DERI VATI ON AND FEEDBACK OF TRANSM T STEERI NG MATRI X

[ 0001] The present application clainms priority to
w@e@viltsizenal U.S. Application Serial No. 60/ 80PCH8R2007/069498

entitled "JACOBI | TERATI ONS FOR EI GENVECTOR

DECOVPCSI TI ON AND FEEDBACK RE ION," filed May 22,

2006, assigned to the assignee hereof and incorporated

herein by reference. BACKGROUND Fi el d [0002] The
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II.  Background

[0003] In a wireless communication system, a transmitter may utilize multiple (T)
transmit antennas for data transmission to a receiver equipped with multiple (R)
receive antennas. The multiple transmit and receive antennas form a MIMO
channel that may be used to increase throughput and/or improve reliability. For
example, the transmitter may transmit up to T data streams simultancously from
the T transmit antennas to improve throughput. Alternatively, the transmitter may
transmit a single data stream from all T transmit antennas to improve reception by
the receiver.

[0004] Good performance (e.g., high throughput) may be achieved by transmitting
data on eigenmodes of the MIMO channel. The eigenmodes may be viewed as
orthogonal spatial channels. The receiver may estimate the MIMO channel
response, derive a transmit steering matrix based on a MIMO channel response
matrix, and send the transmit steering matrix to the transmitter. The transmitter
may then perform spatial processing with the transmit steering matrix to send data

on the eigenmodes.



on the eigennodes. [ 0005] Val uable radi o resources are
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[0011] FI 4 shows a process rformed by a receiver. .
[ 001B}triEy @hese%m@aaﬁ%iﬁﬂsrsa& S greipiaeliagaiipafransmit stoering
[ 0013}trik! (st d P AROL N tRImORR ST RRE it TR toe tRBsmitter for
receiver. [0014] FIG 7 shows a procesS perforned by a
t r anssibyyttles transmitter to derive the transmit steering matrix.

[0007] Various aspects and features of the disclosure are described in further

detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 shows a block diagram of an access point and a terminal.

[0009] FIG. 2 illustrates eigenvalue decomposition for multiple subcarriers.

[0010] FIG. 3 illustrates feedback of a transmit steering matrix.

[0011] FIG. 4 shows a process performed by a receiver.

[0012] FIG. 5 shows an apparatus for the receiver.

[0013] FIG. 6 shows another process performed by the receiver.

[0014] FIG. 7 shows a process performed by a transmitter.

[0015] FIG. 8 shows a process to derive a transmit steering matrix by the transmitter.

[0016] FIG. 9 shows an apparatus for the transmitter.



[0015] FIG 8 shows a process to derive a transm't
steering matrix by the transmtter. [0016] FIG 9
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DESCRI PTI ON [ 0017] The techni ques descri bed herein may
be used for various wreless tcgormuni cation networks
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statspm, i}g@\? 6276 BRich S 'éugg T8 2 ORI EEE2 11 (which
is also referred to as Wi-Fi), Flash-OFDM®, etc. These various radio
technologies and standards are known in the art.
[0018] FIG. 1 shows a block diagram of a design of an access point 110 and a
terminal 150 in a wireless communication network. An access point is a station
that communicates with the terminals. An access point may also be called, and
may contain some or all of the functionality of, a base station, a Node B, an
evolved Node B (eNode B), etc. A terminal may also be called, and may contain
some or all of the functionality of, a mobile station, a user equipment, an access
terminal, an user terminal, a subscriber station, a station, etc. Terminal 150 may
be a cellular phone, a personal digital assistant (PDA), a wireless communication
device, a handheld device, a wireless modem, a laptop computer, a cordless phone,
etc. Access point 110 is equipped with multiple (Ny,) antennas that may be used
for data transmission and reception. Terminal 150 is equipped with multiple (Ny)

antennas that may be used for data transmission and reception.



some or all of the functionality of, a nobile station,
a user equi pnent, an access termnal, an user
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conmputer, a cordl ess phone etc. Access point 110 is

For MAF o M Rl PR Ranel PO E Sl (R 145 18880 114

equi pReetchivt rafid dateDFrSm(al\ma SCUREETITAm dIdh thoBYta B s e6htroller/
for data transm ssion and reception.[0019] On the

downtPeesorad 3 c c 8Xs dpgi ptocassor 144+ may spHPECsp ﬁfz)g dfargat, encode,
ro Y C t

Dour BTy 2ta TRHOSERE Ge rEAN PR HEBIE B8 Frmbols, which
pr ocas $1¢Udu]|a$i6n symibdatfar gatocesIor sphiidl prayespsrold@s@ay multiplex the
(e.g,, for .encode nterl eave, and synbol nap) .the
o e o E)éﬁélin Ple. RRATCAMSYARSBY ST SRAfial ppragregsing with one
nod SRl a RRERSRI

O%nlglir/l b% ?W%F‘géx a?%gfrggﬁagtﬁﬁ%%—%s Wi telﬁ £1nalogt symb IQIcf’l Sstreams of
per f artpattsyearbetsi tothes, rmcphlllatais (M@D)si&m@lrwgthhl 28ap. diach modulator

AL O TS 2o B RISt @0, con
nmodudtal &F SeneMePin ddpa dhiy Qxah. ]Qa%ﬁ Raodad#éy 1Medidyafudther condition

122 may process its output ?/nbol stream (e.g., for
OF DMe- gSGompmt t@MOg,eftmpl)fyt bltgened apeonwartd is putput lghip stream to

str eaerlrlle%aonver E git 8 A ]IY?Z dow%h{ﬂ%’/l gltg%qa b fl%%{] (rjﬂotdafglpors 122a through

(e. o7, og,apa

upcorprep ijayi He&ra@blﬁlﬁtﬂi feohh PntSlinag o4 mr@%helrzatqs, ra@spectively.

downl i nk si g%downl ink signals from nodul ators .
12200391 oﬁb erm%lp yNiye a0tERHS T 132 dhreygdin ladvle Mias receive  the

1248 410K Ii!a:fs4 %?5% tpﬁi?&'ny § ll% %{(p 028 arftdnna®r 93 &hgg provide a

150, Nu ant nnas ough ut may receive
downdet¢ikeds signdl o o raspecaice elsmogdolatulr (]DZEUM[OEDI d5éaclach demodulator
antenna 152 provide a received s

| a
r espett MA¥ B PEACETSIEDERBD mEB LY égctﬁe d’éﬂ%ﬂfl%t&?i‘fomed by

154 By 18t ﬁmﬂrﬂﬁgﬁé'ré&l&éﬁ LRRRN AnYedR (R s atlal processor
processi ng performed by nodul ators 122 and provi

r ecelﬁﬂemasypmﬁirm Sp&tlab@mtql@d(ﬂﬁl@mgpam ithd r pne@ceéssmnbdﬁtﬁrom all

J t
oy B 330" BunBELT A0 A AU A By g hich ar
pr OVésﬁﬁlaﬁé@t@f SRRl seebbRBESSMitddl BY 8E&s point 110. An RX data

processor 170 may further process (e.g., symbol demap, deinterleave, and decode)

the data symbol estimates and provide decoded data to a data sink 172 and/or a
controller/processor 180.

[0021] A channel processor 178 may process pilot symbols received on the
downlink from access point 110 and may estimate the downlink MIMO channel
response. Processor 178 may decompose a downlink channel response matrix for
cach subcarrier of interest, as described below, to obtain a DL transmit steering
matrix and eigenvalues for that subcarrier. Processor 178 may also derive a DL
spatial filter matrix for each subcarrier of interest based on the transmit steering
matrix and eigenvalues for that subcarrier. Processor 178 may provide the DL

spatial filter matrices to RX spatial processor 160 for downlink spatial matched



estimates of the data synbols transmtted by access

poi nt 110. An RX data processor 170 may further
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the data synbol estimtes and provi de decoded data to

a data sink 172 and/or a controller/processor 180.

[ 0021] A channel processor 178 may process pil ot

synbols recei ved on the downlink fromaccess point 110
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Pr 053RS or %38 anIale f&é%rplgorseparu? Cu% I'hannea[t respcynse matrix for each
subcarrier of interest to obtain an UL transmit steering matrix and eigenvalues for
that subcarrier. Processor 128 may also derive an UL spatial filter matrix for each
subcarrier of interest. Processor 128 may provide the UL spatial filter matrices to
RX spatial processor 140 for uplink spatial matched filtering and may provide the
UL transmit steering matrices to controller/processor 130 for feedback to terminal
150.
[0025] Controllers/processors 130 and 180 may control the operation at access
point 110 and terminal 150, respectively. Memories 132 and 182 may store data
and program codes for access point 110 and terminal 150, respectively.
[0026] The techniques described herein may be used for MIMO transmission on
the downlink as well as the uplink. The techniques may be performed by terminal
150 to derive transmit steering matrices for the downlink and to send these

matrices to access point 110 for MIMO transmission on the downlink. The



esti mates and provi de decoded data to a data sink 144
and/ or controller/processor 130. [0024] A channe
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subcarrier of interest to obtain an UL transmt

steeri;ng matrix and ei genval.ues for th uhcarrjer. . .
Pr oce U8 s §Y B SLATHRI Sl Dol oo 8RS ffsimit stceing
Mat rinXtricey f@amb iRk amdi ©rseall theseemesices By es%®0r 5028r MIMO
may provide the UL spatial filter matrices to RX

spat FEPMESERISBe uplitk.f or upl i nk spatial mat ched

filt@anhng ' . A [ -
e r PR AT iRk Sl B P sy BBl Rh o ransmiter
t er mndahullipl. (R) @02Djec {bastinbohl ercstiptomep borchard@0rianichy an R x T
180 may control the operation at access point 110 and

t er nihgnel reponseanyes i vehich mpsinksr gigen 2532 and 182 may

store data and program codes for access point 110 and

term nal -150, respectively. [0026] The techni ques

descri bedher 8ixn ay “lbe| used for M MO transn ssion on

the down| hnk As wel | ras| the uplink. The techni ques may

be pesrned by terninal,150 to derive transmt Eq (1)
steering|matrices for"the downlink and to send these
mat ri ces| kg akgcess: pbint 110 for M MO transni ssion on

t he downlink. Thetechniques nmay al so be perfornmed by

access point 110 to derive transmt steering matrices

wheret brdryup, j.nforandlt.o Remd t/helse., Tatdenetes tho coeplingnat complex
150 for M MO transm ssion on the uplink. [0027] A M MO
cliranele lgaiho betmg e ytranginiti phtenifdly sndamedsivte anteemnds dior adownlink

LERDSTLAY SE Ao el 6 (8 focel e ant pas gL e o,
%{16({3 ?{?:n ?\gr grr:bi{p?iinp_tfa’n\sl\rgsgiga,n% _%’gl %Ovlg r‘glqeat’sra:u&gmﬂtgqrrggcecgt ' oint 110

coupling or_c | ex_channel gain between transmt
QﬁHQKWQ%FQQHﬂggg@%rgé: mt-enna i . For downlink

transng si.on, access point 1 is the transmt

t er ni%A ”lj_l@gj:hagnql AesPPBeanytEx Hymay hggyagonalize toto?){a’in multiple (S)

eigenmodes of H, where S <min {T, R}. The diagonalization may be achieved

by performing eigenvalue decomposition of a correlation matrix of H.

[0029] The eigenvalue decomposition may be expressed as:

R=H"H=VAV", Eq (2)

where R isa TxT correlation matrix of H,
V isa T xT unitary matrix whose columns are eigenvectors of R,
A isa T xT diagonal matrix of eigenvalues of R, and

H .
“"” denotes a conjugate transpose.

[0030] Unitary matrix V is characterized by the property V¥ V=1, where I is
the identity matrix. The columns of a unitary matrix are orthogonal to one

another, and each column has unit power. Diagonal matrix A contains possible



and R = Nut . For uplink transm ssion, termnal 150 is

the transmtter, access point 110 is the receiver, T =
wWORi07a8m8R = Nap . [0028] The channel responsePCEUSI0/7/669498

may be di agonalized to obtain multiple (S) eigennodes
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et ¢. (rialihg sHelrmlaey o 1% PR PRBPmMYL ¥4 -em%%tuag% clements
(i) each el enent of V. to obtain, '

W

t hafc’q(;iﬁdub ) grTng dJensmyies spatial processing w1tﬁ §a¥nrs‘éeéd \O/f Y. Inany
case, beamforming and beamsteering may provide better performance than simply
transmitting data from the T transmit antennas without any spatial processing.

[0033] The receiver may obtain received symbols from the R receive antennas,

which may be expressed as:
r=Hx+n, Eq (4)

where r is an R x1 vector with R received symbols from the R receive antennas, and
n is an R x1 noise vector.

[0034] The receiver may perform spatial matched filtering on the received

symbols, as follows:

= A71 XH HH E ) Eq (5)

1>

where § is a Tx1 vector of data symbol estimates, which are estimates of the data
symbols in s. The receiver may also perform receiver spatial processing in other

manners.



and (ii) performng transmtter spatial processing
wth Vinstead of V. In any case, beanform ng and
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simply transmtting data fromthe T transmt antennas
wi t hout any spati al processin%. [ 0033] The receiver
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commonly referred to as Jacobi nethod, Jacob

tr an@g@ﬂﬁhﬁi .ofﬁy t@tsp mafrir. gFor sa iarggwﬁq)rgglef_leﬂmiﬁalﬁ matrix with
mat rdliﬁrenﬁ?ﬁ tgfeta?eg 408 « 8f tﬁ@ﬁer&@&eoﬁjocésgtao@}&bﬁﬂs tultiple iterations of
(OJ0) na two

sufficien taln twd el genvectors

ei gethyalavels fotatiohhios obtainr khe. cigotiveatdraragéreigavpluex for the larger
Hermitian matrix with dinension greater than 2 x 2 ,

t he FOU¥HSt & Xpr ocess perforns nultiple iterations of

the BasgPbin fat ?511.0%% QAeQRibR, iliRx & 4ENECHBRfioRNimber and is

ei genval'ues for the 1arger
initialized as i=0. R is a TxT Hermitian matrix to be decomposed, where

T>2. A TxT matrix D, is an approximation of diagonal matrix A of
cigenvalues of R and may be initialized as D, =R. A TxT matrix V, is an
approximation of matrix V of cigenvectors of R and may be initialized as
y,=1.

[0038] A single iteration of the Jacobi rotation to update matrices D, and V, may

be performed as follows. First, a 2x2 Hermitian matrix D, may be formed

based on the current D, , as follows:

d d
qu:{d"" dpq}, for I<p<Tand p<qg<T, Eq (6)

qr 949

where d, is the element at location (p,q) in D;.



conplex matrix. [0037] In the foll ow ng description,

index i denotes iteration nunber and is initialized as
W0 2000/137280is a T x T Hermtian nmatri x to be dePCORpsmeU)69498

where T >2 . AT xXx T mtrix Dis an approximtion of

di agonal matrix L of eigenval LdeS of R and may be

initialized as DO = R. AT x’T matrix Vis an

approxi mation of matrix V of eigenvectors of R and nay

be initialized a 0 =I [0038 Sj le iteratio f

Uhe DOMED.Z 54t s 0 b Bt ;RS SRGRYS i Bl are four
erforned as follows. First, 2 X Her m t.i an trix

qu e 2t gratiogs 225% éﬁ’mﬂ’h@’@h @Péﬁﬂ’q@) n léws ngﬁﬁw@@d g may
- Do =for, 1 <T <q <T , Eqg (6) where d [

the B Slsht ayde CE?S??%W&, q) in D 9[80)39] g iS a2

X 2 BUMEEREX a0fe RoombasitibAWT Bl MRt Be PbribigbdaicCobt@il a 2 x 2
el enents at locations (p,p) , (p,q) , (qg,p) and (q,q)

i n Qunitahnghat@e P andt dedBicttR elPCt ednascidasetidrey — may be
bel ow. [0040] Eigenval Ue deconposition of Dpq may bé

per f @miRed ArlBY Foth fic 2lomahitsUdT bar s fBHofsX \ _pq of

ei genvectors of Opq . The el ement’s of \ _pg may be

conputed directly fromthe elenents of Dpg , as

Egldl) ogs%\/&{eﬁgp%aﬁetglgb{d;}%gi(_, 1Eq (7b) gi =c -js Eq Eq (7a)

Re{d
clz¥=cos(4dm), Eq (7b)
Im{d
slz%zm(zdw), Eq (7¢)
81 =6 —JS » Eq (7d)
d,—d
—C )24 , E 76
== q(7¢)
x=+1l+77, Eq (7
1
t= Eq (7g)
|7 |+x
1
c= , Eq (7h)
1+¢°
s=t-c=+l-c" , Eq (71)
ifd,-d,)<O0,
Vv —
then qu:{ op pq:|:{ c S:| , Eq (7))
Voo Vg 88 &€

v v
else qu :{Vpp pq:|:{ N c :| , Eq (7K)

qp 99



Eq (7g) t +x 1 Eq (7h) 11 + 1 if ( -O< O,where d is

t he magni tude of dpg, Z dpq is the phase of dpqg, g\ is
w@2@onpi2ex val ue, and ¢ and s are real val ues RET/OS2007/069498

power, or c2 + 2 =1 . [0041] Equation set (7)

perfornms a Jacobi rotation on é X 2 Hermtian matrix

Dpg to obtain matrix \ _pq of ! i genvectors of Dpg .

The conputations in equation set (7) are designed to

id, 1 h t
Bl bPERETRAC Fobaiora 118 Hr Bl dhofriact T Filye and
be formed with matrix )\ _pq Tis an identity
ﬁ%{m ¥ rwlchlu%‘éﬂt%aF PRPSIORs *at Alocations (p, p) |

( P, q[)h04](] ﬁcﬁ%}loﬁ‘gg (gﬂ%‘sr% %Q]'a@(ﬁ)‘? %t@ﬁ&hoﬁ |3§<2|( Heﬁ}l%tlan matrix D,

ments, respective

of f a% &bli]ﬁn g? ti1 19% ng?if &%%HV_?Ltgps‘l&] H_g‘ ! 'I(Plfe cto %rtlgﬁg tnsgquatlon sct

i agon not s in equa
are S
A B e 4
qu.suﬁ60044] Matrix D nmay be updated as follows: D -
DTE ééog Equatlon (9). perforrrs Jacobji rotation vvlth
T tolﬂﬂ loA olix tmswap%wﬁm Temeayvehn tormpdywith dnaddp Yoy, - L is

| ocati ons . (p, The conput ati on nay

al o CREA e R g}ehfgﬂf islgmeaﬁa@é%aruo@s &k s(- ) D<q p) and
[ 004 v
T Eqa}(ﬂ rt%lgl'f‘éed Wgﬁm}? (328 08 EAndtp aR clediSis, Yespstively, of

cont hlf %ﬁ}‘lor mat i on matrices T used on
{e—]l@ ?ans orrmnlglon matrix T may al so be

expr essed as a product of (i) a
o _
f) T Vg

T, = o1 : Eq (8)

ap T

[0043] All of the other off-diagonal elements of T, not shown in equation (8) are
zeros. Equations (7)) and (7k) indicate that T, is a complex matrix containing

complex values for v, and v,,.

[0044] Matrix D, may be updated as follows:

D.,=T'DT, Eq (9)

Equation (9) performs Jacobi rotation with T, to zero out two off-diagonal elements d,,
and d,, at locations (p,q) and (g,p) in D,. The computation may alter the values of
other off-diagonal elements in D, .

[0045] Matrix V, may also be updated as follows:

V.=V, T, . Eq (10)



di agonal matrix with T - | ones el enents and one

conpl ex-val ued elenent and (ii) a real-valued matrix
wowan/137280 2 ones al ong the di agonal, two real - REl/USH07/069498

di agonal elenments, two real -val ued of f-di agona

el ements, and zeros el sewhere. As an exanple, for p =1

and g =2 , T nay be expressedlés: where g\ is a

conpl ex value and ¢ and s are real values given in

uation set .(7). 047] Each.iteration of the Jacobi .

SO0 Porridkot Han PR brr Mty i cwrahoH s g tansformation
Qgh%ighe %t%rggions of the Jacobi rotation may be
perfg medfOP" di'f f erent val ues of indices p and g to
zero - di l;el ) .
o1 01 bbbl 2000 GTBNBY 0 o procuct of ) 3
[ 0048hodral aRe&iHRShIN — If Bhcs€AEherts @h@TohO RompR&-VAl@ESEment and

of f-di agonal elenment of D may be identified and
denoiigch zeal-dplyed Thasrik tweitiatT oR owgs 2lheg the dipgendr e real-valued

W th,. ont ai ni ng this |ar t,. of f - di.agonal el enent

dpa ot PR, B oPUal Rl P YR ARERE gt A sewhere.
(d, PAs anekadntple,ddr ip Dand The | TEHAY KR PlcORESS: My be
performed for any nunber of iterations until a

term nation condition is encountered. The term nation
condi tfen may ke cenplefiond of0 a-pr@ddtcernkned nunber
of ite ations,(fay[séac hon, ofyan errar critesion,
etc. Fordexaml’, thd|tolaiertor of t|He Sower in 4
of fTdFagonald ellement s |of 0D Grayl be--conmp@ted and --- |, Eq(l)
conpared agai nst an gnrot threshol dy|gnd t:he iteragive
process may be terminated if the totall error is bel ow

the errd tAreshol™. 11002910 | n--arfdt Her Wedi gn; ihdilges
p and g may be selected in a predeterm ned manner,

e, g., by sweeping through, all ssj bl e. val. ues of t e
Fiheisad¥a SOTERIRE P ug HRER I f e BIRRIG St BTl TS

i ndi 9057’ ERMdtcBatiRYo e REEDIAHIHBON aSrof 8L QW F-aB8¥nA clements of
may be stepped from1l through T - | in increnents of

one. DForMelghe vtatatienobf Phe Tavdbx rajatmany g tet perferdicl rfomdifferent
p +l through T in increments of one. An iteration of

t he Gdwshbef ndicas iroand ¢ tapetae euDalnef Wicnel{-dbgopadr dlomendsl of D, .
for each conmbi nation of values for p and q, as

desciAisetP aBb ¢ &ayrsrSeleciG vk KRN AaFSon of val ues for

P an[‘é()gS] ltnh&le‘]@ecsfgﬁi, f&oéﬁhii%rllat{o%, lﬂl&dfyrfespoﬂﬂgaééngpglement of D,

may be identified and denoted as d,,. The iteration may then be performed with

D,, containing this largest off-diagonal element d,, and three other elements at

locations (p, p), (¢,p) and (q,q) in D,. The iterative process may be performed
for any number of iterations until a termination condition is encountered. The
termination condition may be completion of a predetermined number of iterations,
satisfaction of an error criterion, etc. For example, the total error or the power in
all off-diagonal elements of D, may be computed and compared against an error
threshold, and the iterative process may be terminated if the total error is below
the error threshold.

[0049] In another design, indices p and ¢ may be selected in a predetermined
manner, ¢.g., by sweeping through all possible values of these indices. A single

sweep across all possible values for indices p and ¢ may be performed as follows.



be skipped if the magnitude of the off-di agonal

el emrents at locations (p,q) and (g,p) in Dis below a
w@e@daesesm ned threshol d. [0050] A sweep consiBCEHUS007069498

(T - 1)/ 2 iterations of the Jacobi rotation to update

D and V for all possible val ug of/? and q. Each

iteration of the Jacobi rotatl n zeros out two

off di agonal elenents of D but nay alter ot her

ts that out ear| The

ef f bt p %vééé’ﬁ. 51’?‘2%&1 ﬁ irueleL" ﬁ AndegreEn cof one! ®For cach
r eduggud 6€p A §uags B¢ s@bpedofrbmdpagotdbugdl ©ie & céntPof one.
, SO that D approaches di agonal matrix L . V contains

an aAs urtishi antheffaqlbi r@tﬁﬁﬁsfcoﬁpmftd: @) amt M .casy bbagderformed for
col lectively give D . Thus, proaches V as D

appr@ah rreasnh_natIOAnyf wahib@rfomp smgezpsasm@scnbeqo@b@@r mdipr a given

to obtai.n mor &,

o ©rbifgeT Al e £e8 gt bR daedh tgﬁgn”%t é@#&%eq Bd V. may
be sgl ﬁﬁﬁ}f&ﬂ if ?@o&ﬁé@{u@e N@the ng(flab%)otﬁgl S Y‘F?cavans gp q) and

process I oxi rrat 1 on

is d gwslvlwaaﬁr h&ﬁﬂh b3, @ good

apprgﬂ??rat |_dnso?'0 enot lreghas L . The col ums

of Moosy @@w@@@éon@&st@fme F1(\7I€‘—CI)¢R Ste@dtioRs of BiRAatdte rotation to update
di agonal elenents of L may be used as ei genval ues of R

[ OD52hd W) fanall pessillesalgns off end 4 eEadh eatisroefas JAwbi rotation
drive V may be perfornmed based on singul ar val ue
dec orpasout itwa offf dikanaFelemtits ©f dbshug mayRlter dthamelemgnty that might
is an approximation of V and may be initialized as VO
= | havakee &ercredmtremllew g cHectioprrening iougd ipgices pand ¢ is to

0053 t f th t ti
00530 3 ML A ST E BRGRRL" B0 L 8 vt
F
b Ia; Z&C}a%oql Fﬂ?eéttgxu r|7_{re (re ﬂ Wmﬁ?%ﬁ gé?%ué&g)m&galpﬁ%ﬁs%t%qmn fmatrlces
\(AL \é{ﬁéﬁé&fwﬁféwgnf&w e[*h%geﬂ’t Sa\lla\?ioakl%aﬁf' Qé"ﬁ) (a‘fyppaaches A. Any
decofpaisedof 8w@eps aSays fb@\/\@eﬂfﬁnﬁqulﬁ | SDfaife einofe7)andt fhore accurate
obtain 2 x 2 matrix \' pg . Transformation matrix T

may mr@@mﬁ’@@leﬁs\édmdrﬁ\ _pq as shown in equation (8).

Matrix_V may updated wth T as shown in
equa[lﬂpgﬂ q_ggfchess of how I?nd?ces p and g may be selected, upon termination of

the iterative process, the final V., is a good approximation of V and is denoted as
V, and the final D, is a good approximation of A and is denoted as A. The
columns of V may be used as eigenvectors of R, and the diagonal elements of A
may be used as eigenvalues of R.

[0052] In another design, the iterative process to drive V. may be performed based
on singular value decomposition of H. For this design, TxT matrix V, is an
approximation of V and may be initialized as V,=1. An R xT matrix W, may
be initialized as W, =H.

[0053] A single iteration of the Jacobi rotation to update matrices V, and W,

may be performed as follows. First, a 2x2 Hermitian matrix M, may be

formed based on the current W;,. M is a 2x2 submatrix of W W, and



Matrix Wmay al so be updated based on T , as foll ows:

W+ 1 =WX . Eq (12) [0054] The iterative process may
wheoopas2er med until a term nation condition i SPCT/US2007/069498

encountered. For each iteration, indices p and q nay

be sel ected based on the largest elenent in Wor in a

predeterm ned order. [0055] F bot h ei genval ue

deconposition and singular val ue deconposition t he

receiver y send back T -T conpl ex-va

el ensRfans f?uvekealepﬁeattlwﬁglﬂﬁ {(peb). (W)ea@hp) ind (¢.,9) in W W,

conpl ex- val d el enent, is quantized with. b bit .

Che’ Pl Ru e SRETEOB: S PR gTHER) BhD: H’é’FPm 252
t he recelver ga g§end the entjre V. with % TT b| )

[OOS@TtTIIXn—am @é grmatiqramatgx ok py Hﬁyﬁo@@ A2 s shown in

paraneters deflnln V instead of the elenents of
As stton () eMpdtix oy mapsheniberwdated with Lhas ﬁli%?YIh’tni sawation (10).

proce derive Vis a at i of V as a
bro &ﬂxo&zt%hg%laﬁﬁ?%# R PEds. RN
transformation matrix T may be fornmed based on a

si mpl gy2 X nitary matrix \ _pq . Each 2 x 2 unitary
watrliyﬁhcﬁﬁdgs one conpl ex value g\ and two real Eq (12)

values ¢ and s . Each transformation matrix may be

def i 0984 |PYhONEaf ATRERE ssV Ay %e%erfotrfﬁ@d n@dl aainkigstidh 8ftdition is
s, and the values of indices / and q if these indices

ar e engpudetcdc tlaa qanh atera’ﬂeden@rcms mweehdhqmagsr be Felected based on the

ar anet er defin T. e sent fewer bits than
P o B o i o ot e Ea gt otlioe ] | ome

desi 55]t]l-‘qer bofﬁllg uerﬁ‘e%oﬁlp‘éﬁﬁ% ?Igl?ggﬁpv%ue de%ornposition the

tran orma

bac %c&er@ﬂaﬁ@%ﬁ%hﬁq alf Q. Te&ﬁﬁplé_x valubie el%ﬁ@hts%@@ to the transmitter.
i magi nary parts of g\ may each be sent with bbits, c

may lIfeadesdmpitt-Ralbedeltdientas qusntizay witd /sieint fthHehezﬁ part and b bits
bits, or a total of Ab bits. In general, g\ nay be

sent fonthchmapmagapagt, drendhd feeeizat mayesodubé orirasy evitingb-s- T Dbits.
. If the values of indices p and g are notknown a

pr i oi0D5EyIntanexspecartbaidceer mapeendbdobgRramgtdrs defijing WV ikstead of
bits may be used to convey the p and q val ues. For

exantpt elenehtshofi ¥ . aAdshowh inmtjnation (L B mitchet & theetesitive process to
possi bl e conmbi nati ons of/? and g val ues, which may be
convdzyizd Wikl re@relintasion of V as a product of transformation matrices. Each

transformation matrix T, may be formed based on a simple 2 x2 unitary matrix

V, . Each 2x2 unitary matrix includes one complex value g and two real

values c and s. Each transformation matrix may be defined by one complex value
g1, two real values ¢ and s, and the values of indices p and ¢ if these indices are

not selected in a predetermined manner. The parameters defining T, may be sent
in fewer bits than the complex-valued elements of V .
[0057] In one design, the values of the elements of each transformation matrix T,

may be quantized and sent back. As an example, for cach T,, the real and

imaginary parts of g; may each be sent with b bits, ¢ may be sent with b bits, and s
may be sent with b bits, or a total of 4 bits. In general, g, may be sent with the

same or different resolution as ¢ and s. If the values of indices p and ¢ are not



[0058] In another design, the angles of the el enents
of each transformation matrix X may be quantized, and

wo 7ngeBe val ued angl e paraneters may be sent PEIVKS200%5069498

shown in equation set (7), ¢ and s may be cal cul at ed
as functions of only t even tH ugh internedi ate val ues
x and t are used to sinplify tation. Since |t |
ranges fromO to , ¢ ranges fromO0.707 to 1.0, and s
ranges from0.707 . tq 0.0. Furthernpr

; . y S =Vl -
c2 NONEPEOHRY 56 I Iy BoGngT e e s gy be used
2128 omGTE ) g, it xR R £50 HHER i frere are
| 4 . Likewi : i fi : o
pa, G PPEE: S ARG R AP B i o uls by =

degri@ss, or O to 2p. [0059] In one design, each

of - (BUGALTR BB e i alceAHSOHBY pbidghafoniorfon mati
A ek e

and gownA&qRhdor™RY (Be USED the BLEALNlNS f8h@RnObf only 7 even
(dgq - dpp ) . The nunber of bits to use for

quanthbzgt incmmodiawngles xfandmdraqusediyo bimpsi€y eathéch. bSised| 7 | ranges
on how nuch quantization error is acceptable for the
desifrem @8t emepengesy AeAt 8.707006010, 1and onsangss i fegm 0.707 to 0.0.
angle f for g\ and a g for c and s are given with

uni flortheruenst sineg v V11 ¢ tchang sgaay §a spasifisidtby aragngle 6 between 0
used to specify angle f for g\ over a range of O to

2p, W%B%%@% 8 (e Ha e ¢ PRI dh gl =Y Grgindes may be
and v a tapg | 4.. i

Y LSO 0L B0 o IR gl e anl
- 2 of d;Qlor @anyl & whietbis h afgladytven Wsd 360 degrees, or 0 to 2.
qgquanti zation of angles f and q to 32 uniformy spaced

angl @959]" KB deSighPeach ftradfolhfIoAthAR] BF MaP®ee®FdXBS (i Pthe sign
obtg?n J , then ?hganunber of bits to'§bnd?foéﬁﬁ0 Gp s
t ransff @f mai gn widhr dst@sidesfths fdrheofl¥ | esledvdnsedmome(7j) and
given as 10 [(2 5 - 2) + 3] = 110 bits. In conparison,

i M7ky (8) 4ne 4 foricoinplaxnehlidg,, aal(iiangdgien@@rm@tlyvalues ¢ and s.
parts of the conpl ex-val ued el enents of V are each '
quanPng bid may B used & spebién thehegmerfogy —of bi- t Bhausuwnabar of bits to use
send 16 conpl ex-val ued el enents of V may be given as

16- 2for 5quantigdiobi 06 .angles ¢ and 6 may be selected based on how much

quantization error is acceptable for the desired system performance.

[0060] In one design, angle ¢ for g; and angle & for ¢ and s are given with uniform
quantization. In this design, b bits may be used to specify angle ¢ for g, over a
range of 0 to 2w, and b—3 bits may be used to specify angle € for ¢ and s over a
range of 0 to m/4. The number of bits to send for cach T, may then be given as
b+(b—-3)+1=2b-2. For example, b=5 bits may be used for quantization of
angles ¢ and & to 32 uniformly spaced angles from 0 to 2z. If 10 iterations are

performed to obtain V, then the number of bits to send for 10 transformation

matrices T, for the 10 iterations may be given as 10-[(2-5-2)+3]=110 bits. In
comparison, if V is a 4x4 matrix and the real and imaginary parts of the

complex-valued elements of V are each quantized to 5 bits, then the number of



[0061] In another design, angle f for g\ and angle q

for ¢ and s are given with non-uniform quanti zati on.
w@\a@a37280 and q may be derived based on Coor di PEL/ES2007/069498

Rot ational Digital Conmputer (CORDIC) conputation,

whi ch inplenents an iterative glgorithn1that al | ows

for fast hardware cal cul ati on lof trigononetric

functions such as sine, cosine, nmagnitude, and phase

using sinple shift, add and subtract operati.ons. A .

conplitsx Usefhrider spd=p$ jcomplerairlysd Fm?pg%d oby Yupmep by given as
degr y Ltiplying Rwith a conplex nunber Cln
haviﬁg§f§§1g§¢W§th =\ jBm, where Bn =2 mand mis an
i nde fy =0, , B ; ;
rota ggﬁcfgunﬁftéé@ &%%g%\im;gée i%ffmb%I iri%rnggﬁ fOEnd t hléﬁre given with
r ot atendurifesml quanayatioa. eXiyles gadd asmay be dRifived Bised R Coordinate
=R1 - | - .and Eq (13) YO =R0 + Bn -R1 =R0 + | -Rl
0 o‘é@tsﬁlmg? nRigitk Gasepitay (CPBDIG swompuggiion; which ggpplements an
and ﬁéi‘@ti\reoﬁ%Bﬁ{:fmﬁ eRat! 411 fRe FRYX RLREREY @Rula¥idn <5 triconometric
Bn -RO =R1 I -RO, and Eq (14) YQ=R Q~ B m- i
= R fQnetichsrouph hs piOGesiiFheaguiturtce pad bhaskwisse simpkt shoft, add and

of Rin equation set (1 and the ¢l ockwi se rotati

of F@w!bﬁa%t Skafighs- 60%95% fw%eﬁgﬂ T '%p ﬁ]ﬂ 8% %rwﬂt@%%ﬂ up to 90
may be achjeved by .(i) shifting both R and by m

ot et bR emiilyib LT M oo PRl GUERE” <y bBigRGe form
to/ fromRi ;{0 i B Yhm TN ' r aet;i

t he gﬁi_flt%eldk'Ri &F%?fl?”bFnQR %%?’g(l% ﬂtl%é}dgggké?‘%ﬂsa %Fﬁ’: ol Pog

ar e\/\@ﬁt@ﬂeﬂ nk &%B{aggmohﬁﬁr-%gtc%isg% C[ Q065 'BTaat}{(Pth%tr%tgted result

sho e value o 1n, the conpl ex”nunber”Cln
phasg@aPhe cssed@hd the magni tude of Cln for each val ue
of mfromO through 5. As shown in Table 1, for each
value of m the phase of Cln is slightly nore than

hal f the BhaBe Rf=Bm-\2." T@pl end[ 0066] The magni t ude Eq (13)

and phase of R may be determined by iteratively
rotating R counter-clockwi se and/or clockwi se with
succeggr' '9% ' IFé%'b%aSé%'until t he

[0063] R may be rotated clockwise if C,, =1—j B, , and the rotated result may be

expressed as:
Y,=R,+B,-R,=R,+27" R, , and Eq (14)
Y,=R,-B,-R,=R,-2"-R, .

[0064] The counter-clockwise rotation of R in equation set (13) and the clockwise
rotation of R in equation set (14) via multiplication with C,, may be achieved by
(1) shifting both R; and Ry by m bit positions, (i1) adding/subtracting the shifted Ry
to/from R; to obtain Y;, and (ii1) adding/subtracting the shifted R; to/from Ry to
obtain Yp. No multiplies are needed to perform the rotation.

[0065] Table 1 shows the value of B, the complex number C,,, the phase of C,,
and the magnitude of C,, for each value of m from 0 through 5. As shown in Table

1, for each value of m, the phase of C,, is slightly more than half the phase of C,..;.

Table 1



phase of the rotated R approaches zero and the rotated
Rlies nostly on the x-axis. A phase variable ftota i
worego7ha728mi ti al i zed to zero, and a vari abl e R PCHUR0L7/009498
+ ) RQmrepresenting the rotated R may be

initialized as R0 = R . For ngh iteration starting

wth m=0, R mhas a positi phase if RQis

p05|t|ve or a negatlve phase i f R mis negatlve If

t e pllaat, of—R P S ||cgcu| Ve, then—Rmi+s—trotated
countner- ¢l o kwi2se bthnm b*yjﬁul ti prtasa@fR m WI Magﬁurde;)fc
\ ——=as shoywr—n cquatl o—set 3 —CFConversety

i f th(b phase I R 1n i $tgdditi ye, frﬁ@époﬁ 1n ch‘lbf‘éltléiﬁ
clloclqu s¢ by (g by | Ml § 1,5yl ng [R 15 sdgy © i = 11L1§03§99

mL—as shown I'n pqu::n‘inn sét ota i ils upndated

by + Fmilf RORS is rotlatﬂﬁzfcount er 1403w se anldO?cW/7641
f s _Tofated ct oCKkW SE. _ytaotdail TERrESENts (e

chmulti Ve p(hé%se t hat lﬁLdQ I8een | adddd P82 or s,ubt]r%Q:7t7§%I22
fromghe phasgref R tpzep@outl the piggse off R iln19si2o

[(\{'\R7'| Tha Fl nal E ell hacaonmpa rer-e—aceHratte—as—ppre
IV\JIJ 3 L

T COTTC I

iferdti ons GP&lAPer f orlnmﬂ),03AfZﬁ en al IL.78991 he i/t erla@(048816

are conpl eted, the phase of R In should be close to

zero, the irragi nary part of R 1n should be

appr0R66tatlted magretude and Qhetsh of rRelahy pad¢teohing®l by itesitigglyabtating R

to the i tude of R ed by _.a CORDI
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circuit blocks. The final value of ftotai is an

appr &yhawtvaoiablefoshmapbasetidizeR to zérooaral a vaiableR, =R, + j R, ,

represented by a sequence of sign bits, z 0z z 2 ...

wherepzsentmg\thd fotdted Rasaysheihitmtivedast R(mef t Béracach &Blﬂitlﬁn starting
=- 11i f fmwas added to ytotah[0068] Angle f for

g\ meith e=di, Varhaby rmsmve p@@@uiéﬁ@@ iz@zsitize or a obgagivaglase if Rp
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Al t ernat’i vel vy, ["ook-up "t abl e fay be used to
Pr oduGR cRRG), ‘?fﬁefp‘ﬁﬁsecot%@dlssp@ﬁﬁzenﬁbén% Ois %tta{’e% &6&%& by @n by
shifts for "angle bypass c and .

t r anmnitiptyeng Ra wﬁm:%Djﬂ e Ipr pB,gsamqhowayn embﬁsett(hé) CoRDliGipdated

shifts to obtain c and s . [0069] The techni ques

descly begd ihRy), & rtaed chmtersdackivase sidnlgyt eog alf R, & rotated clockwise.

syst Stgz represents the cumulative phase that has been added to or subtracted from the
phase of R to zero out the phase of R,,.
[0067] The final result becomes more accurate as more iterations are performed.
After all of the iterations are completed, the phase of R, should be close to zero,
the imaginary part of R,, should be approximately zero, and the real part of R,, is
equal to the magnitude of R scaled by a CORDIC gain. The CORDIC gain
asymptotically approaches 1.646743507 for large values of m and may be
accounted for by other circuit blocks. The final value of @ is an approximation

of the phase of R. @ may be represented by a sequence of sign bits, z,z,z,...,
where z, =1 if ¢, was subtracted from @ and z, =—1 if @, was added to

(Dtotal .



systens that utilize OFDM systens that utilize

SC-FDM etc. For a systemthat utilizes OFDM or
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be obtained for nultiple subcarriers. The iterative
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are approxi mati ons of rratri x V(A:) of eigenvectors and
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sol utions VO(A2) and DO(A2) for subcarrier Auntil a

t er nicpamis©mataesl fdrinoaiby sebaauers.elbd coifblation emyﬂole\mploited by the
process nmay provide the final V (Ar2) and D 2) a s

V( Arigyrataied pracas 2to) redugce Hise eampuityon o deryh Bu and Ack) for all
[0072] Far e?ch subsequent subcarrier k, the final

r esuTUPSIGEE K MU Blor t he nearest subcarrier nmay be

usedipggo|t f*ﬁ} 1N ilfusﬁ‘!lte§ BlobiARSd o silioR RS P subrriers. The

subcarrier . The iterative process may then operate
on tiberativei pnoa¢sssm413ufoﬁ gusfotrocd horadne subsafricnat a time. For the first

subcarrier k;, matrix V,(k;) may be initialized to the identity matrix, or
V,(k)=1I, and matrix D;(k;) may be initialized to R(k), or
D,(k)=R(k) -H" (k)H(k). The iterative process may then operate on the
initial solutions V(%) and D,(k,) for subcarrier k; until a termination condition
is encountered. The iterative process may provide the final V,(k,) and D,(%,) as
ﬁ(kl) and A(kl) , respectively, for subcarrier 4.

[0071] For the next subcarrier k,, which may be adjacent to or nearby subcarrier

ki, matrix V,(k,) may be initialized to the final result for subcarrier 4, or
Vo(k,y) = Y(kl) , and  matrix D, (k,) may  be initialized as
D,(k,) =V, (k,)R(k,) V,(k,). The iterative process may then operate on the

initial solutions V(k,) and D,(k,) for subcarrier k, until a termination condition



results for subcarrier k . [0073] The receiver may
perform deconposition for a set of subcarriers. This

W@ 2G07/v80280 ncl ude consecutive subcarriers, or PCT/US2007/069498
subcarriers spaced apart by sone uniform or
non-uni f orm spaci ng, or specific subcarriers of
interest. The receiver may senf feedback information
(e.g., paraneters used to derive V(A)) for this set
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may be represented in various forns, e.g., wth real L
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t r anf9a73]t kar gémeralather aqusivict nsdye deriivig animztnsnm, steemng matrix in any
matrix V . f eedback. i nforpati on i ncl ude

par anEtEf s ﬁo?faﬂﬁ%l?a%ﬁ%qfﬁlﬁnﬁiaf%% PFc Ul tyyable for spatial
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el enents of the transmt steering matrix. The
eigenvectors for a MIMO channel, some other unitary matrix that may provide
good performance, etc. A transmit steering matrix may also be referred to as a
steering matrix, a precoding matrix, eigenvectors, etc. The receiver may derive a
transmit steering matrix based on any type of transformation, e.g., eigenvalue
decomposition, singular value decomposition, iterative Jacobi rotation, etc. The
parameters defining the transmit steering matrix, which may be dependent on the
type of transformation used to derive the transmit steering matrix, may be sent to
the transmitter. The parameters may be represented in various forms, e.g., with

real and/or complex values, angles, format indicator, row and column indices, etc.

[0076] FIG. 3 illustrates example feedback sent by the receiver to the transmitter
for a transmit steering matrix, e.g., matrix V. The feedback information may

include parameters for N transformation matrices used to derive the transmit



paranmeters for each transformation matri x may conpri se

(i) values of elenents of the transformation matrix,
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transformation matrix, e.g., f and q, (iii) row and

col um indices of elements of the transfornation

matrix, e.g., p and g, (iv) tHé formof the

transfornation matrix, e.g., a sign bit to indicate
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i t eragt 9 61LAuo; mél@@tﬁtwlvﬂ)er %@ Hec tharfprn SRaVmHT ecatione (7)) or (7K),
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el enen ransfornmati on nmatri
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may be encoded or conpressed to further reduce the
nunbESBEtSi t s to send for the parameters. [0078] FIG

4 s hmﬂ@ﬂal ﬁélgp VQEO@S PEAR&ER %pbé)@d'nfv é@tg alHXWG{he transmitter to

receiver. set of paraneters defining a transmt
st eeddrivg thatranstmit sted:ralgwslemﬁ ofhet paamsee D @nn‘ferycmaﬁbe dependent

transmtter to, the recel may .be determ n Kk
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par amne

t he fetadeshi hﬁlﬁbeﬁdfbdew ydtitretht pafgidtdrs. st eering matri x
(bl ock 412&6010079] FIG 5 shows a design of an
appal®478isF homsa destes; QferProggsp 4PQ Perdomrd byricregeiasr. A set of

e KL Pl AR S, S o

f r onransinitadrsion the e¢ceiver ey be detenreined iibldeit @ 16)L0For block 410, the
transmit steering matrix may be derived based on a plurality of transformation
matrices, which may be formed in any manner. The set of parameters may then be
determined based on the plurality of transformation matrices. The set of
parameters may be sent to the transmitter for use by the transmitter to derive the
transmit steering matrix (block 412).
[0079] FIG. 5 shows a design of an apparatus 500 for a receiver. Apparatus 500
includes means for determining a set of parameters defining a transmit steering
matrix to be used for transmission from a transmitter to the receiver (module 510)
and means for sending the set of parameters to the transmitter for use by the
transmitter to derive the transmit steering matrix (module 512). Modules 510 and

512 may comprise processors, clectronics devices, hardware devices, electronics

components, logical circuits, memories, etc., or any combination thereof.
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updat-edfdmateh antrihe.d.r Anpay matfoemedipdsed ¥n tige Gitermadiate matrix
shown in equation (10) (block 626). [0082] If a

t er nibheki @WV).cardparkmnters ohdte eastunateednatas may be saved (block

det e(l)fj”ﬁl) neﬂm cqlanne rnat?nzcsrhay be updated based on the transformation matrix,

¢.g., as shown in equation (9) (block 624). The transmit steering matrix may also
be updated based on the transformation matrix, e.g., as shown in equation (10)
(block 626).

[0082] If a termination condition is not encountered, as determined in block 628,
then the process returns to block 614 for the next iteration of the Jacobi rotation.
Otherwise, parameters for all transformation matrices used to derive the transmit
steering matrix may be sent to the transmitter (block 630). These parameters may
comprise, for each transformation matrix, at least one angle, at least one value, at
least one index, an indication of the form of the transformation matrix, ctc. The at
least one angle may be given with uniform or non-uniform quantization, ¢.g., non-
uniform quantization obtained from CORDIC computation.

[0083] FIG. 7 shows a design of a process 700 performed by a transmitter. A set

of parameters defining a transmit steering matrix may be received from a receiver



then the process returns to block 614 for the next
iteration of the Jacobi rotation. O herw se,
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par am@isits stdefingnini@ria fbF dBthissish &Rsrh Nfe transmitter to the receiver
(module 914). Modules 910 to 914 may comprise processors, electronics devices,
hardware devices, electronics components, logical circuits, memories, etc., or any
combination thereof.
[0086] The techniques described herein may be implemented by various means.
For example, these techniques may be implemented in hardware, firmware,
software, or a combination thereof. For a hardware implementation, the
processing units used to perform the techniques may be implemented within one
or more application specific integrated circuits (ASICs), digital signal processors
(DSPs), digital signal processing devices (DSPDs), programmable logic devices
(PLDs), field programmable gate arrays (FPGAS), processors, controllers, micro-
controllers, microprocessors, electronic devices, other electronic units designed to

perform the functions described herein, a computer, or a combination thereof.
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nor cieitss Boipn e VARY . Bhtr HERRbh red 807 B89y (PROM)
For @led‘médn»ga&@sa%[bdmom QEERRICAV), L 298 Nthéhb ,coﬁﬁ}@ct disc (CD),
t echni ques ‘may be i npl enented mnth nodul es e. ,

pr oceigneds or ppiiaad d@tﬁgtor@ecieywt:m«t performthe

fsgpf[f?/aggsT neggsr:e:\{l}é?se gesrc]relrt?olnn%f thg Eehscloralg‘é\@sr Igroelnd%d o ettable any person

mengkylici3ia ke kB2 inftukElde. usb)thal’ﬂi’scwsetﬁut Wdrlblys ﬁhodlﬁcatlons to the
processor (e. processor 130 or 1801

The
be i#ptlewsn 3 Re tRdily eRearpRtoOedest skitledsin éh% art @@d tﬂPf‘e generic
br 0CARGIes Al AR Ea R B0 TS UK JSHENCMBRR departing
may al s e stored In ot ocessor-rea um
such&@ﬁthammnnbaam@ssfﬂ&mﬂmﬂm@RANIhugemﬂdmﬂbynﬂﬁnmnynmndaiw
( ,..non-vol atil e rando cess nenor

pr og e © %aaamﬁydweﬁ%?cﬁh?rm 1s te%@&@wrégﬁ fhy widest scope
er asﬁﬂkﬁteﬁm (RERRAIes dfl'd%%lr?é‘ﬂﬁf& disERIBARreidi SC

(CD), magnetic or optical data storage device, etc.

[0088] The previous description of the disclosure is

WAL _iehaY,S. any person



skilled in the art to make or use the discl osure.
Various nodifications to the disclosure will be

w0 e@dit3s@pparent to those skilled in the art,PE@ntSiont069498

generic principles defined herein may be applied to
ot her variations w thout deparglng fromthe spirit or
scope of the disclosure. Thus the disclosure is not
intended to be limted to the exanpl es descri bed
herein but is to be accord Eéiﬂgmﬂﬁdest scope
consistent with the pri nmg novel features

di scl osed herein. WHAT IS CLAIMED | S: CLAIMS 1. An
apparatus conprising: at |east one processor

confi gur edAhappates comerisinget of parameters defining a

transmi steering natrlé to be used . for traﬂsn133|on
From 8 lost e RpgStioron igwRd; g {eraiRe ¢ e ehppmstespefining a

Qfms?rﬁf ?tgégr{r%r rﬁath? t(t) B@ ugé'd%F %ﬁstrﬁﬁslérpﬁohﬁsaetr%nﬁ@& to a recelver and

transmtt derive the transmt steering matrix
angtnd theswdrof p@mmmt@sl te thet tansenittdrefas tiscolye tlmrtcammstmr to Aerive the
aratus aof claim1l1l, wherein the at | east one

Th
ng@ﬁggg?nﬁgnggﬁf?ﬁhred to derive the transmt

st eer j RniBRY tbuplRPGaH: MNest Bhdipdbéskdr, of transformation
matrices, and to determ ne the set of paraneters based

on the plurallty of transformation matrices. 3. The

appar at us ej eas
procegsor ?g606W?rlm 8§nﬁ%nbgffwﬁﬁ$gl6?%ﬁ%lf%s or° processor is

tdr#Tgatddon sdedif e ﬂ&C@éaisnﬁtogt@dﬂngrmaﬂx daSdiiasng plui@ity iof tieh&fBrmation
the plurality of transformation nmatrices to zero out

BRiricgs. 246 frafctemane thessehef pasametatshsasd eratheipkurality of fyansformation
ﬂﬁ atus of claim3, wherein for each iteration of

e jacobl rotation the at | east one processor is
configured to derlve a transfornatlon matri x based on

the c annek natrlx dat channel matri x based
ot et 1 SREF AR ShTm 2 NACE G aotfheone’ Processor is

LSARSM toslsé?fgrﬂnneg pIRAIt o f tl%%ﬁﬁi)n@ RURGH T85O HHBE EiRRnel matrix
matri1 x. 5. The apparatus of claim4, wherein for each

wiitbrthe mbmal@tfy dfiteandfpemhtion matrices to zero out off-diagonal elements of the

channel matrix.

4. The apparatus of claim 3, wherein for each iteration of the Jacobi
rotation the at least one processor is configured to derive a transformation matrix based
on the channel matrix, to update the channel matrix based on the transformation matrix,

and to update the transmit steering matrix based on the transformation matrix.

5. The apparatus of claim 4, wherein for each iteration of the Jacobi
rotation, the at least one processor is configured to form a submatrix of the channel
matrix, to decompose the submatrix to obtain an intermediate matrix of eigenvectors of

the submatrix, and to form the transformation matrix based on the intermediate matrix.

6. The apparatus of claim 4, wherein for each iteration of the Jacobi

rotation, the at least one processor is configured to identify a largest off-diagonal



rotation, the at | east one processor is configured to
forma submatrix of the channel nmatrix, to deconpose

w0 ba7ashsmt ri x to obtain an i nternedi ate matri RCD1S2007/069498

ei genvectors of the submatrix, and to formthe
transformati on matri x based OE the internedi ate

matri x. 6. The apparatus of ¢ éin14, wherein for each
iteration of the Jacobi rotation, the at |east one

roces i,s. canfigured to i.dentif | ar gest. .
BFPICH ol i ap R th detive i e Birp e Hifgix pgoed on row and
ésiimendibs® dftinafRseit-dRgof@ildmenbased on row and
colum indices of the |argest off-diagonal elenment. 7.
The apparatus of claim4, wherein the at |east one
processor i-f.C LOur | e ement t :
channZ] na???fﬁﬁﬁbggpﬁgd%%gfﬁ%nﬁhmgﬁbggpf%r@%%e&&:pnme$0rls
porifigakddt 4 @fect ebhatsoof thef chiahecl JagteiRiin raop@tiétorminad drded for the
derive the transformation matrix for each iteration of |
phigalispe B?ra%‘isa‘?fir B, Jarabbmione M@n@ﬁ‘gwsﬁﬁq HensEoraeHen matrix for
BRbilcXat DBl T LA rofalEn biRH B icRtnen®s of tRECIBRRAALHS sOkcted for
claim4, wherein the at | east one processor Is
thenferaggwoned to initialize the transnmt steering matrix
to an identity matrix, a transmt steering matrix for
anot her subcarrier, or a transmt steering matrix for
anot hgr ti Mg i dpperaviadl oPrdlfifn 40 Wh&eRl Widlat t Ma®f one processor is
iterations of the Jacobi rotation. 9. The apparatus of '
edrdignret, toningtiadiza thééransmit estesting meatpk de esigdentity matrix, a transmit

configured Ko de{ive t he.channel matrix based on.a .
stﬁermr%gpla Tix_for another subca{rler, ?ba NnSmit steerlnlg rnatrlf( fof another time
chan response estinate. . € appararus or clalm

thterwilgir@ir Fo the @ Lahlity @A sttra6ioss $ithe emsdI rotgiogonf i gured to
derive a correlation matrix for a channel response
matrix and to use the correlation matrix as the

channgl  magpl %, 1l TRE ARRATA YR CARI Rast ' i
t he sgt of p%r§Weté?sgcaﬁp??séswa?%ﬁéagﬁabnéa%ﬁgﬁéﬁkgfﬁmr "
ednflgaesitto dogvethe thmincbmaeachused ot hehdmahef@msatitomte.
matrices. 12. The apparatus of claim 11, wherein the

at | east one processor is configured to obtain the at

| east j@ne #pG! §phtusedeeidinfnst QhoRin i MRtkhet ¥hd hrocessor is
uni form quanti zation. 13. The apparatus of claim 11,

vindigeiad tohderiat al @earclationengrindes s ghatinsl response matrix and to use the

correlation matrix as the channel matrix.

11. The apparatus of claim 2, wherein the set of parameters comprises at

least one angle for at least one element of each of the transformation matrices.

12. The apparatus of claim 11, wherein the at least one processor is
configured to obtain the at least one angle for each transformation matrix with uniform

quantization.

13. The apparatus of claim 11, wherein the at least one processor is
configured to obtain the at least one angle for each transformation matrix with non-

uniform quantization from CORDIC computation.



configured to obtain the at | east one angle for each
transformation matrix with non uniform quanti zation

wo ewm&CRDI C conput ati on. 14. The appar atus of PCHUS087/069498
wherein the set of parameters conprises at |east one
value for at |east one el enent _of each transformation
matrix, at |least one index fo Sthe at |east one
el enent of each transmt, an indication of a form of
igCh M a?ﬁ{g ( gtgﬁég??tﬂg nﬁtgliéll)él’e% e\pzﬁg?rﬁco € s% tg'{f%ngatnbe ers chornprlses at
Rastmetvarns fdleétl1éusﬂGnea\elt:maﬁtamehclstraafdrﬁgnaahfam a0l one index
used for transmssion froma transmtter to a

fasclicver leagihana ehemery efhsadetrapimipapmnpdistion of thdorm of ecach
{rﬁl?s@&%%ﬁhafn‘?{ o&‘%%oﬁ%léaHS g{ %m tter to derive the

ransmt steeri’'ng nmatri 1 nmet hod of claim 15,
mhereln the determ ning the set of par anet ers

conpri ses gfrl |ng the transmt steering matri x based

on a pruraliP§hed CRPRFERSr mati on matrices, and

det er ffét@ﬂnﬁﬁmrgraese?@[t a%m@c@lrs%ﬁh ?% RASEH S%I‘ﬂ‘lg natrix to be used for
plurality of "transfiormati on nmatri ces. The net hod
trhnsolission f:@r,n awtmsmutterttme rgperviensiang t he transmit

steering. m X, C ri ses erforn1 ural.t

"t or alIE DF ShODBRADIGE R HUE T i et e “pnspiter to
b&e erhetrahdntiy stedrider mmeikor mat i on matri ces, and for each
iteration of the Jacobi rotation, deriving a
transfornation natrix based on the channel matrix,

updat i gg t asqg
trans or na |on natrlx an up pdar'n
sérepiideng matri x based on the transfornatlon matri x.

18. The nethod of claim 16, wherein the determ ning
the s@erivang jhe AnBiRit StasasE mahixt brsediamr ainlysplip of transformation

Lhansf onpation matrices conprises

determining the set of parameters based on the plurality of transformation

tﬁe fiﬁ n{nmnrgsthe set of parameters

matrices.

17. The method of claim 16, wherein the deriving the transmit steering
matrix comprises
performing a plurality of iterations of Jacobi rotation on a channel matrix with
the plurality of transformation matrices, and
for each iteration of the Jacobi rotation,
deriving a transformation matrix based on the channel matrix,
updating the channel matrix based on the transformation matrix, and

updating the transmit steering matrix based on the transformation matrix.

18. The method of claim 16, wherein the determining the set of parameters
based on the plurality of transformation matrices comprises
forming the set of parameters with at least one angle for at least one element of

each transformation matrix.

19.  An apparatus comprising:



formng the set of paraneters with at |east one angle

for at | east one elenent of each transformation
woraioritx7289. An apparatus conpri si ng: neans f orPCT/US2007/069498

determining a set of paraneters defining a transmt

steering matrix to be used for, _transm ssion froma

transmtter to a receiver; and®neans for sendi ng the

set of paranmeters to the transmitter for use by the

transmitter to derive the transm.t eering matrix.. :

20. Tﬁlga%p%éfi%tte‘&%mbnrg acf%i"ﬁ%’i@@%%@“ﬁ“% %8%%%1& gicyigpe matrix to

et edfoniragndi Beonsedm aftrapemaetes fci@bpRahges nmeans for

deriving the transmt steering matri x based on a

pl ur almcess &3 sandigr Biendati WnpsrameicEe 0 ththdrapwaiisr fier use by the

Lt 8y - based h
%F{Js?rgﬁétﬂ? ng?l{l{'&le%rea siftit sf%@ﬁﬁé"ﬁnta&{x-? ased on the

ranstormation”matrices. 21. The
apparatus of claim 20, wherein the nmeans for deriving

the transmt steering.matrix conprises neaps for . .
per f of ¥ ngTEJ\e APRsEars piclamm i 9.evharrigihe gyeagsagg,gptermmmg the set of

?Qgﬁg{emo%brg&hannel matrix wth the plurality of
ransfornmation matri ces, and neans for, for each

i teratcam dbr tdesvihgctisi traotnait | steeringematrixngpased on a plurality of
{Eragsfor.mati ?n mat r.i x based on the channel matri X,

BPAYTRGOR RETSES AT matri x based on t he

t r ansfREARIbONciRnldiNg BBdsdPERtYaRENAE bAs8@SHI tthe plurality of
steering matri x based on the transformation matri X.

ansfomwtigppeatatoss of cl ai m 20, wherein the neans for
determ ning the set of paraneters based on the
plurality of transformation matrices conprises neans

for form nghé bepasstts of claih 20ptvaeRinMhk inéins lfeagdrivamethe transmit
angle for, at | east one elenment of each transfornmation
PREIHISMatpy COMPHPFcessor - r eadabl e medi um i ncl udi ng

I nStryehioRs p%}fgfrﬁﬁllgtahﬁfu‘?ﬁﬂy oF UPRItiofl B Jacobi rotation on a channel

matrix with the plurality of transformation matrices, and
means for, for each iteration of the Jacobi rotation,
deriving a transformation matrix based on the channel matrix,
updating the channel matrix based on the transformation matrix, and

updating the transmit steering matrix based on the transformation matrix.

22. The apparatus of claim 20, wherein the means for determining the set of
parameters based on the plurality of transformation matrices comprises
means for forming the set of parameters with at least one angle for at least one

element of each transformation matrix.

23. A processor-readable medium including instructions stored thercon,
comprising:

a first instruction set for determining a set of parameters defining a transmit
steering matrix to be used for transmission from a transmitter to a receiver; and

a second instruction set for sending the set of parameters to the transmitter for

use by the transmitter to derive the transmit steering matrix.



a first instruction set for determning a set of
paraneters defining a transmt steering matrix to be

waig@d/ 18180 t ransnmi ssion froma transmtter to aPCT/US2007/069498

recei ver; and a second instruction set for sending the
set of paraneters to the tranﬁgitter for use by the

transmtter to derive the transmt steering matrix. 24.
The processor-readabl e nedi um of claim23, wherein the

first,jnstruction set rises a-thirgd,instructien, . .
cet 131 e 16 PRECRE e FATE Rl Buditel Pl Bl B pyrucion
getpbmpdbdsty of transformation matrices, and a fourth
instruction set for determning the set of paraneters
baseda dhird Hastpictipr| set oroferyipg She trpasini nsteritng Balix based on a

gl%?ah‘?%8P§&%?Jﬁﬁaﬁ89§ﬁh%e§f%‘d“!m of claim 24, wherein the

ourtn instruction set conprises a fifth instruction

set farfoluoh mdagctie ssetforolctpatiaimgt thesseidf hpaddmétedsbased on the
one ang%e fqr at. | east one el enent of each

Plusaldy BF wesfmatar makiceds. An apparatus conprising: at

| east one processor configured to receive a set of
paraneters defining a transmt steering matrix, to

deri v&5.t heThe aprepdssorsteadablsgnediomi »f belsied 2h twiheregetthe fourth
of?B%raneﬁ$rs .and to use the transmt steering matrix
PSR Sh XY™ from a transnitter to a receiver; and

a MeNPFfthGAHRICAsh §Q fBrding tBaS 0PPRaRERELF ARt ledsf one angle for
The apparatus of claim 26, wherein the at |east one

pirloase s8®elcingnicd ehéhyanstorrstipminaitdy. i ze the transmit
steering matrix, to forma plurality of transformation
matri ces based on the set of paraneters, and to update

the tp@nsmiAh app@etus RGmPHELiAgX W th each of the
transformati on matrices. 28. The apparatus of claim ,
27, whfekeastnong grogesspe genfigiied dp deedeor §98 of opargetesgdefining a

%r?ns%m %‘i‘et@rrig% g#a%%?,t toCRGRNGk .etrefn?ﬁlitagte%rﬁ%s Inaggf bEBENthe set of

eac ormation matri x from the et
pananetseasd toasd thotrdnsmin sacing tnizns fartraatinsriondton X transmitter to
based on éhe
a rece1ver, an

a memory coupled to the at least one processor.

27. The apparatus of claim 26, wherein the at least one processor is
configured to initialize the transmit steering matrix, to form a plurality of transformation
matrices based on the set of parameters, and to update the transmit steering matrix with

each of the transformation matrices.

28. The apparatus of claim 27, wherein the at least one processor is
configured to obtain at least one angle for at least one element of each transformation
matrix from the set of parameters, and to form each transformation matrix based on the

at least one angle for the transformation matrix.

29. The apparatus of claim 28, wherein the at least one processor is
configured to derive the at least one element of cach transformation matrix by
performing CORDIC computation based on the at least one angle for the transformation

matrix.



at | east one angle for the transformation matrix. 29.

The apparatus of claim 28, wherein the at |east one
wpe@ca3zer is configured to derive the at | easPCDIOB2007/069498

el ement of each transformation matrix by performng

CORDI C conput ati on based on t5$ at | east one angle for

the transformation matri x. 30. “The apparatus of cl aim

27, wherein the at |east one processor is configured

toinitialize the transmt steering matrix to an

identity matrix, a transmt steering matrix for

anot hgg. subBardppeiatusobf &ldimangMwthesdi€etht NG MRS bXe f@bcessor is
anot her time interval. 31. A nethod conprising:

PREEIUQANt Hitedize dhe HAPRESECENE SRItHK 19 28 idenHy nptrix, a transmit

%t%grﬁ{ ngtrﬂcﬁforrl efﬁoth%f sl¥YdaBGert Qle aFt?a%@%'i‘P &e&ﬁielﬁht?& SR bLhbter time
ased on the set of paraneters; and using-the transmt

gt@esli ng matrix for transmssion froma transmtter to

a receiver. 32. The nmethod of claim 31, wherein the
deriving the transmt steering matrix conprises

initi ?il Zi ggmgtﬁgdg(grﬁéwngglitl%: steering matrix, formng a

plurality of transfo on matrices based on the set
of pareapmingrasset afphrapdatsi defininge: tranamstretderis g emtiixg

matri x wi.t h.each of the trapnsformtign trices. 33.

The TR BF e sangRAFE Hothen Al olpefiieier ind

pl uraldihy tRé ttahdAsf QEFRET MAITRTSH GRKnaNIRT S a transmitter to a
obtaining at |east one angle for at |east one el enent

picewach transformation matrix fromthe set of

paraneters, and form ng each transformation matri x

based on the at | east one angle for the transformation

mat ri 32. 34ThAma@pRRLAIEMC @MPHvihsiciithe deriving the transmit steering

matrix comprises

initializing the transmit steering matrix,

forming a plurality of transformation matrices based on the set of parameters,
and

updating the transmit steering matrix with each of the transformation matrices.

33. The method of claim 32, wherein the forming the plurality of
transformation matrices comprises

obtaining at least one angle for at least one element of each transformation
matrix from the set of parameters, and

forming each transformation matrix based on the at least one angle for the

transformation matrix.

34.  An apparatus comprising:

means for receiving a set of parameters defining a transmit steering matrix;

means for deriving the transmit steering matrix based on the set of parameters;
and

means for using the transmit steering matrix for transmission from a transmitter

to a recelver.



means for receiving a set of paranmeters defining a
transmt steering matrix; neans for deriving the

WO e@nasni280 st eeri ng matri x based on the set of PCT/US2007/069498

paraneters; and neans for using the transmt steering
matrix for transm ssion fron13 transmtter to a

recei ver. 35. The apparatus of 8Iain134, wherein the

nmeans for deriving the transmt steering matrix

conprises ans faor ipitialzi the transmt steerj,n .
ma{nrji ;? : rreiﬁ% a]‘a%arra%%l% anclﬁlgn §4p])v§?rgrnl fﬁ)&; gans Ror deriving % ransmit
tteansf aatRtcomprisdt ri ces based on the set of

paraneters, and neans for updating the transnit

st eer MeEsHRT Fitalgnghe Harset steering ARt or mat i on

matri &?%ns foq'fomﬁg?ﬁgﬁl%?tty‘;qf%angfo?%%glﬁs WORL &lalod B the set of

nmeans r formng ity o ormat1 on
patmeees aadnpri ses neans for obtaining at | east one

angle for at |east gne el enment .of each fransformation i

mat r i RCRL Pﬁ&t@&t SRRl e e Mal W S?é‘ ?ftr)tuhe transformation

Q@09 each transformation matrix based on the at

| east one angle for the transformation matrix. 37. A

processor -readabl e nmedi um i ncl udi ng i nstructions
Irst.instru

storeg thereon, conprjsing:.a tion set :
For rater iy apERIT oF Sl 2sepbiETubeihreh T Ruinhe plurality
6t @A1stoHhaliBh halice@co@p@Rd i nstruction set for deriving

the transmt steering matrix based on the set of

par angcenss forapbtagningiat deashsencuenglonfoseqt feast ord tpmdne of cach

{Ja sm% stergﬁ%ﬂﬁyrix fort{anyﬁssionfron1a

ansformatipn matri ¢ sct’of parame and
PEnem T rerd's a PecerVer PU3RICTha processor - readabl e

medi umeads fol &drmigy cacMiiohgbrmithe B&eRMdsed on the at least one angle for

the transformation matrix.

37. A processor-readable medium including instructions stored thereon,
comprising:

a first instruction set for receiving a set of parameters defining a transmit
steering matrix;

a second instruction set for deriving the transmit steering matrix based on the set
of parameters; and

a third instruction set for using the transmit steering matrix for transmission

from a transmitter to a receiver.

38. The processor-readable medium of claim 37, wherein the second
instruction set comprises

a fourth instruction set for initializing the transmit steering matrix,

a fifth instruction set for forming a plurality of transformation matrices based on
the set of parameters, and

a sixth instruction set for updating the transmit steering matrix with each of the

transformation matrices.



instruction set conprises a fourth instruction set for
initializing the transmt steering matrix, a fifth

w0 p®vnsmse on set for formng a plurality of PCT/US2007/069498
transformati on matri ces based on the set of
paraneters, and a sixth instryction set for updating
the transmt steering matrix th each of the
transfornation matrices. 39. The processor-readable

nmedi u wher.ei n the structlo et

compr T2es AnEbTRRhr- TS Bebdf QA SR RS nstruction
teastpase angle for at | east one el enent of each
transFornatlon matrix fromthe set of paraneters, and

an ei ghewniastrystionopt DeobRirng afrlgash Qn@ alegfe for at least one element

?f il ftr%ﬁ{%% n%tflk )fromg‘geto& ptapa%le%rs a%ﬁSt one angle
or ran

the rnatlon mat
an ecighth instruction set for forrmng cach transformation matrix based on the at

least one angle for the transformation matrix.



