7 1 Description O O The invention relates to a nethod for equalising and 5
dempdul ating a data signal transmtted via a tinme-variant channel to a
recei ver. Mddern data transni ssion procedures via time-variant channels
(fqdi ng channel s) are susceptible to inter 10 synbol -interference (ISl) or
inter-channel -interference (1C). Channel estimation and equalisation are
therefore required. Conventional nethods for channel estimation and 15
equal i sat ipaR 3163a5ed upon an estimation of the channel inpulse response
as a function i t e tinme and/or in the spectral donmain. The channel

i mpul se response is generally estimated directly using training sequences.
The channe mpdel upon which the estimation is based, can 20 nodel either

excl usi vel'YSa 1BVEGItE A e 5AhRT i th, 2 dretRgd f?&l%@%ﬁ%bﬁ%%ﬁsabéths with a

di fferent adabay 1usiing bheiaconventd onalad appedsd ?é/émgﬁén JQE—‘;snE‘Dde'S
and therefore also the associ ated estimation net ods ar t he

di sadvant 8§énnkat tchey réseiotert-ake i nto consideration 25 the geometry of the
scatterers causing the distortion. In the context of multi-carrier nethods,
e.g. OFDM different Doppler shifts in the individual channel paths |ead
to I Cl, iMedeangﬁmea cammnset =5 drfgriened-&y B adimeemircaneiers. |f the
real chann rises several npaths with a different Doppler shift, a
conventioﬁgf‘nn d%aﬁHﬂQ(ﬁhﬁﬂﬂe%ﬁﬂ|Qﬁﬁ|%H§QﬁPQ#R9Qﬂﬁﬂw%ﬂt®¢a its |npulse

response §oRBOL - Qﬁ‘i:%&'f‘e'}%ntcl%esﬁsci' Figr enfe R B Sl fl Ser ASLQELL NGl Y, the
| Cl persists, and the receiver
(ICI). Channel estimation and equalisation are therefore

regquired.

Conventional methods for channel estimation and

15 equalisation are based upon an estimation of the channel
impulse response as a function in the time and/or in the

spectral domain. The channel impulse response is

generally estimated directly using training sequences.
The channel model upon which the estimation is based, can
20 model either exclusively a single time function, or may
include various paths with a different delay using the
conventional tapped-delay model. These models, and
therefore also the associated estimation methods, share
. the disadvantage that they do not take into consideration

25 the geometry of the scatterers causing the distortion.

In the context of multi-carrier methods, e.g. OFDM,
ditferent Doppler shifts in the individual channel paths
lead to ICI, i.e. a given carrxier is influenced by

30 adjacent carriers. If the real channel comprises several
paths with a different Doppler shift, a conventional
method with direct estimation of the channel via its
impulse response cannot determine these different Doppler
shifts. Accordingly, the ICI persists, and the receiver

35 cannot achieve optimum reception and processing of the

signal.




35 cannot achi eve opti mum reception and processing of the signal. S
Conventional understanding of the time variation of the channel is based
upon the assunption, that the inpul se 3 esponse of the channel between the
trgi ning sequences 5 changes only slightly or in a determ nistic manner, and
that the channel estimation and tracking algorithnms used converge

adequatel y. VVth nulti-carrier net hods, e.g. OFDM it is inplicitly 10

asguned thaf. . f Eﬂné%@éﬁ% i’eEh%he ass@é??étlgﬁr of*% a

met hod for t e equa 1'sin d on on of "cons ancy is
describedahmﬂﬂﬁmm&d?baéb&emﬁmnKthéb@ﬁsmmﬁtlﬁhankhat Kbuestmpnilde Pogrzeba- P;
Robertson-P; Ruf-MJ the performance of . the DVB-T 15 systemin nobile
envi r onmeAESPAESE X ¢ éﬁﬁi 9??%89%r§h?ab?ﬂ??lﬁﬂaﬁﬁgHﬁnEﬁénnels t he

net hods  desGiddedARoVe) 1 Qs e I@Péddé@@ﬂﬁﬂﬁ@s@ictﬁéhﬂbﬂg apgquences
and/or lead to a poorer convergence of the 20 channel estimation. Wth

nultl-carﬁméﬁ-ﬁéﬁhddyﬂub%th%mUVatb@@ra%dbtb@ﬁklgg aeacrohbusabsed, is no

| onger qq% ﬁng erformance of the nethods decline
conS|dera%%%‘ %g% e 5% “of the present invention is therefore to
provide a method for equaI|S|ng and denodul ating a data signal transmtted

via a tlne vari ant .transnission annel of this kind, which avoids the
above é&&aﬁé%ﬁ#;%ﬂﬁfﬁ??n@%ﬁ? $é rofar P g t hkt pt HpEPPL st s Y 30 the
chanm?d) E@,Is%rr@a 8G{at SHachiemat: PN 4 heobasd st dbvér "Bt hegy Begekding to the
preanbl e of the independent claimby its characterising features.

Advant age8@3 Fwarde erfodtitthafl stor the equalising DVB-T based on

the assumption of constancy is described in Burow-R;
. Fazel-K; Hoeher-P; Klank-0; Kussmann-H; Pogrzeba-P;
Robertson-P; Ruf-M-J ,0On the performance of the DVB-T
15 system in mobile environments® IEEE GLOBECOM 1998.

With very rapidly changing channels, the methods
described above require a rapid sequence of training
sequences and/or lead to a poorer convergence of the

20 channel estimation. With multi-carrier methods, constancy
over a block, as mentioned above, is no longer
guaranteed, and the performance of the methods deciine

considerably.

25 The obiect of the present invention is therefore to
provide a method for equalising and demodulating a data
signal transmitted via a time-variant transmission
channel of this kind, which avoids the above
disadvantages and limitations regarding the properties of

30 the channel.

This object is achieved on the basis of a method
according to the preamble of the independent claim by its
characterising features. Advantageous further embodiments

35 are defined in the dependent claims.




35 are defined in the dependent clains. 9 Wth the nethod according to the
i nvention, the channel inpulse response is no |onger used for channel
estimation. Instead, the so-called scatterer coefficients, that is to say,
t he conpl ex-valued 5 attenuation, the delay and the Doppler shift in the
channel , are used. The reflectlons of a signal transmtted between a
transnlttéhiéhéhﬁrﬂﬁ%ﬁ@@ra%%ﬁgéungbposéh@a#FéGHEéQﬂteﬁbﬁscham@eé causative

|ntluence qE%: o a s described for 10
exanpl e, fh fhgﬁ%oo %ﬁ%%ynnndgsié§$%g1a%%§iFSP Qgghne nmuni cati ons”

Pent ech Preassmdtandon, Iri999ad Setchhé omo-&x P18 1scdeaktrerers of this klnd such
as buildiggf or. vehlcle%y%dlstort t he daBa si%ngl trapsm.tted between the
transmtt %ﬁﬁ}Q%ﬁ?Q%xxﬁ 1R 187 8r CoBf FPEPeRESVAAUEY5 the data si gnal ,
whi ch §rea%H%Hd§8f8H€3Sﬂbtﬁﬁﬂéﬁaéﬁ@rgﬁe D&BPLEe drterntpednpin the receiver,
and the distorted data signal can then be equalised and finally
denodul at edtanngdoorafiengiaast t HEne nveht ¢ohionheothannetnpioperties are
thereforeé%%%'smdc@ev U aea LELAL G0 L] CLag S LU0LED-20 CARBe
determ ned i'na si e manner from e dIS orte a S|gna recei ved on
t he ba5|sbqfgd%tduﬂddmmaﬁxtekﬂmgimﬁvewa faddet 1 v eih £ baenckl chetdlescri bed

bel ow i n ter det ai.l 25 with reference t schegatlc dr awi_ngs of
exenpl ary néﬁ%§ herdr a3 FysCar & 4 bi | dseser 88e¢i ftFe 1 shows the

t wo- dudiren&bcgﬂ@)llear riangerEfodd Bheraghstid esese Wt h fibg;i dbsgsgt bsed Doppl er
frequenci es and del ays;

Communlcatlons“ Pentech Press, London, 1992, Section
2.3.1. Scatterers of this kind, such as buildings or
. vehicles, distort the data signal transmitted between the

transmitter and the receiver. Scatterer coefficients in

15 the data signal, which are attributable to the scatterer,
can be determined in the receiver, and the distorted data
signal can then be equalised and finally demodulated.
According to the invention, the channel properties are
therefore defined by these scatterer coefficients, which

20 can be determined in a simple manner from the distorted
data signals received on the basis of the following

description.

. The invention will be described below in greater detail
25 with reference to schematic drawings of exemplary

embodiments. The drawings are as follows:

Figure 1 shows the two-dimensional arrangement of the

scatterer with the discretised Doppler

30 frequencies and delays;

Figure 2 shows a search tree;

Figure 3 shows a tree derived from the search tree of
35 Figure 2 taking the coding into

consideration.



Figure 2 shows a search tree; Figure 3 shows a tree derived fromthe search
tree of Figure 2 taking the coding into consideration. 10 On the basis of
a two-di nensional field, Figure 1 showd? the discretisation of the Doppler
frequency fd and the delay t in the transm ssion channel for various 5
scatterers. This graphic representation can be directly converted into a
scatterer natrix Swith the scatterer coefficients S(mk), as used in the

foLl ow ng geuatd ot d We (2 (dd-alencostii chenty, ofsbeamt ths, 8 1 opresent

t he conplex va ue attenuatlon val les anp |tu e and

guant i sat itbre idi ddreetdiedayi ah retttlon Doppbler nfréheeboppkerarsdi thedi rection fd
depends on the channel and the data transm ssion schene. The maxi num val ues
K for theedisscrieta, t@ﬁaﬁé@%@@f%m@nw fﬁo%ﬂtﬁmﬁ@ﬁf the discrete,

standagdlg%dt%glalﬁ;r q%%é%{o \Ldhe, %g%gégg%% ?Rargne 6ﬁnghe channel

As can’ be “sé€em, restri Wenerality,

usef ul fotdﬂwenyﬁﬂuunﬁﬁ|ansaat&éfeﬂemayrﬂxrscmion and stbetgﬁaaler shift

direction to he eqU|d|st@%t in each ase. |f Eg%fhyslcal scatterer occurs
s

for a gi vVERSERA:CHBE thehk Fhe Tortepotii W QLRG| RIVARELIRBESri X i s

sinply gtut%zemq Fivgure, de shoven i & Ver sert tRsersx Of rubiebehe indices
correspond to the position in the scatterer matrix; in 25 this context, the

nunberlngtbégﬁm@p&aﬂTVPluﬁﬂa%%ﬁﬁﬁﬁ@%ﬂQWt¢ﬂ¥@¢%réwm@llbU@ﬁeaEﬁppler shi ft

(positive nd negati ve values) is not ne .priori; i s, dependent
upon the éﬁﬁél é{fl ABlanG yon ¢3j s&b FEiaRes &Wﬂlom

consi deratih@Npoppler shift direction fgq depends on the channel and
. the data transmission scheme. The maximum values K for
the discrete, standardised Doppler shift and M for the
discrete, standardised delay, result from the physical
15 parameters of the channel. As can be seen, it is
advantageous and, without restriction to generality,
useful for the quantisation in the delay direction and
the Doppler shift direction to be eguidistant in each
case. If no physical scatterer occurs for a given entry,
20  then the corresponding scatterer in the matrix is simply

set to zero.

Figure 1 shows five scatterers, of which the indices
. correspond to the position in the scatterer matrix; in

25 this context, the numbering begins with 1.

The symmetry with reference to the Doppler shitft
{(positive and negative values) is not necessary a priori;
it is dependent upon the channel.

30
As a result, this physical model takes into consideration
the geometry of the channel propagation model instead of

the pulse responses. This geometry, and therefore also

the delay 1 and the Doppler shift f5 allocated to the

35 relevant scatterer, remains practically constant for




the geonetry of the channel propagation nodel instead of the pul se
responses. This geonetry, and therefore also the delay t and the Doppl er
shift fd allocated to the 35 relevant scatterer, remmins practically
corstant for 11 .. sufficiently long periods, because the transmtter and/or
recei ver cannot nove at_an arbitrary velocity and/or cannot perform changes
of novemedU I el theny Peel odst yoesagye cbher hsensmhétierpansde oresponse
of »t he ch - vd rinciple,.ch it j it hi he permtted
physi cal boun M@gs?dﬂ'%hoe@jés}% eétng ?I?rp%ﬁggt?éegﬁoﬁggb%%tﬁwbéndzgﬁrcuI ated from

t he conpl ernscet trersromweffanyent st StoydjentlOat cagi #ebiKrkkyS h(m i)= 1
YYS(rr~k)e ~~~N k-x h(i) _ h(i, m mQ (1) 15 In this context, Kis the

maxi num DO Ioé:rltfyr'equency occurring, mis the running index for the del ay
and i §s the discrete running variable for tine. h(i) is the resulting

di screte inmpul se response of the channel in the tinme domain. It is observed
over the Pe¥ngemtNasio THe tinRiilgs i Ee3PewTR | dliotke | ppahgel r esponss of the S

channel hgt, th 1S P j I -o&ghrgj_@p];j, ]rm? ) ipgly, for the
scattererEj &Ht& lplol% %%nt%r&aéj )é%ak%t e o&r’%ter r%}}éf%&nﬁﬁ%gof h(i,t) over t
and be sephyeizBlShozndea)i=} f dtha Wismxetd frd?fsk mexsiBynasatagybwi th the
sanpl ing calculated from the complex scatterer coefficients S(m,k)

10 to give:

ki
T—

® il St
him,i)= ﬁ Zk(mk)e ¥
k=K

M
h(i) =" h(i,m) (1)

m=0

15 In this context, K is the maximum Doppler frequency
occurring, m is the running index for the delay and i is
the discrete running variable for time. h{(i} is the
resulting discrete impulse response of the channel in the
time domain. It is observed over the length N.

20
The time-variant continuous impulse response of the

. channel hi(t,t) is physically bounded in T and f4.
Accordingly, for the scatterer function, S({(1,fs) as the
Fourier transformation of h{(t,t}) over t and be set to

25 S(1,f3)=0 for T™Tpax, |fa|2fa,max- By analogy with the sampling

theorem, the impulse response h{(T,t} can therefore be
presented completely through sampled values within the
frequency domain, so that (1) is cobtained as a discrete
presentation of the channel.

30
The maximum likelihood approach for determining the

scatterer-coefficient matrix § in the time domain is



theorem the inpul se response h(z,t) can therefore be presented conpletely
t hrough sanpled values within the frequency donmain, so that (1) is obtained
as a discrete presentation of the chakhel. 30 The maxi mum |i kel i hood
approach for determning the scatterer-coefficient matrix Sin the tine
domain is 12 obtained by mnimsing the follow ng expression according to

t he scatt &d@igsd feinekit ynisbpy sthve kEQylRwingi §xpregpion) ascrrdipg x J me0
k=K (2) Ln thj it LSed icitly assuned, that the transmtted
dat a syrrbgl%s tgll(ef% aéreée(}?(rno%/\%éﬁfrj(??é#ggé sanpl e of the signal received. O
10 The variables r(i) and d(i-m are defined within the tinme domain The data
synbols are either assuned to be known directly as a training sequence or
they are det ¢rmined fyomthe 15 signa“feceived using the nethod described

bel ow. Th fie f1i6™EnY 5 Aje Pleferably egpimated in the time
domai n wi t4 i(t); t/na ,%?ssi agghen{as, ich operate within the tine
domai n. Suchlnet hods include, for 20 exéanple, single carrier nmethods with
PSK or; QAM nodul ation. In the case of nulti-carrier signals with known

transmtted synbols, the estimation could also be carried
In this context, it is implicitly assumed, that the

transmitted data symbols d{i-m) are known. r{i) 1s a

sample of the signal received.

10 The wvariables r{(i} and d{i-m) are defined within the time

. domain.

The data symbols are either assumed to be known directly
as a training sequence or they are determined from the

15 signal received using the method described below.

The scatterer coefficients are preferably estimated in

the time domain with data transmission schemes, which

operate within the time domain. Such methods include, for
20 example, single carrier methods with PSK or QAM

modulation.

In the case of multi-carrier signals with known
transmitted symbols, the estimation could also be carried
25 out within the time domain, because the transmission

signal is previously known.

The modulation scheme can be taken into consideration in
equation (2), in that the data symbols d(i-m) carry the
30 relevant signal form of the modulation type used,
optionally with partial response pulse shaping. Channels
with a large memory, i.e. with a long pulse duration, can

be equalised by a corresponding choice of the maximum




25 out within the tinme domain, because the transm ssion signal is
previ ously known. The nodul ati on schene can be taken into consideration in
equation (2), in that the data symbol s!#(i-m carry the 30 relevant signal
form of the nodul ation type used, optionally with partial response pul se
shapi ng. Channels wth a large nenory, i.e. with a |long pul se duration, can
be equal i S&1a¥ % cbt redbvnerrRgetho ééeofiuifﬁélﬁﬁxpﬁuﬁbﬁgrd’@lta@ﬂwN In this
context, t; ' o SeEvat LS 0at u al so of a correspondi ng
| engt h. Anl@gsr%l{rr%ﬁ%%c%lngﬁegf rr%l %ﬁgﬁ?@ﬁb}%ﬁgf} eﬁ?béégéncy domain 5 in a
simlar manner to equation (2). In this context, the follow ng equation is
obtained: ,N-I | _rr-k R(n)_- .E I, - K)S.(r e 12N V ~_ k=-Krn O2
(3) 110 Thé™ & SIS B i arE U RSTSRbaA Th (BF EFETHErrFHedomRiR n t he
frequency igonmigimilTher sEatder efo coghht cbents) ar enptBi 8r abhyegst i mgted in
the frequency domain with data transm ssion schenes, 15 which operate within
the frequéRdy VT EIGetret hodktainefude, for exanple, multi-carrier
schenes such as OFDM with the DVB-T nethod. As for an estimation within the
time domain, the data 20 synmbol D(n-k) can carry the signal formof the
nodul ati on,., fype ust,K presented in thiﬂ%ﬁ htext, wthin the frequency
domain. 0% |R( > Y D(n—k)S(m,k)e Nc” (3)

=0

H)— ——
N k=-K m=0

10 The variables R(n) and D(n-k} shown in (3) are defined

. within the frequency domain.

The scatterer coefficients are preferably estimated in
the frequency domain with data transmission schemes,
which operate within the frequency domain. Such methods
include, for example, multi-carrier schemes such as OFDM

with the DVB-T method.

As for an estimation within the time domain, the data
symbol D(n-k} can carry the signal form of the modulation
type used, presented in this context, within the

frequency domain.

As can be seen from equations (2) and (3}, for the
estimation of scatterer coefficients, the transmitted
data are assumed to be known. The estimation is carried
out over N samples in the time domain and/or N spectral

compeonents in the frequency domain.

Normally, at the beginning of a data transmission, a
known symbol sequence is transmitted, which is used for
synchronisation. Following this, in the case of unknown
data sequences, the receiver must track the estimation of

the channel and/or, with a new transmission of




As can be seen fromequations (2) and (3), for the 25 estimation of
scatterer coefficients, the transmtted data are assuned to be known. The
estimation is carried out over N samplts in the tinme domain and/or N
spectral conponents in the frequency donmain. 30 Normally, at the beginning
of a data transm ssion, a known synbol sequence is transmtted, which is
used for SHARHVBH ST Oh. IEEPTBaF Aot AF sErpRNEAE 8¥8BOGH ., ufiknown dat a

SEQUENCES e iRf e oMisdal{ ACkK: L 86neSLLERLE Beihy; blie EhaRpel and/or,

with a new transm ssion of 14 synchronisatron information or training
synbol s, estigsttiimat earahdd oxcktapt at der cohmer gence behavi our of the
estimation and tracking algorithm 5 Estimation of the scatterer
coefficients is preferably carried out by neans of a recursive Kal nan

al gori § hmeett i nat iRIKS af g tdwattdrahi ebefaiteent9i tsapisakiraniyi th the
known synbol sequence, the channel is tracked with initially unknown
sequences CaAF 1RCS Aty Y tHRATDrO A7 deR e RS hY Agke Heas cal geF éEh@oetfici ent s

ds, f I - | 1.ans; i )FPL - T ) ' i - 1)DJ(i i))-1
o) B P AR Sy ST AT PTG D
S(i-1) +Kknpefi lsyrdol madiencontExe , cifnnel sis her&kakednwgahn, P is the

predi ction_state.covariance matrix, Dis t dat a trix, 20 which results
from (2) éﬁ&%&rﬁ(lg) AR hsee%uo‘?%%e%bv%}igﬁ%e%?%nﬁoﬁ is the vector of
the esti matedrmdcdticerntie caeftfteteantsoe i elenesutdsidy ompihe arrangenent
of the scatter«irs in a linear vector fromthe matrix S. r(i) is the

recei ved, S¥8RpI6d SiSyrrdllPHSre 25 (tinme or frequency domain), i is the index
inthe tine or

. K(i)=P{i-1}-DT (1) (D(1i)-P{i-1)-DF(i)+w(i))?
P(i)=P(i-1)-K(i}-D(1i) -P(i-1) (4)

15 e(ifi-1)=r{i)-D{(i)-§ (i-1)

S(iy= S{i-1)+K(i)-e(ili-1)

In this context, K{(i} is the Kalman-gain, P is the
prediction state covariance matrix, D is the data matrix,

20 which results from (2) and/or (3), W is the noise-

~

covariance matrix and § is the vector of the estimated
scatterer coefficients, which results from the
arrangement of the scatterers in a linear vector from the
. matrix S. r(i) is the received, sampled signal value
25 (time or frequency domain), 1 is the index in the time or

frequency direction.

The methods of recursive estimation are per se known and
have been described, for example, in S. Haykin, ,Adaptive

30 Filter Theory", 1°° Edition, Englewood Cliffs, New Jersey,
Prentice Hall 1986.

It should also be noted that the RLS algorithm described
is only mentioned as one example of a large number of

33 different embodiments.



frequency direction. The methods of recursive estimation are per se known
and have been described, for exanple, in S. Haykin, "Adaptive 30 Filter
Theory", 15t Edition, Englewood Ciffs!>New Jersey, Prentice Hall 1986. It
shoul d al so be noted that the RLS algorithm described is only nentioned as
one exanple of a large nunber of 35 different enbodinents. 15 After the
initial estimation of the channel using training synbols, a nmaxi num

| i keli hoo r.aach. i i LC L LM .L.on is carried out
inthe 5 géﬁg%%éﬁgg( gﬂ%f(%§€#%§£§ﬁ n%gn %tghgggéghggghgver all possible
dat a sequencasiiarnyd samb@bssi ol eaaimangéikal shobd $Halt epprsach tirsee- sear ch
procedure can adv n%@gquiég be used in 10, conjuncti.on @Ath %E% channel

esti mati ofCiSF 4 s WoHext? MSRHMFAG* PRonTt KBt EhSANBH tedP ed with

ref eregce dpidthend r @ Nidey Segrense, udkRakivay thNsaqhefBekS ol taaup by the
recei ver for each of the potential data sequences. A channel estimation is
carried omossitn q e textseritenpedfandsat hepggat PérersrprogeBaslisoP it hese

pat hways, and g ngtyic is calculated according to equation (2) and/or (3).
The data sequence wWith the best netric is presented as the data sequence
whi ch has probably been received. Because of the M. approach, the netric is
known as a M.-netric. 20 Ingﬁead of thg netrics aﬁcording to.(2) and/or
(3), which S&AE TG RAPTTlone HockIEvRreghg enti Pe BB88r v&ti on

interval NordRrdtoreented s rdcammy] abseibgr used. 1htBist akaserguati on (4)

into consideration as follows: 25 , i
starting from the channel estimated with reference tc the

training sequence, a pathway in a tree is built up by the
. receiver for each of the potential data sequences. A
channel estimation is carried out with the estimation of
15 the scatterers for each of these pathways, and a metric
is calculated according to egquaticon (2) and/or (3). The
data sequence with the best metric is presented as the
data sequence which has probably been received. Because

of the ML approach, the metric is known as a ML-metric.

20
Instead of the metrics accorxding to (2) and/or (3}, which
are determined in one block over the entire observation
interval N, an incremental metric may alsc be used. This
. takes equation (4) into consideration as follows:
25

Ai)= Ali-1y+e(i]i-1)-(r(i)-D(i)*$ (1)) (5)

This tree-search procedure is illustrated schematically

in Figure 2 for binary symbols, A(x,.y) denotes the

~

30 metric for the assumed symbols x..y, S denotes the matrix
for the scatterers determined for the relevant pathway.
The number of indices indicates the depth of the tree; in
the example, up to a maximum of three. The additionally
marked pathway characterises the best pathway selected

a5 via the metric at the moment.




A(i)= A(i-1)+e(il i-1) - (r(i)-D(i)HS (i) ) (5) This tree-search procedure
is illustrated schematically in Figure 2 for binary synbols, X(x,...y)
denotes the 30 metric for the assuned ¥nbols x. y, S denotes the matrix
for. the scatterers determned for the relevant pathway. The nunber of

i ndices indicates the depth of the tree; in the exanple, up to a maxi mum of
three. The additionally marked pathway characterises the best pathway

sel.ect ed Viza ,ﬁﬁ{ r4 it 6 oLL1h escribed is a
soft out p%tﬁ al gorit v%s&h Qfong& }te %eoggﬁi‘) % %ed g}‘ﬂ can al so
present awhquedl,i ta;lcnmmﬁee flor ddreodielhided ada oa, inaltlhel!fsorp‘refseatSarret ric.
Accordingly, -i.t is possibl o_,present only. ta se uence

det er mi ne@ﬁﬁl&%ttﬁfe W?%ﬁurﬁo%% terp b ?mo%ﬁl tjr%%subrg}[ﬁbfcér@ea efices.
Processi ngest-ages Ackuitiafgl Hecoder s wonnast €d-sloyhstegambn bh@?/r ecei ver,
can contain additional information, which has a positive 10 influence on

the qual i t}€ofatéc SRAUGHCD 9t TH N eRrherthe g0es bl PHababequeies can
continue Laghe Rl 033%%%1@ dd18, qu@mc&%ﬁ?@%% 84 89€3cpdadec! si on

about the actual uence recel ved bel ng made t erwar Mor eover ,
t he nmet hodecadeadv anrageoiss] yidymsﬁmﬁ:armemvwmdn reacenmnl utaonal code or a
bl ock code a i nt ernal % a_concat epat ed code

structure®? aﬁpegg‘%ltletﬁoﬁ‘? oflrb oMVt w9 onal %%}He}%a%n%l BYdtk*€6des in the

form of trieelskhdet wesHe qlaleady dhovatest Cagle acts on the
above-nentioned tree structure in such a manner that not all pathways,
whi ch woul d be possible if the code were not taken into consideration,

actual ly exi shis2haAeear, didig)dbha gt £ ofenidf Qs dratd oncdise i Med udgdpea tree of

processed in the subsequent processing stages, a decision
about the actual sequence received being made only

15 afterwards.

Moreover, the method can advantageously be combined with
a convolutional code or a block code as a single code or
internal code of a concatenated code structure.

20 Presentation of convolutional codes and block codes in
the form of tree structures is already known. A code acts
on the above-mentioned tree structure in such a manner
that not all pathways, which would be possible if the

. code were not taken into consideration, actually exist.

25  Accordingly, when code information is included, a tree of

this kind will not contain all pathways.

This combination provides combined channel estimation,
equalisation, demodulation and decoding, which is

30 referred to as ,sequential decoding®. Although this
method is already known, 1ts use in conjunction with the

determination of the scatterer coefficients is navel.

A tree derived from the example of Figure 2 is

35 illustrated in Figure 2. Comparison of the two trees




this kind will not contain all pathways. This conbination provides conbi ned
channel estimation, equalisation, denobdul ati on and decodi ng, which is 30
referred to as "sequential decoding". Athough this nethod is already
known, its use in conjunction with the determ nation of the scatterer
coefficients is novel. Atree derived fromthe exanple of Figure 2 is 35

i 11 ustrat edaws Rl esthcanpadesonmonegéhbyt ibet Feds a7eshOWs t hat pat hways
deternineqﬂgy %éh code are non existent. Wth multiple-value data synbols
and/ or | ong data ' sequences, very many pat hways occur during the course of
processing, for each of which the netrics and scatterer matrices as well as

ot her auxiliary paraneters for_the algorith nmust be cal cul ated and

st or ed. Tméﬁﬁuﬂﬁ;t%éTéiﬁﬁ%ﬂﬁygaE%nsﬁgg?iﬁuﬁﬁ /Fﬁ PagrgﬁBalessen t he burden
of 10 ¢al a@ldrRibANd, dBfOiInT eoat ARARSt octlirt BisiAgNERXt colifge batal number
of pathways 1s limted to a maxi num nunber, which depends on the avail able

cal cul ati o osgFecding fRF A AknRyCh bl rBREALCEf aNACSFAEEPYEL. In this
cont ext, mg.*lef'kc%%mtéif- éréEkP]ePr§§Q£fi££gséa95mgﬁg}g'EbEsEh@ al gori thns
met or ual

can be used. nown specl a ods eq sation wth a tree-search
pr ocedur e alawe idilsedvat tades ¢altheacont axd stochdnn®hse nwinbkrl ofig i mpul se

responses, in which a l.arge proportion 20 of the ener of a.data_synbol is
i Shosed BE HESEG 0t 11 e Thpit oo BEfheeo L= eRa: PiR BuEHBRGPE 2 ot
i ncl uded dan duhetasin natd aned ¥ heeqetebmedt symhothisncbhtextconhext, the

entire inpulse response nust either first be waited for with a
correspondittg! FFdSOMS RRFEAY D151 1981 hedt Ched t BREAMPHt BURLEEuUNt t hr ough

addi ti onal,rg%tH MRIDMHs on the available calculation capacity and
the memory requirement of the receiver. In this context,
the known metric-first, breadth-first or depth-first

15 algorithms can be used.

Known special methods for equalisation with a tree-search
procedure have disadvantages in the context of channels
with long impulse responses, in which a large proportion
200 of the energy of a data symbol is disposed at the end of
the impulse response, so that this energy is not included
in the estimation of the received symbol. In this
context, the entire impulse response must either first be
. waited for with a corresponding, additional delay, or it
25 must be taken into account through additional estimation
methods with a modelling of these influences as noise.
With the first variant, many additional pathways occur,
which have to be included in the computation, even if
they are rejected afterwards. If the method is used for
30 general and unknown channels, the computations must
always use the maximum channel impulse lengths, and the

algorithm must therefore be designed for this in advance.

The method according tco the invention does not avoid
35 these disadvantages a priori. However, since the channel

is modelled with reference to the scatterers, the maximum




met hods with a nodelling of these influences as noise. Wth the first
variant, many additional pathways occur, which have to be included in the
conputation, even if they are rejectedSafterwards. If the nethod is used
for, 30 general and unknown channels, the conputations nust always use the
maxi mum channel inpulse lengths, and the algorithmnust therefore be

desi gned fastcum g retvancend Therethoed sbeoddiegstont o itineenti on does not
avaid 35t j es PL.LOL i ver, .since.the channel is

nodel l ed wt r%géggﬁggéﬁg’t%%ns%%tﬁgﬁgggégtﬁg %&%Fﬁﬁ%Piggog rring delay,
and t her efrleedtdre: ddarenisévareof Wheleschitemerinmin I¥ngednmdetmeasur ed by
determning the .relevant scatterers. Wiile this xi mum | engt h nust al ways

be taken ITHEYCOMS deHst? oh PR tRRSLORFRRLOBE TPhENE RABMEXFeliodde t he

met hods ac g@iclimendthddie, | Fvenhé ORodakboveat A PBXLAEM dekay ek the channel
to be approached in an adaptive manner, and the necessary delay in

denodul at ifdr-ifd e deRg™ d@ et @l BeeordrngRy. tA Pengppaddictiednal del ay
in the def{%d%l\iﬁitac @k C&Pe%rﬁ‘&rPe&?&‘er?héoné'sggééé\{;“)’ggﬂ{ﬁé’n&H speci al

channel s, 1In significant " scatterers occur g delays. Since the
geonet ry cfemadvel edciatt earedt sdeloedimopt 1 shadpes abdupttyyrdiheldi nenidban of t he

scatterer Ii.X _can increased adaptively if_a.scatterer with |ong del ay
occurs. Oé%ﬁ%%ﬁﬂ%ﬁii%éef%ff%g%.?é$%?g%Y¥?%¥%nk?ﬂ9 a?ééﬁﬁeé?g?m?ﬁe di mensi on
of theo makikosseary hmladapt i uebyi apdic@theThe OecikBien sagnbeiegpresented in

terms of a formula based on (2); 20 d (O.N- L-1)= arg mn d
O..N-L-I)&Fﬂﬁfﬁﬁﬁfsf?Qﬁ%F with’long delays. Since’ the geometry of

the scatterers does not change abruptly, the dimension of
. the scatterer matrix can be increased adaptively if a
scatterer with long delay occurs. Conversely, if a
15 scatterer of this kind disappears, the dimension of the

matrix can be adaptively reduced.

The decision can be represented in terms of a formula

based on (2):

20
.-..( ) N-L l M K jZJZE 2
dO.N-L-1)= ' ——> dli - S(m, k N
g{DHNir-%ﬂEPL‘N'L g): r(l) 'Jﬁmz—(} (I m)k?;x (m )t? (o)

mk)

In this context, L is the necessary delay. The minimum is
determined for all possible data hypotheses d and all

25 possible gcatterers S.

In addition to optimising the dimension of the scatterer
matrix with reference to delay, the maximum Doppler shift
occurring can also be optimised.

30
In the context of equalising and demodulating single
carrier methods, the transmitted data can only cause ISI
in the time direction, that is to say, data transmitted

in the past influence data transmitted at a later time.




ONI1II i=Or(i)- NLd(i-mES(mk)el2 N1IN MO k=--K In this context, L is
the necessary delay. The mninumis determned for all possible data

hypot heses d and all 25 possible scatt&ers S. In addition to optimsing the
di rension of the scatterer matrix with reference to delay, the maxi num
Doppl er shift occurring can also be optimsed. 30 In the context of
equal i sing and denodul ating single carrier nethods, the transmtted data
can only cause ISl -in t ime direction, that_is to say, data transmtted
in the pa%ﬁ%ﬁ%*%éﬁ%éﬂﬁéﬁ;ﬁr%ﬁﬁﬁﬁ?%%% at %h?a%%?qP?ﬂ%Y §8m§é8awégnof t he

| CI occur rigag it ridhendf Irteiquencyi etoned snahen erecedvVbmg auyitvenarrier signal s,
e.g. OFDM a given carrier_can be_influenced by adjacent_carriers both in 5
t he positF@ér&ﬁﬁ'QQQ;gﬁxﬁﬂﬁ%H?WQ%%d@ﬁ HTEREi GATTHeF? ROSE aPso be taken

into agcoymle Al 18 Y HdE acantiduati-an pfedlentargi gesLp6gUrs in the
frequency domain. This cyclical continuation can be taken into 10
consideration in the data matrix D, by defining the data synbols D(n-Kk)

with a negatiye.d 1des CWAIdN {iko CRUALLAD (Bl LS.yoife context of

considering long délays in I mpul Se” réSponSe when processing
in the tinmendammian,:drhicsE itifd uencel @an decdakem i thhe &cequeshcand
compensat gd by | NGhUD NG 1LY o8NS s &P She Y- Ren into
10 consideration in the data matrix D, by defining the data
symbols D{n-k) with a negative index occurring in
. equation (3}.
As in the context of considering long delays in the
15 channel impulse response when processing in the time
domain, this influence can be taken into account and
compensated by including ,future™ events, that is, data
of higher freguencies, through a corresponding delay of

the decisions. Here also, the scatterer matrix can be

20 varied adaptively.

An analogous decision for multiple carrier methods is

achieved if (3) 1s used in (6}.

25 The method described can also operate without
initialisation basgsed on training sequences. In this case,
processing is initialised with default values, e.g., the

matrix P from (4) is pre-defined as the unity matrix, and

~

the scatterer vector § is initialised at zero. The
30 algorithm will then generally converge more slowly.
Furthermore, all possible starting configurations for the

data sequence must be included.



of higher frequencies, through a corresponding delay of the decisions. Here
al so, the scatterer matrix can be 20 varied adaptively. An anal ogous
decision for multiple carrier methods & achieved if (3) is used in (6).

25 The net hod descri bed can al so operate without initialisation based on
trai ning sequences. In this case, processing is initialised with default
values, e.g., the matrix P from (4) is pre-defined as the unity matrix, and

t he scatt LSSt ¥ é%&; initialised at zero. The 30 algorithmw Il then
general ly 53ﬁ5é}ge ﬁ%re slowy. Furthernore, all possible starting

configurations for the data sequence nust be included. 20 0 Oiginal Cains
1. Method for equalising and denpdul ating a data 5 signal transmtted via a
time-varidnt chii§fdlod For gl verng aRPBPHS LYt 1 ATt Aaflatfe scatterer

coeffigients (atd; ti | : & C i he.recei ved
dat a s?gnal, 10Eﬁ§?%ﬁ'§§3§59§ﬁ3%3 f%E%P?%@% Y%Pgﬁggcﬁgﬁﬁg?? g?eg measur ed
in the receiver reamdvarat the data signal is equalised and then denodul at ed
with them 15 2. Meth;? a.ccq{d.i n%to claiml characterised in that the
measur ement of CRETEEHFEARY AR ents and the equalisation of the data

signal takes plage sWdtdrdhedd e dasmpdd. (20 Sudibed ascayding to claim
2 Doppler frequency) in the received data signal,
10 which cause signal distortion in the channel, are
measured in the receiver, and that the data signal

. is equalised and then demodulated with them.

2. Method according to claim 1
15 characterised in that
the measurement of the scatterer coefficients and
the equalisation of the data signal takes place

within the time domain.

20 3. Method according to claim 2,
characterised by
its use in the context of single-carrier data

transmission schemes.

25 4. Method according to claim 2,
characterised by
its use in the context of multi-carrier data
transmissicn procedures for receiving known data
sequences {(training or synchronisation segquences).

30

5. Method according to claim 1,

characterised in that
the measurement of the scatterer coefficients and
the equalisation of the data signal take place

35 within the frequency domain.




characterised by its use in the context of single-carrier data transm ssion
schenmes. S 25 4. Method according to claim2, characterised by its use in
the context of nulti-carrier data trahlsm ssion procedures for receiving
knQqwn data sequences (training or synchronisation sequences). 30 5. Method
according to claim1l1, characterised in that the nmeasurenent of the
scatterer coefficients and the equalisation of the data signal take place

35 .wi t hi Nt he fg\ﬁ%(l%%r&c%%%eg 21, 6.1 Mat h@d according to claimb5,

characterised by 1ts use in context of "hulti-carrier data 5
transm ssi on predatacterided’ byhet hod according to any one of the preceding
claims characterised in that the scatterer coefficients_are neasured via a
maxi num | i kel i hd6@& &15e it die .CBtavEk Hold ety df Wgr t ot chfak 7,

characteri sed i@4§Hymﬂgy;dgmgggggdd§ggjhood criterion is determ ned from
[

15 the Euclidian stance between the received signal, the scatterer
coefficients and the signal data denodulated in the receiver. 9. Method

accor di ng7t_o anﬁe%%%d()factc Ei\:dolrnegcq:dc% na%y Zoonézléaf Phe preceding claims
characterised in that
the scatterer coefficients are measured via a

10 maximum likelihood criterion.

8. Method according to claim 7,
. characterised in that
the maximum-likelihood criterion is determined from
15 the Euclidian distance between the received signal,
the scatterer coefficients and the signal data

demodulated in the receiver.

9. Method according to any one of the preceding
20 claims,
characterised in that
a first measurement of the scatterer coefficients
is implemented with the assistance of a known data

. sequence ({(training or synchronisation sequence).

10. Method according to claim 1 to 9,
characterised in that
the first measurement of the scatterer coefficients
is implemented block-wise over an entire data

30 sequence.,

11. Method according to any one of the preceding claims
1 to 9,
characterised in that
35 a Kalman algorithm is used iteratively for the

measurement of the scatterer ccefficients.




characterised in that a first neasurenent of the scatterer coefficients 1is
I npl emented with the assistance of a known data 1 sequence (training or
synchroni sati on sequence). 25 30 10. Mt hod according to claim1 to 9,
characterised in that the first neasurenent of the scatterer coefficients
I's inplemented bl ock-w se over an entire data sequence. 11. Mt hod
according to any one of the preceding clains 1 to 9, characterised in that

35.a Kal manp al 9@fddHyn i Mdsedind eratdNel yndosrtbege pRAsHEEABNL1Qf rhe _

scatterer coefficients. 22 12.” Method according to any one of the preceding

claime 1 to 9, Ichardbterised in that 5 a recursive-least-square algorithm

Is used iterati %&y & SML nt of the scatterer coefficient. 13.
0 0

or_.t
Met hod accordin§ %:Euﬁﬁ O characterised in that the scatterer

coef figients determdiadivetlheadtirsquareaslsererimalie ysed for receiving the
associ ated user, data, wherein the data are equalised and denodul ated

bl ock-wi se over L&FT&IVRE YahoF 1519 depstieenee @hathehecakhererer
coefficients nmpasyd ;idydt he first nmeasurenent are corrected wth
reference to the data equalised and denodulated in this bl ock-w se manner.

13. Method according to claim 9 or 10,

10 characterised in that
the scatterer coefficients determined in the first
measurement are used for receliving the associated

. user data, wherein the data are equalised and

demodulated block-wise over an entire data

15 sequence, and that the scatterer coefficients
measured in the first measurement are corrected
with reference to the data equalised and

demodulated in this block-wise manner.

20 14. Method according to any one of the preceding
claims,
characterised in that
the scatterer coefficients determined in the first
. measurement are used for receiving the associated
25 user data, wherein the scatterer coefficients
determined in the first measurement are corrected
according to a Kalman or recursive-least-sguare

algorithm with reference to the data equalised and

demodulated.
30
15. Method according to claim 13 or 14,
characterised in that
a tree-search procedure is used for correction of
the scatterer coefficients and for data
35 demodulation, wherein, the scatterer coefficients

and metrics are determined, in each case, for all



20 14. Method according to any one of the preceding clains, characterised
in that the scatterer coefficients determned in the first neasurenent are
used for receiving the associated 25 gber data, wherein the scatterer
coefficients determned in the first nmeasurenent are corrected according to
a Kal man or recursive-least-square algorithmwth reference to the data
equal i sed and RSTTHR 8 REB0SATIeMEERod2REcBREFAgIEbAc BaIRRIZ SG 14,

Characterised [ RN Grdyffs SERE ShegE oeduhen! 8 Hsednhh figkiqetion of | the

scatterer coefficient r data 35 denodul ation, erein, the scatterer
coefficients ardeaethdressarected efndmedhei hreachtraseurkor all 23 possible
dat a sequences, and those data sequences, which provide the best

maxi mum | i kel i hood-metric, are then selected fromthe tree structure. 5 16.
Met hods acdar.di ngetthoel aldadbding htes act&fmsed, i n that the scatterer
coefficients corresponding to the selected best data sequences are used for
subsequent equalfheFAGPERPUSOIMIAE i on. 10 0 15 20 17. Method according

to claim15 or 16, Lcharacteriseden-idals corresponding to the

selected best data sequences are used for
subsequent equalisation and demodulation.
10
17. Method according to claim 15 or 16,
characterised in that
. selection cof the data sequences i1s carried out
block-wise for the entire data sequence observed.
15
18. Method according to claim 15 to 16,
characterised in that,
the data sequences are selected after a
predetermined pathway depth of the tree has been
20 reached.

19. Method according to claim 15 to 18,
characterised in that
. a metric-first algorithm is used in the tree-search

25 procedure.

20. Method according to claim 15 to 18,
characterised in that,
a breadth-first algorithm is used in the tree-

30 search procedure.

21. Method according to c¢laim 15 to 18,
characterised in that

a depth-first algorithm is used in the tree-search

35 procedure.



selection of the data sequences is carried out block-wise for the entire
dat a sequence observed. 18. Method according to claim15 to 16,

characterised in that, the data sequenéts are selected after a

predeterm ned pat hway depth of the tree has been reached. 19. Method
according to claim15 to 18, <characterised in that a nmetric-first algorithm
is used in the tree-search 25 procedure. 20. Method according to claim15

to.18, chgpactg@gﬁahigbégggin%kfge@péﬂﬁfigsgoabgprithn1is used in the

tree- 30 search procedure. 21. t hod according to claim115 to 18,
charact eri sed i rharactexigad-¥n righatal gorithmis used in the tree-search 35
procedure. 24 2 Met hqd according to,claim15 to 21 characteri.sed in that
t he pat hway dept ear?@/rkg}weiyhe&%d%gﬁn%O]f)a‘f}ﬁ%/a?‘éml?%r %fvg?%ﬂa%{ﬁaﬁtsi vely in

t he tree-sear chvanoeelwdptacesrdi NG tioe t heescadderier peoekliiekent s

determ ned. 23. Method according to any one of clains 15 to 22,
characterised i RARHRIINY 4 The TR VedirRY | 0of 5bc bertendeBerninge -out put of
t he denodul at ed data sequence. 24. Method according to claim15 to 22,
characterised in that 15 in addition to the data sequence with the best

maxi mum | 2Rel i h¥fedhest Easomstinar  thesty base @at@laims 15 to 22,

characterised in that

10 the metric value is also presented in the output of

the demcdulated data sequence.

. 24. Method according to claim 15 to 22,
characterised in that
15 in addition to the data sequence with the best
maximum-likelihood metric, other, next-best data
sequences with a next-best-likelihood metric are

also presented.

20 25. Method according to any one of claims 15 to 24,
characterised in that
when receiving data signals coded according to a

code, exclusively data sequences corresponding to

. valid code words are included in the tree-search
25 procedure.
26. Method according to claim 25,

characterised in that
in addition to taking the code into consideration,
30 a Viterbi algorithm or APP algorithm is used in the

tree-search procedure.

27. Method according to any one of the preceding claims
characterised in that
35 the first measurement of scatterer coefficients is

implemented exclusively with unknown useful data




sequences with a next-best-likelihood netric are also presented. 0 20 25.
Met hod according to any one of clains 15 to 24, characterised in that when
recei ving data signals coded according?to a code, exclusively data
seguences corresponding to valid code words are included in the tree-search

25 procedure. 26. Method according to claim 25 characterised in that in

addition to takiTREYHETOdA Mt bNebreeEarhEi BAlUeS0azeVHE8ADNaltd6t i t hm or
APR al gorithm i s qused i ikdheon td£ecseas tho PLOKRIVAEe24. SMeLiad according to
any one of the preceding clains characterised in that 35 the first

measur ement of de@iteimg Tuefyrilenerisationpsemeanedsexcl usively with
unknown useful data 25 r IL sequences, and that default values are used in
the initialisation of the algorithminstead of the training and

synchr oni g&t.i on MeedueheescoA1RGy Metdod @ceosfli AUai@sanyteneoof clains 7 to
10, characterised in that the maxi num nunber of scatterer coefficients to
be included i nMfFagtfFisethst? hafapted in each case on the basis of the

scatterer coeffi¢jeents ihPraMus! ¥r det r i Ped. c0cPricients to be

included in the algorithms is adapted in each case
on the basis of the scatterer coefficients

10 previously determined.





