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vector.
20 Processing of the SAR type is notably described in the work by
J. Darricau: Physique et Théorie du Radar [Physics and Theory of Radar] — Vol. 3, 3™
edition — Chapter 21, page 483 — Published by Sodipe, Paris 1894,
Thus, the acquisition of an SAR image on a target and its environment
makes it possible to reconstitute the scene with a fine resolution (of the metric or
25 even submetric class). The utilization of this image on the basis of the information
formulated during the preparation of a mission makes it possible to precisely locate
the target in the image, notably when the mission consists, for a missile, in locating a
target with precision and in steering towards it with precision.
The geographical positioning of the SAR image is obtained on the basis of
30 the information delivered by the inertial platform of the missile. Now, this information
may be very noisy, thus giving rise to considerable lack of precision with regard to

the geographical positioning of the SAR image. It is therefore apparent that because



may be very noisy, thus giving rise to considerable |ack of precision
with regard to the geographical positioning of the SARimage. It is

t heref ore apparent that because of #his phenonenon al t hough the
target is precisely located in the SARimage, it is not possible to
deduce a precise geographical |ocation therefrom it is
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and the speed bias, on the basis of the measurements of distance and
of the Doppler of the target with an estimator filter.
Advantageously, the filter is a discrete Extended Kalman filter.
Advantageously, the method of the invention comprises a prior step of
30 trajectory optimization to optimize the performance of the estimator filter.
Advantageously, the method comprises the use of a tool comprising a
constrained cost function.
Advantageously, the constrained cost function is the Cramer Rao bound
associated with the estimation of the position of the carrier with respect to the target
35 and of the speed bias.



Advant ageously, the nethod conprises the follow ng steps: -
segnenting the trajectory into N pieces; determ ning the 2N
conponents of the transverse accelerdtion of the carrier along the
trajectory by optimzing the Craner Rao bound for the 5last inmage
acquired. - Additionally, the constraints taken into account
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-~ Figure 2 illustrates the error in the speed engendered by the inertial
platform at the level of the real impact point with respect to a target
during a mission without error correction,

- Figure 3 illustrates the shift between the SAR image location estimated

30 on the basis of the inertial information and the exact location of the SAR
image,

- Figure 4 illustrates the position of the target at the point of intersection
of the iso distance and iso Doppler circles associated with the whole set
of measurements obtained along a non-optimized trajectory

35 - Figure 5 illustrates the optimization of the trajectory in relation to the



5 object on the ground. Cenerally by defining the follow ng
paranmeters: Xe: current position of the mssile Xd: initial
position of the missile (at t =0) 4 Xm di spl acenent of the
mssile since t=0 estinated by the inertial platform 10t: current
time - b: inertial platformspeed errors nodelled by biases the

foll owi ng evolution equation holds: X, = X,, - t b+ Xd The positions
are expressed i nlaratie of thedarget.ane whose origin is the 15 target. The
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appr oxi appliegntot &orat aircraft carrying a radar which effects repeated SAR images on an
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time. e neasurenment equations are the follow ng: The
di spl acenent ofGernesally kyssefbingsthe fellowingRarametarsier ti al pl atform X',
whi ch is 25fa{agicliirent fnsitonadtsd midsidi as in the speed The

borebponds s EARBRG S R B S5, S R (LG g
- Xm: displacement of the missile since t=0 estimated by the inertial platform
10 - & current time
- b: inertial platform speed errors modelled by biases
the following evolution equation holds:
X, =X -1-b+X,
The positions are expressed in a reference frame whose origin is the
15 target. The current position of the target therefore characterizes the missile-target
relative position which is the information utilized by the guidance of the missile.
And it may be considered as a first approximation that:

X,=0
b=0
20 The symbol ) signifies differentiation with respect to time.

Additionally, the measurement equations are the foliowing:

» The displacement of the missile estimated by the inertial platform X, which is
25 falsified by a constant bias in the speed

+ The Missile-Target distance
d=|X,-t-b+X,|+o,
The symbol [la| corresponds to the norm of the vector a
e The Doppler frequency
30
(X, —t-b+X,;V, -b) o
|X, —tb+X,] d
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2 (X, ,-tb+Xd;V,"-b) "+(of f - ADXt b 4- X dil 5 with Vm speed
estimated by the inertial platform The synbol (a b) corresponds to
the scal ar product of the vectors a &d b where cod and (of are the
measur enent noise, with variance cd2 and a 12 . 5The precision in the
position of the SAR image with respect to the mssile depends on the
precision in the speed of the inertial platform as illustrated in
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The paragraph hereinafter details the equations of the filter which provides
a position estimation Xd and a value of the speed bias b on the basis of the distance
20 and Doppler measurements arising from the utilization of the SAR images.
The filter can advantageously be a discrete Extended Kalman filter.

In accordance with the previous paragraph the state vector X comprises
six components which are the coordinates of the point Xd and the speed biases b
along three orthogonal axes.

25 The following notation is used in this paragraph:

- X(k|k-1) corresponds to the prediction of the state at the instant k estimated
at the instant k-1

- X{k|k) is the estimation of the state at the instant k performed at the instant
K

30 - Y(k) is the measurement (distance, Doppler) performed at the instant k.

This index notation also applies to the covariance matfrix of the state Rx.



This index notation also applies to the covariance matrix of the
state Rx. 6 The tenporal discretization step size
corresponds to the renewal rate of tBe SAR images. Initial conditions
5The state X(0) and the covariance matrix Rx(0O I 0) are initialized
on the basis of the know edge of the theoretical trajectory and the
expected performance of the inertial platform Prediction 10-

Predi ction of {tline temporal dix¢Cietizadionh)step g carréspbnds to tHerredéwalirete aff t he
covarla%esm,,ﬁggesstate Rx(k I k-1) = Rx(k-1 1k-1) - Prediction of

t he measurenment:” Yp(k 1k-1) = c(X(k I k-1)) The function c is

det ai I ed hereinafter. 15 Innovation Calculation of the innovation:
e(k) Y(_k) Yp(k | k-1) Covariance of the innovation: Re(k) = H(k)
Rx(k 1k Infijal WV’KT)"Q"W k) The matrix H(k) corresponds to the

Jacohi an of th r il .

her e:%naf ter. %‘g’éﬁ%ﬁ{é g%@ th?qc%y %m'%SUﬁ% gryﬁ)@cﬂﬁ '@galﬁgﬁﬂ' @rerent
noi se. Rkasisnahthgdinpwiedge of the the@aetml ajectanband the e@em peaformangekyf =
Rx(k k- @;}e[h@ﬂﬁgﬂp@%rm 1 25 Final estimations - Correction of the
prediction: X(k = X(k I k-1) + K(k) e(k) - Correction of the
covari ance: Rx(kl k) [1 - K(k) Hk)] Rx(k j k-1) The
function c. corresponds to the expression for the neasurenent expected
as a fuRERdIGHORS the estinated state:

10 - Prediction of the state: X(k | k-1) = X{k-1 | k-1)
- Prediction of the covariance of the state: Rx(k | k-1) = Rx{(k-1 ] k-1)
- Prediction of the measurement: Yp(k | k-1) = c¢(X(k | k-1)}

The function ¢ is detailed hereinafter.

16 Innovation
- Calculation of the innovation; e(k} = Y(k) — Yp(k | k-1)
- Covariance of the innovation: Re(k) = H(k} Rx(k | k-1) H{k)" + Rm(k)

The matrix H(k) corresponds to the Jacobian of the measurements, and this
matrix is detailed hereinafter. The matrix Rm(k) is the covariance of the
20 measurement noise.

Kalman gain
- Calculation of the Kalman gain: K(k)} = Rx{(k | k-1) H{k)' Re(k)"'

25 Final estimations
- Correction of the prediction: X(k | k) = X(k | k-1} + K(k} e(k)
- Correction of the covariance: Rx(k | k) = [l — K(k} H{k)] Rx(k | k-1)

The function ¢ corresponds to the expression for the measurement expected
as a function of the estimated state:



7 ccr(k Ik -1)). tb+Xd (kik - Gl 2 (X, -t-1) + Xd (kik 1),V b (kik
- 1)) AllXt b(ltilt -1) + Xd (kik - 1)11 The
expression for the Jacobian of the ndasurenents is as follows. To
sinplify the notation, in this expression Xd and b correspond
respectively to Xd(k j k5 1) and to b(k I k-1): f X',-tb+Xd (

| X--pb+Xell 2 ( 17.4(4-1.1)+Xd). (X, ,,-t.b+Xd;V',-6)1 A

14-14+1414-1. 6+4113 ||Xm —t‘b+X,,(fc[k-1)"

X (klk~D)= 2 (X, —t-b(kk~1)+ X, (KK = 1%, - b(klk - 1)
p)

1%, - ¢ bkl =1y + X, (ke 1]

The expression for the Jacobian of the measurements is as follows. To

simplify the notation, in this expression Xd and b correspond respectively to Xd(k | k-
5 1)andtob(k|k-1):

Xytb2X, Y L Kntbt Ky ’
o —t-b+ X |a—tbeXf
Hy= T T
2| Vb Kt b X )t br X8 2 o Famd (X=X MK, 1B K V-8 X mr-beX,
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According to the invention, the method proposes to use an estimator filter.
10 To enhance the effectiveness of such a filter, provision may advantageously be made
upstream to optimize the trajectory of the carrier towards the target.
indeed, the shape of the trajectory has a direct impact on the performance
of this estimator filter. This coupling ¢an be comprehended by considering the
relative positions of the set of circles associated with the distance and Doppler of the
15 target that are obtained by processing each SAR image. It is apparent for example
that a frajectory performed in a plane at constant incidence leads to circles which are
all tangential to a straight line passing through the target. Figure 4 illustrates this
phenomenon. The estimated position of the target therefore has a tendency fo slide
along this straight line thereby resulting in significant errors. On the other hand in the
20 case of a trajectory having some movement along the three axes, the Doppler
distance circles are all in different planes, thereby making it possible to more
precisely locate the intersection point which is the target, as illustrated in Figure 5.
So as to optimize the performance of the estimator filter, it is proposed to
use a tool making it possible to search for an optimal trajectory in relation to the
25 particulars of the relative position of the target and of the speed errors estimated at
the end of the activation of the seeker, that is to say upon engagement of the inertial
homing onto the target. This tool must make it possible to determine the trajectory by
solving a problem of the optimization of a constrained cost function type.
The cost function considered is the Cramer Rao bound evaluated for the
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traj ectory portRopis,the bevarianns vatrbeofdoe eleasatenent neisassuned const ant .
The tool determ_nes the 2*N conponents of the accel erations along the
traj &tory, whiénisdhediversg dghaco\hiapee ol Bednitiais@fape of the
trajectory knowing that the starting point of the trajectory is fixed
by the user and that the target is at the origin of the reference
frame. Teetheonadeldherexpression ki thedacgbRncl tpomeasyeaentsis accel erati on
is obtained in such a way as to optim ze the Cranmer Rao bound for the
| ast i mage acquired. . The Cramer Rao bound is;the inverse of
t he Fi sher rratrixwﬁﬁkz”:g@i ch for the nodel adc{pﬁ:éd'_”&]obt ai ned
through ghe fol | owtg ¥ &Cursive equation: Kurtbei] i}

Ul b Kb XA Xt 2{ [ v-b (X,,—tnb+Xd}-(X,,—t-b+Xd;V,,,—M X, —t-b+X,

i ||Xm""b+xd{ EXM---f-lH-)(dl3 |u—t-8+5] EXM—!-MX.;-E; J kX, —£-b+X)

>
25 where the various functions are evaluated at the time ¢ =+, corresponding to the

instant of the k-th measurement,
The recursive calculation of J, for a trajectory will make it possible to evaluate the

quality of the latter by calculating the trace of the Cramer-Rao bound for the last
image acquired, thereby characterizing the global precision of the impact point in the



153 k sl =- J k 11- 1:+1 Rk+l-1 . 11 k+l where rik+i is the

Jacobi an of the measurenent function, evaluated at the true val ue of
the state wth the Jacobian of f which is the matrix of parti al
derivatives [ -al; ex , 1) id 9 Rk+1 is the
covariance matri x of the neasurenent noise 20 JO is the inverse of
the covariance of the initial state. For the nodel the expression for
t he Jacobi an of the neasurenents is |l k= 25 where the various

f unct i opesenfa parfgct missde atha sroalisr ds track the mose fenivfongpation proyided dyant
of the {fmtﬁéeﬁﬁaaﬁléﬁ\%rﬁéélse abiﬁaﬁ&céﬂt@th@taﬁgﬂtw' ation of .11, for a
trajectory will make it possible to evaluate the quallty of t he

| atter by calculating the trace of the Craner-Rao bound for the | ast

i ired,. th h i l.obal f. th

| pact - SE noRtizoE Y HECHRAGY PRI ZonSHETG PR Riph*G
trace, constiaints the i nformation pr OVI ded by the seeker allows precise
gui dance ont.0 ﬂ-@%&ﬂﬁﬂlﬁ’f Ioad faé[&eof%’é hf@.sﬂéﬁ:lhﬁﬁt% He $AR rﬁéﬁiu@ﬁﬁ’a’sﬁé drdy

performed by c nsi |l owi ng 5 constraints: the ‘nmaxi num
| oad factor of 't'rl'fkgﬁf’ ‘%T Pgrg t he SAR mappi ng phase and during
the inertial- hthe minimizive anguianequian gedween sheai speed etaske narich thes misside-
vector and thetd?@ét%[ﬂeﬁf&ﬂr get direction,

10 - the minimum impact angle in the vertical plane.



10t he m ni muminpact angle in the vertical plane. 10 C ains

1. Method for determning the position error and the speed bias of an
inertial platformaboard a carrier pursuing a trajectory towards a
fixed target, characterized in that it furthernore conprises the

foll owi ng steps: acquiring aboard the carrier a series of SAR-type

i mges of the target; utilizing the said imges to neasure on the
basis of each of the inmages a neasurepent of the distance and a
nmeasur enent of the Doppler of the target; estimating the
preci se position of the carrier with respect to the target and the
speed bias, on the basis of the neagyiggents of distance and of the
Doppl er of the target with an estimator filter of the extended Kal man
filter type, said method furthernore conprising a prior step of
trajectory optimzation to optimze the performance of the estimator

filter.; -using Rethedfoca@ish m@mmtér@aﬁ@t@@eeBWd)m mertlal

i I
?Zigg'c? P tt&'nrtnr};}btog?d % ééljng%l#r&glﬁgfa tltagé%ac%gfoa\éaré)s 5 B xec} targf(t: aqr(}rgtq%%alz?cip
det er mi-ni h@t'&fﬁﬁh@ww PoRPEsasdhe &JrH@lwmlét&ﬁﬁeed bi as of an inertial
pl atform aboard -a eequiniey atpardihenarrir brsafiectfB AR ypaamegeDoflifé Gfget;

according to d ai ”hl:hrzwﬁgg(é) Q%igﬁﬁéégsdtoirﬂeésn%oﬁ {f}%tt%ggst#f{)egb ldthg?rﬁé?es

function is the Cr . . term
the position error 2dRPHFRINYP L dhoiglangs ang 3 rﬁ%?%‘i"%ﬂe'ﬁlﬁtﬂﬂ%pﬁp@!%ﬁr d
a carrier pursuingire targefiectory towards a target according to Caim

2, characterized 'é&tiﬁu‘%ﬁﬁg 'tHe @‘é@ﬁé'p%%ﬁoﬁ *&?trgeoéérﬁ&‘ With %s?@étt he target

t t eces in
conponentBIdRS ehest s anips Bads ot e migeRLprina sid AR e %{%Bom{@
t r aj ect oroy tiyy taggeti withy am gstiimetoChiliaraf thraextendedokdlorntfiter tyasi saidranpthod
acquired. furthermore ¢bmpMeingod ﬁ’cﬁr debhebmt é&ﬁ)r& héptiRfSdtiohO JpliRizea e

t he speecb)?pfj %ﬁv\%'%& Q"%‘g {}]_Ht fclztgo‘r Lo orm a carrier pursuing a

traj ector to one of Clainms 1 to 3,
characterized n tEHg & W@’ EYRRTSIRY ﬁtc§n$tm¢' sast Bingtiorpasroctted Wi thee

opt i m zatdstimatbn bhthet pasiteet ofrtite Fagichmith Mespdco asl tHeaEdt 208 dfhiee §gddd er
and/ or mpaiyum angul ar squint between the speed vector and the

carrier-target direction and/or the mninmminpact angle in the
vertical plane.
2. Method for determining the position error and the speed bias of an inertial

platform aboard a carrier pursuing a trajectory towards a target according to Claim 1,
characterized in that the constrained cost function is the Cramer Rao bound.

3. Method for determining the position error and the speed bias of an inertial
platform aboard a carrier pursuing a trajectory towards a target according to Claim 2,
characterized in that it comprises the following steps:

- segmenting the trajectory into N pieces;

- determining the 2N components of the transverse acceleration of the
carrier along the trajectory by optimizing the Cramer Rao bound for the
last image acquired.

4. Method for determining the position error and the speed bias of an inertial
platform of a carrier pursuing a trajectory towards a target according to one of Claims
1 to 3, characterized in that the constraints taken into account during the optimization
of the trajectory are maximum load factor of the carrier and/or minimum angular
squint between the speed vector and the carrier-target direction and/or the minimum
impact angle in the vertical plane.



