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SYSTEM APPARATUS, AND METHOD FOR ASYMVETRI CAL
BEAMFORM NG W TH EQUAL- PONER TRANSM SSI ONS The present
w0 paoegfopdsen rel ates to asymmetrical beanf or m ngPCTIB2007/050546
wirel ess networks such thatlthe transmt power across
all antennae is the sanme. Beanform ng using
S|ngular value deconp05|t|on (SVD) of the channe
Qwn_ net

IVEN TS CH iy fﬁltrptlr@ TEO0 ¥ SSAMIRERIEAP EranroRMYC
t he number of WT%%@@V%’éﬁHNFSE@ﬁ@gmgﬁﬁgﬂﬁ%e are the

sane, the beanformng matrix is such that the
transmtted power fromeach antenna is the sane.

Homemrpmsm BRSO GASESto laBEn MG bealforbi s Witeled e RIB such
is greater than the nunber of receive antennae

th'f(tr{rn)transm PAYFE Aerass 1l epigt e i, UMy only the subset of
ei genvectors corresponding to the largest singular
val ues gives rjse to une ual trapsm ssion_power across,
ant effRROTIG RSt Y AR % 9me<ﬁ5r>ﬁéS‘éPé%@srhaaaaérm is a

will- Kot dndtidSoSintpud/ingQierfbSnaned wheShilagb eatenbB€ alda@SRBle. When
inventign provué%s a nunmber of enbodi nents of

the BERYF Gl BSYA FEACE TG abee%ﬁ%rwlﬁgbe@aaﬁmtnﬁarat%w such

th@&Nth@ Sy ddi @“&y%ﬁmm @nichrdNS thd sw/eﬁoasreoslﬁ Iﬁdnly cases the
antennae is éwgg eanfornrng fromnultip

numbarn%frﬁarmh%waa gt thap dheumBen o regRive ﬁrraﬂglar @V} Insuch

a WRLAJANENRY Sy the kuts¥itdt izkh R0 RBAGSIndE i higest WABDar values
.the nunber of transmt antennae (N T) iIs equal to the

SRS 58 10 Hreapal JEnSRISSIN ]éqwfséélcrc)ﬁlzgntena%q n%mfeh]é\ost transmit chains are

peBlk-Pont eiatited fisafrudtde ischaaneibigrat ri x for beanforming is
known to be the optinal strategy. In the asynmmetric

situation (Nt > NR), the commonly used nethod is to
pi ck the ei genvectors corresponding to the | argest
elgeqpalues as the beanform ng, vec The pr.obl em

wi t hTieh PSSeRb JRYRES iPEOVidgat? tHmEerg Pl &8 SubpgigEny oo fulselpiges for

infpleafRfitfgt beR@MRHInE SO tBAGR a@ yBMid&ic sTRES theStrahsiRit @B&Mcross all
since in nost cases the RF chains are peak-power

anfenpacisthe saffat s, when multiple RF front-ends are used
in ﬂBde@ﬂrﬂlﬁeﬁ(ﬁﬁlfrﬁm@& tfaﬁﬁﬁsmtéhrﬁa@erm nhmtiﬂléreaelg@ﬁﬁenh&aaa well-
to have eac C n transmt _the sane_power Thi
kngwp Y e ﬁﬁ%ﬁctwamﬂl PRI SRS e pyra9eai apERRe (Vo) is
eqamo he AGEbdrlof fe&elv@int@a&wmpuﬂo@@& cibfiR cPOWBT the thaane matrlx for
g)n mhrle | owerin t of another in qrder .to ke

RETPEE) koparde 36%% STt AR AHTECTG e @l V. the

commonly used method is to plck the eigenvectors corresponding to the largest eigenvalues as
the beamforming vectors. The problem with this approach is that this gives rise to unequal
transmit power from each antenna. This is a problem since in most cases the RF chains are
peak-power limited.

That is, when multiple RF front-ends are used in a multiple-antenna transmitter, it is a
good idea to have each chain transmit the same power. This is because most RF amplifiers
are limited by peak power and hence it is not easy to boost the power of one chain while
lowering that of another in order to keep the total transmit power constant. This is more so
for orthogonal frequency division multiplexing (OFDM) systems where the signal naturally
has a large peak-to-average ratio and RF amplifiers have a back-off to keep them operating in

the linear range.
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for orthogonal frequency division multiplexing (O-DV

systens where the signal naturally has a | arge
wWpeakov@2@ver age ratio and RF anplifiers have BCT/IB2007/050546

back-off to keep themoperaing in the linear

range. Most currently used beanform ng nethods that

have nore transnmt antennae than recei ve antennae have

unequal transmt power on each transmt chain. The

pro %%CBFe‘E]éidﬁF‘bg%@}fOW% adsi GHsh o morh BANihepteaaisethan
re€¥ive@anhidg hevd unddiaNirdns&it 8RR onRach tRAGHIt SRk €lthe pEdR IS equal-

K. Mukkavillj, A Sabharwal, E. Erkip, and B. Aazpang,
POWEY, (IS Ipispig R 'Oh&le Wreh! Fqsﬁ\ig?% sq;lg[f: drapsgUiAySER. hap, been solved, see K.
K.anlﬂEHagiglﬁ -pargaslgag\aal,sy.smgfgg gﬁdzlé%&h%rcgan@g gbzgﬁfﬁﬁlﬂhg glnﬁ gwe rate

vol . 49, no. ., Pp. 62- : t. , an ) .
feq gk larfaulﬁa?lewte%a{-‘)fﬁ,emﬂr TEER draps sipiiman "gsanioor e g 10- pp-
2562025701 ddt 1063, i@ Ut JMuvt bRl R-WUHPAIL, W F@hRH8nisY Sdafifdiming for

I%gE-TransI%%nforn1-Theor , vol. 49, na. 1O"B¥p'
myGREinppy PultieC U pECICRoWRIvEY | Titite T3P UREHT f BiFoRord: 49 no.
10t pan7391e747 @lsnvd3. st ream has not been solved. The

pr esent inventigg{grovides several enbodi nents for

asy Y5 Fie 4 PERSLHT I9F WS ghanieae TaiefsEeanhRas ppiisehgolved:
Pomerheqﬁese@?ﬁweaﬁune@a\adAégs;;&em eﬁliﬁf%ﬁmeﬁ"bﬁ tdh arb?tmﬁ@ﬁ&aﬁeémbﬁﬁng
0SS I N pertornmance. I tional , a tec I gque | S X
thay HHe RF FYPMUROSET Y °p ena@a# g™ @0& gPRIcqighl loss in
peffoREHAEH CAddidnsl 1y, A t@RniGOVp Sy k@ or cHéYshg fétdr ®Bamforming vectors
is useful in an where the vectors

t echni que, enbodi nent . ;
thagy Bt bR AR OFDAY Swfeﬂas?aﬁ%%f "erhgiaUE Rt st gpgiment
wiktas tehasnel dhawipdgenadd 6aRAssaMMRUHRt HHRe trBEHRE Shas Tdh@nnel

erred enbodi nents provide techni ques that include:

pr ef

lqwggﬁﬁ?ﬁﬂémﬁquWEﬁ W%?ge normal i zati on; Techni que 2
Quanttedadféraid egfbodil(lj:leilts yakide fecl@ﬁklldé% thgteilﬁ&lﬁﬂeq ue 3 h
Optim zation_bas on outage probability; Technique 4
. F&ﬁ?@ﬂmﬁﬂtﬁﬁp% ‘Féﬂ?miﬁﬂuﬁéchnique 5 : Optinization
acr osshdigiRAYeNSYi-ARAR A1 +Theapkeaent i nvention applies
to both open and cl osed | oop systens, i.e., the forner

havi Teghmquer3a Pgtvinizhteom baedton lopivgdkprobubditige of t he
cha - t LRt : uses one of the foregoing
nfk%ilm 1%54 H%IIJ %gt?ll%ﬂ%ﬁ%%g

technqu%s to”ad] the latter having the
r ec elegbiqyselr Potimzbtivesieroscirdquensy dfih@n. 1 il |l ustrates an

gﬁgn"‘l‘n%fﬂ}ésgmqm&f ﬁo@hésotg b§t¥1$0tp91mu¥&i Jl&e@ lofoﬁ %gsk?qusifi.e., the former
having a transmitter that has knowledge of the channel, estimates @ and uses one of the

foregoing techniques to adjust @ and the latter having the receiver perform these actions.

FIG. 1 illustrates an asymmetric communication system with a feedback channel;

FIG. 2 illustrates a method of determining a beamforming matrix for a closed loop
asymmetric communication system, according to the present invention;

FIG. 3 illustrates a closed loop apparatus for determining and feeding back a
beamforming matrix having equal power in an asymmetric communication system;

FIG. 4 illustrates an asymmetric closed loop communication system modified
according to the present invention; and

FIG. 5 illustrates performance of the various techniques for quantizing.
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FIG 2 illustrates a nethod of determning a
beanform ng matrix for a closed | oop asynmetric

W@ 09mgsemt | on system according to the preseneCT/IB2007/050546
invention; FIG 3 illustrat¥®s a closed | oop apparatus
for determ ning and feeding back a beanform ng matrix
havi ng equal power in an asymretric conmuni cation

syste F 4 illustrates an asymretric closed |oop .

com"nlﬂmhﬁ a{Oﬁi%wngﬂétaélFﬁ TP TEEEBr Ui gD e HBS Frerddrpying
drhviM @ thhtQRGw ﬁp _d/aflofi:)?aﬁlp.lel dnwg,tsl_;ea;ﬁe?clol@&r Ihﬁ;r &ﬁmf | lﬁnéih_fs ih R@ich the
. var.l ous tec ni gues or uanti zi n n.the (0] oW ng
ingratiof PR RAEFGdn4ns ﬁl,“llF(g‘Flél?ee"}’i%‘%"‘g@eﬁ%Fﬁ dhat theyeqge exemplary only
and GIEOIRANMI 0 Qinfl PPIida@sn bhdt pRh@WilRyntiva)n afy &X&NPL e the location

only, specific.closed |ogp. e dinments in ich_the .
anfl ﬁvérﬁemgw Wl%@agﬁl%f%@%l%g ﬁe@mnﬁ-‘/éﬁ Wﬁ%ﬂgﬂwt departing
froM ttﬂecigﬁig alltld' sZ:lﬁpd (!SI?he Inhf&_ﬁi@n tag an&m@ampf ! iﬁ fﬂ’fe}/ap@d?ﬂdb’(% Atighsn Q‘that is, the
In e olrm a | catl on oI e re n I nventi on
def%#e(ﬁﬁgﬁc%wgéé ngt f@.‘zepfglf?@ ip &B&H%Wgaﬁasegﬂdi SRof Je present
inVdAtlbvis deled ©hB R AlicSapPértied 81518 ah@EqivaleA® Yheef, eRdithd @hsmitter

W t hout dc?p rting fromthe spirit and scope %f the . .
cap 5ERRts aRd AduE o dP b FRMNge ‘Ié‘ﬁp%‘ﬁ‘&Fé S &9t togthe $yag of gimilar
fuhdtiendlief @tdugkbudescri ption is not to be taken in any

limting sense, and the scope of the present jnvention.
i s deFi eéa*lt&mevlwf%%s a.sﬁ%aﬁ%veﬁf ley a?lﬁﬁ‘eﬂta(de%aﬂwﬁm@mg
thé b@iﬁaloﬁi,rvleﬁaﬂ advahtige pl{oaigmy tnﬁiﬂti]gfléilﬁaﬁe}‘h{iﬂ' mrﬁaﬁaehnﬁdﬂnu' 84 and
.. In the drawmngs, |] ke nuperals refer to the sape o
m@‘rlwﬂ S 4 S B#Fal PRI ouﬁﬁ%ﬁ‘f@mﬁqﬁ@mﬁr dhpjglues of preferred

entbdW@Ithis QAthp hRYInE BScriof bl Feglird dhaffel In@ddme@uNRk 8% itdhysmitter.
for obhtaining the spatial diversit

techni que g ) .
advﬁﬁagéﬁﬁ?w Y asewomfpwpm%%p BYonfiEsit g rifihd0S which can
bepRARF OHirtleg 1evatarbaildhi @k EWILASE inéRidAB b stEQND (18it6)Y personal
eanf Qr K:b)%ét echni ques .of _preferred enbodi nents

.The b . of
dl%lﬁiﬁﬂﬁﬁs@gtéﬁ{) A9 Rsrochst Pty fir peeh ANl Theny i aatptigs 101
108tcah B plrt BN Sdet atr@rwilr&ésﬁneﬂvom hﬂdlsxkfi:'lr-ﬁéiseﬁj“f)(e)lgorﬁﬂ _@&ﬁﬁtv&o@l@;p These

CcO | SI N t Wo rel ess tati Qn 1 | C can e
Staﬁlﬁia?{odfmégw FOBIbs with 6&”&6%%1%%%‘8?{315%8‘?& %W_%%l lieny, ati‘bif‘fgsu"h
staalgﬂ‘%b%ubﬁ cgﬁl@tain@dg&ilﬁé Batif or cpﬁpﬁ@]{w ﬂov@v@ﬂhk&%}g@ﬁﬁtﬁambl 105

na.ca e access olnts or suc - e
eaéh Eaé)F & ufglew? BHEMID 1n(ﬁ@§ﬁ%arﬁsesbmﬁ%wlfm g Rimper i agsymed to be
aswhietkiess network and w rel ess personal are networKks.

These stations_ 101,105 W rel ess

st andary? g*ﬂ’é’i’?“ﬁganilfﬁ’@ﬁn%%%.nrige%%glf’%B#?tgg’? {iple-yigyga system (open
orgloadtidasy) with U@,{iraﬁﬁﬁ@:ltﬂtﬁiﬂ&ﬁanﬂ@%ﬁ@ceﬁfa rahﬂeﬁ{r?e,%smr’tmt Bice. Vi data

However, w.rele stations 101 105 .e ave )
S“B‘I‘“Eﬁ af Frf“&?m(‘)tfe%élﬁ? a’ﬁh';‘%% OfHng ‘P?%miﬁ rlse%glﬁ?(hioﬂ\‘iéﬁ t Thsh thepignal
m&idmygfveh By:assumed to be

r=HQx+n
where n is a noise vector, the received vector r is a Ng X I vector, the channel matrix H 103 is
an Ng X Ny matrix, the beamforming matrix @ is an Ny X Ng matrix and x is a Ng X / vector.
The channel H is assumed to be known perfectly. The transmitted vector is y = Q x, which is
an Nrx I vector. In an OFDM system, the above signal model is repeated for each frequency

bin. In a frequency selective channel, H and @ are different for each frequency bin.
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asymmetric. Gven a transmt beanform ng and receive
conbi ning nultiple-antenna system (open or closed

woomppesed h Nt transmt antennae and Ng recei VECT/IB2007/050546
ant ennae, assune that theret Ng data streans are
transmtted and that the beanformng matrix is defined
to be Q Then the signal nodel is given by: r =HQx +n

where n is a noise vector,.the recejved vector r is a .
NgX1n\ddt b# closedoqprasiem 1 00rstapyusnegia %%ﬂﬂiegt %?ﬂm[;m information

is Fatskited teh el Sraitn® (ST ALY 10MiHd 205G bslead rducX ddRIiR@EIhpiexity.
and. x i s r. The channel 'His assu

a_ NgX 1 vector, d to
STy K GRA lﬁéﬂ%lcwlﬁe mpltipke agicanaes teaRgetivebt O 19% a$ Dyt 04, and
togﬁgﬁe@ Iforhl_Ssy&BIlnN'OO)é leae _\t&ﬁﬁl@ﬁicatibﬁ?sdl@e:cﬂdﬂa%sié;&’ ?(Ir&ﬂih plfpBse is termed
..above signal nodel is repeated for C requenc in.
?eﬁbaﬁﬁfb%%n@thcﬁnds@fs%gw O@haﬁﬁs?e}veﬁ?%qw (o7 gﬁ@mlﬂeyr 101 Bier a
feglibhdkedhamie! fiOT affa GBink leO@ALYy BicRanh&l dslikmtorl 1@ ®ht0SHGsents the

| oop . system 100 is. assunmed and current channel state
currﬁlfto@ﬁ%}e’ Stte; wlormafipn by ¢ dgarpfermisg fnadixa & ¥ lgﬁ(lgwsﬂgye pigfgrred

endddimkaR, ik QetOnGiRd kg KRG EE a0 CechnpasiGANBIVEN tTYie trimkMster 101
101 and 105, each inglude multiple antennae, . . .
usppdisele & R Qnfd KRSTEASFD Odisag cEEho fypiigle spatial

cheplsem 100. The communi cations bandw dth used for this

purpase is terned "feedback bandw dth" and is fed back
f r on thfe P ITVEEIIRE™ & thie SFRMEHH flef "PhE Gy mpinix (for
f eedback cha helllo7 after being estinmated by a

ex%ﬁl@,n@lls S Fp hag-o(ﬁll)t hat sir{g?aogig%%t& [llJ_l'[B)’ Ghtn! P _annot have a
channel state information by a beanformng matrix Q
M BersE. Andsksree 4 defsapt e ahdiedti deppmpnsitipn Hosrwsnif ddgen m X n

reH Sk WHNBU Artndtek U HeEARRASIHE b N cAIBYBheuldN@iue decomposition
transmtter 101 uses the beanformng matrix Qto

ofthecfamidt= EAKN &lsteybi ingh wiXgmaRIARG Vit ¢ lresqggamiagix, both of

Wﬁmmgloﬁhoéoﬁaltcgﬁnﬁ?%’ it ng al,geny ?Qﬁdobsfs Fh f)fx i’?dﬂgé/neapmatrix.
matrix A 1S not a square matrix (for exanple, t

Fomratopinglegk matrix| 4.Jthi siggudar] walug klecosipagjlien eiaglsperemsiien @9 the form
t = i X , ,

4L DEDY BRIy DaKSqfa AL, PP LR ARDSR A1088D o

diggangl gpdtripathpsexclonants are She, singwdan vAluganf the amgingk watrigsilfigd is a

coﬁlp%%h@tﬁﬁi ﬁﬁéﬁ{e&%?&&%é i@l k{{%‘:gl(q ‘3&%@8&&5& Vglﬂ\ig)fsititlpgn%l9a£r<%lﬁbs.

;qugﬁze@ Hr&t vs al?’bbdhe;qgﬁfa)nderg)m;osir{i%n olf )Stheaghannellnfatr%? H. Tr}]len, the
optimal choice for Qis Q = [V; ¥ ... Vil where V; is the i column of matrix ¥, The
requirement that the transmitted power from each antenna be the same translates to the
constraint that each row of the beamforming matrix @ has the same power. Since the
eigenvectors V; are orthonormal, when R = 7, each of the elements of transmitted vector y
have the same transmitted power. However, when R < 7, this is no longer true.

FIG. 2 illustrates a method 200 according to the present invention. At step 201 the
channel H is estimated. In a preferred embodiment, a modified channel estimator/power
equalizer/[feedback] apparatus 300 is provided. However, when no feedback is required by a
transmitter only a modified channel estimator/power equalizer apparatus is provided. In
either case, a memory 301 is included in the apparatus and H 301.1 is stored therein at step
201. At step 202 a beamforming matrix @ 301.2 is determined (as described above) and store
in the memory 301. Next, at step 203 the beamforming matrix @ 301.2 is adjusted using one
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whi ch have orthogonal colums so that if U= VTV =I

and Di s an n X n diagonal matrix. For a conpl ex
WOoredori%6s2) the singul ar val ue deconposition i SPEI/IB2007/050546

deconposition into the form A=UHDV where U and Fare

unitary matrices, if 1 is the conjugate transpose of

U and Dis a diagonal matrix whose el enents are the

singular values of the original matrix. If Ais a
Of&%fgﬁ%‘%mm THguCs .t AEHCATREFBS 3 SHATY RsdPgeragdipeg of the present
inRESRO ShstitcQRat Whd RanB@ficl v¥é@orSial Gilad how@l dd@BonchBl T Zdjusted

US. 1 be the SVD dec(({)rrpositi on _of tfhe channel matrix
bepniopRiag mafrhe’ 0d 't HefPd BT ey Pl pf tae gprapt 0l VR

whergchhiq 1t Beutd fofoe@Ommtiipatioh. matri x V. The requirement

that the transmtted power from each antenna be the

saneSttit WHG 037 B2 Koo thel G Betor Rl 4t 8R@HO POURbIOReThe
rei@airbemibmgndmbiik ¥nsddagual fiives asipopenest.y. Si nce t he

ei genvectors V are orthonormal, when R =T, each of

t he EckH@t’s Qomtipstiondhitt feldvAlee LBy _ have the sane

trangm r Vi <. S, . .
| ongerh o8 PG RN B, HRENOT SyiuyBkhp e lon i o
bepforhimg pngserhati willeneti ory hare squp pROdr térepcobnnielt skice sach
I (M .
cof R B phip LRCPVELEL Roth STRCH F Pling ReRERELRE ¢ s
300 Teshpaunsi: etimiziomeagnd onwhiege probabdidback is required
by al“ﬁerfgljggmoé\%a{nicg@ r gbt%ﬂ%fa'bga%fg%ﬂ I%L.H’IX witg equal power rows
esti mat or7power equall zer apparatus IS provi ed. " Pn
dogiot eerparas@ny eptimeiiroyit@0d. iStari wid the eduinptionent egsp alearcuf @
s 2 G it D TR % ciGhE S 530 qh R Ryl 558 A% e
ae I t ' h (RS xt,
4Gt R SR PRRKEL, A0S B (b Bl TR Yoo U B prfoned
simglifivgticon dof inglhds: 10 binowihaphaseeh B idepsagt mete 0 campr pditragly set
to al+\s7’/‘eﬂ1%lr(% ?ea%e(rn {h%ge Itﬁﬁnel:re gf‘th(%aﬁ‘al RS %éc%ngther. Using the
invention, to ensure that the transmtted vector has
forsgelag tyowerferednpopléivetonsTie safluspasd ibeahwtol diemgfically.  For
exit llé,l it aslo)g'%g s'e,sthérg 9{6%3} é gjclﬂ)?s 1 gﬁ% grt}?bgAnaﬂo J{E%tor with entries
appar at us % Techni que T Br ute Torcée nornalization.
T $t-gr. t Handehth@seardh\kpadé2reduces Wan. 65FRero 10éT9ral 5766 Nae tthat @awthis
of Qto be unit power. The resultant beanform ng
m‘ﬁ%‘{dr P‘kg‘éﬂélﬁ‘?dég’ léeﬁ?‘\élgmﬁé\/\er components of j Techni que 2
:Q Qlwdm}‘i@waﬂs}%ﬁmpth%a%ﬁl ues onl y.[ RA?ai n, start with
as_defi ned above. Then =.sign + .
j si ghfelHeg) 2boye i Tijeaieop nﬂﬁaﬂﬁaqufﬁ%f%%u%er pf postibilities. A
fu@Rr YinlpAtiention ab uROMeKniGRITIONGA LIkt vdetsk, %], GeMLAGH first vector of

nen n nly.1 of 4 I r It inf r
th% g%o%%i% @?dﬁ@gggslegl}ec nécgla%ée lg_et\éfarlnirlilee the oth%rS yectcorsl. Foreavzlex 2 case,

this requires performing the SVD, followed by an optimization over 9 possible choices.
Technique 5: Optimization across frequency domain.

If a single beamforming matrix is chosen for p channel frequency bins, the

P
optimization criterion are to choose that @ that maximizes Z|det(H ZQ)| The search space is

=1
the same as before. Again, no SVD is required.
Referring now to FIG. 2, a method is illustrated for determining a beamforming

matrix @ at in a closed loop that includes a receiver 105 and feeding @ back to a transmitter
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Techni que 3: Optim zation based on outage probability.

The foregoing techniques for obtaining a beanform ng
WOoredoriosesd t h equal power rows do not i ncor por aeE&T/EBRP07/050546

optimality criterion. Starté with the assunption that

each elenent of Qis | . Then the criterion for

choosi ng Qis to maximze |det(HO|. Since there are 4

t "possible Q nmatrice brute force search woul d be
i o4 é@ﬁﬁ?lesebe f?ﬁF@Ffe%SP@Gesz?ﬁﬁlmnfl?léaﬁ iBAgAa- iTHER @hep 202 2
beﬁﬂ;lf;)rrﬁing ch@lnuﬁg P ia@tmiesaf fréah dp@@ dB@hbdfﬂaztbbh %)l AQﬂslepcma B of the

arpitrari set to 1+ earch only th
teqhiopFns ol Paent GPER dﬁ&?edtt% a%a% ey © ek H@t f9ponents

hal ©1c@@Qi pdG-ct MR Rf €lcpra080ths iadjubt bdaGAbh@YS matrik@isSRAIKALk to the
ggce iI's reduced dramatically. For exanple, in a 4 X2
rQYEHCr t here are only 9 vectors that are orthogonal to

a veaGos istritee Rtappa@fus for chanhﬁrb@ﬁmithﬁ ai@&ée@hacﬁ@@@&n a closed
reduces from 65536.to0 64*9 576. Note é ?ﬂﬁ in, thﬂ

lops ERHING [ téweﬁeélé&gewnb@dﬁ@flg SriERPry TRL Finistprias ghannel state

mdxwm £hd FbtedriaaBo101). aiﬁ ae Bﬂgﬂh&ﬂ)e&nﬁ?ﬁmg nﬁltrik;d a}nd rrﬁﬁtbkl Ha&§ 301.2
IWIZ | On over a arge n er o POSSI DI iti

aﬂﬁ (hegadiss E\?F"i‘?{:ﬂﬂ?ﬂfnﬁ S, f%lateéi g gecqidingip fig@roent S}Ve{‘tﬁ’é‘ 301.2.

THel dpBaratMe §B(Ofurthér-. 1ﬁclude§1 UaRiveZz @ubingr Edoijsohe SOL @at @(fceﬂ}th €eceived
se Technique 3 to determ

trix and th
Sl i chmEoR e Jnoksice 4<Qamehemplog (ol 3081140 produee
thitefiére ﬂ{&l dﬁ&lﬁ%hﬁaﬁ&@ﬁ_aﬁ(ﬁtdr@\iﬁﬂ tiRYmé@RorPBh1 B @Rhied Ba@\iiriddata
QSSI e Chol ces ecnni ti.m zation across
30,1 eqt}gﬁc@/’w%neﬂpﬂlzerl FOIBP‘%IFWgﬁ%Z E@%f drshdaty anaegmigryigg matrix
adﬁi@@feﬁﬂmb@me BoZban gbrnfsr SOMRIALC YeddifiSning ARALR, then adjusts 203 the
are to choose tha

tlon crlterl n
m%&‘wﬁ @aingamatrix 2)°C°f3% d0 2P LAl st 51? S[Té:hgla‘ﬂf‘é L3 of the
pr&ehtohntiég aﬂmstorepths\éaug@d nRA Oedd rdfatetdh RYHe Qﬂ\én’idﬂy 301 as
rrEthodxl/@s 3{911 stra ed for deteﬂm ni ng

-1 G 2,
A(E%Sé?ﬁb&?lﬁ%ﬁamﬁa}am RIS el G 4R TR gl o
fe@lbh@CRb¥RE 3005 tlam cfeefdge ebd¢kngle Qdfeck bbamBriih@ MR Pess1Rddback
At %}O)]? cei ver t | mat es L@e channel state
s1gnﬁ1s§54§§11a quadFl‘fg ,nelalg f)tr%?m?r anformng matrix
Q | SFIeSY ilnRiraek f ey Mob asynile&a¢ bdaﬁdmﬂ&ﬁmeaysteﬂ 409t includes
any of fhe hiec ques. 1-5 g) (F%gorese hannel
atj ]ﬁ*%ﬁé ft'f otﬁanﬁ@lttﬁ%é tY a%l JTERSEVeE HES e & dNfepcp gy @ channe
esﬁlﬁﬁmﬂﬂa&mb& &p@metue qu@tonpigwved a@oflirdl to ShcSResdDintddgosidusibyide
X K h ran
re(?e?v% 51gna ] 3@3 ga the tran‘:’mftteeéj 1 lagoncetrr?mé c}?angelasta?nh 10? thereto. The
channel estimator/feedback apparatus 300 estimates the channel, creates and stores the
channel matrix H and related data in the memory 301.1, creates and stores and initial
beamforming matrix from the channel matrix H in the memory 301.2, and adjusts 203 the
initial beamforming matrix according to a pre-selected one of the techniques 1-5 of the
present invention and stores the adjusted beamforming matrix @ in the memory 301.3.
Finally, the channel estimator/feedback apparatus 300 feeds back 204 the adjusted
beamforming matrix @ 304 to the transmitter 101 using the feedback channel 107. As
indicated above, the communication system 400 can adhere, cither completely or in part, to
any communication standard, such as IEEE 802.11 and can be part of any type of wircless

communications network. The present invention is intended to apply to all asymmetric

wireless communications networks/ systems.
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FIG 3 illustrates a apparatus for channel estinmation

and feedback 300 in a closed | oop, according to the
w@e@3ems20 nventi on, including a nenory 301 f orPGL/B200150546

channel state matrix H and Telated data 301.1, and the

original beanform ng matrix and rel ated data 301.2 and

the adjust beanform ng matrix and rel ated data

according to the present invention 301. 2 The

appdi' &t s et Ros o Aleugeas AoBpiiss Tqlanizing 4 X 2 system
in @Em@ﬁ@ﬁhel&%e m@tn B StcFeSed Yo’ d Shodbiatish. 30 3arf B seen that

t he chann

i ncl udes a channe] estinmator dul e
esprgiplly af the Er%arure S {TRiE4t PR YN e dPEhAIgES TRy VX hﬁ[rg%%gmame
loﬁtc@ihﬁar;:dd toltie (épgglallﬁﬁf_ﬁ?ﬁ))/mﬁl@J.Vlt@Sm&iﬂlallrtfhﬁém@fil(ﬁI[ﬁ)wer. 202

mat r | x/ dat a e po equal i zer onent )
f ur t Wate jthe e E‘V%lﬁﬁfli‘_ﬁsn'igeﬁ@ ﬁfﬁf@hei PGy with certain
en[Hﬁdﬁﬁeﬁtg Sfhncly &Zlg%ti 1{1@)& B 180 b:e Rintidratbodd@andrRrsrilleg il faktXwould
then a ts telnltla mn natr
reafeg 8}3&?4%@!% giogs pdevagiafons gy b sﬁ@ w“{% d? %%%glefpﬁlt and
sc@fe bhhe mr@sﬁnﬁwénﬁu@m ieBodtl itB ¥Rr §peidd@ chithyISte Garticular, the

mat ri x data ip the ne a ..
fraRypifeh %la BV(? é‘n% ﬂ?Fa‘th‘li“B‘c‘r%’{‘étpﬁrf%‘"@rth%% me%o% éﬂ“f’?}l} Tq9Higing any
ﬁ@mmgﬁh@gmahk&e& conmponent includes a feedback nodul e
302. 3 that feeds back the adjusted beanform ng matrix
Q as feedback signals 304 via the feedback channel 107
to the transmtter 101. FIG 4 illustrates a cl osed
| oop asymmetric communi cati on system 400 that includes
at | east one transmtter 101 and a receiver 105
nodified to interface to a channel estimator/feedback
apparatus 300 configured according to the present
i nvention and provide received signals 303 fromthe
transmtter 101 concerning channel state H 103
thereto. The channel estimator/feedback apparatus 300
estimates the channel, creates and stores the channe
matrix H and related data in the nenory 301. 1, creates
and stores and initial beanformng matrix fromthe
channel matrix Hin the nmenory 301.2, and adjusts 203
the initial beanform ng matrix according to a
pre-sel ected one of the techniques 1-5 of the present
i nvention and stores the adjusted beanformng matri x Q
in the nenory 301.3. Finally, the channe
esti mat or/ f eedback apparatus 300 feeds back 204 the
adj usted beanformng matrix Q 304 to the transmtter
101 using the feedback channel 107. As i ndicated
above, the communi cation system 400 can adhere, either
conpletely or in part, to any comruni cation standard,
such as | EEE 802.11 and can be part of any type of
W rel ess



conmuni cati ons network. The present invention is

intended to apply to all asymmetric w rel ess
w@oormvase@t i ons net works/ systens. FI G 5 il | usPCEIB2807/050546

performance of the various & echni ques for quantizing a

4 X2 systemin a frequency-sel ective system using

bit-interl eaved coded nodul ation. It can be seen that

especially at the higher rates (rate 5/6 64QAM the

t echfl@es have very little perfornance | oss conpared

to the O A infdihodO@ A AfyRinRBt@] BéanTordiR talsmissidh HaSwdeR over a
Wil e the present invention has been descri bed

W? “Eeﬁfﬁﬂéflgﬁ WHPHS8&rt ai n enbodi ments, nanely cl osed

| oopsevidihg b SvifeRsP@mMiMdRIaBE08EchNaling Mg fakirhit @ffcrinte tioe) and
i.fications and variations

art woul d realize that
Nﬁé§4b@“W§&¥qm%WQﬁﬁA@@ﬁﬂﬁ&png fromthe spirit and

s copgljfing H8cpfeSeRt maiixePt3@ID)asithesrprdeRéled feckliquie such that
%ﬂ§$ (ged clainms. In particular, the transmtter can

ﬁ%ﬁf@ﬁd@nﬁ?mvﬁémﬂhannel and performthe nethod
W t haubmitegliyra t%srﬁifﬁyr flepdhaedetol a@lek tgl&@ rs#&@ﬁ@ lov@rthd channel H
or i cal beanform ng
(1&r)é‘ﬁ‘%f}@?filBﬁrT(ElPea‘é‘g‘Wé‘E’%’?a%&/ngﬁ ‘wirel ess channel H
wietBdhe teAEIISV B2 sREAW L O@ual polveel ess communi cat i on
system having Nt transmt antennae (102 ) and NR (
104J) receive antennae, Nt >NR > 0 (400); adjusting a
beanf or m11@ nieatodioX cl@n{ BOhein: Wi t h a pre-sel ect ed
tech uch that each row of Q has the sa
and '{q? e f%ﬂﬁ%/alaadwmmeﬂn&ue CAT P A REE-S S5l brgs force
noNRuIEatic; &idr eans over the channel H (103) using the
adjusted e nf_rnjn ix (3 wherein the
LTS B R R s St Pl A havE éum power. 2. The
met hod of claim1, wherein: the step of pre-selecting
an adj ust nent tec nj gue consi ts of pre-selecti
brut®e f orﬂg %g?l ao‘ﬁl’-‘e“‘:i]i‘wﬁ1 B d”u‘ﬁ%c"mp%ses the step
ofagﬂeLsSIted:tﬂ]g sit ezmﬂ@ﬁnehh @echhigis Miont Qhe (gkél) coistidhefMpulR0dorce
wher ei n the adj u tin steﬁ further

n"é‘BﬂﬁFﬁl% gu'finﬂéaﬂgle &ptby PreE kel eEI?tg’i’féa“Q bayffl (par e probability,
hyb&€ BiRinglkteioh, radoptheizgion d ok aRGhdmtY Mgnaf 205Ut e force
normal i zati on, quantization to |/ where j > 0,
optim zati on based on outage probability,
4, The method of claim 3, wherein the adjusting step further comprises the steps

of:
estimating the channel H at a receiver (105);
performing the adjusting step at the receiver (300); and
feeding back (107) the adjusted beamforming matrix to the transmitter (101).

5. The method of claim 4, further comprising the step of combining the

transmitted and beamformed Vg data streams by the receiver (105).

6. A beamforming apparatus (300) for multiple-antenna system having Ny
transmit antennae and Ng receive antennae having Ny > Ng > 0, comprising:
a memory (301) for storage therein of an information (301.1-301.3) for equalizing

beamforming power; and



hybrid optim zation, and optim zation across frequency

domain (203). 4. The nethod of claim3, wherein the
wa@eojoasedsey step further conprises the steps of PCT/IB2007/050546

estimati ng the channel H at9 a receiver ( 105);

performng the adjusting step at the receiver (300);

and feeding back (107) the adjusted beanform ng matri x

to the transpmitter (101), 5. The nethod of claim4, . .

f ur theSHeE SHEH TS iCAGPese! <)s39?épf°rolfeceem§ oG pgals (303, éstimation
thérE @68 B tehee thf@mdtide feqiidRihg NRBabl RtRing ttra@ahi® pbyert toss Ny data

recej ver %%05), 6. A Eeanfornrng afparatu (300) for
SURENY IFeer Smee R 2 YR CErich SIeHE Ak it Ts Y SAFER Hifea™ (301.1-
30andinNRdm@eRiye antennae having NT >NR > 0, conpri sing:

a menory (301) for storage therein of an information

(301.1-301.3) for equalizing beanform ng power; anda

power. equBtel ZgFar@RNMRONEHI 630erdi®rthé eEek@bctddl technique is a

recei ved signals (303%h est%na i,on therefrom of tggkg
beRRTOBPIRERAG FOYS RGN P YIS E A BRI NG OrR SHSHITS YRep force
nod@£1D8SonNGuABLRi0S td @By BNlicR A QO bstameRioMbhdtd@n outage probability,

re-sel.ected equal. zi ng techni que, and or age t her eof

h’%@%i@@“*’s‘@i&@? OptHnigion Agtatrdegucrey dopd @fipar at us of

claim®6, wherein the pre-selected technique is a

beanf orm mat ri x adj ust nent techni que sel ected from
thewgrouﬁﬂg@ﬁg¥§WVﬁ§gﬁ?7HW%T%”force nor mal i zati on,

quanhé agtiogn golcp)_ l:dmpMB%L £ chaniiclOstat® pifbriflaziad i(:az)g.w;ws B€hn@6rming
. utage robabilit , ri opt | zat 1l on an
m%ﬁm%ﬂ £§0t1i23ﬁn%.&1} %ﬁ%mp?ﬁsaﬁfgﬂﬂeﬁg nggrwwn(%le?)% ad  The
appahapéifer @&uaﬁlz@icm}nﬁonemne 0B dfainpﬁm a rmmg%els(ilaa&) module (302.1)
co rrses channe state I n rmati on . , @
fop, &sitragPivian Sf‘ﬁ?gBrlﬁaﬁa?doH“e’(“S’@l?fg}h,e i eb%taé?d}ﬂigm%on (301.1), a
beblﬁﬂiﬂflhfﬂfg NMinfgix | AafuRtiieat |ngi81211)6 3012.3) EforaﬂHﬂerﬁlhﬁti@D%d storage in said
equal L.zer CO Qnen cO . Ses a chnanne . .
megagry ﬁﬁ@& pe g Piﬂ@%ﬁfyﬂ @%lrgpé*g@ P(ﬁﬁ%ﬂmﬁ a%cﬂ%img%eolfl Aty meppory
of Sl #djusR A BENh fariniddiafoehadn €013 itk whith &F SqbLIIARAratsdQilpoler of Nk
a beanform ng matri x adjustnent nodule (302.2) for

dafefr&™ nati on and storage in said nenory of the
beanform ng i nformation (301.2) and adjustnent and

storage i said nempry.of the adjusted beanformn
i nf of mat iﬂﬁ *tpmt.u%;?ﬁaflﬂ qu?‘f?“’t h’eélfl‘i’ﬁf e 1{qramgﬁ$1}ent (302)
fupesMesmpisedNRfeedback module (302.3) to provide feedback signals (303) including the

adjusted beamforming information (301.3).

10. A transmit beamforming and receive combining multiple-antenna system
(400), comprising:

at least one receiver (105) including Ng (104;) receive antennae, Ny > Ng > 1 (400);

at least one transmitter (101) including Ny transmit antennae (102;) for beamforming
transmission of Vg data streams to said Vg (104;) receive antennae; and

at least one channel estimator/power equalizer apparatus (300) to provide, in
accordance with a pre-selected equalizing technique, an adjusted beamforming matrix to be
used by the at least one transmitter (101) to equalize a beamforming transmit power across

said transmitted Vg data streams, and storage thereof (301.3) in a memory (301).



data streans. 9. The apparatus of claim@8, wherein the
power equalizer conponent (302) further conprises a

wo e@diogsko nodul e (302.3) to provide feedback sPCHEB2807/050546
(303) including the adjusta®l beanform ng i nfornmation
(301.3). 10. Atransmt beanform ng and receive
combi ning nul tiple-antenna system (400), conprising
at | east ogne recelver 105 |nclud|nq NR (10

recellve atedias of s IRRYBeran (egpy-seleged, S esmiaue is o

tedhh YOS O bikteut ahdjbbted BEInBiniey Matrikls3R&HA Fromnthe @ﬂﬁ@ céﬂsiéang of
ormng transm ssion of NR data, stre

f or
br%tﬁ|f6‘CNR°T’rTg13%ﬁ“)m’r°é‘&%t}Z%°“a‘ﬁtﬂ‘elﬁh yaere 4 70 aptipizgtion *ﬁ%d on outage

prétaBINiRe hyteRItdp izt dnD SRSptiReHEdn aeRks ARPaIRIUHai0 3TB). t O
provide, in accordance with a pre-selected equalizing
techni que, an adjusted beanform ng matrix to be used

by tize atTHcagsitmTeldihanswhirtiarthd 20&)st bee e icZ@ndor/power
beanform n across said transmtt

transmt. power NR
COEEr PPPENE00 bﬁ&pgﬁa‘a@a@@eﬁﬁ # 2{( sty oncgiyansiitigr ﬁ@m the
pré-3didied kdualiZing tesMEGHIRM BliteThiad mr&lahzam{er ein the
pre-sel ected equalizing technique is a technique to

out put an adj usted beanformng matri x sel ected from
t he ©r ouprieositdtorRGiaf11bvtéEinfBY aelentobfi@bhaand] icOiinator/power

antlzatlon /| where | op based on
eﬂﬁtzarg%ppa%ﬁéé il %ﬁg}lﬁewﬁwwsoap? eﬂ‘?af%twﬁ% Qﬁ53> that fs operably
cofiictedtZ @b hﬂfzhsﬁ&fe@&:%w%(@@&eﬁﬁﬂfﬁéﬂ%@l odu2Q3)2. 3):b31|f]1g E&ﬂigured to
Cla erein t eas one .cnann
pr@é?fi fretlos 175&5\#@? Oéi VEIPANE ﬂ&;fﬂ@ﬂﬁfﬁ? B%am(f%femg TpRdrig 0y ébi%be fed
baGIORREE tedbicR dHagneBl107¢aS tthed BEnstnit@AS N0 1Y t1BF udelBdgeb@md equalize

th re-selected equalizing t hn| ue is brute force
begy 1ng£rale%anrP°Wf%acmﬁﬁ§ali APRIEA rGPASKTE, wher ei n t he

at | east one channel estlnator/pomer equal i zer
appar at us QSOO) further. conprises a feedback nodul e
(302. 43) t“h tan %“%%%‘F%B‘PV%%’H?F&@? QPG e at | east one
I ec evy@mstoit @5knnad ﬁllOQ ) f(ﬁ%gzbﬂtﬁkmﬁ@&bﬁsﬁns@ﬁQ 3f BYedRIONG a channel
conf i ured to P gV|de feedback signals ( 03)
Ofé%rﬁa%a e ¢ Ne U947 (FSEuu s Y IE R et T x (301.3) to
be faﬁﬁoxb@&l@ua\ﬁz@r @)ﬂ?@ﬁéﬂ'ﬂ@@@) ﬁi@@ﬁﬁlﬁés z(nl@szl}nafeooﬂ fA€ channel and a
smtter or ere ual1 ze
bepsaly BRAHG %1?’&1%% B 61? TRRIE I PO e BEpPTRRine
tranahi®l p&ldr QaiISs. Vyldhta s%rekxﬁﬁﬂfaecfdmﬁigs Wian Slmﬁet fORE c@RPANATcHique;
gonprising: Nt transmt antennae (102 ) for
"Seanf ormi ng transmi ssion of a vector over a channe
a transmitter that employs the adjusted beamforming matrix to transmit the vector as

Ny data streams having equal power.

15. A combining receiver apparatus, comprising:

Ng (104 ;) receive antennae for receipt and combination thereof of a beamformed
transmission by a transmitter (101) having Nr(102;) transmit antennae of a vector over a
channel of Vg data streams having Ny > Ng> 0; and

a channel estimator/power equalizer/feedback apparatus (300) to provide, in
accordance with a pre-selected equalizing technique, an adjusted beamforming matrix to be
fed back for use by the transmitter (101) to equalize a beamforming transmit power across

said transmitted NV data streams.



of NR data streans to NR (104,) receive antennae

having NT >NR > 0; a power equalizer conponent (302)
waleiozomispes an estimate of the channel and a PCT/IB2007/050546

beanform ng matri x and thedéfrom adjusts the

beanform ng matrix to equalize beanform ng transmt

power across N data streans in accordance with a brute

force equalizing technique; and a transmtter that

enpl oys the adjusted beanformng matrix to transmt

tA he Bﬁg_ﬁ OTheacdWiRr dipatatad 0@ &MEm Ny iwgreR U prQ—SM@ﬁe(()i4ac§1;11izing

conbi ni ng. recei ver apparatus, conpri Sing:

tochatIas et ritehRdR crdr teadanist %%ﬁﬁlbe%i%mﬁ%isslﬁcthﬁ%?la 8 eroup
cogiist_ﬁg e Bﬂifl_eofbﬂ?le %oﬁﬁaﬁ%iﬂh,&ﬁlhﬁﬁaﬂﬂm ta £]aﬂl’]§em At eroptidihion based

avin , , transmt antennae o vector ove
Onapuaaﬁsﬁwg?bﬂ&}(’a 11%?2“%%&“&“?&%’%&%"%&%}?%“ REFoss NjRAusney: dogiggn G03)-

channel estimator/power equali zer/feedback apparatus

(300) to provide, in accordance with a pre-sel ected

equal i zi ng techni que, an adjusted beanform ng matrix

to be fed back for use by the transmtter (101) to

equal i ze a beanform ng transmt power across said

transmtted NR data streamns. 16. The recei ver apparatus

of claim 15, wherein the pre-selected equalizing

technique is a technique to create the adjusted

beanform ng matri x selected fromthe group consisting

of brute force normalization, quantization to |/ where

j > 0, optimzation based on outage probability,

hybrid optim zation, and optim zation across frequency

domai n (203).




