WO 2006/ 081550 PCTI US2006/ 003203 1 CHANNEL CALI BRATION FOR A TI ME DI VI SI ON
DUPLEXED COVMUNI CATI ON SYSTEM BACKGROUND |. Field [0001] The present

i nvention relates generally to conmunication, and nore specifically to

t echni que i brating downlink and uplink channel r on in atine
di vi si on %é%@%@a*"( TDD) communi cati on system H. BackSFﬁ%ﬁﬂ’”%ﬁ%w] In a

W rel ess communi cation system data trapsm ssion between an access point

and a user term nal occurs over a wireless channel. Depending on the system
design, the ( different frequency bands may be used for the downlink
and upl i nk. ‘@%CM‘WM@D&AWB SHOMNPUBREXEDat i on | i nk
fromthe access point to t TEOMMUNKATION SAMSTEM uplink (or reverse
link) refers to the conmunication link fromthe wuser terminal to the access
point. If two frequency bands are avail able, then the downlink and uplink
may be all ocated separate frequenBAGKGROUNDNg frequency division

dupl exi ng (FDD) ...lf; only one frequency band is available, then the downlink
and uplink y dde the same frequency band using tine division duplexing

(TDD) . [40UP3] _ToTtaghéseitin/iotin RAdOSARAR o dophhi QbR N SRES §REcfy know the

frequency respopse of the wireless channel. For exanple response of
the downl i ni® % g3 for gakibratingosadink pyd wplink xbewsh respinses inca e fivisiors pat i al
processi ng &,%@&'mm.m- . ﬂ'sﬂ\/\ml i nk data transm ssion to the user
termnal. Theé dow& I n cnann%alfugég%spoﬁse may be estimated by the user
term nal based on a pilot transmtted by the access point. The user

term nal rmﬂrth;;‘] ﬁend the downl i nk channel response estimate back to the
access poiHt fdtakE®Wde  For this channel estimation schene, a pilot needs

to be {008z tt gf aGiireldsh QomiRNHChit @%ﬁt&%&%ﬁi&%%&n@%&%@?ﬁ%ﬁes are

incurred to send the channel estina 0 the access 04] For
a TDD syst ethdii 16T termaingh eqeussyavguie moselassighinnelh Depending nk theneystepl design, channel

responses Ry sk 65RHRH: honlfc/ Bl OPHDS and Dot S’ o
represents a channel res p(_)n%e % ri 55?‘?%#“3%% %gﬁ}f cgor &“%-BS%‘?% eT\I??a array
B, then a downlink (or forward link) refers to the communication link from the access point to the

user terminal, and the uplink (or reverse link) refers to the communication link from the'

user terminal to the access point. If two frequency bands are available, then the
downlink and uplink may be allocated separate frequency bands using frequency
division duplexing'(FDD). If only one frequency band is available, then the downlink
and uplink may share the same frequency band using time division duplexing (TDD).

[6003] To achieve high performance, it is often necessary to know the frequency
response of the wireless channel. For example, the response of the downlink channel
may be needed by the access point to perform spatial processing (described below) for
downlink data transmission to the user terminal. The downlink channel response may
be estimated by the user terminal based on a pilot transmitted by the access point. The
user terminal may then send the downlink channel response estimate back to the access
point for its use. For this channel estimation scheme, 2 pilot needs to be transmitted on
the downlink and additional delays and resources are incurred to send the channel
estimate back to the access point.

[0004] For a TDD system with a shared frequency band, the downlink and uplink
channe] responses may be assumed to be reciprocal of one another. That is, if H

represents a channel response matrix from antenna array A to antenna array B, then a

reciprocal channel implies that the coupling from array B to array A is given by H',



I —

reci procal channel inplies that the coupling fromarray B to array Ais
gi ven by HT, WD 2006/ 081550 PCT/ US2006/ 003203 2 where HT denotes the
transpose of matrix A Thus, for the TDD system the channel response for

one link | mat ed based on a pilot sent on the | For
exanpl e, {Eﬁézﬁﬁi"?ﬁ g channel response may be esti mated Sgtsrg@E%‘ﬁ"“@%‘& | ot

received via the uplink, and the transpose of the uplink channel response

estimte may be used as an estimate of the downlink channel response.

[ 0005] Howewédere Eaeiemtwﬂnemspoesmnaﬁx Bf This for @8IDD sybsh, TREEaMts1Chai ns

at the access?fgoi t are typi %all different fromthe frequency responses of

t he transni t*BfY® ?re@?ﬁl%k%’ﬁ&i ﬁ§5%f9at9%éa&96@p g pilatisgmt on the qtkertlinkulBor, t he

frequency reg & Gke @l ' ' i NS.: far .uplink
)| ink @Eann%lr@@%ﬂ%etlﬁ% Jrs@%lgﬂgxh Based Bh qulgtsr%geé‘{e%tvhae@f

transm ssion may be different fromt Cy responses ransm t
and recei ve "Bk asd thectmnspase @b ke wplinktchamehiesponse estiriite magfHeansed we an downl i nk

channel resggfﬁﬁﬁ | [p,irlﬂ[ﬁ?l e responses of the applicable transmt

and receive cC al%ée)lm%/\gu ﬁg%{&%legeghoﬁeerent fromthe reciprocal of the

ef f ect i[0@Ship! i nkHotwevenether fejpemsereshofsdsOoftihk frehank andi ediite chiai@nNg it and

receive chgns (i..e., the effective channel responses are not reciprocal).

If the reci %‘}%%Saig"l%tfa’f‘? r‘Péf‘ca&lea‘Ii-?%antr %‘Béﬁ%@%@?)ﬁﬁs@l@eﬁaﬁmdm@mt@né_ link is

used for spedckist dhsiae esIhd)dsd Moinlifal. Ok Bhriblif imé HRBABY Hlbh&L GG 1 the
e chai ns woul

frequency re?u?orses of the transmt and receive represent
error that, TRsnibend Eceiveicheins ased for cplink Gansidssionmengy degiiffelent fremfthe nance.

[ 0006] Ther @ehfency 1 r o ' . for .t.echni to.calibrate
the downl | npdigey u_ﬁff‘?‘%% ROARE %35%%%%95%4%@@%%@st¥
[0007] Techhhefelfective” downlinie ¢hirmek resporse c@hidhr Biciudbd) @hel P¥ypbsaK oRNgle UP! i Nk
channel s to for differences.in fyequency responses of the
transmt anépp?lg%g?\%mg afTste8eve %WE(W@E@I‘%@} t;ﬁ' g'gﬁe?ﬁ“gﬁ'ﬁg’e © IRAmPephlof Af t er
cal i br ati ontheaaffeetivel nplink chbnidd @espb@manRie to ' BFROMNSE iR Rl NRhif %{d &@ﬁvéi nk may
be used to gbtain aﬁl eaj@i mat e of the channel response for the other I|ink.
This can si ﬁ%’ﬂsf(be-c g5 ‘Ft“’és*’gfﬂw&{ TeSRPNEH RS poftrpeipropath cHdkd regiprdcaDEfdhe | n a
speci fi c endadhdrs: R dRARGHSndY Y| I d | the downl i nk and
upl i nk channel s i ﬁ&pgnm rel ess TDD%%W?%?%‘F?%B%? %Ffaﬁ%{ﬁ@gﬁﬁ%t"n( MO)
other link, then any difference in the frequency responses of the transmit and receive

chains would represent error that, if not determined and accounted for, may degrade
performance. : ,

[0006] There is, therefore, a need in the art for techniques to calibrate the downlink and
uplink channels in a TDD communication system.

SUMMARY
[0007] Techniques are provided berein to calibrate the downlink and uplink channels to
account for differences in the frequency responses of the transmit and receive chains at
an access point and a user terminal. After calibration, an estimate of the channel
response obtained for one link may be used to obtain an estimate of the channel
response for the other link. This can simplify channel estimation and spatial processing.
[0008] In a specific embodiment, a method is provided for calibrating the downlink and
uplink channels in a wireless TDD multiple-input multiple-oiltput (MIMO)
comntunication system. In accordance with the method, a pilot is transmitted on the
uplink channel and used to derive an estimate of the uplink channel response. A pilot is
also transmitted on the downlink channe] and used to derive an estimate of the downlink

channel response. Correction factors for the access point and correction factors for the
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comuni cation system |In accordance with the nethod, a pilot is transmtted
on the uplink channel and used to derive an estinmate of the uplink channel
response. A pilot is also transmtted on the downlink channel and used to
derive an ' f the downlink channel response. rrection factors for
t he accessﬁ%tg){'dﬁ%}t%g?\og correction factors for the WO 200%%6@%%@6(003203

PCT/ US2006/ 003203 3 user term nal are ghen determ ned based on the downlink
and uplink channel, response estimtes. The access point may apply its
correction MEEtEEna 3rq then determined basedien thsrdowmlink asd nplinki chemsel desporge on bot h
the transm fesiifded BRI MAbess HIGE r M pal Mmy.also .apply its
correction factors on TS nggnglr#tgﬁglyggfo%er%hgé]?ﬁckog ?%bt%itr\%sng?gg?’ %P%on both
the transnils reggive sisleednen bithl €. trafisreit med posive sided. Theused tdniinal sdy dryn| | nk

and uplink | roxi.nmatelv.reciprocal with the access point

appl yi ng itéﬁ@grqgrggg F%(r?g t?%@ Ji slggtﬁ s‘\#'ﬁem SB’F OR &f Fpayee sides §T am bt fﬁg its
correction ftracdt and Teeiveosidesct The répohises of tHE ahiGads  RWHIRE dnl SipRgK

matri x-rati ohcoggut ation Drf?ﬂ‘iéni pum mean square error (MVBE) conputation on
the downl i nR™ERYS FHT PRROVIeHE reciagsh Yot hetacaess aoint applyiesits comettibe| ow.
[0009] The gaidrdir theBsciBetmbal sl ' . ovwer-the-air
transm ssion. Each user term ngﬁé%;%ﬂt e‘tiﬁbﬁegﬁnn%gﬁ%éﬁ?’%r%ﬁq“%%%% on with
one or nul May ke daterarredpesing matrix-wtio icompitatiors or meninuen nicantsqtse efiori | arl y,

each access | a5 formcalibratign with. one. or nultip]e user

fermnal s t9 defd'rﬁl)ve |tutsala§%r°?1ec ®i %’r?"?a t;‘g@s‘.lp oPhamF! JEsReBto Atimatse dtiency

di vi si on nuBescribebbietuy.( OFDV) system the calibration may be perfornmed for a

set of &Mogﬂuency,le\ ubbands to obtain correction factors for each frequency
I'N

subban the set° CHYPRE iBY rhec Peremed, iyl timen dasedbeat ever-the-gfuency

subbands magtadseidsivner PehaisacteRARAGnARe tiiEens } fo S Lged for
the "cali brat{%ﬂe" frequency subbands.e[0010] A gﬁogfs? cg@g%tg{nswgﬁr?]éﬂéeg odi nent s

of the inve %Fess peuts piadve its qameetingy factorsaiSimilisly, each aBERSEFOIBESER! PTI ON
OF THE DRAW&NESm[ ol e | . [ £ dvant ages of e present
i nvention vv\}sl I be%g%h%?ghoggggﬁlgﬁp Fom neg@g? gﬂ“@e Es*d‘g)glc“??t?oﬁ't#‘J‘gﬂmset forth
bel ow when Fenesrprihpgasehfrequendyotivision multirexingy (QFDM)sysemMtie@alibrafich & er ence

characters Aot fv:Gor LE&IPIF gr'ecrflgelngy ts%bgrlljgsh%ugﬁtain correction factors for each
frequency subband in the set. Correction factors for other “uncalibrated” frequency

—

subbands may be interpolated based on the correction factors obtained for the
“calibrated” frequency subbands.

[0010] Various aspects and embodiments of the invention are described in further detail
below.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011] The features, nature, and advantages of the present invention will become more
apparent from the detailed description set forth below when taken in conjunction with

the drawings in which like reference characters identify correspondingly throughout.

[0012] FIG. 1 shows the transmit and receive chains at an access point and a user
terminal in a MIMO system.
[0013] FIG. 2A illustrates the application of correction factors on both the transmit and

receive sides at the access point and the user terminal.

[0014] FIG. 2B illustrates the application of correction factors on the transmit side at
both the access point and the user terminal.

[0015] FIG. 2C illustrates the application of correction factors on the receive side at
both the access point and the user terminal,



[0012] FIG 1 shows the transmt and receive chains at an access point and a
user termnal in a MMO system [0013] FIG 2A illustrates the application
of correction factors on both the transmt and receive sides at the access
poi nt and ermnal. [0014] FIG 2B illustrate he_application of
correction&gglc}:dt@gés%n the transmt side at both the ai’ggggz??g/ﬁ%msand t he
user termnal. [0015] FIG 2C illustratgs the application of correction

factora on the receive side at both the access point and the user termnal.
w0 20067991550 PER-USAboBE Copnpsss for| Gibeling |tz dewslivkvend wolink esmnidr

calibratingygd géjqurmgl\mfb_@%lﬂ nnel responses in a TDD M MO OFDM
rSFShSI G 4 shows a prgglégsg&?

system [0017] F ‘or deriving estimtes of the
cor r ectlPéi]vect oFKS. frshows hrocesvint dentvingredtimates ofkthe basttibn ves@e RS Bt | Mt es.

[0018] FIG ' i agram of the access point and the user termnal.
[0019] FIG d |§]kganglhﬁ@f§(%aﬁ%rléwweﬁ snmit (TX) spatial processor.

DETAI LEGOIBESCRI PRICOS if H0R6k dikbremcet!thdeadss foint SR GideRrARsCr | bed herein may
be useg @5 varibgllqs] W rgl ess. communi catjon systens. Mreover, these

t echni ¢0¥1 may Sdyja blgrk dingramenfiatransmit IR gpatiab prosessor S| SO) syst ens,

mul ti pl e-input single-output (NMD systens, single- input multiple-output
(SIM) systenms, and nmultiple-input nmultiple-output (MM) systens. [0021] A
M MO syst em enpl oys nul tipl e EFAILEDDESCRIRTEONas and nultiple (NR)

receiv ennas . SL.SSI.QR. M. MO channel, forned by the NT
trans mff?m;nd NRTéié%%agﬁ%%r r%%ssanéé«’gr%eg e&%ﬂ%g’@d“ﬁeﬂtf{? K%nquﬁd‘é{? ¥ent
channel s, weerhmubisationnsystehi¥, MjeoverFatrhe aichiiigesNaay beaped dontingBaRRe! S i S

al so referrg.d t%ﬁst Kﬁlrsé?atial Chaﬁ{éf" of the M MO channel and corresponds
to a di mensPoHOMRE syyems mplinlesnpny; drsle-apput, OYISSY systemansiagiee. g. |

i ncreased t inpts HiuRiHlOBut@PEIMOY) syisfems N 8nd b1 ' ' b creat ed
by the nul tiﬂ}gl e transm’t? and recey: ve ant e%ﬁlgisﬂ%%gﬁ{ E@?@%ﬁ{é’ﬁﬁ%@@ipl cally
requi res an® E8%r ate estimte-of the channel response between the

transnigge and Xeami®Sdystem employs multiple (N7) transmit antennas and multiple (Ng)

receive antennas for data transmission. A MIMO channel formed by the Nr transmit

and Ng receive antennas may be decpmposed into N5 independent channels, with
N; <min{N,;, N;}. Each of the N5 independent channels is also referred to as a
spatial channel of the MIMO channel and corresponds to a dimension. The MIMO

system can provide improved performance (e.g., increased transmission capacity) if the
additional dimensionalities created by the multiple transmit and receive antennas are
utilized. This typically requires an accurate estimate of the channel responselbetween
the transmitter and receiver.

[0022] FIG. 1 shows a block diagram of the transmit and receive chains at an access
point 102 and a user terminal 104 in a MIMO system. For this system, the downlink
and uplink share the same frequency band in a time division duplexed manner.

[0023] For the downlink, at access point 102, symbols (denoted by a “transmit” vector
X;, ) are processed by a transmit chain 114 and transmitted from Ngp antennas 116 over
a wireless channel. At user terminal 104, the downlink signals are received by Ny
antennas 152 and processed by a receive chain 154 to obtain received symbols (denoted
by a “receive” vector r, ). The processing by transmit chain 114 typically includes
digital-to-analog conversion, amplification, filtering, frequency upconversion, and so
on. The processing by receive chain 154 typically includes frequency downconversion,

amplification, filtering, analog-to-digital conversion, and so on.



[0022] FIG 1 shows a block diagramof the transmt and receive chains at an
access point 102 and a user terminal 104 in a M MO system For this system
the downlink and uplink share the sane frequency band in a tinme division
dupl exed r 023] For the downlink, at access point 102, synbols
(denot ed W%ﬁ??lggosmt' "vector x& ) are processed byca"&s?%ﬁ{g‘l#? chain 114
and transmtted from Nap antennas 116 oyer a wireless channel. At user
termnal 104, the downlink signals are received by Nut antennas 152 and
procesd84by a rBerethe aplitkaiahuses terminab M4 isymbals (denoidd by rthabmit (véﬁ&ok,g? by a
"receive" vector rd.). The processing by transmt chain 114 typically

i ncl udes dPiRTegested by malrasmitsheiar v and trangsnitted Gom N anfendasdiSR mger the equency
upconver si ORy 0 : Sj . i chain,l typically

i ncl udes fr g-'ar 3%%%%% 3 %%?%?%‘ﬁ@a“&%ﬁ?ﬁ?ﬁ%%‘?‘.‘fa@*ﬂixﬁffﬁe{vgﬁibp@“ﬁp annnas

anal og-t o- dil bt #ed prasessed biyonreceind chainor24 LA GE@BERSInOT (JSRABHP03203 5

[ 0024] For }erég,lg Ici nk, at user termnal 104, synbols (denoted by transmt
vect or xoP "ar ?6%.6%"5)6d by a transmt chain 164 and transmtted from Nut

antenn 2 ov Wy el ess channel .. At access point 102, the uplink

si gnal Z@Oézgi g r ecglf?/rggee oﬂ@% tﬁ%{egﬂﬁﬁgec%ff% 8HEFTE ?@HE’BF‘PJW%@F ve chain
124 to obtain received synbols (denoted by receive vector rup ). [0025] For
the downlink, the,=RgHTexyector at the user terminal may be ex 6‘1' ed as:
Edn =Rutl TLPxdn | Eq (1) where xdn is the transmt vector with % ntries
for the synbols transmtted fromthe N antennas at the access point; ra;

i s the receherevictinthewapsmibivectamwith B, dnbiestibethe kiaBbIS tafGE¥EFoths he Nat
antennas at the user ternminal; Tap is an NaP x N P diagonal matrix with
entries for the conplxaRfeRngatibearepsstpoit; with the transnit chain for the

Nap antennas at it hg @€ GESH PRt wi i n X di agonal trix with
entries for the%‘orrp@ex gaieg‘gcg%%@?@fte%ﬂ\%ﬁ%&?ﬁﬁgkﬁﬁv%% ﬁ%f%v the Nut
antennas at .the user ait@mes &ahe usdf@rdnhls an Nut x NP channel response natrix
for the downlink. The responses of the transmt and receive chains and the
response of the Lui Sendg x Nop dlingenal matrix with enttiés/fonth gomplen gaiof asodaedncy. For
sinplicity, the respor{ﬁﬁls are assuned

with the transmit chain for the N, antennas at the access point; .

R, isan N, xN,, diagonal matrix with entries for the complex gains associated
with the receive chaiq for the N,; antennas at the user terminal; and

H isan N, xN, channel response matrix for the downlink.

The responses of the transmit and receive chains and the response of the wireless

channe] are typically a function of frequency. For simplicity, the responses are agsumed
to be flat-fading (i.e., flat frequency responses).

[0026] For the uplink, the receive vector at the access point may be expressed as:
r,=R,HT,x, , Eq (2)

where X,, is the transmit vector for the symbols transmitted from the Ny antennas at
the user terminal;
r, is the receive vector for the symbols received on the Nap antennas at the
access point;
T, is an N,, xN,, diagonal matrix with entries for the complex gains associated

with the transmit chain for the N, antennas at the user terminal;



to be flat-fading (i.e., flat frequency responses). [0026] For the uplink,
the receive vector at the access point may be expressed as: K, =R, 1HTT, dxap
, Eq (2) where xnP is the transmt vector for the synbols transmtted from
the Nut a the user termnal; KWis the rece for the
synbol s re%(zg@g 81§§r9 the Nap ant ennas at the access po:l)ﬁf‘r;ug%ﬁl P& an Nn, X
N. diagonal matrix with entries for thegconplex gains associated wth the
transmt chain for the Nut_ antennas at the user termnal; WO 2006/ 081550
PCT/ US2006/ 0032885 isgmRp X, dipenpab matripithierives fat theraomplex ghithasediste®s f or
the conpl ex gains asstﬁﬁhted w t.h the recel ve chain for the Nap antennas at

the access point: anf'ibejrecelys chgip for the Ny, aeﬁat*ﬁﬁétﬂlﬁégwmntmdn x for the

uplink. [0027] st nce th nd uplink share the
sane frequency aﬁgm ?%h §§Eﬂ? fw%%§P§$§Q# rmal |y exists between
t he downl.Lnk and upllnk channel responses. Thus, the downlink and uplink

channel9®é&k pons Foret FPPeswysteny singe ﬂm@mﬂmktmdb@hn]eehqle dhmhanﬁa)freqtremrys poses)
of each ot hppgapd;idie M%dota&mlélaﬁgﬁj tﬂ:?allpr e{%?e tivel tﬁ a(ﬁ’amfg’gég% quations

(1) and (2). I—fowever e responses i ns at

t he access @@Mﬁlr@penseypThm lthe duotnliak) and uplhnldﬁﬂnmﬂmmanﬂﬁcdshﬁa bg ansm t
and receive chains at the user terminal. The differences then result in the

fol | owi ng ﬁ?é‘&t&%ﬂ forbe F@&fﬂﬁﬂwt @r(eaqmsyer).of[eedze]hermdmm aodE apd)HANd (2),
the "effectj %1})% ' k aiﬁd u Jin@ ch k.i[ﬁ esponses, Hda and Hap , which
i ncl ude the respo §es 'é%lﬁ 21 ST ﬁ&esl’?@é%?ﬁﬁ@egwfs may be
expressed amud r&hwe:cﬂaﬂs&ttmt)ac&asi pdif? afe BpRhily fiot &% to(ﬁh)e re&@ﬂé%b%t"ﬂﬂe the two
equations in egl%atlon set Sa}:}Eee foIIovvln reIa i onshi e obtained:

R HMTp=(R; ' pser terpgingl ﬁ&’eeqenﬁttﬁ@nre(sult in thee
foll ow ng 'ﬁll&pﬁgﬁrﬁﬁgahty :fult?t I\&ﬁﬁcﬁsp_ K HnKan

[0028] From equations (1) and (2), the “effective” downlink and uplink channel
responses, H,, and H_,, which include the responses of the applicable transmit and

receive chains, may be expressed as:
H,=R,HT, and H,=R,HT, . Eq (3)

Combining the two equations in equation set (3), the following relationship may be
obtained:

R,H, T, =(R,H,T,) =T,H,R} . Eq (4)
Rearranging equation (4), the following is obtained:

H,=T,RiH,T,R, =K;H.K,,

22dn Zap=tap

or

H,=K,/H.K,), Eq (5)
where K, =T, R,, and K,, = T, R,,. Equation (5) may also be expressed as:

=H.K,) . Eq (6)



or Raa = (IC HnKap) T, Eq (5) where Ka, =I'" R, and Kap = T' pRap . Equation
(5) may al so be expressed as: RupK,n =(RdaKap) T Eq(6) WO 2006/ 081550

PCT/ US2006/ 003203 7 [0029] The |l eft-hand side of equation (6) represents
one formof the calibrated uplink channel response, and the right-hand side

repr esent swbhhgshkageepose of one formof the calibrateddawrliiiceshannel
response. The application of the diagonal nmatrices, Ku, and KaP, to the

ef fective downlink and uplink channel résponses as shown in equation (6),

N lib f e down k to b
xproodRIPICE | PR R BHRANE of T3 rebifhal o B o5 S anlik Kap f o

the access phimel esponsdyend did nghvhandgide epedsuts et hsps RERRE fGRaPot et he
transmt chain response TT,P Sor KIP = Rap ), where the ratio is taken

el ement - by- &tldwated dowplik chennel reshensiu The applicatidn df tigaliedonalamatrizesiKO&, f or t he
user termnal is the ratio of the receive chain response R, to the transmt
chain res poﬁ%qeﬁw to the effygtie duvmlink And pplinkiohannet resprnsesp pé stosiniin equation
correction ces Oqaﬁgmh he transmt and receive sides at the access
poi nt and t grmgkeeenpamsestloy the d@wmmésapm tottieexpressad i t  and
receive chaip I nt, a e user ter On the . downl i nk,
t he transm vec%%strepgg?cﬁgﬁ'ﬁp@ nﬁqpl 1agpng; afrix tPﬂF‘el%"%ﬁswmdsumt
112. The proce by transmt chain_114 and receive chain 154 for the
downl i nk i s 33’@ ey iTsnepes Ry, toike Gaasgut clsin respenselghiarn 154 is
mul tiplied W|th matrix K, by a unit 156, which provides the received

vector r,," Koe2he daulthdkatioR ks elefﬂlsﬁt%eléfgk%tt;%{bﬁ%i PEYOLNKUP 1's

first rrultlplledl_'awthanatrlxKu by a unrt ’ocessttng by
transmt chain 164 and receive chain 124 for the uplink is the sanme as

shown in FI Glagdnal fHlagixoKs,plot tefusercemiiug i€ hirftioldhé fechivk Ehdadh feBpbndk /) @ Matri X
K P by a unit 126, which provides the received vector ru, for the uplink.
[0031] The tethe bamstrcbhdinwedponde Bpd upl i nk channel responses, with correction

matric S ]alpplle at the access point and the user termnal as shown in FIG
2A, ma$ 330 expr eg@e A Ylgstrates the application of correction matrices on both the transmit

and receive sides at the access point and the user terminal to account for differences in

the transmit and receive chains at the access point and the user terminal. On the

downlink, the transmit vector x,, is first multiplied with a matrix K,, by a unit 112.

The processing by transmit chain 114 and receive chain 154 for the downlink is the
same 2s shown in FIG. 1. The output of receive chain 154 is multiplied with a matrix

K, by a unit 156, which provides the received vector r,, for the downlink. On the
uplink, the transmit vector x,, is first multiplied with a matrix K,, by a unit 162, The

processing by transmit chain 164 and receive chain 124 for the uplink is the same as

shown in FIG. 1. The output of receive chain 124 is multiplied with a matrix K. bya
unit 126, which provides the received vector r,, for the uplink.

[0031] The calibrated downlink and uplink channel responses, with correction matrices
applied at the access point and the user terminal as shown in FIG. 2A, may be expressed
as:

H.,=-K.R,HT K, ad H,=K,R,HETK, . Eq (7)

fH, = _H_:,;, , then the two equations in equation set (7) may be combined as follows:

ﬂcdﬂ =KMB-W:MIPKEP :(_mpRapH T Kmt)r —H . Eq (8)



R 1. =K ut RmHTapKdP and Hoop =K PRaPHTTeKnmt Eq (7) |If Ha =H 7 , then the
two equations in equation set (7) may be conbined as follows: guar =KWR
TaPKlap =(LpRaapUTTatKau) T =H 1 Eq (8) WD 2006/ 081550 PCT/ US2006/ 003203 8
Rearrangi ng.the ternms in equation (8), the following is obtained:

T ai R ~Kt Vet Ta; K. PK-P Eq (9) The diagonal mECT{USQOMNS peen
reshuffled in equation (9) using the prgperty AB = BA for diagonal matrices
A and B. [0032] Equation (9) indicates that the calibrated downlink and

upl i nk chanRéirangngdhestenns imequation (8t thie fallbwing is abiaitieli ng t he fol | owi ng
conditions: aTaiRat =KtutKmt =K at , and Eq (10a) aT PRaP =Kt KMP =KnP Eq

(1) where a i s.- Lhitrary. c ex_proportionality constant. [0033] In
general , correct ii‘&ﬁi]“fg@&mgﬁfﬁgm aég@ss poi nt may be applied Bn(®he
transmt side and/or the receive side at the access point. Simlarly,

S e ana or Thor e ek 185 noh leach RieR o) s et on,

side and/or the receive side a u

whi ch may b@ABR #@Adorelispopalintitrices A Aed Bser termnal, the correction matrix
for thall siation may be partitioned into a correction matrix for the
transnilf03¢] de  aRtragor () indieates thatthercalibrated dowelinkennelivptinis titkine] Fapomses r ect i on
matrix for hicte: i Lther the transmt or receive side) may
be an ident ?{agbﬁgﬁrglpéd\@%ﬁhsgﬁ%ﬁ?%ﬁlggﬂglm CilE‘%ﬂsect ed matri x. The correction
matrix for the other side would then be uniquely specified. The correction
matrices need nok-TRGcI Ky IUURSS 4nde transmit and/or receive ﬁﬂ?g@
errors, which typically cannot be neasured. [0034] Table 1 |ists mi

possi bl e configurations for applying the correction factors at the access
poi nt and the userlgﬂggpr&_lggljli{;;@_l_(_wc,onfigur ation 1, correction facgq?(lgb are
applied on both the transmt and receive sides at the access point; a?nd al so
on both the transmt and receive sides at the user term nal. For

conf i gur at i Where a iv#y artbigreiymemplestpoemrtieakityapmitined on only the transnit side

Rt o RO naC R R orrd BEghAEY b e ettt o 4l Bp St app 1 ed
on only t hesideudior¢hesieckiveadiddu the dcbeds AL SimBRIY) coRioh #1048 B the user
- terminal may be applied on the transmit side and/or the receive side at the user terminal.
For a given station, which may be the access point or the user temﬁﬁal, the correction
matrix for that station may be partitioned into a correction matrix for the transmit side
and a correction matrix for the receive side. The correction matrix for one side (which
may be either the transmit or receive side) may be an identity matrix I or an arbitrarily
selected matrix. The correction matrix for the other side would then be uniquely
specified. The correction matrices need not directly address the transmit and/or receive
chain errors, which typically cannot be measured.

[0034] Table 1 lists nine possible configurations: for applying the correction factors at
the access point and the user terminal, For configuration 1, correction factors are
applied on both the transmit and receive sides at the access point, and also on both the
transmit and receive sides at the user terminal. For configuration 2, correction factors
are applied on only the transmit side at both the access point and the user terminal,
where K, =K,,, K, =1, K, =K, ,and K_, =I. For configuration 3, correction
factors are applied on only the receive side at both the access point and the user
terminal, where K, =K_, K, =I, K, =K', and K..=I. The other

configurations are shown in Table 1.



termnal, where KIP = K P, KaP =1, Kt = Kand Kt,,=l. The other
configurations are shown in Table 1. WO 2006/ 081550 PCTI US2006/ 003203 9
Tabl e 1 Configuration Access point User termnal Transmt Receive Transmt

i i ' i 11" Ka, 5
Receive 1 Kwp tap Ka,t Knit 2 K, PIl Ka, | 31 K" HP | Kali
KaP K, d | wé @ls0isk{r)p Kml 7 Ka, K' -U 8 K',t %C'fﬁf?,zlﬁ@m&sz([s()()%] FI G
2B illustrates the application of correction matri ces Kap an

transmt sides for configuration 2 to agcount for differences in the
transmt and receive chains at the a ce1 ? point and the user termnal. On
the downlink, the transmt vector xa able It st multiplied with the

correction matrpx—ep b‘f g—2Th uent. processing by transmt
chain 114 and r %Pal n 154Afeess pdimt downl|i nk llketfﬁnﬁﬁeﬂe als 3hoy\/{1h| '[]h
FIG 1. On the gﬁ'/ﬁ? T T OI X4 Slllb ottt ed wt e
correction matr fx——by uni t’l‘rﬁ’f&ﬁﬁ@ i@f"’ﬂ Seq er# ‘SlFr‘FGe‘B?/ tfr ansni t
chain 164 and feceiye chain 4 for the upI| k s the sagn% as ghown in FIG
1. The cali br at bd—dowalimk ant ||n| nk cBanngl r&honse Bervgd by the
user term nal aphd aczess p)0| nK, respectp vel Y, myy 1 hep be yexprgssed as:
l_icda :l_idaKap an H, —I—lnDI( 2 IZFn (11\ - -

; ! K, I K,

4 | ..K..up | l ! l{-:

5 I K, K. I

6 K-'“‘l?' -Igﬂp Kul .!.

7 Koy Ko 1 K,

8 Lo I K K.

9 I K, K. K.

[0035] FIG. 2B illustrates the application of correction matrices K, and K, on the

transmit sides for configuration 2 to account for differences in the transmit and receive
chains at the access point and the user terminal. On the downlink, the transmit vector
X4 1s first multiplied with the correction matrix K, by unit 112. The subsequent

processing by transmit chain 114 and receive chain 154 for the downlink is the same as

shown in FIG. 1. On the uplink, the transmit vector X,, is first multiplied with the

correction matrix K, by unit 162. The subsequent processing by transmit chain 164

and receive chain 124 for the uplink is the same as shown in FIG. 1. The calibrated
downlink and uplink channel responses observed by the user terminal and access point,

respectively, may then be expressed as:

o =Hgp Koy and H,=HK,. Eq (11)

Eup A

[0036] FIG. 2C illustrates the application of correction matrices K; and K7 on the

receive sides for configuration 3 to account for differences in the transmit and receive
chains at the access point and the user terminal. On the downlink, the transmit vector
X, is processed by transmit chain 114 at the access point. The downlink signals are



[0036] FIG 2C illustrates the application of correction matrices Kai and K;
1 on the receive sides for configuration 3 to account for differences in
the transmt and receive chains at the access point and the user termnal.
On the do ink. the transmt vector xd~ is processed by transm t chain 114
at the ac\(,:)‘gé%wﬁ'g?ﬁ?q The downlink signals are WD 2006/ 6’@%%6006"’"32“3

PCT/ US2006/ 003203 10 processed by recejgve chain 154 and further nultiplied
with the correction matrix Ku, by wunit 156 at the user terminal to obtain
t he recei vegrocesstdby feceivéXhaih 54l ifither IRiplibd WA MelcolBSioA malik K+ $
processed by transmit chain 164 at the user termnal. The uplink™ s?’gnal S
are process&git fy6 rabéhs ysst dérminal 1@ sbtaincthe wedeived veutot inp).i €3h et dplinkiethe
correction matrjx K-1 by unit 126 at the access point to obtain the

recei ved veSEGTMi} vVestor Xy, as proeassed by teagsmaib ghain A64 atrflie ugst taminah aFreatplink s ponses

observed by the user terninal and the _access point 6 respectively, nmay then
be expr essealgg% B Cl qrpc@f@_%l}?y]_ﬁgelg%ahqm &ﬁ@%%u{t@pd Withothe comestiomown i n

Table 1, th tyd : e i e yalues that can account r
di ffer encesﬁ}agﬁ{ E%ftﬂyglﬁgmg gtnﬁgraec% 5%“15 (’afﬂﬁut A (THETVRE Jesler @i'nh'fol%nd user

term nal. Thj 0 I nse for.one |i to be
expr essed by@ﬁagw(;%ﬂanne %H? gélkﬁ%\r,]&géﬁ%fep@g& ootb%ﬁ&ﬂfyn © Ut et ﬁ"pﬁf‘%d

downl i nk an@ccoggs ok, respgetinely, mey plonde sxprassed ave vari ous forns, depending on
whet her the correction factors are applied at the access point and the user
termnal. For exgl_i_1 e calibrated downlink and uplink channel responses
may be expressed¥as “Sheowe i n ediht i oMer FBpHE11) and (12). [00388q(12)

Calibration my be perforned to determine the matrices K, p and K. .

Typi calros7t he t rieshonse H and.the transmt and receive chain
responées bre n%%%&@ﬁq%{c’)lf 1¢§‘% PHESHOp ﬁﬂcipdSP’a]g‘]ﬁ%ﬁhﬁgﬁaa%@Pf‘tafoﬁed.

I nst ead, t hdiffefehesstin e trhnemit andreceinelchiatis ianthe GRRBWint'a88 RER $@Hinat dTnignd H, |
may be esti t he. downl i nk and upl i nk,

tlg%baglid glgeﬂ il ot,s sent on

respecti vel 9%“ Sty e <viespeier 198 ©ng dinkep hecexpragsed byaig chamnell | whi ch

are esti mat Spdnke fdiehe’ sthatlinkVBitHel cRSratd dowRik Jfrdr}lgﬁmk' cﬁzﬁﬁ@l @%oﬂgs ygd Dbased
tes, an Ly, , as

on the down|ink and uplink channel response esti
descri bed bBFEwWarehe forms, fepsading pnawkethek the icontdctide fedors eart iapplictiaattthe s t hat

ecoss. poi ni Sndoit apS IEPREE tpfidel bt BN GRLGHDRIR A FutinR el afliph e have

been cal i br ehagnk! resporses imrpbe ekprésacis shovasipeqsstions (7), (11) and (12).

[0038] Calibration may be performed to determine the matrices K, and K,.

Typically, the true channel response H and the transmit and receive chain responses are
not known nor can they be exactly or easily ascertained. Instead, the effective downlink
and uplink channel responses, H,, and H,, , may be estimated based on pilots sent on
the downlink and uplink, respectively, as described below. Correction matrices Kap
- and Kut » which are estimates of the “true” matrices K,, and K, may then be derived

based on the downlink and uplink channel response estimates, Ed,, and -fjup, as

described below. The matrices _Iiup and K., include correction factors that can account

for differences in the transmit and receive chains at the access point and user terminal.

Once the transmit and receive chains have been calibrated, a calibrated channel response

estimate obtained for one link (e.g., H_, ) may be used to determine an estimate of the

calibrated channel response for the other link (e.g., Ewp )-



estimate obtained for one link (e.g., Hw) may be used to determ ne an
estimate of the calibrated channel response for the other link (e.g., fl.
u. ). WD 2006/ 081550 PCT/ US2006/ 003203 11 [0039] The calibration techni ques

: . : . : t hat
descri bed r al so be used for wireless comunication systenms tl

enpl oy G&PZ%Wf ectively partitions the overall %’fﬁ“@&?"ﬂ&%&% dth into
a nunber of (NF) orthogonal subbands, which are also referred to as tones,

bcarrj , freguency bins, or subchannels. Wth OFDM each subband is
ngggir a{p@(ﬁw th a'% & Ethn\/tec@ii%‘ée&rfiqs‘é‘#beﬂH@rellmuyaybelsordmmﬁﬂeﬁbrmrdksdat a. For

M iddtidat dvit i _ SYS each subband
gf ezl\i/(? h :gZF?gilnhﬂg%uadr?ndgFtbﬁg?l be %icé’\/\%lg)hé[s a%%ﬁ%é%%&%ﬁf&ﬁ%%%? n
channel . [OSYF@HIDWWWaPmWMWﬁ@thMnﬂﬂmﬂamfsW%% For

[ bd 1 | | heme i escr ow )
%%gmaségtﬁgﬁ’ls%%’ﬁ%hé@gs% T ﬁ%e 1a\§?bt§g? afPEnBbRAdEht of a
process 3002agsotiated withraaespectivet subc ﬂli-“m 'Itmﬁyad%dnét%ﬁﬂdt%wﬁilﬂﬁﬂggff){ gs ; eetsi Im'nng

TDD M fe i.tial t user termnal a E
;23 freque%%%ﬁ%ﬁﬁgﬁ%ggg}vg@enﬁ%ém" P%E‘é(ﬁﬁﬁt%m)ﬁ%ﬂhsﬁbmémﬁp@b spatial ned f or
the system ¢lrinneltnaytR)viewddes U @idepeRiidit RahsnitBor AGthe1 SEND @ Message to

initia libration with the access point, or the cali brat_i on may be
: niti ai@%%ﬁy t hgr%“cﬁaé’é’gaﬁ%imﬂy. betprsfosmed by warioos nmayerbe Foe chdtyradpedifipar al | el

| [ | Sdhlagnkd ' eryi nal t he access point
(e 0. o et sl bR o T D e evor v r ant bl
[ 0042] [0844] cal i DFI&: Bshowmy flow qmra?mnfmdemlg:rdiméﬂt osuEmQ%stooﬁatcmbbaﬁ%) used

t .ch are referred.to, as_the "data" su S) .
Subbands nop SRk VA" sBirBef SePose it oS ol MIVEL DERBL veigpi Ll 1y do
not need t olnitiallyathe sattexhindiee@uRE the Hhitgand MRqhdnBf 6 ifeYack&S ?S’iﬂ%s'}n flthe
transmt and receive c aine(_ﬁ%‘éthe access point and the user termhal are

typical |y fPSPSBOBPOrslrey og thpings! Giock A1 Or ekhe, userrternsinalauey thetj acent
subbands ar snd iakfiés¥adeQo BSitige rc%ﬁﬁ@iti&fiwilﬂ? h%eé\;c\gés's ?:F)ﬁltt ! &ngﬁibgﬁﬁﬁiﬁ%ﬁ%%mgr ];O '

onl a subset of the data subbands. I i han a .
cal iybr at ed, s Dndhe aepstsaneist. t Thivecatiblatitn aaydbe whifeimedr @ peblid] rveich t 0 as

" - " i ' .g., in
the message EaeaiopARHERakol BY o et \BRReP 5x) Be At poib e Endudas FF 2t f on,
t he user t ejefiphand mayalsnbd perforvbdichgiel@twapantelle desi gnat ed
[0042] The calibration may be performed for all subbands that may be used for data
transmission (which are referred to as the “data” subbands). Subbands not used for data
transmission (e.g., guard subbands) typically do not need to be calibrated. However,
since the frequency responses of the transmit and receive chains at the access point and
the user terminal are typically flat over most of the subbands of interest, and since
adjacent subbands are likely to be correlated, the calibration may be performed for only
a subset of the data subbands. If fewer than all data subbands are calibrated, then the

subbands to be calibrated (which are referred to as the “designated” subbands) may be

signaled to the access point (e.g., in the message sent to initiate the calibration).

[0043] For the calibration, the user terminal transmits a MIMO pilot on the designated
subbands to the access point (block 312). The generation of the MIMO pilot is
described in detail below. The duration of the uplink MIMO pilot transmission may be
dependent on the number of designated subbands, For example, 8 OFDM symbols may
be sufficient if calibration is performed for four subbands, and more (e.g., 20) OFDM
symbols may be needed for more subbands. The total transmit power is typically fixed.
If the MIMO pilot is transmitted on a small number of subbands, then higher amounts of

transmit power may be used for each of these subbands, and the SNR for each subband



em————— IR ——————

subbands to the access point (block 312). The generation of the M MO pil ot
Is described in detail below The duration of the uplink M MO pil ot
transm ssion may be dependent on the number of designated subbands. For

exanpl e, ols may be sufficient if calibration is performed for
f our subbgwgéwgﬁ%ore (e.g., 20) OFDM synbols may b TEERURHBP3 nore

subbands. The total transmt power is typically fixed. If the MMOpilot is
nunber of subbands, then higher anobunts of transmt

transnitted.olar}‘gﬁﬁs |l ban

power may bé& - {-ORveEsEbn Lighe MIRQ pletisrensmittedrot 4 large SHRbEOST seBlsads Ubband
WO 2006/ 081 % sPieiédaviat/ 0P Bania i ' r.. Copversely, .if fhe MM
pilot is transr?i [t ed on golgarge %%é@%pbgg% f‘%%agﬂsﬁ%% a&ﬁﬂ}e@l‘%ﬂ%um s of
transmit pofeih S¥EYaudds wewse. fithe SABoizatibaibtiandis dot fERcRRy 1L, HRAGHLsUbband

is worse. | {pig ﬁhﬁ b IS not sufficiently high, then nore
OFDM synbol s may be s}gir?[ﬁ?%?m?#ﬁ%mm& arﬁiri‘ﬂteﬁﬂeégﬁtﬁ%eéec%‘teftf}@tmli*cei ver
to obtain ahighgheerai\SNR fdr ti3\¥Rbband. t he subband. [0044] The access point

recei V%O‘ﬁi'e upl .h[l'lk M MO B\itl ot. and derives an estimte of the uplink
channel" T esponse; "HCCER POt geceiyss e gplink MIME:pilot and deriveh ba pstsnatevbithe  k

represents ' A nel esti i op based on the MMO pilot is
descri bed bg# oW. iﬁe Srﬁkéb%gécﬁﬁgl ?We?g%r?@l% pigpated subbands vhere dd and
sent to therepkissiis b ' GhkQck The entrieg in each matrjx Hap (k)
are conpl exreghaﬁi{rtlseltﬁg gﬁ?ﬁ}sﬂ blg%é\%/éer@[jaﬁ%d I@ﬁ{{m?t?oé‘né?ﬁe %&h‘W\é’BM%délO&éS ant ennas
for the upl fesrribedrbelaybbTheiuplink chamnet raponst egitidlss 40 quatibed Bid oGS HBY be
scaled by a %zgrt i cul %; scaling factor, which is common across all

desi gnat ed St¥hiERHe! (blacloBidli nThenentdessinreach ahatriarifE, () raye cofplex cu@isp! €, t he

channel gaips_in.each ri x Hap(k)._may -be inversely scaled by the |argest
channel gai FTOPetEPen thgﬁui xansmph gnd |Nep Fespive latenas ifomte eylisl Fyanblend %o t hat

the | ar gesThedlaniu oaigiifdy i . Since.t oal. of the
calibration is to r%or mal ialz.lgﬁa}thﬁce gaiE r?}:‘éﬁag%dggyﬁ e?ue?{c,sgﬁl%[}.g\% nVHre Wownl i nk
and upl i nk CWHARHEpEOss: 3k designatsidusubbaridg nnetbtajmithes desied NiyharddDAAkAN For | |
12-bit corrpé ex Yal uea éi 4€.. Wth 12-bit ,inphase (1) and 12-bit quadrature
(Q corrponeﬁ‘tmsnf’ealﬂé‘3 el; gins; Weoach arater Ha(Msmay Rerinversedy dealed bykhe hannel
response estinmates mpy be sent to the user terminal in 3. N,, . Nap Nab
bytes, wher 3gesfchaune] &pint fhe abb aatrines | H p (k) sfou stedddsignated setstands, kb ehat gand Q

conmponent s land b if t.hehagunber .of designat ed subbands.
argest channel gain a magnitude of one. Since the goal of the calibration is to

normalize the gain/phase difference between the downlink and uplink channels, the
absolute channel gains are not important. If 12-bit complex values (i.e., with 12-bit
inphase (I) and 12-bit quadrature (Q components) are used for the channel gains, then
the downlink channel response estimates may be sent to the user terminal in

3-N,,'N,; - N, bytes, where “3” is for the 24 total bits used to represent the [ and Q
components and Ny, is the number of designated subbands.

[0045] The user terminal also receives a downlink MIMO pilot transmitted by the
access point (block 316) and derives an estimate of the downlink channel response,

ﬁdn (k), for each of the designated subbands based on the received pilot (block 318).
The user terminal then determines correction factors, Kup (k) and Km (k), for each of
the designated subbands based on the uplink and downlink channel response estimates,
H,_ (k) and H, (%) (block 320).

[0046] For the derivation of the correction factors, the downlink and uplink channel

responses for each subband are assumed to be reciprocal, with gain/phase corrections to



b —

[ 0045] The user termnal also receives a dowmlink MMO pilot transmtted by
the access point (block 316) and derives an estimate of the downlink
channel response Hdf (k), for each of the designated subbands based on the
recei ved p| lgl ock 318). The user terminal then determ nes correction
factors, ;}E}%} BNy K a (k), for each of the desi gnatFsd/ERM4AAES hased on
t he upl i nk and downl i nk channel response,estimates, Hap (k) and Hda (k)
(bl ock 320). [0046] For the derivation of the correction factors, the
downl i nk ancPCQHS'IUF frit th diffecdnces insthe treesmif and reacive shdiofttha beceds gto be
reci procal, Qfﬁﬂﬁd n#? DiAses. corrections to WO 2006/ 081550 PCTI'US2006/ 003203
13 account for t é’ grences in the transmit and receive chains at the
access point and wuser termnal, as follows: A P (k)K , (k) (Hn(k)Kp(k))T
forkeK, Eq(13) \m?ﬂ@Kgg(k)e.p(r}_p &I)KS(@)TSE'[ of afgk k@ka subbands Hg onIy
estimates of the fective omn [ 1nk and upl i nk chanhel responses r
avai l abl e for the designated subbands during «calibration, equation (13)
maybe rewr i there Kgepregents(kyacof(akl)data fubiblar(ds) SiREkIDIY eftiiatds 6F the offelifie( 14)
where K repy of desi gnat e nds. A correction vector k"
(k) may be gﬁﬁu ne%l %8 h ety IW8H%%E&V§@H§§$I ¢ defisnated spbhandy during Thus,
_kut (k) and cmt(rﬁ)ommnﬁqusymhﬁﬁémw&ﬁeﬁhwl y, a correction vector k,P(k) nay
be defined to include the Nap di agonal el enents of K, P(k). k,P(k) and
K, P(k) are also eguivalent. ,[]0047] The correction factors K P( k) and K" (k)
may be derived fAbatiRe(OIF Kg&Vmat es 1lfof ke Bhd f1 1, (k) Eq(Mgrious
manners, including by matrix-ratio conputation and MMSE conput ati on. Both
of these conput ati on net hods are described in further detail below O her
conput atuon“fhéltehﬁdsenmyntaaggtqf@umsgnatmbbmﬂssmmmﬁdﬁmtoh & gEprpRyof the
invention. A Matrix-Ratio Conputation [0048] FIG 4 shows a Tl ow d| agr am of
an embodi mefe aﬁn%tgmsth@medmsmalmmm K1, /(8) .cThus @& j(on ane R Q5 K" (K)
and k,, (k) fromthe uplink and downlink channel response estimates |3, P(k)
and 1, (k) ASicaBivalgnt |S§mrlaﬂy,@ courgtionaestonk,, Baney be 3drd taricde uad,, f or
bl ock 320 i n FIG 3.

diagonal elements of Eq,(k). g,p(k) and K,p(k) are also equivalent,

[0047] The correction factors Kap(k) and Em (k) may be derived from the channel

estimates H, (k) and ﬁup (k) in various manners, including by matrix-ratio
computation and MMSE computation. Both of these computation methods are

described in further detail below. Other computation methods may also be used, and
this is-within the scope of the invention.

A. Matrix-Ratio Computation

[0048] FIG. 4 shows a flow diagram of an embodiment of a process 320a for deriving
the correction vectors [i_ut (k) and 1_2_ »(k) from the uplink and downlmk channel
response estimates Ew(k) and _Iidn (k) using matrix-ratio computation. Process 320a
may be used for block 320 in FIG. 3.

[0049] Initially, an N, x N, matrix C(k) is computed for each designated subband

(block 412), as follows:

AT :
H, (k)
CHry=2—~ for keX',
A, B



[0049] Initially, an N. x NP matrix C(k) is conputed for each designated
subband (block 412), as follows: . T Ck) = Hwv (k) fork e K , Eq (15 WO
2006/ 081550 PCT/ US2006/ 003203 14 where the ratio is taken

el enent - byl Each el ement of C(k) may thus be omputed as: hw.! (k)
for t = |,w§.ﬁ%ﬁgﬁ%j 1 %Eq (16 (Kt o mooN, (HaOSgpisg o
where 4.P,,, (k) and hd,j(k) are the (ij4j)-th (row, colum) elenent of Hf
(k) and E d, ké‘ﬁ’ respectively, and c,1 (k) is the (i, j)-th elenent of
C(k). [0050]%he 1ghe dei taken relemenbby-olement; | Hachy element 6DIC(k) ensC RS DePOI Nt ,
kap(k), is %@b@gg .to be equal to the nean of the normalized rows of g(k)
and is derive y Bf ock 420. Each row of C(k) is first normalized by
scaling each of the Nap elenents in the row with the first element in the

row (bl ock 422). Thus,h"iff(]g,(k) =[c,,, (k) ... c,(k)] isthe i-th row of
C(k), then the nékBIS 8 w c, (k) forey=1he., Bipafsged AsN_ | Eq (16
ci (k) =[cha(k)/cta(k) . 0,166 J(K)/c,,, (k) ... cN-P(k)lcct®)] Eq 51)/) The

mean of the normalized rows is then determ ned as the sum of the Nat
normalized rows,divided Qy N. t (block 424). The correction vector kap (k)
)

i s set equaWhers k&) nmsin i, (litoate B2E), 7 )vh{x6R, B8t Rk ; kap(k
1 cr(k) for keK .ijEq(ls) dll{lgt ,d B.ecSqur()a o¥ t he %%]rhﬁgl i zaf?ics)#,i(tﬁgean i rst

el ement of K. @) ( | by, 0. l.n. nbodi , the correction vector
for the user_df@’rrll!é%lpglbt,%v ’é‘{,‘afww llgiﬂco(é’f]i)%gﬁleem%t%géﬁ]ual to the mean of the
I nvers the ' ums of k) .and is derived by block 430. The
j-th cotnel of c‘?‘%?‘%%??'?%@%wm% E{Pf%f § PGeEssPRint, kolBmisdefinad t he
colum wth oot f the. vector (k), ., which is denoted as
K11, (k) (bf%‘gfedﬁlzia.tﬁérﬁ‘rég‘?guf ﬁ’eé}"“{‘?lbze_rﬂ"é‘—‘h°kf3§€ﬁ2)md.ls demeed py(W9qkT420s t he

j -th col uMmEgh row of C(k) is first normalized by scaling each of the N,, elements in the row

with the first element in the row (block 422). Thus, if ¢;(k) = [c;1(k) ... ¢ (K)] is the

i-th row of C(k), then the normalized row €;(k) may be expressed as;
g(k)= [ci.l(k)/ci',l(k) c;‘,j(k)/ci,l(k) cf,N,,(k)/ci,l(k)] . Eq (17)

The mean of the normalized rows is then determined as the sum of the N, normalized
rows divided by Ny; (block 424). The correction vector E,p (k) is set equal to this mean
(block 426), which may be expressed as:

n 1 N, - !
k,=0-E® ,  forkek'. Eq (18)

ut #=1

Because of the normalization, the first element of kap (k) is unity.

[0051] In an embodiment, the correction vector for the user terminal, k ot (%), is defined
to be equal to the mean of the inverses of the normalized columns of C(k) and is
derived by block 430. The j-th column of C(k) is first normalized by scaling each
element in the column with the j-th element of the vector Eap (k), which is denoted as
K,,;,;() (block 432). Thus, if ¢ s(E)=[e, (%) ... chj(k)]T is the j-th column of

C(k), then the normalized column & (k) may be expressed as:



A

C(k), then the normalized colum c 1(k) maybe expressed as: WD 2006/ 081550
PCT/ US2006/ 003203 15 61(k)=[clj(k)/Kapjd(k) ... c,./(k)/K pj.i(k) ... CN
j(k)/Kap./,(k)]T Eq (19) The nmean of the inverses of the normalized col unms
is then determ ned as the sumof the inverses of the Nap normalized col ums
di vi ded byWREp®MBI6Lk 434). The correction vector kw EGVYREARYL4a to
this mean (bl ock 436), which may be expjgssed as: N kut(k) =1 ~1 for k e
K, Eq (20) Nap J='" G (k) where the inversion of the nornmalized col ums,
cl(k) , is perf@;fde[el KL 5 Wk €. ¢, &)/ KNSR oyt ety &n 2] he MVSE
conput at i on, the’ cor rg'éﬁygn&'f')gﬂéfor s'j?l)(app('ﬁlf)pgwﬁgg,) (W’Lg?% dggitlx?zd from
the downlink and uplink channel response estimates E1, (k) and H P (k) such
that the neahedeasaros the inversqsiviSithe hamakized colnnsds tien sletednitedvas thelsumhemnel

response an | i e ' ghannel . .r Sg. i iy zed. This

condi tion rrglf/é Eggg%xdgﬁe?g@%‘oggﬁh%%m .%‘@dﬁ?gf&%@lchla‘@(‘&)ﬂ‘(‘i?ﬁ@@ for k e
K. Eq (21) vebbeR ,(BYisaé ] : 498) Wik d3sP(K) K (k)12
for k e K, vvherE'"K%n (Q)%quiﬁﬁoa%ﬁé(l%aﬁg? 1%%;%%1%11&5&#2&%%&5%61 "matrix.

[ 0053] Equation (21) is subject to the constraint that the | ead el enent of
Kp (k) is set equal tolugty, or K, p,o,o0 (k) = 1. Wthout this constraint,
the trivial sol ut udﬁ)w tm(f*obt aiferebleWi’'t h al | el ements of theEqéMi ces
&P(k) and Ka(k) set equaﬂf‘t%’kzr ro. In equation (21), a matrix Y(k) is first
obtained as Y(k) = K P (kyH--(k) - HP (k)K" (k). The square of the

absol ute val ' : j fe the. NAR' N. entrjes of the WO
5006/ 081550 "LEk %%%8&?8%5%3‘%9?%&%%?‘?@“%@? > IpRerionmed e e&t?&t‘%’ls& ror (or the
square error, since a divide by Nap . Na, is onmtted) is then equal to the

sum of all NoP NatB.SMMSECovidut@gon [ 0054] The MVBE conputation is perforned
for each designated subban 0 obtain the

[0052] For the MMSE computation, the correction factors K,p (k) and _fgm (k) are

derived from the downlink and uplink channel response estimates Edn (k) and ﬁup (3]

such that the mean square error (MSE) between the calibrated downlink channel
response and the calibrated uplink channel response is minimized. This condition may

be expressed as:

min |(L, (DK, (6)" ~ B, 0K, 0 , for kek, Bq (21)

which may also be written as:
. I T ~ 7, 2
min | Ky (OHL(B)- By ORu(k)] ,  for ke,

~AT A ~
where K, (k) = K, (k) since K, (k) is a diagonal matrix.

[0053] Equation (21) is subject to the constraint that the lead element of Kap (k) is set
equal to unity, or K, ,,(k)=1. Without this constraint, the trivial solution would be
obtained with all elements of the matrices :Ig,p (k) and K, (k) set equal to zero. In
equation (21), a matrix ¥(k) is first obtained as Y(k) = K,, (55, (k) -, ()R ., (£).

The square of the absolute value is next obtained for each of the N, -N,, entries of the



A I —

correction factors KaP (k) and Ka, (k) for that subband. The MVSE
conputation for one subband is described below. For sinplicity, the subband
index k is omtted in the follow ng description. Also for sinplicity, the
el ements qfobLiiRos@Yn! i Nk channel  response estinmate |3 noted as {a
.1} , the el err'gnts of the uplink channel response estPlgE%@«%O%fyﬂu,z&are
denoted as {b , } , the diagonal elenentgs of the matrix KoP are denoted as

{u,}, and the diagonal elenents of the matrix K,,, are denoted as {v/},
where i =1mainx Y(Raplheraean square error, (oNde squar© ] sifiteca diile byNgr N esr or may
be rewitten frogmequation (21), as _follows: MSE= 22 a" -bavl Eq (22) |I=f

r=1 agai n sOBftd}siienicqual do hesimiohell N, N, squreedwahiesum mean square error may
be obt g&@? by tﬁ%ﬁ he IPar.’tial derivatives of equation (22) with respect
to u a and sétt freopuiaiiop is;perfosmed, o pycbglepignaied subbanddo obkin the of

t hese operat followsg cquatd on. .sefs; . Y. Lju,-bjyf)a; =0 , for
1255, P herRRof ok o A8 R P gl SR, e Sttt B o
Eq (23b) fg3 ' = re.ds .no tial. deriyative for
this case, g%ledé@ﬁgmgﬁggﬁﬂ?é@%%g. ;FPB?#]}”EE?’H%’ @ﬁegﬁ‘bkéﬁm?%%ﬁ]mﬁﬁéde@e €of (Nap
+Nat -1) eqidlomings desariptipmat iAdso St SimpRAL) thn@lei2Bl) ofMthy MARVNIRRT @annel
conveniently expressed ip matrix form as follows: Ay =z , Eq (24) WO

2006/ 081550 ERseISTionsy HQ3263endtdd asmue} shéklements 6f the upBnll chaie] rebgdrsix|
b2N'a2N., =1 |

estimate Eup are denoted as {b, }, the diagonal elements of the matrix K,p are denoted

as {u,}, and the diagonal clements of the matrix K, are denoted as {v;}, where
i=1,.,N,and j=1, ., N,.
[0055] The mean square error may be rewritten from equation (21), as follows:

N, N
MSE=Y"Y" |au, -by, |7 |, Bq (22)

J=1 =1

again subject to the constraint #, =1. The minimum mean square error may be obtained

by taking the partial derivatives of equation (22) with respect to % and v and setting the

partial derivatives to zero. The results of these operations are the following equation
sets:

N . N
g(ayu, ~byv;)-a;=0, fori=2,.,N, ,and Eq (23a)

N,
2(aﬁu;—bgvj)-b;=0 ,  for j=1, .., N,. Eq (23b)

i=

In equation (23a), , =1 so there is no partial derivative for this case, and the index i
runs from 2 through N,,.

[0056] The set of (N, +N,, —1) equations in equation sets (23a) and (23b) may be

more conveniently expressed in matrix form, as follows:

Z
it
N

Ay Eq (24)



)y 0 tja3,12 0 ...

=1=1 0 ... 00T

r 0O NlaN, 12 -bNNlaNwl - bNwiNm aN*Wh

A=:;=12 a2121 ... -aNrolbN.1 ~bnl2 0O ... O i=1 ... ... 0 "Ibi212 0 ...
r=10... Or N -a2N.,b2N., ... -aNN.,bN.,N, O ... Olbr Nel2 i=1 W20
U3 0 UNDQ gn{%éz= vl aubn v2 al2b2 vN., al NublN., [0057] The matrix A
incl udes (NOPHYRH rows, with the first Nap-1 rows CSTTERMSR2RY to the

Nap -1 equations from equation set (23a
to the N a e‘%}ljat ions from equation set
/¢ i s generated fromequation set (23a) with i

of the matri

b3b) .

and the last Nt rows
In particul ar,

correspondi ng
the first row
2, the second

rowis generateg with i = 3, and so on. The Namth row of the matrix Ais
generated from %ré%rl on set (23b) wigh j =1, d so on, and the Last| rowis
generated withij = N As shown above, the en!fz’r 'es of"the matr Y% Awarjd t he
entries of thefvector z y e obtained based on the entries in the
matrices A ra and Bap ;| 0
J=1
0 0
N 2
A: ° ° jgaN g —bN'PlaN"'l —waNmaN-pN.;
A N,
~ayby, - aN.,lb;,,1 ZiIbn I2 0 0
fual
N,
0 i:lbizr 0
=1
0 0
. . Ne -«
- aZN“bZN'“ - aNleuthlell 0 o 0 i |bf Ny
L i=1 J
R o 1
u, 0
u 0
y= My aIld zZ= ,
- Y audy,
¢ : alzb;z
V¥ _alN,,bl‘N“ ]

[0057] The matrix A includes (N, +N,~1) rows, with the first N,, -1 rows

corresponding to the N,, —1 equations from equation set (23a) and the last N,; rows

corresponding to the Ny equations from equation set (23b). In particular, the first row

of the matrix A is generated from equation set (23a) with =2, the second row is
generated with i =3, and so on. The Np-th row of the matrix A is generated from
equation set (23b) with j =1, and so on, and the last row is generated with J=N,. As

shown above, the entries of the matrix A and the eniries of the vector Z may be

obtained based on the entries in the matrices E:n and Eup .

[0058] The correction factors are included in the vector y, which may be obtained as:



[ 0058] The correction factors are included in the vector y, which may be

obt ai ned as: WD 2006/ 081550 PCT/ US2006/ 003203 18 y = A-'a Eq (25) [0059]
The results of the MMSE conputation are correction matrices KaP and k., that
m nim ze t@szﬁﬁ%&gﬁ%uare error in the calibrated downlink and uplink channel
responses, a$ SNOWA i n equation (21). Since the matricdSTREAENYH, are

obt ai ned based on the downlink and upljgnk channel response estimates, fl d.
and H.." the quality of the correction matrices KaP and |Ka, are thus
dependent on thezqugl"izty of the channel estimtes Hsa and HaP E{@g M MO
pil ot may be averaged at the receiver to obtain nore accurate es |n‘21t es for
H and HaP. [0060] The correction matrices, it, and K ,,, obtained based on
t he MVIBEO59¢ onput The eulirof HPAVIRISH doyapheilibe aretc_taﬁectfoh@néﬁ%egﬁt ia\%ﬁ KB, ces

obt ai ned based on the matrix-ratio conputation, especialTy whén*some of the
channel gai panimize $heaivean rsquaraeasu i@t cdibgal daWnEKKe @hd YupBER' @dfnd Ne
channel gains. C. Post Conputation 50061] Regardl ess of the particular
conput at i on'§TRRNEEY 28 shavyn Bdequation)d). Sincethe metrjobe i, 0rAnd R | hee 6btam@Bd at i on of
the correction matrices, the user termnal sends to the access point the
correction beed on thefdowntitlearsonpdink clmheéltresplfse(eéimatbf T Alahd FeSi @B ghasy
subbands. 1f 12-bit conpl ex values are used for each Corréction factor in
kap(k), thenftht bersztion fatricen Ry e6ADORS, ik Buk SR nds nay
be sent to the access point in 3 _("Nap -1§ieﬂeﬁlg%ﬂl|g§t es, a&ﬁi’?@‘g@%@ for the

24 total bitgimsseadAf oindt B2 .| TROYIN Hpﬂgfﬂé Ay rgé!%%t'ﬂ%e) {eﬁgg%l&tots &@é’m the
€ y

first element in each vector kaP (k?(i)gel n qua to uni not

needing to %ré&%ate%ﬂﬂn%%og;ﬁ%ﬁd nmber of designated subbands. [If the

first elenent is set to ien 12 dB of headroomis avail abl e
(since maxiAm Lfive 12-bity signedsvalue is 2" -1= +2047 ), which
woul d %dggf al | owﬂéggl&ggcﬁﬁog n@?%ﬁe%f ksrp % %utd@%ﬁ‘&eﬂebﬁﬁe@ hen ¢b and
uplink to bgaae : -pit values.. |f the downlink and uplink
match to within 1%%%‘%%&%? ﬁmetﬁ%ﬁ%lﬁ?mf’g matacesAvtaned pasedion ghgie of
511, then tmatrisithisr ceputetiting esgeoiallg wien neme! &athe lchididD gaind hrefsrma R4S T D

absol ut e V3l g ANt ke in ERRAY S he Mebhel g,

C. Post Computation

[0061] Regardless of the particular computation method selected for use, after

completion of the computation of the correction matrices, the user terminal sends to the

access point the correction vectors for the access point, ﬁ,p (%), for all designated
subbands. If 12-bit complex values are used for each correction factor in Eap (k), then

the correction vectors _l%ap (k) for all designated subbands may be sent to the access
point in 3-(N,, —1)-N,, bytes, where “3” is for the 24 total bits used for the I and Q

components, (N, —1) results from the first element in each vector k (k) being equal

to unity and thus not needing to be sent, and Nsb is the number of designated subbands.
If the first element is set to 2° —1=+511, then 12 dB of headroom is available (since
the maximum positive 12-bit signed value is 2'' —~1=+2047), which would then allow
gain mismatch of up to 12 dB between the downlink and uplink to be accommodated by
12-bit values. If the downlink and uplink match to within 12 dB and the first element is .
normalized to a value of 511, then the other elements should be no greater than

511-4=2044 in absolute value and can be represented with 12 bits.
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WO 2006/ 081550 PCT/ US2006/ 003203 19 [0062] A pair of correction vectors kap
(k) and k, (k) is obtained for each designated subband. The calibration may
be perforned for fewer than all data subbands. For exanple, the calibration

may be perfghiRisfsqf €very n-th subband, where n may b rm.ned by the
expect ed respons%lsof the transmt and receive chains (Z’?éﬂ&“ﬁ“ﬁ%@‘gbe 2, 4,

8, 16, and so on). The calibration may @ so be perforned for non-uniformy
di stributed subbands. For exanple, since there may be nore filter roll-off
at the [Bf#ds of Atmsk ofzombrtiod, vesthisc,, (hyandriep(ky isrobieinsd Soresa@Ndésinhis
transmt and receive chains, nore subbands near the band edges may be

cal i br at ed. S‘Fbrl?a'b‘in ﬁauaah‘aﬁ@mhmép netformadnfon fieieeratheh alhydathi sibbindst iFor of
subbands mayx ' = i thin t cope of the ipvention.
[0063] |If theﬁ?é%?gég?%ﬁﬁfls elr)% gé%?%‘%“&%@?%ﬁ&ﬁ" 1 WET® B2 3¢ a
subbands, t Aetpmiiped byethe expected mespansemf shef tomsmitend weent ichiias @b, FuBpsads may

be obtai ned,by &nierpglating the ..correction factors obtained for the
desi gnat ed gfu)tg’b%.’n%cg.aﬂgﬁg é’;{l'ce 3 WPOWYpfaﬂ g? Retformed, 195 map-uaioraly k ap
(k), for k distibptetl Gulshahds. rEdrleRarapte Siideithte WRG b fork fifter &h)okff it?% éd%%s K. )

, , ror e

Simlarly, t user terminal may performinterpol ation on

K, to obt af’ﬂﬁetpﬁ@%ﬂg?wm By Vé%tt"é‘?“ge Ruispaggh infipe tiansmikand feo€iget thafilse access
poi nt and ugefe hidbindddteat BRI BRAHLA I 1 pect i orrection .vectors
kap (k) and k,a (k) , or ‘the corr %@%ﬁé&a&%ﬁaﬁgbfﬁﬁéﬁ& > 40 JUIbER of |y 2

& (k), for Ribbands andeny dismbutioniofisubbepdsieay \be dakibratedy met tiofs witkinite K np (k)
for its trgdgﬁ%fmghggmﬁﬁd the correction matrix K p(k) for its receive side
based on its “correction matrix Kap(k) and with the constraint shown in

equat i 6P0BlL0a) . ISithei dalibraion ist feefornet fok EswerfilRin ANBYF tHE Hhtd SUBHARIS RS | ON

matrix Ka"( ' t st sjde . and.th correction matrix K, (k) for

its recei vewsrfe @J%faaétéaq %ﬁﬂﬁet ‘E““é@i’ﬁageét F@h@&m#&bmtm{% bysinterpalgting thene

constrai nt simwetion factersusbtdigd %ﬂﬁbhesi%:ﬁ@b@%bﬂﬁﬁ&s, CPRd febds ginrgpﬁﬁ,éf k) and
e mat ri ces

the correction matrix K, a(k) may eac split into t 0 i nprove

dynami c ranigsrpalatignon kydht for dte Kh teobain, thacerutisn etors ki Tk}, abi pRX Of the
transmt and receive chains, and so on. If there is a known i nbal ance on

t he transmi $inglaty, the hen tedrmimabmay perdfeleh BREgoditioh @A Bl | fbr(kaé‘KattP%m& to
renove this inbalance. For exanple, if one antenna has a snaller power
anmpl i fier, thheordctien vectms ki (%), for kK .
[0064] The access point and user terminal thereafter use their respective correction
vectors k, (k) and Kk, (%), or the corresponding correction matrices Kap (k) and
K. (k), for ke K. The access point may derive the correction matrix _I'{,,p () for its
transmit side and the correction matrix Kmp(k) for its receive side based on its

correction matrix K,p (k) and with the constraint shown in equation (10a). Similariy,

the user terminal may derive the correction matrix K, (k) for its transmit side and the

correction matrix K., (k) for its receive side based on its correction matrix K, (%) and

with the constraint shown in equation (10b).
[0065] The correction matrix K.,,‘ (%) and the correction matrix K., (%) may each be

split into two matrices to improve dynamic range, reduce quantization error, account for
limitations of the transmit and receive chains, and so on. If there is a known imbalance
on the transmit side, then transmit-side correction matrix can attempt to remove this
imbalance. For example, if one antenna has a smaller power amplifier, then the transmit

power of the antenna with a stronger power amplifier may be reduced by applying an



power of the antenna with a stronger power anplifier may be reduced by
appl ying an WO 2006/ 081550 PCT/ US2006/ 003203 20 appropriate correction
matrix on the transmt side. However, operating the transnmt side at a

| ower power level results in |oss of performance. An aq] n y then be
made onmﬁmz?“g@@is% side to conpensate for the known ?&!ﬁ’%ﬁ{%ﬁ}’@g@m ance. |If
both the transmt and receive chains hgye smaller gains for a given

antenna, for exanple, due to a smaller antenna gain, then calibration nmakes
no adj ust medPPIPPRate pRrEechien malNA onithlsansmi sidee Howeer popbrating iistranswitdide ar e

mat ched. [ 0Q68]owkPBowa1h ' I,b Q wher.eby a vector of
correction factoc‘;vr sﬁoi S 10‘%’! ge{sﬂé&gnﬁ %P%gg%rﬁo?%gﬂ ctehg’glaa?glgﬁé%&ath‘e&*& nnlfélgr

term nal, alohdhe réasivepsidd bl edmpansate ot therknoemt Lasmitoinitelmes.i e dofhomet he
access poi nt_whe al i,bration i erfornmed, by different user termnals.
1 f the accetgs polpfrl\rﬁ]%%e VY %E@v%ﬁzﬁlegﬁ??%foéﬁéﬂ’e?@ﬁ@a’ FAEPletuetBr e ot her
user term nalsapllert dneshnd BeinCthen S4libraioh hekéd S ad|@EhetForThls HeenHP SasEHeW t h

the newy derived correction vectors. [0067] For exanple, if two user

termnal s sFYASIVEARGEHSHY PR#ENSE- cal i bration procedure, then the
cal i br g0ogw] r esulrhé cdlibeitioh Rk URSEribeE 'éﬁﬁv@?ﬂﬁer%}’a P@ct&vcg*c?%&ioh?actérgpr ove
pically per

performance. However, calibration is ty ornmed for one user
terninal at iqoblapgd fon@aeheobrtie weesss tpointi andl usao énthindie alloks Econspatible” downl i nk

with the c A the.firs ser_termnal, gl ready _.applied. In
this case, ? %%&%P%gg%%@gé B g %rg‘;egeﬂglgtr}\la agcc?%sr é%{?t‘l %lﬁer\}g]‘éfgl}brgﬁqnﬁs P%/Fgmﬁ‘leﬁ
correction bgdiffrentmyer hemimds 14 thetdoessnpoint lewnireslyibesn vaibiadd (e@f, b§ onvei ght ed
aver agi ng" ldescritged bel o %Itﬁo be used. , The access point typically
uses a single™cor? %rturs%te% S, FYITERL eATTEC o Y§e1re may by updated Witk er ent
ones for di tfeate@my deatived cortdctibiidctord.al t hough this may al so be inpl enented).
Updat ejp&{?im mul tiple user termnals or sequential updates from one user

ternin y beler example,; if Poe usea riemmBdnh simultaneovalydperéumy thet ealibratiey be
directly appldcshrd, Qﬁeﬁmema.ggl‘dﬁttm RREEEbR these 3k %fsvrﬁi be 'ﬁ{c %g%g‘?% .
én wel g Ver agi ng

averaging i s desired to reduce neasurenent nol se,
may be usedBprove Perfoinzuce el Howeyef)064ibratibn t is etypicalys perfointid fis ednecader ect i on

tot er m nee. einel 8 Sl SRS sebfy dilegbupouid g bRG toe depetl B vabihect  on
vectors kep3érkection eect@rfoythe fidyt userérftingt hir€ddy aplicdl Th @0§ cABAhEFMduct of
the second correction vector with the old cormrection vector may be used as the new
correction vector, or a “weighted averaging” (described below) may also be used. The
access point typically uses a single correction vector for all user terminals, and not
different ones for different user terminals (although this may also be implemented).
Updates from multiple user terminals or sequential updates from one user terminal may
be treated in the same manner. The updated vectors may be directly applied (by a
product operation).. Altermatively, if some averaging is desired to reduce measurement

noise, then weighted averaging may be used as described below.,

[0068] If the access point uses correction vectors E,p, (k) to transmit the MIMO pilot

A

from which the user terminal determines new correction vectors k., (k), then the
updated correction vectors Em (k) are derived by a product of the current and new

correction vectors. The correction vectors k o1 (k) and E,pz (k) may be derived by the
same or different user terminals. In one embodiment, the updated correction vectors are
defined as K,q(k) =K, (k)-Kk,,(k), where the multiplication is element-by-element.

In another embodiment, the wupdated comection vectors are defined as



T

correction vectors. The correction vectors kapl (k) and 1lcap2(k) maybe
derived by the sane or different user termnals. In one enbodi nent, the
updat ed correction vectors are defined as k8p3(k)=kapl(k)kp2(k), where the
mul tiplicat) | enment - by-elenment. | n another enbodgi updat ed
correctio?\&\gg&ﬁ@?ggdare defined as WO 2006/ 081550 PCT/ U%Eg@%}%'ff@'gg? 21
163(k) = kepl(k) k z (k), where a is affactor used to provide weighted
averaging (e.g., Vv 0 <a<1). If the calibration updates are infrequent,

then a val uk Gligsek t 0)ORE, (piwire & i9 Riadkub&d BpR&de wiki tE&‘ﬁ've?é?ix#j(tE. tion
of a1$ be

updates are frequent but noisy, then a smaller  value ér. The

updat ed cor re¢ki<n. VEGhoEdibkation vplidted Y ihfRMekIEHIS a0k B 1o BREFSS,POI Nt
until they are updated again. [0069] As shown I n equations (10a) and (10b),

the correct MYshtiRsHPER destorlf sheyealibrption ypdates are dirsirasmt hut/ndiey, dhenaz smakerpoi nt - or
a user term.nal )} accaunt f.qr the responses of the transmt and receive
chai ns at tﬁgﬁe é(fra‘f fs%&erﬁ\nﬂ%?c‘ﬁg@@d B@E‘f‘i‘f]"‘i‘rﬁ?ﬁﬁé Mg o waY thendeiused biben a
first user ' erive its correction factors and thereafter use
these corrég‘{elggo‘{r%)ﬂtg%ﬁ{)tg?’?%?pé%%ﬁﬁ?wti_on with a second user ternminal,

wi t hout[0068qvi ng As shqver inenativak (1WaRid 0B the chiié:tiof Tafidts ﬁﬁ%][gb}eﬁrsmﬁeﬁtl :

Simlarly, ? ser termnal may , performcalibration with a first access
poi nt to detViEh may betn accepsoprintaeh d mser dereninall pecaputeior theseespaneeseofcider ect i on

factors for naRmiRhEaALLS cHiihdatmaes . %?Eéc.%sdof?&iiftf]m b gﬁ'ﬂ?a‘ﬁhﬂg to
h th I'S uc

performcalibration with the second access point: an're e over head
for cali brafi¥na ffisst vser derminal tp odenive titsatortsotionu Mictas @sd vthérbaften | usé phese user

termnals a : ' - comuni cat.es .wi.th.mul ti pl e access
ot oi pearreckiBh et 86r Coibifituioh ARk £ BOIHE WER" it e g 6 o1
stations. [@ef@in talibratienabitly ehedesmond pser aarmindle Siafilaglg) b aRevREhBESmAP(K) and
lc", (k), far.k eK. .are.derived b;/ the yser termnal, and the vectors

K, p(k) are BEfymElibration aﬁé%é&%"s RodL e derivigiits carertion factarsanddbeentier

y
di stri but es usdithesabdridchbn GdtdRE FreEHhEhiHBASiltE sebbhl" ack&S 390{]% #ithd 2
mul ti pl e- acgess system However, the correction vectors Kk, and k,, (k)

may al so bel¥ars {Prerioymcalibratiorowith s sseond\aspesh poioti| This isam redeerdovetiadect or s
k W (k) backytar lan LBl edd nfnﬁ\%ﬁ ' 1t A gope of the
i nvention. 607i]rgﬁ}?1dejﬁ’2§ﬁab€e§% P@# tg%rre ecg(k:e?i‘ﬁg]d&g@lgileg&gﬂ uvvs‘algge user

term nal t ofwal ysor terminal that communicates with multiple access points, since calibration is

not needed for each communicating pair of stations.

[0070] In the above description, the correction vectors E‘p (k) and k ,(k), for ke X',

are derived by the user terminal, and the vectors E,P (k) are sent back to the access
point. This scheme advantageously distributes the calibration processing among the

user terminals for a multiple-access system. However, the correction vectors Eap (k)

and Em (k) may also be derived by the access point, which would then send the vectors

k., (k) back to the user terminal, and this is within the scope of the invention.

[0071] The calibration scheme described above allows each user terminal to calibrate
its transmit and receive chains in real time via over-the-air transmission. This allows
user terminals with different frequency responses to achieve high performance without
the need for tight frequency response specifications or to perform calibration at the
factory. The access point may be calibrated by multiple user terminals to provide

improved accuracy.



its transmt and receive chains in real tine via over-the-air transm ssion.
This allows wuser termnals wth different frequency responses to achi eve
hi gh performance without the need for tight frequency response

speci fi cat o performcalibration at the factory. The access point
may be cal‘#ﬁg'z{)tﬁlgéfs % nmultiple user terninals to provid %ngwamaccuracy.
WD 2006/ 081550 PCT/ US2006/ 003203 22 @2 Gai n Consi derations [0072] The
calibration may be perforned based on "normalized" gains for the downlink
and uplink channel 9. Gainonsideratignsis gi ven rel ative to the noise floor at

the reggimer. The u f the nornalized gains allows the characteristics of
one |i i@dp%ﬁ g., eca@ﬁlgﬁ%pnay B%P??g"an& baﬁﬂ%‘”b@m@ﬁlﬁeﬁ’é%@h@ﬁ the| dpwplink e

obt ai ned baseupHikGhishelse 3BIhaF® Bhifis ERvEn ks il downl i nk
and uplink elﬂb en cael | brat ed. g OSO%] The vgggg?én%%?ﬁ?o%{rﬁﬁ%%&é‘?@?ér m nal

\Y
may initial E@e 3514 Hheanarmatized gains allesys tha gharacteristied of enedinkt(hgy, thetvhamme] se

| evel s on t f : ' d. user term.n are
appr oxi mat e %ngt ﬁfea_essl\;ﬁn‘g&a#ﬁgalﬁg{mg%@?%gggn%%%%‘_ie)g%fg%gg amé%?‘ﬁs'ﬁrﬁﬂ%t@ f?r?fhe noi se
floor, e.g.othgylink afthr thy dovwadink adunlihk havedeen saditirafddD frame (which is a unit

of do K/ upl4nk, transm.ssi.on) that has a.m.ni pum average power over a
parti cmﬁgbpt i me Tl‘géu?'cgél (%outtea?ns."}%ro Wﬁiﬁ'% @gﬂgbgﬁwl BIE Yecesgh &4t | v, t he
time just blebels sudbhthat Usriioief levelael BdRcEHEPattsSfof HRAkicctls fdi@NEM @si ONs,
since any upl ink1 dat a nust lie received by the access point and then a

recei vel t r affSPEl 6 ARRROSHRAEL ftheesame. nEheckalancipgiyato be domreby emmating the nt
transmts ofbisBodtOWR! iHIKen | | Vil 1.0, , the

noi se floor lmay0 be etvgrm.dr%%ggg%ﬂebg dgrr}l gaﬁaﬁg?%g%%n%sa. ﬁ“ﬁgf downl i nk
and upl i nk dHiRkaplinktnsmissionhihat has @ miniswsuavethge pbwer over & partibiilar tins se
floor. More I di,C 1 LN fQr..a.given subband of gi ven
transmt an%ﬁgg%e@ e%%?g%%%@?%%b?s } ?@gr{eralﬁethgﬁﬁéq Wétolfeltl?rB?he e, as
the ratio ofach ADDY &ame iseltapof transmissibnd, sinveanytuptink dan sitist BeAdceividb9lthesy Mbol

for that su nd of that transm.t and receive, anfenna pair, The nornalized
gainis the%g%atdﬁ’gwft %J]?]ﬁ'éa%cfévms fmaeynd fpe yreeereary betore the gesess [ 0074] A
l'arge di f f epahitapmirnitd fethe @owalinlz Eler@AdiRS of B ihlBFeREEESSiroRh: BPFbitde

nornmal i zed gai ns for, the, uaer termnal can result in the correction factors

for the useflorE@heigiemBimes §asH on@inpmber ¢ fcHR frames nbelewnlinkved vplinkect i on
factors forchah] #6568 #ekKEn measured relative to this noise floor. More specifically, the

channel gain for a given subband of a given transmit and receive antenna pair may first
be obtained, for example, as the ratio of the received pilot symbol over the transmitted
pilot symbol for that subband of that transmit and receive antenna pair. The normalized
gain is then equal to the measured gain divided by the noise floor.

[0074] A large difference in the normalized gains for the access point and the
normalized gains for the user terminal can result in the correction factors for the user

terminal being greatly different from uhity. The correction factors for the access point

are close to unity because the first element of the matrix K,p issetto 1.

[0075] If the correction factors for the user terminal differ greatly from unity, then the
user terminal may not be able to apply the computed correction factors. This is because
the user terminal has a constraint on its maximum transmit power and may not be
capable of increasing its transmit power for large correction factors. Moreover, a
reduction in transmit power for small correction factors is generally not desirable, since
this may reduce the achievable data rate.

[0076]  Thus, the user terminal can transmit using a scaled version of the computed

correction factors. The scaled calibration factors may be obtained by scaling the



are close to unity because the first element of the matrix K1, is set to 1.
[0075] If the correction factors for the user termnal differ greatly from
unity, then the wuser termnal nay not be able to apply the conputed
correctio This is because the user term nal h constraint on
Its maxi rrur\’rvnb?ﬁ‘kﬁérrsns? power and may not be capabl e of ipﬁiﬁﬁ%‘]ﬁﬁ@%ﬁg:’ts
transmt power for large correction facjprs. Mreover, a reduction in
transmt power for small correction factors is generally not desirable,

since this cARPUEE gerEcstion fackosh by ¢ apttisulgnscaling value, WiddGinai he set eyhal toiaer

termnal ca r ' ' | e._Go ted. correction
factors. The% af_é‘c‘g‘%_“gga %:ftz;e@gg g{ ?%tﬁﬁ ?’I g@%(gfr{ gﬁ%%%gﬁ(o%}%a?pﬁg‘gpm& AFPAY* ¥ he WO
2006/ 081550 ThismaissiEde 640D G uteds an ayaragec tier differeha@s (Sraleltay) Setdperthe

particul ar | | u whi. ch y be t ual ,.,to ain delta

(di fferenceigl?urhg?q é%mbgofr &eeﬁowgd’ﬂaﬂpﬁlﬁ& ﬁl%d“a-b'?s “%a%rﬁ*}g deltakpfses.
This gai n ddbrtthe correctién faoBRULEthe Aferddtmet 6RO Rht b ﬁc@s@%ﬁﬁﬂ%ﬁg del t as)
bet ween t he normaghzed ai @ for the downlink and uplink.: The scaling val ue
(or gain delttﬁeaﬁml?g CORESHIoR fRCtarior Eheracenss PeiBk or s for the user terninal can
be sent[otyit he agGaSHhe RBIELiHioa! ] t ORLECH O ors for
the acc[ess]poi nt. [007%?#{9/&\7%0% ?ﬁgﬁ\ggpﬁg%thﬁg%g@?oo?gkaglng&@hgﬂes@a | val ue
or gain del chamelghageigristica maydiealsteehined foacthe niestuirabsuptink chemekbtegyonse)ed from

t he measure ] ] . S nd vice.versa. |f the npise floor at
ei ther the g%%jglgéso‘%gaf %ﬂgﬁl%{?gﬁﬁg%ﬁ%@‘rtﬁ? ?\ca?FSSé’i‘?H'Xﬁ’égl,e M?ﬁ@?pl?ﬂggglgpqa del ta
can be updathed thegrn délta capYeupdhtginbmi e bpdatdipaid@lE ity Helset ifRTSAsHe t O the
ot her entitg. EO%%IE.I n the above description, the calibration results in
two sets (00@}1 otgt ety matrices) of correction factors for each subband,
Wi th oneo7set K, pibeiengbovs efbsétiptibhe theACliSRBioR Abduits Eiﬂ%hg‘eté)t(&e{}ec%% o€l ng
used by the user termnal. The access point may apply Its correction
factors it mabrces)hef dorraction factsisdor edvtl/sabbanblewite 08¢ ¥& glpdsemgﬁsedq@stﬁgi bed
above. The user termnal nmay also apply its correction factors K® on the

transmt si decesysbintrantiike 616edey K $ibdRig vsél ﬂ;ﬁﬂﬁrlﬁlﬂ‘ tebiBialC atﬂebe{(@%és :}Bmlt S

performed such that the calibrated downli and uplink channe esponses

g_rle 1teci pr oanl applgey ebrestiordfactot &1, € ofi Ghé BEASRNsifi@GhDESHR MEARPdETs 2. M MO
ilo ,

described above. The user terminal may also apply its correction factors K“t on the

transmit side and/or the_ receive side. In general, the calibration is performed such that
the calibrated downlink and uplink channel responses are reciprocal, regardless of

where correction factors are applied.

2. MIMO Pilot

[0079] For the calibration, 2 MIMO pilot is transmitted on tﬁe uplink by the user
terminal to allow the access point to estimate the uplink chaﬁnel response, and a MIMO
pilot is transmitted on the downlink by the access point to allow the user terminal to
estimate the downlink channel response. A MIMO pilot is a pilot comprised of Ny pilot
transmissions sent from Nr transmit antennas, where the pilot transmission from each
transmit antenna is identifiable by the receiving station. The MIMO pilot may be
generated and transmitted in various manners. The same or different MIMO pilots may
be used for the downlink and uplink. In any case, the MIMO pilots used for the
downlink and uplink are known at both the access point and user terminal.

[0080] In an embodiment, the MIMO pilot comprises a specific OFDM symbol

(denoted as “P”) that is transmitted from each of the Ny transmit antennas, where
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[0079] For the calibration, a MMO pilot is transmtted on the uplink by the
user termnal to allow the access point to estimate the uplink channel
response, and a MMO pilot is transmtted on the dowlink by the access
point to h ser termnal to estimate the downlink channel response.
A M MO pi f\%bgﬁé"g\gfﬁjl ot conprised of NT pilot transm FETREN0GLI%  om NT
transmt antennas, where the pilot trangnssion fromeach transmt antenna
is identifiable by the receiving station. The M MO pilot nay be generated
and transm tNeﬁNquréihq‘lﬂwﬁmgmgi\&.ﬂihefos&wpmﬂc. ot Bahetrainsivt Midestial @S nay
be used for the gl) | i nk_and uplink. In any case, the M MO pilots used for
the downli §&&R %ismbﬁrléﬂmﬁeddp eprdt symbpkpeziod desigiptsdnfor MM Qusibrt
termnal . [ GE8isdich. AR-GRRGd{HIER ' conprises a spegific OFDM
synbol  (denot eds%ih " g"’) t hat |sthrﬁamﬁ§X‘M’%‘g(§&# %%%‘n“é‘éna 8f° ‘E‘P(S’eaﬁ’“ﬁ} Ansmi t
ant ennas, wdifezeri\N-20ip 6WaBh Soqudned /abifi0 G6 ARA2ARennd A whidre=NNaN f @4r thbe
downlink and NT = Na, for the uplink. For each transmt antenffa, the same P
OFDM synbol dpwnlinkasrginiNz g, for thaaplinky niihé Weatsh asiefiss nunakias oftRseodiMP pi | ot
transm ssi on. However, the P OFDM synbols for each antenna are covered with
a differ enbeiReemhhs Nutransmitcantranescandsdlows die receivando distihguishethe iidividudl z Nap
for the dowgldfKaRGdadl Z Na, for the uplink. The Wal sh covering maintains
orthogonal ity etween the NT transmt antennas and allows the receiver to
di sti nd09&h t he ThelPvOEDM symbaniscludesanteembdsatidn089idol Fe eRn 0O Sy ybol

I ncl udes ong_sodul.ati.on.sypbo ac f the Nab designated subbands. The
P OFDM synbgfél%?{ij?‘si S(?%‘?PBP?'SEB':? é@é&eﬁyﬁ‘@”?ﬂﬂﬁ GomgnseRAspectg (et o My nbol s
that ‘may- bemodilanre dytbols atitl iap1% safRclo Ol dhdestifiGiof fgehyer - Thi's
word may al so be defined to minimze the peak-to-average varitation in the

transmitt ed™6FNES plisFordrmay alsa pe dpfined te aunimize ibe prakutoravefagd vatiaioniion and
non- | i near iHeyraSRRed MO ilbh eThE AR5 Tidn ARfbe B Sl Mo hiqch, may then
result in inproved eaccura?il fg}‘&% %{egc é&nne%%@%%n%ﬁ%?&*%%?%’cl arity,
a speci fic Wneaitpigeesrated byrethe rtraventitbaridomcéive chainpewhith cndf Midn eBMisyst em
For this sy t i nt, apnd user term nal each have four

transmit/ regﬁeﬁ\%edzfgﬁéﬁcﬁgfgf&?ﬁm%ﬁ?%%ndw dth is partitioned into 64

or t hog¢9R82] subbBorddaritpr a BpecificEMIME pildt i8/dRscRibEd BBIRE TR §RsifeIMIMG-t O - 32.
O these 640%5

%)I?ngnll. For this system, the access point and user terminal each have four
transmit/receive antennas. The system bandwidth is partitioned into 64 orthogonal
subbands, or N =64, which are assigned indices of +31 to -32. Of these 64 subbands,
48 subbands (e.g., with indices of +{1, ..., 6, 8, ..., 20,22, ..., 26} ) are used for data, 4
subbands (e.g., with indices of +{7, 21}) are used for pilot and possibly signaling, the
DC subband (with index of 0) is not ﬁsed, and the remaining subbands are also not used
and serve as guard subbands. This OFDM subband structure is described in further
detail in a document for IEEE Standard 802.11a and entitled “Part 11: Wireless LAN
Medium Access Control (MAC) and Physical Layer (PHY) specifications: High-speed
Physical Layer in the 5 GHz Band,” September 1999, which is publicly available.

[0083] The P OFDM symbol includes a set of 52 QPSK modulation symbols for the 48
data subbands and 4 pilot subbands. This P OFDM symbol may be given as follows:

P(real) =g- {0i0:0=0’0’03'1:"1:"13'1:1:111:'13"1,1,'1,1,1,1,1,-1,-1,1,—1,1,-1,—1,-1,-1,1,-1’
Oal9'1:'1,'1’“1313'13'1:'11'13191,'1,"1,1,“1,"'1,1,1,-1,1,-1,1,-—1,1,-,0,0,0’0,0},

P(imag) = g - {0,0,0,0,0,0,-1,1,1,1,-1,-1,1,-1,1,1,1,-1,1,-1,-1,-1,-1,-1,-1,1,1,-1,1,1,-1,1,
0,-1,-1,-1,-1,1,1,-1,1,-1,-1,1,-1,1,-1,1,1,1,-1,1,1,1,1,1,1,-1,-1,0,0,0,0,0},



e —————

48 subbands (e.g., with indices of{l, ..., 6, 8 ..., 20, 22,... , 26}) are
used for data, 4 subbands (e.g., with indices of {7, 21}) are used for
pilot and possibly signaling, the DC subband (with index of 0) is not used,
and the rqga Ed&g“g bbands are al so not used and serve as guard subbands.
Thi s OFDM RuBby ructure is described in further d&CAYSHKOB2Pocunent
for I EEE Standard 802.1 la and entitledys Part 11: Wreless LAN Medium
Access Control (MAC) and Physical Layer (PHY) speci fications: H gh-speed
Physi cal Lay®fregnstagaimionthe miphdThe %lpﬁ.senﬁm the 9 Brackbt avé givan Iﬁ:\tbhbh‘ahu

avai |l abl e. [6&3137% of . 52 ation
s;nilt)ol s for the ]Ay,é?ﬂﬂg)agh %@ﬁ qﬁrgll&sﬁ%b otg‘es Cﬁiﬁ’fﬁ) ss;/nbol
nay be gi veitheafirst big fm@(real?(améd’l(l)nag) tjpdldite?s tHat-symbd), is transmi

-1,1,-1, éb’b gg P(i mag) WD 2006/ 0 15 PCT/ U82006/ 003203
25 V\,here g f &nfg nSYPg’Pl ﬂéﬂlﬁ&ﬁnmﬁ@?m@muwdﬁimmsqm The sbemdlitigt ar e
gi ven for syh t r the first line) and O through
+31 (for the ?Z@%Jdé’[ad P@?“"‘g H@&"a °53H’3 SP’P’%’&( G+ Ak 13 Gransopifted; iy subhand(h mag)
i ndicates t bai Yopol; t t nbol (-1 +
j) is transsnbﬁ?ted in )sg%ﬁirgl;ldlﬁlt-técﬁ,n o oi c?ﬁ&i %3 Zéetg% ﬂp}\ﬁ@m‘?‘%ﬁmﬂ’real)

and P(i nag) aismbmmdeﬁtﬂ'thémﬂmmml (1- j) is transmtted in subband 1,

synbol ;; i tra tted subband 2, and so on. O her OFDM synbol s
may al® i)e use °H}én gfi%ftansnpbWa]m ArezAssigradoWalsk mequendes of our

transmt anthrmgma 25§ d_ ue S =1010, WB
=1100 , and W 100T¢f o‘f@ltoggvﬁ\/l MOSQP&% F(ﬁ;@g Bo?vihéeml lf’ll‘)%sg BEYER a val ue

of "1" indi W:aﬂ$$eqﬂmbe a \Bll@fdﬂ\ﬂlsixﬁ&?&kesltﬁattarpml\ﬁtsﬁqbﬁqg ﬁ%mﬁﬁéﬁ&qﬁé 0"

i ndicates t - tgb is transmtted (1.e., each
modul ati on %@%Bf FPdrﬁﬂFeé #hverk QEPM[yobs) isTamismitted (ist, satthef GRRDEZ synbol s

transm ttedmbﬂlqm@asgﬁlbglfs i P& Qérﬁ)cd? ransmt antennas for a M MO pil ot
transnission that spans four s periods, or NO = 4. WD 2006/ 081550
Sm

PCT/ U 8] 00320Eebled liptspihe QFDM symbols transmitted from each of the four transmit
antenmas for a MIMO pilot transmission that spans four symbol periods, or N, =4.



.

OFDM Antenna 1 Antenna 2 Antenna 3 Antenna 4 synbol 1 +P +P +P +P 2 +P -P
+P -P 3 +P +P -P -P 4 +P -P -p +P For longer M MO pilot transm ssion, the
Wal sh sequence for each transmt antenna is sinply repeated. For this set of
Wal sh seq M MO pil ot transm ssion occurs in. | tiples of
f our synbgfag@?'fo%l gbeto ensure orthogonality anong the ?gﬁﬁfs?@?@or?garﬁnt
antennas. [0086] The receiver may derivg an estimate of the channel response
based on the received M MO pilot by perform ng the conplenentary
processing. In particular, to recover the pilot sent fromtransnmt antenna
I and received by receive antenna j, €pilot received by receive antenna
j is first processed—w-th—the-\Valsh assigned to frapnsmt antenna i
in a conpl enent gr yOkBMer | t Wl sh, cover erforlmed, at the
transnitter. The dmred@%easlynrb‘gf'?n%? ol t%fﬁ’ﬁyggmenﬂﬁr“i hds for the
M MO pilot are{then,accu ia_rl_gd, 'Ere_‘_Lhe pecongtattfom——s—per or ned
i ndi vi dual Iy for parh of| t het52 sdbbaids uskd t carrfy tH& M M pilot. The
result of the agqcunmupatioh is4plm (k), por kl=tsg, ..|., 26 wh|ch is an
esti mate of the reffegtrvercheanmet—tfesponse—from St—anrtenrna | to
receive antennalj, including the respontdes for tH trgnsni® and| receive
chains, for the |52 data d pipot gubbapds. | 0084 Thd sa progessi ng may
be perforned to %ccc%cr ?Ec pliH ot—from Each mmﬂm"f ant Prrﬁ)na al each

recei ve antenna. The pilot processing provides N,1, N values that are the
el ements of FhRngd MO RIS RARRRLsiheBRONSISh S3hilRt i s (K)
for each of _theQJSZ sub\gglnd.s. [008%] I'n anot?t%ler e o%dla‘hne%%l?%mghﬁouﬁ%r mat ri x
F is used f&imphqeepsatedo Far(this setpf aValshorggueacesy therMIMOgjlohaammassiongaas e

di mensi on, thteger 4 apd. so on. The elenents_of an N x N
Fourier mat rﬁ} X My nﬁlgﬁ’é?p?fégoéxeé?négs(qlsne@%aton? 48 Oﬁoﬂﬁl,ty gmong thg four o
=1, ..., N &ambmitantennas.., N. WO 2006/ 081550 PCT/ US2006/ 003203

[0086] The receiver may derive an estimate of the channel response based on the

received MIMO pilot by performing the complementary processing. In particular, to
recover the pilot sent from transmit antenna i and received by receive antenna j, the pilot
received by receive antenna J is first processed with the Walsh sequence assigned to
transmit antenna i in a complementary manner to the Walsh covering performed at the
transmitter. The decovered OFDM symbols for all Ny symbol periods for the MIMO
pilot are then accumulated, where the accumulation is performed individually for each

of the 52 subbands used to carry the MIMO pilot. The result of the accumulation is

h (k) for k=41,...,26, which is an estimate of the effective channel response from

transmit antenna i to receive antenna j, including the responses for the transmit and
receive chains, for the 52 data and pilot subbands.
[0087] The same processing may be performed to recover the pilot from each transmit

antenna at each receive antenna. The pilot processing provides N,, - N, values that are
the elements of the effective channel response estimate, ﬁm (k) or H,, (k), for each of
the 52 subbands.

f0088] In another embodiment, a Fourier matrix F is used for the MIMO pilot. The

Fourier matrix may have any square dimension, e.g., 3x3, 4x4, 5x5, and so on. The

elements of an N xN Fourier matrix may be expressed as:

_ jy (n=Dm-1)
jZn—N

fom=€ . forn=1, .., N and m=1, .., N.
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27 Each transmt antenna is assigned one colum of F. The elenents in the
assigned colum are used to nultiply the pilot synbols in different tine
intervals, in simlar rmanner as the elenents of a Wal sh sequence. In
general, apy.orthopnormal matrix whose elenments have unity magnitude may be
used to n&f’%‘?%’fi@/s He pilot synbols for the M MO pil ot ?Cf%’ég'@%"q:’ﬁnyet

anot her emnbodi nent that is applicable fgr a MM> OFDM system the subbands
avai l abl e for transm ssion are divided 1nto NT non-overl appi ng or disjoint
subsets. FoFadnbmsmitaantering iaassigned onpicolmnsyfhBol Thakkn®aRtinahe agggnedbset of

subbands in__.each ti interval . Each transmt antenna can cycle through the
NT subsets PHURE &§ ng% ﬁorﬂllé]&"?ﬁ? the R%ﬁ‘r‘ Bpnkaly modifisreat tims intesvaliiy imsinghr of t he

M MO pi | ot . mhier Nk 10 eRinleBis t Lit RSt Hqglnpﬁlr . [ 0090]
Regar dl ess of how the M%?%fﬂﬁﬁge‘tﬁ?@%&f %ﬂﬂtaﬁe c?glr?ne eé?i mat i on
may be per f ScRgrs fave gnity magnitedecinay beiused dm anultiply ube pilotesymbuld fatuhe ng
cal i brationyggo gifeai n the effective uplink channel response estimate fl, (k)
and the effectiv downl i nk channel response estimate H (k), respectively,
whi ch 49@89 hen ukeykt oottier imtedimént tenis aelicable fact MMO@&TD(MSfdtéIﬁ),Qﬁe above.
3. Spati al Bl cedssi n %Oggli'ﬁ-he correlatiqn between the downlink and uplink
channel responses %@a % IO ESTISIn g dBHdRg) oy Ne meRwexrrlapping eyt digiainand
spatial prosgsé&s.nBoradach REnsARICREMnDYIIBE sydidls abd) ' TDD M MO
systemand a JDD M WDM syst emﬂqj'll'hi s sinpl %PF%%??%%B%BS%)@E%SZD after
er

cal i brat i on®4dnE FeftnEpsig agtearaem oyele thyonghethe ArewbsetsninMetine ansni t
and recei veifdadl iASconk | 2 Ch I onses are:
Md. (k) = K., (%‘w Hhéd?’s(k) @d%ﬁigPﬁﬂﬁﬂ%mﬁ?&aﬁg‘gé&m{@%@? MY " b( k) =K
P (k) H, P(k) alkabg wgnapittedlin otheomanriess. upl i nk. Eq (26b) M C& The approxi mati on
for th t eq | i i 6 I s .due to.the use of estimates of
t he ac?%dglﬁ fcor r 3%‘%4“%‘“#8? gg?‘ g‘?gﬁ.&e M?Rgfﬁ’éayctﬁawt&"gs%ﬁ aunghestimation ) f or
each subbanohayrhy pboritid dydodt theedcess point and the user terminal during calibration to

obtain the effective uplink channel response estimate _I:Lp(k) and the effective

downlink channel response estimate H, (k), respectively, which are then used to derive

the correction factors, as described above.

3. Spatial Processing

{0091] The correlation between the downlink and uplink channel responses may be
exploited to simplify channel estimation and spatial processing at the access point and
the user terminal for a TDD MIMO system and a TDD MIMO-OFDM system. This
simplification is possible after calibration has been performed to account for differences

in the transmit and receive chains. As noted above, the calibrated channel responses

are.:
B () =R (DH, (DK, (0), for the downlink, and ~ Bq (263)
By (F) = Ky (6)H,, (0K (k) 2 HD, (k) for the uplink. Eq (26b)

The approximation for the last equality in equation (26b) is due to the use of estimates
of the actual correction factors.

[0092] The channel response matrix H(k) for each subband may be “diagonalized” to

obtain the Ns eigenmodes for that subband. The eigenmodes may be viewed as
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obtain the Ns eigennodes for that subband. The ei gemmodes nay be viewed as
WO 2006/ 081550 PCT/ US2006/ 003203 28 orthogonal spatial channels. This
di agonal i zati on may be achi eved by perform ng either singular val ue

deconposi %89009];]81% e channel response matrix H(k) or el’8¥)ﬁ¥q€hlf2§%§2°ﬁlN (K) H(K)

deconposition o e correlation matrix of H(k), which IS

[ 0093] The singul ar val ue deconpositi opgof the calibrated uplink channel
response matrix, H.,. P _(k), maybe expressed as: |inp(k) = Uap(k)E(k)yH (k)
, for k e KoTtfagopalspatialcheppels s dipgqnalizationgmay e pehiewed bapyriomting sithef | ef t

ei genvect or ar ey : )i I agona trix of .singular
val ues of Hﬁ? ) anegjla&{/mnﬁ §1bﬁ ES‘ QFrs‘ﬁgn . ,ei(#ﬁﬂgnﬁgulﬁfgp rkidr%ﬁtof | IBGYalPs ght

ei genvect or ; éﬁ{lg}-i Y. ' AsH terized by the
property Wﬁcﬁ&pbﬁo%?d:%fgtfg%%oée %g?lé%nat e sgﬁkr u gﬁﬁégagﬁkz{l'o‘gcg@gft ion of the
cal i br §098] downl Threksinpaanedlue GeDRPOSIEONTRE the calltrAled liblink earREl &wn@ésed as:
Hach (k) = V\/\mgﬁ Up (k) , for k e K Eq (28) The matrices V., (k) and
U, (k) are™@ - FRY PF exessgd 4sef t and ri ght ei genvectors,

respectively, of Hca"(k), where " * " denotes a conplex conjugate. The
matrices Y, (k) Vu(g, Vrécﬁﬂand VH (k) are different forns of the matrix
Va, (k), andt he i sl FEREEY (KU eP @) ke X, c (k), and U c (Kq@re al so
different forms of the matrix Uap (k) . For sinplicity, reference to the

matri ces Uap, (k) V,, (K) _in the foll]owi ng description may also refer to
their vari oﬁgérﬁt ﬁgﬂg} SraRslNu 1. HBiMaArY metix of frfksizenvectovaf B, (e used by the

access point an er termmnal, respectively, for spatial processing and
are denoted as g?é@ﬁ 3n ﬁe’fﬂms‘h%&?ﬁ%ﬁwqmmﬁﬁ ofi Hga(Fhrandal ue
deconposition isdescrib i{} further detail by Glbert Strang in a book
entitled "Li near&‘\f@e‘ﬁ?‘é YN wntigprmateix of gkt cgemeqctmgioftlis (kdn, Acadeni c
Press, 1980, which is incorporated herein by reference. [0096] The user

term nploggpn estA NMahitary Nenderdd | M atied celeypl{-Bk Fgaﬁﬁe;?&ﬁez@o?ggﬂe\:sfd on a

MEMO pi |l ot sent by the access point. The user rmn mperform
si ngul ar WECooBpdEdphs GhePaiguliB2ah0 e/ RORRNRItioR Df the calibrated downlink channel

response matrix, H , (), may be expressed as:
H..(®)=Y,(Z®U, k) , forkek. Eq (28)

The matrices V., (k) and _Q:p (k) are thus also matrices of left and right eigenvectors,
respectively, of H,(k), where “ * ” denotes a complex conjugate. The matrices
V. (k), Vo(k), V5(k), and V7 (k) are different forms of the matrix vV (k), and the
matrices U_ (), g:p ), pr (k), and Ef‘; (k) are also different forms of the matrix
U, (k). For simplicity, reference to the matrices U, (k) and V(%) in the following
description may also refer to their various other forms. The matrices U, (k) and

Y. (k) are used by the access point and user terminal, respectively, for spatial
processing and are denoted as such by their subscripts.

[0095] The singular value decomposition is described in further detail by Gilbert Strang
in a book entitled “Linear Algebra and Its Applications,” Second Edition, Academic
Press, 1980, which is incorporated herein by reference.

[0096] The user terminal can estimate the calibrated downlink channel response based

on a MIMO pilot sent by the access point. The user terminal may then perform singular



val ue deconposition of the calibrated downlink channel response estimate
H,,,(k), for k e K to obtain the diagonal matrices (k) and the nmatrices
V¥, (k) of left eigenvectors of Han (k), for k e K. This singular val ue
deconposition may be given as E (k) =V,,, (k)E(k)U P(k) , where the hat ("

mat 1. [ OUOPORTR L "t he access poi nit can esti mat ECTREXMRERG o

upl i nk channel response based on a MEMQ pil ot sent by the user termnal.
The access point may then perform singular value deconposition of the

cal i brated upP¢ decompasitient ofrths patibsatecaddwriiink eharieFrefgohse estififatd e, (), fo@ Obt ai n
t he di agonal matrices (k) and the matrices UL, (k) of Ileft eigenvectors of

H,, P (k) , HeokK ktoeobtain THei diagomyluhfificesalige) GoE OfFp OSibicay) vr’a(skl)b%f g ven as
HO"P (k) = U P (k)(k)S H (k). [0098] Because of the reci protal channel and

the cal i br atigemwectoiseof SHpgk) Alor tad Ke Thie epwRSTAOdecoMbYsiHGLRay bo
performed by either the user termnal or the access point to obtain both

matrices V, 4 _apg A&Mk)ﬁﬂ‘kbﬁfp%ﬁ G/meraRek 1Y ¢ /2;3 B3R oabf MM?ihaitcatEJ‘%Qt i he

matrices V', (k) are used for spatial proc ng at e user termnal and the
mat ri ces U, is apleptimaty obibe a6t04] gk to the access point. [0099] The access

poi nt | so be e to obtain the matrices Up(k) and E(k) based on a

st eer ewg? er enc§n§agﬂ1” tEi?/ agqges priml capestimetp the slitates wplink channgbmespanee i nal
may al so  bgasaPbg a NINO tRlb sdnh (! 1 . d on st eered
ref erence sent byat he a@cesss %Pﬁﬁs&?&%uﬁ%ﬁhg%@?eg?&&%%@gfIﬁgen 8?@1?7} bed in
detail in constu yalue dlegomapbsitio. of et enlibraed upliak | dhanBé riesponsdo estihi®93, 419,
entitled "MMO W.AN Systent, filed October 23, 2003. [00100] The matrices t

p(k) and V, HgfR)mby be Kistdbtan theatisgont! matdegeDty ninddis matrists E2TE) 6n the Ns
ei gennodes of the M MO channel, where Ns <_ min{N, P, NJ. The spatial

processi ng left digemmantors of UL, j(p) ,efofl H QST mfﬁn@&rtﬁ&ecﬁé%}h'dﬁﬁioﬁﬂﬂaé}iﬂé ink is
descri bed bel ow. WD 2006/ 081550 PCT/ US2006/ 003203 30 A. Uplink Spati al

Processi ng %Q%%l%@T@Z??ggggg)%&?essi ng by the user termnal for uplink

transm ssi o
[0098] Because of the reciprocal channel and the calibration, the singular value

decomposition only needs to be performed by either the user terminal or the access
point to obtain both matrices V (k) and ﬁw(k) . If performed by the user terminal,
then the matrices ﬁm(k) are used for spatial processing at the user terminal and the

matrices ﬁap (k) may be sent back to the access point.

[0099] The access point may also be able to obtain the matrices ﬁ,p (k) and 2(k) based
on a steered reference sent by the user terminal. Similarly, the user terminal may also

be able to obtain the matrices Y_m (k) and £(k) based on a steered reference sent by the

access point. The steered reference is described in detail in commonly assigned U.S.

Patent Application Serial No. 10/693,419, entitled “MIMQ WLAN System”, filed
October 23, 2003.

[00100] The matrices _ﬁap(k) and ﬁu(k) may be used to transmit independent data
streams on the Ny eigenmodes of the MIMO channel, where N < min{N s Nt - The

spatial processing to transmit multiple data streams on the downlink and uplink is
described below. |



x~(k) =K~(k) V~(k)s~(k), forkeK, Eq (29) where xul (k) is the transmt vector
for the uplink for subband k, and s, (k) is a data vector with up to Ns
non-zero entries for the nodul ation synbols to be transmitted on the Ns

ei gennode (?5 oohfibgnd k. [00102] Additional processi ngp E%Sfbh(?iﬁm g perforned
on the no atlon symbols prior to transmssion. For exanple annel
inversion may be applied across the dat3p subbands (e.g., for each

ei gennode) such that the received SNR is approxi mately equal for all data
subbands. The spat |Uplink Spatiak Brogcessingh ey pe expr essed as: x,1, (k)

FRTA COiA Wﬁﬁﬁ%%f a8 progdeiie by e yoer fhrnel for WABRE, (psiskion 7o) b

channel i nvexpsésssd asny al so be perfornmed by assigning transmt povver to each
subband before the nodul ati on takes place, in which case the vector s, n(k)

I ncl udes the channel ipversion coefficients and the matrix W (k) can be
omtted from eqﬂ@(’ﬂ)aﬁ@ﬁ@ﬁm(k)sup(kbe, f ol | owi ndordleedt | ption, the uBpgRef the
matrix W (k) (k) in an equation indicates that the channel inversion
coefficients are not incorporated into the vector s , (k). The lack of the
matrix W Q Yherei %, & l%ﬂ?ammtY,ﬁﬁﬁ)rifﬂdh@axllakébrtsubhan(lk;andchannel inversion is
not performed or (2) channel inversion is perfornmed and incorporated into
the vector s , 1%(’6{ ki & dpteOrEote} Vdfkanmde Nyuen-gérorentrisg foe thvemodnlstich as
described in the aforenentioned U S. Patent Application Serial No.

10/ 693, 419 and in cor?ﬁ’ﬁh?lfvt%@%#@gﬁ'@afeéostheﬂﬂa@zﬁnmowfsebhanék Serial No.

10/ 2291]&)33? enti "Coded M MO SuaﬁSt ens wWwith Sel ective Channel |nversion
Appl i e 1 Ei g% plromsgagmay fo terperfooned on demoedulaties symbels wedr upl i nk

: o
PRl 2‘?k£H~p( BACCESS chill, BBl Sy AR IA60H6 Vg e e
PCT/ US2006/ 9bbzds (e. mfomqeqheelgepmod@le)mh that the received $BIR. iv approxinfaeely édual upl i nk

for waand?ﬁllﬁzﬁt‘ﬁuﬂﬁ%& %&éﬁ mﬁé‘%?g?’%ﬁ%%%?g%&%gm for subband k;

and x,P (k ecei ver spati al
processing (or spatial matched filtering) at the access point for the

received uplink §ransq Sehen BV, BOsCH eSS P i, Eq (30)

where W (k) is a matrix with weights for the (optional) uplink channel inversion.
f00103] The channel inversion may also be performed by assigning transmit power to
each subband before the modulation takes place, in which case the vector 5, (k)
includes the channel inversion coefficients and the matrix W, (k) canbe omitted from
equation (30). In the following description, the use of the matrix W, () in an
equation indicates that the channel inversion coefficients are not incorporated into the
vector 8, (k). The lack of the matrix W, (%) in an equation can indicate either (1)

channel inversion is not performed or (2) channel inversion is performed and

incorporated into the vector s, (k).

[00104} Channel inversion may be performed as described in the aforementioned U.S.
Patent Application Serial No. 10/693,419 and in commonly assigned U.S. Patent
Application Serial No. 10/229,209, entitled “Coded MIMO Systems with Selective
Channel Tnversion Applied Per Eigenmode,” filed August 27, 2002.

[00105] The received uplink transmission at the access point may be expressed as:

Ly (k) =Ko (DH, (1, (k) +n(k),  forkek, Eq (31)
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W) (k) = E~ (kU P (k)rw (k) = (k)f.((k) (K PCk)H, (k)K ~(k)]
t(k)s~P(k)+n(k)) for k e K, Eq (32) =E' (k)U

p(k) U, P(k) E(k) Vut (k) VO, (k) sw(k) +n(k) =s"P(k)+n(k) , where s" ,P (k) is an
estimate a vector sup (k) transmtted by the al on the
upl i nk, a&%o%‘?@%sl%tg t he post-processed noise. Equatio @§20g§@?r?§s t hat
channel inversion was not perfornmed atit he user term nal, the transmt
vector xp (k) is as shown in equation (29), and the received vector r,,,
(k) is as swoem Lp(@dsteirenivedvyctorior thowplinkiar Spbarddi Processine [00107] The
spati al proce55| n by the access point for downlink transm ssion nmay be

expressed as: )is aﬂleBW(hnplciBuﬁ@ﬂn)I@@e(éWGN) fopsubbamd i an€q (33) where x
(k) is the transm{ vect and so %\ is the data vector for the downlink.
[ 00108] Agai n, Rilpass OBPER:% .g., channel inversion) may al so be

performed on the nodul ati on synbols prior to transm ssion. The spati al

]E)r Oﬁg SK sE@Qég?hzy t Tierretadver epgliab proeeksing (orxspéiial nidtdhel Xiﬂtﬁnﬂg)]lc{a) ‘ﬂ&(dﬁ&@(@ pbis) , N

or . rix with weights for the (optiona
downl i nk ghg‘ﬁrﬁlﬁ’lre‘f"’h gﬂ%éﬂsmfﬁﬂaﬁ?ﬁéxm% Fed gownl i nk transmpSS| on at
the user termnal may be expressed as: WD 2006/ 081550 PCT/ US2006/ 003203 32
rth(k)= KNI\/(k),.Hg )(k_) dpéﬁp’ﬁ i for k r= K Eq(35) [00110] The receiver
spati al proc@s”f ) é 8 )natched f||ter|ng) at the user termnal for
t he received dovvnl i pk trgnsm.ssion may be expressed as: (k) (k)rf, (k) = E

(K)V t =E (K)V ;%X) (k)ngK&mnﬁ(k)M)MWkﬁl@ﬂ.(@H(f()k), , for k e K Eq
(36) =E (k)V t(k)V, (k)ECk)UP(k) UaP(k)sd (K)+n(k) =sd. (e, Eq(32)

=2 (B0, (U, (OZR)Y, ()Y, (k)s,, (k) + (k) ,

=8, (k) +1(F) ,

where §,,(k) is an estimate of the data vector §,, (k) transmitted by the user terminal on

the uplink, and n(k) is the post-processed noise. Equation (32) assumes that channel

inversion was not performed at the user terminal, the transmit vector X, (k) is as shown

in equation (29), and the received vector r, (k) is as shown in equation (31).

B. Downlink Spatial Processing
[00107) The spatial processing by the access point for downlink transmission may be

expressed as:
2 (8) = Ry (0, (K)50a (B) for ke K, Eq(33)

where X, (k) is the transmit vector and s,, (%) is the data vector for the downlink, _
[00108] Again, additional processing (e.g., channel inversion) may also be performed on
the modulation symbols prior to transmission. The spatial processing may then be

expressed as:
. () =Ko (00, (W, (k)s(®) ,  forkek, Eq (34)

where W (k) is a matrix with weights for the (optional) downlink channel inversion.
[00109] The received downlink transmission at the user terminal may be expressed as:



Equation (36) assunes that channel inversion was not performed at the access
point, the transmt vector x d. (k) is as shown in equation (33), and the
received vector rd, (k) is as shown in equation (35). [00111] Table 3
summari ze h ial processing at the access point t erm nal
for data ﬁé%@ﬁ@@ i%n and reception. Table 3 assunes tﬁg?mgﬂgﬁlghéﬁfsti onal
processing by WKk) is perforned at thegpransmtter. However, if this
additional processing is not performed, then WKk) is sinply equal to the
identity matrix. rfe)=aK3 (AH, Rz Jadmn()k Usdor Feadisnmit : Recei vy ¢35yer mi nal
X,, (k)=K. (k)t (K)W, (k)s.P(k) (k)=E (k)i"'.(k)K=(k)rmk) Access Receive :

Transm.f . Point,s., (k)=E (k)UP(Kk)K"'P(k)r'P(k . .

xt, (k) £‘§81F1)9f) U, P?%R?\%‘?‘ ﬁz)sga,(ﬂ. Rffge%%ai%fpaqaim%fée%ﬁgwgaég@ﬁ uppr tsminghd as
shown in TakrehedecdiNg doWhiACARMISARL MaGPS exprisse®hdk) and K'P(k) are used for
the transmt side and receive side, reSpectively, at the access point. One
of these two correction matrices may be set equal to the identity matrix.
The correcti org sy r =GEgRN, k)0, BNg Kn, (k) are used for the transnit side
and receive side, respectively, at the user termnal. One of these two
correction matrices_s 3 - b t u ‘0.t he, {deptity matrix. The
correction matri ces‘%W&ﬁ@ﬁémmg@%%dk&@%%g%%m IOEZ% E33( k){ aa( k)
may be conbi ned with_.the weight matriges W. (I(% and W(kf$ § obtagi% gain
Tt rices G, (k) and=8 (R iY@ R §3Ra, es Uaralp) and

GaP(k)=ktt (k)W k). C. Data Transm ssion on -One Link [00113] Data

transm ssi on on a g&yg(k)Hifk) yay al so be achi eved by applying correction
matrices at a transmtting station and using an MVBE receiver at a receiving

station. Far exa&e, data transm_ ssion on the downlink may be achi eved by
appl yi ng t hEauatigp £3Q) @psymmes thet ehaanel invsraan wasawof perfrsmpd aktheaccgss poit thecess

poi nt and u&h'&gv-tt 1 . %ila e rgi nal 4 E Siqapl.icity, the
description Is O{é@g% ié;eagg%q\é\g{]lg%gn ﬁt(%é "Isnﬁltt%@%n ?Arﬁldveeggﬁzi‘“ ﬁ%rsna?ted in
the equati ostmwnfiheqeatibh (353t ed downlink and uplink
[00111] Table 3 summarizes the spatial processing at the access point and the user
terminal for. data transmission and reception. Table 3 assumes that the additional

processing by W(%) is performed at the transmitter, However, if this additional

processing is not performed, then W(k) is simply equal to the identity matrix.

Table 3
Uplink Downlink
User Transmit : Receive :
Terminal | x (%) =K, ()V.(0OW,, (k)s,, (%) | §,.(k)= $ (k)ﬁ:t (K () g (K)
Access Receive : Transmit :
. A A =] ~ H n Y ~
Point | 3 (£)=% (MU, (OK,,(©r, (k) | x.,0%) =K (U, (AW, (k)s,, (k)

[00112] In the above description and as shown in Table 3, the correction matrices
K,,p(k) and Kmp (k) are used for the transmit side and receive side, respectively, at the
access point. One of these two correction matrices may be set equal to the identity
matrix. The correction matrices K,m (k) and K_, (k) are used for the transmit side and
receive side, respectively, at the user terminal. One of these two correction matrices

may also be set equal to the identity matrix. The correction matrices K,,P(k) and
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channel responses may be given as: HaaP = Rap H T Tut = HaP and Eq (37)

Haas =K;'tR aHTaPKaP = KnBtK, P =Haw . Eq (38) [00114] The user term nal
transmts a piIot on the uplink, which is used by the access point to derive
an esti ”BR\?(? dn g,ouplink channel response. The accesspgp|§odRsfs" M

si ngul ar va it econp05|t|on of the uplink channel response estlnate lia" P
, as shown in equation (27), and deriwgs the matrix U P. The access point
then uses Uap for spatial processing to transmt data on the ei gennodes of
the M MO ch¥éH) maybesomhined withdin ratipitmata@) . W], AP a5 Whék)riewmbtaireghirdownl i nk
transm ssion at the user term nal may be expressed as: raa =Md. Xd. +n . Eq

39 Equat {@iices39 ngihycat th e cti@n or, ot lied at
(39) Eq ct39) @ __Idﬁm) & that n(rér CRR&GECTIQ Wswk (ﬁ%_gll%kj‘ afPP

the user term nal. e user termt derives an" filter matrix

M asfollo HaSSHeIda+q)M, Eq (40) where HL
=R aH ' R R SR L85 006/ 081550 PET/ US2006/ 003205 54 M i's the
aut ocovarl ance mat ri x of the noise. If the noise is AWG\, then 9). = a. 21,

where o',., is theC’%dtﬁﬁ?ﬁnﬁg'gstuﬂ?oﬂ‘éhﬁﬁlqk-rhe user termnal nmay derive Hd.

based on a pilot tr data by the access point.

[ 00116]00Thg userDitelhi%s”mﬁbsmh@ﬂa eﬁqxﬁnﬁlawﬁsbm@mweaéd SpRg Betredfiod Ol | ows:

S. nmve —I\/rdn] =M E’ psd. +>i :@WEq (41) MH &gd. +Mh %{jmnnugse > vxjr)]ere nom .

i ncl udes th@amatfa RRSPHRnG Sfatien andiusing e YAYISE repeiver ok 2 renstyingsstation. an

estimate of S spati al
Fhextibe 4B irilsmiion difheSadthiini Gaky E@tagﬁeéédogp ' iyl Rhe

filter matrix Maré unnormalized estinates ta s user
t er mi nal rray‘orrfmm fagtoys owm ealyvihe frapsnyt sidé aythewaceds pbint anhinging ithe WIMSH di ag
MO ] - }egelggta? tHe user terminal. For simplicity, the description is for a single subband and

the subband index k is omitted in the equations. The calibrated downlink and uplink

channel responses may be given as:

H,=R,HT,=H, ,ad Eq(37)
H.=K,R,HT K, =K,H,K, =H_ . Eq (38)
[00114] The user terminal transmits a pilot on the uplink, which is used by the access

point to derive an estimate of the uplink channel response. The access point performs

singular value decomposition of the uplink channel response estimate _}':I_wp , as shown in

equation (27), and derives the matrix f]_ap. The access point then uses ﬁ,p for spatial

processing to transmit data on the eigenmodes of the MIMO channel, as shown in

equation (33).
[00115] The received downlink transmission at the user terminal may be expressed as:
Lo =HyXg +0 . Eq (39)

Equation (39) indicates that the correction factors are not applied at the user terminal.
The user terminal derives an MMSE spatial filter matrix M, as follows:

M=H,[HHe +o 17, Eq (40)
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normal i zed estimates of the data synbols. [00117] If the user term nal
applies the correction matrix Km = K e on its receive side, then the
overall downlink channel response would be H & =The MMSE spatial filter

matrix M %ﬁ&@&@sagorrecti on matrix K. applied on thegr&?&%i)z%&@g e at the

user term e expressed as: 1VI=H Hd[ K HNd+K I nverse
quantity in equation (42) may be rearrajpged as follows: [KLHed.H

~, KNt +K. dccK, H, d]-' = n' (Hed. HZ"+w )Kn]"' Eq (43) =(K)-'(Hed.Hd.K d . _nd
Substituting equg)§thea@covariapcenatrkiobthe@didy., the fol lowing is obtained: s
i= MKn; . Eq (44) WD 2006/ 081550 PCT/ US2006/ 003203 35 [00118] The received

downl i nk t LSS i nal 2 ailth th t] tri
o ppl | SHEORE BAVEN, UEnd c ! ThER ga ¥ Uil o? b dop P e s
Pd"=K,,,, 13d . xd +p= dn., FEq(45) Th i.pal t f MVBE
Cpat il pr o eBuiEl AR iy brech 3h e Gl ol e iiChe gy el e

Equati ons (@6ht.and (46) indicate that the user termnal can obtain the same
performance. with the MVSE receiver regardl ess of whether the correction

f act or $0QIE] appl Teamsgr termiaal theeperfornnMMSE spatial provessing asdoliesg i nplicitly
accounts for any msmatch between the transmt and receive chains at the
user termnal. The M\Bfgspatial matched filter is derived with if the
correction factor® are ndt “applied on the receive side at the user termnal
and with Ha,. if the correctigm factors are applied. [00119] Simlarly, data
transm ssion on the @M@@E@%ﬂﬁ@%hi eved by applying correction matrices
on the transnmt side and/or the receive side at the user term naBq@iy using
the MVBE receiver at +MHgaggesMnppint. 4. M MO OFDM System [ 00120] FIG 5
shows a bl ock di agram of an enbodi nent of an access point 502 and a user
termnal 504 within a:g'anpanl\/Q OFDM system For sinplicity, the follow ng

where n,.. includes the MMSE filtered noise and residual crosstalk, and §___ is an
estimate of the data vector §,,. The symbol estimates from the MMSE spatial filter
matrix M are unnormalized estimates of the data symbols. The user terminal may
multiply §,.,, with a scaling matrix D, which is D =[diag [MH__ 1]™", to obtain
normalized estimates of the data symbols.

[00117] If the user terminal applies the correction matrix K_, =K on its receive side,

then the overall downlink channel response would be H,,, =K, H,, . The MMSE

spatial filter matrix M, with the correction matrix K.. applied on the receive side at

the user terminal, may be expressed as:
M=H, KiK., H B K +K,0 K5T", Eq (42)
The inverse quantity in equation (42) may be rearranged as follows:

KB Mo K + K9 K5 " =[K,,(H,HY, +9 JKLT"
Eq (43)
H \— = -
=(Kn) HuHe +2_ ) K, .

Substituting equation (43) into equation (42), the following is obtained:

M=MK_, . Eq (44)
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description assunes that the access point and user term nal are each

equi pped with four antennas that nmay be used for data transm ssion and
reception. [00121] On the downlink, at access point 502, a transmt (TX)
data proc r receives traffic data (i.e., inforpgti;@Rcdtosmny froma
data sour @@8@@%& signaling and other information froma controller 530.
TX data processor 510 formats, encodesis interleaves, and nodul ates (i.e.,

synbol t he_received data_and generates a stream_ of nodul ati on synbol s
f or eagﬂﬁiﬁat i aﬁrl{ehﬁﬁﬁg‘?d dewgimk,frangmission & fagueer wrminal, mith Hsa8amLrtioh ocessor

520 receivegs, the-mogdul.af | | ::St romTX data processor 510 and
perforns sp%?%lgﬁiﬁr%)g’glg%%’lggﬁe? %"%?8‘6‘?3@%?%%"% {es ea}i%ayce)}lf" e{ﬂ%g?fgﬁﬁ- synbol s, one
stream for each antenna. TX spatial processor 520 also multiplexes in pilot
synbol s as apprpggmgn%gf. @n=KOfr, calibration). WO 2006/ 081550 gq (45)

PCT/ US2006/ 003203 36 1'52]' Each modul ator (MOD) 522 receives and
processes a respective transmt synbol streamto generate a correspondi ng
st ream of CHD\IsexAetsingl therpenfonmaMMSEpatial pracessing dsdolaws her processed by a
transmt chain within nodul ator 522 to generate a correspondi ng downlink
nodul at ed si gnal ... Th_e~,ourﬁv&ian dul gt ed signals from rmdgigat r 522a
through 522d ar eStieri¥unh M wdbeLe FVH 4 Gidrmant ennas 524a t hr oudif 4844,
respectively. [00123] At user term nal 504, antennas 552 receive the
transmtted ' i I aRsh G R

recei ved siE%Wo@g)%gg@?ggeﬁgmgﬁttor a((?%%N%D 554. Eggﬁblg%?lr%%ul at or
554 (whi ch Witk theddMSE reetiwsrvegardiess of whethtnthesorrention dantérm grecapplitedeatdt ary to

t hat . perfor gg-gpd ides recejved swvobal.s., A receive
(RX) 'spatia pF oceséoﬁgwggﬁ%ﬁ%gﬁgﬂéﬁﬁcgﬁ aﬁf"%u%l dsiélr ﬁﬁygﬁsrfl%%h b?tggg} ved
synbol s f r otite éiahsndl ansidedeiteathain® sdhangdr ferbinkll CheVNISEaphaith! matched fiterwhi ch are

estimates of th ér}gdul ation synbols sent by the access point. An RX data
processor @FT’(Y"‘E?” H gl thecqprection fagiors aprant grplied ontheserdys de atdhaussecodes)

t he recover nbql s nd.nfovi de oded dat.a, The decoded data may
i ncl ude rec%@é&nﬁr “hfﬁe:’“ b@f‘%‘fom &Hﬂ%&?ﬁﬁfeaé’ﬁﬁ o on, which are provided to
a data ][mm#] 572 $iffilaily, OBAS AR s6on Son AR UPRIK FayoBO defifevid!blyh pIfAPCESS! NG.

[00124] Controllers 5_§0 and 580 control the operation of varfo processi ng
units at t heerrection matrices on the transmit side and/or the receive side at the user terminal and

using the MMSE receiver at the access point.

4. MIMO-OFDM System

[00120] FIG. 5 shows a block diagram of an embodiment of an access point 502 and a
user terminal 504 within a TDD MIMO-OFDM system. For simplicity, the following
description assumes that the access point and user terminal are each equipped with four
antennas that may be used for data transmission and reception.

[00121] On the downlink, at access point 502, a transmit (TX) data processor 510
receives traffic data (i.e., information bits) from a data source 508 and signaling and
other information from a controller 530. TX data processor 510 formats, encodes,
interleaves, and modulates (i.e., symbol maps) the received data and generates a stream
of modulation symbols for each spatial channel used for data transmission. A TX
spatial processor 520 receives the modulation symbol streams from TX data processor
510 and performs spatial processing to provide four streams of transmit symbols, one
stream for each antenna. TX spatial processor 520 also multiplexes in pilot symbols as
appropriate (e.g., for calibration).
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access point and user termnal, respectively. Menory units 532 and 582 store
data and program codes used by controllers 530 and 580, respectively.

[ 00125] During calibration, RX spatial processor 560 provides a downlink
channel r n stimate, E (k), which is derived ba n th MO pi | ot
transnittéﬁag Gﬁgﬁ access point. RX data processor 57%8%?§€PQQ§ZMLe upl i nk
channel response estimate, L, (k) , whgch is derived by the access point
and seﬁggaﬁ t he downlink. Controller 580 receives the channel response
estima 1, (k)EB&haﬂwla(qz)(M%rﬁ%éscemem@mmmses e mespedive trapsnikeyibok) and J

ants) g SRR Qe DS BpGusPaablyy OO R, PSS

correction Stpawy isclagheg progegsed hmd trépsmit (chjin beifiel novdutabee $20r oeghbiGit 4BLri ces

&k), where, 4 thlﬁ K tit trix rovi des
the correct |d§#1&$1bg'trl e 9%%0&%5‘1% %ﬂ%ﬁg ‘ﬂ‘b‘?lgeﬁ lag‘g?‘@éhf%r ovi des
correction matlulatoe§2%, through ) 5220 a@<ﬂﬁﬁ&fah§h1ﬁe@mﬁﬁ§cﬁ@ranﬁﬁﬂas 422 20064081550
PCT/ USZOOG/%LP%OS 00126] The processing for the uplink may be the same

or different“r BRE ‘é rocessing for the downlink. Data and signaling are

proces$@d2fle. 9. , AEBEPRAMinal SUIChAtORNET52 RREve ma%In @@&%OCESSW
590 and further spatially processed by TX spatia processor I ch al so

mul ti pl exesSiERplsiand: cagly ABtsnaa provadesi ¢ o@ceomdl signdlitatai tespectiyeridetnechdater f ur t her

processed byhEMEW) aisqr SEaR4 raye K at ed als, which are
then transm ttedb\bn a ant%?n%s ggg%ﬁoﬁ%hﬁ%c{églsﬁ%o#ﬁfcw[ Og’f%'r;]peﬂqf’mé%cess
poi nt 110, PpHaeessipg icomplemdutiacyt tecthsu mnhimechatemo@ﬂamvm I pioviae aReibed!,

denodul at ed cﬂi’ duI at or rocg‘?p: qt%{san RX spatial processor
540 and an’ at & proce P’f?c SPartEPeffRs spatial gypreasinghonrle t o t he
processi ng repcﬁvédcumdls tEyont ilEdthla‘tcﬁ‘é A A prddidds 'i‘él:o@éfledl Pﬁﬁﬁdw Qwhlc@éré patial

processor ovrﬂgl upl i nk channel estimate, K) ', which is

deri ved bas@ “'8 S0 ﬁ}OPo"'tymbP]rséﬁ%trﬁYtt@leécW pOiBL. ué% dataipregessofThe
mat i ces H siligrodkds (EE ekl RinERMAREIGToHN adnth sp{hggﬁcgg% od Qufiystat @

processor 510 for transm’ssion he user term na shovvs a
bl ock di agr % ppvidesTstecsded idata. pThﬁ:éemdm 8a@e amaynnichide megovired tneffic dhiay  TX

decor  pt | on Genghoai h BR-wARE 8 i ipb o HR v 2 bl v adlor ¥

controller 580 for further processing.

[00124] Controflers 530 and 580 control the operation of various processing units at the
access point and user terminal, respectively. Memory units 532 and 582 store data and
program codes used by controllers 530 and 580, respectively.

[00125] During calibration, RX spatial processor 560 provides a downlink channel

response estimate, H, (k), which is derived based on the MIMO pilot transmitted by
the access point. RX data processor 570 provides the uplink channel response estimate,
ﬁ“p (%), which is derived by the access point and sent on the downlink. Controller 580

receives the channel response estimates H, (%) and Eup (k), derives the correction
matrices Kap (k) and Kut (%) , and provides the matrices Kap (%) to a TX data processor
590 for transmission back to the access point. Controller 580 further detives correction

matrices Km(k) and Km (%) based on the correction matrices _I:(_m(k), where either
K,m (k) or Kmt (k) may be an identity matrix, provides the correction matrices Km(k)

to a TX spatial processor 592, and provides correction matrices K, (k) to RX spatial

processor 560.
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[00129] Wthin processor 520a, a denultiplexer 632 receives four nodul ation
synbol steans (which are denoted as si(n) through s4(n)) to be transmtted
on four eigennodes, denultiplexes each streaminto ND substreans for the No
data subb provi des four nodul ati on synbol su each data
subband t?pgi(}ogfg%g%tive TX subband spatial processor gﬁgf.&@g@%&%{socessor
640 perforns the processing, e.g., as 33hown in equation (29), (30), (33),
or (34) &%r one subband., [Q0130] Wthin each TX subband spatial processor
640, t R&OEELr nodRf BrOFSSRIn g uplinkiaay: beathe sqmprdiffareat flemdheprogessisg ( k)

through s, (or)thedSwhRiY | SRtk 4fd digiMlin® SR BrobRkdiEles .,6%@%1p%§w§§%é%9df0r the

four eigennodes of the associated subband. Each eam per forns

beam f or ni ngrodelated by Fi% detaprecpson|59¢ ahd furdwmspatiatiy rocessgd royoTé spitiabne
subband. Ea r. ' I bst.r ea S . and
performnms begﬁ}c%g{?lrr;sénzg Vﬁg{;hn gé ? %ﬁg@g%eg\s%%tr 3%7}2@%) 5#18 rp'{oﬁgnngég%,%‘?’éd
ei gennode. Wmbrilnare ftheb eruvedsed bemotiflatorst 356 torpehekas nplinksieduddted dpalpr ovi ded
to four rrulwi IieR[}s tEr352a.t;w£{lrou h 652% Wﬁ{e(:h al sg recei ve four el enents,
vt (k), v, , "R VE TR ﬁ’&a&‘r‘a”f‘ﬁ‘“) 2&?_ ecst B¥Rbect or v(k) for the
associ 40@d7]} ei geAMRwess /pEiIﬂQ'I‘MQEé ink Fddhlated sighlsird eGP arénmbhr4at ri X
081550 PCT/ US2006/ 003203 38 downli'nk and is'the mth

Uap(k) for theﬂj\é/ﬁ) 2006 )

col umn of t Aemerwlated bX demqdufatqrs 522, vad ppicessrd bEae RiGepatinkproesssor$d0 andil ti pl i es
t he scal ed ' it h i hgenv e Vv.", (k) .and
provi des " bg%g‘%ﬁgﬁéiyﬁ%ﬁgﬂ% V\irdtﬁ(“%iri e%s%gcgﬁaﬁ %lﬁ%{lgu ht°6g'5dpré?e)os§/lﬁ%le f our
beam f or nederfymiod by theouset tewaimsl. (Ivringrtakibretidny Riespatialymacestor 360 providepur
antennas) to summers 660a. through 660d, respectively. [00131] Each sumer
660 recei ved! ARHuk shameh getinpate, mﬂ‘}r’eﬁ’h@i}nlﬁdfes‘wﬁbrbaﬁdeondhﬁ MidfQepilwbdes f or
each synbol period and provides a preconditioned synbol for an associ ated
transm t antrasputiedppniherusecieoninalh r heghatéeGdHp(b)dre eweived by sohisdllee 43¢  of
preconditionedd synbols for four transmt antennas to buffers/nultiplexers
670a t hr oughd Rgotided tod3bdate prpeessor S dor transmissipmial the psesseaming0 r ecei ves pil ot

synbol t he I Ll : 0 Lal__processors
640 f O?O('tﬁ%g] ND dgﬁ%cgig b gn@@@%%%%ﬂbdu% E?%%%%ipﬁ%%gf 81%@,8 %hﬁ@nm%ﬁ ﬁ? I pl exes
pi | ot synbobsed for EXospdtialippeesssorss §20baidsy92anFIGe 50 By vhplivityothe tibidowihg ot
subbands, d aés%iﬁif)%ba@snug?es ££Hf gll Fouy (Siieggnn%g(}%lg grggglbcted for use.

[00129] Within processor 520a, a demultiplexer 632 receives four modulation symbol

steams (which are denoted as s,(n) through s,(n)) to be transmitted on four
eigenmodes, demultiplexes each stream into Np substreams for the Np data subbands,
and provides four modulation symbol substreams for each data subband to a respective
TX subband spatial processor 640. Each processor 640 performs the processing, e.g., as
shown in equation (29), (30), (33), or (34) for one subband.

[00130] Within each TX subband spatial processor 640, the four modulation symbol
substreams (which are denoted as s,(k) through s,(k)) are provided to four beam-
formers 650a through 650d for the four eigenmodes of the associated subband. Each
beam-former 650 performs beam-forming to transmit one symbol substream on one
eigenmode of one subband. Each beam-former 650 receives one symbol substream
8, (k) and performs beam-forming using the eigenvector v, (k) for the associated
eigenmode. Within each beam-former 650, the modulation symbols are provided to
four multipliers 652a through 652d, which also receive four elements,

Vit (6, ¥, 2(K), v, 5(K), and v, ,(k), of the eigenvector v, (k) for the associated

eigenmode. Eigenvector v, (k) is the m-th column of the matrix ﬁ:p (k) for the
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respectively, to forma sequence of Np synmbols for that synbol period.
During calibration, pilot synbols are transmtted on the designated
subbands. Multipliers 668a through 668d cover the pilot synbols for the
four antenp i th_\Wal sh sequences W through W |, re ' assi gned
to the foﬁ¥8§%$%%ﬁ§%, as descri bed above and shown in§$§@$gﬁg&%ggch
buffer/mul tiplexer 670 provides a streagm of synbols to a respective

mul tiplier 672. [00132] Multipliers 672a through 672d al so receive the
correction fHawtlinksindKs thel)-th ¢ehia) of K8 mhekrix ANAkK4érkthe gplﬁﬂ@@dch\‘@ilﬁ’plieirhe
correction factors for each data subband k are the diagonal elenments of E,
, (k) for théZowiiplisk thersdaled enodithtjom aymbadd witkritsseigdnvestor Yalud of (Ehendipl i nk.
Each multiplier 672 scales its input synbols with its correction factor K

(k) and proPToyilss {heamsiormedSysymbpls. Maitipligns 6&asthwngl 662d proytde oicheamr ovi des

four transm t f r-ans Qi nt.enna 00133] The
spati al prggangéix g z%%ﬁﬂé%s%ﬁhaﬂ?ﬁ?rﬁﬁané eggéﬁjg}é' 't JP%A&{SU&E?GJ% in
t he af or eneféGachmoughb@d, fesgeetivelppl i cation Serial No. 10/693,419. [00134]
The caljbration techni que escri bed, herein be i npl eqent ed by _ vari ous
neans. [@P (fixarrp%%aé{?1 ??&eé%Pﬂéﬁ?ﬁvﬁﬁéEd S R oA RRRAde YR IsHiQF My four

sof tware, Oeigénmedesifon 8idhosyitbe RADd @ pravidladr £ \WRdcBndifithedNRiLR1 if6an t he

calibration techniques nay be inplenented at the access pdint and user

termnal wi e§iPfiatehBagsmitgitama,, SpmEsts 2 Timousbo#I0d prosdes fom ubsteass 003203 39
speci fi ¢ i nhREsdRMed brtbd %55@@%;5@&%@0 BUeRARhuIRbREGS gf’q:aﬁgxg@ Ps)

digital signal processing program ces
(PLDs), fiebddprrespectivelibl eEachabwifeammultipdexer B@Dsieceipesopidats oymshole and rthé | er s,

m cro-contr ) [.0CEeSSaLs,. Qther electronic its desjgned to
performt heg%%:dﬁog%qé%gég%lﬁ i Dt ﬁr%ﬁ???goﬁpatéﬂc%ﬂ?ﬁSWﬁ isgﬁ ftof s g&f &at"’f 00135]
For ha sgf It wabbandsp |Eanmhmedmnﬁple:]§w 6@ kiieh muﬁ;queb @ﬂbﬁi)yﬁlb@h&, ﬁiwo:#aﬁidnewlherrent ed
with nmodules (e.g.,,.procedures, functions, -and so on) that performthe
functi ons %ébﬂ]qg B’%‘hgel‘i‘éf‘%? 1s 5o thegilot %ﬁp@dé’dgé"ssuhwdbé‘ngﬂ%‘ﬂséé sphbapdsyenor y
unit (e.g., Vely, N ' ) mﬁg(grcgérg b rocessor
(e.g., controller SYS%Sf%r%dégégﬁg%?@gwp%Oiﬁatf%)Fhapl'ﬁe ne rthnp%]ﬁnngy be

i mpl ement edcalibration, rilet symisdears transmittedoreha dbsignated: subbapde cMetipliersiGe8ahi ch
case It canyp&AYEEH e e Blor ofi3bdls & ol SntBirdE S Watth Jequences W,

through W, , respectively, assigned to the four antennas, as described above and shown

in Table 2. Each buffer/multiplexer 670 provides a stream of symbols to a respective
multiplier 672.

[00132] Multipliers 672a through 672d also receive the cormection factors
K, (%), K,(k), K,(k), and K,(k), respectively. The correction factors for each data

subband % are the diagonal elements of Kmp(k) for the downlink and the diagonal

elements of KM (k) for the uplink. Each multiplier 672 scales its input symbols with its
correction factor X, (k) and provides transmit symbols. Multipliers 672a through 672d

provides four transmit symbol streams for the four transmit antennas.

[00133] The spatial processing and OFDM modulation is described in further detail in
the aforementioned U.S. Patent Application Serial No. 10/693,419.

{00134} The calibration techniques described herein may be implemented by various
means. For example, these techniques may be implemented in hardware, software, or a
combination thereof. For a hardware implementation, the calibration techniques may be

implemented at the access point and user tenminal within one or more application
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various neans as is known in the art. [00136] Headi ngs are included herein
for reference and to aid in locating certain sections. These headings are
not intended to limt the scope of the concepts described therein under,
and these_co ts may have applicability in other secgi hout the
entire spé‘ﬁ?%@@ﬂ% n. [00137] The previous descripti onﬁgﬁﬂfﬁqae%%gl osed
enbodi ments is provided to enable any sperson skilled in the art to nake or
use the present invention. Various nodifications to these enbodinments wll
be readi|y #spifie dptestated: sitsyils LABIGs)dipitel t signah processnd (DfPsyedigital ssignat i nci pl es

the opirit Dpoeliy dOReATRSPDR), bibarulfityf KRR UaTEE for i M4 pRERRMA [0

i nt ended t ogdte arrdys(FPGAs), prachsomsntmitolernt micghamrolias anitrdpudceisars; othee

accorded th i dest .scope_  .consistent with t i hei pl es and npvel features
di scl osed h%?ée%logl.c %% %ﬁﬁ%ofaﬁ%&%@f&c%qns%ﬁé#ﬁf' A °’é|ﬁt°8migﬁla5°% rel ess
time divisitheredfipl exed (TDD) nultiple- input multiple-output (MM

comuni [.on system _conprising: .applyi correction factors for a first
stati Oh&og_gg]a tr ﬁiSPﬂg'?WéJ,nPiﬁme_&taﬁl%é{l%ﬂﬁmegl teshnigaesmey, be implpraerted and
recei ve i 0@ ahoduléd g S prodhdhirds0 unchib ) il & BF) okl deftbre? @ hididhs

communi cation lLink from the first station to a seco g station; an

recei vi ng adeseribedtherais nilbe sefiware nedes may teesternd! in & oremeny voit (©g, memloryf r om t he

second stat] i T t At rej he . dat t L ansid ssi i's
spatially Pi#lg{égégé%ﬁ‘ gsaisfg&ﬁ Egh%aaigﬁg%ﬁlte%gélspﬁgcﬁésé’?%e 1 %&F&ﬁ?‘%sgq@ I't st
conmuni caE i mpF;mﬁaH);rTh_?ﬁﬂMm?ﬁmié Inm]yrble :mplemraﬁta?;mtﬁ?erﬂe procésber dr iextBinal Ciall
comruni cat i ink. 2.. , od of claiml, fuyrther conprising: spatially
orocessi ng OHES POEEHYe IP WP Cose 16678 ho SOmHnGAL VAR CORRIKHa MG PIPESIOT ViR The

met hod of claiols heanslas isSindwhethe@ael vi ng the data transm ssion sent on the
second . _communi cation link conprises receiving the data transm ssion sent on

a plur 801861 of Heagmghoue dnclpdednbereia cfon refermae mnd doi &d nj lkating, certaen net hod
of claim 1, (s imheld ead | ' ' £ a
transmt si s’élee, _or aer ecglavg@%?ég &%@aﬁho%ﬂ%?t%%‘{s%bgﬁhcfe@gtgg#\?}ggd;i des at
t he second thergin wler, agd tigse appraptatoay have applicabiligs ¢theresections shronglsup| exed
(TDD) multigle-input.sul.tiple- output (MMD) comrunication system
conpri si ng: @]Fre%%ﬁr{g%gg}%g%%’}'yi ng correction

[00137] The previous description of the disclosed embodiments is provided to enable any

person skilled in the art to make or use the present invention. Various modifications to
these embodiments will be readily apparent to those skilled in the art, and the generic
principles defined herein may be applied to other embodiments without departing from
the spirit or scope of the invention. Thus, the present invention is not intended to be
limited to the embodiments shown herein but is to be accorded the widest scope

consistent with the principles and novel features disclosed herein.



factors for a first station on a transmt side, or a receive side, or both

the transmt and receive sides at the first station; means for transmtting
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reckivelsides at the first station; means for transmitting a pilot on a first communication

link from the first station to a second station; and means for receiving a data transmission

sent on a second communication link from the second station to the first station, wherein

the data transmission is spatially processed based on a channel response estimate for the

first communication link derived from the pilot transmitted on the first communication

link.

6. An apparatus in a wireless time division duplexed (TDD) multiple-input multiple-
output (MIMO) communication system, comprising: a transmit processor to transmit a
pilot on a first communication fink from a first station to a second station; and a receive
processor to receive a data transmission sent on a second communication link from the
second station to the first station, wherein the data transmission is spatially processed
based on a channel response estimate for the first communication link derived from the
pilot transmitted on the first communication link, and wherein the transmit processor
applies correction factors to the transmitted pilot, or the receive processor applies
correction factors to the received data transmission, or

both the transmit processor applies correction factors to the transmitted pilot and the
receive processor applies correction factors to the received data transmission,

7. A method of transmitting data in a wireless time division duplexed (TDD) multiple-
input multiple-output (MIMO) communication system, comprising: transmitting a pilot



ei gennodes of the second comrunication |ink.
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on a first communication link from a first station to a second station; receiving a data
transmission sent on a second communication link from the second station to the first
station, wherein the second station applies correction factors on a transmit side, or a
receive side, or both the transmit and receive sides at the second station, and wherein the
data transmission is spatially processed based on a channel response estimate for the first
communication link derived from the pilot transmitted on the first communication link;
and processing the received data transmission with a minimum mean square error
{MMSE) receiver at the first station.

8. The method of claim 7, wherein the receiving the data transmission sent on the second
communication link comprises receiving the data transmission sent on a plurality of
eigenmodes of the second communication link.



