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FIG.1

Instant of arrival of the direct signal
from the tr/ansmitter Ei to the receiver Rj
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Detection ,synchronization and spatial separation of source
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METHOD FOR MULTISTATIC DETECTION AND
LOCATING OF A MOBILE CRAFT THROUGH
THE USE OF DIGITAL BROADCASTING
TRANSMITTERS

BACKGROUND OF THE INVENTION
[0001] 1. Field of the Invention

[0002] The present invention relates to a method for
detecting and locating mobile craft (aircraft for example as
well as surface vessels, underwater vessels, vehicles, etc.), in
using especially the radiation produced by transmitters
present in the vicinity for other applications (here below
called transmitters of opportunity).

[0003] Tt can be applied to any communications transmit-
ter or any transmission system using waveforms with a
known synchronization protocol on one or more carrier
frequencies exploited by the transmitter.

[0004] Tt can be used especially with systems comprising
digital transmitters dedicated to video broadcasting (such as
DVB-T or Digital Video Broadcasting-Terrestrial) or audio
broadcasting (DAB or Digital Audio Broadcasting) or again
cell network infrastructure transmitters (for PMR or Private
Mobile Radio).

[0005] 2. Description of the Prior Art

[0006] The majority of the presently existing or planned
solutions for locating aircraft are based on general principles
of radars, radar interceptors or IFF (Identification Friend or
Foe) systems in electromagnetics and principles of sonars
and sonar interceptors in acoustics.

[0007] Generation Controlled by a Transmitter Planned
for this Purpose

[0008] The radar or sonar type solution uses a wave which
is intended to be reflected from obstacles (aircraft, etc.). This
solution exploits the paths taken by signals reflected by a
receiver working together with the transmitter:

[0009] either collocated with the transmitter, in the
case of active sonar or monostatic sonar,

[0010] or delocated from the transmitter in the form
of:

[0011] active sonar or bistatic radar using one trans-
mitter and one receiver

[0012] multistatic radar comprising several transmit-
ters and one or more receivers.

[0013] These solutions nevertheless have the drawback of
using specific transmitters that collaborate closely with the
reception system of the signal induced by the presence of the
aircraft. Such transmitters are indiscreet and often costly,
and require much space. Furthermore, they are generally
dedicated to certain special applications. They are small in
number. They often require large amounts of space and their
availability is sometimes limited.

[0014] Exploitation of the Proper Radiation Produced
[0015] Other solutions use the proper radiation produced:

[0016] by transmitter specific to the mobile craft.
This is the well-known principle used in IFF and air
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traffic control systems to identify and track aircraft.
This principle is also used in radar interceptors or
sonar interceptors.

[0017] by the mobile craft itself (using for example
passive sonar, detection of magnetic or electromag-
netic anomalies). This radiation may come directly
from the mobile craft, or may result from a phenom-
enon of the masking of a radiation source (shadow),
or more generally it may come from a temporary and
local modification of the ambient electromagnetic or
acoustic/seismic field: the principle of anomaly
detection applied for example for the activation of
mine seekers for certain surveillance sensors, etc.

[0018] These approaches have the following drawbacks:

[0019] they are passive, without any collaboration
with the transmitter;

[0020] they work only in the case of transmissions
effectively detectable by a reception system, thus
raising “rendezvous” problems, causing random
phenomena, requiring a learning process, etc.

[0021] Furthermore, these approaches produce a rough
measurement whose nature is chiefly angular. The distance
is obtained only after passing through a tracking filter under
certain conditions of implementation that are generally
restricted.

[0022] Exploitation of the Proper Radiation Sent by
Opportunity Transmitters and Reflected by the Targets

[0023] Such methods are implemented to exploit the for-
tuitous presence of radar or other transmitters, for purposes
of detection of targets present in the environment by receiv-
ers planned for this purpose. They rely on classic measure-
ments of time difference of arrival, (TDOA) or direction of
arrival (DOA) and sometimes on

[0024] Doppler Subtraction Techniques.

[0025] These approaches presently have the following
drawbacks:

[0026] the planned or existing systems are based
essentially on the waveform properties and the Dop-
pler properties of the waves sent (often multicarrier
waves).

[0027] The planned or existing systems generally
necessitate the simultaneous reception of signals of
the direct path or the path of the signals reflected
from the target to determine a difference between the
instants of arrival.

[0028] Today, none of the systems possesses efficient
capacities for separating the transmitters of oppor-
tunity that are present. For this reason:

[0029] the transmitters of opportunity envisaged in
many existing systems are very small in number
(in general, there is only one per processing band).
This has the effect of limiting the locating preci-
sion produced or of considerably extending the
time period needed for the production of high-
quality locating.

[0030] The existing reception systems capable
today of processing transmitters of opportunity are
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hard to integrate into relatively dense transmitter
networks sharing the same frequency resource for
such as networks designed for radio broadcasting
(DVB-T, DAB) or cell network transmission
(GSM or Global System Mobile, UMTS or Uni-
versal Mobile Telecommunication System), while
the density of transmitters is a notable factor in
performance (entailing numerous measurements
and geometrical configurations).

[0031] The current systems do not enable the efficient
processing of situations of complex multiple-transmission
and are even less suited to the processing of situations of
interference between the received signals.

[0032] The idea of the invention lies notably in the exploi-
tation of the presence of transmitters of certain radio and
television broadcasting networks such as the DVB-T, DAB
broadcasting systems or the infrastructure transmitters of
cell networks, PMR or the like. It uses especially opportu-
nities for the time-related synchronization of signals, as well
as efficient source-separation methods.

[0033] The invention uses especially the protocol and the
synchronization sequences known in certain digital audio or
digital video broadcasting systems or again in cell networks
to separate the transmitters and the signals directly deter-
mine the instants and directions of arrival of the signals of
the different propagation paths and the pulse response of the
propagation filter.

SUMMARY OF THE INVENTION

[0034] The invention relates to a method for the detection
and/or locating of a mobile craft in a reception system
making use of transmitters of opportunity whose signal
comprises elements enabling the synchronization of the
receiver. The method is characterized by the fact that it
comprises at least the following steps:

[0035] a) detecting certain “discriminating” sequences
of the payload signal,

[0036] b) separating each transmission present on the
carrier frequencies examined by the receiver or receiv-
ers by the space/time filtering of the signals in each
carrier frequency,

[0037] c¢) identifying the transmitters Ei corresponding
to the signals received,

[0038] d) determining the pulse response of the propa-
gation channel for each transmitter Ei and for each
detection made on this transmitter,

[0039] g) measuring the instant of arrival of the path of
the signal reflected by the mobile craft and then its
delay relative to the instant of transmission from the
transmitter,

[0040] h) deducing the position of the mobile craft at
the intersection of the ellipsoids defined by the foci
constituted by the transmitters Ei from which signals
are received and the receiver or receivers Rj.

[0041] The method comprises for example the following
steps:

[0042] e) the separation, in the pulse response, of the
contribution of the direct transmitter-receiver path from
the contribution of the path reflected by the mobile
craft;
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[0043] ) the measurement of the instant of arrival of the
direct path and then its delay relative to the instant of
transmission from the transmitter;

[0044] g) the measurement of the instant of arrival of
the path reflected by the mobile craft and then its delay
relative to the direct signal from the transmitter.

[0045] The method may also comprise:

[0046] i) a step for the measurement of the angles of
arrival of the signal reflected by the mobile craft at the
receivers Rj,

[0047] j) step for deducing the position of the mobile
craft at the intersection between the previously defined
ellipsoids and the straight line defined by the angles of
arrival and the position of the receiver Rj.

[0048] The method according to the invention has espe-
cially the following advantages:

[0049]

[0050] a capacity for separating the different trans-
mitters sharing a same carrier or carrier frequency,
thus making it possible both to avert inconvenience
through from interference and apply the method
simultaneously to several transmitters,

[0051] the possibility of using the transmitters
present passively (i.e. without modifying the radiof-
requency environment) and discreetly for classic
applications of digital radio or television broadcast-
ing (DAB, DVB) and more generally any network of
transmitters known (either by standardization or by
prior analysis) possessing certain properties of time
synchronization (the sending of synchronization
words, learning sequences, pilot codes, etc.)
intended for locking into the receivers such as cell
infrastructure networks, PMR networks, satellite net-
works, etc.

substantial processing gains,

[0052] Directly producing a complete location of a
mobile craft by making use of permanent transmis-
sions with foreseeable characteristics enabling mul-
tiple and reliable measurements,

[0053] building networks of wide-coverage sensors
without any need for reception of the direct path
from the transmitter to the receiver processing the
path reflected by the mobile craft and coming from
this same transmitter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0054] Other features and advantages of the present inven-
tion shall appear more clearly from the following non-
exhaustive description along with the appended figures, of
which:

[0055] FIG. 1 exemplifies a geometrical configuration of
a system comprising a transmitter, receiver and aircraft to be
located,

[0056] FIG. 2 illustrates the exploitation of the signals
received on the receiver,

[0057] FIG. 3 exemplifies a configuration exploiting only
the signal reflected by the mobile aircraft,
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[0058] FIG. 4 exemplifies a detection principle using a
sliding time window,

[0059] FIG. 5 exemplifies a processing of synchronization
and spatial separation of the sources,

[0060] FIG. 6 provides an example of single-track chan-
nel estimation and power computation,

[0061] FIG. 7 shows the characteristics of GSM signals,

[0062] FIG. 8 shows the characteristics of DVB-T trans-
mitters.

MORE DETAILED DESCRIPTION

[0063] In order to provide for a clearer understanding of
the principle implemented by the invention, the following
exemplary application is described by way of an illustration
that is in no way exhaustive. The application relates to the
locating of an aircraft in reception system based on an array
of antennas and a multiple-track architecture for the recep-
tion and digitization of the signals. The signals are of a
digital type and comprise a sequence for the synchronization
of the receiver.

[0064] The reception system comprises, for example, sev-
eral multiple-track sensors and one or more processors
adapted to the execution of the space/time separation tech-
niques. A processor is adapted especially to performing the
following operations:

[0065] getting synchronized with the received signal
and with different propagation paths coming from
the transmitter, namely the direct signal if it is
received and/or that of the signal reflected by the
aircraft.

[0066] measuring a pulse response of the propagation
channel, separating the different paths and measuring
the instants of arrival of these paths, with a precision
depending on the characteristics of the processed
signal and the duration of integration of the synchro-
nization processing system,

[0067] measuring, if necessary, the angles of
arrival on the different propagation paths by dedi-
cated goniometry or direction-finding techniques
directly prolonging the synchronization,

[0068] separating the different transmitters that share
a common RF resource, in order to:

[0069] carry out individualized measurements on
each transmitter present in the analysis band,

[0070] exploit the multiplicity of the transmitters
for multistatic detection using a “large number of
transmitters”.

[0071] FIG. 1 gives a schematic view of an example of the
implementation of the method according to the invention for
a device comprising at least one transmitter Ei, one receiver
Rj and one aircraft C, for digital signals comprising dis-
criminating sequences enabling synchronization.

(WPL,] is the bistatic angle=WIleiC-Wirj,C; WBi,j=the

bissectrix
[0072] WIeiC+WIrj,C)/2; Ty ¢ is the duration of the path
between the transmitter Ei and the target; Dg; . is the
distance of the path between the transmitter and the target;
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Tcr; 18 the duration of the path between the target and the
receiver Rj, D¢, is the distance of the path between the
target and the receiver Rj; Tg;g; is duration of the path
between the transmitter Ei and the receiver Rj, Dy; ; is the
distance of the path between the transmitter Ei and the
receiver Rj).

[0073] The method comprises, for example, the follow-
ings steps:

[0074] a) detecting certain sequences of the radio-
broadcasting or television-broadcasting signals, carry-
ing out measurements of synchronization on the signals
coming from the received transmitters. The sequences
used are the sequences enabling the synchronization of
the receivers. The detection can be done by adapted
filtering known to those skilled in the art.

[0075] b) separating each transmission present on the
carrier frequencies examined by the receiver or receiv-
ers, for example by differential filtering of the different
carriers, and then by space/time filtering of the signals
present on each carrier;

[0076] c) identifying the corresponding transmitter Ei.
The identification is done, for example, by decoding the
identity of the transmitter when it is encoded in the
signaling, by the measurement of the instant of arrival
and of the recurrences between instants of arrival, by
the determination of the color and synchronization
characteristics or by any other method known to those
skilled in the art;

[0077] d) determining the pulse response Hi of the
propagation channel for each transmitter Ei and for
each detection made on this transmitter (the transmis-
sion is detected by the receiver);

[0078] e) in this pulse response Hi, separating the
contribution, if any, of the direct path of the signal
between the transmitter and the receiver (Ei-Rj) from
the contribution of the path of the signal reflected by the
aircraft (Ei-C-Rj). This step uses, for example, the
statistical and Doppler properties of the signal reflected
by the aircraft which, given the ground/air/ground
propagation and the motion of the aircraft, possesses
the following properties:

[0079] the path Ei-C-Rj undergoes fewer fluctuations
than the direct signal or the ground echoes, thus
facilitating the methods of integration and extraction,

[0080] the path Ei-C-Rj is affected by a Doppler shift
that affects neither the direct path nor the ground
echoes, thus enabling the implementation of Doppler
subtraction techniques known to those skilled in the
art.

[0081] f) measuring the instant of arrival tg; x; of the
directly received path (EiRj) if it is received, then its
delay Tg; x; relative to the instant of transmission ty;
from the transmitter Ei if it is known or has been noted
beforehand,

[0082] g) measuring the instant of arrival tg; o g; of the
path (E-C-R;) reflected by the aircraft, then its delay
T_  relative to the direct signal from the transmitter Ei,

. FLCR) . . .
if the latter is received, or else its delay Tg; ¢ xj~Tgi gj
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relative to the instant of transmission tg; of the signal by
the transmitter when this instant is known or has been
noted beforehand,

[0083] h) deducing therefrom the position of the aircraft
at the intersection of the ellipsoids defined by the foci
constituted by the transmitters E; received and by the
receiver or receivers Rj and by the following relation-
ships:

foriandj d(EbA’[)+d(RjrA’[)‘d(Ei;Rj)=C-(TEi,c,Rj—TEi,Rj) e))
[0084] with ¢ as the velocity of light,

[0085] Tp; - rj—T: r; the delay between the path E-C-R;
and the path E;-R; corresponding to the transmitter E;
and to the receiver R;.

[0086] i) measuring, if necessary, the angles of arrival
of the signal reflected by the target (azimuth 6j, eleva-
tion angle Aj) at the receivers Rj,

[0087] j) deducing the position of the aircraft (mobile
craft) C at the intersection between the above-defined
ellipsoids and the straight line defined by the angles of
arrival 6] and Aj of the signal reflected from the target.

[0088] The reception of the direct path signal makes it
possible especially to:

[0089] reinforce the method when the synchroniza-
tion of the transmitters is already known; second
determining of the parameter Tg; x;; Or

[0090] eliminate the need to know the synchroniza-
tion of the transmitters: the time difference ©= -
. . . . JELCRj
T rj 1S then measured directly after identification of
the direct path and the reflected path.

[0091] The transmitters are, for example, digital radio-
broadcasting and digital television-broadcasting transmitters
or any other high-powered digital transmitter having dis-
criminating sequences that are known in principle or can be
extracted from the signal by preliminary analysis.

[0092] Other transmitters that can be used are, for
example, digital RF transmitters whose characteristics are
known by standardization or by preliminary analysis. They
have certain properties of synchronization. Their coordi-
nates (position) are, for example, known beforehand or else
measured subsequently to the implementation of the method
according to the invention.

[0093] FIG. 2 provides an illustration, by way of a non-
exhaustive example, of the extraction of the signal reflected
from the aircraft in the event of reception of the direct path
coming from the transmitter Ei with multiple paths related to
the ground/ground propagation and reception of an echo
coming from the aircraft on the same receiver. To carry out
the synchronization step a), the receiver uses the signal
corresponding to the direct path. The peaks of FIG. 2 are
obtained at output of the criterion of synchronization and of
the propagation channel estimation filter used in the source
separation processing. To put it simply, the curve of FIG. 2
can be likened to the output of a (multiple-track) intercor-
relation between the signal received at input and a replica of
the discriminating signal expected in the received signal.
The method used to obtain this curve is described in detail
more specifically in the examples given here below by way
of an illustration.
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[0094] In a graph showing the temporal x-axis values, the
first group (I) of peaks corresponds to the direct signal from
the transmitter Ei with multiple ground/ground propagation
paths. Ty;g; corresponds to the periods of propagation of the
direct signal from the transmitter Ei to the receiver Rj. The
second group (II) of peaks corresponds to the signal
reflected by the aircraft with a propagation period Tg;cg;-
The path Ei;C;Rj, for an aircraft is constituted by ground/
air/ground propagation “without” multiple paths.

[0095] FIG. 3 provides a schematic view of an exemplary
configuration of the system according to the invention, by
which it is possible to eliminate the need for reception
through the direct path coming from the transmitter Ei to the
receiver Rj in using only the path reflected from the aircraft.
The system has, for example, two transmitters E,, E, posi-
tioned in a network, having known positions and unknown
synchronization, and two receivers R; and R, having known
positions and common synchronization.

[0096] The system also knows the respective distances and
azimuths of R;, R,, E;, E,. The receiver R, receives the
direct path from the transmitter E, and the reflected path
from the aircraft, coming from E,.

[0097] The parameters used for the method according to
the invention are:

[0098] the propagation time between E, et Ry gy
r2=Dy, go/c (known by R; and R,) Di,j represents
the distance between the device i (transmitter or
receiver) and the device j.

[0099] the propagation time between R; and R,:
Tr1.r2=Dgr1.ro/c (known by R; and R,)

[0100] the propagation time between E; and R;:
Tg1.r1=Dp1,r1/¢ (known by R; and R,)

[0101] the propagation time of the signal reflected by
the target on the path E1,C,R1:

TE1,C,R1=(DE1,0+DC,R1)/C(unknown) (@)

[0102] the instant of transmission of the reference
signal by E;: TO,, unknown to R,

[0103] the instant of arrival of the reference signal
directly transmitted by E; to the receiver R,:

[0104] TO,,=TO,+tg; g, (measured)=>T0,=T0, ,-
Tg1 o (computed)

[0105] The instant at which the direct signal from E,
“should reach” R;:

[0106] T0, ,=TO, +TE1,R1=TO1,2+(TE1,R1 _TEl,Rz)
(computed)

[0107] the instant of arrival of the signal reflected by
the target

[0108] TO, o ,=T0,+Tp c x; (measured)

[0109] The determining of the propagation time of
the path E1,C,R1 of the signal reflected by the target

Te1,c,r1=101,c,1~ 7011 (€)
[0110] The characteristics of the invention make it pos-
sible to evaluate the parameters stated here above. Their
relationship with the different steps of the method shall
appear from the following.
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[0111] Step h) Hyperbolic Location

[0112] The principle of hyperbolic location consists in
estimating the bistatic delay between the transmitter Ei and
the receiver Rj

TBij(xpij=tEi, C+1C,Rj-Ei,Rj)(4)
[0113] with

[0114] < EiC+tCRj—t EiRj corresponding to the
time between the transmitter Ei and the aircraft
C+the time between the aircraft C and the receiver
Rj+the period between the transmitter Ei and the
receiver Rj.

[0115] The temporal resolution of the measurement is Rt.
Since the propagation is assumed to be direct-type isove-
locity propagation, the locus of the points corresponding to
the bistatic time tfij relative to the aircraft C is the volume
Vij included between two hyperboloids, defined by the
following inequalities (on a point M):

—c.R2<dM,Ei)+d(MR})~cTELRi<c.R /2 )

[0116] Multiple measurements of the aircraft C on several
transmitter-receiver pairs Eik, Rjk are used to locate the
aircraft at the intersection of the volumes Vik,jk defined by
the inequality (5).

[0117] A bistatic measurement on the pair Ei, Rj adjoining
an angular measurement Wc,j [spherical angle=(relative
bearing, elevation angle)] with an angular resolution Ry, at
the receiver Rj gives the position of the aircraft at the
intersection of the volume Vij of the cone resulting from Rj,
with an axis Wc,j and an aperture Ry,.

[0118] By multiplying the measurements on the pairs (Ei,
Rj)i,j, the method offers the possibility of refining the
locating and tracking of an aircraft.

[0119] Measurements of Delay

[0120] To lead to the estimation of the temporal param-
eters described here above for the hyperbolic location, the
method according to the invention implements methods that
exploit especially the discriminating sequences used in
digital transmission signals for the locking in of the receiver.

[0121] The method uses a priori knowledge of the dis-
criminating sequences in standardized or known digital
transmissions, to execute the following operations:

[0122] 1) the building of an estimator of the synchro-
nization instants and Doppler frequencies correspond-
ing to each replica of the discriminating signal,

[0123] 2) the separation, by spatial and temporal filter-
ing, of the transmitters simultaneously present on the
same carrier frequency according to principles known
to those skilled in the art. Examples of filtering are
given by way of a non-restrictive illustration with
reference to FIGS. 4, 5 and 6,

[0124] 3) the production of the pulse response of the
propagation filter, as illustrated for example in FIG. 2,
which shows:

[0125] the signals coming from the direct path Ei, Rj
(in addition to multiple paths if any), when it is
received by Rj, at the end of the propagation time tg;
Rj;

[0126] the signals coming from the paths reflected by
the aircraft, Ei, C, Rj (with few multiple paths or no
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multiple paths given the ground/air and then the
air/ground transmission) at the end of the propaga-
tion period tg; ¢ xj-

[0127] These different modes of implementation are
applied, for example, by means of the system for the
reception and digitization of the signals provided for this
purpose.

[0128] FIG. 4 shows an exemplary implementation of the
processing operations proper carried out on sliding win-
dows, indexed on the length of the discriminating sequences,
the sampling frequency of the signal, the excursion and
meshing of the time/frequency domain. The first part 4a of
the figure represents the detection and the time/Doppler
synchronization on a time-sliding window and the compu-
tation of a window-based criterion C(n). The second part 4b
of the figure is a graph, where the x-axis corresponds to the
synchronization in time and the y-axis corresponds to the
Doppler synchronization, representing the computation C(n)
on each window with the coverage of the delay/Doppler
excursion domain.

[0129] The space-time filtering method used to determine
the instants of arrival or delay of the signals from the
propagation paths for the purposes of hyperbolic location
according to the invention makes use of the principles and
algorithms defined by way of non-restrictive examples in
FIGS. § and 6. Other algorithms of similar types can also
be implemented, for example combined detection algo-
rithms, MMSE (Minimum Mean Square Error), MLSE
(Maximum Likelihood Sequence Estimator) and other such
algorithms can be used.

[0130] FIG. 5 gives a schematic view of the structure for
the processing of signals received on a network of sensors
using a Spatial Adapted Filter (SAF).

[0131] FIG. 6 gives a schematic view of an architecture
enabling a single-track channel estimation plus the power
computation.

[0132] These processing operations form the basis of the
detection of the signals and of the determination of the
temporal variables needed for the hyperbolic location.

[0133] Space-Time Processing: Definitions
[0134] Variables

[0135] Ts: symbol period, The sampling period, writing
convention f,,=f(nT,)

[0136] NL: length of the response of the channel in
samples

[0137] K: length of the discriminating sequence (bits or
pilot code, learning sequence, etc.)

[0138] s: signal sent in the form

q
s =" F'aColt=nT)

n=0

[0139]
[0140] C,: Chief modulation function

again with the convention s,)=S: e

[0141] d: learning sequence (size Kx1), d=(d,, . . .
)T, di scalar,

Ex.1028 / Page 12 of 17

APPLE INC.



US 2005/0285787 Al

[0142] d: version of d filtered by the modulation and
the reception filter d=(d,, . . . , dg))T

[0143] g: response of the multiple-track channel (size
S5xNL) g=(gy, - - - » &ny.1) With g2 5x1

[0144] h: response of the multiple-track channel (size
NLx1) h=(h, . . . by o)" with h;: 1x1

[0145] x: multiple-track signal at input filtered by the
channel g and noise-infested by the total noise by

[0146] Xy =Zic1,NLEG)Sn-iyHOrmy

with  byp,:  total
noise=vector (noise+interference)

[O{It‘zgor;\g(i"ll“E: at a sampling instant n, X, by, are

[0148] S(n): matrices NLx1 built with the NL samples
of 81 Sy =(Smyy - - - Seuarc1))’

[0149] X(n): matrices 5xK built with the K samples of
X! X=Xy + - - Xpnwo1)

[0150] D(k): matrices NLx1 built with the NL samples
of d:

[0151] D(k)=(a(k)> B a(k+NL—1))T
[0152] Correlation Operators

[0153] Intercorrelation matrices on K samples averaged
on K samples between the input signal x and the sequence
d, equal to d modulated by the function C,,

K-1

1 o .
ram= EZ Xty gy — size(S#1)
k=0

[0154] Matrix of self-correlation of the input signal x on K
samples, averaged on K samples.

K-1

1 . .
Re(n) = EZ X(mk)xz;ﬁk) —size(5%95)
=0

[0155] Intercorrelation matrix on NL samples of the input
signal x and the sequence D, averaged on K samples—Size
(5*NL)

153 .
Rep) = % > ¥t Df
k=0

[0156] Intercorrelation matrix on NL samples of the input
signal x and the sequence D, averaged on K samples—Size
(NL*NL)

1 K-1
-
Raa = E; Dy Digy
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[0157] Detection and Multiple-Track Synchronization by
Spatially Adapted Filter (SAF)

[0158] The principle lies in finding the optimal instant n of
synchronization in the sense of the maximum likelihood in
temporally white Gaussian noise. The solution lies in the use
of a filter w(n) w(n)=R_(n)™".r_4(n) (estimated MC of the
Wiener filter)

[0159] W fulfils the criterion

. AT ~ 2
w70 - 0

[0160] This filter applied to the signal maximizes the
correlation with the sequence at output. The correlation is
given at the instant n by C(n).

. 1& I
Cm) = (r () Rex(m)™" -1 4(m) = ?Zymmd(k)
k=1

[0161] One-dimensional case: C(n) is simply the intercor-
relation of x and is standardized by |x||/d|| on a window with
a length K (<=>optimum receiver in the single-path case).

[0162] Channel Estimation Followed by Computation of
Power on Discriminating Sequence by Temporal Adapted
Filter

[0163] Channel Estimation and Computation of Power on
Discriminating Sequence

[0164] The principle lies in minimizing the following
expression for a value h

vl 007

[0165] with x; being the signal on the channel No. 1 and
AT D(k) being the replica of the learning sequence filtered
by an estimation h of the channel.

[0166] The solutions are:
F=(DDT Y (D x,)=Rd Yrps,

[0167]
sequence

energy of the signal estimated on the learning

N
C=>" 1
=1

[0168] energy from noise+interference sources estimated
on the learning sequence

N " 2
N =) |- W)
=1
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[0169] In terms of sensitivity, the performance produced
by this type of processing is on the whole the following:

[0170] 1 Processing gain in direct reception GT, of
the order of GT,=10 log 10 (B..t.)

[0171] 2 Possible downgrading of the processing
gain GTy in bistatic configuration by some dB by
elongation, decoherence and depolarization of the
signal exploited in the processing operations during
the reflection on the target C

[0172] 3 Sensitivity in reception 45 before the noise
for a detection margin M dB of the order of:

Nag=—174,6+M45+10 log,o(B)-GTx(dBm)

[0173] 4 Efficient rejection of interference sources on
a multiple-track reception architecture whose exact
performance values depend on:

[0174] 4.1—the number of reception tracks and the
quality of their synchronism

[0175] 4.2—the number of signals simultaneously
received in the duration and the processing band

[0176] 4.3—the self-correlation function of the
synchronization function used

[0177] 4.4—the matrix of intercorrelation between
different sequences of synchronization (if there
are several of them)

[0178] 4.5 post-processing operations for the
rejection of false alarms implemented (post-pro-
cessing operations made necessary both by the
defects of the self-correlation matrix of each dis-
criminating sequence and possible inter-correla-
tion operations between sequences if there are
several of them).

[0179] On the whole, it may be considered from a practical
point of view that the performance of the interference
sources in terms of rejection attains a value of -7+GTg and
more, provided that the number of reception tracks is greater
than the number of sources present.

[0180] When the number of reception tracks is greater
than the number of sources present, the measurements of
detection and determining of the pulse response of the
propagation channel may be conducted on a signal S of the
receiver input if it is received with a noise level Ny and a
scrambling or interference level I such that:

Spayload_inpud/ Vp+1)>=7+GTg(dB)
[0181] Processing of the Blind Zones

[0182] When the direct signal is received, the “simulta-
neous” reception in the same distance resolution gate of the
target-reflected signal induces a blind zone defined by:

0ZdMED+d(MR) Z+et,; k>0

[0183] The “blind duration”t, considered in the definition
of the blind zone may be different from the resolution of the
temporal processing of the signals.

[0184] It depends in all strictness on the discriminating
signal used, the performance of the scrambler and interfer-
ence rejection processing operations as well as the relative
levels of the direct signal when it is received and of the
target-reflected signal.
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[0185] In practice, T, varies between two extreme values
which are:

[0186] 1—Favorable case t,=R_/2, half of the resolu-
tion of the synchronization processing operation

[0187] This case occurs when the direct signal is weak
enough to be effectively rejected in the synchronization
processing operation if the difference between the instants of
arrival is greater than R /2.

[0188] 2—Unfavorable case t,=T,, duration of signal
sent.

[0189] This case occurs when the direct signal is too
strong and saturates the synchronization processing opera-
tion.

[0190] If the signal is continuous, this means that no
measurement can be made without limiting the received
level of the direct signal by a method external to the
processing:

[0191] antenna directivity,

[0192] distancing of the reception system,

[0193] or any other method favoring the link balance
on the signal reflected from the target.

[0194] In any case, this blind zone is an ellipsoid with a
focus Ei and Rj defined by T,.

[0195] Given the mode of propagation losses in the
ground/ground configuration, a sufficient distancing of the
receivers and transmitters gives a favorable configuration 1
for the implementation of the invention.

[0196] Processing of the Ambiguity Zones

[0197] To process the ambiguity zones coming from the
repetition of the identical discriminating sequences with the
period TR and defined by

-c.R2=d(M, Eiy+d(M,R))—c.(xEi Ri+k.Tr) =+c.R/2;

k integer>0
[0198] the method consists in carrying out numerous mea-
surements of the aircraft on several pairs Ei, Rj or a
trajectography of the aircraft in several detection operations.

[0199] These ambiguity zones are ellipsoid crowns with a
focus Ei and Rj, with a thickness R..

[0200] In practice, in the examples mentioned here below
for the implementation of the invention, the ambiguity
distances are approximately equivalent to the range of the
system or are greater than the range of the system.

[0201] Furthermore, in extreme cases, numerous measure-
ments of the target C on several pairs Ei, Rj or a trajectog-
raphy of the target in several detection operations resolves
the ambiguities: these relate to post-processing following the
implementation of the invention over a significant duration
and/or with several operations of detection and locating of
the target.

[0202] The method according to the invention can be
applied to different types of transmitters and for different
types of processing, some of which shall be described as
examples of non-exhaustive applications of the method
according to the invention.

[0203] Table I represent a synthesis of data relating to
transmitters of opportunity that can be used to execute the
method according to the invention.
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Equivalent
radiated ~ Aperture  Aperture
Band power Relative  Elevation Transmitter
Class (MHz) kw bearing angle Bandwidth  identification
DVB-T 470-860 5-100 360° 10° 8 MHz, Decoding in
Polarization 7 MHz the TPS
H transmitters 6 MHz subcarriers
BTS GSM 900, 180  20-1 360° or 5 to 20° N*200 kHz  CI, BSIC and
0, 1900, 180° or N varies LAI decoding
future 120° between 1 in BCCH
400 and 32 channels on

beacon track

BSIC = Base Station Identity Code
CI = Cell identity

LAI = Location Area Code

BCCH = BroadCast Channel

[0204] Characteristics of the GSM Signals (According to
the ETSI GSM 04:08 Standard)

[0205] The main characteristics used in the signals men-
tioned are represented in FIG. 7.

[0206] The synchronization signal SCH included in the
BCCH channel comprises the broadcasting messages, a
color code BSIC, and an identity code CI used especially to
identify the transmitter by a synchronization number. The
discriminating sequence is unique and encoded on 64 bits.

[0207] Characteristics of DVB-T Signals

[0208] FIG. 8 shows the characteristics of the DVB-T
signals used in the method according to the invention.

[0209] The identification of the DVB-T transmitters is
done by the decoding of the TPS subcarriers. Eight bits of
the Cell-id tag are for example used to identify a transmitter.

[0210] Numerically Estimated Examples of Implementa-
tion of the Method According to the Invention for DVB-T
and GSM structures

[0211] For DVB-T transmitters in 8K mode (8192 subcar-
riers), the “best” discriminating sequence candidate is the
scattered pilot signal present in each symbol (with a duration
of about one millisecond), and identical every four symbols
(cf. FIG. 8).

[0212] Assuming that this signal is not amplified or is
attenuated in the signal transmitted, the discriminating
sequence occupies 568 subcarriers on a symbol at a rate of
one in twelve subcarriers, leading to the following charac-
teristic parameters:

[0213] an equivalent band of the order of 8 MHz

[0214] a “direct” processing gain GT,=10
log10(568)=27.5 dB

[0215] a ratio S, .4 impw/l ©n @  symbol
=-10.log,o(12)=-11 dB

[0216] a recurrence of appearance of a given

sequence of 568 scattered pilots every four 4 milli-
seconds

[0217] =>ambiguity distance=120 km, of the order of
the expected range of the system

[0218]

[0219] For GSM infrastructures, the “best” discriminating
sequence candidate is the synchronization signal SCH
present on the beacon track of each base station (FIG. 7).

=>little ambiguity distance

[0220] Assuming that this signal is neither amplified nor
attenuated in the transmitted signal, the discriminating
sequence occupies 64 symbols in a burst of 577 microsec-
onds at the rate of about 20 identical sequences per second,
giving the following characteristic parameters:

[0221] an equivalent band of the order of 270 kHz

[0222] a “direct” processing gain GT,=10
log10(64)=18 dB

[0223] a recurrence of appearance approximately

every 50 milliseconds,

[0224] =>ambiguity distance=about 15,000 km, far
greater than the expected range of the system

[0225] =>no ambiguity distance.

[0226] Given the processing gains corresponding to the
signals referred to further above and the possibilities of
rejection of false alarms related to the a priori knowledge of
the sequences used, it shall be assumed here below, in a
simplified way, that the detection and the measurements are
possible when the excess of the signal-to-noise+interference
ratio at the output of the processing is positive allowing for
a margin M taken at the value of 7 dB.

[0227] Digital Application

[0228] To illustrate the performance of the method accord-
ing to the invention, the following example considers the
nominal cases of exploitation of the GSM base station and
of the DVBT transmitters with:

[0229] targets having an equivalent surface area SER
(reflection surface area) varying from 10 m? (small
aircraft) to 100 m? (airliners) in the 400 MHz to 1
GHz band,

[0230] equivalent power radiated by the transmitters
in the range of 20 W to 10 kW—(known as PeGe),
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[0231] frequency bands of 500 kHz (DVB-T) and
900 MHz (GSM),

[0232] reception bandwidths of 300 kHz (GSM) and
8 MHz (DVB-T mode K on BW 8 MHz)—(called
BW),

[0233] discriminating sequences exploited as refer-
ences in the transmitted signal whose product Be.t,
varies between:

[0234] 64 (synchronization sequence SCH of the
GSM signaling tracks),

[0235] and 512 (scattered pilot of a DVBT signal),

[0236] reception by matched dipole type antennas
(gain of the antenna in reception G, =2 dBi),

[0237] a downgrading of the bistatic processing gain
by 3 dB,

[0238] ground/air and air/ground propagation losses
of a geometrical type in 1/R?, R being the distance of
the path traveled by the signal, ranging from some
kilometers to several tens of kilometers as the case
may be.

[0239] A margin M equal to 7 dB for computing the
excess signal-to-noise ratio.

[0240] The reception characteristics taken into account are
summarized in two tables below:
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1. A method of detecting for the detection a mobile craft
in a reception system making use of transmitters of oppor-
tunity whose signal comprises elements enabling the syn-
chronization of the receiver, wherein the method comprises
the following steps:

a) detecting certain discriminating sequences of a signal,

b) separating each transmission present on the carrier
frequencies examined by the receiver by the space/time
filtering of the signals in each carrier frequency,

¢) identifying the transmitters Ei corresponding to the
signals received,

d) determining the pulse response of the propagation
channel for each transmitter Ei and for each detection
made on this transmitter,

£) measuring the instant of arrival of the path reflected by
the mobile craft and then its delay relative to the instant
of transmission from the transmitter,

h) deducing the position of the mobile craft at the inter-
section of the ellipsoids defined by the foci constituted
by the transmitters Ei from which signals are received
and the receiver or receivers Rj.

2. The method according to claim 1, comprising the

following steps:

¢) separating, in the pulse response, of the contribution of
the direct transmitter-receiver path from the contribu-
tion of the path reflected by the mobile craft;

GTjg given
Nb = FKTB the bistatic
Value in dB  Freq. PeGe BW Hyp. F=10dB Gur SER degradation
InfraDVBT 500 MHz 1-100 kW 8 MHz that  -95 dBm 2 dBi 0.03 m*- 512 that is
Mode 8K that is is 69 dB/Hz 13.5 dB/m®> 27 dB =>
60 to 80 dBm 24 dB
Infra GSM 900 MHz 20 W-1kW, 270 kHz -109 dBm 2 dBi 0.01 m*- 64 that is
that is that is 43 18.5 dB/m®> 18 dB =>
43 to 60 dBm dB/Hz 15 dB

[0241] Under these conditions, the following table gives
(non-exhaustive) examples of range that can be attained with
a margin of computation M=7 dB taken for the computation
of the excess signal-to-noise ratio.

f) measuring of the instant of arrival of the direct path
signal and then its delay relative to the instant of

transmission from the transmitter;

Example of range on

Small aircraft ~ Large aircraft Margin
SER = 10 m* SER = 100 m” M=7dB
Dgjc= Dgjc= Excesss/n
PeGe Dyjc= Dyjc= Spaytoad_MPULL Spayicaq inputi in dB
InfraDVBT 1 kW that 25 km 44.5 km -111.3 dB -87.2 dB 0 dB
is 25 km 44.5 km
60 dBm
InfraDVBT 100 kW 80 km 142.3 km -111.5 dB -87.4 dB 0 dB
that is 80 km 142.3 km
80 dBm
Infra GSM 20 W that 9.5 km 16.9 km -116.6 -101.6 1dB
Urban area  is 43 dBm 9.5 km 16.9 km
Infra GSM 300 W that 19 km 33.8 km -116.6 -101.6 1dB
Rural area is 55 dBm 19 km 33.8 km
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2) measuring of the instant of arrival of the path reflected 4. The method according to claim 2, comprising the
by the mobile craft and then its delay relative to the following steps:
direct signal from the transmitter.

3. The method according to claim 1, comprising the 1) measuring the angles of arrival of the signal reflected by

following steps: the mobile craft at the receivers Rj,
1) measuring the angles of arrival of the signal reflected by j) deducing the position of the mobile craft at the inter-
the mobile craft at the receivers Rj, section of the previously defined ellipsoids and the

straight line defined by the angles of arrival and the

j) deducing the position of the mobile craft at the inter- 15 ! |
position of the receiver Rj.

section of the previously defined ellipsoids and the
straight line defined by the angles of arrival and the
position of the receiver Rj. L
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