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5 The present invention relates generally to wrel ess networks, and nore
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Drawings 15 Figure 1 shows a diagramof two wireless stations; Figures 2
and 3 show flowcharts in accordance with various enbodi nents of the present
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Brief Description of the Drawings

15 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.
20
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
25  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
30  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



I nvention is defined only by the appended clains, appropriately interpreted,
along with the WO 2006/ 041595 PCT/ US2005/ 031510 full range of equival ents
to which the clains are entitled. In the drawings, like nunmerals refer to
the same ONOLPOHU4859Sf unctional ity throughout the several BETERZ0SHSHIPe |
shows a diagramof two wireless stations: station 102, and station 104. In
sone enbodi nents, stations 102 and 104 are part of a wireless |ocal area
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not limted to, the 1999 edition. Also for exanple, stations 102 and 104 may
15 oper atstatisas i 02a0d/ 1Gare papiof anvdeeless tidearga netwerk EVYRN.d, such as any
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enbodi nment s, statlons 102 and 104 have an unequal nunber of_ antennas. The
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104 comutbréinttie i ‘1802)10t eefBmny appOpat, Presest, gﬂﬁdturaaEEB 80BN semamralL , vvhen
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advant agearafndtherkrmiﬁdaﬂabmmedrdamehn@keaﬁﬂaxﬁhe COITITUI’II cat i ons bandwi dt h. For

exanple, in sonme enbodi nents, stations 102 and 104 may. copmuni cate_ using
Stations 102 and 104 each include multiple antennas. Each of stations 102 and 104

includes “N” antennas, where N may be any number. In some embodiments, stations 102
and 104 have an unequal number of antennas. The remainder of this description discusses

20  the case where stations 102 and 104 have an equal number of antennas, but the various
embodiments 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

25 “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.

30 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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and the transmtter nmay process an outgolng signal 'using the beanform ng

matri x V t‘teedbackibandwidtnt? dWhen feegback dpadwidth is neduced & clbseddoep MAMEt f or war d
ch elenent .of the unitary matrix V
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beamforming matrix V determined using a singular value decomposition (SVD) algorithm,

and the transmitter may process an outgoing signal using the beamforming matrix V to

transmit into multiple spatial channels. In a straightforward implementation, the receiver

sends each element of the unitary matrix V back to transmitter. This scheme involves

20  sending information related to the 2N? real numbers for any NxN complex 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 N2 — N real numbers instead of 2N real numbers. By sending N2 — N real
numbers instead of 2N? real numbers to represent the beamforming matrix, the feedback

25  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.

30 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, n/2] and (r, - 7] are used as feedback parameters. Compared to

the straightforward example above, the various embodiments of the present invention



I n sone enbodi nents of the present invention, the beanformng matrix Vis
represented by N2 - N real nunbers instead of 2N2 real nunbers. By sendi ng
N2 - N reabvv anITBerS i nstead of 2N2 real nunbers to represent the

beant or ni nd" V&Pt he feedback 25 bandwi dth may be reduEEE’US?\Wﬁ“’%’é%"entl al
i nformati on may be factored out of the beanformng matrix and di scarded
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utilized NPEbPESEe BEQFRl RHBDGHPRY sybmmﬁbdptb%gxmﬁseéég%gﬁ&f O gramagle, one

i nformati Qfgg@st # provi ded
bel ow, ang%nhg‘ﬂﬂ&e@%m %ﬁg%}?@\’n%lgﬁq]g‘,&;né&g)ﬁﬁwggg%%@%? gsﬁs In the
2x2 cl osededdbagk ﬂdkmtemsx&]qnlmredmmhastgingﬁfqrwar[d@xamplb]ab@nd, the variousl t] are
used as feedback par ters. ared to e st ht f rd e a Ie above,
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PCT/ US20034{3d Ak Feedbal f}aﬁﬂtse[@al%nm%s %6t %ﬁmﬁ&rpsé&%eﬁﬂepe the amount of
f eedback from el g% real nunbers to two real nunbers per subcarrier. In the
3x3 cl osed | oo tdrsMitbeamfbmming meatrix imgy beifound usingf YD aafiglless:bet ween [0,

a/2] and two angles between [-n, it] are used as feedback paraneters.
Conpared to the straightforward exanpl e above, the various 5 enbodi nents of
the present invention represented fy-py'3x3 exanpl e bel ow redpge the

amount of feedback from 18 real nunbers to six real nunbers per “subcarrier.
A transmt beanform ng matrix may be=¥dnd using SVD as foll ow&) H = UDV

(1) io x=Vvd (2) where d is the N-vector of code bits for N data streans; X
is the transmtted signal vector on the antennas; His the channel matrix;
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spati al chiggvitdnmas; W isthé ahannVl Rbtrix 81§ siapslai vdles decoPotitian HE EDVTRY send
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As desgri %leE'PJf%pétHl k¥arf€1sO%o obthEn V at the transmitter, the transmitter may send training

symbols to the receiver; the receiver may compute the matrix V?; and the receiver may
feedback parameters representing V to the transmitter. As described more fully below, the
number of feedback parameters used to represent V may be reduced by factoring
non-essential phase information from V? and discarding it prior to quantizing the

20  parameters.

2x2 beamforming matrices

Any complex 2x2 matrix may be written as

25
_ bl|e:::‘ blze::: . (3)
b, e b,e™
If V is unitary i.e., VV' =1, then
b, e™ b,e™
30 v=| ¢ 12 4
[_blze‘ﬁl b”e‘(ﬁzﬂ‘zl'm)) ( )



nunber of feedback paraneters used to represent V may be reduced by
factoring non-essential phase information fromV and discarding it prior to

guanti zin raneters. 2x2 beanformn matrices Any, @Hﬂ” rratrix
may be w%b&ﬁoé@lg%S (b, e A be'A V- u (3) bZe bzze E%SPIS unitary
il.e., W' =1, then 30 V( be"' ' 1 bae'4" O 4 = -bl2e'#" biie'ca:+e2, A)

4 V\D 2006/ 041595 PCT/ US2005/ 031510 where bl 2 +b12 bl'We can further I|mt
b" a [0,1], bl2 a [0,I], OV a [-2r, 2r) wi t hout | oss of generality. There
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quantities that represent the magnitudes of the entries of V. Si nce b,
+b,22= 1, V can be witten as cose sing V (6) ~-sin 0 cos 6 where B e 10, 2

]. 15 In various enbqdi frents ®f Yhk, prigs elf“ln@/et only twg.angles i.e.,
B and BEECED ~b, B\ 0 i’% V\g)

where P, and P, are pure phase matrices and diagonal. P, is generated by
factoring phase values from each column of V, and P, is found by factoring phase values
10 fromeachrowof V. V isamagnitude matrix that has entries consisting of scalar quantities -

that represent the magnitudes of the entries of V. Since b2 +b2 =1, V can be written as

~ cosf siné ‘
v=l , (6)
-sin@ cosé
where 6 € [O, E] .
2
15 In various embodiments of the present invention, only two angles i.e.,8 and

@, —&,, are fed back to the transmitter. The first angle, 8, unambiguously represents V
and the second angle, ¢, —¢,, , unambiguously represents P, . In other embodiments of the
present invention, a trigonometric function of 6 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

20  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'
=upn(p, VP, )
= UDP,(P, V)’ 7
e
D \4
= UP,D(P, V)’
e

] v



X11 -21 are fed back to the transmtter. The first angle, 0, unanbi guously
represents V, and the second angle, A 1 - 21, unanbiguously represents PL.
In other e i of the present invention, a trigono riG f tion of
C may be ser{?ggweggﬂgsgsa paraneter to feed back. For exarrp?g:&/déggoségfﬁé@ be
fed back as a parameter to represent V. In still further 20 enbodi nents,
anot her paraneter may be sel ected that may unanbi guously describe V. The
phase information in PR may be di scarded. Equation (1) can be rewitten as
H= UV = UXPL VPR = UDPR (PPLL W) (7)., Dv = UPLP XPL V)' Uv 5 W
2006/ 041595 PCTWhmgoEshays nsadthe s that ReandRieare diagonal and deareforrgomunuied IPR ar e
di agonal and therefore commute__ It should be noted that H= U D V is also a
si ngul ar vslioyld kpenotedatbat HioRW DV 14 alsor singidarsgive deco@ppsition of He Fonthed'Br om U
to Uonly changes the nmultiplication matrix on the receiver 5 side. Wen H
is a m x nalgatithin thei changa from, U {ge Ucenly changes the mudtiplication matrixonthelreceiverect of
beam formng with V anounts to a rotation in the 1/Q plane_which nmay be
taken car e518¢- When Bhis atm sinnmatgixorid esz n , Mesae st writy &beiUh Voardthe effsctiafe
transmtter is sufficient for the SYD algorithm Since Vis fully

det er m nedbé¢pm Braming with Yoamountyig arotafign amtheds) plase,vdjeh mey be taken sarglodbk and

they are between LO, 21 and (-rr,7r].,1 tat ed above, jfhe upitary matrix
V may be ¢ he (IR Piocesst FF@%?&%J@?&B& b%q(ffrﬁzo thedansmite I%Sqfﬁel%ﬁ'fgbw A 0
0 e (02" " |l .sb 2.bnl 0.6 A Q.)r, g0 i nO) (e' A Oe 2 A) .-sinO
cos0 0 e H8orihEt SEEYisqully ofietubta BEF B A TG00, Sriytyolheleyafe olirdsa
paraneters B and 7

feedback and they are between [O, E] and (— T, 7t].

10 As stated above, the unitary matrix V may be factored into the product of three

V=(1 0 b, blz et 0
0 e:(c’u-o’n) —blz b” 0 ew,,

matrices:

: . ®)
N 0 cos@ sin@\e*™ 0
L0 ) f —sind cosB) 0 ™
15 where 8 and ¢,, ~ ¢,, are between |:0, %] and (-7, 7r]. The parameters € and
#,, — ¢,, may be obtained at the receiver as follows:
@ = arccos(abs(v,,)),0 €[0,7/2] 9)
( Im{v,
arctan ( ") +7/2, Im(v,..)z 0
Re‘v,.. ) /
20 ¢, =3 L (10)

arctan Im(v,.j) +37/2 Im(v )<0
{ Re‘v ) ’ y

i

and the receiver may quantize 6 and ¢,, — ¢, and feed them back to the transmitter

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

6



02, - 0" may be obtained at the receiver as follows: B = arccos(abs(v,, )),
Be [O;r / 2] (99 rRelmv..) 1 arctan " J+7r12, Imv,~0 v 20 oil - (Re

| m-v..~(10 arctan +31r/ 2, Irrwl)<0 vV,, and the receiver e B and
0z, - O al® P21 Rem back to the transmtter as paran&éﬁésztaﬁ%@tlrépresent
V. The transmtter may reconstruct V by determ ning the 6 WO 2006/ 041595
PCT/ US2005/ 031510 anplitudes using 0, and applying a phase rotation to the
bot t om r owmphtudes Wing #0and sppiing aphaseVolation trgthe baltomsBe usthg-¢,1-@L1) 5 The
transmtter may then use V for beanform ng: x=Vd (12) 3x3 beanform ne
matrices 10 Any conplex, unit 3-vector may be witten as vl cos(O ) v= v2
=e' 9" sin(4A)cos(o02)e;e, (13) V3 si (A)SI n(éﬁg 15 where 1IMVII2=I1v, 111

+ V2112 +11V3112=1; 41"CG & [o, c‘i nd B"B2 | X, 7r). Furyher, any
unitary 3 by 3 matrix may b vein 01l s ves[&/é“WéV ei e" cos(W e/ 9" cos(0L2)
ei B" COS(013 ) c¢'' ere"” sin(oll)cos(021) eiB"el9" sin(012)cos(022) e'~"ele"
sin( 13)COsS(!23) (14) eiB"e' B" sin(0 )sin(o2l) e 0" eiB" S n(012)sin( 22)

e7B" ei B" sin( 13)sin( 23)
The transmitter may then use V for beamforming:

x=Vd (12)

3x3 beamforming matrices

10
Any complex, unit 3-vector may be written as
v cos(¢,)
v=|v, |=e?|sin(g)cos(d, )e™ (13)
v, sin(¢ )sin(¢, )¢’
1s where |V = [ +ff +[wl =1: 6.8, € (0,74 and 6,,6,,6, €[~ 7, 7).
Further, any unitary 3 by 3 matrix may be written as
V= [vl vV, Y, ] =
e’ cos(4,,) e'® cos(4,,) e’ cos(g;) (14)
e Sin( i )cos(dy,)  efre® sin(¢,2)cos( n) e®e Sin( 13 )cos(gy,)
e®e™ Sin( T )Sin(¢2l) e'% ' sin( 12 )Sin(¢22) e Sin(¢13)5in(¢23)
20

where v,v, =1and v,v, =0 forj,k=1,2,3. The phases on the first row and the first

column can be factored as the product of the following three matrices:



Il 20 where vj'v J =1 and v Jvk = 0 for j,k=1,2,3. The phases on the first
row and the first colum can be factored as the product of the follow ng
three matrices: 7 WO 2006/041595 PCT/ US2005/031510 1 O ) 00
el' Pt CO§'((b100§/0‘88%5(( ) cos({13 sin(")cos(21) e '" si n(ﬁgy/ggéo((a%)spoe nt'
sin(Q 3)cos(23) (15) sin(Oll)sin(@1) e''"" sin(012)sin(022) e """
sin(MW)sin(R31 G eie" 00 Oeie”" 0O 00 eie" PRwhere PL and PR are pure
phase matrices and di agonal. PR is|[peneratédiby factoring phase values from
each colum of V, and PL is fou&d % fact Olbl g phase values 5 fromeach row
of V, and where cbfk E 10' %1 and [Los O‘k)}c s(Ok jsin(l Jk) 0. Vis a
magni tude matri x that includes all|®f Phe'eiftagni t ude i nformation ori ginally
present in the entries of V. As usedtgrerm;, the term "nmagnitude matrix"
refers to a matrix that rral ns after L and PR arfz fiact oned out of the
ori gi nal beanf or ngcﬁ%( ni As sh ih the abo‘?ﬁ@@arrpl , one or nore

entries in a nag |Sqd{ge)dgg x @faysmm)b&@tzp)waé;@ di m(¢29 1Q15¢ should be
noted that V =r c‘(ﬁ Sk, |II(¢}Jr) Ggy)shg jﬁ-@ﬁs) factorization
doesn't change t heS'® t) r)r oper 1PN i otis B i of the present
i nvention, two paranmeters are chosen two represent PL , four paraneters are
chosen to represent V , and PR ifs i sq)ardedj. In somne

e

0 €% 0

0 0 ¢%

v

Pz

where P, and P, are pure phase matrices and diagonal. P, is generated by

factoring phase values from each column of V, and P, is found by factoring phase values
5  fromeachrow of V, and where ¢, € lO / J and cos( J,‘lcos( j,‘lsm( _/k)>0 Visa

magnitude matrix that includes all of the magnitude information originally present in the
entries of V. As used herein, the term “magnitude matrix” refers to a matrix that 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.
10 Itshould be noted that V =[¥, ¥, ’\73] 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 Py, four parameters are chosen to represent \% , and Pg is discarded. In some
embodiments, the angles 6,,,6,, are selected as parameters to represent P.. Matrix V can

15 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 V is relatively low compared to that of the

construction of V based on four parameters. Instead of directly sending angles back, some
20  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



enbodi nents, the angles 921931 are selected as paraneters to represent PL.
Matrix V can 15 be determ ned by four paraneters and a sign bit, and there
are many c i j of the four paraneters that are subsg t he
angles in W%H‘?]@Jelr%egzt conmbi nations result in different corr%?zeo?(%/?f}éls? in the
reconstruction of V at the transmtter. It should be noted that the
conplexity of extracting all the angles of V is relatively | ow conpared to
that of tgmbodimestsraf¢he¢ prasent inyentiereepniemplatgell pessibleseis of fQuParametess tali rect | y
sendi ng angl es back, some 20 enbodi ments y sen unctigns of the selected
four angl &PressBkY - FoRe 8t ofHIUE PARBIFIESH ﬂlt%ir@mﬁarﬁgrtI‘%S‘ﬁﬂﬁ PrdieVidEdh as

sin(), cos(), and tan b | ect ed. The var,i ous 006/ 041595

PCT/ US2008 %@%‘%@t lsé‘r?%z)"dir’%ﬁ?g iﬁe Pﬁéacﬁ%gﬂ angles, 'i"gmgg?sﬁt ‘é‘ﬁ%gﬁt e all
possi bl e ijg%@ of af,our paranmeters to represent V. One set of four paraneters
Al , 0i 2, 021%, gné’the sign ofrp22 provide a solution that is now

el aborated. The extraction of th& gr&g&c%qvAl)l, Al2, 021, 022 magl e
perforired as: 5 = arccodvl i 1) (‘16) 012 = arccosQl12l) (17) 012 =
arctan(lv31l1v21l) (18) 022 = a Ct:aaltpéco!sq('g’ (z 1) (19) vz 10 Itl houl d be
noted that 4 1, 012, 021, 022 ar@*alT WtYH’/n [OQn/2] instead of [O,7r] and
the sign ofc22 takes only one bit. In,various enbodi nents, the feedback

i ncl udes one angle in [Qn] a@pz 45%%05%% in [OQn/2]. In eqtggdi ments
usi ng the above paraneters to represen V:and V , the receiver quantizes
821, 831, A 1,012, 021, 022 and feeds them back to the transmtter al ong
with 15 sign(rp22 ), which can be founfdv sijgn(c22) = sign (aF]%be(Vlz The
receiver may receive the parar‘r@tze:r%r,‘:taf1 C z%l uct V, and perfo

beanform ng. The outline of the reconsttuction of V is now shown as:
conput ati on ofrp22,932 to reconstruct V2 1 the second colum of V ; and

conput,gt i on of it 1 olgu f WaHint } of V.
Ve Te vbrai te V aét\’sﬁould gegnotdd thek &,,%2!@,,922 are MPWiBin [b,@dﬁﬂhét@dd’oﬂ{b%%@ the

sign of p,, takes only one bit. In various embodiments, the feedback includes one angle in
[0,x] and three angles in [0,7/2].
In embodiments using the above parameters to represent P and V , the receiver

quantizes 6,,,6;,, é,,,,%,,9,, and feeds them back to the transmitter along with
15 sign(e,, )}, which can be found as sign(e,, ) = 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 012,95, 10O
reconstruct ¥, , the second column of V ; and computation of ¥,, the third column of

v using the unitary property of V. We rewrite V as

20
_ cos(, ) cos(4;, ) Vis
V = sin(g Jcos(¢,) € sin(g, Jcos(¢,, ) Va3 (20)
Sin(¢| 1 )Sin(¢21 ) e™ Sin(¢12 )Sin(¢zz) Vi3
Since V, is orthogonal toV,, we have v,v, = 0 or
¢, +c,e +c,e®™ =0 (21)
25 where



20 /"12) v13 r cOSS(1611 (> COS/{ V = sin(0On)cos( 21)) e '- sin(0OL2

) COS(022) v23 (20) sin(01l1)sin(021) e m sin(012 )si n(022) v33 Since v2 is
or t hogonal avev;v2 = 0 or cl +c2e' @ +c2e' = ere 9
WD 2006/ 041(‘}3‘8%}"?‘%&2005/ 031510 C, = cos(((, O )COs(0L2 C%%Qoog%ﬂ‘“

1) CO5(021) sin(Y 12 )cos(Y 22) (22) C3 = sin((1 )sin(021 )sin(/12 )SI n(/ 22
) The ci are all greater than or equal to zero since 011, 0, 2,021,022 are all
within [0,1n/2]. Equati or, €2b)( ¢g)mbs@59)expl icitly solved by using | aws of

cosine. The solutions of 9221 922 =si gn( 2) arcco
cl2 + Csj 2clc2 r Cl +c2 GZ? %fcrog 3 S"g ¢§| g°r§£¢5219§2) Larccos~ 2@%@3 JJ Since
V' is also unitary, the naymsoi(g ,'q)sm(ml)sm(ﬂl;}sm(uiﬁ)l Consi dering v13 =
cos(013) is a positive nunber, we solve v1l as 10 117 =

| _cos2(011)-cos2(012) (24) Since V' is unitary, the second row of Vis
ort hogonal to fThecgusealhgreatonthanzs equal to £50 SiBkce ¢, dus £, ¢, are all within [0,n/2].

Equation (21) can be explicitly solved by using laws of cosine. The solutions of ¢,,,¢,,are

2,2 2
¢, =sign(py, )| arccos Al
2¢c,

2,2 2
P = "Sign((/’zz ) I:ar CCO{M]:I
2¢,c,

Since V' is also unitary, the norm of the first row is 1. Considering V, = cos( ) is

(23)

a positive number, we solve v, as

10
v, = \/l—cos2(¢”)—cos2( ) (24)
Since V' is unitary, the second row of V is orthogonal to the second row. ¥, can
be solved as
15
Vyy = —COS( ”)Sin( ”)cos( 21)_005( lz)Sin( 12)005( 22)61'%: (25)
J1-cos(g, ) - cos?(,, )
Similarly, v, is
20 Vyy = — COS(¢”)Sin(¢”)sin(¢2l)_cos( 12)sin(g, )sin(g,, Je'™ (26)

\/1 - cos2(¢“)-cos2( 12)

Remembering that

10



15 127 = cos(~11)sin(oll)cos(/21)- cos(012)5|n(112)cos(022 e "" (25) 1-cost
(0")-co0s2(012) Simlarly, 1'33 is 20 1'33 =

-cos(Cn1)5|n 011)si n(A21)-cos(0L2)sin(0,2)sin(R2(26) 1- 52(012)
Remenber i N0 (2 31??5\/\0 2006/ 041595 PCT/ US2005/ 031510 1 2%5;&3559

(27) 0O e" beanform ng may be performed as: 5 x = PV d (28) Figure 2
shows a flowchart in accordance wi.th various enbodi nents of the present

i nvention. In sone enbodi nents, thol 200 may be used in, or for, a
wireless systemthat wutilizesp Ni Lechngl ogy. In sone enbodi ts met hod
200, or portions thereof, is 1 p rfornedwb a W rel ess comuni cati ons

devi ce, enbodi nents of mhlch are ghowd i ¢t various figures. In other
enbodi ments, nmethod 200 is perfornmed by a processor or electronic system
Met hod 200 is not limted Qy th articular type of apparatus or software

el ement perfort?ﬁa OWBEWH}? “%HEG‘{/%FH ous actions in nmethod 200 may be
performed in the order presented, or may be performed in a different order.
Further, in sonme 15 enbodi nents, sone actions listed in Figure 2 are omtted
from ngt hod 200. Method 200 is shqmgpgﬁw nning at bl ock 210 in2ghi ch channe
state information is estimated fromreceived signals. The channel state

I nformati on may include the channel state matrix H descri bed above. At 220,

a beanformng natrix is deternmned fromthe, channel c‘ﬁte | nformatlon I n
sone enbodi nenElguret%sl@Wé@rﬂ%q&@ﬁdg agGordanee Withi vagrous ¢rgbediments of the present

decomposi gt SYP o AS B8R meliB S00h bk ELET NG04 RAS famtt 2N

(7). The "beantorm ng na so destri be
utilizes MIMO technology. In some embodiments, method 200, or portlons thereof, is

10 performed by a wireless communications device, embodiments of which are shown in the
various figures. In other embodiments, method 200 is performed by a processor or
electronic system. Method 200 is not limited by the particular type of apparatus or software
element performing the method. The various actions in method 200 may be performed in
the order presented, or may be performed in a different order. Further, in some

15 embodiments, some actions listed in Figure 2 are omitted from method 200.

Method 200 is shown beginning at block 210 in which channel state information is
estimated from received signals. The channel state information may include the channel
state matrix H described above. At 220, a beamforming matrix is determined from the
channel state information. In some embodiments, this corresponds to performing singular

20 value decomposition (SVD) as described above with reference to equations (1) and (7). The
beamforming matrix V is also described above. v

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

25  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.

30  Accordingly, the entries in \% may be scalars or complex numbers.

11



At 230, a phase angle is factored out of each colum of the beanform ng
matrix. For exanple, as shown above in equations (5), (8), and (15), the

phase matrjx P. may be factored out of the beanform ng
di scar ded.wi?[m%?j‘,lg%ddi tional phase 25 information is fac ofrfg%(iw?gr)%rlnsltohe

beanform ng matrix to yield a phase matrix and an nagnitude matrix. In the
various enbodi ments of the present invention described above, _the

addi ti onal pha#e 25@ftbe phaseomatrix andmagribide septhy atetreprehented wang Nx—-PL, and t he
magnitude matrix i.s represented by V., .The magnitude matrix includes the
g t ude PPARBISRAHEHF AT SRR AvIth Bt oSG it e 2x% SmBRETRal o
may not i RedcHBed MRSENI=S OindRhd Shikise ﬁ&i%@ﬂ%gﬂmhymaﬁwamgﬁm%tdd%y\m@y be
scal ars or conpl ex nunbers. 11 2006/ 041595 PCTI US2005/ 031510 At 250, the

phase nat paramgteds. fangparacietenad r isxsed to reprpeat thegteagnitudemanix andwnsar anet er s,
where N is a nunber qf spatial channels. For exanple. in the 2x odi nent s
oscr i Bec PABBIEN & =92, ARt FEPBREE s ot Mt FreamP it 0% 3 o
represent : : A One r ' 0 resent the
ragni ¢ ade STROY PieHE ArSRRAENELS N SICa AR BRAS marfh shd eEARnABREEECT
phase nmat képteseiled byfsix paxmsRtseandiasignisit. SRk plasbadirieR réprédsencsd Hyadoabove, N =

3, and the phase matri x and nmagnitude matrix _are represented by siX

par anet er Paramgtess, and thegnagnitpde Marixis represented;by fownasarastesandy signdit. The

par anet er . ' Lix i : by four paraneters and a
sign bit. %%lgggfc#agiggé%%pbtﬁg\@gsﬁe eFmﬁ?%%pétg%ﬁ?}a? € magnitude matrix is

| arge.jot o At 26{ 260,tRe paramerirears qadmizedialidyzad be ghantized indveidaalpdrijgiatly.
individually or jointly. The paranmeters are quantized in_ the ranges

appr opr i at EiefRaraheters agg,guangized Wéh?)éanaﬁ%&p@r@nage‘l%é&eerangq:%frth@mﬁﬂe Sin the
2x2 enbodi s¢hibed. - , tized tween 10,
21 and (- S r&g(?] E&reg‘é*ﬂ)‘ get,llve%?%&&bg@@?e%s h]dg' S%ﬁb;egtﬁb%eg %g}r@@ﬁt_eﬁy agge
transmtted. The quantirzegjparaneters may be transmtted using any type of
prot ocol @uartizgd lbétwteym£0 ]caomfum,z]atréapneﬁwely:km 270 thedjuantizedyarashedars atei nk
such as a wireless |ink befween stations |ike those described with

e e R B P R e B AR BB L
be usa@ i Bypedt cbMmuntcalioh£liMe Inchydih@BWwifeRdss link such as a wireless link between
stations like those described with reference to Figure 1.

Figure 3 shows a flowchart in accordance with various embodiments of the present
invention. In some embodiments, method 300 may be used in, or for, a wireless system that
utilizes MIMO technology. In some embodiments, method 300, or portions thereof, is

20  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

25 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,,, 8,6, ,

30  asdescribed above with reference to equations (15) — (19).

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

12



utilizes M MO technol ogy. I n sone enbodi nents, nethod 300, or portions
thereof, is 20 perforned by a wireless commnications device, enbodiments of
whi ch are shown in the various figures. In other enbodinents, nethod 300 is
performed MO 2005PHE%sor or el ectronic system Method 30BCTAUSHYEOISH t ed by
the particular type of apparatus or software elenment perform ng the nethod.
The various actions in nethod 300 may be perforned in the order presented,
or may be T R leRathple! &4&how ion (1)5thidEn. nts,
sone actl(l)énagtr(lgdle arﬁgg: l?aﬁmIﬁ:&?tgﬂur eoeg ar% om%glgeﬁ%%&(}%{ (r)ret(hg BOOa?g%Il\ggltﬁﬁgghggo S
shown begkentmiesin aﬂxbbwﬁoenmg inRAtEiK M batdeteaamed@w m@mglewrmc@() ands

eceived. This na corre m tte one nore angl e
[)ar anet er 858 %myetgﬁ'f‘té‘g’é %gﬁ t{?(r?gq ? é‘ﬁ’g‘fs o at:ﬁ‘é at | east one
angl e par aEghfm ﬂr&% éiﬁnﬁé’cﬂ%mlﬂ?éja a?ame&& ef ﬁldt@fequatlon

(6), or may inclu e 11,0 021, 022, 30 as described a ove erence

to equations (13336, a(tl&lst orﬂplﬁ&ﬂparﬂmglﬁr isuekesved! ThiN mayesorrespand eaté or mi ng
matri x are determ ned fromthe at. 12 WD 2006/ 041595 PCT/ US2005/ 031510
| east one trangnidepEecaiyingane orsoreRbAsp P @anﬁger%ﬂempr%e@@ﬁﬁ%maml) Ort he

de of t.h nf df
The ang o chapalfars AL a4 3R Phad relate OCHEREP 4ne 4ol SNUBELATVE NG (he

The angi o %%rreé?m SRt (Ehyft B i "%%5@ de g 8zz’g%"aﬁsgﬁzé’°eobﬁég};ﬂf§2; o
par amet er rifsreh&CR) quglnon?us’) 1Y) CAE 845 R 1448t drithald prablet fiay 'b@%Fﬂ)lYéd”g one

or nore phase paraneters that represent a phase nmatrix. For exanple, the at
| east 16ne tcphtds&st pue enveinghe beamformingduatz For example, desphasp awtrband: wi t h

reference to at on 5 011. 0 0

hosor | o mppT e pirte BRHiphEd o Hpal calod T 1 oreqhafod () 0Ffned

| east Onetmﬁfwlagmaﬁﬁx fry b@%séﬂﬂ'tie%folﬁnﬁg)asaﬂuo{wﬂaﬁEq&Hﬁ%nr@? in the
beanf orm ng mat ri x or exanple, the phase matrix and magnitude matrix may

be mul tiplied £sgls¢16\ﬁhowmaerﬁsmd@ara(mm)accordewa\mthmamm)em imends of the he

beanf d i
i aur e 4 Siesl v SyRLFRG RS S YRR Bshieth aneitieer o vae L SRR
the psesehddid é@:\é@d@tcbﬁﬁ%l (MLAC) 12984 4405 Bhefidt #id&HficB kol qﬁsc@mﬂmaﬁld%&nory

physi cal |ayer (PHY) 4
470. In some eémbodiments, electronic system 400 may be a station capable of factoring

beamforming matrices and quantizing parameters as described above with reference to the
previous figures. In other embodiments, electronic system may be a station that receives
quantized parameters, and performs beamforming in a MIMO system. For example,

20 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

25 embodiments, electronic system 400 may be a éomputer, 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

30  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



15 nedi a access control (MAC) | ayer 440, Ethernet interface 450, processor
460, and nenory 470. In sone enbodi nents, electronic system 400 may be a
station capable of factoring beanform ng matrices and quanti zin ar aneters
as descri bd¥O2W8P4154th reference to the previous figur e§’.CTN§2?9gngr51°

enbodi nents, electronic systemmay be a station that receives quantized
paraneters, and perforns beanformng in a M MO system For exanple, 20

el ect r oni GrsusSMKLC %02, Destatidald. zed in a wirel ess network as station 102
or station 104 (Figure 1). Also for exanple, electronic system 400 may be a
station capabl ®hysicaldayes (R ¥g43Q iscoupled ta anternas 40 bnimtaractarith awireless

equat i ons v ove. 1| olii= | t |. r.oni A 0 may
repr esent néfl‘%%}%t gﬁ%‘}?gf‘%%g‘ﬁh‘&gé’ an g(g%:{lg)gé% t?] nsgqu&%‘oaﬂaerg% e{ﬁ 15 gﬁ}aég) wel |
as ot her GiggGetdySRFSign&l¥.aFpH éamiple, $0§eneémbstinentsEPH ¥, 430l igclide@rin®RBY St em
400 may be a conputer, such as a personal conputer, a workstation, or the
i ke, tﬁhatf:qeﬁ@rlt@i@ﬁelé[ﬁ Slfééléﬁgd lpm‘cmn drontreid | Rrogessine SHCInas lalngldp‘%}ﬁephera! or as
an integrated -unit. [, [ : series o
access: podng e 1 BEnE SREBGRN B b as BRI R HEBAR S0 ST Pern
400 sends epibddinesid, PEEY 83@helwles samforaniediaaknilid bendfdrhiengOrqiitgnel s are
processed by the various elenents shown in Figure 4. Antennas 410 may be an
ant enna arsPRRRrHMIMQY sigyal presessing. eAlsq for examples &n sammg erabediments, RiN330

processin t 0 L -1 al | M th, or in
Conp! ot o SIS SRELE 1B subt BELALCub-BolEiOR g SRR BRI o
PCT/ US2005/ 031Média atcesdiarntros (MA G $ayen48Dmayt be ahpngiaabtk methiy ateess compodr  ( PHY)

430 is coupled to antennas 410 to interact with a wireless _network. PHY 430
may i ncl ud®yeE ippigmentation, Eopsample, fEAC A4R say e implementedinssftvare. 8F r adi o
frequency ' : TIn | | [ udes
an RF 5 rélc%gﬁ%/aég b‘?@r%&@%‘@gﬁgﬁ Igﬁ@'n%g@gcﬁ%ﬂ%ﬂg ¢ gﬁte hgyr?cfﬁ %ﬁgﬁgm g such
as | ow noiteémpkmehtediin hardoare, hid'g portibh may ba gnplemented iic sofoxare drasisencanted he
i ke. Further, in s enbodi nents, PHY 430 includes transform nmechani sns
and beanf &mﬂr?rgswﬂggf FyrgherM 8Y WPNIEF 2 PEreaFSOp STRAEALS frRE! Pragessprigp-
exanplg, in sonme enmbodi nents, PHY 430 includes circuits to support
frequency up-conversion, and an RF transmtter.

In operation, processor 460 reads instructions and data from memory 470 and

performs actions in response thereto. For example, processor 460 may access instructions
from memory 470 and perform method embodiments of the present invention, such as
method 200 (Figure 2) or method 300 (Figure 3) or methods described with reference to

20 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

25 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,

30 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



sammmosnday

10 Medi a access control (MAC) | ayer 440 may be any suitable nedia access
control layer inplenentation. For exanple, MAC 440 may be inplenented in
software, Q d e or any conbination thereof In sone nts, a
portion of Méb%ﬂ%y be inplenented in hardware, and angB{SF%’ﬁ“i‘ﬂégﬂ be
i npl enented in software that is executed by processor 460. Further, MAC 440

may i nclude a processor separate from processor 460. 15 In operation,
processor séfuvatelgpdekaged anid afouated oaraccotdmhan chrommb'mrd) rip ol earbddinpents, ¢Hes

actions in response thereto. For ex Epl e, q}?é access
i nstructi dﬁ§°usfq1?5ﬂ‘?%%rsﬁp%?’6 ”étﬁﬁ‘affa érfﬂﬁﬂf r§¥§ haginae present
i nventi on, mxﬁﬁ'%ﬂ gﬁﬁ%{lﬁtaﬂﬁ% 3@1@ﬁ(rﬁie9%6od’4)neﬂtrs WQ@leﬁQgts(fé gHtife s%)neor

met hods descri reference to 20 other figures. Processor 460
represent sntegmtetlycireuibﬂlepr ocessor, including but not limted to, a

digitag | t II the |iKk
erory 5470 T opEsishtt et A Hiney BREEERBrvaRe b NP PRS-

For exa # efptsonR chiyade ( panm c
random agggggtlﬁﬁ%%ﬁ?%r eﬁ@%ﬁl%i i;hts]%c random e?gsgg‘s-%&?r@ﬁg??g? @‘g\%e}y tS‘%ad only

menory ( R@ess poiasthatriilizesiBtherned interface d60 ¢o canymenichtearith & waredmatwdrkot todes a
nmedi um readabl e. b rocessor 460. re instruct.ions for
por f or mi ORISR B BiFeE RoeRepujats: SUBe HECRUMETLY AT RiESEE B¥ePpRap PRk on

i nvent i on.indedBE terhéOintBrtacal SO F&rCHxﬁmBléafH 0¥ 18boMhEtS Sectdnidk§REMU0D N9
vectors. Although the various el ements of system 400 are shown Separate in

Fi gur el04, maybeamsbudrkentedfacodasd (NIRathat cominneicatee withreempuier of ngwotessing: 460,
menory 470,  Et hernet hg terface 450, and MAC 440 in a single integrated
circuit. d’r” &g trl?ﬁ %’p y 470 may be an internal nmenory within processor

460 or may be AlHoGEIPHeGFERA MOBAIoA ha§ beéredesbribtdin cBhRASSOWitH BéHain N SONME
enbodi ments, the various el enents of system 400 may be 14 WO 2006/ 041595

PCTI US2008m0ediiats, #dpto be mqerqﬁmthgtenocaﬁeatm& nmbmarmoas mmnemdmt

b d. | h d
ci roui t o BEORkIoPAT T el Sad s 8 e WGk & Bofs JERBAME HREAR ©
still ffsur un@érsand oshidkabdific¥ains QHE veli/1vAR b o@hgd@edwse S4thE the scope of the

invention and the appended claims.
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integrated circuit die. 5 Ethernet interface 450 may provide communi cati ons
bet ween el ectroni c system 400 and other systens. For exanple, in sone
enbodi ments, electronic system 400 may be an access point that utilizes

Et hernet interface 450 to communicate with a wired network or to

communi cate wth other access points. Sonme enbodi ments of the present
invention do not include Ethernet interface 450. For exanple, in sone
enbodi ments, electronic system 400 to nay be a network interface card (N O
that communicates with a conmputer or network using a bus or other type of
port. Alt AS ent invention has been described in conjunction with
certain enbodinents, it is to be understood that nodifications and
variations may be resorted to wthout departing fromthe spirit and scope
of the invienti dnmathotdlcowerisikgl | ed in the art readily 15 understand. Such
nodi fications gnd vari.ations ar.e considered to be within the scope of the

i nvention and ?ﬁ’mgﬁﬁgﬁ&%@ﬁgFﬁﬁﬂ%9mf§agﬁﬂ?gﬂgméﬂﬁqﬁﬁﬁ¥%; 1. A ngthod

conpri sing: f agta@ihitGhgdhalesst oAt Qartietd@ HesdHbif the Beamfdraiing Aot Withyut tBed
transmtting at | east one paraneter describing the beanform ng matrix

Wi t hout t HbasqRfes®atiofN or mati on. 2. The nethod of claim 1 wherein factoring
phase information out of a beanformng nmatrix conprises factoring a phase
angle fromeach colum in the beanform ng matrix. 3. The nmethod of claim 2
wher ei n t ransmTheimghedopriased wheanmnfattorimg phe -infirmaamaone t efras beatndornihg

ts a_dinension of the b i ix. 4. The nethod of claim 2
Furt hor | cORBFR EPRTHCGTieg PG TIEU S0 BRAC i By R rSoRTPBRASREn r ow of

the beanformng matrix to yield a phase matrix and a magnitude nmatri x. 5.
The nmethod of claim4 wherein transmtting conprises transnmtting at |east
one parankt er ths mepodsehtclaime 2pwhergimanansnxittingd compnspyi transmittiag NeastNone

paramet er {0, § SB5 GHEAN rdpP&ehR Y HhdLRn TR e BeamFornl 1§ migi{10d OF claim S

wher ei n:

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.
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the beanform ng matrix includes two rows and two columms; the at |east one
paraneter to represent the phase matrix consists of a first paraneter; and
the at | east one paraneter to represent the magnitude nmatrix consists of a
second paraneter. 7. The nethod of claim6 wherein the first paraneter
consists of an angle. 8. The nethod of claim6 wherein the first paraneter
consists of a function of an angle. 16 9. A nethod conprising: factoring a
2x2 beanf dt.m ng\ method xoinptising: plurality of matrices, a first of the

| it f t 1 t.hat i [N
P ot he beant GRITHE Sats teamogiibg g mgﬁﬁtfﬂwalltyh@ftatﬁ%%s ER& RERRPIRAT Ly of

matrices vuftnliat@cefs lhﬁﬁhg At i@ Bl Includb eHaghifude Neformhtitnatrdrh ){hé)[ﬁeaﬂﬂéﬂ'rrhﬁ?@ﬁ\afrbtr t her
includes two matrices with phase information, and wherein one of the two

matrices iadrepresented by a second paraneter, and the other of the two

matrices is di gﬁ@eﬂﬁ# thjeofrst Qﬁf@%ﬁrtﬁﬁlﬁ?@g gﬁdgg]v@fh\g?%l}sg p\rla\katrrte?erf {V{-n%rtgm the

paraneter conprises a ang erelh rst
par anmet er phaatityi fasatdcdsriugheranetdds ewb umettices mitlop’)haacﬂ iﬁmgiaﬂon,la’hd whereih loael
conprising:. factoring a phase angle from each col 3 beanf.orni ng
matrix; ‘gﬁ'i“'e%‘@rﬂ‘?tﬁ 5t R e%@&h?%gh? AEFORAPRIRRCEE: 3R, t'%‘? Efa‘tféﬁf‘etv@r‘é‘ama‘?fds
transni ttiigatdag Si x paranmeters on a wireless link. 13. A nmethod conpri sing:
factoring a phase angle fromeach colum of a 3x3 beanform ng matri x;
representing the beamc ormng matri x using six pararret ers; and factoring

phase i nf n.fhL r b rmn 14. The
met hod of Of ai nﬁf V\ﬁ&q &a??ltn gpwh?reltnhﬁ ﬁr% par%lgfgtne%ompélsgsre s§:l ected to
repr esent the phase i nformation factored from each row.

11.  The method of claim 9 wherein the first parameter comprises a trigonometric function

of an angle.

12. A method comprising:
factoring a phase angle from each column of a 3x3 beamforming matrix;
representing the beamforming matrix using six parameters; and

transmitting the six parameters on a wireless link.

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

factoring phase information from each row of the 3x3 beamforming matrix.

14.  The method of claim 13 wherein two of the six parameters are selected to represent

the phase information factored from each row.

15. 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
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15. A nethod conprising: receiving at |east one angle paraneter; determ ning
magni t udes of entries in a beanformng matrix fromthe at |east one angle
paramneter; receiving at | east one phase paraneter; and 17 applying the at

| east one phase paraneter to at |east one rowin the beanform ng nmatrix;
wherein the beanform ng matrix conprises two rows and two colums; the at

| east one angl e paraneter consists of one angle paraneter; and the at | east
one phase par armpplyimg therssileast ond phase pateasterparareatsepne 1@y il thee bérotforming
conpri si n%atr.g_cei ving at |east one angle paraneter; determ ning nagnitudes
of entries iH*a beanf orni ng matrix fromthe at | east one angle paraneter;

receiving at | edrteiffi® PhAAEENAL aERhe Eomprids 8PP kYW Nend ¥ adlumBashe eRagphase
paranmeter to at |east one row in the beanformng matrix; wherein the
beanf or mi rRyerAaLle; Baraggip sansistsyofrane anglgepagameetern prsh the ot east ong pleasgparagter  one

angl e par aggtiek Opgﬁ(ﬁ;@g%%é}%?lg@yr angl e paraneters; and the at |east one

phase paraneter two phase paraneters. 17. An article
conprising: a nmachi ne-readabl e medi um adapted to hold instructions that when
accessed regesult |ﬁ1§ machi.ne factoring phase information out of a
beanf or mi nﬁ’s'mat‘} MEHogfa™PFAA8 M tting at | east one paraneter describing the

beanf or m ng matrkdelving ht1eatt ohdvihghhgssndiet or mation. 18. The article of claim
17 wherein factoring phase information out of a beanform ng matrix

conpri ses fact oleferginng Regbitdes 0§ ehirtsie Acheagdpuming intattih droye dref or lpshpne
matrix. 19, T icle of claim17 further conprising factoring additional
phase i nf oarnﬁgtb:%(r)a%ﬁett#rrom each row of the beanform ng matrix to yield a phase
matri x and a nagdeitibglet leamt bhephase parameter; and

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

wherein the beamforming matrix comprises three rows and three columns; the at least
one angle parameter consists of four angle parameters; and the at least one phase parameter

consists of two phase parameters.

17.  Anarticle comprising:
a machine-readable medium adapted to hold instructions that when accessed result
in a machine factoring phase information out of a beamforming matrix, and transmitting at

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

18.  The article of claim 17 wherein factoring phase information out of a beamforming

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

19.  The article of claim 17 further comprising factoring additional phase information

from each row of the beamforming matrix to yield a phase matrix and a magnitude matrix.
20.  The article of claim 19 wherein transmitting comprises transmitting at least one

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

the magnitude matrix.
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20. The article of claim19 wherein transmtting conprises transmtting at

| east one paraneter to represent the phase matrix and transmtting at | east
one paraneter to represent the nagnitude matrix. 18 21. The article of
claim 20 wherein: the beanformng matrix includes two rows and two col ums;
the at | east one paraneter to represent the phase matrix consists of a first
paranmeter; and the at |east one paranmeter to represent the magnitude matrix
consi sts dil-a dJdeaHirle pglaimedkyvherein: The article of claim 20 wherein: the
beantf or m ng mattl‘iégeaH??Jn{ﬂﬂéﬁmhﬁ[ﬁ@luﬁ?s%o%&Qs MH&% SGRINAEDNS the at l_eaSt one
paraneter to represen phase matrix consists of twb paranmeters; and the
at | east one pahaadbtsst ohe piremers anteptelent ngegphiakel dhatrivatanisstscdrashist gararfietbiour
parameters. 23. An el ectronic systemconprising: N antennas; a processor
coupl ed t #fhe N antennas; an Ethernet interface; and an article having a

machi ne-r eadablige BefabtoRISREARE L & RPtdedtNAl MGhitARSmbhial c(HRRR offf caAEd

result in the processor estimting channel state information for N spati al
channel s, pafamat&dri ng a phase angle from each colum of an NxN beanform ng
matri x, and representing the beanform ng matrix w thout the phase angl es
using N2 - N paraneters. 24. The electronic systemof claim23 wherein N =
2, and t he2N2 -Thy apivlaokdlgins20 whérdde one paraneter to descri be phase and
one paraneter to describe magnitude. 25. The el ectronic system of claim 23

wherein N = 3, Bhbeam{ernpe maRiniaelifes Breg rowtanddbree clymssr ameters to descri be
phase and four {papARL &hs pragmfé?e?(% 'r&ﬁes@ﬁigt'ﬂla tpﬂgs%'mgt%x consists of two parameters;

and

the at least one parameter to represent the magnitude matrix consists of four
parameters.
23. 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 N2 - N parameters.

24.  The electronic system of claim 23 wherein N = 2, and the N* — N parameters include

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

25.  The electronic system of claim 23 wherein N = 3, and the N? — N parameters include

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