| METHOD AND DEVI CE FOR SYNCHRONI ZI NG RECTI LI NEAR OR QUASI - RECTI LI NEAR

LI NKS I N THE PRESENCE OF | NTERFERENCE The invention relates notably to a
nmet hod and a device for synchronizing a 5 rectilinear or quasi-rectilinear
link in the presence of interferencesjof the sane type, from one or nore
receiving antennas. It can be used notably to synchronize, fromthe sane
antenna, a link disturbed by interference, the interference possibly being
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used to denote a link he transmtted signal is rectilinear, that

is, that QR %SkR%TIHWB%IEMl%H@E BRESEQVCE QF WNEERSFRENGE| at i on,

as is the case for signals with anplitude nodul ation AM  Anplitude Shift
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with multiple or tine
15 part of its complex envelope contains all the information conveyed by this signal. These

quasi-rectilinear signals include, in particular, the MSK or GMSK signals having been
subjected to a derotation preprocessing operation.

The invention applies notably to systems using modulations that are rectilinear,

or rendered quasi-rectilinear after preprocessing, such as certain friend-foe identification

20 systems (IFF in modes S and 5) or even certain radio communication networks (cellular or

otherwise) such as the Global System for Mobile communications GSM, for which the

main source of interferences is the network itself.

The problem of synchronizing the links in the presence of interference is a
25  problem that has been given enormous attention over the last two decades, mainly in the
fight against co-channel interference in the context of multiple-access networks relying on

a code or CDMA (code-division multiple access).
These techniques operate on the basis of one [1-2] or several [3-5] antennas [9]
in reception. However, the single-sensor techniques are all very specific to the CDMA
30 context and cannot be considered in F/TDMA networks (networks with multiple or time-
division multiple access, with slow (or quick) time-frequency hopping (F-TDMA)). Also,
the multiple-sensor techniques proposed in [4] [9] are similar whereas those derived from

[3] also remain specific to CDMA networks in as much as the spreading codes are



division nmultiple access, wth slow (or quick) time-frequency hopping
(F-TDMA)). Also, the nultiple-sensor techniques proposed in [4] [9] are
simlar whereas those derived from [3] also renmain specific to CDVA
networks in as nuch as the spreading 2odes are 2 assuned to be not
nodul at ed randomy by information synbols. In fact, only the maximum
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rectilinear or quasi-rectilinear after preprocessing. 15 The idea of the
invention is notably to exploit the know edge of a training sequence

included in the pursts of.the link for synchronization purposes.in
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filtering of the observations and of the conjugate 20 conplex obsefvations
[ 7]. Thexnloweathaopptemialy agntcocalanpatimsdf dlie yantshanees aridgaracwarspawarful | y
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array ohfid¥ jsgi6&@kSngi N Which a known training sequence s(nT) is used

conprising K synbols and sanpled at a synbol rate 25 T (s(nT), 0 <_ n < K -
1) ¢tharacterized in that, based on observations x((n + 11p)T) over the

The idea of the invention is notably to exploit the knowledge of a training
sequence included in the bursts of the link for synchronization purposes in particular, and
applies an optimal widely-linear filtering to the observations. Remember that a widely-
linear filtering is a combined lincar filtering of the observations and of the conjugate

20 complex observations [7].

The invention relates to a method of synchronizing a substantially rectilinear
signal being propagated through an unknown channel, in the presence of unknown
substantially rectilinear interferences, received by an array of N sensors, in which a known
training sequence s(n7) is used comprising K symbols and sampled at a symbol rate

25 T (s(nT), 0 < n < K — 1) characterized in that, based on observations x((n + I/p)T) over the

duration of the training sequence, where p = 7/7e is an integer and 7e the sampling period,

a virtual observation vector X((n + I/p)T) = [x((n + l/p)T)T, x((n + l/p)T)T]T is defined, as

well as a decision criterion or decision statistic taking into account the second-order non-

circular nature of the interferences, by using the first and second correlation matrices of the
30  virtual observation vector X((n + I/p)T).

For rectilinear signals, the method comprises, for example, the following steps:



duration of the training sequence, where p = TlTe is an integer and Te the
sanpling period, a virtual observation vector X((n + 11p)T) [x((n +
1/p)7-)T, x((n + 1/p)T)t]T is defined, as well as a decision criterion or
decision statistic taking into accoung the second-order non- circular nature
of the interferences, by using the first and second correlation matrices of
the 30 virtual observation vector X((n + 11p) T). For rectilinear signals,

the nmethod campirirgabsetv@liorexR e @vxtmex(tzgﬂgmnks%ew:& 1 3where Jﬂsng
observation vectors (Nx 1), x((I/p + n)T), 0< n:- K- 1, where pTe is

t he synbol durth s)tmlrbolpurmoa,rp isrnegtegerand I'Eehetsrmmpélagmalerm@ pexingtdhe d&label ng the
delay of the signal, - constructing virtual observation vectors (2N x 1),
X((n + 1/p)T) Ofﬂt%(lwﬁ 1/p)T)T, 5 x((n + 1/P)7)tjT, - choosing L as the
nunber of time coefficients and constructing virtual space-tine oRservation
vectors (2LNeobstyctingsyiipgl obsppvplion vestgr((ZN ol X0t () 1) 1 )¢ 1)),
X((l'/p+n- (L - 1)/2%JF)TIT if Lis odd and Xst((1l/p + n)7) A [X((l/p + n +
L/I2)TT,... x(M(J(VPH) n - L/2 + 1) 7- )TIT |f L is even, 10 - determ ning

the intercor n,vect ol ti triXx. RX st(l)
of the spaceE O%l %0 gsegl\%a |r%br?§ %lme 0%1: lem imd Ol}sﬁls tﬁ"ﬁt‘ﬂﬁl‘m BRI nt o

account the se ond correl ati of e
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rxst,s(l), such that Wt (1) A ) 1 PX st,s(l), 15 - deflnl ng a
synchr oni zat i o¥{(/r ittrer Un~G)NOﬂ3§X[R( L)is lmﬂdca@dr)édt(ét/p rgnifheA dak@ist + of +t he

space-tinme filter Wt (1) and the training sequence, - conparing the

criterion C NG/RAR(1)xuigh A threshol I Rsetvdor a given false alarm
probability. The method, for two-state CPM S|gnals conprises a
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particular to ren e signal quasi- rec
R X st(!) of the space-time observations, for the sampling instant /, taking into

account the second correlation matrix of the vector x{((//p + n)T),

- defining a space-time filter ST and its estimate from R X st(l) and F ¥ g s(), such

that I’i/sf([) A éX,St(l)_l F X st.s(D,
15 - defining a synchronization criterion C NCIR-LR({) by correlating the output of the
space-time filter W s#(0) and the training sequence,

- comparing the criterion C NCIR-LR(D with a threshold P set for a given false alarm
probability.
The method, for two-state CPM signals, comprises a preprocessing step for
20  derotating the received observations in order in particular to render the signal quasi-
rectilinear.

The decision criterion is, for example, obtained as follows:

A A ?Xst,s(lﬁ ﬁX St(l)ml?Xst,S(l)
CNCIR-LR() = =T

(1/K) I js(n D>




The decision criterion is, for exanple, obtained as follows: rx,,1 RX st(t)
lrx,,st,s(Z2) OCNCRLR(O(1/K) Els(nl)f2 n =04 where the matrix (2LN x
2LN) RX;st (1) and the vector (2LN x 1) i'X st,s(1l) are defined respectively
by: 1 K-1 pX st(d) 4 Xst((I/p + n)7) Xst((I/p +n)7)t Kn=0 K-1 AXst,s(Z1
- L Xst((l/p + n)7) s(n7)* K n=0 where 0 < CNCRLR(I) < I 5 The
invention also relates to a device for synchronizing a substantially
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N sensoq.gspe(jtﬂemyc_:h a known training sequence s(nT) is used conprising K

synbol s and sanpled at the synbol rate 10 (s(nT), 0 <- n < K - 1),

characterized in that g c?npri ses a device able to determne a decision

criterion,or deciii on atistic fromobservations x(.l.(n + 1 /p)T) over the
r ak-n S

duration &y ¢ABe i ng~ seXue(ilip + By Xeff (Hp ¥ A¥)'s an integer and Te the

sanpling period, a Krty&fn observation vector X((n + 1ip)T) = [x((n +
1/p)TT, x((n + 1/p)T)t]T, "and a decision criterion or decision statistic,
taking into account the second-order non-circular nature of 15 the
interferences, by using the first and second correlation matrices of the
virtual observation vec#®o+ X((n + 11p)T). The device conprises, for

exanpl e, %gg}g@}/ of Vi rtuﬁl SXS%@&)S_[,(% }@TZ)N) a
=0

K Fl
where 0 < C NCIR-LR(D < 1.

The invention also relates to a device for synchronizing a substantially
rectilinear signal being propagated through an unknown channel, in the presence of
unknown substantially rectilinear interferences, in an array of N sensors, in which a known
training sequence s(»#7) is used comprising K symbols and sampled at the symbol rate

10 (s(n7), 0 < n < K — 1), characterized in that it comprises a device able to determine a
decision criterion or decision statistic from observations x((n + /p)T) over the duration of

the training sequence, where p = 7/7¢ 1s an integer and 7e the sampling period, a virtual

observation vector X((n + I/mT) = [x((n + l/p)T)T, x((n + I/p)T)T]T, and a decision
criterion or decision statistic, taking into account the second-order non-circular nature of
15 the interferences, by using the first and second correlation matrices of the virtual

observation vector X((n + i/p)T).

The device comprises, for example, an array of virtual sensors (N+1 to 2N), a
filter (1), a device for correlating the signal obtained from the filter and from the training
20 sequence, and a decision device receiving the correlated signal.
It can also comprise a device able to convert a two-state CPM signal into a
quasi-rectilinear signal.
The method and the device are used, for example, to synchronize a one-
dimensional modulation signal: ASK, BPSK, etc. or a two-state CPM signal of MSK,
25 GMSK or other type.



filter (1), a device for correlating the signal obtained fromthe filter and
fromthe training 20 sequence, and a deci sion device receiving the
correlated signal. It can also conprise a device able to convert a two-state
CPM signal into a quasi-rectilinear signal. The nethod and the device are
used, for exanple, to synchronize a one- dinensional nodul ation signal: ASK
BPSK, etc. or a two-state CPM signal of MsSK, 25 GWSK or other type. 5 The
i nvention has tfibe partitonl &ns aby grtragds edvanedeciafgredubinh, cdrlstcandtant
per f or mance Ievells, thg nuE&er f sensprs in.rece tlon gl%g al so makes it
possi bl @HYMARES i@slie 1B JORPEHOL SERSER Yy BRI Ryl alsgnpakfiialtingsybe Bresence
of an !@hﬁga_f%@rﬁmniéat@mﬁfmseﬁ@ﬁ:cgneernhm & pRRERBIARGABREeRle, L e present
invention will beconme nore apparent fromreading the description that

follows of an illustrative and by no neans limting exanple with appended

Synohir oni zat (N dB0rE e abeor i b TrBeehel MErREREF anenloh R gtpebns more
confi gurppdrem fexrdniehdifg fils doRtipiBh ey eNERAIE &hi PstrativeNedPbesenaeamf a
BPSK interference, Figure 3, exanples of useful and interfering

const el ligitignexagiple with@ppgnded bgutehavhich fepresentri gure 1 represents a bl ock

di agr am of | ap. exe I ajf%gevilcde ggcorfd' ng to the i 15 di nvent i og. i n t he case of
a BPSK nodul at§'th C(?np ?rhag: o) %r?ab‘eoﬁ‘ynﬂlrggﬁ%?% FEFerEHEERe "t &N in the
figure, N re¢giedtitg channels, a virtual array of sensors referenced N+1 to
2Nin the figure, a filter 1, a means 2 for correlating a reference signal
wi t h0t he st ghidure Bt einfigdratibn gramples £or epsimal aperheordesgioniio nhalpresanse 3f a

(detecti on/s%gﬁéﬁe%i on). The filter 1 is, for exanple, a LSL W ener
filter, with har t1c¢ufar function of 20 rejecting interferences and

rej ecting deggniet akempRALDSseliNGdFREHSH QARSI 1SFon3 at ﬁlefo‘ﬁf%lﬁ@fﬁl'élfﬁ{tefng the

sufficient statistic and conparing this statistic with a fixed threshol d.
These nechani sns are descri bed bel ow.

Figure 1 represents a block diagram of an exemplary device according to the
15  invention in the case of a BPSK modulation comprising: an array of N sensors referenced 1
to N in the figure, N receiving channels, a virtual array of sensors referenced N+1 to 2N in
the figure, a filter 1, a means 2 for correlating a reference signal with the signal obtained
from the filter, and a decision device 3 (detection/synchronization).
The filter 1 is, for example, a LSL Wiener filter, with the particular function of
20 rejecting interferences and rejecting decorrelated paths.
The decision device 3 is for calculating the sufficient statistic and comparing

this statistic with a fixed threshold. These mechanisms are described below.

This example is given as an illustration in order to understand the invention. It
25 is obvious that this scheme can be modified and adapted to the processing of AM, ASK,
MSK or GMSK, and other signals. This list is given as an illustration.

Before detailing how the steps of the method according to the invention are

implemented, some recaps and assumptions to enable it to be understood are explained.
30 An antenna with N narrowband (NB) sensors is considered, the antenna
receiving the contribution of a rectilinear useful source, assumed to be BPSK (binary
phase shift keying) modulated for simplification purposes, and a total noise consisting of

rectilinear interferences and background noise. Given these assumptions, the vector,



This exanple is given as an illustration in order to understand the
invention. It 25 is obvious that this schene can be nodified and adapted to
the processing of AM ASK, MSK or GWBK, and other signals. This list is
given as an illustration. Before detagling how the steps of the nmethod
according to the invention are inplenented, sone recaps and assunptions to
enable it to be understood are explained. 30 An antenna with N narrowband

(NB) seR@dk)s of theaonpides@dlopthef abigRila samhple€and bEschtel £ O Gitputtdfeme of a
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10 vvherg gg = fui. are randgom vari abl es that are independent and identically
di st ri btifel Yeriu sighal 2i¥sponding to the transmitted signals, T is the
synbol duration, assuned to be such that T = pTe, where is an integer,
v(t) is (e Fairgell ens{tnuedidal formatting filter (Yz Nyq(g?st filter) and
ps is a real valug controlling the instantaneous power of s(t). It should be
noted that the nodel (1) assunmes propagation channels wthout tine
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space (satellite tel ecomunications, airport radiocommnications

channel sorvdsptndih@to thadiangnifeé cigahls, T adhe e@nba) MucAloh Ofksufibd Uabd QRE thad an
urban area). In particular, for a propagation in free space, hs A eld4ds s
T = pTe, where p 1s an integer, v(f} is the raised cosinusoidal formatting filter (%2 Nyquist

filter) and py is a real value controlling the instantaneous power of s(¢). It should be noted

that the model (1) assumes propagation channels without time spreading, which is
15 produced, for example, for a propagation in free space (satellite telecommunications,

airport radiocommunications) or channels with flat fading (certain radiocommunication
situations in an urban area). In particular, for a propagation in free space, g A e]lbs s

where ¢y and s respectively correspond to the phase and the controlling vector of the useful

signal.
20 However, the method explained in this document also applies to time-spread
channels. In these conditions, the useful part of (1) in fact corresponds to the contribution

of a path or propagation mode. The other paths are in the total noise vector.

Second-order statisties of the observations
25 The second-order statistics, considered hereinafter to correspond to the first,

Ry(k), and the second, Cy(k), correlation matrices of x(kT¢), defined, given the above
assumptions, by:

Rx(k) A E[x(kTe) x(kTo)T] ~ nsk—1o) hyhs' + R(K) 3)



where 4s and s respectively correspond to the phase and the controlling
vector of the useful signal. 20 However, the nethod explained in this
docunent al so applies to tine-spread channels. In these conditions, the
useful part of (1) in fact corresponds to the contribution of a path or
propagati on node. The other paths are”7in the total noise vector.
Second-order statistics of the observations 25 The second-order statistics,
consi dered hereinafter to correspond to the first, Rx(k), and the second,
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symbol s spygere pK is the nunber of sanples of 15 the training sequence. In
such a context, assumng R(k), C(k) and hs to be unknown, the problem of
optilfal synchronization is to find the best estimate, lo, of 1o fromthe

Bas?rXa%#ﬁgg%gggpﬁ%lﬁ£§£g) and know ng the useful signal s(kTe) for 0 <6 k 5

In a radiocommunication system, training sequences are normally transmitted periodically

for synchronization purposes, which means in particular that the useful signal s(kTp) is
known over intervals with a duration of K symbols, where pK is the number of samples of
15  the training sequence. In such a context, assuming R(k), C(k) and kg to be unknown, the
problem of optimal synchronization is to find the best estimate, fo, of lp from the

observation vectors x(k7p) and knowing the useful signal s(k7g) for 0 < & < pK — 1. This

problem is also equivalent to finding / = fo such that the known samples s(k7¢),
0 < k £ pK — 1, are optimally detected from the observation vectors x((k+)7e),

20 0<k<pK-l.

By taking the optimal synchronization instant /,7, and considering the

situation with two assumptions:

HO: presence of only total noise in x((k+/p)Te), and H1: presence of total noise and the

25 useful signal in x((k+/;)Te), the following can be stated:

u

HI: x((k+ip)Te) s((kTe) ks + b7((ktlp)Te) (Sa)

b1((k+lp)Te) (5b)

¥

HO: x((eHp)Te)

In this context, according to the statistical theory of detection (in the Neyman Pearson

30 sense) [8], the optimal strategy for detecting the useful signal s(kT¢) from obscrvations



problemis also equivalent to finding | = to such that the known sanpl es
s(kTe), O k <- pK- 1, are optinmally detected fromthe observation vectors
X((k+l)Te), 20 Ok<-pK- 1. By taking the optinmal synchronization instant

| aTe and considering the situation wth two assunptions: HO presence of
only total noise in x((k+lo)Te), and H: presence of total noise and the 25
useful signal in x((k+lo)Te), the followi ng can be stated: Hl: x((k+lo)Te) ~
s( (kTe) xtbr/3) TRy ((dt thofu@)iof dajhe tHDhinX béduthe) Ted contpatd With@)thephdl®bhe I n this
context, according to the statistical theory of detection (in the Neyman
Pear sonllkeémogéfﬁ@)(R[\@]L(xﬂ(hé dgdincdRl: strategy for detecting the useful signal
s(kTe) from observations 8 x((k+lo)Te) over the duration of the training

sequence, is to CONPAI (41 )t{b]l‘(e@h K~ theH1l]i kel i hood ratio (RV),
L(x) (1o), ded WM%MOS k SpK-1, /g 141]

p[ x( (k+ o)Te) e B +HTe), 0k EQK whir SHAJX( (k+ 0) Te), <k spK- 1
/ H11 (i 0, 1) is e condi t1 onal probability density of 5the vect or

[ x(l oTe)T x&(1+1o) Te) T, g( pK+10-1)Te) T] T given the assunption H . The
i dea of where PL¥({ietieioh 0i sk Gatablly Hib(iexlioistthe pendieenaharabrbidity deositeof cul ar

nature of the interferences ile keeping th ssunption of total Gaussian
noi se atg vedtat [x(of et hea (@ t-adTonar- i, w(psfidHer et)-glﬁgivn@tmei,ssmmtéﬁndﬁing only one
total noise sanple for each synbol 10 over the duration of the sequence.

This means that, over the duration of the training sequence, only the noise

vectors bjl (1ol pygt ld;%abl th® jriveBtion 1§ noté'bgyafo eﬁﬂ&%'t LR nd-FdeERoh Qﬁ'E@?r(l

assunptions, the pro |ty ensity of” the 'total nolse vector
n)T) i snzgunce:rf tbg/mtérﬁerpioBg ((hile kpeping }he) dssuinpittet §iRB(al @)aussidiPn@xphnd that 2)

BT( (I + RB( | lB7 |
((hof Bt the S atl)o;[larﬁ o? he tota 01(s)é F%e‘[aum g (Mly gng total noise sample for each symbol

10 over the duration of the sequence.

This means that, over the duration of the training sequence, only the noise
vectors b ((lp/p + m)T), 0 £ m< K — 1 are considered.
Given these assumptions, the probability density of the total noise vector
b7((lo/p + n)T) 1s given by:
15 plBIWolp + mD)] A

7N det[R (o) "2 expl- (1/2) BT(Uolp + mT) RplloY ' Bi(Uolp + WD) (1)

where B7(({p/p + m)T) is the vector (2N x 1) defined by B7((lo/p + m)T) A [bT({lo/p +
n)I)T, b((lo/p + n)T)T]T, and where Rp(/s) is the matrix (2N x 2N) defined by:

R(o)  Clo)

Rpllo) & ElBT(Uop+mT) BIUolp +m)D)T) = ) doo®
Clo)*  RUo)

20
In these conditions, assuming the vectors B7({lo/p + m)T) for 0 < n < K ~ 1, to be

uncorrelated, the likelihood ratio RV, L{x)({p), defined by (6), becomes:



where B7((lo/p + n)T) is the vector (2N x 1) defined by Bp(lo/p + n)T) A
[b7((1lo/p + n)7)T, b7((lo/p + n)7)f]T, and where RB(l10) is the matrix (2N X
2N) defined by: R(1o) C(1o) RB(1o) A E[B7{(lo/p + n)7) BT((lo/p + n)T)t] _
(8 C(1,,)" R(lo)" 20 In these conditions, assum ng the vectors B7((lolp +
n)T) for 0 :- n:- K- 1, to be wuncofrelated, the likelihood ratio RV,
L(x)(lo), defined by (6), becones: 9 K-1 n 110 p[BT((lo/P + n)T) = X((lo/p
+ n)T) - s(nT) Hs I s(nT), H, RB(1lo)] L(x)(lo) K-1 ng O p[B7((lolp + n)T)
= X((lolp + n)T) I RB(40)] (9) where the vectors (2N x 1) X((lo/p + n)T)
and Hs (extended proppgatBri/chafnel X(ieptroi?) - sal by b dlsi Rmloyl def i ned by
X((1o/p + OAS x(C — : A [hsT, hst]T
T. The quantities Hs and | I BAEp aasn rred((lp LOTURgEeMN and nust be 5
replaced in (9) by their estPmate in the naxi nrumlikelihood sense. In these
conditions, it can be shown that, after a few mathenatical mani pul ati ons of
the expression (9), a sufficient statistic for the optimgﬁ) detection of the

f 10 T h i f th
Sequencaegy h vaEBRLIPY 170 Bse M) S8k ndeBbiea RiRebbR SRl H9) noi se,
given by: CNCl R-LR(! ct)_) rxs(lo)f RX(10)-1 rXx(lI o)@%);lli)) (1/K) E,rlpls(nT) I Z n=0
10 wher @rg Fepeeéizelyr dafned 1by) Xdhdp the) e r k(o Xt 1m0)) “arégipverm) Byl ard 1

Hg A{h ST, h ST]T. The quantities Hg and Rp(/o) are assumed to be unknown and must be

S replaced in (9) by their estimate in the maximum likelihood sense. In these conditions, it
can be shown that, after a few mathematical manipulations of the expression (9), a

sufficient statistic for the optimal detection of the sequence s(n1) from the vectors
x(({o/p + n)1), over the duration of the sequence, 0 < n < K — 1, is, for a second-order non-

circular total noise, given by:

Mxstio)T Raxtio)™ Pxstio)

ENCIR-LRUo) A =1 (10)
UK 1 lsDP
n=0
10
where the vector 7 y(/p) and the matrix R X(/p) are given by:
1 K-1 *
Mlo) & = v XUolp+mT)s(nT) (1)
K n="0
i K-1
Ratlo) & = §  Xlolp+nD) X(olp + 1)) ¥ (12)
n=0

where 0 < CNC[R-LR(lo) <1.
It can be deduced from the above results that the optimal synchronization

15 strategy with non-circular Gaussian total noise, called optimal strategy in this document,
consists in calculating, at each sampling instant /7¢, the expression C NCIR-LR(D, defined
by (10) where / replaces /,, and comparing the result with a threshold, which is set for a
given false alarm probability. The optimal synchronization instant then corresponds to the
instant [T = EOT 2 such that 20 generates the maximum value of C NCIR-LR() out of those

20  that exceed the threshold.



-Xs(lo) A1 E X((lo/P + n)T) s(nT)* (11) Kn=0 K-1 RX(lo) AL X((lolp+n)7
)X((lo/P+n)7)t (12) n=0 where 0 < C NCORLR(lo) < 1 It can be deduced
fromthe above results that the optimal synchronization 15 strategy with
non-circul ar Gaussian total noise, calg ed optinmal strategy in this docunent,
consists in calculating, at each sanpling instant | Te, the expression C

NCI R-LR(I1), defined by (10) where | replaces |lo, and conparing the result
with a fThe eyhdirdpizathinc metisods €br tar ractiligearesighad s@ngresn or ohahipld, ttge The
opti mal SIP/nchro_ni zation instant then corresponds to the instant |Te = |oTe
such t hiHIPEEURRY at es t he maxi mum val ue of C NCIR-LR(1) out of those 20

that exceed. tfag ¢ hagahel@n 19,1 h@mﬁyg@h{og@k%ﬁgliej)?%ﬁﬁ&%jaf g{ee%egh%tigm Ste

rectilinear signals conprises, for éxanp OW n p O:
Initializationhfeskolgpin (ImMn =0 for exanple) and choice of the detection
threshold (3 5 - Step 1: Estimation of 1Xs(J and of h X(1) - Step 2:

Cal c@l at i on- ffeptihEBstitatidncifeny(Htaal b8 gHC NCIR-LR(1) - Step 3: Conparison
of CNCRLR(lI) with the threshold (3 - Step 4: Decision o If C NCIRLR(I)

< R 10 -1f NGefolR@iculatnof thd sﬂﬁéientrs&tti'slﬁ@@]@@?fk@ At CNARLR(1- 1) ?
(3 The synchronization instant is Lore where = Lo

- Step 3: Comparison of C NCIR-LR(]) with the threshold 8
- Step 4: Decision
o If C NCIR-LR(D <P
10 “If C NCIR-LR( - 1) <P
o [=]+1

* return to step 1
*1f C NCIR-LR( - 1) 2B
e The synchronization instant is EOT e where [ = fg
15 maximizes C NCIR-LR(]) over all of the / stored
o I CNCIR-LR() = B
e Storage of / and of C NCIR-LR(D

o [=]+1

s return to step |

20
So as to give a more physical interpretation to the criterion C NCIR-LR(D), we
introduce the widely-linear space filter W (HDA[w nc(l)T, W nc(l)Jr]T defined by
WA Rxty Fxs) (13)
25 By considering that the sequence s(nT) is a particular form of a random signal,

the expression (13) is none other than the estimate in the least squares sense of the widely-
linear space filter, WD) A [Wne(D), wae@)'1X A Rx(ly lrxs(), which minimizes the

mean square error (MSE) between the signal s(n7) and the real output WTX((I/p +mT) =



15 maxim zes C NCIR-LR(1) over all of the 1 stored o If CNCIRLRO ? R
Storage of | and of C NCIRLR(1) |=1+1 return to step 1 20 So as to give
a nore physical interpretation to the criterion C NCIRLR(lI), we introduce
the widely-linear space filter W(1) A[ wnc(l)T, wnc(nt]T defined by W
(1) ARX(1) I PXs(l) (13) 25 By considering that the sequence s(nT) is a
particul ar formof a random signal, the expression (13) is none other than

th t n th t fil
wh o o @ R R Pl ) APl %‘g“e%h@??’ﬁaﬁﬂ Squar &
error (MSE between t he_signal %e and the real out ut WX% +n)T) _

11 2Rerzw( (& IHI§ iy my) st dn Whead poapitiops] th ecmc(r@)l NE[IX{I(R( pdeﬁnﬂyT)

X/ 1 7 T In th dit

the cri PePIoUR e D Plat ac R 6y of OO NUREFEM o has been repl aced by 1.

takesthefollovmngform K-1 (1/K) EYnc((I/P+n)T) s(nT) CNCIR-LMn =0

ACT 2 (1/K) Els(n)l n=0 K-1E n}g)( { _Vnc((yp)'j}n?((’ﬂ?) n T- EIS(nT)IZ n=0
A =0 =

ENCIR-LR() = K=1 5
(LK) z Js(nT)|

K-1
Eiyncf(”}? +n)7) S(rﬂ)
=1 5

£ ls(rD)

n._

n

(14)
S where yp(({/p + m)T) corresponds to the output, yue((l/p + M)T) A W (l)*X((l/p +mT) =

2Re[ w nc(!)'rx((l/p + n)T)], of the filter W(Z) the input of which is X{({/p + m)T).

In these conditions, the sufficient statistic C NCIR-LR(D) corresponds, plus or

minus the normalization factor, to the result of the correlation between the training

sequence and the output of the LSL space filter W (), as 1s illustrated in figure 1.

10
Thus, as long as / is not close to Iy, the sequence s(nT) is weakly correlated
with the observation vector X(({/p + m)T), the vector W(I) is not very far from the zero
vector and the function C NCIR-LR() approaches zero plus or minus the variance noise
due to the finite duration of the training sequence.
15 Conversely, at the synchronization instant / = y, the sequence s(nT) is perfectly

correlated with the useful part of the observation vector X((//p + n)T) given, under H1, by:
Hi: X((o/p+mT) =~ s(nl)Hs + B(Uo/p + n)T) (15)

and the vector rys(/) becomes proportional to Hg. Then, the vector W(/) becomes
20  proportional to the widely-linear space-matched filter, Wi(/) A [wy, S(DT, Wnc, S(I)T]T

R X([)_]H ¢, which corresponds to the widely-linear space filter which maximizes the signal

to interference plus noisc ratio (SINR) at the output. It is easy to check that this widely-

linear space-matched filter also corresponds to the conventional space-matched filter but



(14) 5 where y7ic((1/p + n)T) corresponds to the output, ync((l/p + n)7) A
WTtX((I/p +n)T) _ M[ iv nc(l) fx((Ilp + n)7)], of the filter W1) the

i nput of which is X((I/p + n)7). In these conditions, the sufficient
statistic CNCI R LR(l) corresponds, plus or mnus the normalization factor,
to the result of the correlation between the training sequence and the

out put of the LSL space filter WI), as is illustrated in figure 1. 10 Thus,
as | ong fasa viriugl mody aff 28 sertsorsl weeiting aseqfi nipaalsfon Whidisthaehlhnel certoeilsat ed

with the,observation vector X((1/p + n)T t he vector l).is not very far
fromthglszﬁé‘ﬁ&n @éﬂ%toﬁdeﬁtﬂ%‘sé'ifngﬁa@@ t%mlaﬁﬁi‘fmﬁ 8@{6\95’6&'0;1:5 zer\c/) p?/us or

m nus the varia u el J f J (N
sequence. 15 Co%grcgg%eé,ﬁe%{% Cﬁh%l%sltfrgll@hﬁgo{rﬂffi{zaeid‘g{ld%l}yn@tibgﬁtslecgEn%tgl?édm@eqsequence
s(nT) | ¥@brif egiable ofcejerihated Ri=t 2Vt-hiereogBifidar impedférendes tifven alasawaf Non
vector X((1/p+n)T) given, under H, by: H: X((lo/p + n)T) ~ s(n7) Hs +

B7( ( Po/ pensors) and, oosg pamigulere, §ecl gectiirsgriintepfersane sropr aporeld samadr, hencels.  Then,

t he vector | 20 pr. ional .to t i.d -l.i near .space- mat ched
i ver. Wardebk aBlE Rayd BigRGHrnRtofRod FEAR R AGEE FREERNas 1o
the wi delyeldlnga i r I i : ig ot erference
pl us noi s%crlrt%tl 06(@&%&&@'{@' e%%érgg%cmﬁhg}qgg@atgﬁ@%ﬂg@ gﬁ‘%gtb?/t his w del y-
| i near space-nmatched filter al so corresponds to the conventi onal
space-matched filter g g {g.{:l Z yh Tt ualendk of 2N sensors receiving a
usef ul  sigpakkab) vé]ip pliaRatleln (0?/_e=et Q.LL&T@%)_and an @bserved total
vector noise Bl ((10/p + n)T)®at the tinmel (I¥NBlela) T. One consequence of

this result is that the widely-linear space-matched filter W(1l) is capable

of rej ectlicRg[SIPR] R (R)3s AN SINRraechd butpeasf thet eldkBrenee Spideanataliedatinay of N
5 sensors and, nore particularly, P =1 rectilinear interference froma

si ndPe JEnbor! thhemvplinghimsieoiloéptdebhedbyngl e ant enna interference cancel | ation
(SAIC). Then, when K increases, the criterion CNCOR-LR(I) for I =lo

approaches t hemnNruanuit - GNCHRARNO) Agi ven by:  CNCIR LR(10) r¥p(l o)t RX(10)
1 rrs(10) [SINRnc(l0) (16)
Assuming a total Gaussian and orthogonally sequenced noise, the probability
of correct synchronization is directly linked to the value of the parameter ppe = K
15 [SINR]ue(lp), which is none other than the SINR at the correlation output, just before the

comparison with the threshold. This result remains valid in the presence of rectilinear

interferences.

Performance characteristics
20 It is assumed that the total noise consists of a rectilinear interference and a

background noise. In these conditions, the noise vector b7((/o/p + n)T) takes the form:
bi(lolp+mT) =~ j1Uo/p+mD) k1 + b(lolp + mT) (18)
where B((/o/p + »)T) is the background noise vector at the instant (({o/p + #)7), assumed to
be centered, stationary and spatially white, /1] is the channel vector of the interference and
25  j1{(lo/p + n)T) is the complex envelope of the interference at the instant ((/o/p + m)7). In
these conditions, the extended observation vector for the instant ((lo/p + m)T),

X((lp/p + m)T), can be expressed
X(lo/p+mT)y =  s(mD Hs + ji{lolp = mT)Hy ~ B((olp + m)T)  (19)



Ilts 1 + [SINRInc(lo) where [SINRInc(lo) is the SINR at the output of the

w del y-1inear space-matched filter 10 W(10) at the sanpling instant |oTe,
defined by: [SINRnc(lo) = 1Its Hs RB(10) 1 Hs (17) Assunmi ng a total

Gaussi an and orthogonal |y sequenced ngi se, the probability of correct
synchroni zation is directly linked to the value of the paraneter pnc = K 15
[ SINRlnc(l o), which is none other than the SINR at the correl ati on out put,

the pr oo BRES QR n ERMT ARl T Bitale EEIPRET o e S BN 1B 20

It is ag.éqﬁrﬁgcgst}gk) dfec LA e)ﬁ)?és§éf‘d:00”5i sts of a rectilinear interference
ackg the

and a round ‘noise. 'In se conditions, the noise vector bf(lo/p +
T) takes t f fol T ~j | lolp + n)T) hl lo/p +
Eng (i8$smh£?2 %E??g78ﬁ$4L§?fn?gn%hé ba%kgréﬁng ﬁoisg)véctorég (Ehg Pnstant
lo/p + n)T),, ass 0 e centered, stationary and spatially white, h |
§g thg cha%n Ujvgcﬁgﬁghﬁlkﬂg i nterference anh 25yjl((IoPp L ﬁ?%) i; t he
co ex_envel ope,of the interference at the.instan lo/p.+,n).7)... In these
contt ¢ 1 SRR B e e POR LTS DikeBlumpgbiedst B fhadubis pPid ) Ty
X((lo/p + n)T), can be expressed X{(lo/p + n)T) ~ s(nT) Hs +j | ((lo/p +
n) T) H Mt (Y &/ andry1(9) A kB (73)| "Ik sheep@yqricd/the mnterferyncg pesiyedorpant n) 7) T,

b((10/p + @T&f@ HI Athh 1 T, h 1.t].T and where the matrices R(k) and
k), aPRnimsrudebirnsey ey a prpagqtiondn fige §9ace 1121 (20) (k) m (k)hi hI T (21)
5 where 712 is ghepaugr p hg .back IS -gach sensor, |
is the identity h/%ngt }r‘r!%xg?ﬁexgﬁh ﬁgngm &fk%ﬁﬁgéﬁéﬁglfﬂﬁ)%ff@{%ﬁt %ﬂ‘s’ﬁ’ovver of

t he i nt géheseeanicBRRNVE hdtheaRle fuP BBhali fHe ik Vol aﬁﬁ?%@QMs@ﬁscﬁ‘s,%ﬁﬂ@Qat' on in
free space. Gven the above assunptions, the spatial correlation

coet® i cbetite noahslized scalar product of the vectors Hy and H1, and such that 0 <oy v < 1, is

given by:

Ols,v a HlTHS
G AT S st Al i A s

= louls| cosy (22)

where v is the phase of hSTkl and where oy, such that 0 < Jugg < 1, is the spatial

correlation coefficient between the interference and the useful signal for the real array of N

15 sensors, defined by:

i hg

A —ju
R R >

o}

The expression (22) shows that the virtual array associated with an array with
space diversity is an array with space and phase diversity. Similarly, the virtual array
associated with an array with space, pattern and polarization diversity is an array with

20 space, pattern, polarization and phase diversity. One consequence of this result, proven by

the fact that lajg ] = |ais| lcoswy| < Jalgl, is that the widely-linear space-matched filter

(FAS LSL) discriminates the sources better than the space-matched filter and makes it
possible in particular to reject single-sensor interference by phase discrimination. In

particular, the SINR at the output of the widely-linear space-matched filter W(l,), defined
25 by (17), takes the form:



between the interference and the useful signal for the virtual array of 2N
sensors, defined 10 by the normalized scal ar product of the vectors Hs and
H, and such that 0 <_ als,vt < 1, is given by: als,v H2Hs /2 = lal.sl
costa (22) (H H) (Hs Hs) where y i the phase of hsfhl and where als,
such that 0 <_ lalsl < 1, is the spatial «correlation coefficient between
the interference and the useful signal for the real array of N 15 sensors,
defined by: (Vi p piths A jalsj J' (23 (h1 hl) r2(hs hs) |2 The
expressi on (SRIRJZAGYS + had ftihe \Lﬁz&u.aqagr agzqa;soci ated with af24array with

space diversity I's an array with+spgce and phase diversity. Simlarly, the
virtual array associated with an array with space, pattern and pol arization

i ver ot 191 DB R aroh & vali e PV EhE ek Al PR ¢ i -

Jal'sl lcosyit : als[, is that the widely-l{inear space-matched filter (FAS
LSL) di i&ﬂ‘hﬂwdé@es adheressong Bastivesiicop \t’aH@.hﬂj[ el lp takéngmist mineuf valusrinand
makes it possible in particular to reject single-sensor interference by
phase ditc#iserospiispatial fiscripiatipe betaieen theaseuhreaa! apd thedpteplgrenss (g he=

i del.y- i -mgt.ched. fj | VW (lo), defined 25 b 7), takes th
Form 14 [ Reg HOGHG) 0 Parisulot TS s abisebEseimy 1t 815¢ cdididies. fhar e 5 A
(hst hs) SH)%, {me}pcger%gggrlg; 14} &p%ﬁ%gsﬂ&éﬂ takdZhe T4 - €xpression (24) shows that

[ SINR] nc is a easi'ng tion of cos2ip, I(Xisl2 and E1, taking its
m ni nrum val ue_. t absence of spatial discrimnation betwe t he usef ul
si gnal and tﬁ%hﬁﬂﬂ@isefeﬁ%éfhﬁ1épséy ), which is produced in ggﬁticular for
a single-sensor reception. In these conditions, sfor a strong interference
(E1>> 1)yn cxpesasiprsispersiant ozg1. rameddled iy Zepand c9§|wapd@bwmg~a QP8Cifylto- cos2yi
25
I (23) reject rectilinear interference by phase discrimination as long as y = 0 + &, i.e. as long as
10 there is a phase discrimination between the useful signal and the interference, with a

degradation of the performance characteristics compared to the situation in the absence of

interference increasing with coszw.

Examples of favorable, unfavorable and intermediate situations relating to the

15 differential phase y are illustrated in figure 2 for a propagation in free space and a BPSK
interference.

Furthermore, figure 3 illustrates the operation of the widely-linear space-

matched filter in the presence of a strong BPSK interference, which compensates the phase

of the interference and phase shifts that of n/2 so as to minimize the contribution of the

20  interference on the real part axis.

According to one variant of embodiment, the method according to the
invention is applied in particular to the GMSK modulation belonging to the family of
continuous phase modulations (CPM). Tt is shown in [6] that the GMSK modulation can

25  be approximated by a linear modulation, generating the approximate useful complex

envelope:

s ~ psy " bnfit-nT) (26)
H



an expression i ndependent of E1, controlled by 2Es and cos2w, and show ng a
capacity to reject rectilinear interference by phase discrimnation as |ong
as y # 0 + kit, i.e. as long as 10 there is a phase discrimnation between
t he useful signal and the interferencg, with a degradation of the
performance characteristics conpared to the situation in the absence of
interference increasing with cos2Y. Exanples of favorable, unfavorable and
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illustrated in figure 2 for a propagation in free space and a BPSK
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interference on the real part axis. According to one variant of enbodinent,
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s SRR et ot i rirsth RO RO REROSLRE3S Ty B Rlni@ify
linear rp@el 8ti gn, gRNGAL 'nBE Zehe s%@cﬂ{d‘aﬁ‘ r@aﬂ&suwlanﬁomﬂﬁx suRVelappe: s(t)
- sy jnbnf(t™-"nT) (26) n 15 where = are randomi.i.d variabl es

cor r espdiitiFnGg M) AMeThe darstatibh e(jerawlbmlvelvesf mmhq;)lymgtﬂms{ampdaer, e(nm),fdfe(rﬁntl ally
encoded in the exact formof the nodulation, T is the synbol duration and

f(t) they;elgeNahiuf hhadonged Jahipdid y@amd@mr@ﬁaémsﬁ either to the main
pul se in the Laurent breakdown or the best pulse in the | east squares

sense, for rrple In both 5 gases, the time be f

appr oxi rruﬂ(eﬂrj/%ﬂf]' st ﬁeilssgd'gl eam/Upsimi) % FFS(E)EB‘@?JQ m)g/rrb(@—/)r ate
genﬁéat es only three non-zsro val ues correspording to f(0), the maxi num
val of f(t), and two non-zero secondary val ues, f(T) and f(-T), such that

(D) = Wil 4 O /M6, SR AR R e JMARL YRS b fed e
GMSK signal. It can be deduced from (27) that sg(nT) has the form of a BPSK signal
sampled at the symbol rate but with two differences compared to BPSK. The first lies in
the fact that f#(¢) is not a 2 Nyquist filter and that the inter-symbol interference (ISI)

15  appears after a filtering operation matched to the filter /#(¢). The second lies in the fact that

JKt) is no longer a function with real values but becomes a function with complex values.

Extended observation vector
To simplify the analysis, a useful signal and a GMSK interference that are
20 synchronized are considered. In these conditions, the observation vector sampled at the

symbol rate and derotated is expressed, for the synchronization instant /7,

xd(olp + Ty & 7 P x(Uplp+m)T) = i " s(uTy bs+ 5 " j1(nT) b1+ "b(Uolp +WT)

(28)
By inserting (27) into (28), we obtain:

xd((lolp + WD) = pg [RO) bn +iA-T) but1 ~jr(T) bn-1] hs+

11 [A10) b +if=T) Bla1 — r(T) bi-11 b1 +§ " B{lolp + )T) (29)

25



byj-n, generating the derotated sanpled signal, sd(nT), defined by: sd(nT) A
] ns(n7) =s Er -nbnf((n- mMT) ds E bnfd((n - m7) (27) 10 in m where
fd(l) Aj-I1T f(t) is the equivalent shaping filter of the |linearized and
derotated GWSK signal. It can be deduced from (27) that sd(nT) has the form
of a BPSK signal sanpled at the synbbt rate but with two differences
conpared to BPSK. The first lies in the fact that fd(t) is not a %’ Nyqui st
filter and that the inter-synbol interference (1SlI) 15 appears after a
filteringeoper avitors thetohgdudoot the ifitetferendeddrtd) whéheb | siedlmnelyrhicd 32 ofitht he f act
that fj(t) is no longer a function with real values but beconmes a function
wi t h comprdsrencet liewn (ZBxitdhaesibo sededice dre msmonm thh¢ epkidey debdatadhal ysi s,

a useful signal and a GVBK i nterferenc that are synchronl zed are

consi dembskrvdtiontXigde/prciomdi tA ong(/ophen)db ecm(éd/p om) pgivsalmpl ed at the
synbol rate and derotated is expressed for the synchronl zation instant

| aTe, xd( (| oMa(/n)y TR~ pa Y &4 Blsp ks [T batl - BERFX] Ps+j- " j 1(n 1) hi
+ nb((lo/p + n)7) (28) By inserting (27) into (28), we obtain:

xd((so/p+n>7mﬂoqb[ﬁ1(m AL By lnnﬂ b,;m oy 4B fusgple @ DN+ 1 ()
bn+l -j r(T) bn hl +j nmb + nJ;(% gﬂ%eregl controls the
anpl i tude of the |nterference and Wnere b,, |s the symbol n of(3@)he
interference. From (29), it is possibl e to deduce the expression of the

ext endedyiger Bhal s+ HbS e FatT mzaﬁﬂ@w pﬁ’ mmp Anbxﬂﬂ B P ist12) th i
xd((lo/p + n)f)t]T, given by: Xd bn Hs + s [1(-0O bn+l
- (T hthxpNMleﬁnidMB\O) bn; I H +I [ f(- T) bn; 1+1 J(T) bn;1-1] JHI
+Bd((|o/p+n T)_Fg where Bd((lo/p + n)T) 4[I n b((10/p + n)T)T, j n
b((lo/p +JB.)T nd J is the matrix (2N x 2N) defing%by:

10 where I and O are respectively the identity and zero matrices (N x N). Comparing (30) and
(19), it can be deduced that, unlike the BPSK sources, a derotated GMSK source 7 (useful

(i = s) or interfering (7 = 1)) generates, in the extended observation vector, Xg((lo/p + m)T).
two statistically independent sources of powers ;] A ujz f(O)2 and ;2 A pjz[ j(—T)2 +

j(T)Z] and of channel vectors given respectively by Hj and JHj, such that H; TLJH;' =0.
15
Limitations of the widely-linear space filters
It can be deduced from the above result that two degrees of freedom are

necessary to process a derotated GMSK interference from XZ(/o/p + m)T). Thus, while

considering space filters (W(({p/p + M)T) A W X((lo/p + n)T)), the number of virtual
20  sensors must remain at least greater than the number of interferences generated (2N > 2P),
which eliminates the interest of the optimal widely-linear filters. However, in as much as
the two interferences generated in (30) are two different filtered versions of one and the
same source, the problem of the rejection of these two interferences is similar to the
problem of the rejection of an interference having passed through a multiple-path
25  propagation channel. In these conditions, the problem can be resolved by replacing the

widely-linear space filters with widely-linear space-time filters.



| OJ 4 (31) O -I 10 where | and O are respectively the identity and zero
matrices (N x M Conparing (30) and (19), it can be deduced that, unlike

t he BPSK sources, a derotated GQWBK source i (useful (i = s) or interfering
(i = 1)) generates, in the extended ghservation vector, Xd((lo/p + n)T),

two statistically independent sources of powers nil Ai12f0)2 and nit 4 i2]
f(-1)2 + 1(T)21 and of channel vectors given respectively by H and JH ,

such t hayndtrohididiorufing WidélyMinkeaF sies-tidhe ﬁhersvvi del y-1inear Space fi I ters It
can be deduced fromthe above result that two rees_of freedo

necessary to procEeslyaingar sase é‘&‘ecﬁ)@( St Ie$1f)e‘rvl§h cqeflarent (f?rl‘%?/cb ﬁlteﬁ) 7).
Th lo/p +
us, V\’?%]deﬁatesc fé Qﬁ-[chﬂ%z%ﬂ QL Sthé Xﬁ@&%(gﬂ& )-aE? dBrif¥ gd((1o/p

n)T)) e nu Vi rtua s TS m east ‘greater than
t he nunber of |nt erfer NpES generat ed (2N> 2P), which elimnates the
interest of the oplma wdeI#Tlne(ar filters. much as the

two i nt e¥flePen®és generaﬁed i P &Nt V\@THFT If-’g\;vg r&'ﬁlt;’ffr’]é*?"jﬁ ver si ons of

one and the sanme sogrcdl-t}e problen1of the rejection of these two
interferences is simlar to the problemof the rejection df2an interference
havi ng passed through a nmultiple-path 25 propagati on channel. In these

condi t i diisis otithengr obl em can be resol ved by replacing the wdely-Ilinear
space filters with widely-linear space-time filters. 17 Synchronization
using widely-linear spage-tjime filters A widely-linear space-time filter (ST

LSL) with L coefflc nts for eagh filter genemna g &e iyrswrom zation
i nst ant Ixﬂ’l@fpfnéﬂo put sg((l%’ggxd(%m)+’aeﬁﬂ B@Y difi PNV o/ P + n)T)
ALW Xd((lo/p + n - g¥DL?2 Wt t Xd st((lo/p + n)7) g=- (L-1)/2 (32)
(33)
if L is even, where the vectors (2LN x 1) Wy and X4 sd(lo/p + n)T) are defined
respectively by Wy A [W-(-1)2%, oo Wi-1)2'17 and Xgs(lolp + mD A
XA (oo + 1+ (L= WD, Xa(Uoip + 1 — (L — 1y2yD) 1T if L is odd and Wy A
10 W-rn' oy WL 1117 and XgsUolp + M) A [XaWolp + 1+ LI)D)T,

Xi(olp +n—- L2+ DT L is even.

In these conditions, the proposed procedure for synchronizing a GMSK signal in the

presence of GMSK interferences is similar to that proposed for the BPSK signals in section
15 5, but where the widely-linear space filter 2N x ) W (D), defined by (13), is replaced by
the widely-linear space-time filter (2LN x 1), Pi/st([), defined by:

Wal) A Rxdsih™' #xdstsh (34)

where the matrix (2LN x 2LN) R Xd st(1) and the vector (2LN x 1} F xd st s([) are defined
respectively by:
20



5if Lis odd and L/2-1 Y((lolp + n)7) L Wyt Xd((lo/p + it - qT) Q Wt t
Xd,st((lo/P+n)T) q=-L/2 (33) if Lis even, where the vectors (2LN x 1)
W1 and Xdst((lo/p + n)T) are defined respectively by Wt A [W(L-1)/2T.
...... , WL-1)/2T] T and Xd,st((lo/p H8&)T) A [Xd((lo/p + n + (L -

H/2)MHT,..., Xd((lo/p +n- (L- 1)/2)7-)T]Tif L is odd and Wt A 10
[W-L/2T. ...... , W/2 - 1T]T and Xdst((lo/p + n)T) A[Xd((lo/p + n +
L/2)mT,..., Xd((|0/p{_+1n- L/2+1)T)T]T|f L is even. In these

condltlon Ar obos m szgaG\/g;@signal in the
presence o‘?déggK [ Merl?ﬁéen%gtg(%gengm 0 mt pr opose Ror t he BPSK
signals in section 1% 5 but where the vmdelyllnear space filter (2N x 1)
Wt), defined by (13), repI aced by the widely-linear space-tine filter
(2LN x 1),, Wt (1) ,x defi é b dst (1) 1 ?Xdst,s(l) (34) where
t he rratrleb’BLNI)xéz desé)ém(&n‘anﬁ%é( ctor (2LN x 1) ?Xd,st,s(l) are
defined respectively by=020 18 K-1 RXd,st(l) 1 L Xd,st((l/p + n)Tj
Xd, St((llf + n)T)t (35 Kn=0 K-1 er,st,s(n | K Xd,s(1/p+n)7) s(n7)* n=0
(36) ¥dse conditions, the sufficient statistic tested at the instant
| Te is expressed: C ANCIR-LR(1 -.A

In these conditions, the sufficient statistic tested at the instant [T is expressed:

C; NCIR-LRU =A
K-1
(VK) 3 ; Yne
n= S ; , K1 B
se{lip + mT) s(T) WK s(uT)?
K-1
s ; Ync
5 n=10 K S K- ,
st(llp+ ) s(nT) Z; ;” — 0 ls(nT))|

(37)

where yyc s1(({/p + n)T) corresponds to the output, ype s/(({/p + n)T) A Pi/ﬂ(l)TXa( si{(Up +
m7T), of the filter WS;(Z), the input of which is Xy sf{((//p + m)T). This sufficient statistic

10 C NCIR-LR(D) corresponds, plus or minus the normalization factor, to the result of the

correlation between the training sequence and the output of the widely-linear space-time
filter ng([).
The expression (37) can also be expressed:

. s PxdstsOF R sty P, st, 5D
CNCIR-LR() = =T

o s(n )|

(38)

15  The steps of the method for the GMSK signals are summarized below:

- Step 0: Initialization / = Ipin (Imin = 0 for example) and choice of the detection

threshold P



K-1 (I/K)E; Ync n=0 K-1 st((l/p + n)T) s(nT)* (1/K) E ; Is(nT)12 n0 K-1
Ync 5 n=0 K-1 st((llp+nT) s(nT)* E, n=0 Is(nfl2 (37) whereYnc,st((1/p
+ n)T) corresponds to the output, ync,st((llp + n)T) A Wt(wmXd,st((l/p +
n)T), of the filter Wi (1), the inputi®f which is Xdst((l/p + n)T). This
sufficient statistic 10 C NCI R-LR(1) corresponds, plus or mnus the
normal i zation factor, to the result of the correlation between the training
sequence and Stépe louPputatioh phethed dekyatiomeand sgasendtione of f ihkt gracditnel) . The
expression (37), can _.al so be expressed: A rXd,st,s(nfi RXd,st(L) 1rXd, st,s(l)
(38) CNCI R- LRUAFERRRS™ ESGtp kN 3 D) Xelor((fnsT 7He. S5 Ao It he method for the
GWBK signals are summari zed below. - Step O0: Initialization | =[mn (Irvin
= 0 for exanmple)2:disdmation of rofy §h€) atet &R ixgnNt hreshol d (3 19 - Step 1:
Derotation of the observations and construction of the space-tine

obser vat i on -Begi Dr Gal(@bin df) thXeuficieht dtaistic 'O Ny 7R Q) Nefthedby (38)- Step 2:

Estimation of ?Xd,s(,s(l) and of RXd,st(l) - Step 3: Calculation of the
suffsci ent  stSadp At CemparNchBf LKRYY 72 9@{H ded thytheBdid
- Step 5: Decision
o If CNCIR-LR(D) <P
*If CNCIR-LR( - 1) <P
o [=]+1
10 e return to step |
=If C NCIR-LR(I ~ 1) 2 B

e The synchronization instant is fng where [ = EO

maximizes CNCIR-LR([) over all of the / stored

o If CNCIR-LR() 2 B
15 o Storage of / and of € NCIR-LR())
o [=]+1

e return to step |

It is possible to show that, in the presence of P GMSK interferences, a

20 sufficient condition for rejecting all the interferences (including the inter-symbol
interferences) at the output of the filter st(lo) is that the following condition should be

met:

LON=-1)-2
L+3

(39)

which generates the sufficient condition P < 2N — 1 for L that is infinitely great and which
25  shows at the same time the possibility of processing, using the optimal widely-linear space-
time filters (ST LSL) and for N > 1, a number of GMSK interferences at least equal to 2(¥
— 1) from N sensors and therefore two times greater than could be envisaged with a

conventional processing. However, this condition is only sufficient and does not take



5 - Step 4: Conparison of C NCIR-LR(I) with the threshold 0 - Step 5:
Decision o If CNCIRLR(I) < RIf NCIRLR(I - 1) < (3 1=1+1 10 returnto
step 1 'If CNORLR(1- 1) > R The synchronization instant is | oTe where 1
= to maximzes C NCIR- LR(1) over allpgof the | stored o If C NCRLR(I) >R
15 Storage of | and of C NCIR-LR(I) 1=1+1 return to step 1 It is
possible to show that, in the presence of P GWSK interferences, a 20

suf fi ci gRbuoFelt ek@fpleOlof Ik eatd Mgt aht doRelatibh edpetdtRACB&WEEN Ghdl dutj@t t he
inter-synbol interferences) at the output of the filter Wst(lo) is that the
f ol | owi Her.stléledn Toh asHAbg tpapencetitl) ppavides aRadilitiongldiNR gain ofile okdgeher at es
the suffigient condition P < 2N - for L .that i.s.infinitel reat and which
25 shovd: BreresSalife: iifhuopindhbs Paskdrop 5P b AU B elntn § Fs Bpt i o

wi del y- Li.n s - el f i Lt.er f . GvsK
interf e#hgnce uta@aﬁjga%]{térgg/dé(r(’)tlg @f &P?JBSLE%@ fnr%g(?cﬁdN&geSRE%%%mgaﬁ@Ht Iﬁ}g %r e two
times grQalit®ns! NBMILAHUhHRE oLPWIBASRE (ML NoAS) EAMYENl 98 Bbtal 0&G9TBbNT-
However, this condition is only sufficient and does not take 20" "account,

for exargsiles ingfumermisfsgoationk anherdmg tche CAMne vk penteti trludervern t he out put
Ync,st((lgéfp:i; n) T) and the sequence s(nT) provides an additional SINR gain
of the (;\r[d r of K. Because of this, a rejection under the background noi se

of all the interhehpnasd wRkChgeadbpace-time filters can also prove advantageous for
synchronizing BPSK signals, particularly when the propagation delay is not a multiple of

10 the sampling period.

The method described above applies for all types of propagation channels

(time-spread or not).



the output of the filter if'st(lo) is not necessarily needed on

synchroni zation. In these 5 conditions, a limted nunber of coefficients (L
= 3 or 5) can be used to obtain very good results in nunerous situations

i nherent to the GSM network context, 2iincluding for N=P=1. The optim

wi del y-linear space-tinme filters can al so prove advantageous for
synchroni zi ng BPSK signals, particularly when the propagation delay is not a
multiple of 10 the sanpling period. The method descri bed above applies for
all typ Eﬁﬁﬁga§§ﬁggation channels (tine-spread or not). 21 REFERENCES [1]
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nmet hod of synchroni zing a substantially rectilinear signal being propagated
t hrough an unknown channel, in the presence of unknown substantially
rectilinear interferences, received by an array of N sensors, in which a
known training sequence s(nT) is used conprising K synbols and sanpled at a
synbol rate T (s(nT), 0 < n S K1) characterized 10 in that, based on
observations x((n + I/p)T) over the duration of the training sequence,
where p = T/Te is an integer and TELAIMSanpl i ng period, a virtual
obsegvation vector X((n + I/p)T) _ [x((n +1/p)T)T, x((n + L/p)T)f]T is
defihed, as well as a decision criterion or decision statistic taking into

account 1t hg ns@kaNEr SheRonRaR- £ iueuhAdllyREiRaPsighdl beidghdrepdRtc@nB®agh by usi ng
the first and second correlation nmatrices of the virtual observation 15

vect or X @pknowry phappel, on therprgsengn of nolnovEr isebstantio i decadingdrainrsigrangese | ai m 1,
h teri: in t ' ' . the fal ] ow . f
charact ?ercél%&?ibgﬂagl g&&y Iog é\gﬁﬁ%f‘ss &5 vwilfich L8@3n tgeg{llggséeg‘ﬁgngg fi’?ﬁg‘? (W%r T,

rectilinear’s I'Ny ‘observation v

0 5 n ScemprisihRI€mbok dhli&ampRdi 8 atspRbSYAROT (AHTAL ©R.< R i Pcldiactdiieger and
Te the sanpling period, 1 being the delay of the signal, - constructing

vi r tQial inothebrbased om opesvaions (M x p)T) x¢qrrihe durgyipm)of=thg (aimng s¢queh® T, x((n
+1/p)T o 0si ng. t he. nunmber of ti coeffircients. and
constt ety 71 FICR' Bointef ahd b ONE SBafte phff VRS R R dctonst (1
1 /p)T) AEXEWUphD) = [+ Up)y DT X(@ ) 7HP)YTTH | T.is defined, as well as a decision criterion
or decision statistic taking into account the second-order non-circular nature of the
interferences, by using the first and second correlation matrices of the virtual observation

15 vector X((n + 1/p)T).

2 — The synchronization method as claimed in claim 1, characterized in that it comprises at
least the following steps, for rectilinear signals:
- acquiring observation vectors (N x 1), x((/p + m)T), 0 <n < K 1, where T = pTe
20 is the symbol duration, p is an integer and Te the sampling period, 1 being the
delay of the signal,
- constructing virtual observation vectors (2N x 1), X((n + /p)T) = [x((n + I/p)T)T,
x((n + Vp)yDTIT,

- choosing L as the number of time coefficients and constructing virtual space-time
25 observation vectors (2LN x 1), Xsd(n + I/p)1) A [ X((I/p +n+ (L - 1)/2)T)T,. e
X((p +n — (L - 2D if L is odd and Xg((lip + W) A [X(Ulp + n +
DY, X(Wp+n— L2+ DDV L s even,
- determining the intercorrelation vector, r X.st,s(1) and the correlation matrix

R X,st(l) of the space-time observations, for the sampling instant 1, taking into

30 account the second correlation matrix of the vector x((1/p + n)T),



X((l/p+n-(L- 1/2)T)TITif Lis odd and Xst((l/p +n)T) A[X((I/p + n +
L12) T,..., X((I/p+n - L12 + DT)T]Tif Lis even, - determning the
intercorrelation vector. i X st,s(1l) and the correlation matrix R X st(l)
of the space-tine observations, for t3e sanmpling instant 1, taking into 30
account the second correlation matrix of the vector x((l/p + n)T), 23
defining a space-tine filter ST and its estimate fromRX,st(l) and. r

X, st,s(1), .syghniBal sé/égg:-(tilrr}e f1R S (ili%si esﬁin?été?roﬁl( @X,[sﬁgfeinﬁi R s%g(fl),

synchroni zation criterion C NCIR-LR(1) by correlating out put t he
space-tinme fil 1714 and pt I pdNi sequence, 5 - conparing the
criterion C Néf"%[ﬂ-‘é\?l )Sil(\l/\% th a )?’Etr(lélsh%(%g@’set for a given false alarm

probability. 3 - The nethod. as cl aj ned [ , Characterized in_that it
conpri ses,  Forcfiife Hnshroisgiiar élﬁéﬂlgfl gﬁ&ﬂéﬁr@%@%%@ﬁ‘%@%@&ﬂ%%t ating
t he recei ved observat.i ons. >J,<9 4 - The nethod as clained in claim 2,

char act eri zed thshagerfime Thter X sitl) spdobaeyung sequgnce@ CNCI R-LR(1) (1/K) E

I 2 =0 wh t tri 2LN x 2LN). RX, st (.1 dth t 2LN x 1
55200 othenabl PR Tl et et il B R
Xst((ilp+n)Q§rmﬂ}(=)Qablﬁ~ny_l rx,st;s(l) Aly Xst((2/p + n)T) s(nT)* 15 K n=0

3 — The method as claimed in claim 1, characterized in that it comprises, for two-state
CPM signals, a preprocessing step for derotating the received observations.
10

4 — The method as claimed in claim 2, characterized in that:

A A 1’"X,m‘,s(l)‘.r ﬁX,stU)_l?'X,st,s(I)
CNCIR-LR() = X =T

WK £ s
n=0

where the matrix (2LN x 2LN) R X,st(]) and the vector (2LN x 1) 3 X,st,s(1) are defined
respectively by:
1 K~1 ;
A .
Rsd & — v XsdQp +mD Xst(Up + m)T)
’ K 120
K-1

v Xsl(p+mT) STy
n=0

1
?X,st,s([) 4 X

15
where 0 < CNCIR-LR()) < 1.

5 - A device for synchronizing a substantially rectilinear signal being propagated through
an unknown channel, in the presence of unknown substantially rectilinear interferences, in
20  an array of N sensors, in which a known training sequence s(nT) is used comprising K
symbols and sampled at the symbol rate (s(nT), 0 < n < K-1), characterized in that it
comprises a device able to determine a decision criterion or decision statistic from

observations x{(n + /p)T) over the duration of the training sequence, where p = T/Te is an



where 0 < C NCIR-LR(l) :- 1. 5 - A device for synchronizing a substantially
rectilinear signal being propagated through an unknown channel, in the
presence of unknown substantially rectilinear interferences, in 20 an array
of N sensors, in which a known training sequence s(nT) is used conprising K
synbol s and sanpled at the synbol raté (s(nT), O :- n < K-1), characteri zed
inthat it conprises a device able to determ ne a decision criterion or
decision statistic from observations x((n + 1/p)T) over the duration of the
t r ai ni ngtegeqarehde thavrm@ing peribdTe virsuahbgvationteger 3Gd +Tigp) T he [s&mpt i ng

peri od, Lrtua ati,on, vector. X((n + 1/p)T) . [x({n + 1/(%% T, x((n
o) by Ty T (RRRET KT e R e st b i 2P | e o

account the tsaeorties@adneH-eiedul s10mt gk r FUharinteatdh&soby gl ik eikeiRN&Rsnd by Usi ng
the first and second correlation matrices of the virtual observation vector
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it qpnprises an array of virtual sensors (N+1 to 2N), a filter (1), a
devi'‘ce for correlating the signal obtained fromthe filter and fromthe
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t he device as clalned i orie of clainms 5 or 6 In synchronizfng a

one-di nensi onal nodul ation signal: ASK, BPSK, 15 etc. 9 - The use of the
met hod as ¢lainmed in . claim 3 and. of the .device as clai.ned iin.claim7 to
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convert a two-state CPM signal into a quasi-rectilinear signal.

8 — The use of the method as claimed in one of claims 1 to 4 or of the device as claimed in
one of claims 5 or 6 in synchronizing a one-dimensional modulation signal: ASK, BPSK,

15 etc.

9 — The use of the method as claimed in claim 3 and of the device as claimed in claim 7 to

synchronize a two-state CPM signal of MSK, GMSK or other type.



