having been deter-
mined, step 524 proceeds to the calculation of the circulation
T" of the tangential speed of the air masses in the cell consid-
ered. The latter is defined in a known manner (to within an
arbitrary factor) by the following proportionality relation:
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Vmax
Z-f VE[F(V))*3-av;
Yinin

[N

R Ewvol-av;

where F(V,) represents the value of the speed component
V, (of frequency f)) under consideration of the Doppler spec-
trum of the signal received.

This circulation represents, as was stated previously, the
kinetic moment (in m?/s) of the tangential speed of the air
masses within the turbulence, that is to say the integral of the
product of the tangential speed V ;. of the motion of the air
mass at a point of the vortex under consideration times the
distance r(0) of this point from the center of the vortex. It
makes it possible advantageously to characterize the overall
strength of the wake turbulence detected in the (distance,
azimuth) cell considered.

In parallel with step 524, step 525 proceeds for its part, on
the basis of the significant spectral components, to the calcu-
lation of the reduced variance L of the tangential speed of the
air masses in the cell considered. The latter is defined in a
known manner (to within an arbitrary factor) by the following
proportionality relation:

Vinax 10
f VEF(W)1-dV; (1ol
Lo Yinin

R Ev)-dv;

Like the circulation I, the variance [. makes it possible
advantageously to characterize the overall strength of the
wake turbulence detected in the (distance, azimuth) cell con-
sidered. Indeed it characterizes the dispersion of the distur-
bance of the air masses created by the turbulence and there-
fore the greater or lesser degree of agitation of these air
masses.

On completion of steps 524 and 525 of the task 52, two
indications L. and I" making it possible to characterize the
strength of the turbulence detected are obtained for each cell
in which turbulence has been detected, for which cell the task
51 provides the position.

According to the invention, the task 53 has for its part the
dual object of allowing the determination of certain geometric
parameters relating to the detected turbulence, as well as of
making it possible to determine the age of the turbulence or
more exactly its degree of evolution. For this purpose, it
comprises the following steps:

a first step 531 which performs, for each of the (distance,
bearing) cells, the determination of the components of
the Doppler spectrum of the signal received,

a second step 532 which performs, only for the cells in
which turbulence has been detected, the analysis of the
variations over time of the frequencies of the spectral
components of the signal.

The first step 531 is carried out on the basis of the autore-
gressive model determined during the high-resolution Dop-
pler analysis step 511. It consists mainly in determining the
natural frequencies of the model by calculating the roots of
the polynomial characterizing the model. A fine spectral
decomposition of the signal received is thus advantageously
obtained.

The second step 532 consists for its part in analyzing the
evolution of the Doppler spectrum over an analysis time
interval At during which the radar detection means are
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directed onto the (distance, azimuth) cell considered. Accord-
ing to the invention for each cell in which turbulence has been
detected, the slope of the variation, over time, of the fre-
quency of each of the components of the Doppler spectrum is
estimated. This analysis advantageously makes it possible as
illustrated by FIGS. 6 to 8 to determine the stage of evolution
of the detected turbulence.

FIG. 6 presents in a schematic manner in the (time, Doppler
speed) plane, for a given (distance, azimuth) cell, the evolu-

5

tion over time of the frequency of the spectral components of 10

the signal corresponding to recently formed turbulence. It
should be noted that in the representation of FIG. 6, as in those
of FIGS. 7 and 8, the Doppler frequencies are represented by
the corresponding speeds expressed in m/s.

As may be noted in the figure, the turbulence is character-
ized by a spectrum whose components expressed in the space
of the Doppler speeds (i.e. lying between 0 m/s and £V, )
are numerous and tightly packed. Furthermore these compo-
nents all exhibit evolution slopes 61 of positive sign, the value
of'each of the components increasing over time. At this stage
of'evolution, the turbulence therefore sees its tangential speed
increase and with it its strength. It is therefore advisable to
signal to any aircraft approaching the zone corresponding to
the cell under consideration that this zone is highly disturbed
and that the disturbance has not reached its maximum.

FIG. 7 presents in the same manner the evolution over time
of the frequency of the spectral components of the signal
corresponding to a turbulence that may be graded as mature.
Such turbulence is characterized by a spectrum whose com-
ponents are less numerous and spaced further apart. Further-
more for certain of these components 71 the Doppler fre-
quency (and therefore the speed) increases over time, while
for certain others 72 the Doppler frequency (and therefore the
speed) decreases over time. Certain spectral components thus
exhibit evolution slopes 73 of positive sign and others evolu-
tion slopes 74 of negative sign. Such turbulence therefore sees
its tangential speed decrease with respect to the previous
stage of evolution, which decrease finds its expression in the
fading of the disturbance engendered by the turbulence and as
a consequence of the danger that the latter may represent for
an aircraft entering the (distance, bearing) cell occupied by
the disturbance considered.

FIG. 8 presents, in the same manner, the evolution over
time of the frequency of the spectral components of the signal
corresponding to turbulence in the process of extinction. As
may be noted in the figure, the turbulence is characterized by
a spectrum with few components 81 spread out in frequency.
Furthermore these components all exhibit evolution slopes 82
of negative sign, the Doppler frequency (and therefore the
speed) of each of the components decreasing over time. At
this stage of evolution, the turbulence therefore sees its tan-
gential speed decrease and with it its strength. Such turbu-
lence in the process of extinction now produces, although still
being detectable, only a moderately intense disturbance of the
air masses in the cell considered. Depending on the size of the
aircraft liable to pass through it, it therefore now represents, if
not no threat, at least only a moderate threat.

The estimation of the slopes of variation of the speeds over
time can be carried out by various known graphical, semi-
graphical or else algebraic processes, on the basis of the
natural frequency values provided by-step 531. These pro-
cesses known elsewhere are not described here. The observa-
tion time At is for its part determined as a function of the radar
detection equipment used and in particular, in the cases of a
scanning radar, by the time interval separating two periods of
transit of the radar beam in the same direction of observation
and therefore over the same (distance, bearing) cell.
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In addition to the determination of the stage of evolution of
the detected turbulence, the determination of the slopes of the
evolution of the Doppler frequencies also makes it possible,
advantageously, to determine certain parameters related to
the geometry of the turbulence, in particular the factor b of
relation [1] defining r(0) and characterizing the aperture of
the spiral constituting an eddy (vortex) 21.

Indeed, ifrelations [3] and [5] are considered, it is possible to
write:

vir)=a-r [11]

Vinax I 12
with o = = 0 12]

[

Likewise the increase Or in the radius r(8) corresponding to a
complete revolution (AB=2m) around the spiral about its cen-
ter can be defined by the following relation:

r+or

13
r:aebg:r+6r:aeb(9+2"):r-ebz":—r = [13]

b2n

[14]

In this way, by considering relations [ 12] and [14], it is finally
possible to write:

Vi aur o VO O [15]
Vir) r
s 1 V()
=¥ _1=b= ﬂlog(l+m)

Accordingly, knowing the evolution of V(r), it is advanta-
geously possible to estimate the parameter b defining the
eddies (vortices) 21 and 22. For this purpose, in practice, the
evolution of the Doppler spectrum over time such as repre-
sented on the spectrograms of FIGS. 6 to 8 is considered, and
the variation dV(r) of the speed as a function of the radius is
determined by considering the slopes of variation of two
spectral components 83 and 84. This variation is thereafter
normalized by the mean speed V,(r) defined by the two
chosen spectral components and illustrated by the dashed line
85.

As may thus be noted through the above description, the
method according to the invention proposes, beyond what is
proposed by the methods of the known prior art, a process for
determining, not only the presence of wake turbulence in a
given zone of space, but also the strength of this turbulence,
that is to say the negative impact that it could have on the flight
conditions of an aircraft having to pass through the relevant
zone of space.

This characterization of the turbulence is furthermore
advantageously supplemented with the characterization of
the stage of evolution of the turbulence (turbulence which is
young, mature, or in the process of extinction). This indica-
tion regarding the stage of evolution makes it possible to
determine in particular the time during which the detected
turbulence is liable to represent a threat.

This characterization is further advantageously supple-
mented with the determination of the parameters relating to
the geometry of the turbulence, the parameter b in particular.
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The association of these indications, provided by the
method according to the invention, advantageously makes it
possible, when wake turbulence caused by the passage of an
aircraft is detected, to determine in an optimal manner, by
taking account in particular of the aerology of the zone (pres-
ence of crosswind), the most suitable safety distance that
must be complied with, for their own safety, by aircraft situ-
ated in the wake of the aircraft from which the turbulence
originated. This precisely estimated optimal safety distance
determined without prior assumption about the aircraft that
caused the turbulence can thus be substituted for a safety
distance determined a priori simply as a function of the scale
of this aircraft.

It should be noted that in the above description, the method
according to the invention is described in its most complete
form, that comprising a first detection step 51, and then two
independent steps 52 and 53 of characterizing the detected
turbulence. However, it is of course possible to consider the
method according to the invention in simpler forms. Thus,
with steps 52 and 53 being independent of one another, it is
for example possible to envisage implementing, without
departing from the field covered by the patent, simply the
detection step 51 and the step 52 of estimating the strength of
the detected turbulence; or else simply the detection step 51
and the step 53 of determining the age and the geometric
parameters of the detected turbulence.

The invention claimed is:

1. A method for detecting a state or an evolution of wake
turbulence caused by an aircraft, on the basis of received radar
signals reflected by this turbulence, the received radar signals
being analyzed through cells of given dimension in terms of
distance and bearing, said method comprising:

utilizing a radar to receive radar signals reflected by turbu-

lence;

using the received radar signals to perform a first prelimi-

nary detection step for detecting and locating turbulence
in a cell;

using the received radar signals to perform a second step

for determining a strength of the detected turbulence;
and

using the received radar signals to perform a third step for

determining a degree of evolution of the detected turbu-
lence as well as geometric parameters which character-
ize the turbulence;

wherein the second and the third steps are implemented in

parallel, independently of one another, for each cell for
which turbulence has been detected on completion of the
first step.

2. The method as claimed in claim 1, wherein the first step
comprises:

a fourth step of high-resolution spectral decomposition;

a fifth step of calculating entropy of a Doppler spectrum of

the received radar signals; and

sixth step of detecting the presence of turbulence for each

cell, by comparison with a fixed threshold of the level of
the entropy measured for this cell;

wherein the first step provides an indication regarding the

position of the detected turbulence and an indication
regarding richness of a Doppler spectrum in a spectral
component of the corresponding received radar signals.

3. The method as claimed in claim 2, wherein the fourth
step implements a regularized autoregressive analysis
scheme providing reflection coefficients 1, of a determined
autoregressive model.

4. The method as claimed in claim 3, wherein during the
fifth step, the entropy is calculated on the basis of the follow-
ing relation:
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1+|ﬂk|))2
1=l

-1 .
S= Z(nﬁk)-(z -1
k=2

where S is the entropy, and the terms i, represent regularized
reflection coefficients of the autoregressive model of the
received radar signals.

5. The method as claimed in claim 1, wherein the second
step comprises:

a fourth step of spectral decomposition by Fourier trans-

formation of the received radar signals;

a fitth step of normalizing a Doppler spectrum obtained;

a sixth step of detecting components of significant level of

the Doppler spectrum, by comparison with respect to a
fixed threshold;

a seventh step of calculating a circulation of a tangential

speed within the turbulence; and

an eighth step of calculating a variance of the tangential

speed on the basis of the components of significant level
of the Doppler spectrum;

wherein the second step provides an indication regarding

the strength of the detected turbulence.

6. The method as claimed in claim 5, wherein, during the
seventh step, the circulation of the tangential speed is deter-
mined on the basis of the components of significant level of
the Doppler spectrum through the following relation:

Vmax
Z-f V2 [FOPE - dv;
Yinin

[N

R E v -dv;

where I'is the circulation of the tangential speed, and F(V,)
represents the value of a component V, of the Doppler
spectrum.

7. The method as claimed in claim 5, wherein, during the
eighth step, the variance of the tangential speed is determined
on the basis of the components of significant level of the
Doppler spectrum through the following relations:

Vmax
f VE[FOVL-dV,
Vinin

Ymax [F(V)]-dV;

'V min

Lo

where L is the variance of the tangential speed, and F(V,)
represents the value of a component V, of the Doppler spec-
trum.

8. The method as claimed in claim 1, wherein the third step

itself comprises:

a fourth step of determining frequency components of a
Doppler spectrum of the received radar signals by deter-
mining roots of a characteristic polynomial of an autore-
gressive model of the received radar signals; and

a fifth step of analyzing a density of the frequency compo-
nents of the Doppler spectrum and a slope of variation of
a value of the frequency components over an analysis
time;

wherein the third step provides an indication regarding a
stage of evolution of the detected turbulence and an
indication regarding geometry of the turbulence.



