1 DOPPLER TRACKI NG METHOD AND DEVI CE FOR A W DEBAND MODEM The i nvention
relates to a nethod and device all ow ng Doppler tracking for a broadband
nodem WMbre generally, it also relates to a systemfor estinmating and
‘tracking the frequency offset for a transm ssion system whose bandwi dth is
not "insignificant" 5 with respect to the central frequency. The probl em
posed is the transm ssion of data of ary type between two correspondents
subnerged in the water and at a rate of several hundred bits per second
whi | e using band- pass as snall as possible and a co ower that is
oduced o t RORRLERIRACKING METHOPAND HEWEE R SWIBEBANRIMBOENni ng. on
10 batteries. The problemis also that of transmtting data between two
correspondents subnerged in a given environnent. The el ectronmagnetic waves
conventional | y usedhg inventian felates tmamathodkapd devierakaving Gapplsetracking opagat ed
extrenmely poard.y idd tihe,d4qt er, the modem 15 (nodul ator - denodul ator)
therefore uses acoustic waves to transport the nessages transmtted. For

i nformati on, the sMormgénesallynitialsorraiates thasyatenefor egtivedtingandpgtasking ieghavi or

for acoust e, NS SroBC R Frflhbiin sJRRATRAG buRRHAR0S A Dhogh EBR:  re

currents Ae pa he waves 1s i rai ght
| i ne onlsy fith res?décatovm yerﬂfabfréqtdarreyance and this route varies over tinme. The

G Toront ol aye. The bt bEkeE s PR rahsiiEPn SRR oy disihelive e B o
jou][ neys femny@rth ogdél@s@ﬂbﬁwb@eldaﬁ&gq&{a)er m{jd btlmchtéeutts'évérgehuhmtrﬁd «bn§tpteﬂ t\l‘llﬁ )
surtace o e | ST Ur.pe . ve a on e (0] om | C
o haw e LerlaRtE g B pdss s o D ol P BRu A e BRI e | ¢ he
arrival at réchueedj et@;etheermminmnm rpRpRiuidr | fansstaidaldriee eqUiphiend r&h@ﬁg?' on €ach

haV|ng, iven nonent, its own anplitude, phase, delay and frequency
of f set. OTob? ®Shust be added where necessary, a frequency offset due to

the 30 relative radéalpraanrd iof aldde thar r &S pemeatisg ( BaRp! wiweéd eelo and a
pseudo- periodic frequency offset due to the swell 1f at |east one of the

cor r espond&RTeSACEdeHs FH@“e@GF’FGAE given environment.

The electromagnetic waves conventionally used (from a few hundred

kHz to several GHz being propagated extremely poorly in the water, the modem
15 (modulator - demodulator) therefore uses acoustic waves to transport the messages
transmitted.

For information, the submarine environment has an extremely complex
behavior for acoustic waves. Because of its inhomogeneities (salinity, temperature,
currents, etc.) mean that the path followed by the waves is in a straight line only for

20 avery short distance and this route varies over time.

The waves that arrive at the receiver may follow several routes with very
different delays. These routes may be either "direct" (several different journeys
converging on the receiver), or "indirect" (reflections on the surface of the water,
possibly disturbed by waves, and on the bottom which may have all kinds of types of

25 relief).

In practice, this results in the arrival at the receiver of many repetitions of
the emitted signal, each having, at a given moment, its own amplitude, phase, delay
and frequency offset.

To this must be added, where necessary, a frequency offset due to the

30 relative radial speed of the correspondents (Doppler effect) and a pseudo-periodic
frequency offset due to the swell if at least one of the correspondents is on the

surface.



2 In sone cases, the reliability of the transm ssion nust be virtually
perfect. If it is a text, it is possible to tolerate several isolated
errors, because they w Il be automatically corrected by the reader. Wen it
is a binary file (for exanple a JPEG image), the required error rate is
approximately 0, otherwise the inage will be 5 very greatly degraded. In
addi'tion, the systemis "broadband". I1@ practical applications, the

bandwi dt h of the signal transmitted is not inconsiderable conpared with the
central transm ssion frequency. The Doppler offset being proportional to

t he frequency, t heln somef pasgserths éeliahiite oh theeansmissipremuist dief ystuathhan t he

hi gh frequgng SIf tjig ﬁ\%ﬁt it'ie P&%r itfle toS{Jlé‘rSteté'é%elra‘F ks%ﬁzité(@ eErPFse@eﬁ’;usEh

transmtte recelver 1s not always ne areﬁe ith the
speed of swdlm;e amtomtl@ﬁ"y cpupeted by ribe eeaﬁe&wlmewﬁa bmr)eflfadtﬂr eosamebemansu on or
contractio ' ' ' e t.

ConLracLl CTo8b ol i SR Stor ENE Bty Dol e ot N
recei vedi i mery@rd=8lysiegmudd. |f t he speed of separation is +10 rﬂs (36 knih or

approxi mately 20 kﬁo%@am tﬁﬁtgy%f%? gn.gr%égggsn _L, %f‘{:%l | a °2?3t I‘t@%kl ng. To

t he know edge of t ere SYyS ect runt
type i n whbaidvwitih gidyé sngdalrtaetmmltsed/nempt Irmmnsidmplaleenbm/pavéd WhletHEmiWadt h used
and in whi scretion i ich |b| use of, fixed
carriers %an?rwa%'oa?fsqg%{awy © BERPIF bsat SOnE SR IS e Fesiiehe s, 055442
di scl oses pw fasprAbiasta éaﬁv%ﬂfrehh@ﬁcy&ﬁfséﬂméteﬂwedﬂdﬂyfré@mlcmd for the whole

duratlon of the ne e a Do val ue t hout carryin ut
tracki ny. The subj i@lé‘?d? ”i‘cﬁﬁp 'PE%é'Pﬁ ﬁ’\)’@h?‘?‘?%i Pﬂhﬁ‘t E@nmﬁ% S}dg’ﬁ?ﬁe met hod

maki ng 25réde1vléﬂ$§lr’f&t%|W§y§®n@§hgﬂM@U§dana$§d Wit ehet Bpedd @fuUAY inflatet

(Doppl er) for a nodem_operatin submari ne environ The invention
rel at es nof2ppreximately E%p@t'@/ %ﬁq Prg?m"i‘@s'aﬂ(?rlcfa%t&%t'ﬁ@ O?ﬁ@e i Peﬁﬁﬂ-’ﬁﬂ:y of f set
for a trangep&iiorbiretsiyh omps ritnedpeed.h is not insignificant with respect
to the central frequency, the systememtt] ng a wavefarmincluding fixed 30

carriers whose | evEPr eéar@aestaamqsameytr@wa%te QweaR PREPD Ff the Wllrb ers

transpofd i RebehRg inl 'l‘(ﬁ‘?ﬁ NRIoRM ift the §;9ere"d' 6 Septdtidigis LAURRCIFRS KA or - FN- 1,
and the payload signal carrying the information, characterized in that it

conpri ses &pprosiately B8 knefs) ch@osgq reblems: of synchromzatlon tracking.
To the knowledge of the applicant, there are systems of the "spread

spectrum" type in which the payload rate is very low compared with the bandwidth
used and in which discretion is appropriate, which prohibits the use of fixed carriers
20 that are easily identifiable.

Patent application WO 2005/055442 discloses a "broadband” system
that estimates only once and for the whole duration of the message a Doppler offset
value without carrying out tracking.

The subject of the present invention relates notably to a method making

25 it possible to continuously estimate the frequency offset (Doppler) for a modem
operating in a submarine environment.

The invention relates notably to a system of estimating and tracking the
frequency offset for a transmission system whose bandwidth is not insignificant with
respect to the central frequency, the system emitting a waveform including fixed

30 carriers whose level is substantially greater than that of the carriers transporting the
information, the carriers having frequencies Fg ... FN-1, and the payload signal
carrying the information, characterized in that it comprises at least the following
elements:

e N banks of band-pass filters, each bank comprising P filters, suitable for



N banks of band-pass filters, each bank conprising P filters, suitable for 3
covering all of the values that the frequencies FO ... FN-1 may take after
Doppl er offset, A filter output is connected to a quadratic envel ope
detector, P adders suitable for adding the correspondi ng outputs of the N
banks of 5 filters, A systemfor detecting the position of the two | argest
maxi ma fromthe P suns and for validatd ng the position of the |argest

maxi num A system for storing the positions of the two | argest maxi na and
their "weight" and for predicting the current value, 10 A systemfor

val i dat i ng/ r epl gevetggt aleohthesi valugs thatithe frequengies dmd comhet tiaygtakkeafieosi ti ons
into estimated 'B&@B?e?faffféfd filtering the latter through a | owpass filter.
The invention al'sG relates to a nethod making it possible to estimate and
track the Dopepl érfillef betput Baonsedediivad quannaticsnvalgpe detectumy ef or m i ncl udi ng

fixed 15 carriers,of a level substantiall reater than, the |evel of the
carriers tran'sp?; ?9‘?%stsl'1'5§t?lﬁff8rr ?rgﬁri‘%ﬂ’,e ‘E‘Héevse?g?‘ﬁi‘%%t%whb“er Net%ﬁjngﬁcﬂ?es FO
FN-15 and t Kigefgayl oad signal carrying the information in a transm ssion

system whose bandwidth is not  insignificant with resgect_ to the central
frequency, chtr AcPieRdar dRtecting they Pesiian: ofstbs twatlargess maximea fram Bigi Rg st eps:

20 1. Transm ttighghstdMa f6OVENESHINgRhS pB&ifdn éﬂﬁ?é’ldr?éd?%éxhﬁurﬁfiw oad si gnal
carrying information and the reference signal to a filtering step using the

frequenci es of theystamr fasrsioring tmepesitons /b the dwo dargest maxisna andetheiivel ope
%‘;t;?% f]: g”a" GWeilgﬁ" anﬁ-for”ﬁﬁ%i@@ng‘tﬁéobﬁﬁéﬁt%ﬁ:eom puts en, p, 25 4.

g the values of the t argest naxim, Mand m for several
nonent s10t, 5e [Desystem fornglidatiagremacing thevmisiien ddundhe position at the moment
ooy o 00 A B LR GBI  d PETRLRE popp o
of fset val ues i nattwrderbugh a lobpasgriersnoot hed val ue. The met hod conprises for
exanple a step in %iecinvetnrgi%nsaqgooger?aetgs \{é" Iaur%ethod making it possible to estimate

and track the Doppler effect for a signal consisting of a waveform including fixed

15 carriers of a level substantially greater than the level of the carriers transporting the
information, the carriers having frequencies FQ ... FN-1, and the payload signal

carrying the information in a transmission system whose bandwidth is not

insignificant with respect to the central frequency, characterized in that it comprises

at least the following steps:

20 1. Transmitting the composite signal comprising the payload signal
carrying information and the reference signal to a filtering step using
the frequencies of the carriers,

2. Determining, for each filter, the envelope of the signal, ey,
3. Adding the various outputs e,

25 4. Determining the values of the two largest maxima, M and m, for
several moments, t,

5. Determining the probable value of the position at the moment t,
considering the maxima found that define uniquely the associated
Doppler offset value,

30 6. Carrying out a low-pass filtering on the Doppler offset values in order
to obtain a smoothed value.

The method comprises for example a step in which the smoothed vaiue
is interpolated at intermediate moments by means of low-pass filters derived from

the filter defined above.



is interpolated at internedi ate nonents by nmeans of |ow pass filters derived
from the filter defined above. 4 The filtering step 1 conprises, for
exanple, at:-least the following steps: The input signal is wi ndowed by a
Hanni ng wi ndow (sinple raised cosine) for a period of 160 ns, with overlap

of 80 nms between two successive w ndows, to the 1.024 points obtained,
3.072 null points are added, then: 5 tge 4096-point fast Fourier transform
FFT is carried out on this signal whose output is marked Zo, Z, ... Z45,

for a desired central frequency Fn,p the rank n of the "bin" Zn of the fast
Fouri er transform AMRE filteeng stepjlusmpbieés ior exanpiy at kedst thd éollawingadtepsunber  x

| ying between O and 1 which is (Fn,p - 1.5625 n) / 1.5625 10 is conputed
and two conpl ex Higibpytsigna( is)wi ed i@ Henaing sindom (simnle raisesk cosjnei fas

selected, the fé é%rﬁ{d d?q%@lr'rlicﬁ, @h?ﬁé%f%%ppeﬁﬁgﬁhggwi'ceé%&é ?ﬁlﬁ?éﬂ/gl' The

met hod and the syStem accor inventron nota foll owi ng
advant ages. They, I si,hl, r bar.i ommuni cations 15
of long durati on@%?‘ﬁbé&gﬁg&b{}@élﬁﬁ%a@,ﬁ%&%\%se%}éa Fgﬁgﬁﬁ‘tter and a
receiver_ travelin any.trajectories. er characterjsti.cs ,and

hvant ag8s w1 8 Sp8eBt il ERFr Handiim £ T oS AR 35 P TR ASTR RSP o 1 ovs
of an exanpl e gisgputlyymamedd,, 2holZdys,non-1imting illustration together
with the appended figures 20 Figure 1 shows, in a tine-frequency space, the

effect of thesofbpeatdéditetl Rntralofréd sy F,Fitlis!F&nk2n SATANE "Bint YARiof ahe Fagdtuct ur e
of the nodul es and steps used Eﬁ] the system according to the invention,
FEFehl v

Figure 3 shows dayigpirarsiorm elagia &PMBYtEdi ndowi ng t he i nput
si.gnal, 25 Figure 4 shows an exanple of outputs of the sensors, Figure 5
s‘ﬁ%\s an exanpl ehpRCUAENBIRF U KN Pemrendkrnt § Whichds (fume 16262810nd-98R5exanpl e
of parahglic regg %él%'pgféil an'f_l'htGJHrc,%%pYextrﬁm%fe'?QQ?‘(xS Bid Z8&YtHa® ak fuhBorki 1@l

filtering, and Figure 10 shows an exanple of a frequency response obtai ned.
30 In order to begtedelesigshain the principle used in the invention, the
following exanple is given for a nodem operating in a submarine

envi ronment , ehdhadtterrquiud is determined by z0(x) Zn + z1(x) Zn+1.

The method and the system according to the invention notably have the
following advantages. They make it possible td carry out submarine communications
15 -of long duration, with variable Doppler, between a transmitter and a receiver
traveling on any trajectories.
Other characteristics and advantages ‘will be more apparent in reading the
description which foilows of an example given by way of wholly non-limiting
illustration together with the appended figures :

20 e Figure 1 shows, in a time-frequency space, the effect of the offset on the

carriers,

e Figure 2 shows a typical structure of the modules and steps used by the
system according to the invention,

¢ Figure 3 shows a step for filtering the signal by windowing the input signal,

25 ¢ Figure 4 shows an example of outputs of the sensors,

* Figure 5 shows an example of the outputs of the adders,

¢ Figure 6, shows an example of parabolic regression,

o Figures 7 to 9 show the results of the final filtering, and

e Figure 10 shows an example of a frequency response obtained.

30 in order to better explain the principle used in the invention, the following
example is given for a modem operating in a submarine environment, characterized
by a considerable and rapidly variable time spread and a not inconsiderable
bandwidth with respect to the bandwidth which makes the frequency offset due to the
Doppler effect variable in the very bandwidth of the signal ("broadband” effect).



by a considerable and rapidly variable tinme spread and a not inconsiderable
bandwi dth with respect to the bandw dth whi ch nakes the frequency of fset due
to the Doppler effect variable in the very bandw dth of the signal
("broadband" effect). 5 The waveformemtted by the nodemin question

i ncl.udes fixed carriers (unnodul at ed) ose level is substantially greater
than that of the carriers transporting the information. It is based on
these carriers that the estimate of the average Doppler offset of the
SLnal s made: AntELAgkdiAmiy SRARERBA0h AL pAuiaDhlcarntdiE
reference carriers are equal er i requencies marked FQ,
F1, ... FN(anripdulates) mhmé)ot@pelens clubstantidlly gieatar manatmatrrehshe)maelws nunber ,

mar ked S, t.i an r( - : ed of
sound i n ¢ REnaedtEfo e pFBibif L Rbastlel O inckl by i ok bl o By

radi al speedembet[bxmpiaocﬁfse‘eof theasignadfis mefder enoéfsetwtibeis, capabid devaegingo be

i nmobi | e ln the presence of such a Doppler offset, each frequency
carrier ¥l g%g its frequency nodified to (1 + 8) F;. Figure 1 describes in
a tinme-frequency Sﬂ'&eeeféf‘@'noefdae@érs@fre tebaalwoppirehumbérf@rﬁi have fréguehaiesi er s,
for S = -Smax = +Smaz, Smax being a design elenent 15 of the
system An)f“?rk%cgﬁ%rﬁ:é'l e?”ri*ay be chosen, but, for Sto be able to be estimt ed

unanbi guously, t he TheamlaxiRmb amdp@ aispt i€ neb} HaiReAsioRedd nimbbei ght

which results in the follow ng npl e conltlon (1 - Snx) Fn>(1+Srrax)
Fn or Fn m@rheqﬁmﬁwec{hhtm@qyayom ... N1 20 Figure 2 represents the
various steps used in the invention and t I nts constituting the
devi ce. % v

C-v:(R)

C: speed of sound in the water
v (E): radial speed of the transmitter

v (R): radial speed of the receiver
Frame of reference: water, considered to be immobile
10
In the presence of such a Doppler offset, each frequency carrier F; sees its

frequency modified to (1 + 3) Fi.
Figure 1 describes in a time-frequency space the effect of the Doppler
offset on the carriers, for 8 = -8max, d = 0, and d = +8,ax, Omax DEING a design element
15 of the system.
Any frequencies may be chosen, but, for 8 to be able to be estimated
unambiguously, the small rectangles 1 of figure 1 have a positive height, which

results in the following simple condition:

(1- Smax) Fn>(1+ 8max ) Fn-1

or
Fon- Fn-1t >8max (Fn+Fn-1)
=1..N-1
20 Figure 2 represents the various steps used in the invention and the

elements constituting the device.

This system requires the presence, throughout the whole message and
even a little longer, of a set of N unmodulated fixed carriers in addition to the
payload signal.

25 The complex signal (reference carriers and useful signal) is received on



This systemrequires the presence, throughout the whole nessage and even a
little |l onger, of a set of N unnodul ated fixed carriers in addition to the
payl oad signal. 25 The conplex signal (reference carriers and useful signal)
is recei.ved on 6 a processing subsystemconprising, in this order: - a set,
100,. of N banks of P band-pass filters covering (slightly nore than) at

| east all of the values that the frequ@ncies FO ... FN-1 that can be taken
after Doppler offset. 5 Each band-pass filter is followed by a quadratic
envel ope sensor not hown se arateumafronlthe filters in the figure for

reasons of 2 8[IHFT'PY ff‘étﬁyﬁﬁm comppising, MHEPrIY: p adders adding the outputs of
the quadrati Cf envebepeoos&mﬁamﬁf R b@woﬁpa];& fp]téf!i(ccfv@fln@%hbhﬂy ﬂnb&rtha?) a
system 300, for Ing.the tign of the t st ma rom 10
the P suns and fo%%%? 3&]6{3 ity va! %ﬁbﬁat)g?ff‘?%ﬁgc'ﬁﬁ\éghe 81 'HitcaB iR Sseri es of
adders, - a SyStemer%,pléerfsétt or| ng the positions and their "weights" and
for pred| cting the current valu - a system 500, for validating/replacing

the posi®tion foungach5and 3a§§/§'{t%rr’ds tigwe @Mv%r"c‘?ﬁb’“? HROVEORPt 395159 At o

estimat ed Doppl er stajigh sédalrétewlfﬂaaq ﬂ\@%ltér@tlﬁ ﬂfeffghFé)fénga%thWé?ﬁq ﬁﬁcfat.dart er which
gives an estimate of th pler offset (wwth a fixed

estimation and tracetn qwézfﬁgrﬁdgﬁismc}d"as dhe pHPutsaaf tie QP@ﬁréngéﬂ‘éQl‘PRﬁn

mechani sm nmaki ng éénsgpssgfltﬁégaﬁgrm%rmm,tgf of fset sanples nore 20
frequently. The detail of the various elenents formng part of the system

accordi ng to theaishsten 388, fos dgiegting el pasitioRai ke dF0 ?aFQQFérﬂ@;aleO@ firambank of

fitersg's suitabhe Potablan ok AONGT Ry bBEICIEA1ADSLER: LY iha%on22 ppet ween

(1 - Sma), F" after
of fset for the baadidem filters of rank n. Each bank of fllters corrprlses

O PR s BRI For o RESfold L Ref VRN AFIEEC .
frequency equal t predicting the current value,
- a system, 500, for validating/replacing the position found,
15 - a system, 600, converting the positions into estimated Doppler and
filtering the latter through a low-pass filter which gives an estimate of the
Doppler offset (with a fixed delay).
The estimation and tracking mechanism may also inciude an
interpolation mechanism making it possible to have Doppler offset samples more
20 frequently.
The detail of the various elements forming part of the system according
to the invention is given below.
Banks of filters 100

A bank of filters is suitable notably for covering the frequencies lying
25 between (1 - dmax ) Fn and (1 + dmax ) Fn where F is the frequency after Doppler
offset for the bank of filters of rank n.
Each bank of filters comprises, for example, the same number P of
band-pass filters of evenly spaced central frequencies.
The p™ filter of the n™ bank will be centered on a frequency equal to:

Fop = Fo [1+ S (%Rii_l__))
P
n=0..N-1

F.. the frequency after Doppler offset for the bank of filters of rank n.



Fn, p=F 1 +Sm 12 p P+ 1 P n=0..N130 p=0O..P-1 Fn: the frequency
after Doppler offset for the bank of filters of rank n. 7 A sinple way of
produci ng the bank of filters is described below. As an exanple, it is
assuned .that the carriers are spaced at nultiples of 25 Hz and that the
sanpling frequency is 6.400 Hz. It is sunmed that, during the denodul ation
phase, a new synbol 5 appears every 80 ns and then a new frequency offset
val ue i s needed. Assunming that the differential phase denodul ati on may have

up to four 5 Qgg&%}@gpegd%yba‘!]ﬁlbgggéf élt%ﬁssgd%g%nﬂed y ﬂﬁv error of estimation of

t he frequency onal ase rotation that it
i ntroduces is 360 XAs&h emmplejmlssesuﬂllatthatthdc:msnens'areesgaaeed abmgliplesed of t he

m ni num r o b [ erience), the error of
Dot mat oo 2B Jtﬁ?&& sEf p"%??%‘i‘iéngﬁ SRTHE o st df MAx = 0. 78125 Hz
(in absolute vaI uejt, |sMass1hnetealnm tdoeng tthe dmsctdul%munimaset raane\ivosymbdFFT, to

b d be_ab f by 2 dfgAx =
1 5005 15 PPEaR AR IS BB N et nohEeY SRt ERE N o aoo) 1. 2625 -

21 096h 15 ;ZOL t hi s Askhr@ingrtnstee differetiafl phése\/\ﬁemodUMIOhﬂﬁw havegoglto feuirwi ndowed
wei ghti ng n in 'nd (s' | e I sed cosi peri.od of 160
e it opbate Belse st e AbBrshos it TR SR 8 et s ietlerioy DHeeids

i 1l ustrat eqdiF fhefao@uroaaﬁphased&aﬁbrtmat uhmtreda&sxs 86@F008FmE X4 poi nt's obt al ned
are 4.096 - 1.024 = 3.072 20 nul | points, then: 1. the 4096-point fast

Fourier transform Iﬁﬁ'l{h%'t g9e$ F‘@He’fﬁ%'d Griiyaries OEt@ﬁun'mvmdgt@t'%ﬂ%@m% mar ked

20, Z, rdig 3 e%perfe%e)atﬁieéﬂréfed? ééﬁr'%ﬁ&* of ﬂhQQ#é%OEb(cyF offseP dF &R FRUtat i on is
made of the rank n the Fourier transformFFT that is

just bel ow,Mesh Hfmaxs= t007812§ féé;(dntmplut%wamﬁ) vhigth meaas thal theeflashFeyniass 1. 5625
Hz and (n ra}t)sfohhnpﬁT th- breﬁgs'?_édﬂﬁust?beé }cf §&Par a6 Trefubdidsdii e By0 and 1

I S-conput e é P 1.5625 and two conpl'ex nu bers
zQ(x) and A wa)x F hH62 rl-g ts number of pomts must therefore be at least 6.400/1.5625 =
4.096.
15 For this, the process is as follows:
e The input signal is windowed (weighting) by a Hanning window (simplie
raised cosine) for a period of 160 ms, with overlap of 80 ms between two
successive windows. This step is illustrated in figure 3.
e added to the 0.16 x 6.400 = 1.024 points obtained are 4.096 — 1.024 = 3.072
20 nulf points, then:
1. the 4096-point fast Fourier transform FFT is carried out on this signal
whose output is marked Zo, Z4 ... Zsgos,
2. for a desired central frequency F,,, a computation is made of the rank n
of the "bin" Z, of the Fourier transform FFT that is just below, that is to
25 say that for which F; lies between n times 1.5625 Hz and (n + 1) times
1.5625 Hz,
3. the real number x lying between 0 and 1 is computed which is (Fp -
1.5625 n) / 1.5625 and two complex numbers z0(x) and z1(x) that are
functions of x (and computed in advance for convenience) are selected,
30 4. the output of the filter is simply given by z0(x) Zn + z1(x) Zn+1.
The coefficients z0 and z1 are optimized so that the result is as close as possible to
the one that a filter really centered on F,, would give.
One of the two coefficients z0 or z1 may be chosen to be REAL (and the other

corrected as a consequence) since the phase of the output signal is of no



functions of x (and conputed in advance for conveni ence) are selected, 30
4. the output of the filter is sinply given by zQ(x) Zn + z1 (x) Zn+l. The
coefficients zO and z1 are optim zed so that the result is as close as
possible to the one that a filter really centered on Fn,p would give. One
of the two coefficients zO or z1 may be_chosen to be REAL (and the other
corrected as a consequence) since the pﬁase of the output signal is of no 8
i nportance. Each filter is followed by a quadratic envel ope detector giving
the square . of the nodulus of its output (the process is usually carried out
on a conplégmgﬁaﬁﬁ‘, in baseband, i.e. centered on the frequency 0). 5 The
out put of the Ipth ](c:@cmdﬂter isdblld\ﬂbﬁl bytehqlgnmktic/ﬂedvbldple detgckeGiving the fug:@re 4

gi ves an ex e of outputs, o e guadratic envel gpe, sensors, or P = 100,
I n 2" TR Enediun o B e, o uteRs b aveur PrBed BEWGR & convien genal
frequenci esin bAddsarel, 20 ehfdrddien thetfrstuendy ®)he pth adder is given by: N Sp =
Y, en,n n= i ut of the pth sensor of the

P=0 .... P-1 where en, p,is the out
nt h banksof.P'?‘? pPytaytof the ‘u?%te@tof%fﬁgéggﬁﬁgkyﬁ'% P €of the out puts of the
adders for the caseFigliRly §i6&NhRExdMplkiof Bl of theqeadritif STRRLBIsBAsHEf ect
provi ded by the adding (due_to 15 the propagation, the gal n rra%/%lvary a
n.

great deal fon R FelQH @ndi Nly= df freauehcies. Wie an inpulr $igied! Offsp towasd 1they highe

Det ection offre%}ée,cigg\p | ar gest maxi ma out of P 300 The signal originating from
the adders 200 is transmitted to a maxi ma detection system 300 havi ng
notably theAdders 200 finding two nmaxima. 20 Specifically, if there are two

maxi ma qf adj acent ADLLthiHdEhe PNSYIRiEgivarsp@! |y of |ow anplitude and
correspond to nothing precise: there is probably only noise at the input of

t he receiver. T&@Hﬁthese two maxima, M (the largest) and m (the second
| argest), the ngay use the followng algorithm witten in sinplified
C l'anguage. =0

p=0..P-1

where e, is the output of the p" sensor of the n" bank of filters.
Figure 5 represents an example of the outputs of the adders for the case
represented by figure 4, where the smoothing effect provided by the adding (due to

15 the propagation, the gain may vary a great deal in the vicinity of each of the N
carriers) is clearly seen.

Detection of the two largest maxima out of P 300
The signal originating from the adders 200 is transmitted to a maxima
detection system 300 having notably the role of finding two maxima.

20 Specifically, if there are two maxima of adjacent amplitudes, they are
usually of low amplitude and correspond to nothing precise: there is probably only
noise at the input of the receiver.

To find these two maxima, M (the largest) and m (the second largest),
the method may use the following algorithm, written in simplified C language.

25 /* Initialization */

M=0
position_M =0
m=0
position_m =0
30 I* Loop to find a maximum in positions 1 ... P-2 */
for(i=1toP-2){
if ( S(i) >=S(i - 1) and S(i) >= S(i + 1) ) {



25 /* Initialization */ MO position. M=0 m0 position_.m=0 30 /* Loop
to find a maximumin positions 1 ... P-2 for( i=ltoP-2){ if ( S(i) >= S(i -
1) and S(i) >= S(i + 1)) { 9 [/* S(i) is alocal maximum if(S(i)>M{ /*
S(i) is the new |argest maximum/ mnmEM 5 position_m = position_ M M= S(i)
position M=1i } else { if(S(i)>m{ 0 /* S(i) is the second new maxi num
m=S(i) position.m=1i } } 15} } [If¥ position_ Mis not null (0O is an
illegal value) and if mis less than a given proportion of M (for exanple
5099, Mand its positio it -m?;(*be considered valid. Two maxi ma
have been found. 20 Qhﬁwggat'%%ym%le |gn/ored subsequently (it is
sufficient to put Mat ifAfHOpP.MTKe val ue of the position of the two maxi na
is then refined for exa 3 () gsion, that is to say that
the anplitudes of the s%&)a{a%c@ér?? E%Skﬁ'}?gﬁﬂja"ﬁi/m| sum M ar e appr oxi mat ed
by a parabol a using t hreemor Mour nei ghbors 25 dependi ng on the nunber of

nei ghbor§ avail able, a Valpggltiénn_gr'\ g%%ggons_WPsequent ly as

M = S(i)
position_M =i
}else {
if (S@)>m){
10 I* S(i) is the second new maximum */
m = S(i)
position_m =i
}
}
15 }
}

If position_M is not null (0 is an illegal value) and if m is less than a given
proportion of M (for example 50%), M and its position (position_M) may be
considered valid. Two maxima have been found.

20 Otherwise they are ignored subsequently (it is sufficient to put M at
zero).

The value of the position of the two maxima is then refined for example
by quadratic regression, that is to say that the amplitudes of the sums adjacent to
the maximal sum M are approximated by a parabola using three or four neighbors

25 depending on the number of neighbors available, a value indicated subsequently as
the corrected value.

For the drafting of the search algorithm, any language other than C
language may be used.

Figure 6 gives an example of parabolic regression, still on the same data

30 of figures 4 and 5.

The position of the maximum of the parabola is the modified value of

position_M which, an integer, becomes a real number.

For position_M = 1, the correction is equal to:



the corrected value. For the drafting of the search algorithm any |anguage
other than C | anguage may be used. Figure 6 gives an exanple of parabolic
regression, still on the same data 30 of figures 4 and 5. The position of

t he maxi num of the parabola is the nodified value of position_M which, an
integer, beconmes a real nunber. For poggtion_M = 1, the correction is equal
to: 10 11 S0-3 S1-7 S2- S3 10( So- St- S2+S3) For position M= 2....P-3,
the correction is equal to: 712Sp_2 +Sp-1 +SP+1 -2Sp+2 10 2S p_2 - Sp-1 -
2SP - SP+1it 8p-B+3,For @psigj on_M=P-2 the correction is equal to: 5 (Sp_4
+7Sp- 3 +35p- g %1 pSﬁl ]S?B% 4 - Sp-3 -Sp-2 + SP_ At the output of the maxima
det ector, t]| (u ©r Has wo \}%\I ues of maxima and their position. Position

pr edi ctor Feﬂpdsmmﬁhm PpredpPq tdoreplidcie®goal teyst em 400 uses the val ue of the
position corrected at the nmpnent,t, and at the nmonents t - 1, t - 2, ..., t
- T (t being HaRen 9. b8 .an rgmze)ger for the convenience of the computations

and at | eagpRaual ¢T0_ B g of the corrected position corresponds
to the val uevof 2t her bosHPi on””de ucted fromthe nmaxima and refined by

quadratic ?Sggﬁfinoﬂl_ﬂ?tﬁetc%rrfeﬂm{lb%ﬂuéﬁo notably to evaluate, based on the

past, the probable~val ue p05|t| on at the nonent t, first considering
t he maxi ma(&; #aSggsBSgr;pﬂllﬂyQé -1, M-z. M-T), because they are the
smal | ests. | abI y of a delay Iline containing the last T+1

M position_ NPl so p§§@e+%m r alimted period, the Doppler variation may
be assimlated 20 locally to a parabola, the value of the position at the
nmonent t is predicted by neans of a weighted quadratic regression. For

this, the poafd dutb@ndfthemaxima defectr,1he abel asatng \RRUSfaHaximBiandzheig t he
fol | owi ng vvel ghted quadratic error (in which the variable post indicates the
val ue

Position predictor 400

10 The prediction/replacement system 400 uses the value of the position
corrected at the moment t, and at the momentst-1,t-2, ..., t- T (t being taken to
be an integer for the convenience of the computations and at least equal to 4). The
value of the corrected position corresponds to the value of the position deducted
from the maxima and refined by quadratic regression.

15 Its function is notably to evaluate, based on the past, the probable value
of the position at the moment t, first considering the maxima of largest amplitude (M,
1. M, ..., My7), because they are the smallest. It is constituted notably of a delay
line containing the last T+1 M/position_M pairs.

Since, over a limited period, the Doppler variation may be assimilated

20 locally to a parabola, the value of the position at the moment t is predicted by means
of a weighted quadratic regression.

For this, the coefficients a, b, ¢ of a parabola are computed minimizing
the following weighted quadratic error (in which the variable pos; indicates the value
of position_M after correction):

25 E= i.Mi((ai2 +bi +c)— posi)’
i=t=T

The predicted value is simply

pos , =a t2 +bt+c

Its computation is simple and given by the following series of equations:



of position_Mafter correction): t 25 E = IM((ai?2+bhi+c)-pos,)2 i=t-T The
predicted value is sinply psta t2+bt+c Its corrputati on is sinple and given
by the followi ng series of equations: 11 Uk M (t-i)k, k=0..... 4 i=t-T t
VW = ZM.pCsS, (t i)k, k=0..... 2 i=t-T/ W U2U4 Us) + W (U2U3 - UlW4) +\W2
(U Us - Uz | ) pas, uQ 2w - U3)+U3(U2%J3 -u,ud)+U2 UlU3 -U3 5 Choice of
the position to use, 500 The val ue prec‘! cted for the positionis transmtted
to a device 500 of final choice of the position to be used. This latter

al so receives the information originating fromthe step for

val i dati ng/greLi t asptipon value. If the corrected position is not
valid, the q]:’b %?IIOE?{IE n%depwth M =0, 10 and the predicted val ue
(post) is repl aced by its value estimated by nmeans of the formula given
above and Ny, by %Mep@vgr_a 2 kefothe preceding values. If the corrected
position is Val its value estinmated with the nmeasured value of M is
conputed. If the difference between the estimted position and the
corrected position is sufficiently small (in absolute value), the value of
post is 15 retai We' I 2 ))expl ai ned above. This
nmechani sm mages =+ t—-possi : val ues.

Initialization i SU@élP’erdU@L)t’r(W UIaU;I' Ullh)ﬂaUu égbal and small and

val ues post corresponding to a null frequency offset, that is (P - 1) / 2.
The approximati on of the Doppler variation by a sinusoid would perhaps 20
be nore ap u rd.ae acoustic channel (because of the

peri odi cg %oﬁéé?f&ne ostut{f'on g‘(,\g?? éoaThe conput ati ons are however nore

conpl ex. The conveﬂ'ﬂe@alwfprédﬁeteﬁcﬂmthepmmcm |éﬂ)rap9hetled te aniebiee Ga0 fof firthl out

?;E,g;i E :;Jerl q‘égurcreeo? Heopnos%ontt g('i t'llhls IattcgrI aq?o ecexes e in olrnqgtlcpn ongu¥gtlng

from the step for validating/refining the position value.
If the corrected position is not valid, the computation is made with M, = 0,
10 and the predicted value (posy) is replaced by its value estimated by means of the
formula given above and M, by the average of the preceding values.

If the corrected position is valid, its value estimated with the measured
value of M, is computed. If the difference between the estimated position and the
corrected position is sufficiently small (in absolute value), the value of pos; is

15 retained; otherwise, the procedure is as explained above.

This mechanism makes it possible to eliminate the aberrant values.

Initialization is carried out with T + 1 values M; equal and small and
values pos; corresponding to a nhull frequency offset, thatis (P - 1)/ 2.

The approximation of the Doppler variation by a sinusoid would perhaps

20 be more appropriate to the submarine acoustic channel (because of the periodic
character of the swell). The computations are however more complex.

The conversion of the position to "Doppler" can be carried out after the
correction of the position, simply by replacing pos; with:

2 pos;-P+1
P
25 The computations will be the same, simply replacing pos; with &;.

Oi = Omax (

Final filtering, 600
This module receives the value originating from the conversion of the



9 Smax P i 25 The conputations will be the same, sinply replacing pos; with
S. Final filtering, 600 This nodul e receives the value originating fromthe
conversion of the 12 position to Doppler. It conprises for exanple several

| ow-pass filters and a commutator. The | ast step of the process consists in
carrying out a lowpass filtering consequent on the values of the Doppler
offsets in order to obtain as faithful 18s 5 possi bl e a snoot hed val ue S
whil e the instantaneous frequency of S remains |lying between two

frequenci e or exa ear - ter will

-EQ and~+ FO I a li hase | ow pass fil
be used wi fbﬁS'gﬁn §8dDRB%‘8’er tofOMRISE fflgEieéﬁ{‘E’?e r?&?ﬂgrla;jo‘%?af’%%e?, and a5y
where 1=2Kcpiymhatorl =0 and (2)h; = h2K-1,J = 0....K -1 10 The condition
(1) guarantees that_ a constant, offset at the.input. w | e unch ed at the
Ut put - The condi TBR ) FHas 58 PudSen Sordie it Chad Ut Aok BT Ges.
const ant debagequieht es pies valies aff thé@obplet affsets an wsderpleesbtaih asafditaful @8 of S.
This delay is equal to K tjnes the sa,ngl ing period. The delay due to the
foregoi gy previblesmppibed yaluetywhile the igStaRtaBeoyotragianCy 1ok o Pmeisi 'WEd st ep f or

which al | tdagvddrtwB ffdqubdiss 1shdhiaye the same delay, which is the case
with the exenpl ary enbodi nent proposed. For the exact design of the filter,

whi ch must Fige exampie, 2 linges-phase iigyv-pagefiigrenll ke peedimith+anr@ddjnumber @issi bl e
to use the fgfitRWsndaiBihod: 1 - obtain an ideal filter whose frequency
response is given by: "z 20 h(f) - 1+ a( -Fo <= f <= +Fo

5= Ztht_,d,.

i=t-2K
where
i=2K

()Y b =1
i=0
and
(2)h, =hy i=0.K~1
10 The condition (1) guarantees that a constant offset at the input will be unchanged at
the output.
The condition (2) expresses the linear phase, which guarantees a constant delay
irrespective of the instantaneous speed of variation of 3. This delay is equal to K
times the sampling period. The delay due to the foregoing processes must be added
15 to this, notably the filtering step for which all the N x P filters must have the same
delay, which is the case with the exemplary embodiment proposed.
For the exact design of the filter, which must be as "flat" as possible between
- Fo and + Fy, it is possible to use the following method:

1 - obtain an ideal filter whose frequency response is given by:

e fEY
20 h({f) =1+ O{FOJ

-Fo<=f<=+F,

0 elsewhere

an example is given in figure 7 for Fo = 1 Hz and . = 0.2.

25
2 - calculate its impulse response (modified to be 1 for t = 0)



O el sewhere an exanple is given in figure 7 for FO=1 Hz and a = 0.2. 25 2
- calculate its inmpulse response (nodified to be 1 for t = 0) 13 0=2 nFot
h(t)=3 2 a0cos( 0) +( 02 (1 +a)-2a) sin(f 0) (3 +a) 03 (where: h(0) =
1) given by: an exanple of inpulse response is given in figure 8. 3 -
conpute its inpul se response sanpled at |ntervals equal to T, and weight it
5 by a Hamming window, for exanple: h;1¥ h ((i- K) T ) 10.54 + 0.46 cos (Tr
--~~ "~ K+ 0.5 i=0...2KFor T =80 nms, and K = 16, for exanple, a response
is represented in flgure 9. 4 - adjust_the coefficient a to have a
frequency response as flat as p055|bﬁe'2nﬂFiG the band, 5 - normalize so
that the sumof the coefficie 5y an exanpl e of
frequency response obtli)redl (-He : alty alittle too
high). If it is desired to have Doppler Ugs o &t a nore rapid rate than
every 15 80 ns, a technique of int Lgﬁlon shoul d be used to obtain the
internediate values. The technlqd@’ foMn to those skilled in the art
and called "pghypBpse filters" makes it possible to obtaln the internediate
sanpl es. In an“exenpl ary embodi nent, the coefficients h'; of a filter giving
sanpl es of fset in &pgxarpla chnpiAsecigspense is Diven in figure Be fol | owi ng generi c

formula: 20 h g- Ly ﬁfgrlgcﬂ%u@e%syéﬂwg Qarﬁ%@d)agmter\yal?egléﬂgé TBOrR{\helﬁht jwhere 0

depends on the desi corres e“source
filter. 5 by a Hamming wmdow for example:

h;=h ((i- K)T )(0.54 + 0.46 cos (n _I_;K__))
K+0.5
i=0..2K

For T = 80 ms, and K = 16, for example, a response is represented in
figure 9.
4 - adjust the coefficient a to have a frequency response as flat as possible in
10 the band,
5 - normalize so that the sum of the coefficients is 1.
Figure 10 represents an example of frequency response obtained (the
value of a is intentionally a little too high).
If it is desired to have Doppler values at a more rapid rate than every
15 80 ms, a technique of interpolation should be used to obtain the intermediate values.
The technique well known to those skilled in the art and called
"polyphase filters" makes it possible to obtain the intermediate samples.
In an exemplary embodiment, the coefficients h'; of a filter giving
samples offset in time can be calculated simply by the following generic formula:
20

(=D*"*'sin(zB) , h SPIPN 1 1
g YR Ty

B o=

p

where 0 depends on the desired delay.

The value 6 = 0 corresponds to the source filter.

. (=D sm(ﬂé') 1 1
= 7 p Z( DA i—«9+p—i—6'))




= (-1)P sin(7t6) ( ho +K(-1)'h ( 1 + 1 P p-Bi=1 p+i-B p-i-B 14 CLAIMS 1
- A systemof estimating and tracking the frequency offset for a
transm ssion system whose bandwidth is not insignificant with respect to
the central frequency, 5 the systemtransnmtting a waveform including fixed
carriers whose level is substantially areater than that of the carriers
transporting the information, the car fler s havi ng frequencies FO ... FN1,
and the payl oad signal carrying the information, characterized in that it
conprises at |least the follow ng elegﬁgha' N banks (100) of band-pass
filters, each bank conprising P filt Suitable 10 for covering all of
the values that the frequencies FO ... FN-1 nay take after Doppler offset,
Afilter output is connected to a guadratlc envel ope detector, P adders

(200) sui tdol & PYHCHRY PRIMAYEY i BagHId e eHenaY Sriset tane t1apsmission of
filters, 1§ystéfrﬁwﬁé§%”bér?@\ﬁdthf|9rnotjiﬁs@$ﬂfic5|§t Wil rd2psit toQRe Q:fenirjé'lefréc?ﬁlénéyﬁr gest
ar

maxmafromthe suns and for validating the position of est
maxi mum?® Ah%y%’ﬁ@rﬁﬁ‘ (‘HREMiking 3t WRYegM™ h‘@dH@‘@Qtf"éﬁ‘i’s cafriars ewhoRs I'%Wbé§t maxi ma

and their suB@tth'iElI?/ Gradick OhaR RS of ithe crah'%ré:Lifdn%Bértnga'tH@ infofmatisH, &fe (500)
for validating/replacing the position found, 20 A system (600) converting

the positi cAgEstevies: lrAauensiaSofpl er FARS ANY ttaei pryloacheianat cervinartbagh a
| ow pass f'lrl\fBFr'ﬁ tiof, chaA‘a&Eﬁ Wéf'lt%ni tis®OS5e LY ﬁ'\etfellcﬁfﬁﬁ%c hﬁn@d track the

Doppl er effect or a sig COI’ISI st g of a waveformi ng fixed
carriers of ael d'l/banlﬁm@ohnt bannd-pasyrfdtere eachdank 26mphising &/ fitergfsuithldecarri ers

Lranspogsing ! ool ALBRARL) Binc NRSHANEL FRAKIN 40 COpRNEREY IR aneg FIV L

and t he payl oad Si gna arr f'or matr o in stem
whose bandw dt h Dapplepioffsetsi gni f| cant with respect to the central frequency,

characterized in at |t conprise st the fol w, ng steps: 1.
Transnitting fh(f‘@l}lfrﬁﬂtjwl? Csonaﬁ‘i?gﬁoo%ﬂ‘r'?cg?quﬁ@pﬁ Ofsi gnal 30 carrying
information and p Beddre {200 RORaLE BrAldding the Ebtdspbhdifig %u&ﬂtéléﬂ tAE N bdHks
frequencies of the carriers, (100), 2. Determning, for each filter, the

envel ope of the ¥fl#i&, en, P,
15 o A system (300) for detecting the position of the two largest maxima from the

P sums and for validating the position of the largest maximum,
o A system (400) for storing the positions of the two largest maxima and their
"weight" and for predicting the current value,
¢ A system (500) for validating/replacing the position found,
20 e A system (600) converting the positions into estimated Doppler and filtering

the latter through a low-pass filter.

2 - A method making it possible to estimate and track the Doppler effect for a signal
consisting of a waveform including fixed carriers of a level substantially greater than
25 the level of the carriers transporting the information, the carriers having frequencies
Fo ... FN-1, and the payload signal carrying the information in a transmission
system whose bandwidth is not insignificant with respect to the central frequency,
characterized in that it comprises at least the following steps:
1. Transmitting the composite signal comprising the useful signal
30 carrying information and the reference signal to a filtering step using
the frequencies of the carriers, (100),
2. Determining, for each filter, the envelope of the signal, enp,

3. Adding the various outputs e, , (200),



3. Adding the various outputs en,P, (200), 15 4. Determning the val ues of

the two | argest maxima, Mand m for several nonents, t, (300), 5.

Det erm ni ng the probabl e value of the position at the nonment t, considering
‘the maxi ma found that define uniquely the associated 5 Doppler offset

val ue, (400, 500), 6. Carrying out a low pass filtering on the Doppler

of fset values in order to obtain a smgthed value (600). 3 - The nethod as
claimed in claim2, characterized in that it conprises a step in 10 which

t he snmoot hed value is interpolated at internediate nmonments by neans of | ow

pass filters deri vedDécomininyetHe Lalees of theréwpriagesti mgxiedaaiMhardl m, Toe net hod
as clainmed in claim char ac |z nthat the filtering stepl conpri ses
at |east the follow %%veg%]gbcgn 'ﬁ% éﬂg "input signal is windowed by a Hanning

wi ndow (sinpl e raiseDeosinirg) tfeoprobableevaloel abfthé Gfbsition ¥ tie moerdnap, of 80 ns
bet ween two successive nts o ined, 3,072 null

points are added, th§ Svgetnﬂngﬁgdﬁa)ﬁ'BPr{Pu'?%&a%Iﬂﬁlﬁ'PFéfn'qure oPSRoeEted s
carriedsout on thi s sbgﬂaiomsauequomlﬂoo)s mar ked Z0, Z, ... Z4095, 20 for
a desired central ﬁ: $guency Fnk{)y%t e rank n of the "bin" Zn of the fast

F

Fourier transform frHRg ok ajlqys Passiiteling on dompapeRiar °ff~°tqtu¥a'f='§%l” ddber x

| yi ng between 0 and {& ahlhigh grﬁoc(tﬁéu\pame @5}325 n) / 1.5625 is conputed and
two conpl ex nunmbers zQ(x) and z1(x) that are functions of x are sel ected,

25 the filter output is determned by zQ(x) Zn + zl(x) Zn+l. 5 - The net hod
as cl ai medzi-nrd AbfRod, asCOIZhRGL iR dIARD, 'cﬂartala@i'lzécﬁ"ﬁ‘l tﬁ%'t Heco‘ﬂfﬁrfs% até’téb jrfTexi ma

found is refined by quadratic regression. ['al med in
cl ai m 20 cwhichdhesnoetfed Nalup ia intafeolated gt @t%meﬂ@w mg@ntsr by means @f le¢trri ed out

Wi th a |ingacs faASEerh QW BARHe fith! §thd'hicBedfy A4 number of - coefficients.

4 - The method as claimed in claim 2, characterized in that the filtering step 1
comprises at least the following steps:

15 ¢ The input signal is windowed by a Hanning window (simple raised cosine) for
a period of 160 ms, with overiap of 80 ms between two successive windows,

* to the 1.024 points obtained, 3.072 null points are added, then:

» the 4096-point fast Fourier transform FFT is carried out on this signal whose

output is marked 2o, Z1 ... Zsoes,

20 o for a desired central frequency F,, the rank n of the "bin" Z, of the fast

Fourier transform FFT that is just below is computed,

e the real number x lying between 0 and 1 which is (F,, - 1.5625 n) / 1.5625 is
computed and two complex numbers z0(x) and z1(x) that are functions of x

are selected,

25 o the filter output is determined by z0(x) Zn + z1(x) Zn+1.

5 - The method as claimed in claim 2, characterized in that the value of the two
maxima found is refined by quadratic regression.

30 6 — The method as claimed in claim 2, characterized in that the step 6 of low-pass
filter is carried out with a linear-phase low-pass filter with an odd number of

coefficients.



