1 Description Method for processing a data signal, data processing
unit and conputer program product 5 The present application clains
the benefit of United States provisionalqapplication 60/774, 251,
filed 16 February 2006, the entire contents of which is incorporated
herein by referenge for all purposes. 10 The invention relates to a
net hod forDﬁFEEé'?g:i’T?d‘ a data signal, a data processing unit for
processing a data signal and a conputer prQgram product. 15 Space

time block codin STBC) is a technigue for transmtti i
Wi rel ess c%ﬁﬂ%éﬁ‘bﬁ%@ﬂﬁ%ﬁegﬁgﬁuﬂ?’ﬁ%’ copied g@%% ts%gkgayrég a'lf‘gd
stream ar ecgg‘%t,_.,ﬁégi Syl bablib¥tof antennas. In a group space tine
bl ock codi ng GSTBC%&system there are groups of antennas wherein
each 205group of antennas transmts one data stream and t he antennas

of one a1 OUR ! ré)%%rgntt ta}%&gr%g%i%ﬁt 8151480he Abeddi®l ©eNmE tol BShAgs

nore trans ntennas ofmance 1 nprovenment in terns of packet
error rat e pieER)s irmalbepdiicarednc 66pa7 €025, nfil kel iBpprtamyl £0BFPe
out put (M M) systens where al sq a, 25 plurali ieape, are
transmittedten § &° t@né’%dHPéCE‘t %Sea%héég%%@f% glr??%rlt ted using

a singl e anigtand0reXaml eurdoeSEBC systemwith a two di nensi onal
(2D) interleaver outperforns the OFDM system according to | EEE 30

802. 11a0when the SNR (signal to noise ratio) is greaterthan 26 dB

even wi th aydata Jalie dhaleliated LoMBSmBLEbAr for pibwessing thelata
conpl exity cl)jf a receiver for a GSTBC systemis significant | ar.ger

as conpar e itamad convdaitd @racesispgieuBatehfl BSERNTEVRF S %88
detectors are q*ﬁﬂi € fickhe invention is to provide an
%HPAOC? e eelgtpﬁ% at g&-oﬂ n

i mproved né?ﬁ% signals received via a
commruni cati on channel. The object is achieved by a nethod for

processi.ng a data .10 si e B4 essi PO URht i & f.0cessing a
dat a sﬁanals%’aﬁ?c? gt%%en%%cﬁl pc}oaad&?l?mqsgggzct W th the:IL eat ures
accordi ng tirdrismiidepentery wHesl iy, wireleasneomodni et o cBEHSHF a

data signal .receiv via a 15 co L.catl n i i ;
conpri signg Wr{f’e’ieer“i’ﬁe]% % 195 %??}% %%erl%r ?gﬁﬁg%%@)%%s% usng

descri bi ng £hanaeieit gte £ smferiraes .cammangratporpehanhene pival t4asing

the first matrix by sub-diyviding the first X gast frour
20sub nat ri B nEYT T Yy aﬁ?‘?ﬁes%rgugrr?ﬁlfbréi )?%g%ﬁjtcﬁréﬁ?%&"r’ﬁéﬂ matrices
gener abigng FrS8S oM ARt Enne Dy rasmiplsyiong daseceohdesubandt T aftarhes

four sub matyices with the 2o fveried (v sLoILELAANhE Ll Saibibe of

using more transmit antennas a performance improvement in
terms of packet error rate (PER) may be achieved compared to
multiple input multiple output (MIMO) systems where also a

25 plurality of data streams are transmitted in parallel but one

data stream is only transmitted using a single antenna.

For example, a GSTBC system with a two dimensional (2D)
interieaver outperforms the OFDM system according to IEEE
30 802.1la when the SNR (signal to noise ratio) is greaterthan

-+

26 dB even with a data rate that is 3 times higher.



determ ning the difference matri x between the second matri x and a
fourth sub matrix of the four sub matrices 300 inverting the
difference matrix calculating the invepted matri x based on the
inverted difference matrix 3 processing the data signal using the
nverted ThESLydR! MR cofid ity J da-8-R596252b00; Ukind Uysten is
processi ng'a dat'd sigha an conputer program product accordi ng
to the nethognificqrinceskirngena datmnpagedl tdesceobeenbboval arimgle

provided. Illustratively, for generatin trix for processing the
recei ved daPEEVRYYSEFDCERMIER £ eﬁgng‘raa F%Srﬁ ?F?t%?ﬁﬁerg‘tri X,
the first matrix characterizing the communi cati on channel, for

exanpl e a channel matrix conprising conponents characterizin rger]&od

transmissi Bn ephedetel i g crEmidi® dEnBnPEIViEER BRalRTOVE

| nverted UphDOLSJBLELY ddWETSI QUL 1APRERRShbNGL 2L ufmbes adiuse the
nunber of multiplications 15 necessary for matrix inversion and

si gnal prockssn@y. conpared with conventional nethods. The data
processing unit is for exanple used in a receiver, for exanple the
receiver of a 6x3 (6 transmt antennas, 3 20 receiver antennas) M MO
(mul tiple PRpUsbTRLY |8 eachfiedq DA ANmewhodl €ss ppoaksaima aetatsr k)

system The data signal 33/ for ,exaglpl, e transmtted and recei ve
s

via a dbmihiRati oh R W ARTHIT ENPEREES AN 3 197 E e,
Super 3G khEERLAMA:t A Mo MK dwet! pienopaeabehttyed oicddiiowa e
25 Access) and B3G (beyond 3G or other conmmunication systens.

Enbodi ment §hef iR¢rPeNARIHE | @FREHer ge from t he dependent clains. The
enbodi ments which are described in the context of the nethod for
processing a data signal are anal ogously valid 30 for the data
processi nghungthédrigr queset sRin datdatsi ghgnaangecnévednpid & program

pr oduct, 1;2_{@:]2 e fy I ti aesfLrst matrix is
invert(:%esd aggllg%fi‘?i]n(ga 0 ?&rasse%fsl ng%holggﬁggr' grr;g%n?i&sg%%gersion. The
conmuni cat i on chardehintnd of EBXesmp e ta ikadbapTisdmyuoboadha@nthannel .
The received data signal is for exanpl.e prqocessed for_estinmati a
sent data signa e??ﬁq’% %W%WﬁeO%egzlﬁvgamﬂgf‘écﬁjg%%lFT el
one enbodi ment ,iﬂ‘;@r% dad ar sl NS <t Hgnsmtted using a plurality
of transmt antennas. For exanple, the senf data signal is
transmtted 10 aceorsirgdiol Genpglis £igsicmatris BPgEka’Co%l%?sﬁ'hfé’%nt
data signal may be t 1 sing OFDM nodul ation. In one
enbodisénegnt, at Ieastéﬁgﬁ%ﬁi‘;%ﬂ%&f our sub matrices has Al anouti
structure. For exanplmvertringdiasiirst siue semssist 9fothesfeup Halri ces
having Al ampbuti structure. A sub matrix having Al ampbuti structure can
be easily inverted and aﬁows a further decrease of conplexity
conpared to a directgaraaithy forsemtod maitmier Syvomuflbipsxangl @ $scond

solving a linear equation syste 0 1nh qne_embadi : _pyerted
matrix is used for p%‘f‘}?cfp?ﬁ% ag#itr%}ee Sper’ |(5ﬂ(r21l 5g%fgﬁewég§ejlc€%d dat a
si gnalzs The recei vedighaéar & ghtdst sndftori sexanplze thitmeashy hattexedf the
using the inverted matrix. The received data signal may be filtered

25 according to a 2t ¥ oF &R MR F MRS er ence suppression nethod, a
l'inear m ni num megn §&kesBn £RE OFhslediatidremJ® et iar batweshether ence
cancel l ation nethod. The first matrix is for exanple %enerat ed froma
channel second matrix and a fourth sub mat¥ix of the four
sub matrices
30 o inverting the difference matrix
o calculating the inverted matrix based on the

inverted difference matrix



30 matrix nodelling the transm ssion characteristics of the
conmmuni cation channel. The first matrix nmay for exanple be sub matrix
of the channel matrix or the first matrix may be the channel matrix

itself. The first matrix may also be a product of matrices with
one factor being the channel matrix or the hermtian of the channel
Mat ri X. | 4 | procassiagehbediabnt siwiak s ing &hei dRVErEcdxSLaFhed

below 5 with refer%ng(e to the drawi ngs. Figure 1 shows a
comuni cati on system according to an enbodi nent of the invention. 10
Figure 2 shovvs a processor elenent according to an enbodi ment of the

i nvention. e35 flow di agra cordin n

of the mvg r,lg Eﬁgslpgﬂgﬁgshn%% Sh B8RSV é@nﬁm gbgéc&}& Ay
to an egboqmaerat cRfpler ﬁ)f@@fbﬂnpra_nﬁl.&:’@(ﬁﬂﬂﬁﬁdi&@ am syet mathod for
conprises a transmtter 101 and a receiver 102. 20 The transmtter

101 is a GEFRCSEEidgpdi datapatentt e HeE GROTE) 2EPaRSAVERER -
conprising a plurality of STBC transmtter groups 103, 104, 105, in
this exanple a first STBC transmitter group 103, a second STBC
transmtterlljustpatigednd forhgeneSTROY raan@‘ﬁltﬂtxelfogr PpypceEesinghéhe
nunber of 25 S‘I.'BC tr m gr S e g.
In this exg agg SE%‘ﬁélf rgﬁgm %%gpl%%dr %g%ﬁ;e:rgggﬁ %I gﬁh?é?tky
of transm 'fmaa:liﬁ.@;l)n&&el@ﬁirsﬁ_hﬁa‘hﬂﬁbedihmi‘ad‘ﬁmﬁg dthteeanatmum@earcson
denoted 30 by Lt. In this enta malgl ﬁ ch tSTBC transrspttec gl n%
Uses Lt/ Lg IeERSH( TRkt BRABELT08. CRRARS! TR ide GSURFy (A% CERERT E7EE

transm tt er-rgradRerisesqt BRe SBABN HIHET o0f cHdAEri sthcanbEnnas. | n
ot her enbodi nents, the STBC transmtter groups use different nunbers
of transni COARPEARASLOThERERREL STBARYHNSA (1819 Polif EF6% EEX&F%@H

as input a g fridhsh @ﬁh@ 8i16a9 107 rc@eber i EuRe egdevidpllicamibhe
first data Stream 107 and sends the STBC codewords usi ng OFDM

(ort ho?g@namefqe@cqaéwcy‘com PREFSH AOTEFPlexisng ssthads PEQCE?PE&% FRRBATEd

antennas 1 Eagh.anien glul%gghga the first STBC transmtter group
103 sends tqﬁéthsarre s:'agnap 0 The gecond STBC transmtter group 104

receives as input a second data stream 108, generates STSC codewor ds

fromthe sagand.dat ga%kégé%goén%diée?gf %}tg%npiEBQs%adq\ep%d&et&a%r,

OFDM (or t hogon uency drvision nu exi'ng) and using 15 Lt/Lg
transmt arfienexsnpde. tEacheaﬂt-EﬁmaOﬁs@d&b%/ thersesodd spwennas, 3

trans @tere%%g%%rlo4t%%gg§ tﬂEMéanﬁufﬁﬁéﬁ% ﬂHi %EBgut ut WLAN

trans ter group 16§ recei ves as I n data stream 1

gener at es STB@ed@deMdDdalfamaathetwork system The data 51gnal may for
example be transmitted and received via a communication
system according to WLAN 1la, WLAN 1lg, WLAN 1ln, Super 3G,
HIPERLAN 2, WIMAX (Worldwide Interoperability for Microwave

25 Access) and B3G (beyond 3G) or other communication systems.

Embodiments of the invention emerge from the dependent

claims. The embodiments which are described in the context of

the method for processing a data signal are analogously valid
30 for the data processing unit for processing a data signal and

the computer program product.



20 third data stream 109 and sends the STBC codewords usi ng OFDM
(orthogonal frequency division nmultiplexing) and using Lt/Lg transmt
antennas 106. Each antenna used by the yhird STBC transmtter group
105 sends the sanme signal. 25 In this way, the first data. stream

107, the second _dat trea n hird ta. eam e
sent in paﬁQIPBF.gﬂ??gb%?% r%Pﬁﬁ%Egf@%SFﬁghénFﬂ?e?lg%%ups 1 ,ﬁ%04,
105 send daha&ettedbetogrstpariad et iansent' seméahadsfoeanstid?, ind8rsion.
109. For exanple, each data stream 107, 108, 109 30 corresponds to a
different user that wants to transmt the respective data stream 107,

108, 109. gthel BofRBneRAbRgdbNEManddle iy arsckhap1403 eaapsi ses one or
nore coded nodul ation units for encoding the data 110 such that the

. . . . h
dat a st} eamsmmoricapgon 1obaprel. e aespivedcoavsl 6LEBALI 1S Etoded,
bit-interl 7 ed t t ﬂg@A r de @t MEE that
anpl i tude %%éﬁgéﬁigg?gggg%§|§ng ég'at§¥?§?25%§%18§gglo§? 109 &%yvgg
bit streanseceigedt esbehérneceivdedalsi s¢oBRSK [bi naeyephadineti f tthe

keyi ng) or stre of . s ols, e.q. .tQ be transmt LHg .
(quadr at ur 8B aggggh?fgxggy}%gsr%ﬁéqigﬁeﬁqﬁgéPgtﬁrgaggﬁyﬁ#gd%f}ﬁ%%nsmlt
modul at i onkntédndbe Fegebyetipld? HHEendeslataceiyaaantenhasnddittdde
nunber of receive antennas 111 is denoted b% Lr. Ln one enbodquQH:L.
Lg. | ntQheaFEPFERRAGEe | FroWPakss mRP s drmer BLock SRER- (RUP Phe® data
M ni mum nugbgha9f mh§CEE Ver andeiass bkling OFpR sodbiaxasnle 3, is

used. This iS for exanple of advantage if the receiver 102 should be
kept small, for exanple when the receiver 102 is integrated in a

mobi | e.dthﬁeonéu§Hbaaiﬁe | laphonest 20,The $hanabs .l 868 ¥eerbyed Nas
receive antennas 111 are fed into a filter unit 112 which generates
filtered bRlambrbanstthatuse e Faspeewmipie, y thed fiimss makrist coppists of

decodey. 11 ggggg 4 ir :

The fi#%t gﬁﬁﬁpgggggg?qﬁ%gaginera(EégaE%?%??u%géegvgggg#ggg?gg%%111
The 25 secandm@EDM decodenrd ldydreremsed va isveonddr apdi aédowétast r eam
117 and the_thjird DM decoder 11 rat hi.rd_rgceLved_ bi
strean1118%urgherl °r %a%%b%gi%%n%j%gglr%ﬁ%%a?ﬁthg Foﬁ?g%¥ﬁg?5%%oaCh
Al anouti ' sf3@ mateiksinsedsidhefef eamplle by so2vand fullineatreequation
transm ssion s achieved. Mire antennas can be enployed to all ow
further di?@?%??y and hi gher system performance. The enbodi ment
descrided in the follow ng can be extended to such cases. 8 A STBC

transmtter group 103, 104, 105 forns data vectors for he .
respect i ve l#aPResPFRAHEBTE  15e %&ﬁﬁf%ﬁ%&?%r&étﬁér“FSghéarbeeﬁﬁ%leng
STBC transgi trt @8l 6gPrdO3en 164, tHD Y ddBfmddn@iat ar @Sp@eili. Vehbi teceived
streans 107, 108, 109 is denoted b , respective STBC t[ansthter
group 103, 4262, s1g52l\hentRy R Y4 Fﬁé&egﬁﬁ Gfgng the
transm ssi 9Ryal-eRY mabrik! | The LxplBidiedidtn hegnkal kaw Be, riheeSd8C
transmtter group 103, 10 104, 105 forns the next data vector.
25 according to a zero forcing interference suppression method,
a linear minimum mean squared error detection method oxr an

interference cancellation method.

The first matrix is for example generated from a channel

30 matrix modelling the transmission characteristics of the
communication channel. The first matrix may for example be
sub matrix of the channel matrix or the first matrix may be

the channel matrix itself. The first matrix may alsc be a



The data vectors data vectors xg can be witten together in _ the
formof the vector x = which corresponds to the data
transmtted in one transm ssion step by the STBC 15 transmtter
?roups 103, 104, 105 Thahdata recei ved by the receiver 102 in one
ransnlsS|on st ep, e en the, vector ansmited,, is itt.en
e oS e aR ot Sa e Rt REA 2550 Eo AR aE B BERE R P T
sent data Vﬁftﬁ{e &kt hen receineddahalveskesx. can be nodelled as
r=Hx + n(l where n nodel s i ndependent average white Gaussi an

noise (AWEN) with zero nean and with variance G The matrix His

called Changf \fgi%é%%ﬁé%s%r&%édﬂﬁéﬂ{?%fnthe iWheneiBh £450elpffinddeelow

two antenna ransmtter group 103, 104, 105) nodels the
transm $si onithareitesnct i ts die tdmwifigdquency domai n) channel
between the 10 tth antenna 106 of the gth STBC transmitter group 103,
104, 105 and the rth receive antenna 111. The sub matrices Hgr of

matrix H arp; gatd erl shanaeh sotmumiddtdes siisepnhaceoadspectalan

structure given by 15
embodiment of the invention.

10 Figure 2 shows a processor element according.to an embodiment

of the invention.

Figure 3 shows a flow diagram according to an embodiment of
the invention.
15
Fig.l shows a communication system 100 according to an
embodiment of the invention. The communication system 100

comprises a transmitter 101 and a receiver 102.

20 The transmitter 101 is a GSTBC (Groupwise space time block
coding) transmitter comprising a plurality of STBC
transmitter groups 103, 104, 105, in this example a first
STBC transmitter group 103, a second STBC transmitter group
104 and a third STBC transmitter group 105. The number of

25 8TBC transmitter groups 103, 104, 105 is denoted by Lg. In

this example Lg = 3,

The transmitter 101 comprises a plurality of transmit
antennas 106. The number of transmit antennas 106 is denoted

30 by Li. In this embodiment, each STEC transmitter group uses
Ly /Ly transmit antennas 106. It is not necessary that each

STBC transmitter groups uses the same number of transmit



hp ha. * -111 * hp ( 3 ) where hp, hi are conplex numbers. A
matri x having such a structure is called Alanputi matrix in the
followi ng. For an 20 Alamouti matrix H, vector h can be defined
according to the foll ow ng correspondence: -110 hi]J[4] h = -hi hohi
10 The vector h holds the sane information_as ' '

i nt r oduced 2aREENABEat LBNAFNRBNFERRSHIN St TS é\tﬁgﬁt ggg%%%(‘ﬁ %ﬂg‘?%éslipsof

the matri X]gget QiRe it t Sdsr Sho bt HAsThEL1 2ht30bRswhere DI 4 denotes
the normof the vector h and | is the identity matrix of the

apgroplriate dimension (2 x 2 in this case). 10 The result of adding
s e T R L R e s T
set of ml| fAkagodbiamatréamesiis, chasach lasd &TBEd diodeyardaufropl teat i on
Goan oxpl| Eizpd dath e E80n PPo? °Sha " RER® 1801 2ouBUB-AL Cullhd 'G¥by
(oxthogonal frequency division multiplexing) and using Lt/Lg
transmit antennas 106. Each antenna used by the first STBC
transmitter group 103 sends the same signal.
10
The second STBC transmitter group 104 receives as input a
second data stream 108, generates STBC codewords from the
second data stream 108 and sends the STBC codewords usingl
OFDM (orthogonal frequency division multiplexiﬁg) and using

15  Ly/Lyg transmit antennas 106. Each antenna used by the second

STBEC transmitter group 104 sends the same signal.

The third STBC transmitter group 105 receives as input a
third data stream 109, generates STBC codewords from the

50 third data stream 109 and sends the STBC codewords using OFDM
{orthogonal frequency division multiplexing) and using Lt/Lg
transmit antennas 106. Each antenna used by the third STBC

transmitter group 105 sends the same signal.

25 In this way, the first data stream 107, the second data
stream 108 and the third data stream 109 are sent in
parallel. Altogether, the STBC transmitter groups 103, 104,
105 send data 110 being separated into the data streams 107,
108, 109. For example, each data stream 107, 108, 109

30 corresponds to a different user that wants to transmit the

respective data stream 107, 108, 109.



* .p-a*-b*c ba*a*1+If Aand c -d

7

Tn one embodiment, the transmitter 101 comprises one or more
coded modulation units for encoding the data 110 such that
the data streams 107, 108, 109 are, for example
convolutionally encoded, bit-interleaved, and modulated to

5 MOAM (M-order quadrature amplitude modulation) signals. The
data streams 107, 108, 109 may be bit streams, e.g. to be
transmitted using BPSK (binary phase-shift keying) or streams
of symbols, e.g. to be transmitted using QPSK (quadrature
phase-shift keying) or 0AM (quadrature amplitude modulatien).

10

15

20

25

30

The receiver 102 comprises

of receive antennas 111 is
Ly 2 Ly. In the following,

that the minimum number of

example 3,

receiver 102 should be kept small,

receive antennas 111. The number

denoted by Ly. In cone embodiment
it is assumed that Ly = Ly such

receive antennas 111, in this

is used. This is for example of advantage if the

for example when the

receiver 102 is integrated in a mobile device, such as a cell

phone.

The signals received by the receive antennas 111 are fed into
a filter unit 112 which generates filtered bit streams that
are respectively fed into a first OFDM decoder 113, a second
OFDM decoder 114 and a third OFDM decoder 115. The first OFDM
decoder 113 generates a first received bit stream 116, The
second OFDM decoder 114 generates a second received bit
stream 117 and the third OFDM decoder 115 generates a third

received bit stream 118.

Tn the embodiment described in the following, an Alamouti's

code is used. Therefore, Ly/Lg = 2 and full rate transmission

is achieved. More antennas can be employed to allow further
diversity and higher system performance. The embodiment

described in the following can be extended to such cases.



b Bare -ba -(b -(ad+bc*)* Al anouti matrices, a+cb+d +d)* (a +
c)* ac - bd* ad , .(ac-bd*) + bc .* (6) t w2 This allows to
sinplify the detection process. I n ongy enbodi ment, the filter unit
112 carries out a general 25 zero forcing interference suppression
(ZF1'S) algorithm This is a linear filter algorithmapplied to the
received data 11 vector r =

A STBC transmitter group 103, 104, 105 forms data vectors

form the respective data stream 107, 108, 109. A data vector

formed by one STBC transmitter group 103, 104, 105 from the
5 respective bit streams 107, 108, 109 is denoted by

Xg.
X~ =
&g —Xl *
g

where g = 1,...,Lg is the number of the

respective STBC transmitter group 103, 104, 105. When g has

been transmitted (in one transmission step), as will be
explained in the following, the STBC transmitter group 103,
10 104, 105 forms the next data vector.

The data vectors data vectors gy can be written together in

£1
the form of the vector g = : which corresponds to the

ELg

data transmitted in one transmission step by the STBC

15 transmitter groups 103, 104, 105.

The data received by the receiver 102 in one transmission

step, i.e. when the vector x is transmitted, is written as

£ rY
. r
r=| : where & =
~RL*
Lg

20
The relation between the sent data vector x and the received

data vector r can be modelled as

r=Hg +n (1)

25



such that for a STEC transmtter group 103, XL _ 104, 105, the
interference fromthe other STBC transmtter groups 103, 104, 105 in
the received signal is suppressed. 5 The linear filter used is given
by the matrix gll (7) a L g -Lgl wher2 each sub matrix Gj has to
be determ ned based on the 10 transm ssion characteristics. Filtering
the recei vedheds @ weckds indsbrydeht auwerige GhyitfeSaursifpn nedieq
received data vector f- = according to =G = + G = gx +fi(8)
15  wher gAWEN) @ithTherwamear enfisvwihbsesriAande that Themapolx H is

called channel matrix and is defined by

Hii - H,L
rlig g0, Hi.
5 m=| i ; o (2)
= r=gr ql* 0¥ ’
... —Zgr Hgr
g1 2hgsLg o =

where ggr (t=0,1 for the two antennas of each STBC

transmitter group 103, 104, 105) models the transmission

characteristics of the (frequency domain) channel between the
10 tth antenna 106 of the gth STBC transmitter group 103, 104,

105 and the rth receive antenna 111.

The sub matrices Hgy of matrix H are called channel sub

matrices. They have a special structure given by

hg hy
* % {3)
—hy hg

where hg, hi are complex numbers. A matrix having such a

i5

structure is called Alamouti matrix in thHe following. For an
20 Alamouti matrix H, a vector h can be defined according to the

following correspondence:

hg hy h
H = ¥ x| O h= [ O] (4)
-h1 hg hj



ft = GE = 01120 (8) 00. 20 such that in the filtered received
data vectorthere is no interference between the data sent by
different STBC transmtter groups 103, 11%4 105. It can be seen from
(9) 12 that after filtering according to (8) the data transmtted by

a STBC transmtter gr ou?1 103,,.104, 105 can be proces gd inge en entéy
of the dat &h€r IRSHPEL BdPBYIE hENDIIRNS STEEFRSH efeF grBapst1oR, ar

104, 105 sijncenabbgRter kerenseadiaD dditrciRelce3TBE a1 26681 Lher
groups 103, 104, 105 has been renoved. The channel nodel for the gth

STBC tr anspicthegogrddpy108, thosnatngss dhrba khen Wd thePt 88n as g4 = Agag
+ fig(10) 10 where LOgkHkg = fig and the noi se conponent fig is bi-
vari ate conpl ex Gaussian distributed wiwth zero nean and correl ation
matri x @a2n Ei ichlB®) k2~ 15 The generality of this foL tion
resul tsgi n so}f‘r@gﬂ g‘?‘l bi | Myll n i nplenentation. The matrix g](l as Lg x
2 X 2 degrees of freedom which are not all used for fulfilling (9).
Therefore, in one enbodiment a first constraint (denoted by
constrai nt wAeres |pjs eteramices rchanobhar oénbbei weotor & sewbrd iX0 the
constraint (denoted by constraint B) is used such that the matrix G
i s uni quel ydgBtik¥dmBFraguati B (RNPEARTIATE CdsectPhe (€ofistr Al nthis
These two enhadi ments are equivalent in the sense that the sane
results are given for coded and uncoded systens. The different choice
of thel@onstraint for 25 matrix G allows different hardware
architectu used i ﬂp% YIS 1P Late Lot dLffeLgnt
scenari os. &%%ntf%‘?’gr%ﬁt gg Féeglﬁ%en ﬁ%l :l‘irll ('al&(riggnéD =1,. r Eg. 'J\;’/ﬁen
= |, the sublimbsi ofstekingi the iigvgrgd of Bn AlahmgptiamaBoigeis still
uni quely detengined, using. (2) rhis means that the set of all Alamouti
matrices is closed under addition, multiplication and

15 inversion. This can be seen when these operations are written

down explicitly. If A and B are Alamouti matrices,

. e Te g a+c b+d
A+B= [_b* a*} + [_d* C*:I = Lb +d&) @+ c)*}

a b c d ac - bd* ad + bc*
AxB= li—b* a*} " Ld* c*} B —~(ad+be*)*  (ac—bd*)’ *

20

(g
it

r b}—l_i[; ,_b}
S B Y e

This allows to simplify the detection process.

In one embodiment, the filter unit 112 carries out a general
25 zero forcing interference suppression (ZFIS) algorithm. This

is a linear filter algorithm applied to the received data



13 Constraint Bis given by Ili =1 wherei =1,...,Lg. Wen = 1, the
sub matrices Gj withi # j (i =can be uniquely determ ned using (9).
In this case, G=H1. 5 In an uncoded Séstem based on (10), for
unbi ased estimation, the data transmtte 1by the gth STBC transmtter
group 103, 104, 105 is estimated by Lg,ZF = Eqlk .nfigdfie. 10 A
slicer is used to det¢rmie the corresponding transmtted synbol s
based on this estimatijoR |As will be explained bel ow, the estimation
xg, zF i s alwxused: o1 conpetchgthéie s rd STRG tswmsmiddedi ggoup 103,
forward error control %@5) code as well. 15 Instead of using two
filter steps in the I|i filter 112, namely the filter steps

according to (8) d,(11),, .the linear_filter 112 m .
xg, zF in one % Iltog Wﬁefﬁei%n&ecgﬁ%rflng??o t2}b r?%@é%%%ﬁﬁ%ef
steps accorghidipd a 0] 104,1-1950Qn- the- 8c00ivEIFsignak 18 rdufiidressed.

5 The linear filter used is given by the matrix

Giz - §1Lg

G wes (3

where each sub matrix Gj4 has to be determined based on the

10 transmission characteristics. Filtering the received data

vector r using the matrix G gives the filtered received data

Ea )

vector £ according to

-

g

£ =Gr = GHz + Gn = fix +

Ich
o0

15

where i = Gn . The matrix G is chosen such that

a

B 0 - 0

. 0 Hp -~ O

f=cgH =|. . . (9)
0 0 - Hug

20 such that in the filtered received data vector I, there is

no interference between the data sent by different STBC

transmitter groups 103, 104, 105. It can be seen from (9)
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shetdefberngil Ekr@@k¢¢<293?¢3§1§g|t\ﬁ’erfséstbel gatadtgansmitted by
e S8R, FEliap brty SiSug BT AN S B FREgREEREY

ri'c ca I on rlg
dndepehidrgt 7§ afxghéZdamalﬁnansmuﬂ&@ﬁubedthasDtyeeléﬁE@t by

r a fix const el | of transm_tted ol

e AngRL CERBORTHERT L0Pt STt 0% SGREY Far FBEFT gerence from
Bhel BthBiSSeBS et Xagdm gl £ Fge.cdﬂp@mla,naoml ipat hes Haeh or
Pgan2 (Ek 112g42) is explicitly calculated. 15 The

reqoivedd Ther abémmsl acode i fuy tthe( B4 63BChtreasmittepuyrdp

gggut %l onlggdcélt]ethe ubésmpl nJ bea%assed as soft input to a

ig = ggég + ﬁg (10)

where Zk GgxBkg = Eg and the noise component ﬁg is bi-

variate complex Gaussian distributed with zero mean and

correlation matrix 0'1% [Zk "Egk”zjl

The generality of this formulation results in some

flexibility in implementation. The matrix G has Lg x 2 x 2

degrees of freedom which are not all used for fulfilling (8).
Therefore, in one embodiment a first constraint (denocted by
constraint A) is used and in another embodiment, a second
constraint (denoted by constraint B) is used such that the
matrix G is uniquely defined by eguation (9) and the
respective constraint. These two embodiments are equivalent
in the sense that the same results are given for coded and
uncoded systems. The different choice of the constraint for
matrix G allows different hardware architectures to be used

which may be more appropriate for different scenarios.

Constraint A is given by Gjj = I where 1 = 1,...,Lg. When
Gij = I, the sub matrices Gjj with i =3 (i =1,...,0g) can

be uniquely determined using (9).



The detection according to (11) (denoted by ZFIS Option 1) and (12)
(denoted by ZFI'S Option 2) are based on constraint A \Wen the
detection is based on constraint B, and { is calculated as the
inverse of H (denoted by ZFI'S Option 3),”a 10 matri x inversion of H
is required. In this case, the conplexity can be reduced if the
matri x H i Sonsieatiod 8f LEcteneryby| Hith s%%%??i%‘%ébe'tPLg-LﬁhEHS,
the channel _matrix His a 15 6 x 6 matri x which consi sts of nine

Al amouti it itds, RRdistioRstEdfrehe Sear VBl dut tich = dster + PAncan
mul tiplications and, in view of a hardware inplenentation, |ess
silicon area ofmiGhcdySEaesrhsneequsing (3) J Ml erEnt caddi, t GorsHThan

mul tiplications. Therefore, when considering conplexity only 20 the
nunber of multiplications and divisions is taken into account. It is
differentiated b t e real er at | 0 ;
operati ns.%nl r?ntgl%]\grr?agp ggﬁggggi%?lgé% ne %@s’a?@dlﬁﬁgﬁr@g? ggjg%ﬁatlon'
conpl ex’ mul g pliGat Lt%n%ﬁ&@t@éde%?rﬂ@@eftm%@dﬂﬂﬁarmnat%rag&@ab 103,
mul tiplication, usually a 25 multiple to 3 or 4. The ZFI S al gorithns
i nt roduced 1&dovd O5edsi eetimere® BHditions, matrix nultiplications and
matri x inversions. Since Alanouti matrices are closed under addition
and 30 nmultiplication, when these operations are carried out for two
Al anouti matrices, only the firsg_ro AWZthe resulting matri eeds
to be cal cul dgpdF Th%gs%ébﬁ@'#bﬁg%@ﬁmbﬁ obt ai ned by sign chéﬁ&g
and/ or_conjugate operations. Therefore, for a 16 nmultiplication of
two 2 X2 Al amouti matrices, only 4 conplex nultiplications are
required. p JAKRBH 6k ukbdCap BEt&E£RINE hdtle acdMtddpondiver sransnitaed
x 2 5 Alanouti matrix can be done by scaling and reqrderi ,of a

TRt x el eRbSLs baged pn thhe RASFIMGFLCR] PNk By BrPIatpogelay,
al + bR + ( imh@ suheLe Jhe;su i flohat @pudtheqgr eak Rattief

t he respec%q\?eje?gr%p e%wﬂu%éﬁﬁhaﬁﬁ ?fﬁgnﬁ%cg t he i&n%gi nargy part of the
respective seQRIgt BBeEnghaereanathes £fOF ecdier eanpEEe] ¢sbegad weal.
mul tiplications. Taking the reciprocal of Ce 1 requires 1 real
divisibh. For multiplyingwith the real INF a second row can be, as
mentioned ahove.Pereakeubated whibartstaps her oA tispldatdions)r 412,
real nultiplications are additionally needed. For a nmultiplication of
a matrix Anamed2Chendilgent PESPRaRErRTAHRE ofer B ) Gt drid ) redlir ddnear

since Al= IAFA 112 may also generate xgzr in one filter step which

is a combination of these two filter steps according to

20
- i}
%1 B~ 0 0
%5 o - e i
&rp = | =| : - - o |[E=GZ (12)
&y, 0 o g2
Elg A

where



The channel matrix His estimated in a channel training phase.
Subsequently, the receiver 101 receives the data 25 vector r which is
filtered to reconstruct the sent data veator x. 17 In one

enbodi ment, the detection nmethod is divided into two stages, a
pre-conput ati on gtage (before the r~has been received or is
processed) and a ﬁkkéﬁilng gst en the vector r is processed). 5
In the pre-conputati st'age, @%@ i s|calculated according to (15) and
al | conputatponsiare carsiediout that allow the cal culation(md) xg, zF
according to—(11) or (12) respectiv |y as soon as the vector r is
avai |l abl e. Speci Cébhﬁ ingt g re-conputation stage, (after the
channel has been e§g| %ed aﬁd"%%é? trix H has been generated), the
following steps are carried out: 15 (a) (b) (c) The matrix G and
El ggku The matrices fig and The matrix G is calculated Egl 112are
and 11E42 £ﬁhasF§@8&é@ée§y@£&,caéoeute§faﬁgl  ¥nERORE O51LE S0ekdls A,

is only done when ZFI'S is used) (d) pg is calculated
according 1@8( 1509 are convolutlonally encoded, the data received from

5 each STBC transmitter groups 103, 104, 105 can be processed

independently based on (10). Since the noise variance of ﬁg

is , the optimal metric used for soft decoding

1
2 (S e

is given as

~ 12
10 - figxg] bl 2] g 2x - xff - (10

1 2 =
o (S losil) 5 A (Zilesx]

The second form of metric calculation, i.e. the right hand

2
side of (14), is more desirable since "Eg}ZF —-gg“ can be

computed easily element by element for a fixed constellation
15 of a transmitted symbol. Therefore, in one embodiment, this

form is used for metric calculation.

In this case Zxg,sr and the channel normalization factor

defined as

20 - |Eq| (15)

7 & (Sl

is explicitly calculated.



ZFIS Option 1 requires |less pre-conputation than ZFIS 20 Option 1 but
uses a two-step filter instead of a one-step filter. In the filtering
stage in case of ZFIS Option 1, the follpowing step is carried out
25(al) f = G and xg, zF = fiare cal cul at %ﬂ In the filtering stage in
case of ZFIS Option 2, the following step is carried out (a2) xzF =
Gr is calculated. 18 In the exanmple with Lr = Lu = 3, the ZFI S

filter matrd he, f i FeT i
G35 (17 Wers g oY gty o e e R lar et

mat ri ces armamalecllcatte dbyactendiang comp9abion Opd the gussmilts gan be
-11141] [ E221Lci ;- 1123Eidr .G13,=-1- 112l i L] jii_113311-2-1]-1 g 21
= [ 1.1 _23CPERRS (afs)so-ff §opt Ffsﬁlﬁtji%‘[léﬂfﬁ%‘%#’f “1133Ein g31 Lu
u-1 =325 22 1-1311121ML1Hi | H12ili/1-1 n n-1 15932 = r'232=12
-11 31liii]J11221111-1 1.122E3.1]-1 Th erns for Gj (] | o
accor di ng t1q FHHeEGE SCEFHRG Fﬁct(g?'i_ 6%‘?\%?%%%?& é%{ﬁp&:wn L
factors). They @arg dereiRdPyy zris! 6ptishd®) fass Obasedl o Winsirdent
factor according to the order "20 in ich they are witten in (18).
Since Ggu &J Whern=they dB)tection is based on constraint B, and G is
calculated as the inverse of H (denoted by ZFIS Option 3), a
10 matrix inversion of H is required. In this case, the

complexity can be reduced if the matrix H is inverted

efficiently.

In the specific case Ly = Lg = 3, the channel matrix H is a

15 6 x 6 matrix which consists of nine Alamouti matrices.
Additions can be carried out much faster than multiplications
and, in view of a hardware implementation, less silicon area
or chip space is regquired to implement additions than
multiplications. Therefore, when considering complexity only

20 the number of multiplicationé and divisions is taken into
account. It is differentiated between the number of real
operations and complex operations. In terms of complexity and
necessary hardware, each complex multiplication can be
expressed as a multiple of a real multiplication, usually a

25 multiple to 3 or 4.

The ZFIS algorithms introduced above require matrix
additions, matrix multiplications and matrix inversions.
Since Alamouti matrices are closed under addition and

30 multiplication, when these operations are carried out for two
Alamouti matrices, only the first row of the resulting matrix
needs to be calculated. The second row can be obtained by

sign change and/or conjugate operations. Therefore, for a



the matrices Ggg do not need to be cal cul at ed. 19 left side
factors can be cal cul ated subsequently using the matrices in the
second colum and the third col um. C?o (value of index i)
Comput ation for rlght and left side factgg Cbnputation for left side
factor 1,23 "H _32"H if3,Li-Li22 ""|I_2. 1. 3i % 2 "I ,1§al

i PELRARCRD1GB108 i 2 &1%@%?%%4@ ARECS32882Y fabPEPlex

5 The r eqUirg,ed1 OMBLEXbhY AboTzgqiiddaterm) is: 0 x 4 - 36 compl ex

mul tiplications for H Hy 9 36 real multiplications for ilhie 10
For exanple, the sub natrlx 612 is calculated according to u u
-1-11Fp p LR QG) lcan pe seen that a matrix inversion of a 2 x 2

5 Alamoutl matrix can be done by scaling and reordering of

a
matrix elements. If a = [b}' the norm of a is given by

| = a& + af + bg + 13 (16}

10 where the subscript R denotes the real part of the respective

complex number and I denotes the imaginary part of the

respective complex number. "QF can therefore be computed

using 4 real multiplications. Taking the reciprocal of HQF

1
requires 1 real division. For multiplying T]i with the real
=1

15 parts and imaginary parts of the first row of the matrix

a -b

b* a

to get the first row of the inverse matrix (the

second row can be, as mentioned above, be calculated without

further multiplications) 4 real multiplications are

additionally needed. For a multiplication of a matrix A with
20 the identity matrix, no operations are required since

=IA=A.

The channel matrix H is estimated in a channel training
phase. Subsequently, the receiver 101 receives the data
25 vector r which is filtered to reconstruct the sent data

vector X.



|2 = Linu33 - iii2p32_11:422*432 --23t=33..] Imm u LTHx
11-133112111232112 ithlat32 x CH (19 ) _111-133112 13=33 132112h42
= [11132112 H13111313 -111233112 ;12E12%7X gHL x L42 where 15 =
13311 E22L152 - 132112 E231133 2(20) 2 56 x4 x 4 =96 real

mul tiplications for the real scalar-multiplications c\ﬁwi%ﬁgeﬁ ] qéqzqcuare
brackets iBn(29% onxodimerpy W dabectaencReEBAS 18r W 1Tl EWO
di vi sions for ci pr | ]_3119:13]1%0@1 %thas 2Hee8RR! eXe NI hiPDInLRt i ONS
for the rra?g?%éghu?t}?%%i%%ﬁl ons 6 x 4 :gézi ?eal multiplications for
real scal aregeived oorimlpratdsaed)o abor at félsarénbastage ofwhen the
l1ggicil2 in step (g% in the case Lr = Lg = 3, i.e. for the

cal cul ati oh®6F°% EiyuPTFTEiT with g * k (since 11gggll2 1) 6 x 4 =
24 realg multiplications are -

| RPQ

In the pre-computation stage, pg is calculated according to
{15) and all computations are carried out that allow the
calculation of xg, zp according to (11) or (12) respectively

as soon as the vector r is available. Specifically, in the
10 pre-computation stage, (after the channel has been estimated

and the matrix H has been generated), the following steps are

carried out:

{a) The matrix G and :E"gngZ are calculated
k

. e ~ N2
(o) The matrices Hy and ﬁgl and thu are calculated

15 (c) The matrix G is calculated {(this requires G and Egland

is only done when ZFIS Option 2 is used)
(d) Pg is calculated according to (15)

%ZFIS Option 1 requires less pre-computation than ZFLIS

20 Option 1 but uses a two-step filter instead of a one-step

filter.

In the filtering stage in case of ZFIS Option 1, the

following step is carried out

25 (al) £ = Gxr and Xq,2F = E'g—lifg are calculated.

In the filtering stage in case of ZFIS Option 2, the
following step is carried out

(a2) xgp = G'r is calculated.



required. 15 These terns are conbi ned according to 20 In stage
(b), 9gE g_gklikg(22) A = EI 212E21 G131131 22 = 2.21212 4- H22
G23H32 23 ' 2311113 232E23 +1133 5 This {gquires 3 x 2 x 4 = 24
conplex nmultiplications (for the three Kg terns. Further, in step
(b), the matrix 11-61 and the value jjRg2 need 10 to be cal cul at ed.
For Lr = Lg = 3, this requires 3 x 4 = 12 real nultiplications for

itz erms 3 x th £hd keampdieviviitans, feorrghe 3 eciny onalss £ah dell W@k r3xXg4nas
the form

Gi1 Giz &13
5 G =1Gz1 &22 Go3|. (17)
G31 G32 633

where Ggg = I (g = 1,2,3) and the other 2 x 2 square sub

matrices are calculated according te (9) by

-1 ~1 -1 -7t
10 Gi12 = {Hi13H33 — Hi2H3) |1 H2ooH35 — HogHaj

-1 -1 1 172
Gi13 = |Hi13H,3 — HizHyo || H32Hy5 - 333323]

-1 i ~17t
Gz1 = |Hz3H33 — HoiHaq [|Hi1H37 — Hi3Hz3 (18)
" . ’ ’ -—1
~1 ~1 -1 -1
G23 = ﬂ23ﬂ13 — HpiHq 7 |[H31Hy7 — H3zHy3
- s 1
~1 -1 -1 -1
G31 = |H3pHy5 — H31Hoq (1 B11Hs7 — HioHs5
- 1r =1
-1 -1 —1 -1
15 G32 = |HapgH;5 — H3iH,7 |[H21Hyy — Hpol,

The terms for gij (i # j according to (18)) consist of two

factors (enclosed in square factors}. They are denoted by
left side factor and right side factor according to the ordex
20 in which they are written in (18). Since Ggg = 1 (g =1,2,3)

the matrices Ggy do not need to be calculated.

The right side factors of all Gj4 can be calculated first

using the matrices given in the second column of table 1. The



real multiplications for 3 scalar-matrix nultiPlications. 15 In step

G == (c),Gis calculated, 1717.100 0Oail0O 00 in Gl2213 X1l X3
231G321 _ case Lr = Lg = 3 this is (24) 5-15-1,5-1 ==1=I =12E
Gl3 = R 12211121&3 ¢1231 ci G32 19

left side factors can be calculated subsequently using the

matrices in the second column and the third column.

Group Computation for right and Computation for
{value of left side factor left side factor
index 1)
1 H H H

HosHz4, H3zHyo Hi3Hs5
2 H H H

HisH3g, H3iHiyq HpjHsq
3 H H H

HioHso, HoiHiq H3oH 5

Table 1

The regquired complexity (for 9 ﬂiﬁ? terms) is:

36 complex multiplications for ﬂiHH

9 x 4 = 36 real multiplications for |h;|f

10 For example, the sub matrix Gip is calculated according to

- _ _ -1

Gi2 = _lil3ﬂ§% = 1_'1.12ﬂ3%:| [ﬂ22.113% - 5_12333%]
i 2 2
|33 las2] el
i 1

= |Ins2l? E13sds - fossf? 5121:1.13'12] x ¢ x ﬂg

- c

where

15
€= ”1233"2 ﬂ22§1§2 = ]|h32||2 Hy3H33 (20}

The required (for 6 Gij terms where i # J) complexity is:



20 This requires 6 x 4 = 24 conplex multiplications. As nentioned
above, this is not done in ZFIS Option 1. 22 1In step (d) (15) is
cal cul ated. This requires 3 real multipljigcations if Lr = Lg = 3. In
the filtering step according to ZFIS Option 1, 5 3 x 8 + 18 =42

E?nglex nultlg:hcghggn§6areaf%%#L {égﬁiﬂﬁﬁ IPreaﬁg gggr %&glggg i f

filter|ng ahemlpaﬁaﬁdnﬁgstwmiﬁﬂéﬁ(iﬂlsqmd&e Hragket6 iIn361&pnpl ex
multiplications are required for xZF = W. if Lr = Lg = 3. The

conpl exi tygok ZF&Sz@pté@nSmﬂlﬁﬂpiﬂbamibn$uﬁﬁﬁﬁmgﬁd intables 2 and 3
for Lr = Lg = 3. 15 termmultiplications divisions lihilf , 113-4 36

conpl ex, 3@ teal yon1- §13(didhd ) RM:D6a1l44 gl 6 119-1gk2 24

real -
5 6 x 4 = 24 complex multiplications for the matrix

multiplications
6 x 4 = 24 real multiplications for real scalar-matrix

normalization

10 For the calculation of }E"ggkﬂz in step (a) in the case
k

2 :
Ly = Lg = 3, i.e. for the calculation of 6 nggk" terms with

g # k (since "g@ﬂf =1) 6 x 4 = 24 real multiplications are

reguired.

15 These terms are combined according to

+aol + s

3 Jouf
k

2
lozaff + 1 + oz (21)

I

3 Jazff
k

2
%Il.g_:akll2 = Josal” + fasa] +1

20
In stage (b},

Hy = 2, Ggklxg (22)
k

25 is calculated. For exzample, when Ly = Lg = 3



Ekg_gai kg 24 complex - 1-1-9g111342 24 real 3 G 24 conplex -

10

15

20

3 EkH- g- gkr xZF = & 36 conplex -
21

Hii + GioHp1 + Gi3H31

¥
"

Hp = GpiHy2 + Hap + G23H32 (23)

A3 = G31H13 + G3pHo3 + H3z

This requires 3 x 2 x 4 = 24 complex multiplications (for the

three fy terms.

- - 12
Further, in step (b), the matrix ﬁgl and the value ”hg" need

to be calculated. For Ly = Ly = 3, this requires

3 x 4 = 12 real multiplications for 3 ”ngz terms

3 x 1 =3 real divisions for the reciprocals of “ﬁgv

3 x 4 = 12 real multiplications for 3 scalar-matrix

multiplications.

In step (c¢), G is calculated, in case Ly = Lg = 3 this is

I G112 &13
¢ =| o0 HY 0|/ I &3

0 o @181 G32 1
(24)

This requires 6 x 4 = 24 complex multiplications.

As mentioned above, this is not done in ZFIS Option 1.



total 144 conplex, 228 real 23 Table 2 23 termnultiplications

divisions h' 2H }Nt 36 conplex, 36 real - _qij ex,

real 6 ggk r 24 real - Lig ™----1k ..g%ikg 24 conplex - A-gifig

1 :
In step (d) (15) is calculated. This requires 3 real

10

15

multiplications if L, = Ly = 3.

(i]) 24 conpl ex,

In the filtering step according to ZFIS Option 1,

3 x8 + 18 =42 complex multiplications are required for

£ =G

£ = Gr may be simplified.

and Zq,72F = Egl_fg if Ly = Lg = 3. Since Ggg = I,

In the filtering step according to ZFIS Option 2,

6 x 6 = 36 complex multiplications are required for

The complexity of ZFIS Options 1 and 2 are summarized in

tables 2 and 3 for Ly = Lg = 3.

144

divisions

term multiplications
"llj 2 rﬂiﬂ;{ 36 complex, 36 real -
Gij (1= j) 24 complex, 144 real 6
2 24 real -~
o]
By = D\ Sgxkg 24 complex Z
=1 [l= 2 24 real 3
5 B
g 24 complex -
~ 12 - 3
|5
2
2x "993{" .
Zzp = Gt 36 complex -
total 144 complex, 228 real 23

Table 2




2 24 real 3 IIElgr _ 3 Ek bgkr = & 24 complex - xZF,g = R-61.. 18
conplex - total 126 conplex, 228 real 12 5 10 I n one enbodi nent where
ZEI'S of the matrix His carried nultipIiE ti on approach di scovered

[1]) which uses a divide For inverting a ﬁatrix Hall all[cll c12 H

«@ |l

[a21 a22c2l c?2?2 Table_ 3 Opfin 3 is used the inpversion—out—accor-din

to a fast |z x by FHREGAGIPRE69 (see aRdVeBAGDET
approach. thavizng tﬁg stTucturg 3¢ complex, 36 real =
§ij(i o j) 24 complex, 144 real 6
2 24 real -
loox|
iy = Zk Ggklxg 24 complex ~-
1 e )12 24 real 3
i3 B
~ 12 - 3
|5
2
2k Hggk”
F = Gr 24 complex -
XgFg = EE # 18 complex -
total 126 complex, 228 real 12

Table 3

Tn one embodiment where ZFIS Option 3 is used, the inversion
of the matrix H is carried out according to a fast matrix
5 multiplication approach discovered by Strassen in 1963 (see

[1]) which uses a divide and conguer approach.

For inverting a matrix H having the structure

a & C c
10 § = [ 11 12} _ [ 11 12] (25)
a1 azz] |e21 c22 :

where aj4 and cj4 can be scalars or sub matrices of

appropriate dimensions, the following computations are
carried out:

15



(25) where au j and cij can be scalars or sub matrices of
appropriate di nensions, the follow ng conputations are carried out:
24 R1L = R2 = a21 x RL R3 =x ai2 R4 = a2l x R3 R5 = R4 - a22 1k6 =
(R5)-1(26) 012 = R3 x R6 021 = R6 x R2 R#4= 1k3 x ¢c21 011 = Rl - R7
022 = -R6 This can be done for a matrix of any di nensi on having the
structure acc rd_i_ng t@1(25). However, the above operations 5 have to
be carried ou 1sTar( éﬂy. For exanple, in the case Lr = Lg = 3, the
channel matriRzHeizgp@ax6Rx 6 matrix consisting of 9 sub matrices Hi |
(ir,j =1,2,3) - R\/\/@(ig{brray be divided such that into the structure
(25) 10 accorlé?ng t For hi gher nunbers of Lr and Lg, H can
be partitioneB4in 2ick 8% a way that the | ower-right submatrix of H,
a22, in this exaapke {4422 E23], has the |argest possible dinmension
(being E32 E33 a power, of 2) such that the STBC matrix H1| is not
partitioned. R@5=I(R5héleded for higher nunbers of Lr and Lg, e
partitioning cah.be.done recursively such that there is one
sub-matri x (e.]?.] wth the | ar gest possi bl e di mension (being a
power of 2) n®&i g Buef2hat the STBC matrix HI is not 5 -
partitioned. Fhis syl-g@trix can then be partitioned itself and

i nverted acco&ldli ng Rtlo ?ﬁe i nverting schene above.

c22 = —Rg

This can be done for a matrix of any dimension having the
structure according to (25). However, the above operations

5 have to be carried out serially.

For example, in the case Ly = Lg = 3, the channel matrix H is
a 6 x 6 matrix consisting of 9 sub matrices gij (1,3 = 1,2,3)}

which may be divided such that into the structure (25)

10 according to

Hi1 Hiz His [B11] [H12 Hi3]
H = |Hp1 Hop Hp3| = [521] [Ezz lizs] (27)
H3i Hzz H33 H3zi H32 H3sz

For higher numbers of Ly and Lg, H can be partitioned in such
15 a way that the lower-right submatrix of H, ajpp, in this

[Ezz Hp3
example

}, has the largest possible dimension (being
B32 H33

a power of 2} such that the STBC matrix Hj; is not

partitioned.



In the exanple Lr = Lg = 3, another partitioning is possible, for
exanple by forming a 2 x 2 sub matrix in the upper left 10 of H It
can be seen that when equations (26) are applied to this partitioning
of H the matrices generated by the equatisons and nmultiplied
according to the equations (26) have the correct dinensions such that

no inpossi bl AUbbeA! Feat hoghbasnidhde eF T, edneul,,| Nther Psroft Tei K
dinensions (a 4 x 4 15 matrix with a 2 x 2 natrix for exanple.) The
i nver si on otahl?Beldd8k trheubswwely igith 4hat4 timtnei X s288e —smely-red ttoihe

12:3) have (Ar GroB2e) SULGG HRE (SHE 1808 Al o IEBabiigefvoind 4 Fover
2.3) have 2. ® tr 358 e
The. mt 11 ceetngbatt 5 pd eBR HE R e Rkt P 3D AT o ©

cal cul atd onpab+i AYBHEE. NRhE L COSH Hatd 2k LaMBiHGE HeaPEreat Cothad | Disdl £
determnants of 2 x 2 matrices can be used. -1 Wth G=H the

filtered chanBelnwarpsdi scaprdbrmtia yhe Anverting: sghers P case,
fig needs not to be conmputed. The conplexity of ZFI'S Option 3

Is sunmarized in table 4 for Lr = Lg = 3. It involves all the
necessary c@npthatésasple fererkding it kecddempretizboging s pegSs)ble,
and the channel 26 nornmumlization factor according to (14) for the
decoder (fofoExanprelyi berBpruerdderd X e SMMAALIBKI Bt FiRsupper left

10 of H. It can be seen that when equations (26) are applied to
this partitioning of H, the matrices generated by the
equations and multiplied according to the equations (26) have
the correct dimensions such that no impossible multiplication
has to be carried out in terms of matrix dimensions (a 4 x 4

15 matrix with a 2 x 2 matrix for example.) The inversion of

Hoo H23

the lower right 4 x 4 matrix gpp = LiZ }%3} may alsc be done
432 £

according to the equations (26). Since the Hiy (i,] = 1,2,3)

have Alamouti structure {and these are closed under

multiplication, addition and invérsion}, only the first rows
'20 of the matrices need to be coméuted. Further, simplifications

for calculation of inverse matrices of 2 x 2 matrices and

calculation of determinants of 2 x 2 matrices can be used.

With G = H !, the filtered channel matrix § is an identity

~ 12
25 matrix. In this case, "Qg" needs not to be computed.

The complexity of ZFIS Option 3 is summarized in table 4 for

Ly = Lg = 3. It involves all the necessary computations to

generating the estimate X7F, g (g = 1,2,3) and the channel



divisions H1 96 conplex, 24 real 3 gk kr 36 real - 114112 O real
- sgv2 _ 3 Ek kgkli2 2CZF, g = ---1-

26

normalization factor according to (14) for the decoder (for

example Viterbi decoder).

term multiplications divisions
H—l 96 complex, 24 real 3
2 36 real -
log|
~ |2 0 real -
J5s]
2 ) 3
2
o lsox]
x2¥,g = Eglig 36 complex -
total 132 complex, 60 real 5
Table 4
5
The ZFIS algorithm is a generalization of the zero-forcing
(ZF) detector. A minimum mean squared errcr (MMSE) detector
can also be used by the filter unit 112. In this case, the
filter matrix is given by
10

-1
GumsE = [EHH ¥ c%;_] e (28)

As in the case G = H™1l, the inverse of a matrix needs to be

calculated. Since [ﬂﬂg + G%l] also consists of Alamouti sub

15 matrices, the method explained above for low-complexity

matrix inversion can be used as well.

In the following, an example 1s given for the inversion of a
6 % 6 matrix comprising 2 x 2 matrices with Alamouti

20 structure. The matrix to be inverted is given by



36 conpl ex - total 132 conplex, 60 real 6 Table 4 5 The ZFI S
algorithmis a generalization of the zero-forcing (ZF) detector. A
m ni mum nmean squared error (MMSE) detector can al so be used by the
filter unit 112. In this case, the filtepymatrix is given by 10 -1
g_MWE =[HIIH + 9H 1 7 (28) As in the case G= H1, the inverse of
a matrix needs to be 2 calculated. Since [11HH + unl] al so consists
of Al amputi sub 15 matrices, the nethod expl ai ned above for

| ow- conpl exi t{y aft rbxq i nugs sileyy canbelysgd as well. In the

follow ng, anl exanplg is given for fhe iknvMersion of a 6 x 6 matrix
conprising 2 12 jmakricediw t3 A akpat 2130 structure. The-matrix to
be inverted ilsagivep,by a2 uall d53 bos mly M2 M3

mp) mpz m23| (29)

m3y Mm32 Mm33

P * * * * *
—bp1 ap1 ~—bpp agz -b23 a3
a3l b3l azp b3z a3z b3z

* * * & * *
—b31 a31 -b3z azz -b33z a3z

The objective is to compute

5
g11 912 913 m1 miz m3]
G = |gp1 922 923 = (@21 m22 m23 (30)
g31 932 933 m31 W32 D33

118 b1 1] @ b2
Given two matrices 8 = — + | and Sy = — * %
k1 ko |-by ap

represented as S = {a1, by, ki}and 5 = {ap, by, ko}, the

10 following rules are used:

5+ S = {kzal + kian, kpby + kqbo, klkg}
57

S1- 52 = {kpay — kyap, kpby — kb, kika}
*
58 5 = {alaz — bibg, aby + biag, klkz} : (31)
-— *
15 st = {klal, ~k1b1, 1 a1 P + | by [2]

-8 = {-a1, by, ki}

The solution to the 6x6 matrix inversion is obtained by first
performing matrix inversion on the 4x4 matrix

20



-111 a21 * -b21 a31 * -bn bn * all b21 -k an b31 * an al2 * -3312 a22
* -1322 a32 * -b32 bl2 * al2 b22 a22 b32 * a32 al3 * -1013 a23 * -b23

a33
28

-1
[I.flll mz} . [911 912] (32)
mpi m22 co1 S22

corresponding to (26) according to the equations:

10 Rg = Rz+ (33)

15 c22 = —Rg

Bgquations (26} are then iteratively used a second time such
that the final solution is calculated according to
20
92,11a = 231® cn1
Q2,11 = m32® co1
9,11 = Q2,11at 22,11b
Q2,12a = m31® c12
25  Q212p = m32® 22
92,12 = 22,12a% 92,120

93,11a = €119 m13

03,11b = C12® mo3



* -b33 * al3 b23 * a23 b33 * a33_ e M| M1 .2131 ml2 11122 M32 ML3
M23 MB3_ (29) The objective is to conmpute 5 G = gll 221 g31 912
222 932 213 g23 g33_ ML11 11121 11131 121112 11 122 1132 1E113 1E123
11133_ -1 29

93,11 = €3,11a™ £3,11b

03,21a = ©21® m13

Q3,21b = S22® m23

93,21 = 93,21at 03,21b
5 Q4a = m31® Q3,11

Qap = m32® 03,21

Q4 = Q4at+ Qb
Q5 = Q4— m33 (34)
0 = gzt

10 913 = 23,119 %6
923 = 23,219 Q6
g31 = 96® 22,11
932 = 269 Q2,12
97,11 = 23,11® g31

15 97,12 = 23,119 g32
Q7,21 = 23,21® g31
97,22 = 23,21® g32
g11 = €1~ 97,11
gi2 = €12~ 97,12

20 go1 = g21— 97,21

|

Coo— Q7,22
-6

g22

i

g33

Divisions are only required when the matrices are recovered

25 to their final form from the notation {aj,bi,k1} to

1|81 b1 . ,
— + % |- All operations above are operations on 2 x 2
k1 ~b1 a1

matrices.



(30) Gven two matrices fl = :L- kl al * -331 bl * aiJ 1 a2 * -b2

b2 a2

and S2 = -- k2 represented as Sl = {al, bl, kIl

and S2 = {a2, b2, k2}, the 10 following rules are used: at+{k2al +
kla2, k2bl + 1(1332, 41(2} {k2ai - kla2,3k&2bl - klb2, 41(2} a {ala2 -
blb, allo2 + bl4, kj.k2}(31) 15arl{1(14,al+ | bj. 12} -{-a,kJ.)

10

15

20

25

30

The reciprocal computation can be done using the Newton
Raphson method. This is based on the method to obtain a zero
of a function £ (the value of x for which £(x) = 0}). A guess
for a zero x[J], i.e. an approximation of a zero of the

function, is iteratively enhanced by
z[3+1] = x[3] - £(x[31) / £ (2[3]) (35)
where f'(x[j]) is evaluated at x[j].

This can be applied to the function £(R) = 1/R - k which has
a zero at 1/k for computing the inverse of the wvalue k. The

iterative formula is in this case given by
R[J+1] = R[J] (2 - R[3Ik) (36}

where R[0] is an initial guess, i.e. the initial

approximation. The iterative formula can be re~written as
R[j+1] = R[3F] + R[j] - (R[JIk)R[3}] (37}

for computation using a RISC-like architecture. Quadratic
convergence can be achieved, the better the initial guess,
the faster the convergence. Multiple initial guesses can be

used for different ranges of the value of k.

Since only one division at the end of the procedure is
necessary, hardware implementation is facilitated. This also
enlarges the range of the values that appear in course of the
procedure. Numeric simulations show that bit widths of some
intermediate result may exceed more than 20 bits. Therefore,

in one embodiment, intermediate data is dynamically scaled.



The solution to the 6x6 matrix inversion is obtained by first
performng matrix inversion on the 4x4 matrix 28 = [ ML1IML2] -1
[211 212] (32) Me1MR2 221 222 corresponding to (26) according to
t he equati ons: 5 -11 -1 R2 = n210 R1:§§

In the following, a possible hardware architecture for
carrying out the inversion process described above is

described with reference to fig.2.

Fig.2 shows a processor element 200 according to an

embodiment of the invention.

The processor element 200 comprises a dual-port memory 201
10 for storing the input and output, two hardware multipliers
202 for multiplying two words, two adding/subtracting units
203 for adding/subtracting, a dynamic scale unit comprising a
first scale unit 204, a second scale unit 205 and a scale
function unit 206, pipeline registers to store intermediate
15 results, a plurality of multiplexers 208 to direct the data

flow and initial guess selection units 2009.

Since the memory 201 is a dual-port memory, data stored at
the same address can be simultaneously accessed at two output

20 porits. Therefore, operations on the same two complex numbers
{(multiplication, addition, subtraction) are possible as well
as operations on one complex number (squaring, determination
of absolute value). The memory is for example operated at
80MHz, wherein the read cycles and write cycles are

25 alternated (and thus are each clocked at 40MHz).

The multiplexers denoted by RMUX(0, IMUX0, RMUX1, IMUX1 in
fig.2 route the real parts and imaginary parts of complex
numbers stored in the memory 201 to the multipliers 202. They
30 can be controlled such that each combination (i.e. real part
of first complex number x real paxt of second complex number,
real part of first complex number x imaginary part of second

complex number, imaginary part of first complex number x



= nml2 R4 = 11210 -113 R5 =M22 n-1 10R6 = as 212 = R3(r) E6 221 = ROD
Ez_2 a7 = a3 221 211 = El - E7 (33) 15222 = Equations (26) are then
iteratively used a second tinme such that the final solution is

cal cul ated according to 20 25 22,11a = MglO 211 @, 11b = M 32221
22,11 = 22,11a 22,11b 22,12a = M310 212 22,12b = 11320 222 22,12 =

22 1207 22 d Eelinr 2 b MY el TBRRL) B Pplemgr

03, 21b 5 04&izstiVBEn@d.ekl ndtbexr xlB@@lQﬁaﬁﬁ.dﬁlsedbhﬁ+d©mﬁde®5numbér

La33 06 _'(%ékzge multiplied using the multipliers 201. Therefore, when
two complex numbers need to be multiplied, only the two

5 multipliers 201 and two clock cycles are necessary to perform

the required four multiplications.

The inversion method based on the Newton Raphson method as
explained above is used for reciprocal calculation. When the
10 first iteration is to be initiated, the signal denoted by
INIT in figure 2 is set to 1. In the subseguent iterations
the signal INIT is set to 0 since the result of the previous

iteration is used as guess for the next iteration.

15 Since there are two independent multipliers 201, the
reciprocal of two numbers can simultaneously calculated using
the iterative Newton Raphson method. This allows an efficient

use of hardware resources.

20 The processing element 200 is for example used for each sub
carrier of an OFDM system, for example, in case of 48 sub
carriers as it is commonly used, 48 processing elements 200
are used in parallel. The processing element has a RISC-like
architecture and is optimized for the 5 basic matrix

25 operations and reciprocal calculation. It can be implemented
with high speed {(e.g. in ASIC) for a low latency or for
allowing processing of more than one sub carrier by the same
processing element 200. The scaling decreases the risk of
numerical underflow or overflow during the processing.

30
In the following, a processing flow for detection according

to one embodiment of the inventiori is described.



10 913 = 03,11 06 223 = 03,21 06 231 = 060 02,11 232 = 060 02, 12
07,11 = 03, 110 231 15 07,12 03,110 g32 07,21 = 03,210 g31 07,22 =

03, 210 g32 20 gll 912 g21 922 433 = = = = = 211- 212- 221- 222+ 06
0741 07,12 07,21 07,22 Di vi si ons ars only required when the
matrices are recovered 25 to their final Tormfromthe notation

{al ,kJ.} to [b1l * era ons a e _are qperations

-Cl al nat?+%e Sh%ﬁsTﬁe %%Ié# GF&PFSEnEa% dﬁﬂ% QEﬁ?ﬂ} ot
t he Newt on Eﬁ@h§§@eﬂ§133d This is based on the nethod to obtain a
zero of a function f (the value of x for which f(x) = 0). A guess 5
for a zero X[j] I.e. an approxrnatron of a zero of the function, is

iterativel yg ) &l eva?ﬁ XLy 3 g%ﬂl %&E&L%g ggﬁééﬁﬁé 3§%é££§bing

wher e fr(x[J ateda I's can
functiorb f (Ramdi®-iskiokich tﬁ&;awmmamacatlmhkchennebnpwtdeEPHMﬂaed

L;verse of &hesY££¥ é tggechéﬁgéﬂ'ma fE%rEUE%SEEfIgrtgﬁgkﬁgg%n Hyen

-1
for example the matrix [ﬂHﬂ + G%;} for use in an MMSE

filter.

10 The first matrix is inverted by the following steps. In step
302, the first matrix is sub-divided into at least four sub
matrices. For example, the matrix is written according to

equation (25}.

15 1In step 303, a first sub matrix of the four sub matrices is
inverted. In the example using the formulas (26), the first

sub matrix would be ajj which is inverted to get RI1.

In step 304, a second matrix (R4 in the example using (26))
20 is generated by multiplying a second sub matrix (ajs in the

example using of (26)) of the four sub matrices with the

inverted first matrix and a third sub matrix of the four sub

matrices (ais in the example using (26)).

25 In step 305, the difference matrix (R5 in the example using
(26)) between the second matrix and a fourth sub matrix (asp
in the example using (26)) of the four sub matrices is

determined.

30 In step 306, the difference matrix is inverted (the result

would be R6 in the example using (26))



Rj+1] = Rj] (2 - Rjlk)(36) where RI0] is an initial guess, i.e.
the initial approximation. The iterative fornmula can be re-witten as
Rj+1] = Rj] + Rj] - (Rj]JkKRjj](37) for conputation using a

RI SC-1i ke architecture. Quadratic converggnce can be achi eved, the
better the initial guess, 25 the faster the convergence. Miltiple
initial guesgegrepnzfe, usked {ibfe didd GRAL o &eg‘églema@@d@éy@d Un Khe
Since only one divisioh at the end of the procedure I's necessar

har dwar e | nbheathedt d@ﬁferseﬁcaazlmaﬁxaixe@ndThhs dhse SﬁJgenl axsgasrctdﬁ-ssed

Tl ati ons 2hot FRa BRI ACHE B TG e BPnRBV L Eor b T i 28

exceed nor efbha@x&l@pbetﬁseﬂ_l’ﬁ ef glagit iof angleﬁbﬁdmﬁeﬁix ¢mt£rﬂmdjea_’t e
data is dynan%call scal ed. 1 In the follow ng EOSSIb|e har dwar e

ar chi t ect urBaFBI= chf r SPRREHRY (HFE™ P& %F"B'ﬁrﬁﬁécgﬁs AT e dAbove
is describegi wépingf ehenceedBrdd Gata %:.gthZ shows a processor

el ement 200 according to an enbodi ment of the invention. The
processor el ement 200 conprises a dual -port nmenory 201 10 for storing
t he i nput a u dar r r t Yying
two words, ?ﬂbeg%%lﬁgﬁﬁﬂéﬁraegﬁﬁé%&gﬁbghgogsé%%gggﬁﬁﬁg}Qu%-¢%%t|ng, a
dynam c scale unit conprising a first scale unit 204, a second scale

unit 2 an al functlon\ nit 206 [ ne register e
"t er medh ar b1 hs T astFiATSe o e PR P LR rh T ERC e 30 Gt St
the data f|m@.ﬂﬂsdzﬁétmﬁh@tﬁ"ﬁ$€,$%ﬂCHBanpm 854288¢, Sive® t he rrermry
201 is a dual -port nenory, data stored at the sanme address can be

si mul t aneously accessed at two output 20 ports. Therefore, operations
on the same two conpl ex nunbers (nultiplication, addition,
subtraction) are possible as well as operations on one conpl ex nunber
(squaring, determ nation of absolute value). The nenory is for
exanpl e operated at 80MHz, wherein the read cycles and wite cycles
are 25 alternated (and thus are each cl ocked at 40MHz). The

mul tipl exers denoted by RMUXO, | MJUXO, RMUX1, IMJX1 in fig.2 route the
real parts and inmaginary parts of conplex nunbers stored in the
menory 201 to the nultipliers 202. They 30 can be controlled such
that each conbination (i.e. real part of first conplex nunber x rea
part of second conpl ex nunber, real part of first conplex nunber x

i magi nary part of second conpl ex nunber, imaginary part of first
conpl ex nunber x 32 imaginary part of second conpl ex nunber

i magi nary part of first conplex nunber x real part of second conpl ex
nunber) can be nmultiplied using the multipliers 201. Therefore, when
two conpl ex nunbers need to be nultiplied, only the two 5 nmultipliers
201 and two cl ock cycles are necessary to performthe required four
mul tiplications. The inversion nethod based on the Newt on Raphson
met hod as expl ai ned above is used for reciprocal calculation. Wen
the 10 first iterationis to be initiated, the signal denoted by IN
in figure 2 is set to 1. In the subsequent iterations the signal IN
is set to O since the result of the previous iteration is used as
guess for the next iteration. 15 Since there are two independent
multipliers 201, the reciprocal of two nunbers can simnultaneously
cal cul ated using the iterative Newt on Raphson nethod. This allows an
efficient use of hardware resources.

| T
| T



20 The processing elenment 200 i's for exanple used for each sub
carrier of an OFDM system for exanple, in case of 48 sub carriers as
it is comonly used, 48 processing elenments 200 are used in parallel.
The processing el ement has a RISClike arghitecture and is optim zed
for the 5 basic matrix 25 operations and reciprocal calculation. It
can be irrplgﬁented wi th high speed (e.g. in ASIC) for a |low | atency
or for allo ﬁﬁmﬁrocessing of nore than one sub carrier by the sane
processi ng el enent 200. The scaling decreases the risk of nunerical
underf |ow or overflow during the processing. 3 33 Fig.3 shows a

f1 ow di agr atr 3%9’5%@@0#81‘:n@r‘?‘besagr?n&ﬁoﬂiiaﬁ@ntﬁ@aghéeﬁ%‘é%?i‘BJnE.‘ 2 In
step 301, achikhshifREELY SRMMISI RGnpRARAReNt s describing 5
characteristics of the conmunicati on channél is determ ned. This nmay
be the channels na¢texmihinged ffiorstamettrdx mempicd sihgr cexpopeets he
matrix [11H11 + 131211]:;1 fqr use in an MWGE filter. 10.The.first
matrix is invertéﬁsﬁ§l%hﬁgf%hq%ﬁé%ﬁf¥§%éﬁ§.OEht eﬁogﬁﬁ?l??ﬁﬁ??réhannel
matrix i s sub-diyj [ east f.eulr matrices. For exanpl e,
the matrix is \Ml#l{tjgﬁt%lg%g?}gél négﬁt%(s)C énc?gg{lf%%@(%). 15 In step 303, a
first sub matrix ofo t kebfdividivly rdter ifdesti maitmusr tatde 3h ie¢rsextemt e
using the fornul as (Zg&b t£¥%f&é§t sub matrix would be all which is
inverted to get R. T §Eep 304, a second matrix (R4 in the
exanpl e.ausi ng (26) o 20nvsriganeratfad sty smil miagikngfatise cHomlr saalte
matrix (al2 in the exanple using of (26)) of the four sub matrices
with the inverted firSethHt$$x and a third sub matrix of the four sub
matrices (al2 in the gXA8PAEIAMSINGeIOY) nad2Tikn byt 8p1B8O6Lyike a second
difference matrix (R5 in the exanple using (26)) between {he second
matrix and a fourth sBBP AFFR @2Xhe, foNE SPENPRETHSERGYIDB)TRDf t he

four sub matrices is deleraded ro30 ma? rI%eRN30G, thheqdihh eh@PEL: of the
matrix is inverted (the result would be R6 in the exanpl e using

(26)). 134 In step 30%ou¥ heth MAGHE@Smatrix is cal cul ated based on
the inverted differenge: Opf{d % ARGhel *aqf%&@n%'egﬁaltﬁ_pé?@géée@wm ng

the inverted first matrix. The T nverted first matrix is exanpl e
used as a part of a féecendmabidx @nd af iflopaths siht MERkris genehat Bonr

fromthe inverted fir I r filtering the received data
signal. In this docunge‘?l?,rm%%%fﬁ%ﬁol owi ng publication is cited: 10 [1]

V. Strassen, "Gaussi abnErinimattihen did fiegenOst MIr,ik Nuneri sche
Vat hemsy k. vol 13 pp,,356:356, 196935 Ol 1, VELDEA, ] ofne

processing a data sig [o=]) Vi & a conmuni cation channel,
conprising 5 determ ningeatdd rditf firatemice a@tpriixsi ng conponent s
descri bing characteristics of the communi_cati,on channel )

» processing the data signal using the inverted flxst

matrix.

25 2. Method according tec claim 1, wherein the first matrix is

inverted according to Strassen's method for matrix inversion.

3. Method according to claim 1 or 2, wherein the
communication channel is a radio communication channel.

30
4. Method according to any one of the claims 1 to 3, wherein
the received data signal is processed for estimating a sent

data signal that was received as the received data signal.



inverting the first matrix by sub-dividing the first matrix into at

| east four sub matrices 100 inverting a first sub matrix of the four
sub matrices generating a second matrix by nultiplying a second sub
matri x of the four sub matrices with thesignverted first natrix and a
third sub matrix of the 15four sub matrices determ ning the
difference matri x between the second matrix and a fourth sub matrix
of the four sub matrices inverting the difference matrix 200

cal cul ati ng>t et ho@raeeprding X cbadedmod ,t Wheraverthal shrff elaicesignal

matri x progcgess) t.a. .Sl gna I he_.i pver first matrix.
35 5 Mt ot ackarenn e ¢8 L bl ek B PR L iR
inverted according to Strassen's nmethod for matrix inversion. 3.

Met hod accog di to,claiml or 2, erei,n the co ni cat i on  channel
is a rag'i 0 ébrf?ﬁ%‘f‘ﬁ%‘%ﬁ%%&l? cdgimy Sy Vi ﬁﬁﬁl% FASF B Ehpieral
of the claii® drimsmitidierRidbridifgl eeeiyedpiata SHanalTine HRREssed
for estimating a sent data signal that was received as the received
data signal$ed88 5. Method according to claim4, wherein the sent
data signal is transmtted using a plurality of transmt antennas. 5

6. Method according to claim5, wherein the sent data signal is
transmitt ed’ adéerhbhpac@imgphicsengpane FE mehd| olkinGodi g 6, wherdin

Met hod i f. th | ai 4 6 jn 1
Lot o ccru Ao it SR S0S EL AR iRy nd L B S e

according to any one of the clains 1 to 7, wherein at |east one of

the four s V\AIE%HC%?S hascﬁl arrggti structure, 15 9. Method according
to claims8, I AREFEHNSE 8t PPY BRsPEt 8o fC i et Hiocds ARG
Al anbut i stgiCldHst one HE tMet Fedrasapr dhpgiéds atbs an@nfutline t6hakiBe .
1to 9, wherein the inverted matrix is used for performng a filter

operation 20 on the received data signal. 11. Method according to

claimi8, whenpithddadReeivedtdabaashopal vherdidaald ¥ilidt e84 1ysi ng
the inverted matrix. 25 12. thod according to claim1l, wherein the
recei ved d&nSisffalof sy peErédesckay ing ghlamen e rad rusitaingg

i nterference suppression nethod, a |linear nmean squared error

detection nmethod or an interference cancellation method. 30 13.
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matrix is erated anpe tEl I s he..t SMi_SSI. OF
characteri g:ft%il%cs?L of t eéjogag%’rmrg%i ggt ?%%Bc}ﬁ%%ré?gg%r}%4g %é‘tlrﬁ%% %%?a%on
accor défg toa dlha met@iveledeia shen&lrst matrix is a sub matrix of

t he channel matri Xx.

11. Method according to claim 10, wherein the received data

signal is linearly filtered using the inverted matrix.

25 12. Method according to claim 11, wherein the received data
signal is filtered according to a zero forcing interference
suppression method, a linear mean squared error detection

method or an interference cancellation method.

30 13. Method according to any one of the claims 1 to 12,
wherein the first matrix is generated from a channel matrix
modelling the transmission characteristics of the

communication channel.



5 15. Method according to claim 13, wherein the first matrix is the
channel matri x. 16. Method according to claim 13, wherein the

first matrix is a product of matrices, one factor being the channel
matrix or 10 the hermitian of the channelysmatrix. 17. Data

processing unit for processing a data signal received via a

comuni cati on channel , conprising a determning unit configured

to determine a 15first matrix conprising conponents descri bing

charact eri sgiscsuethbhieasosraimgaio aflghansegl wheeshni shagf arst mearding s
unit configured to invert the first matrix by

sub- di vi di ng 8BB FREEEX ned riBe i haPnal Meded*Four 20sub matrices
inverting a first sub matrix of the four submatrices generating a
second matrix by nmultiplying a second sub matrix of the four sub |
mat ri cess wi Lh. t HetRed nyerording ritn gdiim X 3andhgrehnr Bhe ubl el mat ik is
the four sup, matifi rmning the difference matri x between the
second natr??ea%éa§5$%ur$%gggk matrix of the four sub matrices 300
inverting the difference matrix calculating the inverted matrix

based on the_inverted difference matrix 8 erein the_data Co s
processi ng ufit t "PERLDF SIS I DrIfdeds ene ¥ §F81§i55%|fhE?FmF%§ﬁ§X 18
inverted figshroBbet Xor It CTPWR RIRGraBeRhgduBe, chahedl ez or
executed by a 5 conputer, makes the conputer performa method for

processithg Bheabarsi ghar ¢lecdts ethaniela "@S#dini cati on channel ,
conprising determning a first matrix conprising conponents

descri bing characteristics of the comruni cation channel 10 inverting
the first nfriRaby poetesiiigivnglt Ho processingxai Agba asigrakt four

sub natrice§ecé9¥g&t%fg g(%k&ahg?g%qggr'émgglthe four sub matrices

150 generatThg a sSecond matri x mil ti plying & second sub matrix of
the four sub wmat&bgesi Mid 4 heetddwertied funist coREibXrandta ddtdthiseh a
matri x of the four sub matrices determ ning .the difference

matri x 4et ween t At POBRGHE MRABRLLHRE LFBIPERTSUBSRET PR t he

four sub matri cegharacteridtiaid idW de dhid@reaeeonathauneral cul ating
the inverted matri x based on the inverted difference matri x 25

processi ng the detwesisirsd asinyatiednnveitegonifignred to invert the
first matrix by
o sub-dividing the first matrix into at least four
20 sub matrices
o inverting a first sub matrix of the four sub
matrices
o generating a second matrix by multiplying a second
sub matrix of the four sub matrices with the
25 inverted first matrix and a third sub matrix of the
four sub matrices
o determining the difference matrix between the
second matrix and a fourth sub matrix of the four
sub matrices
30 o inverting the difference matrix
o calculating the inverted matrix based on the

inverted difference matrix



matri X.

38

* wherein the data processing unit is configured to

process the data signal using the inverted first matrix.

18. A computer program product, which, when executed by a
5 computer, makes the computer perform a method for processing
a data signal received via a communication channel,
comprising
» determining a first matrix comprising components
describing characteristics of the communication channel
10 e inverting the first matrix by
o0 sub-dividing the first matrix into at least four
sub matrices
o inverting a first sub matrix of the four sub
matrices
15 0 generating a second matrix by multiplying a second
sub matrix of the four sub matrices with the
inverted first matrix and a third sub matrix of the
four sub matrices
o determining the difference matrix between the
20 second matrix and a fourth sub matrix of the four
sub matrices
o inverting the difference matrix
o calculating the inverted matrix based on the
inverted difference matrix
25 . processing the data signal using the inverted first

matrizx.



