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CLOSED LOOP FEEDBACK IN M MO SYSTEMS Fi el d The present

invention relates generally to wirel ess networks, and
waonooe/oseci fically to wirel ess networks that up@t/Ugm®o5/031510

mul tiple spatial channels. Background C osed | oop

mul ti pl e-input-multiple-output (MM) systens

typically transmt channel state information froma

it ve o ELESRBHHOR o BEne LR IATREG RETEMS ' "

Transmtting the channel state information consunes
bandw dt h that m ght otherwi se be available for data
traffic. Brief DescriptionKigldthe Drawi ngs Figure 1

sh a _di agram of W I S . [ L Fgyres .

St BB LR PR R e ity
to varaxad nemvrss thht dthize pigssiospdtiaVetabhels; and Figure 4

shows an el ectronic systemin accordance wth various

enbodi nents of the present invention. Description of

Enbodi ments In the foll cm&grd;{ﬁltdai | ed description,

reference is made to th yi ng draw ngs that
s haWpsday ovgpnuitiplé-idpushmdtipleontps p@AINIO} systdmdiiypeaily tramsmit

whi ch the invention may be practiced. These . -
chaghl é@rwﬁ%@ag?ré_}ra@sacw%w ipig (GOHTITEr oHbe FtSafr ey then utilize
the ﬁﬁ&%a?ioh he a|§ tbée%ﬂ; b Bfing "TiaRSmRidg the cRamel $t5t8 ikfdBmation consumes

I nventi on. to be understood that the various
bandwitl that might ofherwise baawaitablsrfor ddta kraffigh different, are
not necessarily nutually exclusive. For exanple, a

particul ar feature, structure, or characteristic

descri bed her ei nBriaf De§UIaRIINT the Drawings

Figure 1 shows a diagram of two wireless stations;

Figures 2 and 3 show flowcharts in accordance with various embodiments of the
present invention; and

Figure 4 shows an electronic system in accordance with various embodiments of the

present invention.

Description of Embodiments

In the following detailed description, reference is made to the accompanying
drawings that show, by way of illustration, speciﬁc embodiments in which the invention
may be practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention. It is to be understood that the various
embodiments of the invention, although different, are not necessarily mutually exclusive.
For example, a particular feature, structure, or characteristic described herein in connection
with one embodiment may be implemented within other embodiments without departing
from the spirit and scope of the invention. In addition, it is to be understood that the location
or arrangement of individual elements within each disclosed embodiment may be modified
without departing from the spirit and scope of the invention. The following detailed
description is, therefore, not to be taken in a limiting sense, and the scope of the present

invention is defined only by the appended claims, appropriately interpreted, along with the
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wi th one enbodi nent may be i nplenmented within other
enbodi nents w thout departing fromthe spirit and
wGeewpe4Hs t he invention. In addition, it is torPdBUS2005/031510
understood that the |ocation or arrangenent of
i ndi vidual elenents within each disclosed enbodi nent
modi, f i . t T
fut 3 e TR b Bl R Bl Pl B Rl bk Rt
refeit@3b¢ $apid eHbimiar fuhéionhlityahronghout mekhmvéxakaaws n a
limting sense, and the scope of the presen ventiqn
i s Fegyrg ﬂé bovena Jlagipn ofdwappies]ens stagions: #@twaaei BS&%I@NO‘* In
somé BBH& hﬁh&dstaﬁ{ng 92 ¥hd T4 J}@pyﬂt b 4 @ﬂgﬁsﬂfocﬁ%a\&ék@miwmm.
to which the clains are ent draw ngs,
Forlek&eplaioreronwre ef stations lﬁhmdswﬂfenwbesanmcb@ss point ina WLAN. Also

for CxHBRls. ST AL SO0 {13 470 10375 B BRELE sl RE 153 lavto
com?ﬁ‘t@r PeAbhA Widifdf asslsbant @@A? 150 @b INRNFRrthet #f doPRSentbbaliABkts,

are part of a wireless local area network (WAN).
statigusr 102yemd 04 areoprst @fra wrsclessofnds eeeringeork (W WAN)104 may

be,an acce Qint .i.n a so for xa e, one
nml%sog?e %ng?dlg‘l nts,lségloglslax% Hg‘ mg%o%era ts)a allgtuéf;orgﬂloance
with$biCddnisletalylin poaplisRemUthea w1ﬂé%@§ﬁ>¢’tﬁrbrlddtaidaﬁi s ek&hple] stations
or the l1ke. Further, in_some enbodi nents

102 g%l%wgy eperaigpartiedy in pemplignee yitha sfindardssish ap ANISIAEEE Std.
802. Tgt 1995 e i S Mkhoube 1159 f%erfo‘? T9aiEeR B? the?r@stehtoiﬁ%ﬁ't%. Msed
may opefate partially in conpliance wth, or

hereny thel tetne 1§02, hl "cefepd tioang @ast) pl’ﬂsena onifuteted&EF Ert2vidr dtandard,

. d. .F tations 102 and 104

mchaﬁ%&s ? g?{en% i reé}%flﬁ? 511969@05’%@% S fareRample; Sipies 02 gnd 104 may

opera® pARRIK 1§€§m§ﬁﬁme %&Qt% ahy bthel 3RRddd! fucRYs a) Pulﬁﬁb' QE‘EE lﬁbl%onal
s not a ation of fhe present invention.

area hnetve)rh standiard toe mide! e&wnetwmi‘k stefderds to any past,

‘S?aﬁl(g{ls fdu ]gﬁi{e%cl'll nrlc_f_ d%o t1 %léf Iafiteﬁlﬂadsa &%glbi ? %lfltli‘éjI{SQ%Z and 104

1nc11ﬁ17é§"Nf’ @nteﬁﬁa?st wh&e NLfdy aednyl Bdmb&yY 19 pehetRbedhiens| stitiddd 102
l'iance W th any ot her standard, such as any future

and l veanswaayal avmberfapisnrass { Ehsdemainder ofjthis dggcaiption discusses

the cggef %Q'é slsa'ﬁ% éjf’dijand af: a9§? éc?u% ﬁ{mbé'roé'fﬁ%ﬁga 181311 tHQ@arlous

e an ennas. |ons 1%
embodlments of the invention are not so limited. The “channel” through which stations 102

and 104 communicate may include many possible signal paths. For example, when stations
102 and 104 are in an environment with many “reflectors” (e.g. walls, doors, or other
obstructions), many signals may arrive from different paths. This condition is known as
“multipath.” In some embodiments, stations 102 and 104 utilize multiple antennas to take
advantage of the multipath and to increase the communications bandwidth. For example, in
some embodiments, stations 102 and 104 may communicate using
Multiple-Input-Multiple-Output (MIMO) techniques. In general, MIMO systems offer
higher capacities by utilizing multiple spatial channels made possible by multipath.

In some embodiments, stations 102 and 104 may communicate using orthogonal
frequency division multiplexing (OFDM) in each spatial channel. Multipath may introduce
frequency selective fading which may cause impairments like inter-symbol interference

(ISI). OFDM is effective at combating frequency selective fading in part because OFDM
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i ncludes "N' antennas, where N may be any nunber. In

sone enbodi nents, stations 102 and 104 have an unequal
woeovbes15ed ant ennas. The remai nder of this deseeT/psi00$031510

di scusses the case where stations 102 and 104 have an

equal nunber of antennas, but the various enbodi nents

e RSB  ] SpRPRaF E SAABR e

mork gt Mﬁﬁna&ﬁuram@ﬁmdol Sbaﬁhgﬁmirolﬁ&ité‘lﬁ)r kel subxbdmbbmay\be n
stations 102 and 104 are in an environnment wt %/
implementedde epraect ary @tenw;qn§auwg@y§he sypchanpel Further the data carrying

capacpc?ltorf ggéphs%géﬂmn ¥y & %@oﬁet\l}@’naﬁﬁﬁdl%eﬁ)éﬁ[ﬁg bih th%rfﬁéﬂh%

con i‘on 1S kno a
chax@ﬁﬂéﬁdﬁcﬁ@ﬁﬂ&,suﬁtlﬁﬁmdns 102 and 104 utilize nmultiple

antennas to take advantage, of the mul t h ap
i nAEMOesYstRms MY APATAEIIGH SORSAARRR A helo %1089 a(rjll& qQpen lqpp
MIM@:EE/S@HQ oéjétm étlm%k@ttl'l@ﬂﬁe 3@%&5%&@%&8&)&%@ lcR&in@l state

Ml t1 ple-Tnput-Miltiple-CQutput
1nfotma1irm djreetly filom gemlmratatlon/l mesilysitl epen stang lg@ploy

exofpgieeSBpetomlept If ST R BB b B R Bl

comhfimi@fidnd O+hdXBdth GARNLEA fatRsmiticigetichhn@osnate iffoagatiombetween
division multiplexing (OFDM in each spatial channel

statins, theselyhreduging merr@g@ﬁé@yfdp@cqh%@yn@éw% @ndx alse sfupigg overall

ono R T AR, L o B kRt o i

“feddbaskuemndwidike eWhew &eﬂbai:lkﬂgnd\mdﬂﬁrstredmedl ImseloﬁaDMm MIMO
each spatial  channe| é)o smal | subchannel s such t hat

systems g aRawidEh 15ay ﬁﬁla&lﬁ r JatgSPRMYNIGAtERS nnel
g Egﬁﬁan i e1utsctkfaﬁn 156/ 1'nﬁ9m§96’rf 919? b8t &réRhte@BGAn NXN unitary

bé I mpl emented to correct any
beamfdratingiatyix Ydﬂ&edmbgi using asingohamalet dedaumposgion (SH@) algorithm,

o B RS b o BB ST, Rk V 1o

tranSIARNAS k1t Fe'sﬁ§t12ﬂ’%h§dﬁ€lss g bl peforwitdMahSiyiHibRBBor]®e receiver
operate ei open |l oop" or "closed loop." In open

sendsoraph Menr@ls«yfsthe pBitans matrax V_dmclégt transmater; Hdisscherae gvolves
senémg mcthrma 10n re ot e'a%' {herﬁ?erkﬁln[&%bgg%tngﬁy I%;(ﬂtc%mplex unitary matrix,

where N is the number of spatial channels in MIMO system.

In some embodiments of the present invention, the beamforming matrix V is
represented by NZ — N real numbers instead of 2N? real numbers. By sending N° — N real
numbers instead of 2N? real numbers to represent the beamforming matrix, the feedback
bandwidth may be reduced. Non-essential information may be factored out of the
beamforming matrix and discarded prior to quantizing parameters that are used to represent
the beamforming matrix. For example, non-essential phase information may be factored
from each column in the beamforming matrix, and then N° — N parameters may be utilized
to represent the matrix without the non-essential phase information.

A mathematical background of the SVD operation is provided below, and then
examples are provided for 2x2 and 3x3 MIMO systems. In the 2x2 closed loop MIMO
example, two angles in [0, 7/2] and (, - 7] are used as feedback parameters. Compared to

the straightforward example above, the various embodiments of the present invention
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information directly from another station. In general,

open | oop systens enpl oy exponential decodi ng
wezuphesdty to estimate the channel. | n cl osedPdDU§R005/031510

systens, comuni cations bandwidth is utilized to

transmt current channel state information between

er e re '
o B ARG Sk IR SSRGS Aty e
numBOFTI WS fal MItBbde pehsubédiriers dd teBx3tdiosed fln{fpﬂﬂi;MO' &xample, one
referred to herein as "feedback b ndwi dt h

Sign D URHORT HIERHEE P10 F/ 2 TRIKLAY O MO LEF LENECT b ThATRsed as

r I
TR i R S 80t
embodiynebts of elpr pasmmt B‘d/einyomnepﬂ‘dxmttdwb)t ﬁmeﬁxa esarhpleelogy reduce the

amoHIét&fl rf%di\\éﬁ% % ) n]%i t?ﬁis%ﬁl rgguﬁﬂl%q’?\ésaﬁqr SARGAST o may

pr %Ct?éﬁrrﬁ‘t"be‘ﬁﬂltf&%lﬂg mitmhy Y& fdiad bR g Ravhofoliond:
matrix Vto transmt into nmultiple spatial channels.

In a straightforward i npl enentation, the receiver
sends each el enent of ﬁge Rihtary matrix V back to
transmtter. This sche #volves sendi ng |nfornatQEn
related to the 2N2 realxauongpers for any NxN conpl g®)
unitary matrix, where N is the nunber of spati al
channel's in M MO system In some enbodi ments of the

whefe G RSB NRIOB o fpte DR tor A SRS xiim e s ol ted enplygetor on
the JHAHASE H isBHe SiRMEbNGatNg; H’INih@AAr \raumbembdsssﬁ&aﬂ E l?lNQ U
real nunbers to represent t he beanform ng] matri x,

d

and Veaze buitacy R nsiniidgenakmptive with dlis emen‘mrtﬁse eRxdaRnd N is the

L L

symblgto fhe@edéHRE, thOrdceiveemey t:oxhblﬁe B&ﬂ’f’(ﬁtﬁlxm’lﬂ gndrﬂfe fréceivelr afay
exanpl e, non-essential phase informtjon

feedbagk I EREIETSGPRTEREHNE Y|t RPSTIGETh @érﬁe&r}hnagn%ﬁﬂmbelow the
numBBEoft P& ?H?Raralwe ?srl%gg\}(ﬁ] greg@ﬁf \bﬁlagtbb hiRRed b facgﬁglge

represen ut the non-essentia
non4el§l§‘eﬁf1ﬂﬁﬂ1amnfonnatlon from V? and discarding it prior to quantizing the

parameters.

2x2 beamforming matrices

Any complex 2x2 matrix may be written as

vo[bue® ™) 3)
bZleW’zl bzze'¢zz

If V is unitary i.e., VV' =1, then

V= ( b”ew’“ blzeim J )
_blze‘¢z| b”e'(¢l2+¢21_¢ll)
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A mat hemati cal background of the SVD operation is
provi ded bel ow, and then exanples are provided for 2x2
WwW@eaeBxB39M MO systens. In the 2x2 cl osed | oop MMIB2005/031510
exanple, two angles in [OQ p/2] and (p, - p] are used
as feedback paraneters. Conpared to the
strai ghtforward exanpl e above, the various enbodi nents
of the present inventionrepresented by the 2x2 exanple
belwhere bfudd < he Wanaanfurtiedr lineie dhadR, 1T, ripne g0,4ght real
nunbers to two real nunbers per subcarrier. In the 3x3
¢, «l-oselwitboyg lodsleencaatity S hemraze 4 idegreds of figedmm iroMr After factoring
angl es between [O p/2] and two angles between [-p, p]
the onemons phisas fof eadiragkandanoburest, éhesuni@onpatrixdy can bheritten as
strai ghtforward exanpl e above, the various enbodi nents
of the present invention represented by the 3x3
exanpl e bel dyce pw, of feedback from 18
real nunbeées to, sl ers pg{EsBpwEgrler AS)
transmt be ﬁf M gi;dhrl&l und using SVD as
foll ows: where d is the N—vector of code bits for N
data streams; x is the transmtted signal vector on

h
o RR BOARCR Hle bl s CARRRE altflidddinl, oD S LAMHA by |
facté IQE@GQG&' frdReAdcorhf of V S?rﬁi pge %Vﬁhwﬁ%f%t%rﬁl%%\? values

N i's the nunber of spatial channels

fron@éacfl lP@w NN & &l nftﬂﬁ‘: rhd] tﬂﬁ‘ﬁ‘m B&s%tr@%oﬁs‘?ﬁglﬁ;orf §édqér'1glantltles :

nbols to the rec I ver; e receiver my Cco
that F@Hrés}eiit tWe maghifuded Bf fREAtIER bf VRYSiAREHDAGK PRI ®RhYeSwritten as
representing Vto the transmtter. AS déscr’i bed nore
fully below, the nunb rco® fgﬁ@ ack paraneters used to
represent V may beV%r® uce g ¢t ori ng non-essent(®x
phase information fro Wi carding it prior to
quantizi:%;thi paraneters. 2x2 beanform ng matrices

Anwhefeg| 2 matrix may be witten as IfVis
unitary i.le.2JwW=1 , thenwhere = 1. W can further
limt

In various embodiments of the present invention, only two angles i.e.,@ and
@, — &, are fed back to the transmitter. The first angle, 6, unambiguously represents V
and the second angle, ¢, —¢,,, unambiguously represents P,. In other embodiments of the
present invention, a trigonometric function of § may be selected as a parameter to feed
back. For example, cos@ may be fed back as a parameter to represent V . In still further

embodiments, another parameter may be selected that may unambiguously describe V .

The phase information in P, may be discarded. Equation (1) can be rewritten as

H = UDV'
= un(p,Vp,)
= UDP, (P, V) )
e
D v
= UP,D(P,V)
< v



fij [- p,p) Wwthout |oss of generality. There are 4

degrees of freedomin V. After factoring the comon
w@bas®esispdr each row and col unm, the unitary nBECT/UK2005/031510

can be witten as where PLand PR are pure phase

matrices and diagonal. PR is generated by factoring

phase val ues fromeach colum of V, and PL is found by

factoring phase values fromeach row of V. Vis a

MegphdH R HE@% g%ea thOBkt MSDGAN TP, AFe &iAPGHAP a@@aeﬁffo& ¢Binffute. It

quantities t represent the magnitudes of the

el e ifulldrt idn bR FUie SVD
shoffite Bdthar i STV KoMl dr vl R b D o Re S
[ . ’ f 2 1 i t 1
algélrhtgmf fh(rg S,C?E%?gf?&ne, Uqﬂco’ o Sﬂf }{aggegﬁgfgluﬁtg)él?ggogl rthsﬁt?ﬁvrﬂ’n tgﬁ iaecelver

5 sidd "WheEAGHY ARE! Batrik Whth mf2A | we eadsil WHRUHIY UTEV £9eRd &ffect of
PL . In other enbodinents of the present invention, a

beahd foSARSEH Mearh M th ARo@tiofl i MY I/QEpl1aR, Gicitn@sbeétaken care of by
paranmeter to feed back. For exanple, cos g may be fed

the lnaibkngaprosespaTherefoe, fealinglprck s g the transmittst islsufficjertt figrthe SVD
enbodi ments, another parameter may be sel ected that )

algonithmy rfamdsi ¥ uis fiallydetersingddy € and the- ghnaely fwe angles 3re Fequired to
in PR may be di scarded., Equation (1) can be rewitten

fhie t at D and P are

fee |\§ggﬁ(§fh\@§r?§ﬂ¥%§%f r’e}c{g{ tﬂe’?ﬂh shoul d be noted

that is also a singular val ue deconposition of H For
10 t heAswited|aboyd, therynitatyematinizng may e fratpred injo dhe Brodpd of tyee

the multiplication matrix on the receiver side. Wen H

MArEeS mx n matrix with m n, we can still wite and
the effect of beamformng with anounts to a rotation
in the 1/Q plane, which may be taken care of by the
traini ng pRpc §s. Ther¥flyr e, b f feth ngOback to the
transmtter Tgosyfdiai pnt, fog fhg SYR.al gorithm Since
is fully determned by ‘g &nd 'fIM - 217 only two (8)
angl es are reduired t o) fee@basik ayid*t hep are between .
As stated abd® tdhes i—tgﬁlréy oty xOV By be factored

into the prod t %of tHie

15 where 8 and ¢,, —¢@,, are between [0, %] and (- 7, 7). The parameters 6 and

#,, —¢,, may be obtained at the receiver as follows:

@ = arccos(abs(v,,)),0 €[0,7/2] 9)

| arctan| Im(v,.j) +7r/2 Im(v..)>0
Reiv,.j; ’ v (10)

20 @ =
J arctan I, ) +37/2 Im(y,
Re(v ) ’

)<0

y

i

and the receiver may quantize 8 and ¢,, —¢,, and feed them back to the transmitter

as parameters that represent V. The transmitter may reconstruct V by determining the

6



matrices: where q and f21 - f11 are between . The
paraneters g and f21 - f11 nay be obtained at the

wo eweiovisps as foll ows: q =arccos(abs(v1l)), q [BCT/pS2002931510
(9) and the receiver may quantize q and f21 - f11 and
feed them back to the transmtter as paraneters that

) Th ' . .
arrSRUEE TR € "t abg et Sk o8 Mkl rolting 041

phase rotation to the bottomrowusing f2 1 - f11 The
transmtter may then use V for beanform ng: 3x3
beanf ormi ng natrf cescés®y conpl exinbuni t\ 3-vect or rmgi1 S)e
witten as wh¥re E%@Q@(m—manxowg@w 3 by 3 matri 1
may be witten a ere v'j v = 1land’v'j vk = 0 for
j.,k=1,2,3. The phases on the first row and the first
col um can be factored as the product of the follow ng
5 t hrehe trmsmitee fay thebRyse )V fodlssaenféinging: P are pure phase
matri ces and diagonal. P is generated by factoring
phase val ues from each colum of V, and P is found by
factori ng phase val ues fr_oeyn each row of V, and V\,herazy
is a magnitude matrix that fincl udes all of the
magni tude information originally present in the
entries of V. As used herein, the term "nmagnitude
3x3 ieamiforming fneatgice® a matri x that remains after 1 and P
are factored out of the original beanform ng matrix.
As shown in the above exanple, one or nore entries in
a EfNonylex, WRit BLvectoR YnadyHelwigteeniilase i nformation. It
shoul’d be noted that is still unitary since the phase
factorization

10

¢ COS(¢1)
v=|v, |=¢%|sin(¢)cos(p, )e™ (13)

v, sin(g, )sin(g, Je'®

Is where [V} =} +[w +l' =15 4.6, € (0,74 and 6,6,,6, e[~ 7., 7).

Further, any unitary 3 by 3 matrix may be written as

V=[V| v, V3]=
e cos(g,, ) e cos(g,, ) e'® cos(4,,)
e sin(g,, Jcos(@y, ) e sin(g,)cos(p,) e sin(g,, )cos(d,;)

e’ Sin(¢n )Sin(¢21) ere'™ Sin(¢12 )Sin(¢22) e Sin(¢13)5in(¢23)

(14)

20
where v'jv ;=land v'jv . =0 forjk=1,2,3. The phases on the first row and the first

column can be factored as the product of the following three matrices:
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doesn't change the unitary property. In various
enbodi nents of the present invention, two paraneters

w@e@oohidsen to represent P L , four paraneter SPEr/ES2005/031510
chosen to represent , and P Ris discarded. In sone
enbodi nents, the angl es C2I , 031 are selected as
paraneters to represent, ‘# N@t I X can be determ ned
by four paranmeters and a sign , and there are many
conbi nati ons of theVfour pdranﬁt rs that are subsets
of all the angles in .|pif§ergmat |conbinations result
in different conpl eX|t es 1n th > reconstruction of at
the transmitter. It shoul d "ee noted t hat the

conpl [exi tcys? extractlag@)l t he angl®s(¢gf)

l f"Pz:
based éﬁm Sl fz?ﬁOﬁC@a% e SO enalig
ang| elssibig; né@,r}e éfibouligyesin@,naye’ "’é’arrdﬁﬂﬂm(m@ s of
ﬁ—md—fmn——a@—es—’gack—ﬁm—mrm—e—cvmm

the s

trigononetric functi ns such as-sin(), cos(), and
tan() may be sel ected.’ 'Th@ vald qusenbodi nents of the
present invention c nt)em@P”ate(ﬂll possi bl e sets of
four paranmeters to resgnt V,.[ One set of four
paranmeters f ,f 2,F 22 ndeth sign of 22 provide a
solution that is now el aber at ed. The extraction of the
angles fu ,F\1,f2\ F22 mav e perfornmed as: It should

be noted that f ,F\2 F2\>Fn are all within [0, p/2]

T gt 3, PR, i
factgﬁg% Ehds@ v[ﬂ(l?lta?l”roﬁirlagcl:{I @519 Yt Gid ) ik BouNddly- fa&tﬂrlg%ﬁhase values

ment's usi n ve paranméters to-repre

frogsfiod of ¥y PITER Hirs IEZ?" i 4“%’6?‘1%@@’?%%%‘?% 2060y 13
magitfle Tngepel Betugss "M;‘h‘fén? Geerite i SR crdnalyesieseh I the

entRAVEL £E Ssed HREQMThe t6th “Magniditié RAFk O eI hid et remains

after P, and P, are factored out of the original beamforming matrix. As shown in the

above example, one or more entries in a magnitude matrix may include phase information.
It should be noted that V = [V, v, V,] is still unitary since the phase factorization

doesn’t change the unitary property.

In various embodiments of the present invention, two parameters are chosen to
represent P, four parameters are chosen to represent V, and Py is discarded. In some
embodiments, the angles 8,,,6,, are selected as parameters to represent P.. Matrix V can
be determined by four parameters and a sign bit, and there are many combinations of the
four parameters that are subsets of all the angles in V . Different combinations result in
different complexities in the reconstruction of V at the transmitter. It should be noted that
the complexity of extracting all the angles of Vs relatively low compared to that of the

construction of V based on four parameters. Instead of directly sending angles back, some
embodiments may send functions of the selected four angles back. For example, common

trigonometric functions such as sin(), cos(), and tan() may be selected. The various
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The outline of the reconstruction of V is now shown

as: conputation of f 22 ,f 2 to reconstruct V2 , the
waeewendisedl um of V ; and conputation of V3 , p¢EUSIWF/B1510

colum of V using the unitary property of V. W

rewite V as Since is orthogonal to , we haveVlVv2 =

emb@ﬁ{]r%ég@sfeﬁﬁﬁg ?%en"il fugv ? {;xbg(; eﬁ[i etgﬁ\?ébtsﬁ[)lees %%lf f(%.? p%?a'h?eters to
reprgél:'flt"“iij 00nk $of $AR PREANTXES gf"é“’jé‘ : M’ﬁﬁh@)&’l %'f@g \;lr@W%e a

cosi ne. The solutions 32 are nce

soluﬂbﬁ hat! I oW Mabdrb]t@d NTh&eRtactioe ofﬂkf‘ahgl%@% i, ¢, may be
Considering V13 = cos( 13 ) is a p05|t|ve nunber ,

perfeohedsasyV13 as Since is unitary, the second row of |s
orthogonal to the second ro an be sol ved as
Sinmilarly, V33 is Refem#¥iPMY that beanf ormi ng may ©6)
performed as: Figure 2 shows, a flowhart in accordance
with various enbodi nt,éstaerﬂOS(M}) ¢) present invention. (lﬂh
sonme enbodi nents, nmethod 200 nmay be used in, or for,

W rel ess systemtht utiliges technology In
enbodi ments, met hod:2208°¢ %WJ}/ODM thereof, is (sl%gre
per f or med by a wreless co ations device,

enbodi nents of which are s 9 t he various figures.
I n other enbodi rremng,;mtah j}%(ﬂ;&s perfornmed by a(19)
processor or electronic systéemz2lMethod 200 i s not
limted by the particular type of apparatus or

2t el @”%@tﬁaa%é&"% g@tr%ﬁ} PEPRL 2] oy Al and the
51gnp gzﬁ@fcgs dnrll}cr)r e%)vag‘%ﬁég‘%‘gg&jl ﬁ%atgg %egﬁgc m%l?xrg%se?rnﬁ angle in

0nfh%?ee%n§fe§1@[ﬁﬁ/§ﬁd from net hod 200. Method 200 is
own begrrnning at” bl ock 210 in which channel state

i nf[ﬁ) eRBbdiafenisSising the above parameters to represent P, and V , the receiver

quantizes 6,,,6;,, é,,,%,, %P, and feeds them back to the transmitter along with
sign(g,, ), which can be found as sign(g,, ) = sign(angle(+,,)).
The receiver may receive the parameters, reconstruct V,and perform beamforming.

The outline of the reconstruction of V is now shown as: computation of @yy,05, tO
reconstruct V, , the second column of \Y% ; and computation of V,, the third column of

\% using the unitary property of V. We rewrite V as

~ COS( n) . COS( 12) Vi3
V= Sin(¢1l)C°S( 21) e’ Sin(¢|2 )COS(¢22) Vi (20)
Sin(¢1| )Sin( 21 ) e’ Sin(¢12 )Sin(¢22) Vi3
Since V, is orthogonal toV,, we havev,v, =0 or
C, +C,e' " +c e =0 21)

where
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estimated fromreceived signals. The channel state
i nformati on may include the channel state matrix H

walewenitsesl above. At 220, a beanform ng natri XP€BUS2005/031510

determ ned fromthe channel state information. In sone
enbodi nents, this corresponds to performng singular
val ue decorrp05|t| on@ f De s descri bed above with
reference to &yTalF¥n off) and §7) The beanf or m ng

matrix Vis alge siegg)dobeh )sibi@ydeosht, 230, a phase (22)
angle is factore of the

beanf or m ng nacgr:jsxr%l mg’k%ﬁ‘gﬁéﬁ IJr@nz,hov\m above in
equations (5), (8), and (15), the phase matrix P nay

be ﬁl@%tde% gf Ei;klﬁer Hanldr @R AEQb @?n@g ¢ﬂ?¢, X, g@aNgke all within [0,7/2].

di scar addi'ti onal hasé I\ of métion is

Equfafiéh (219 darf beddRplibielyRerad By ating laimtdf c¥sihd PHesblitidnPORSS ,@;, are

matri x and an magnitude nmatrix. In the various

enbodi ments of the present invention described above,

t he additional phase [ fornatlon is_represented by the
phase matri X , Q%t e nm n tafl ec rix is

repr esent ed ﬁ?ZVﬁ%n éﬁ tude . X includes the

magni t ude i nformati on romthe o'ri‘gl | beanf or ni n@3)

matrix V, and may _or rmsi no%bhq:wdyﬂvase

i nfor mati on. @AcTofdn arce —egh—res n VvV may be

scal ars or conpl ex nunbers. AN 2 65 th phase rratrlx

and magnitude matrix are represent ed usi ng N2 -
parameters, where Nis a hannel S.

Fors "é’faerrséls°|“ﬁ“?‘B{eth2%2méHg@a%ﬁ%ﬁ?% Lok Dovacoss) i

t he Pase matri x and magni tude matri x are
g Vewhs parameters. One paraneter, q , is

used to represent the nmagnitude matrix and one

paraneter, fn - f2 , is used to represent the phase

matrix. Al so for. ejil’rm—eW enbodi nent s (24)
descri bed above, N ¥ 3%y tﬁ%srg se matrix and

magni tude matrix are represented by six paraneters and
a sign bit. The phase matrix is represented by two

PASHTRIPT R unfiY, (HeQelBAARbY WS Wrftofohat td ﬁrerse&ﬁlatrsa By, can
four paranmeter$ and a sign bit. The choice of

be sPlRE@REt ers to represent the magnitude matrix is |arge.

V,, = —COS(¢”)sin( 11)os(, ) — cos( 12)Sin( 12)c08(gy, Je' (25)
” \/7005 ¢|1 COS ¢|2)

Similarly, v;, is

~ _ _COS( ||)Sin(¢n)5in(¢zr)_cos( rz)Sin(¢12)Sin( 22)6“'032
7, = 26)
\/1 - COSZ(¢1|)_ COSZ( 12)

Remembering that

10
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At 260, the paraneters are quantized. They can be

guanti zed individually or jointly. The paraneters are
wa@e@aahisedl i n the ranges appropriate for the reemesmbs/031510

t he paraneters sel ected. For exanple, in the 2x2

enbodi nents descri bed above q and f - , are

guanti zed between and ;- espectlvely At 270,

the quantized paranet rs a e tr nsmtted. The

quanti zed par anet efs fbé trlnsmitted using any @ype

of protocol or any typg ofgc ni cati ons |ink,

including a wireless Iink such @ a wrel ess Ilnk

bet ween stations |ike those described with reference

t 0 bbargfoimink miy Beipafadmebaws a flowchart in accordance

wi th various enbodi nents of the present invention. In

sone enbodi nents, nethod 300 nay be used in, or for, a

Wi rel ess systen1that ut|I M MO technol ogy. In sane

enbodi ments, nmethod 3097 %ortions thereof, is (28

per f or med by a wreless connunications devi ce,

enbodi nents of which are shown in the various figures.

| nFigue? skoviroalflowchiast, inne¢drdahc30ath wrioas E@boditheRis of the present
r.ocessor or eIectron| em thhod 300 is not
inveption. {18 §omg embadiments, wigt 5% pRyF ua 8y @R g5 agyireless system that

utiliZR M INO]e @B z.t Ilp%nfl@élﬂﬁ&gm&n@ gOO U??ﬁﬁﬁ)rh's g+é§eof is

actions in ne 300 may be per e or
perf@r@ﬁémaeulrelm aemymipecabions devivesgl embodlrml:nfo(ﬁ' vetith aredkown in the

TR R
electﬁdirﬁ&\léysml MietHad 280 idHdR GikniRd By itk ﬂﬂ@ﬂl&ﬂaﬁﬁrpé bat‘aﬂﬁ or soﬁware

angl e paraneter is received. Thi's nmay orrespond
elenﬁ?@?ﬁfﬁ%‘@rth? getiodi dge dﬁ@owacm@nmh@d 200 mapbe psrformed in

e bSR3y YIRS, IOk o PR sl
embathentsy\schﬂie aroabﬁsr Este®int Kigerg Bairé omit(dd)frord metiyd 200¢! ude f

&fﬁﬂ}qgf%oo(q lown e%gfn%g'a&t%e af’z%ﬁgg b bl St infaation is
R e L PN
stateaopieik iHbdesrilied) abovte AnBZeh iathet.ahafarﬁliltgwmatrix is determined from the
channel state information. In some embodiments, this corresponds to performing singular
value decomposition (SVD) as described above with reference to equations (1) and (7). The
beamforming matrix V is also described above.

At 230, a phase angle is factored out of each column of the beamforming matrix.
For example, as shown above in equations (5), (8), and (15), the phase matrix P, may be
factored out of the beamforming matrix and discarded. At 240, additional phase
information is factored from the beamforming matrix to yield a phase matrix and an

magnitude matrix. In the various embodiments of the present invention described above,

the additional phase information is represented by the phase matrix P, , and the magnitude

matrix is represented by V. The magnitude matrix includes the magnitude information

from the original beamforming matrix V, and may or may not include phase information.

Accordingly, the entries in V may be scalars or complex numbers.

11
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entries in a 2x2 beanformng matri x nmay be determ ned
fromthe angle paraneter q , and as shown in equations
W@ 2@p/0arsos (24) - (26), the nagnitude of the enpeT/ES20051031510
a 3x3 beanformng matri x may be determ ned fromthe
angl e paraneters fu ,fl2 ,f2 , and f22 . At 330, at
| eagtsy<gn & Ser ' I 2
Wr'250! ﬁ‘ma %pgsset%ﬂﬁﬂ& %HEhﬁmgm'téde rfidtfik %?edregﬁégérﬁed‘ﬁé{%ye- N

correspon e transmtter recelving one ofr

- pargniedesre, vderaNas e nembéradf spatfal elsamnelsaFphexampba i ihe 2xFembodiments

NS N o B BSOS B 1y v
pardiiéat] ORs Bgé)neé?,de (Rused®lo rBp¥sdnP BleYfSnitudd n%trf)g?nldfsfl% ,

as described above with reference to equations

paraie®dr, AL #3465 ustth e mprdseashe phrase phabe AlBo foratxempleih the 3x3
applied to at | east one rowin the beanform ng matri x.

embpdimentedastbediabevp hs S, A the phagednateiyand ouenitedermatrinage
i) | i ' ‘AR t
ep PSPl LS5O E O s ot R SRR o

paranestert, ndithomagniside wiatrixniseepredented by 8)r. parirfetes aAd aRPADIt. The
a systemdi agramin accordance with various

choishBbBRTABRIES BreRIAenhing SagnitidR BAdR args- ect r oni ¢
sy :
bR Sph DT e BEE A BB Moy

Thd paramétecsaregMntipedingbs mngdGdpprepmatenfontireyradgtOof thepaameters

enbodi nents, el ectroni ystem 400 nmay be a station
Selcetﬁ"gag?feexsfnp%ea& i eﬁéaalm?mﬁ descrihed abewss Char 6, — ¢, are
guanti zi ngiparjtmeters as descri bed above with

quaritRkebereen | 0, % hang (e Al Fespe@ivets - At 2700t /antized tparameters are
enbodi nent ¢, Zlectronic systemnay be a station that
ant idé)ed paraneters, and perforns

recei,ves qu P
tran%l&ﬁf‘-of NHEFCPAAMRIS Ry A irapypitied uspe any Bipe of pigtncel or any
typefebRMuARDiBRYIiRE iﬂ&ﬁﬁdihégg’ix‘(e%sggl‘rﬁ% 5&1%;1?@ %lv@géléf’gg pi‘ﬁk Pitween

station 102 or station
statiensalnipsl thosealesariiedwith wfstremtd Bigura). be a station

OB et B ot e 2 B s
inveiﬁ{ri]?lﬁ Ll'idlg.gfne b HRIBN) thefRM 300 S IRMse RinS ¥SfoR B W1AEss system that
utilizes MIMO technology. In some embodiments, method 300, or portions thereof, is
performed by a wireless communications device, embodiments of which are shown in the
various figures. In other embodiments, method 300 is performed by a processor or
electronic system. Method 300 is not limited by the particular type of apparatus or software
element performing the method. The various actions in method 300 may be performed in
the order presented, or may be performed in a different order. Further, in some
embodiments, some actions listed in Figure 3 are omitted from method 300.

Method 300 is shown beginning at block 310 in which at least one angle parameter
is received. This may correspond to a transmitter receiving one or more angle parameters
that represent a magnitude matrix. For example, the at least one angle parameter may

include @ as described above with reference to equation (6), or may include ¢,,,4,,,%,,,%,, ,

as described above with reference to equations (15) — (19).

At 320, magnitudes of entries in a beamforming matrix are determined from the at

12
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an access point or nobile station as well as other
circuits. For exanple, in sone enbodi nents, electronic
waeymbems400 nmay be a conputer, such as a per sor@El/US2005/031510
conmputer, a workstation, or the like, that includes an
access point or nobile station as a peripheral or as
Further, electro

an i ntegrat e C stem 4
teas e gl HaPoiora o prapiledS SpeFn FEE RS (L e MskBiudtt e
entrie® 84 PET bdathfernmak Waltrix mha bedetethind frofy it anglé Qarasehess , and
and receives signals using antennas 410, and the

as shovgnialequatians ﬂQ)@@déZfB 26}, ifee magnitidg of therpatiies iBAGKA i n

e S T T R R R A L
Pr oG §§5 ' ﬂ%as&?%tﬁ%e%garﬂa& QRELAlR. ’I‘BlsF}ﬁé}I é(ﬁ’}esRond to the

conpliance Wt In conplete conpliance wt
transanittet saivingtone ok stoanplaasel pa;tanhtemstharrea@sem aphaieﬂnatamd For
Physi cal | ayer (PHY) 430 is co ple o ant 410 to

examwﬁethset eaat Ofic BbA5F PRIREIEET HEV{BF IR hist Fs eﬁ‘a ayewith
S S BB o O, e
refer%Hpé)t%' Qﬁ&s éF@Y @P Af‘%‘()u ﬂfésa% #Mstne r@ﬁ& pﬁﬁ%mét@r mgy be applied

recel v S|gn orm™"front e rocessi
to atdeash omsrovoin thobwfarmingfmectm i Bor ¢xiaiif)e, tifei phase matyix and

g RGN A Dol FAnaRadh ERipnanal hharsal ianaaD: dther

the (REATSRiIAE Hﬁtrﬁl 1"115#' b& ﬁé/edtlf’) beaRRRhingMs\ibwh &'H‘@(iuatlon (28)
processing. Al so exanpl e, in sone enbodi nen

430igune # hievgs a:systmm d@gtam mmmp@ﬂanderveldums embodlments of the

up-.cony.er sj-pn smtter dia .access
prestEVRDY ot ey o v ein O RET iy e i B RAREE prv 430,
medRCAee8Ess c@ﬂt‘%lr(MA¢ﬁM?ér 4|4UpEt<ﬂHitht iatdrde 450 Hréveasp 460, aMH@lemory
440 may be jinplemented 1 n software, or hardware or

470.c brgsmiramindiments, @éﬁctmnw syeAE 40R1eRi b%%tgtlorbpapéblp o6 facszrmg
bearM%ﬁn%é esbaefld' géaﬁ‘ Et@rsrh? {bed a@&% Wit Pe{géljeﬂ& to the

ement war e | S execut ed
previsus (s 114 6ther ﬁubddlments,l\d@@twﬁ& syetgmi inay bele station that receives
quanelrzg Sgrzr%rete%e g% per?o %ea %oor?n?r?gslglra M?IQ/I'O system. For example,
electronic system 400 may be utilized in a wireless network as station 102 or station 104
(Figure 1). Also for example, electronic system 400 may be a station capable of performing
the calculations shown in any of the equations (1) - (28), above.

In some embodiments, electronic system 400 may represent a system that includes
an access point or mobile station as well as other circuits. For example, in some
embodiments, electronic system 400 may be a computer, such as a personal computer, a
workstation, or the like, that includes an access point or mobile station as a peripheral or as
an integrated unit. Further, electronic system 400 may include a series of access points that
are coupled together in a network.

In operation, system 400 sends and receives signals using antennas 410, and the
signals are processed by the various elements shown in Figure 4. Antennas 410 may be an

antenna array or any type of antenna structure that supports MIMO processing. System 400

may operate in partial compliance with, or in complete compliance with, a wireless network

13
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In operation, processor 460 reads instructions and
data fromnenory 470 and perforns actions in response
WO bwse11395 For exanpl e, processor 460 may accesBCT/US2005/031510
i nstructions fromnenory 470 and perform met hod
enbodi nents of the present invention, such as nethod

0 Fi gur ), ,0r t;hod 300 (Figure 3) or nethods

Stanéggéls?lb%&"\%o?ﬂlrsé@ggrgnce to other figures. Processor
46%?@94_1 SR RY3( i¥ RBupléd # REQMaH 10 foliflerdt RthRUbireless
not Timted to, a mcroprocessor, a digital signal

network cBHYAA30 mayninelude eipguitay fossuppest therteanpmission gadrrogptipnoof radio

{. ti t ' i .
el B0 SR LB B St byl DSUAET A TIRL 6 pnadefh e
receRRE BSRcERETIENal{ RAMerfoinri®iin€ eridXpiodtssing aisch a3eow myise
&@DRAM , Static random access nenory. (SRAM,, read only
ampfiBawtop (LRAV) filtenngs freausmey Gonvsrsiemher e Hke Fythergp some
embgg%ﬁe%kiPhﬁfahg%gglluagset?an@fo%%wﬁ‘aﬁi@ﬁg ahd S?%I\r(foﬂ'flf?l &reitry to

mory may store instructions performn
supponteMEMErsipnad praztssirge Alao faresamplehmcsoercrnthodenerss, PHY K30

: esent, invention. Menory 470 may al so store .

inc e MR o ReE ST RERSHPITR AL JLRT GBS hough
t hf&eRd hQES RhBBEMACYfaysyAoaihyB0ady Siitable\WedbLRREA @ntrol
in Figure 4, enbodi nents exi st that ‘conbi ne the

layec implementgtiorf. Foresampler MAEO 440rmap by implememtedp peftware, or

i nterface 450, .and MAC 440 in_a, si.nale inteaqr
hardbrEon 5 Py BRMLCST, Lt S BghS.d BB BLfg 440 mey
be ifipleRieHtediit hirdw e OaRISS i ticihapbe Mpletentad 1 softoarafiatdsexecuted
control store within processor 460. In sone

by peanseer et Burthep MA&r448 imaydnelidh? Brasessey sepatsedem pgeessor 460.
beseparatel y packaged and nounted on a common circuit
board. I n other enbodi nents, the various elenents are
sepavpération) pagesoedoCieaduinstrutitioas matdag fdnt ragadtyst70 and
such as in a nmultji-chip.nbdule, and in ill further .

perfg%%qﬁtlﬁ%psrpsgpgf,q t@a@tqﬁ mrgplgr RIOESeTH Osrg%access instructions

fronh IR &ﬁﬂ%@jﬁ&f%n@tﬁod &Ghibsdimetts ob iR raeht iﬂ5&1tf&}’s61ch as

provi de co ni cati ons between el ectronic system 400

method 200 (Figure 2) or method 300 (Figure 3) or methods described with reference to
other figures. Processor 460 represents any type of processor, including but not limited to,
a microprocessor, a digital signal processor, a microcontroller, or the like.

Memory 470 represents an article that includes a machine readable medium. For
example, memory 470 represents a random access memory (RAM), dynamic random access
memory (DRAM), static random access memory (SRAM), read only memory (ROM), flash
memory, or any other type of article that includes a medium readable by processor 460.
Memory 470 may store instructions for performing the execution of the various method
embodiments of the present invention. Memory 470 may also store beamforming matrices
or beamforming vectors.

Although the various elements of system 400 are shown separate in Figure 4,
embodiments exist that combine the circuitry of processor 460, memory 470, Ethernet
interface 450, and MAC 440 in a single integrated circuit. For example, memory 470 may
be an internal memory within processor 460 or may be a microprogram control store within

processor 460. In some embodiments, the various elements of system 400 may be

14
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15

and ot her systens. For exanple, in sone enbodi nents,

el ectronic system 400 nay be an access point that
waiobiozsss Et hernet interface 450 t o conmuni cat BCTMS1008031510

wired network or to comruni cate with other access

poi nts. Sonme enbodi nents of the present invention do

sepagag%gipg%agdﬁ Pﬁ%{ﬁgﬁ&%{l | { §ﬁ1lfni’go%8c1rs ?Q bo%@o Ift éﬁ’xrég %r%boéhﬂqents the

varldﬂfstél‘@ﬁéﬁts fregeparme nﬁagldte(i Nr&it ﬂlhabamgrmmgem@ Suoh dshina
nputer or network usi ngl?ﬂa bus or other type of port.
mUIWCthHWI?’WQd it gdbfwrthergrabadinentpa@rigus¢lepeats arg,ythe game

i with certain enbodinents, it is to be
mte%rg{ég?stg%ggﬁt hat nodifications and variati ons nmay be

r e Ethretrgad interfadet450 maydepeade corgminicatietisdespdenielecanodic system 400

scope of t i nventi.on as t illJed i.n the
and PBEERYSiP T d0F SRS, B3RRE FEUPRILHE SEToitsy i 200 gy be an
acce§§ ﬁoxﬁﬂﬁ?ﬁ' ﬁﬂfz@?EIh@nﬁ?m‘ﬂérfd&b 256 ReconsARScAb Withe WHH&HétWQFk or to
the appended clains.What is clainmed is: 1

comnnmmate withpthesaqegss foirds. obomeephedimentsiod thamrcsﬁnt tnyentgdn do not

mcllbdghf:tﬁ%tpgtrl%ggcé%d nlgdr e%%rggltgr %@%gﬁfetggaoﬁgﬁnti C?CCEI‘R%IC System 400
maytbe@ rehAsR inteifffdertatd (WIC) that donemuEitdtesiwih a ébmbitedor network using
wherein factoring phase information out of a

abubehﬁﬁléfr%’ﬁ@ PRIt-ri x conprises factoring a phase angl e
fr ?{Ehga%l?th%%&%zlhg\% eiragths‘i‘ﬁ‘éEan{eE&r{b%d RESA &ﬁnctl%n willfcertain

n transmtting
embbdmm, itti$ togbeNthdersbdodahatmeddificatiohedrel eraepnsemeyl bs regorted to

f o] f t
WithQpLJeRABINg o B SEBaPq SSOREOF e PO E o a5 e oL ARE i ha e readily

undérE‘tfclﬁ’J n@ﬁdh‘:}ﬁoélﬁ@;mo%@ﬁﬁ‘d (/é'-ﬁ'ﬁtl%ﬁs A %ofi’ﬁ@éf&@fd][‘)@\glt%ttﬁé Q%ob@ of the
yi a phase matrix and a magni tude matrix. 5.
1nven'eommtﬂ the appeaided dlaiher ei n transnitting conpri ses

transmtting at |east one
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paranmeter to represent the phase matrix and
transmtting at | east one paraneter to represent the
wore@niotisoe matri x. 6. The method of claim5 wWheeBUS2005/031510
the beanformng matrix includes two rows and two
colums; the at |east one paraneter to represent the
phase. matrix consists of a first paraneter; and the at
Whatds,elaimedishar aneter to represent the magnitude matrix
consi sts of a second paraneter. 7. The nethod of claim
6 wherein the first paraneter consists of an angle. 8.
1. TheA netheddoofprisingi m 6 wherein the first paraneter

consi sts of a.function a . . hod
coﬂg?tPE?%&aS? 3&#‘8‘??\9& 059%328%%}%‘%P %??%1%‘ el ?ji X into a

Pl Uradkinftin@ht 188k bhEpframatef déssiibiag tidigamfomhing yadfix without the
matrices having entries that include magnitude

phasenénrmatidpibn from t he beanformng matrix; and
representing the first of the plurality of matrices
with a first paraneter. 10. The nethod of claim9
2. WheTleimethbdofdlainal whyreif facwring phssefinforinetiori owtlofiddsarnfarming
matrices wth phase information apd wherej n one of .
matpiR SOMRESeFPSPHRE A Puase apBIE SO e )8 b eI ER e apatrix.
and the other of the two matrices is discarded. 11.
The nethod of claim 10 wherein the first paraneter

3. corfreimetbodiof caigl 2 whein Farsmiging edmpfises| teansmittnghér-6¥ n

the first paranmeter conpr.ises. a,trigononetric function
parggpeters ity N rerrssenis 3 QITRBHORERHE PERISRLE rghhg o

phase angle from each colum of a 3x3 beanform ng

matri x; and o ) . . .
4, The method of claim 2 further comprising factoring additional phase information

from each row of the beamforming matrix to yield a phase matrix and a magnitude matrix.

5. The method of claim 4 wherein transmitting comprises transmitting at least one
parameter to represent the phase matrix and transmitting at least one parameter to represent

the magnitude matrix.

6. The method of claim 5 wherein:
the beamforming matrix includes two rows and two columns;

the at least one parameter to represent the phase matrix consists of a first parameter;

and

the at least one parameter to represent the magnitude matrix consists of a second
parameter.
7. The method of claim 6 wherein the first parameter consists of an angle.
8. The method of claim 6 wherein the first parameter consists of a function of an angle.
9. A method comprising:

factoring a 2x2 beamforming matrix into a plurality of matrices, a first of the
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representing the beanform ng matrix using six

paraneters. 14. The nmethod of claim 13 further
W@ewpnisHhig transmtting the six parameters onPEI/US2005/031510

wireless link. 15. The nmethod of claim 13 further

conprising factoring phase information fromeach row

plurfity!dtnatiicts MEGHE AhHeOhal Foldt mabfinudd B edFaliBA 10fn fp 21

erein two e SIX paraneters are se ected
beamépmirgembtrixhendhase i nformati on factored from each

row. 17. .A nmethod conprisin recei vi t | east one
GRSt QfaBop AN TG YRS Tt rereRdts | n
a beanformng matrix fromthe at | east one angle
parameter; receiving at | east one phase paraneter; and

10. ap ﬂ[hy'mﬁjhadw@f Claim @whereonibe phasléty pﬁmtrmee further ZatclucbamO
W.in e b or,mn

maffRG b bpads WGBS Rei B RhF hE e MR il RDeSeptag by a

secdnd\Waranitler] MM 16O LIHENSS tht BP0 AtatliR8 % disdaededngl e par amet er
consists of one angle parameter; and the at |east one

phase paraneter consists of one phase paramster 19.

11. Thefh'é‘?ﬁéis&{ﬁf:cléihqaid‘%vﬁgrely}ﬁ%ﬁk?paﬁa %te'?‘é@rﬁpﬁ ”' X

conpri se ee rows an ree-colums
one angl e paraneter consi sts of four angle paraneters
aranmeter consists of two

the a st aone phas
gf b%dn%fe iy 1ghérafn the first paramsies FomPpriges  thgonometic

functlon of an angle.

13. A method comprising:
factoring a phase angle from each column of a 3x3 beamforming matrix; and

representing the beamforming matrix using six parameters.

14.  The method of claim 13 further comprising transmitting the six parameters on a

wireless link.

15.  The method of claim 13 further comprising faétoring phase information from each

row of the 3x3 beamforming matrix.

16.  The method of claim 15 wherein two of the six parameters are selected to represent

the phase information factored from each row.

17. A method comprising:

receiving at least one angle parameter;

determining magnitudes of entries in a beamforming matrix from the at least one
angle parameter;

receiving at least one phase parameter; and

applying the at least one phase parameter to at least one row in the beamforming

matrix.
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a machi ne-readabl e medi um adapted to hold instructions
t hat when accessed result in a machine factoring phase

wo edoeosmad3 on out of a beanforming matrix, and PCT/US2005/031510

18.

19.

20.

transmtting at |east one paraneter describing the
beanform ng matrix without the phase information. 21.
The article of claim20 wherein factoring phase
information out of a beanformng nmatrix conprises

f ackhsrmethodioipizisel Awhesint r om each col umm in the

be 2 .Th artlcl of claim20

¢ ur, SeameBnAB kit ¢ gkt hu® Kt s St

| nfth)df aeisoond anpie ph’iﬁhetéﬂ&bx@fststdl‘%nbﬁﬂgﬁ: Phrahidger"BHd | X tO
{] phase matrix and a magnitude matrix. 23. The
ar tt f‘ciltjeﬁf oRq Ri1ags Parapgier éqmlsssf%fr@mphasemr@m i ses

transmttl ng at | east one paranmeter to represent the

phase matrix and transnmtting at |east one parameter

to"ﬁheplneeh@hcbfdidim Iaghértinde matri x. 24. The article of

23 wherein: .the beanform ng trix |ncludestvvo

3%6 SR IPIRYNE Blatin compryses threg %’éﬁ@taﬁg Huep solumaser t o
re
pa?‘iﬁi‘?%%“ R T ol bl P a0, o
t héhenaidenst ertephase parametoneinsists afftwa phaseqrachmeters.
paraneter.25. The article of claim23 wherein: the
beanform ng matri x i ncludes three rows and three
colAnwticlecbmpaitingeast one parameter to represent the
phase matri x consi sts of two parameters; and the at
| eddrachime-rpadalleanediumadapted toskold instructinug that wdwsn matessed result

in a ARABEhS Ya%t&fngfﬁﬁ%e RIS b S of 2%eamorflis S5k I‘lnXI nd %ansmn}tmg at

conpri sin

least one parameter descrlbmg the beamforming matrix without the phase information.

21.

The article of claim 20 wherein factoring phase information out of a beamforming

matrix comprises factoring a phase angle from each column in the beamforming matrix.

22,

The article of claim 20 further comprising factoring additional phase information

from each row of the beamforming matrix to yield a phase matrix and a magnitude matrix.

23.

The article of claim 22 wherein transmitting comprises transmitting at least one

parameter to represent the phase matrix and transmitting at least one parameter to represent

the magnitude matrix.

24.  The article of claim 23 wherein:

the beamforming matrix includes two rows and two columns;

the at least one parameter to represent the phase matrix consists of a first parameter;
and

the at least one parameter to represent the magnitude matrix consists of a second
parameter.
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N antennas; a processor coupled to the N antennas; an
Et hernet interface; and an article having a

wore@hionesoF eadabl e nedi um adapted to hol d i nst rRCt/USW85/031510
t hat when accessed result in the processor estimating
channel state information for N spatial channels,

f actori a ase,anale fromeach colum of an NxN
25. be;‘theo;}rﬁ?lﬁé)fﬁfé 1393 W

rix, aﬁedn'representi ng the beanform ng
mat the besvhfoffitg rhiteix pivhedes @it AsvsmidiBrebllotuniNs;
paraneters. 27. The electronic system of claim 26
whelhgphlepst eno pargmgter fporeggesent thegphagermplipscangists pfdwe parameters;
paraneter to descri be phase and one paraneter to
descri be magni tude. 28. The electronic systemof claim
26 thbeat lehst ohk pardmeen b teprestiit the iNagratudomiatyis consistaieffour
two paraneters to describe phase and four paraneters
ParygetFiSscri be nagni t ude.

26.  An electronic system comprising:

N antennas;

a processor coupled to the N antennas;

an Ethernet interface; and

an article having a machine-readable medium adapted to hold instructions that when
accessed result in the processor estimating channel state information for N spatial channels,
factoring a phase angle from each column of an NxN beamforming matrix, and representing

the beamforming matrix without the phase angles using N - N parameters.

27.  The electronic system of claim 26 wherein N = 2, and the N> — N parameters include

one parameter to describe phase and one parameter to describe magnitude.

28.  The electronic system of claim 26 wherein N = 3, and the N? — N parameters include

two parameters to describe phase and four parameters to describe magnitude.
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