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[0003] r eci pFwadliewd highepatfioitaace, ifHgatoties, ndcksshty 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, a 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
channel 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,



represents a channel response matrix from antenna
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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-output (MIMO)
communication 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 channel 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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[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.
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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 Ny, 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.



the transmtter and receiver. [0022] FIG 1 shows a
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[0026] For the uplink, the receive vector at the access point may be expressed as:

. .
rup =Bapl{_ Iut&,p D Eq (2)

where Xy 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 N;p antennas at the
access point;
T, isan N, x N, 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
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[0027]

E—dn = l—{;JtI__IIap and Hup = BapHTIut . Eq (3)

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

obtained:
-1 - - - - -
R.H,T, =R, H,T,) =T,H_ R} . Eq (4)
Rearranging equation (4), the following is obtained:

T -1 - -
Hup = _T_ut Rut HdnT : R, = K-utl._l-ldn Kap

=Xyt =Zdn-<ap2Xap

or

H, =K H,K,)", Eq (5)
where K, =T, R, and K, = 1;;331, . Equation (5) may also be expressed as:

.Hup ..Igut = (Edn Kap)T . Eq (6)



HT 15 and H11P = RapH Tut . Eq (3) Conbining the two
equations in equation set (3), the follow ng
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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 as 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 aunit 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 w 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. 24, may be expressed

as:
Hcdﬂ = —K_mt-RutMapKtap and chp = Krapl_{apH_TIuthut . Eq (7)
IfH,, = ﬂc,TJp > then the two equations in equation set (7) may be combined as follows:

H.=K.R,HT K, =(XK,R,HT,K ) =H. . Eq (8)

= ==rap—ap== —ut==



The processing by transmt chain 114 and receive chain
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Al B4 fordagangl mpisiges ésa@;ggwn in FIG 2A, may beRa |
. _ .
00321 3P B e Rl MBS o
Ay BE bbael By @@t;s@ﬁiég heSBliowihl cBRYtiRs; CONMDi ned as
follows: Hcdn H. EQ (8)Rearranging the terns in
equation (8), the followi ng is obtained: Tut R utK
tut K ai THRs, K K Tapk, pkog . Eq (9) The di agonal Eq (10a)
matrices have been reshuffled in equation (9) using
the property AB = BA for diagonal matrices A and B .
[OOSZ&-EE@J#@%@%AEQLCM es that the calibrated Eq (10b)
downl i nk and uplink channel responses nay be obtai ned
by satisfying the following conditions: | | = Ktut t =
re a igjarErbitaoryompled proplrtionBhiyicobjtanther e a |[8 Ogg] I
ar bi tyar | ex. proportionality canstant. n .
[0033] gener%ﬁg,e %réf; Eg%?cl)ﬁé’ﬁ f?"g%rtsdc?rstﬂ? gfe %BOIHE@éEée Bﬂ?lﬁi Gigthe transmit
dide adidritesreosive Bide tif @B %Béefsssﬁéiﬁﬁ SRR, dhRcHGE BIcMSs for the user
[

side at the access point. Simlarly, Correction .
teopaipglmaay by apphied g8 dhe transmitrside andiorisee repgive side ehithe lser terminal.

01 j- I ceive.sjde,at the user )
IE(E raagglgéarf Séﬂﬁ%? "gﬁ‘gf @‘é‘% tbsQ ﬁlelf% ?Co(%,ss RS tﬁﬁys‘?fe Y, %agl’?e“é’? ection
matiintfoothat setiarsmay be paithivhed ihe acoeeidd Matrefof ite &Rfsmit side

[ titioned into a correction
ahg{%:qo%egfg({mon gjﬁ)%/ ﬁogﬁgeﬁq%{:eigq 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 =I, 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.



and a correction matrix for the receive side. The
correction matrix for one side (which may be either

WO b®eosEssEM t or receive side) may be an i dent PEHUS2006/003203

[0035] upl i MKG. DBeilluk@disdite

[0036]

matrix | or an arbitrarily selected matrix. The
correction matrix for the oth8@r side would then be
uni quel y specified. The corfaﬁghon matri ces need not
directly address the transmit and/or receive chain

h nacur o o041
Tt TUT-Cco- T T

err ors, which—typicatty—canret—be—+e 0034

Tabl p1 %ﬁi sts nine pdkesessipoilont i gur at i oHserfterminal
appl yrn FRE@ rrechLoR fack%&fq at It accesy pgint
and Hq.e_g_s.g.[_(_jy_m_ua Egr_caon Ygurat rgF,SIEI or %q.lYeOﬂ

factprs age appgliedon bqgth e trgnsmy and |recggve
si deg__a.t___tll_he__g_g_g_e&q—igpni ntf ag;ribmpal S _on —I%t(u_)tth tlhe q;{mt
transmt and rgcei i€, sidgs at jthe yser germral . for
conffguration 2 carrectilon factord aré %ppliled of

onlyl the gransnit side at| botg-it he jaccegs poijnt gpd
the user termnal, where [K tép®= Klap , K rap = Fu K
tot = Kug , ar[d Kg =1 |. For confliguration|3, -
corriecti on factlors afe appliead on gnly the recei N
‘sidel at bpth tHe acgess pgoint ,and tihe er te¢rm nal,

wherle K rap = K p\ K 131, =FwK 1111 =%t 1 | andlk
tot = 1 .6The dt her,, confifguraji ons [are SNowWn [T T _Tabf e
1. Tdol e 1970034] F&e» 2B|i 1| &brat és t H&wappl|i cat Lon

of clorreciion matrices Klap d KUt on_the rdllbllili
sidgs for’confijgurattron 2 to count fol difflered€es
in tlhe transm i and, T €ceifve chai ns [at the acgess pormnt
and [t he uSer tarniA. Of theldownli nkKdhe {ranait
vectjor X 1 Ts f[irst_nul Ti[pl Ted Wi tir tTe_corrgcton
mat r|i x K%p by [uni t 1112. [The Kypbsequen®pr ocessi kg, by
t ransmt——ctrarm 4 —and—recetrve—chat-r—154—+oe+the
downlink is the sane as shown in FIG 1. On the

, L b e i h
the correction matri X%Eﬁﬁa?fog;bﬂu%ir{ebt%%% Tcgé gkuﬁs%él\agﬁ't on the
trmemétssides Jobdorifipafisith L 6 habdind & @tkeh&E8h ViR AR dfeceive
for the uplink is the sane as shown in FIG 1. The

gins 3F Hheergcersvmomt ed shriusep terpiinath Amible dosmfiokstbs transmit vector
- i nal i
SR e AT el e Kook uBR' 112! The subsoquent

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:

_H_cd.n = HdnKap and H =H _Kut . Eq (]' 1)

cup T ==up

FIG. 2C illustrates the application of correction matrices K; and K. 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

X4, is processed by transmit chain 114 at the access point. The downlink signals are



Hcdn = HdnK ap and Hcup = Hup Kut Eq (H [0036] FIG

2C illustrates the application of correction matrices
WEK2@p/osussh K 1 on the receive sides for confi guprel/Usw08003203

to account for differences in the transmt and receive

chains at the access point and the user terminal. On

DRESR B s chitn 157 AR BB b fith Uheorerstian meleix K by
TP IS e 20 B EETREN B P BTN YAt gy Fan D1 b Stk the
R Rt 1 PlockRed B Bl B0 T84 NP W55 Bt Ty uplinc
- SigANs Hit prob&sk el 16%eRlvel GBid 381 ahf Eﬁ%ﬁ%ﬁ lnlLE‘clﬁgedu\Qliﬂd %ﬁ,‘ ggrrection

signal s ‘are processed by receive C nd

Atrix W7 e whit 128 he 1&0RERSS pGRt P bbiath fff%prgpéivéﬁ‘ ivéctc]'lzgﬁ. The

at the access point to obtaln the recelved vector r

calibftteCadwnlink! 2id VB3GR bhnerashonRds dHservB@BY &le ﬁs@?@:ﬁﬂﬁﬁfand the

observed by the user term nal and the access poin
pesaomtistrectiviely, muethenbe expesséed as: HO1ln =K; 1
and Hcup = K 1H 111 , . Eq (12) [0037] As shown in

Tabl e 1, the.correctiagn ri ces,include val ues that

can a@@uﬁgm di ff n%wﬁﬁ #8ut ransnit and _ Eq (12)

recei ve chains at the access point and userfterm nal .

Thi s t | the channel. response. for, one
00371k 4% Ogme{%p?faé@esggw%?orﬁ? 0% ﬂ?ﬁﬁ@ﬁ 11?‘@%%0 ‘?Sfﬂ&q? Cgip account for

differncdsiinkhe Fiigmitrdnd recirthd@eat ihelcaRspsint iikusehRARRLL. This
resgggses can_have various forns, dependi ng on whet her

veeld then allow ghe ichenst gesaprseafopiope dinkt tot bre expwesssd bydhatchannel
R n%tg'?o Upe Bth{afe'fifﬁk.n?h% cﬁﬁ)rr:iltgd( a%ﬁnk gﬁ]cﬁn%@%l[l)(;c éﬁrtﬁf g%sgg es can

d mnllng and upl 1 nk channel 't esponses
ke staciens iformesqdapénditg 617 )wheftid Jtharorréctidh. fabR@38le applied at the

RS Y eBest” hcoerul et dgombi e i
. . . :
dhfind] AR pbhisdE alkly e RRPreb £LAGL ylfmﬁl‘i%' %ﬁg?@g @1219 ah& g{;@

known nor can fhey be exactly or tal

[0038] | nst e@dlibrition ﬁ{afyeﬁéiI'S:I@fcﬁ‘ﬁi\é@'ﬂonhet@ﬂﬁlian{Henhlaﬁﬁ%Qnﬂap and K,.
responses, Hlln and 111 , , may be estimated based

DypiqlllyOths 1198 @harR] 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 K, , which are estimates of the “true” matrices K,, and K, may then be derived
based on the downlink and uplink channel response estimates, Edn and _Ii“p , as

described below. The matrices Kap 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., ﬂcdn) may be used to determine an estimate of the

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



the downlink and uplink, respectively, as described

bel ow. Correction nmatrices K ap and K ut , which are
we@giosnsses of the "true” matrices Kap and Kut PCTEH$2006/003203

t hen be derived based on the downlink and uplink

channel response esti mates, Hl11n and H.K , as I
descrt : rq . nclu .
0] e r ebhs Sarpatih 1 GRS debtbef 1ARAey’ ior b dibldor iretes

edremunigatsm tystent thaicenpley ORDMs @FDMheffetivelsspapiicts the overall

JTME RN T IR N T y—

LR $BbESH brEPk 8RR AbIRof HbcRRARIEld ”Wiﬁfoﬁmg,. 4R shbband is
may be used to determine an estimate of the cal’i brated

sReriried witdhopreapastive sulchwie tiaé mayi eanodulgted whithugaty. For a MIMO

syeipc bt e BEDNCEL L O MIRRR DI P S el b Epfeach spata
¢Hantel emayl tayviSkEMs MHRNpRHIGE traN@hivsiB@ERanhélons t he

overall system bandw dth into a nunber of (NF) _ _
[0040] o ¢ hgﬁ%%"ﬁﬁ’%’é’@aﬁ‘*% be psrfermed & warinys mednserse dFeroclaty, a specific

. i . S hannel s.
S B ERUSHEY T R0
[0041] r espeldG. Beshewbadtaw diagtanb! apemibrelimestifat@ecess B0 €atalibrating

t that utilizes QFDM (i.e., a
P ettty a9t vk zonélstasmames on BRDDHMPAP-OFDM system
e i . s ] . .
b AP e R 0l 1A% oot in
aggpisition piegedutes defiand for thei sygtema(bbw&10).c Thahsdp tatiimn may then

605 Testled BIRU|BE B Rt i 4 Rt ChilbcrAlBHAoBmay be
initjatedcy $h8Q0cdsOIpoid] | Thatdalibratibe Iﬂ%"%iﬂblffo%ﬁgd UR! dadle]l with

channel responses in the TDD MEVI O- OFDM syst em .
TPgstration/apnthentieationeof therysen farminsd iyr e achesstpaintng.gnduring call

Hels @g_?rﬁ% [ ' acqui sition
ngﬁlg’geduré}ég%%%?ﬁg or S\?'}Eeeegégs‘fk%r%g%gl ock 310). The
[0042] user Thergulihetiomayay he peﬁ'&mﬂzd&foﬁ%ﬁ%@ﬁaﬁdﬁ thatl Ilhaygbétused for data
‘ or the calibration

calibration with the access point,

i (P Pichaitroggado o5 bisc detan st bHandsin Subands nat o fo data
' or ' | i i

BT 078 AR st B sl owores

sinee theefegnsnptasporses of the duansmiy andkdceivetchpins anthe nBgess point and

for med. whe er warr.ant ed. 042] The .
% P S SR ETRY Phart BB e whbeias irsestrany snce
alpcasadbizads artlikely @M Hos@l0dl, (W UaGbrafbs nl5TRJebBrh& for only
as.the "data" SUbbandff)aﬁe Subbands not used’for data

2 TP Af 4R Sia ewbynds. glfafewes thep atlalya subbrids arg calgbraiod, then the
sisal & be c%ﬁ;{nﬁg& ?\{vﬁgh a{%blvg?éf%rd’to s e “&eﬁh%l%tég’g?lﬁﬂﬁ%ds) may be

responses 0O ansmt and receive C
signeled $o fheiantesapdint (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



the user termnal are typically flat over nost of the
subbands of interest, and since adjacent subbands are
wo pdoelog1ss@ be correl ated, the calibrati on nmay PET/US2006/003203

performed for only a subset of the data subbands. If
fewer than all data subbands ldre calibrated, then the

d Al [ . ' e referred tg as
R oy AP e BTy s B g ) Elo b B subbands,
ther ewsllgyoimmun{senf gransiit ppier meg bagedsontach@ubbtintj #dethe SNR for

th | i Qr.ation). .[.0Q For .the caljbratign, the user

daF s HhB) 15 e SNk eo! Bromsbbnc s Gon s Rghat ehiet, then more
oHDbha j - T } ,
O e e o MO GRP R ifcelated e seoctvpr to obtain
pligher overadl R ot theswbande upl i nk MDVI O pi | ot

N R e o
lgﬁig%génlga%ﬂ’iélgn pc?r%s;:,gﬁ%b%?ffog%f&%g%ﬁ*é?%@g%gt?ﬁgsﬁ)ﬁ%{dsi where k&
apsad, 6 KR« yhoenOeyTle LBkt SANSTL EISHME o s

desentherd| betnwrb dhe aplislu blvandistesidnea estingdtey arnktizdahd sent to the
transmt power may be used for each of fhese subbands,

ush termenabfroele B 1&kc hs wipiyies diseabl gietrix Mg (ke esebomplet channel
the MMO pilot is transmtted on a |arge nunmber of
Ssphetveen thedh: Gapsmit pndi Naureceive antenaassior thepalink fomgubband .

f SNR f.or. each subband,. . .
ity Sl SRRy ARSI R g HRBS Wi 1
@uiniorc bensd gl legjgnatedsubbands; OFIDYAIS YD AleSirdiyhighis §8kge. For
for the MMO pilot and integrated at the receliver to
eypglen the phaginel gaine imleaciENRNf0 rHi 0 ssdybisen ihvefs8BAddaled by the
The access point receives the uplink MEVIO pilot and
latgestwhanmeh gaitt foralllematicth &l UgH)i fok ks atédeﬁﬂghﬁlﬁﬁ,; sd;that the

ere

]

up () , for each of the de§ignated subbands,
largpstehemicd gnhvehaud beupditidedeX ondh 8| the gbalnett the tali®86h is to

on the MO.pilot | s described below The uplink
ORI t[}/':e eé&?fﬁﬁqeeée%@n disafevalink and upbivk channels, the

abSSute SN rg'aiﬂ)aaire 0Bl Qordht) 1¢ Tﬂ%}te%ﬂﬁﬂléé glélpasg fr:]et.],t\ﬁiéh 12-bit

matrix H up are co ex channe arns

inphase (Iﬁg]gdﬁli—k étrcﬂ,lﬁ&atplﬁc €Qp FMBp(im:hts? aRSuslfaTb ffort the chiglnen Kains, then
T i ns r a matri ces nma
o0 BB el ARpPE STInuSh iy Pacee, Iwie e lerninal in
TN ag !ﬂ@ﬁe@;'\x}heﬁ’@%’gﬁ%ﬁﬁlesﬁbﬁgﬁa@ %ﬁﬁ ugé:qqﬁblleglllegentt B I and Q
e, the c gai ns

desiretl dynam c range. For exanp ann

coiipEkilfs AN, Xs thie nbichbEREOF d@ﬁrgha&y@ﬁ?b%hﬂdss cal ed by the
matrices Hup ( ) for the

| argest channel gain for al
[0043] desi dhatuser wamﬁ%ceés,o geseivhat dévenlinkr YEMO qlilahtehsmited by the
ag%?? @oﬁ‘i?%ﬂ'o&lly g??)ggmf lagr'ive%I arﬁcgstitn{]a?e ap ?llle 8cf>wrt11r1]rﬁ( channel response,

ration
Edn (k), for each of the designated subbands based on the received pilot (block 318).

The user terminal then determines correction factors, Kap (k) and Kut (k), for each of
the designated subbands based on the uplink and downlink channel response estimates,
H, (k) and H,, (k) (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



normal i ze the gai n/ phase difference between the

downl i nk and uplink channels, the absol ute channel
w@ai06esEse not inportant. If 12-bit conpl ex vaP@EES2006/003203

(i.e., with 12-bit inphase (Iz and 12-bit quadrature

(Q conponents) are used for the channel gains, then

l4 Dl t] na sent to.
PR BCR AL IRAertn BENPARRR ERNGERES PR g e ®biss oint and
hser tomindhes Fdlldvet:al bits used to represent the | and Q
conmponents and NSb is the nunber of designated
subbands &g0045] The user termnal also receives a
downl Hhk(k V(D PIH el M.k 1t ed byfortkee &ccess point  Eq(13)
(bl ock 316) and derives an estinmate of the downlink
channgl response, n. (). 5 for each of the designated )
%’BBrﬁaIﬁ &gpfs%‘r’glg?da 8¢t il Aafasublands |S3roe onlp exrtimaiey of theseffective
d6pilidkedndivpihk b ' ' i
LR R S P, 48 B s cusing
erbeatiopnequaion(13) meydedewniter asnk channel response
estimates, _ () and H,(*) (block 320). [0046] For
the deri [ of~the correction factors, the downlink
and uﬁuﬁésﬁmﬁgﬁ@ﬂm(@%dﬁg&for edloh ksuBband are Eq (14)
assunmed to be reciprocal, wth gain/phase corrections
toaccount for the differences in the transmt and
Vherei & erepresenis azet ofall destmwtedpubindand. esectivevedtoak,, (k) may
as follows: Hup (/c)Kut (/c) , for k e K, Eq (13) .
bihdefmer tp dpnledseihe Nua disgonad feleadntsieft K, gipbdhds,. k Sik)cad K, (k)
only estimates of the effective_downlink and uplink
yh aavEhlente sYonledy, acereatian vedibrekf, () mhp bddsfigrbbodtclude the N,
subbands during calibration, equation (13) may be

diegurial ¢lements of R kY K, (k) and K ( () € aidd bquivdlent, I € K
Eq (14) where K represents a set of all designated

subb i ) i ned
0047 PoOPAR RS BRI RNEF R B, B0 B L
k pit ~K Ut ivalent, Simlarly,. .
T £ 2 el L o i, SRR Bl i
di I f .k . d. K

it bR NIStSES SRR | Soilb Orrthese SpRButibn Thetods are
dearited sin Kudler(defaibbeloW. UDthér forfiputatiksh ARfHode ehaly™ 049 bd'8sed, and
tﬁ"ganne 'netf‘Ltl mates H.11n (A:) and H (k) in various

AhEFRIN the 8908 ok ey ventior x- rat i o

A. Matrix-Ratio Computation

[0048] FIG. 4 shows a flow diagram of an embodiment of a process 320a for deriving

the correction vectors k., (k) and Eap (k) from the uplink and downlink channel

response estimates Eup (k) and _I:ldn (k) using matrix-ratio computation. Process 320a

may be used for block 320 in FIG. 3.

[0049] Initially, an N, xN,, matrix C(k) is computed for each designated subband
(block 412), as follows:
a, (k)
Clh)y="2— for keK', Eq (15)

H,(k) ~



conputation and MVSE conputation. Both of these

conput ation nethods are described in further detail
whedoems15&% her conput ati on met hods may al so be PSEUS20861003203

this is within the scope of the invention. A

Matri x- Rati o Conputation [0048] FIG 4 shows a flow

' . ' 20a f
e e L e R ——

tarpitédgs: upl i nk and downl i nk channel response _
estimates Hup ( ) and H 11n (A') using natrix-ratio
conputation. Process 320a may be used for block 320 in

FI G 3.&00/ﬁu9l]j(k)niti ally, an Nut_x Nap matrix C(A)

i s cofip )-}; or—each desi§hardd..sDhbamt/jEd) ockNg12),  Eq(16)
as foll ows: @(Jﬂf)) =, for Ae, Eq (15 Hn (A )where

the ratio is taken el ement-by-el ement. Each el enment of
C(A),.may thus be conmputed as: cu (k) , for i =1, ...,

where gl (K)=881 Ji,,, ,(ENaape fheEQy, § L) (vbw, Tolotie) eldmmet bf (AL (%) and
and Ji 0111) (k) are the (i,j )-th (row, colum)

: / - lvely, and is
BT esRbh 1) B9 e, hon ooRRREGIENS. Y,
10050) &0 T e O SR o s B RE, as defined
of. the normalized rows of and is derived

b
181B5c3uab, the magn rocfv‘x}leomé{aéi%c{ fc)gvsr % Q’;)n s Ciﬁ_fléfﬁg tbz block 420.
. . . t
A0S eeEh, oot BTSRRI e i o
Wwith tHeMirst elemént ith #e)thw! lcstcﬁ ?ﬁ%%) AT &V%chg = lee) Uléﬂ?_&)] is the

the normalized row C (Jc be ekxpreésse

. ' ' . /c 1 (k . 17
otk S frhokabiititiod SO e ntheel i ned as
the sumof the Nut normalized rows divided by Nut

' Kk [ t
o AP PSP AT i P B30tz BaD

equal " to this hea éxpr essed
as:

The mean of the normalized rows is then determined as the sum of the Nyt normalized
rows divided by Ny; (block 424). The correction vector kap (k) 1is set equal to this mean

(block 426), which may be expressed as:

N\ll !
k. (k) :NLZ_@.(k) . forkek’. Eq (18)

ut i=l

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

[0051] In an embodiment, the correction vector for the user terminal, k « (k) , 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 f{_ap (k) , which is denoted as
K. ; (k) (block 432). Thus, if ¢ (&) =[e ;&) ... cNm’j(k)]T is the j-th column of

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



ka () , for keK . Eq (18) Because of the
normal i zation, the first elenent of k ap (k) is unity.
wQ 0@640815500 an enbodi nent, the correction vect oPCT/U820061@03203
user termnal, k ut (k) , is defined to be equal to
the mean of the inverses of t®e nornalized col ums of

a7 @ K or ot €6 ) Kaallhhg Gaokdiomtbli n B (19

the colum with they-th el ement of the vector k ap

: e s.K pJJ. (k) .(hl ock, K 432).
A e B0 gl e Rl S if RocRrdbpetiieg op th sum of
thelinvanses fof @{eAN), nonhmmdtdamnmrdfﬁhécwgi I\I;Tpotmwk 434§ AThe correction
may be expressed as:cj (k) /KapJdJd (k)]T . Eq (19) The
wester kf (k) he sétrequalse thinmetth@lonkr43a),ivwidch mal baespressed hen
determ ned as the sumof the inverses of the Nap
normal i zed col ums divided by Nap (bl ock 434). The

corre ti@n_v_bc Br 1k ut (Q i.s get equal to this mean

(bl oc ulf 6) N WAk ERey b & ssed as: (Zc) , for Eq (20)
keK' , Eq (20)” (héfe’the inversion of the normalized

colums, ¢ (/c) , 'is perforned el enent- w se. B. MVBE

R Ank 88ioh QP BRI ndFRL1 SIS ;mﬁl% & L0 ned" wi
correction foactorsnK a|c1> (Ar0 ana-m?%?% aregég%ﬁn\}éy 56
fromthe downlink and uplink channel response

esti mat @s MMSE@&mﬂﬂ_ﬁdtibh( ) such that the mean square
error (MSE) between the calibrated downlink channel
[0052] T espoRsethandMdre cﬁﬁlbhﬁﬁ@ﬁ,e@le%gfe@ﬂfor? %%}Qldlgrggﬂ)?nﬁnﬁ?g;(k) are

mnimzed. This condition may be expresse

dted Somk e el by Y3y Yol 1 ens 8,0
L N Fe SN s

tebppnso st thei catibiatedtuplink chead] elsperee s Blinithiad. (Dhid Sorfd@ion may

equal to unity, or K pOQk) =l . Wthout this
lﬁeg?‘?feisﬁqdrﬂs; the trivial solution would be obtained
with all elenents of the matrices K ap (k) and K ut

(k) set ual to zero.. In equation (21), a matrix Y(k)
is fiF]éHT( (éfDK@ék)aS—ﬁug&k»Ka(ﬁz)] ap (foyEekk) - H1 Eq (21)
Gl)K 111

which may also be written as:

2

min | K,, (ML, () - B, (0K, (%) , forkek,

AT A 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 :Igap (k) and Kut (k) set equal to zero. In

equation (21), a matrix Y(k) is first obtained as Y(k) = K., ())fL,, (k) - H, (0K, (k).

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



(A;) . The square of the absolute value is next
obt ai ned for each of the N ap -N ut entries of

wo b@aasgrssk Y(/c) . The nean square error (or tPET/BEMIA6/@3203
error, since a divide by Nap Nut is omtted) is then
equal to the sumof all Nap N& squared val ues. [0054]

. ' ' f d f h degsi. .
THBLYGR PRSP B R LB R SAFUBTELR, .,
K),. f bb he . MVBE tati
Sptc] e Bl RRBE T SR o o
by St NN A TR A —

description:

7! el S [ r a .
SO R )] SROTC06) 08 VIR AR, MEIBLL Bfrion o
65 uBBhRl 1 e i ' is omitted i
B el LRI, “FanmpBin, e Wiafd BRER 15 emited in the
follewitiga deseziptien. e ndlso sfoofsimplicityatthé xldfuntsané thie dotvatinia schannel
{v -}, where j, =1, ...,Nap and/ =1, ..., Nl .
1e895:5¢ estineterdhy asedmotedasr oy} nthy elemenB W ittiet link chafnel response
equation (21), as follows: again subject to the

_ i N = M0 R e error y_ b
SRME B e empred ol BT SRR RS R a0 R i femoted
2 with respect .tq u and _v_and setting the partial

oty nerd 45 RBETiA el o5 e reetiy Knodes denoresk pony, ), where

are t fol | owi ng uation sets: ( yu- byVj ) a =0,

f?)ff’ 'rrﬁ ,and. ,=1’I\lap?\?utand Eq (23a) iayu - byVj )-b: =0

, forl, ..., Nut . Eq (23b) .1=1_In equatigon (23a),

[0055] (= B il squsg eigr B“%ngue 3priden o cguitro Ol b f°é')8§fé¢,

and the index i runs from 2 through Nap. [0056] The

set of (Nap,#*,Nut -1) equations in equation sets (23a)

and (XM3B= b@jmbpj¢7onveni ently expressed in matriX Eq(22)

form as fetkows: Ay = z , Eq (24)where . N O O | Np7

A NpNnl NapNut A = Nn,

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:

Nut

le(al.ju,.—b,.jvj)-a,;‘.:o , fori=2,.,N,_, and Eq (23a)
=
NBP
;(aﬁui—byvj)-bg‘t:o , for j=1, .., N,. Eq (23b)

In equation (23a), u, =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:

Ay = Eq (24)

IN

2



V2N
mat

A N 111 " NapNui NapNut i N.. 1=1 y = [0057] The
rix Aincludes (Nap + Nut -1) rows, with the first

WON2@6A81E56 ows corresponding to the Nap - 1 equBtT/U8206/003203

[0057]

[0058]

fro
cor

m equation set (23a) and the |ast Nut rows
responding to the Nut equatd ons from equation set
i particular, the first row of the matrix Ais

generated from equation set (23a) with = 2 , the

sec
Nap
set
gen
t he
obt
H .
vec

400
cor
squ
cha
t he
dow
and

and
cha

Sn&ro is generated with i =3 , and so on. The 7
t |ﬂQ of the matrix AOis generfgigd from equatieb,, a,,
(28b) with j =1, and so on, and the last rowis = "
er at gd Wt%\& 2:Nth . As shown above, the entries of
matrix Aend/ithe entri'€s of thevector z may be

hi ned basel @n the entrjyes in the matrices H n and
[0058] The corréctiqn actors are included in the

or g , which may be Iatm?gned_a@::a*A 1Z . Eq (25),_
59] The results of tlg E conptt 4t on are Noput ™ Mgl
rection matrices Kap and Kn, that minimze the nean
aredabsior in-the cal +Brabegd dov@|l'r,~lhk andOupl i.nk 0
nnel responses, as shown in equation (Igl). Si nce

matri ces Kap and Kn, are obtai n%d basg gn tOES

nl i nK and uplink channel response esti+ b s, 1
Hup , the quality of the correction nﬁi@i ces Kap
Kn, are thus dependent on the quality of the N

ave

pRely Bt mtes H 1 ang b, The MoVD pilot. may be s,
=1

2
t - aptVut Na .
taged al the receiver 18 6btain nore accurate P i

estimates for H4 1 and Hup . [0060] The correction
matrices, Kap and K 11 , , obtained based on the MVBE
conmput ation,are generally_better than the correction
mat ri ceg %&bt ai ned hase® on the matrix-ratio

conput atji gn, especijal Iy when sonme of the channel gains

are
t he

smal{l "apd neasdrenent |noi se can greatly degrade
channel |gai ns. [C. ‘Post| Conputati on
Uy 0
y=| *| and z= .
- Vi ay by
Vs a,by,
Re® | | Ny, b, Nu |

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 Ny 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 i =2, the second row is
generated with 7=3, and so on. The Ny,-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 entries of the vector z may be

obtained based on the entries in the matrices LAI_; and ﬂup .

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



[0061] Regardl ess of the particular conputation nethod
sel ected for use, after conpletion of the conputation
wW@Roobkg156@r recti on matrices, the user term nal PEEOSX06/G3203
the access point the correction vectors for the access
point, k p (k) , for all desil§nated subbands. If
12-bit cqmpl ex values are used for each correction
factoXT% #ap () , then the correction vectors k ap Eq(25)
() for all designated subbands may be sent to the
access point in Swﬁ\dl\lag - 1) Nsb bytes, where "3" is
[0059] f or t Hee 1aulisnidhe MMSE ggwutation evecofrestinh 1QetrioepRie atds K, that
‘&%p,- ) results fromthe first elenment in each
e K% {eEn c3UBEE Ago% dialbet eplibrited) demamlinkuandnoplink channel
needi ng to be sent, and NSb_is the nunber, of . _
r&@%ﬂ“@?fgtaééh%% b aationf(21 e Stce dhe makipen K, sangle KKt @re obtained
29-1= +511, then 12 dB of headroomis avail able (since
baned e shierrominbisk end yplinkochenuel sésponst ostiates, H, 2andLHE, ,¥re quality
+2047 ), which would then allow gain msmatch of up to
dfzhelBorixetior antrides Kovamki K 26 thus @epdiketitQnifie quality of the channel
accomodat ed by 12-bit values. If the downlink and

difitviattls FRL GhY 40 WitH ol ﬁ%ﬁ?ﬁ}é%g vgﬂagﬁ 2l q@&'ivétr zto obtain

nornmal ized to a value of 5 n the er el enen

I t ~511-4 = 2044 in absolute
I@Qﬁ%"g’r%e%g%%tr% "H‘grrrhreyd with 12 bits.[0062] A

ue and can be repfes
pair @f correction vectors k ap (k) and k ut (Jc) is
[0060] 51y¢ & Hisy CPHPC%é’é‘c ﬁmﬂ%‘é‘?sgrgtpecﬁ“guﬂéancﬂbt%@ dapgdorozgt it MMSE
ggavu”%ogerforrredlllf?)r fe%er han al] data subbands. For
X ANpIer TR &R PR FRUgRton RaEiges gbtawgd bpsed on the

MattiR-ratid bamputatbre V@Pébiﬂl%b’ when d65er &F e LHNndl Eg%i s are small and
expected response of the transmt and receiv crhal ns
measgrement pise qsa geeatly degradg the chahed gainn) . The

calibration may also be performed for non-uniformy

di stri bgt %sg%nnan%ionlior exanpl e, since there may be

more filiérTort-orr—at the edges of the passband,

[0061] Whi ClRgzRMI14EE eatt %Ma?tiéﬂla?”@&dﬁﬁuﬂaﬁoﬁ ethgflm%ﬁ@& PR use, after
recei ve chains, nore subbands® near the ban eches may >
ceBpaiion 9 Aheeepmputatipared iz corsmotiomummbrires,ahe astb bandisal aadls to the
any distribution of subbands nmay be calihrated, and
APEfSg POt e (eoFreetinn ecire fof theecdess patnitok,, (FDOBS]all flesignated
the calibration is perfornmed for fewer than all of the
subhaads ubiRreis cormplen velues errused foranch acrreution ffastor ek (k) , then
“uncal i brated" subbands may be obtained by -
thnt@rqpabatvietgrs ke, (KPriveel idesigh@ed QHisbaRBd ﬁia?ecgsf §f td BR access

2]

desi gnat ed_subbé"nds. The access point nmay perform
poittt éxi Bo{M] -ap- 00 dytapwhide 43719 Forkihe K4, tofaP bﬁph?e%d%f- BRI and Q
correction vectors k ap (k) , for k e K. Simlarly,

cl()lﬁi?o@f?s% r(NEpr —enppfé%ul{f%ﬂ%rgtqg% ﬁfs@eieﬂ{eﬁf Eloéa% iV%C or Egapk(l«cj’I tbeing equal

to unity and thus not needing to be sent, and N, 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.



the correction vectors k ut (k) , for k e K. [0064]
The access point and user term nal thereafter use
W b@ss¥sespect i ve correction vectors k ap () BETUE2006/003203
(&, or the corresponding correction matrices Kap ( )
and Kut () , for k K. The ¥ccess point may derive
on matrix its transmt side

| 1 (k) f .
100621 g ¢ APt GEIEFBIT HRRT N B ) 5 cbisRedoor gach designated

' it. ti trix. Ka and with
B ERIE8 L. B et ohit 1oyt oprall s rbiings. For
ES@iplé, eth81caRbrafi®Y nfh§ eV Serfdihed GbF 86dry O BILbh, Kytepd n yaay be
A:) for its transmit side and the correction matriXx
tetmined By therexpeetedregponst @6 theatsangmdatnanidtrecaive cleinsi (e1g., # may be

' d .t Ry constraint shown i .
oL 160 oA MR U0 3981 e e gpngn oy
disttibuted sobbande.t Fonexmaiplé, site Wheré may BymERCHIt R foF-BES dt the edges
into t tri.ces to inprove dynamc¢ range, reduce '
9{3 tﬂa%n% RiFR g1ay caeate G0re FBFmatphnin thei omsmdf andtrgceive chains,
TbANBbln&NFed: GRS 'b\cﬁ?% %H?ésnrﬁa %%dcaﬁgra%hi. el g%ge%l? an§ rfimber of

I the anahit & e, then

known i nbal ance on r
subharxdsi andsangyedistribngent iof subbands xayave edlibeated, dnd th&MRWeithin the

hi.s imbal ance. For exanple, if one antenna has a
%ﬁ%%?%&gﬂaﬁ%ﬁmhnplifier, then the transmt power of
[0063] t he apftienpaibMtion i8 pettb@Rdfor BAVE  thARIl lof e d IR YutdEnds. then the
reduced b%ﬂagpu i ng anappropriate correction matriXx on
% 103

qopEctipm s ‘uneglilevied, séybends inay be bbtained ibyrinterpolating the
Pt R U BN ot BuFernl b THR S peipmay pertorm
RS, RRRIEENE il MUEGHOUD BT .o ke
SR8 010l BT Kol AR o e
i AP TP By O A8 (0066 The cal fbrat fon

[0064] fschenﬁledsc%%é &l 3RO \iSer i@ﬁﬁ@%ﬁ%he?%a‘f%%% tﬁé% ES gytﬁ'dc%?recﬁon

actors 1s obtained for eac ( e access
WaREs ey (6 Nakd 18] dk?’%\’%r "t WBALL h&fhg\iﬂiér%e@?ﬁfé MatME&! RS(k) and

to be derived for e accessd_?}nt t t .

j i i .erent user term S ]
R R I TR e Bt Ml oL B ottt (Rt for it
PR B eSS Bl ki B W on

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

cogErtanemairaKs, (&) i tveithe thestopstprintf showntih equatianb(l8s). oSimilarly,
rocedure, then the calibration results fromthese

tos user tamial abay deaive e eoresctige ehatrix K, (k) for its transmit side and the

correction matrix K, (k) for its receive side based on its correction matrix K, (k) and
with the constraint shown in equation (10b).

[0065] The correction matrix Kap‘ (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



I mprove performance. However, calibration is typically
perfornmed for one user termnal at a tine. The second
w@e@e/08160m nal woul d t hen observe the downl i nkp@/Uk20061603203
correction vector for the first user term nal already
applied. In this case, the prdHuct of the second
: re n_ve _
EOPORE® BnokREh Mot bl ol oY SRSVBE o GRARE P fmomit sice
amelo&qr ngwer(ldesl cesulie dh lves oferforyandes QA adjlisiednt Iﬁb)ﬁ?then be made

R IR TG T T
drhﬁsfllﬁf £ red§i08 chBAIThAR! sthal1g! VSR aldiveh HRdhnd! 9 e?ﬁnollqle due to

i mpl enent ed) . pdatesfromnutlpeuser ternnal
3 sfjaler qninng gdia enfoabibnatiore makes na edjmitmeht foryhibentenna since the

ane na The updated vectors may be
%lﬁrcrecfeiﬁqy apé}pﬁl es(aﬁ‘f/mﬁ cgchEfduct oper ation).

[0066] Al t er ¢ talibration Sch&BEEeRYIBER GG, WheidBy bvRetot 8f E&‘E‘é&‘ﬁ@n factors
measur enent noj se, then ME|ghted averagi ng may be used

s Obfagied | 9B Paple| futhe] awesy PP tawd wese cissmipel, rallowsetoompatible”
E&Fébﬁ LOQoN &6 HRM Bed”‘ﬁlr tﬁ%‘llcce 5 né({l d\gH] tFﬁehceglt\)/IWHs%l is performed

romwhich t e usér term

b}O differdnit msﬁr\taumnzls K thp Bcdeék; })olnﬁmmrbﬁtﬁl mﬁ%ﬁﬁ&ated ée gt by one
uc

correct on vectors sz’etﬁf’ are derived by a

O MPFROt %rrqssmenaﬁal %&ﬂr@&enbwmﬁ%% vectorsmay Pbe updated with
&@h&%ﬁd&ﬁe&@@ﬁ&ftﬁn%&% (k) and k ap2 (k) may be

derived by the same or different user terminals. In

[0067] one eFgsogkavenie, ift tveo uselaterhineds siniltansoushc tporfsmarthe calibration

%Hclﬁg It@% ﬁmeacp ?1 g%ﬁogﬁgﬁﬁt%b@réltﬁwrﬂsm( fg%mg\ggs? {rpgytbbe averaged to

Ipeﬁbrmztﬂﬁé UIBW&& Cd&[lbfaﬁbh O %féﬁﬂ{/ Spe"f‘fo?mg@ffof‘ e user
ask ap3 (lc) = k apl ere ails
fesrnal at pdEne- She pesond ésax/é(ﬁrgmeé dvcanl%ﬂag iohgpryethg. dowmmk with the
b L8 SRS M) 550 S G IR [t o

thalsetumdt ¢oprectigud atedsr avith the Qﬂﬂleﬂﬁredﬁd)h Wios Ymayt BE€RIs@ as the new
smal%er va | ue faor a |s better, The updated correction

%fpgr # kyeighipdiaverseme” &@f‘é@w bl ek gkosiused. The
448édsp di!\\eﬁygfﬁﬁ lﬂl@&aﬁ %ﬁl&?ﬁ %r?%ctlbg QR2lor ASr SHNE Jce?mmfals and not

equations (10a) and correction factor

diffgiept anest |bef61@mhu$ﬂn temyindde (althoagh akis may alsode Anplemented).
artes§ }'}1 acc unt. f.or the re gonses of the

I? ansm %u & MET. WH%JF Q& Segientipl updates from. ongyserdemaigal may

tzotrédtedrhy theesdn®dy Mabidrl DTS Lupdhted LEiérsfrhip be lJﬁI%Etly applied (by a

termnal to derive its correction factors an
Rrpdict epsration)s Alieipaielp if Wi dierdeing isrdssitest to reduce measurement

rﬁﬁ)gél HR t hout
havi ngh ?%i%l%af AyF }rf%g% Iﬁ%fﬁ)?llqsoe ﬁ%gmﬁf%%pgaegegg‘go\gd uggr
[0068] ter MAgle acekdd Aot Vees @oﬁ&%ﬁn%&tmsngl,pl (Mo transmit the MIMO pilot

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

correction vectors. The correction vectors kapl (k) and Eapz (k) may be derived by the
same or different user terminals. In one embodiment, the updated correction vectors are
defined as Em (k) =Eap1 (k) -Eapz (k), where the multiplication is element-by-element.

In another embodiment, the wupdated correction vectors are defined as



performcalibration with a first access point to

derive its correction factors and thereafter use these
w@orosegtsson factors for conmunication with a SBCDOS2006/003203

access point, without having to performcalibration

with the second access point.2IThis can reduce overhead

f.or cal jbrati Qn for an access point that conmuni cates

Wit ) LK () - & iy wheneny risii Sactrdisécbto mrovide welghtadl avataging (e.g.,

t hat comuni cates with nultiple access points, since

Oat @it Ik | Brthe salipatioreuptbitesf ave infaeuenty thenni ealtib mgasaam one for «

ﬁzp(a?% ﬁ%?ét{:? %7@13 faglg Fe ab eske(ljrgtsf&{qé%gtl l?tg rnop(sye’chgn a smaller
B TNt iy e3Pl LS Lo P SR o e

serit

Q&\é@ﬁ%?%%ﬂﬂh\éy o r%rd%%#taggiot he calibration processing

e user r a multiple-access system
[0069] HowevAE shdvﬂelm@ﬁmﬁ@ﬂsl (Q02)wRat(00t), theaBrreéonRetols Mt a %w)en station
al so be derived py the access point, which wou
Rﬁ}é?fﬂ QY dbe AR agesss pPElt jor uiek)telaa@zvé) @ecounk ferstde responses of the
LALILO AL PR Ryl o s, 160 SERRE pliy LS, g catbraton
withva fastl vses temaihalute detivr mllsrxairreb’mon: &hatmaﬁlﬁl tHefeafter use these
eceive chains.in real .tine

ARG radf OF EmnEhin Wit & SSone iseh elmingb ryitfiont daving to

pérformdedifbestRmt with afle @BEhd 8P A8 HRall O Sﬁﬁl'f’drgy & dedNerminal may
perfornance wi t hout the need for tight uency

refperralibrmper withedfirsarsess poins topderivents ooabctbma&cfors aatl thereafter
ﬁsl%etthras%cé%%g?g [}gcrtﬁ%%ﬁfg) %%118130 Jlﬁh,&?slgi(;br access %;omt without
leavingy mcperﬁrm%llbraﬁeﬁl S\hﬂﬁﬂhatsb@ﬁﬂ a{c@&? binth Q"hfsaédn%&ide%erhead
g)a bt; %gr med based on "normalize gains for the

SAEGTA aapﬂCP?ﬂ% POHY ARAS [commyyticates avigh guiltinde gherderminals and

I t . ..
fopate el 1 SO EnlcnR LIS RS Rl Sfprasion s
wrisetded Koy @ch comiruaicatingipait ofitivmsand SNR per spati al
channel ) to be obtained based on gai n neasurenents for

[0070] t he dinrtbe abeveideserintion, thesottoetivni veictonn & .. (5) iand Iake, for ke X',

been calibrated. [0073] The access point and user
drerdetivad byrlye userttemihyl, bad drRceectdieik, (FHCoeVRfit bAMRUD the access
|l evel s such that the noise levels on the receive pat hs
tognt. t Bhisschass apvintdgeandy distibuter thenallibatien processing among the
approxi mately the same. The bal ancing nay be done by
usst ferminalfgfor empliipbeadeiesosystes. g Howsyer ithed¢orgection settomnk ,, (k)
of a received TDD frame (which is a unit of
alth\Ith (/0 knhaphlso ke tedveslbysthe acgess peitit, hdsclawoilditheiBend the vectors
average power over a particular tine
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.



duration (e.g., one or two synbol periods). Generally,
the tine just before the start of each TDD frane is

W@ k@ansi3f0 t r ansm ssi ons, since any uplink dat aPemE$2006€003203
recei ved by the access point and then a
recei ve/transmt turnaround t2me is necessary before

t he accgfscgﬁ': @8n§i&§’ﬂfi%§ s on the downlink. Dependi ng

on the int onment, the noise floor may

[0072] 36 detgy éHliBPﬁioQﬁ‘ﬁd%}doecﬂérﬁnﬁéﬁmé%Ed 8h “K%aﬁi&%%ns%?the downlink

ownl i nk and uplink channel responses are
anslaunlinkdchannelds, i wiach eret gains gives eelftiveoto. thivomoise floor at the receiver.

ecificall he. channel in for a given subband of
SRR 0) Do SHEY RE b 050 B QP on R, Bfhame
gidiiseandeSNR fpef sgialNEhBnelRfo bd1Sbtambl Bagll doh@il 88in¢&Fents for the
i 1ot synbol over the transmtted pil ot synbol for

‘?‘h@ftli@u piberdbe dowalindeanduptinkrhavedean edheatod ant enna

pai r .l j i . | to the . . .
07 B2 R 5508 Bkl 65, e e i
leeslgeudi fHae itk aeise revelie on ahidradder@dpagied i thoractdde point and user

acces oi nt and ]th normal i zed gains for the user .
eapRelaP PRIPHBLENL the fatife Ehr balendinghmey degianer bt extimating the
MR 168 by BRHRY ge&@%hyofda teiveBTD ¥RHY ((kich 108 wnit of
correction factors for the access point are close to
davinlipkivpbiok rensniesion)rthat hes e mémimuni avdragenmiwelr ovifapparticular time

.to 1. [007 If the correction factors f.or .the
‘ﬁ%%‘f“t (G ‘#& °rg‘|LVPfS§Pltb§FB%d§)-f S?ﬁf%‘kf’ tthe “’F’ﬁéﬂstthffg’f%g@rstaﬂ of
da€l MDMAfrafe Ys €164r dTeraflhiBsibis, SBE ¥ny MRAIAIRLEH be received by the
correction factors. This is because the user term na

3¢6@5s et aad thanm regeive/tranymek furnaroendhiioeiis nessesary hefdrenthy access
&I [ ' r it power for .
it SR80 e Rl Yok B8 hd A RdacR B Bforint,the noise
flocamsayi tie qeoevatinddisasedren b nambeeef TOD fi6és0Enel downlink and uplink
eneral ly not d%si rabl e, since this may reduce the
ol fespprsey arethen measyrerhrelative i dhis peise floer. Merasneaifically, the

L.a i i | L.OF C .
i e

tzeobtdined, Hemexaypde ak ithegratib ef dngust eidedt pilotesytiboho¥eadh®transmitted
e D e R 3P ot oy T S Y Bt

VR lthetkeqaiicto YR inBisufdiainedivided B9 M&Ssoiseflios, gai n del ta
n be conputed as an average of "the differences (or

ca
[0074] del t o)largst didEsmencheinn dremabimalidedagains o thehecabssupioimtkand the

STelPY ' .val of. .q9aj n delt.a ed fo
PR Bl R B A o Rl L fiieliPh A 40P e wser
temuihaltteirghgreattyc disferqno fioin @kigNIT édirdction ERFMY FQGhe access point
correction factors for the access point. [0077] Wth
arhelogsotoruaisy ibecrupathedirst edement hEthsamdtiindSy db s tol. gai n

delta, the downlink
[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



channel characteristics may be determ ned fromthe
nmeasur ed uplink channel response, and vice versa. |f
wao b@ongisse fl oor at either the access point orPeTES298€003203
term nal changes, then the gain delta can be updated,
and the updated gain delta ne? be sent in a message to
' 7 . descriptign, the
L bRl Bt W art B BBV RN By B scl St o o
pain rdelte Jliffeerceror eatio)obetivaat dresdéwrlitast splixiasghnndl fdiponses.
2B.e set!l[l(t ag}_ﬂgel(g% u_s(gd by the access point and the
H&f agan, pe gpped, ast sxprageot thediffersnpgs{(gr deltpbbetween the
: C ¥
ASRRPADEAD] (T AORLL b SNMACTTRIRANAC VLS (& B Wit used
o e apeegtiem frgtors fom¢haser teymimal ol benwent tl the aaqepd point Aong with

A éﬁgegn fa(%torfstK t on the transmt side and/or
e recer verEae g ng%tglpg?ges§%n§:al i bration is
[0077] per f oWidthe Wokrettia fachs Gad ithy dafitlg AANMR! brKaiR id1ts! Phk o wnlink

channel responses are reciprocal, regardless of wher e
chpgterigtiasgnay by detenppnedfromathe mewired tplink ¢eABYL response,

: [ 4 P ilot is transmtted on
SRR (AR08 LR Rl Pl conss,
then tite gain ésital cantbe uplistedipindnike aftafsdetain 88ROASELe 83 irfa message

1Q,pilot is transmtted on the downlink by the
g%% @g‘b%}tm' to allow the user ternminal to estimte

[0078] t he dRWel ﬁ%v@h@é'é@ﬁ%icfn?stﬁ? NS fbraflodB¥dis P! Rlo is?ts or vegfors or
pi l ot conprised of T pilot transmssions sent from
thafriced) Ofl dorrREi N Rars YdHsagh kihaRd, Rith (oh8 REIMKS SinRMhel Js@iby the
each transnit antenna is identifiable by the fecelving

&tc@gsiﬂ?)_%t ahandbier Bl Rtt QBX% kragecgﬁ_sﬂ g{egﬁs%fj te%ﬂgxll.f The 2egess point

transmtted 1 n vari ous"mann ane or fer

g o f i.nk | ink. .
YSHA 8 SRR hy S S 03 ) e i,
L5y S5 R RaD  STE 5% R RO o

i Lf. y enet ed. as "P) that
CEREL S80S PO U b Shon
thiaenatibteted dbweplitkoand melinlowhbirek respdndds ate Netibrdcl, refdless of

| ink. For each tranfma]t antenna, the sanme P OFDM
%%%8‘]’“?@0?;%@&?{%@8@ each synbol period designated
for M MO pilot transm ssion. However, the P OFDM
synbal sMIVMIGGPfIge ant enna are covered with a different
N-chi p V&aIsh sequence assigned to that antenna, where
N f i nd. N > Nut for. the upli.nk.
100791 " SRE BRSO P R by T Rk by the user
terminal to allow the access point to estimate the uplink channel 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 Nt pilot
transmissions sent from Ny 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



between the Nx transmt antennas and allows the

receiver to distinguish the individual transmt
w@nicensse [ 0081] The P OFDM synbol i ncl udes oP@I/US2006/003203

nodul ati on synbol for each of the NSb desi gnat ed

subbands The P OFDM synbol t2us conpri ses a specific

t 6 T ad‘i | t at e an na%?i Iggt_ ﬁ\Ynﬁn??r hf;%lh ? ‘%é’g@} %%S%%ﬁ%q?ma the
WP BRON s QFIS %kraﬁgdﬁx? e%@éﬂb%g%eno% degigngteq for MIMO pilot

peak-to-average varia smt
bilﬂsunssmThl $lommyert, ltiesn Pr@EDE syrhibola for eichodntétingt € tcbPdted with a

@E%I no%iﬁﬂ'ﬁari generated by the transmt and receive
TRE aﬁl%‘ysqqﬁé?f’er assigned it thatprion, adews Ny Ngr for the
he channel estinmation. [0082] For clarity, a specific

TgkpdoN £ Mg éertheuaﬁlnisel Wérlshacespssiok frnaintainyppDybnality
?S%W ng’ieli\g this system ﬁ access point and user
RS antennas apd aHews fhertsedyrdo shstimgnish therindividual
@Mghﬁmnmgy\n dth is partitioned into 64 orthogonal
ubbands, or NF = 64 , which are assigned indices of

[0081] +31 tbhe §2OFDM tshrebel @mhsi@bbmndnpdtd&lcsu bjan]misfo(r aaagh of the Ng,

YellaleBNEEDGET TP OEDY B s opisbses suigioiticn s of N

mbdyltior? tjhbels ethb.ltsﬁfh fBé seiebRll BNEhcRRSS! Ma¥insll 68
t he DC subband (Wlthyl ndex of 0) |sc not used, anﬁ]!m{tffi}g by the

TERGTES i THYS sopbay flsarke dafingd ﬁ@mlnilg‘eeb fhecpesletaravasge variation in

n uct ure
st 71 SEAL PR SR gpgon o
IBteamj/agche&ﬂQd b&at}&ndammtlt tahé drecdiog tché,ﬂas Whidiﬂ 889§ thaN result in

A nt MAC) and Ph 1L P
IBB’é%" agéfrg%'ﬁ@% %‘Frméeé)é Bl)larﬂ%g‘m caIyS:_g;ler ?he{ he l;Y)GHZ
[0082] Band For%mtgﬁh%ghﬁlﬁg%amb' Iaﬁbt i$ dRMbIbLE 'b‘élo%&’gcg %gg?egﬁc MIMO-

synbol 'udes a set
M ays‘cm FHorsbisssysiom, tthﬁe ad@sdpoiat snkbhxaefrdmrrmmdl éach have four

tPian?ﬁt/rééé?x% ?I%S Thl ’Zhe system ba¥1§b odth qs?%gretlt%hgg mto 64 orthogonal

s{l,lﬁblzgndg) & IQ,iQ 6?1 Whloh alfe agsaéne& indices o431 15 1321 Of these 64]’Su’bbands

48 dubbdnds l(e,g W-lth,lhdlcés,oﬂ-i- 1,I 0516, 8, 1.,,20,22, .1, 26}y dre bisdd fot data, 4
-1 -1, 0,0,0,0,0}, P(inag) = g

S{lbba@d@ (@8 Q‘&@th.l]}dl];eS]_Oﬂ_‘*‘{'ZL 21}) are-used for, pilot 2nd possjbly sighaling, the

]%C libba%d %\11][1’1 Pdfx f% O)_L1Sf10’t Esed arfi 1:h_eL refnalgmg sTblaandi arg aisolnot used
ahd kefve-dk, gubrd sGhtands. O}I‘hi/&thFEl\'ﬂ sitbaid GBbtufOls dddBribed in further
O§| .ot he val ues wi thin iilbracket are given for

E’b‘b‘ar?d QCeBk for IBHE, W@d@% 802.11¢ pet entifteds TRagtt 11:i Wipless LAN
98t ALl AC] kRSP BBy TR o

first line
PilyﬁbdlLayeﬂm-thq 5 sHzBanddnSaptdntited 1099, 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- {0,0,0,0,0,0,-l,-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,
091:_1’_17"'19_]-,]-a'19_1:"1:"171:1;‘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,
O,-l,-l,—l,—l,l,l,—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},



subband -26, synbol (-1 +j ) is transmtted in

subband -25, and so on. The second line for P(real)
wa@paeP§issmg) i ndi cates that synmbol (1-j) is treeEOb100€003203

in subband 1, synbol (-1 - j is transmtted in

subband 2, and so on. O her DM synbol s may al so be

ry 3.F I -8t . an .enhodi nent he
HREE o B i OV Bl il e GROEL ks lop uoans
indlices $3R1through - £ (fo0 1, fitdBlire) 200, thwngh V81 ot @R lseb@id liufs. Thus,

A IR T O
"0" i ndica - mbql i .
B4 o 05 ) i B S SUTRA 5 s ond v
oD ) e el AP (6T} G PR i subband 1,
synibeh r(ad —fQris arabdrivdegiih GubBahd MS Mng So V. t Oder TN I\%ﬂﬂfols may

synbol periods, or Nps = 4 .Table 2 For |onger M
259 r used dorsthe ¥EMIA pilohe Wal sh sequence for each
t ransyi epna i § S repeated. For thi t of

[0084] \ sﬁﬁlséélq%@%oc agenty ﬂjg WIE?I%?%&F? %@1%‘?\3 8@%@? gequgnces of
Wntegean, )l £iel gswolt= r oL i WEVRD S .
ort hogonal ity anﬁﬁg Hﬂggfgﬁ¥ﬂ?%a%g§%?ﬁgﬁ?ennasthgdggflgvml
Whakhrseqesneera valye d£11°Vidivates $hit EP ©TFBM Yeatol &&lsmitted and a
respopse, based on the received M MO pil ot by
‘ﬁ’i‘}efp BE n@ncﬁ%e%&%laeﬁeﬁ’ﬁw yrbek és frapsmifted (ie., each of the 52
REdIhEIH Sinbolsdn PAE MRFeqe P10t sent from transmt
antenna I and receive y receive antenna / , the

[0085] pi | gtTa’OéQ: 8i l\imjt}twOFmisymbaIstmgﬁliﬂtedi frofni é4th I he EB&E eransmit
with the sequence assigned to transnit antenna
%Wnﬁa%g’ﬁﬁmﬁtpék’wﬁﬁﬁﬁ% that spans/fers syrghol petieds, or N = 4.
perfornmed at the transmtter. The decovered OFDM
synbols for all Nps synbol periods for the M MO pil ot
are then accunul ated, where the accunulation is

performed individually for each of the 52 subbands
used to carry the MMO pilot. The result of the

accurmul ation is hi j (k), for k =, ...,26 , which is
an estimate of the effective channel response from
transmt antenna i to receive antenna j , including

the responses for the transmt and receive chains, for
the 52 data and pil ot subbands. [0087] The sane
processi ng nmay be perforned to recover the pilot from
each transmt antenna at each receive antenna. The

pil ot processing provides Nap Nut values that are



the el enments of the effective channel response
estimate, Hup ( ) or H k) , for each of the 52
WG aivbasisso [ 0088] | n anot her embodi ment, a FouPCEDS2006/003203
matrix F is used for the MEVIO pilot. The Fouri er
matri x may have any square di%fension, e.g., - 3x3, 4x4,
5x5, and so on. The el enents of an NxN Fourier matrix
may be expressed as: -le (@aéhg IB-1) N/ n,me for
=, ..., Nandm:\, transm_t antennals

assi JneéFW Fommof—F—The—etepents—+n—t
assi gned ot ARhnH3 99| t Qné&Hhi 2P| Y, A?ﬁﬂaﬁnﬁ)kl ZEAﬁ%H?-%éS

in dif jme intervals, in si mann

el emmts f a /\&I S equence.pl N ggnerak, any

ort hq P L yn;:ll\f\ncn el pmgnf S 'm\/pq-uni 1y magfﬂ)t ude
nmay be us2d to|mul tifply the ppPlot pymbelps fof thepMVO
pi | of = [0D89] | yet anof trer _emnbodment —that1+s

appl icabl @ for|a MMD OFDM syStem | t he Bubbaphds -P
avai | abl e4for 1ranspp SSI bn arp div|ded pnto N P
non- overtapp-Rg—er—e-si-eorrt—subsets—For—each-transm t.
antenna, pilot synbols are sent on one subset of

Bdthbﬁﬁ&i‘ MIMOSGRIR tiah{Bisibh,ShY Sygslfﬁéhﬁ?we%? @115 npaﬁltenna is

can cycle through the N subs |rrE|n erva
WWGEW‘?%SEU gl§ Sleboﬁ Welstisequenoes, tfe MIM(]\@lMDmnbmissmn occurs

el o By B aal 2ot BBLFHE pihasopriiy e the fou

MShmtamseﬂmhied t he channel estinmation may be
perfornmed by both the access point and the user
[0086] t er i Hha TegEiVPI ghayatiomiicatn eptimaje ot tienchatiec efespnpse \besed on the

and
Ig%‘l{éég(ll\@gﬁg g fib Bﬁ ;Q chan ng%ﬁ r es p@ ﬁ}gleel]ﬁ Plfs;,g%sgmﬁ 1#‘? Ragtiular, to
TECQVEs ﬁeqnllot/srlny fromhiransmitradtenh e Nantbedeived Bierdc¥i®e bfténna j, the pilot

f t escri bed above. 3. Spati al
r%ﬁg)eg‘?:egsél g%e’["gc f]rn%frﬁ s é%?tr@P%ﬁSFf‘é*nWBbt%é?\ﬁa Ishh sequenge assigned to

tRSmitRintdhka ¢ HRARREMpISRACHY SRnBYioRfe Walsh covering performed at the
transmitter. The decovered OFDM symbols for all N5 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
I;,.’ j(k), for k==1,...,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, ﬁup (k) or _Iﬁdn (k), for each of
the 52 subbands.
[0088] In another embodiment, a Fourier matrix F is used for the MIMO pilot. The

Fourier matrix may have any square dimension, e. 8., 3x3, 4x4, 5x5, and so on. The

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

2D
Som =€ N forn=1,.., N and m=1, .., N.



exploited to sinplify channel estimation and spati al
processing at the access point and the user term nal

WO 0r06a8TFBD M MO system and a TDD M MO- OFDM sy sRENUS20Né/603203
simplification is possible after calibration has been
perforrred to account for diff&tences in the transmt

E ann g‘?ﬁﬂé gm% @e gss %lsrsg?l m&% %f) et e% ﬁ—lh %ﬁea!ﬁller%g téﬁg tth assigned
BTN 43 uséd! @0 Eﬂﬂt{lﬁg 6{)16 lﬂﬂbf Gsémﬁolﬁ 11|1<'?11ﬂ? reﬂtHJlmé Ant)si%fais )in similar

s H, for the u proxi mati on
FI9Bn4r A8 theeﬁ@mmts 9f a Waéﬁlpmqmame ( Bﬁga)lera$, ady erthondrhal magix whose

[ f ctual correctio ors [ 0092
OrBk R iy S b8ty 1 Neef b oPoisafl bl Br b for the
daMQIpAgional i zed to obtain the Ns ei gennodes for that
subband. The ei genrmdes may be vi ewed asorthogonal

[0089] gpat i My et rmqther sm bogimeny theg i apnlicable dor AeyING©- @EBNEVMBIH the

d 0sSi t
aﬁ)bgﬁmanne l'ﬂrg e@b gxl%ggemﬁglpl? Il'%[‘(bg Id@({(?t—!cf;méo el‘\g-o \S;\Iéqri?gpmg or disjoint
siibsetapbei ¢ach tran$mit hatennd, i ﬂb’aAﬁc}z‘il)nﬂjmls{T%gg%n]lt o%LogHgsﬁs)gb lot;1 srubbands in
' [ = H (/CH :
?\Afgbfih I @&%{%CEW Eﬁ%ﬂ f P%%@I(I%F%anya%eetarqylﬂhutbm Ne [sabagtsi in Ny time
@SP4 Sxﬁu@@&&ﬂr&% of#sUB the &ﬁrat?od"’@? thB %/IME &ﬁ%§7?h\%§dﬂ\)f6 Wot may

(*) = Uap )Y (1c¢) ere
@apbﬂr@)smlgechmqﬂmrmanmrsum tary matrix of |eft

ei ge i s, apn Nut. X dj agonal

[0090] ma? r P%g%a%(ﬁ i 03{}}03‘? H@al)(/lggg %‘iol%llﬂﬂ’pb? tr?nsmlﬁ?fglatﬁ%?ﬁ%‘m?l gséimation
may bapexbiaged by bethythéédebx péiht Sndihe BEIRANREE BlringOdalibration to
chp(l ) [0094] A unitary matrix Mis characterize
¢iya1nhﬁlep Bﬂprﬂwbyulblﬁrﬂd Thinnel Gespoasp astina@! W, (#)€and the effective
si ngul ar val ue deconposition of the cali brat ed

r
wigi{;ﬂggﬁgﬁﬁﬁ%rﬁ)é %@Bﬁ?@ ?—LIR';JE]%()) b?‘spe&%%ir (x}ﬁ%ch arirﬁién %@ed to derive

thq c¢2&Yiofi artora} asidessibddabdve) and Uap (Ar) are thus
also matrices of left and right eigenvectors,

respegtively. —of Hcdn (&, where " * " denotes a
corrpl -SB@%LM matrices ut (*) " * ut (*)

different forns of the matrix V

[0091] ut ( k’ghe ccé'fﬁjattqapebém%em less doamlink ynd upligk chinnel kimporsds Jmay be
expﬁﬁféd ltjé'il@mgpl?fy %ﬁgnn%i gﬁmgltlfofner ns&aatfla proce(s)sfmgt Qt the atccr:elss 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:
H, (1) = Ko () Hy, (DK o (K) , for the downlink, and Eq (26a)
H,, (k) =K., (0OH,, (0K, (k)2 H’, (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



Uap (A1) . For sinplicity, reference to the matrices

Uap (A1) and Vut () in the follow ng description may
wW@b®e/0ssf@er to their various other forms. The PE/DSMEE003203

Uap (A:) and Vut (:) are used by the access point and

user terminal, respectively, 4r spatial processing

3 PR ' cripts. . 1009 .
FREodhe A FERE. T ol Alon IR S by ertbrmine cither
Singulive valdetdbcbmpysifidd bErthe Shta respodsd Qi @IE@' 8 eigenvalue
"Linear Al gebra and Its Applications,” Second Edition;
dexatpokitioPbLH8 coO8Gon MAirE oA B (4)NGAHIAAE a}t(?c? =e¥ gh P (kY.
reference. [0096] The user term'nal can”estinate The
[0093] cal i bFke etbgulenwvialuekdeshapnsition efthe salibateddusinkachdhvd response

] ot _se by the access point. The user term nal may
&ﬂ%‘ﬁf’ ﬁgw:bgr’ﬁﬁlaé’ibr?ﬁp’fﬁsﬁlaﬁg deconposition of the
cali brated downl i nk channel response estimte Hcdn ( )
, for_k K., to obtain the diagonal natrices (k) and
the nln(ResUnEZ(FV.ofc) | eft eoydreEct ors of Hedn (/c¢) Eq(27)

for /c e K. This singular val ue deconposition nay

be given s Hcdn (k) = ut (/ I )UaP (A') , where the
vihgre (Uphy ingnda: e Nahunitery matrixnefilef eigenvdetors of Hi.s(Rn
estimate of the actual matrix. %QOQ?] Simlarly, the
acces2(fgosan Nai Nas diagana matex odsingulat eduespif iRk, (k) ; and
channel response based on a M MO pilot sent by the
user Yafhi isan NEneN aométety mpaiciptof mght ¢iperveptersfafr i, (k) .
si ngul ar val ue deconposition of the calibrated uplink

hanngl e _est { mat, k. K, to obtaj
10094 e R GBI TR M 1S St CBE papyr®) G M-I

C&tdspOi sy bt Qirpull vhind meéorh%r%sglti(%g& ffe 'éalibryéi}édgbwnzm% channel

si ngul ar val ue deconposition grven as
respongdantxy H f, (Ak ) may HeO3phRksddegause of the reci procal
channel and the calibration, the singular val ue
deconposition only needs to be performed by either the

user Mgy () rdV, GnZ(HY, dkress pdbnk &K .obtain both Eq (28)
matrices Vut ( ) and Uap (A;) . If perfornmed by the

user termnal, then the matrices Vut (A;) are used for

Epanhtaiced VOQRF Sha QU atk)t A th&e4lsd Blafidedlof #Fdadd Bent eigenvectors,
matrices Uap ( ) nmaybe sent back to the access point.

ERON el hef MCEDS WRdrat "Ry déloi@ PRoBPi& E(ﬁljlg%&@i TheNRatrices

matrices Uap () and (k) based on a steered rfeference

¥ew), v the wien, @l .arhi t ;
o008 Y, R VER) ST ey nengE v, . and
nhatAB8 U PABLIN UL @) CRELY @) ShEBRE FRAEnPYhIS¢ the matrix

access poi nt. *The’ st%e nce 1's descri

BeR . rbNsS IR R AEY nhttces U,, (k) and V,, (k) in the following

description may also refer to their various other forms. The matrices U, (k) and

V.(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



Patent Application Serial No. 10/693, 419, entitled

"MVO WAN Systent, filed October 23, 2003. [00100] The
woreaosiogsso Uap (A:) and Vut () nmay be used to PCHISI006/003203

i ndependent data streans on the Ns ei gennodes of the

MEVI O channel, where Ns < midN ap ,Nut } . The

spati.al _processi to tr mt. oultiple data streans

Silte fEoiRamtion of Bicelbratekdqvintipk sbamish Eespanss estmate My, (6), for
Upl i nk Spatial Processing [_OOlOAl}c The spatial e

froKesty w§tan yihe néiagonal malripgsnl(K¥ oanduhe mhatrices V., (k) of left
transmssion may b e expressed as: x up (k) = K t111 .
pizenvegipLs ‘QfZl‘.I)ccsfﬂqu foizk e K . f Bhis lkinguldr valliq de@Spostt@menay be given
up (lc) is,the transmt vector for the uplink for

~

av1Bha 00 KV, anE(BD, (Fewhérs tHe BAYEA VMRS it faiR ih@obEs that it

non-zero entries for the nodul ati on synbols to
israarestimate ef theractuabmgixei gennodes of subbanddk. [OglOZ]
Addi t jonal processing nmay also b e perfornmed on the
nodul @HYS {hsseess oin cap ssimaledhe salitsrted mplinke thanpelresponse
ly 1 i ' 0 e.dat
Do 40 PO P e AR, PR Rt i then perform
singdiny ealuSNRcompagitionxofivtitee kyliteaed | ulink shdnneBtrésponse estimate
subbands. The spatial processing may then b e
Bp(igs sedk @sk , xo Obhirrthe diagonhlohatticed<z(B0akBhe mhages B (k) of
111 , (k) is a matrix with weights for the (optional)”
 di 1 NUST $HOR. 0 : s
e e B o K P by e L 8*3%05%3%09 may be
ower 1o ch~suhband @Hef ore the nodul ati on takes
g‘i"%@ ﬁﬁmﬁﬁﬁ%h&gggéytuﬂ@vector S 11 (Zc) includes the
channgl inversjon coeffjcients and the matrix W111
[0098] "\ oo Gk it dgPFasal éﬁ%&e oid( ths) calitgatiome the “singular value
deebinpydifich dBECHdRS tODe JRrMSE b9 eithBE tHERdel Yerd¥inal or the access

[0097]

point to obtain both matrices ﬁm (k) and ﬁap (k). If performed by the user terminal,
then the matrices ﬁut(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 ﬁap (k) and Z(k) based
on a steered reference sent by the user terminal. Similarly, the user terminal may also
be able to obtain the matrices Y_ut (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 “MIMO WLAN System”, filed
October 23, 2003.

[00100] The matrices ,ﬂap (k) and ﬁut(k) may be used to transmit independent data

streams on the Ng eigenmodes of the MIMO channel, where N < min{N >Nyt The

spatial processing to transmit multiple data streams on the downlink and uplink is

described below.



111 (Zc) in an equation indicates that the channe
i nversion coefficients are not incorporated into the
woe@bos1sp0 i k) . The lack of the matrix W11 ( PQT/US20861003203

equation can indicate either %ﬁ) channel inversion is

not performed or (2) channel 3 veriao?zli peEggagz?

and inc ' ctor S c) .

Channel Qzl{gfj R SphdhlpdolGssi ornmed as described in the
[00101Faf or emﬁatsgﬁ{aqeg;r&es%ing’%&eﬂﬁ% W8P hdrfidedl OBr 35t traNSnission may be

10/ 693, 419 and in comodnly assigned U S. " Paten

ﬂﬁ’éﬁsﬁa@ﬁion Serial No. 10/229,209, entitled "Coded MMO

Systens with Sel ective Channel Inversion Applied Per

Ei gennode, " fil ed August 27, 2002. [00105] The

r ecei ¥e@ ) ki)Y 8PSp(®si on at t hefoadoe&s, point may  Eq(29)

be expressed as: tup (k) Krap (Ar)H 11 x115 (k) +n(k)

, . for k e K, EqQ (3 1)where r (lc) is the received

VBt ok, f/or is thedrapsmitriectos forshbupling fkr subbgkd kiandaddi ti ve

whi te Gaussian noise (AWGN) for subband Ic; and xup

(1c) ss(Rsisshclete ivactetwdthi op t0 283 noh@®iDEhtriehefor the modulation

recei ver spatial processi ng (or spatial matched _

filtering)syatbolsfe bgdwasmitisdionthd Ny cighemodsseif vehtbanpki nk

transm ssion may be expressed as: =1(k)U (Krap (*)H p
[00102]( , ( *Additionl psoagssitg magldoche) perfdrmed lon the Kraduktign E@@bols prior

= (*)<.(. *)S(*YV: (*)\Yut (Jc K) + n .

bk Al b A o, 5 e o

dubbMERI(b.g e ortdack By eh®Bde)sQERTTHARhe QBN SI@R'i@é}pr@zﬂﬂlately equal
(& .is the post-processed noise. Equation (32)

'§§§ Aata subbands nEimwetizl pregessingymagi handie expressadmsd at

the user termnal, the transmt vector xup (k) is as

shown in equation (29), and the received vector (k)
i s asz‘-@({@ﬁkimf(k&im&‘ﬂﬁﬁa(@sﬂk) B. Ddenkienk ,Spat i al Eq (30)

Processi ng

where W (k) is a matrix with weights for the (optional) uplink channel inversion.
[00103] The channel inversion may also be performed by assigning transmit power to
each subband before the modulation takes place, in which case the vector 8, (k)
includés the channel inversion coefficients and the matrix W, (k) can be omitted from
equation (30). In the following description, the use of the matrix W, (k) in an
equation indicates that the channel inversion coefficients are not incorporated into the
vector s, (k). The lack of the matrix W, (k) 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 Inversion Applied Per Eigenmode,” filed August 27, 2002.

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

r,(K) =K, (0OH,, (k)x,, (%) +n(k) , forkek, Eq (31)



[00107] The spatial processing by the access point for
downlink transm ssion nay be expressed as: X (k) Ktep

w@ dwpnsEp (k) (k) , for k e K, Eq (33) wher ep@I/{$10P6/003203
is the transmt vector and S n (A') is the data vector
for the downlink. [00108] Agaln, additional processing

: ' ' . b f d th

WEet Lo PO B s PN P o0 p R 8 SBRna e spatial
j . 1 h X [
5 e AT Sl NBle S SRR AN B e
h | (i ' . i ved downl i nk
tr anor el s S ol R G P ey “be  expr essed
as:r dn (/c) = Kmt_ ( :)Hdn ( :)xdn (/c) + n ) , for k
[00106]e K . Theyrecgyr fratial progesying (prespatiglematshest filitring) et thesicogys point

ey Ll [ at the user term nal
?08 Fh%%¥%0%%5%$%1pﬁ El{a?r%g)r% ST O may be
expressed as: -U*) = ) t(A)Krat (/c)H (yt)K p (/c)y;
aS _pt ¥ ,hor Ao e . Eq (36) =1 (/0 t Vt
(e 58 W @iefin (o) +nie) =5 () 4 (A,
Equat i on .(;36). Aassupres that cghannel inversion was not

per f or med &DUHE)AseH pt)I,, (HMea (st a(kect or Xn
( 1) is as shown in equation (33), and the recefordde K, Eq (32)

vect or ESH I, BOTRRAMNGAL, SANAIHAEGSD) - [ 00111]

Tabl e 3 sunmari z€s 't he spati al proGessing’at the

access 'pOiQﬁtQJrﬁg)the user termnal for data

transmsdp reception. Table 3 assunes that the

addi tional processing by WA:) is perforned at the
wever,

SOt 1o B RO
i dent.i L X, ble 3 100112 h

BEFBn fan i ds 4 Rashpcrnod siate. %,qﬁlﬁtﬁfiia?% ?@SﬁIfneé ghat channel
. j : K A . t .
bl Ses BofipdlrteR AREL AR bipiabatl B8 sERER uBjor Bp (s as shown

%%ﬁg%fongg%%nq @é?%c%&etggfﬁgﬁg{ ;;u\g?k)cgrars %ﬁgvivﬁ) 1nn era%%trici)rf: (e_’;sl).rmy

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

expressed as:

X0 (k) = Koy (DT, (F)sen (B) for ke kK, Eq (33)

where x4, (k) is the transmit vector and s, (k) 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:
X () =K, (00, ()W o, (k)$0n (K) 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:



matri x. The correction matrices Ktot (A) and K nt

(k) are used for the transmt side and receive side,

w0 e®pegtssvel y, at the user termnal. One of thEGEUS2006/003203
correction matrices may al so be set equal to the

identity matrix. The correctl% matrices K (A) andK

k ht t k d
W) B Rar D Ba e 1 809G (1 chrariaup (/o) . Ba(39)
where G (Jc) =K k) (lc) and @Qup (/c) =Ktut (/c)Wp

00110(1%) 2o SRRSO e % AR B8 i

&pﬂiﬁqmengverbdamﬂtrﬂccﬁmnsmtssmnmy&ie eapiessdsgi tting station
and using an MVBE receiver at a receiving station. For
exanpl e, data transm ssion on the downlink may be
acmd,g{k)ad—@ (irp)y_ityk)ng(k)he correction factors on only
the transmt SI de at the access point and using the

e descrryn o SO E IR MR ARG

t he descrlptl
subband i ndex kris_om }n the equations. The rkek. Eq(36)

cal i br at & déWak (Y éfﬁ}ﬁ(@wdp(@_aﬁéhﬁ}ék)fﬁgﬁonses maybe
given as: H 01111 = R T 111 = H 111 , , and . Eq (37)

Hcdn = - =g} (kf+HEpP, ap = Kut HdnKap = Hcup . Eq (38)

[00114] The user termnal transmts a pilot on the

uplink, which is used by the access point to derive an
E@taitlﬁm(?e@@ssm thﬁjIChamebhwmmn wassm psforniadent siecaesass point, the

oi nt far n ar .val u |t|on of the
B3P Elos P TSR it EriFiab S By he B uRBNFeipEa () is as
ﬁﬂ%tlh%ﬁ'ua{n%ﬂ)(ﬁss and derives the matrix Uap . The access

oi nt then uses Uap for spatial processing to transmt

[0011 1]d at a Tabl¢ Beswigerzesdhs sphtidl eroddshig ch ahe elccesd posktomMd the user

001 Th dd i nk
P Rl hpbsbiotstsn tessiial 1Ay basBIRecRabtheaaiditona

processing by W(k) 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, (k)V,, (W, (F)s,, (k) | §4, (k) = 3" (k)Xut (K e ()1 4, (F)
Access Receive : Transmit :
POlﬂt Sup (k) = Z;. (k)Uap (k)—-rap (k)zup (k) an (k) = _I’.‘{_tap (k)ﬂap (k)ﬂdn (k)§dn (k)

[00112]

In the above description and as shown in Table 3, the correction matrices
—K-tap (k) and K,ap (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, (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 Ktap(k) and



I =H 1Xn + n . Eq (39) Equation (39) indicates that
the correction factors are not applied at the user
W@ eooaiosisse The user terminal derives an MVBE SPEl/is1006/003203
filter matrix M, as follows: where Hedp =
Rut HTapKapUap = HK L ; and- ¥ nn is the autoco

riance matrix of the noise. |f the noise is AWNG\, o
KelBritsy ERcqmoingguih Tasooighi marigas Mancld §10 Wap(ilopsbtain gain
The user ternminal may derive Hedn based on a pil ot
mativesn t t@g (B) ongndi t hGt f(#) dat ahbre t h& aegeds WOJWL (k)  and
[001 16] The user term nal then perforns M\/ISEdspatl al

sstn ol lows: 5msee = Mucin J = H dn K ap

g%ggﬁsé%?g@ﬂgﬁ(ghl) , where n includes the MVBE

filtered noise and residual crosstalk, and smmse is an

est i mat @Ot PrARfss kR HPOnSLInk The symbol estimates

fromthe MVBE Spatral friter matrix Mare unnornalized
[00113]est i nBhiasrantmission bt Dgiswiiiak Snay T B SehidvRE By EplyI®Y correction

nultigl smai se with a scaling matrix D, which'i's D=

Famies E‘K/S trepymijting statighengd using pravIMBEdreseivemett @ secoiving station.

S f . yser term,nal lies.
el AU Ml o6 ' At W P Glea Papring e
¢drenationh dactare roal dnlyl dvntramsknic ide ne kher &spsnsent@id esife the MMSE

B S Bl o BB A B it

the GebMAdShakk Rls biftcdSA the B84 EHBAL., Tﬁ@%agfraféﬁ o SAH and uplink
as: The inverse quantity in equation (4 maybe

shagnol aprpenscamaydlelaivesas . - rut i i edn --iednK nt + K

rut nnK rut ] Substituting equation (43) i Ft 0 eg]uagl_lhon

(42), the fo ing is obtained: MEq (44)[0011¢ e
receig@d=ﬂémg*ﬁﬁ&=g¥ansnh§§ﬂon<at the user termnal, Eq@7)
with the correction matrix K

==ut ==

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 H

H,,, as shownin

equation (27), and derives the matrix ﬁap. The access point then uses ﬁap 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:
ro =Hg X, +n . 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=Hg,[H,H, +o 17, Eq (40)



1111 . applied on the receive side at the user
termnal, may be expressed as: dn = KrutHdnXdn + = K 1
W 2e6/08560 (45) The user term nal then perfor nePGAVBR006/003203

spatial processing as follows: pus =M dn =M, Kn =
M , = Sn . Eq (46) Equations$4(45) and (46) indicate

t hat the. use erm:nal. _can og ai n. t he sane perfornmance
Wi t h helsln{ﬁ%gé‘tér"é’é)ﬁ]@%ren%agﬁ’é? 8 eisc ot her ¢ ho
correction factors are applied at the user termnal.

IFhiee D& s AWCRS Shdilpi NPEEL|whate RECRYRY ParfaBbe &MMe noise. The user

n,

m smat ch between the™ransmt and receive chains at
fehgindPRby Heivd pel - SRRk d et il '
deri ved %/’\n %wkgidﬁ biagéhte%e orrec%fln(%ed%t ors gﬂrele&aﬁ%w the access
pml. i ed on the receive side at the user terminal and
00116With dn if the %orrection factors are applied.
[00116]1 001 15 useriermmal thep gerforms MV Essnabial nspcessiag apfallerrsiay
be achi eved by applying correction matrices on the
transgnt siff and/ or the receive side at the user

termi fdf° an i’ng the MVBE receiver at the access
point. 4. M QEDM+System [ 00120] FIG 5 shows a
bl ock di agr Ko chbo®) nent of an access poi nt 502

and a user termnal 504 within a TDD M MO- OFDM syst em Eq (41)
For sinpli<M~N,, & heMwl | ow ng description assunes that

the access point and user term nal are each equi pped

with four aptennas that may be used for data

t ransni ssi or" and™f e€cepti on. [00121] On the downli nk,

at access point 502, a transmt (TX) data processor

whe ECel ematd Akl Fifteredl nBise ainﬁgrggiﬁrlﬂtl 'é:?(%g@h{t, $hd 8

from"a a_ata source 5 and si ghal1ng and =mmse
dstinafen®t fhetatd Gsbrer SONITIRY yAibo? 3kimdtss FRLA Y VOESE patial filter
510 formats, encodes, interleaves, and nodulates
thatrie. M siyerhohorimlizdd tdigndi@cef RAIAREPmBE. JBRCHRY emAnal may
stream of nodul ation synbols for each spatial channel
wléglyf 8p datith trsealnd ssitdn. D Awhichs paD ﬂ¥di§>g 9@%}}]‘1 228 obtain
recei ves the nodul ati on synbol streans from TX data
norpalized sptimatgs gfdhe detafsymbglsspat i al processing to
provig four streans of transmt synbols, ong stream
[00117]¢ o~ b usat temmanal gmplies 4aq eqrrestion aipder Ksaor Kiisen its receive side,
tgulti pl exes in pilot synbols as appropriate (e.g., for
eft ther teralhylo shanngl-resprnse verwdd beNHR), =82 H e eiThe MMSE

and processes a respective transmt_ synbol
spatial filter matrix M, with the correction matrix K_; applied on the receive side at

is an

the user terminal, may be expressed as:
M=H, Ku[K, H B K + K0 K5]", Eq (42)
The inverse quantity in equation (42) may be rearranged as follows:
(Ko Heo B K + Ko Ko ' =Ko, (M Hlg, +9 KET
. Eq (43)
= (Ko) BB +o ) 'K,

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

M=MK_ . Eq (44)



streamto generate a correspondi ng stream of OFDM

synbol s. Each OFDM synbol streamis further processed
wh00a/08¥samsmi t chain wi thin nodul ator 522 to gRCEDS1066/603203

correspondi ng downl i nk nodul at ed signal. The four

downl i nk nodul at ed signal s fr¥m nodul at or 522a t hrough

22d t p t . t.ennas 524 .
L0011 P PO e b ed, AGRTHC bERRE OMe A TRBRR0. i o comection
Rlddix RNl Qppis dinde FRERE YRlelbdelsaemihbieth g%%kbfggsed as:
nodul at ed signal s, and each antenna provi 3 S a
recei ved signal to a respective denodul ator ( DEMOD)
554. EgchKjeHpdyl anerK3>4 (which includes a receive Eq (45)
chain) perforns processing conplenmentary to that
erformed_at nodul ator. 522 and {)rovi des received
Dot termimal thea peefommdy M snatinl proesssing es f8Bsper f or ns
spatial processing on the received synbols from all
denodul at9ﬁ§55_4 d_provi ﬁi recovered synbols, which
are edrinatesedt e SwluF o™ Syrbol s sent by the  Eq(46)
access point. An RX data processor 570 processes
] j I ecpdes) th
Eutions QY30 (49 Ffcro B8 Bb T BTy A GLIEF 3 3Ene bOformance
ik GuedMISE secebier repatdiels of edeiter dw dor@tfior fadii@are applied at the
siﬁnal i.ng,&ﬁlnw n, which are provided to a data
WSehergHaaty Jhe %“g BIOSRRFIME mplickht pesormds fepeny Brismatch between
thi tafiHiit BHORBSITE BBhind AW2Mer LoRIda0! THY HSnveSe sﬁdﬁﬂl ri%Ped filter is
control the operation of various processing units a
denived witbsH, pof the carrectioneactoman matlappkiabqetheirveive. side at the user
Menpry units 532 and 582 store data and program codes
iggaigaiapdvoith Hol|iEths cogectiondaget, are eppliedt i vel y. [ 00125]
Dur i calli bration, RX.,spatial processor 560 provides )
[00119] " o\ SHHRHY o (AT BRI REHOthas D2 MRkl M4y be( pebievegnpE happlying
doPre8dn MaHicea s thelarlshet MEAdRlL 1RE 6&%@@ %mgtg% ‘?l?ﬁjlgéér tdMRinal and

agcessl\&%i nt. RX data processor 570 provi
usglg the MBY{§Rnedeives gptbngecesspointat e, HI1P (A:) , which is

derived by the access point and sent on the downli nk.

Cont r‘PI Whe channel response estinmates

H 1(A") } S ives the correction matrices

K ap ). and Kyt (A) , and provides the matrices K
[00120] 3y (Aﬁe Bohgwes @a‘ikadlﬁg@@e%%@} cberliment ef amateessspaint 502 and a

WRacterhfal 564 AKEESS TR MIM@-Q{?ﬁMI dyEfen 8for éfﬁ‘ﬁ)ﬁ&'iy, the following

derives correction matrices
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).



111 (A') and K 1111 (A1) based on the correction

matrices K ut (A), where either Ktat (A1) or Knt (A))
woreoobes @ | dentity matrix, provides the correcP€DOS2006/003203

matrices K () to a TX spatial processor 592, and

provi des correction matrices kTOH (A) to RX spatlal

r the .y
(o0122) 00 PESAmARRLARIER) EORENAL EEHRR A ARHRL it ool
Qttt?emd@vxgﬂncmke a batrespandingi strearhi 6fgOBDM pyrolals.s €ick ©FDM symbol
nterlea ated) by TX data
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GRREpRdINY QFRHTRMER2ate VG £1 ah&%{ﬁlllri%wxpsr&);@gd@&egﬁ ggﬁls from

symbol s. The pilot and no u ation sy

‘BP@@@@% 8825 jhrovgh F2dd s e trapsigitted rfaine foyd amtknnas 524a through
mq%%;e%g%%ggnm s, which are then transmtted via

anten to the access poi nt. [00127] At access

[00123]p0| NtAthdser terinali P04, ateiBakIb 58 Rdeisé madra‘hsﬁ\ﬁ@edf&ﬁﬁﬂﬂ]ﬁ%odulated
nt ennas, 524, denodul ated by denodul ators 522, and
Sb%’&@se%gde% peneR Biexidenla prcstved s&_l,gna@;ztg anrdspactnﬁxdemodulator

(BHFNOD) 938S S B 1P ﬂgmbﬁ'l%lgtofr%gﬁ e@vh@%le nclfeS 4 eﬁgigglnﬁlall’g performs

to the processing per USer” e
pmnasmgg caimplenzniaoy to Bt peebinadd pir @oesiswr 526 An@HRyvid@Sreceived
H 1115 (A), whichis

FpP B R ERRE SRD DR PO s5Poro o0 pisiais ERstiabgrocmsing on the
rkaeWedt bRRdtom I %eﬁ@&ﬁlht%?sss ﬁ%d&ﬁ)@l@ésereéo%‘éf‘édv g&bg% which are

controller 530 and provided to TX data process
eptimates of the mefdwationsyrhkols sent blydhmamﬁss ppia01 28] RK| data frocessor

OB 08 s AREL Bl SPEL bl 0L 150703 symbos

aﬁ@ZprDVldEd @ecoded Fata. sSR! deebdad, dith %5}0 lidcMeNEbcovered traffic data,
des |pt| on assunes that al| four eigennpdes are

SLERplRg, Ands ¢ ogs & 1‘[10629291]0V!Neﬂh1i0na platsc sink 0Y725 fi@astorage and/or a

es four nodul ati on synbol
cgﬁtgaéﬂr?s%lsgb Hrefltpro@eahyes | S1(H) through 4(n)) to be

[00124] t r anﬂmnvﬁcts 6A0 fand lSSQlcgﬁmmHeSperﬁkﬁjﬂld)ﬂvaﬂoﬁ%gﬁ)c@s’%ﬁ@ units at the

reans.for the N data_subband
acéersse 85? Jc cf) us’éllp te%rlﬁ?nsa , 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,

ﬂup (k) , which is derived by the access point and sent on the downlink. Controller 580
receives the channel response estimates Edn (k) and ﬁup (k), derives the correction

matrices K, (k) and Kut (k) , and provides the matrices Kap (k) to a TX data processor
590 for transmission back to the access point. Controller 580 further derives correction

matrices K., (k) and K., (k) based on the correction matrices K, (k), where either
K. (k) or K_,(k) may be an identity matrix, provides the correction matrices K K, (k)

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

processor 560.



and provides four nodul ation synbol substreans for

each data subband to a respective TX subband spati al
Woe@eestssr 640. Each processor 640 performs theCT/US2006/003203

processing, e.g., as shown in equatlon (29), (30),

(33), or (34) for one subband7 [00130] W thin each X

[00126]S ubb a'?ﬁ’ tEérsg{ menlﬁglﬁk aépbdae i gt%ae"%g Ld e((:ri%rlgc peessing
ﬁzt(tkg )downhnlpr dVital eadd ts[gnhh:mg atvepiot esset (&g, 559@&hr ﬁl‘t@h:aved and

h
RAale biat Brmordenooso! fuie Re e samoresed by T6 spata
brodessi 59D NehieH MY nﬁﬁﬁﬁéﬁe?qm;ﬁf(‘)t Q! b@fsge’fﬁré)g n%PFmP Aodulation

subband. Bach beamformer 650 recefves oné s
Suhals agfigherirocested dorhotulgtotsetim tb @enérag updink gnddiated signals,

ke t S, ted ei gennode. Wthin
LR AR fanlited B o R8BI B GRS FhB0 o v o
[00127]pr ovi Aeacckss Foditr1 10 HeiuplihR hfodB R da@rawaﬁe r&éé%@d b%@é%nas 524,
| so, recejve four elenents, V /B,i > v m3
‘?@quU}ated by demadwlatgesn?s v prasesspd MrantRDé sastm@memr 540 and

tQr e col u

fﬁih g@ggit%?a? Qrc%a&%g ?ﬁf glr a%/lﬁ%\'k(e}mt{h i(sh rgp eglcn a :{Sttﬁe processing
pewfommad bf thevesemidrminal Viduring chliration, IREX ypdtian iSrocEs%@f‘%O provides
multiplier 652 nmultip|lies the scal ed nodul ati on

Ay pbils Ohﬁltrwl iestimateg iy 6ick, owhiehl isederivid (kbsgd amdthe MIMO pilot
provi des "beam forned" synbols. Miltipliers 652a

transmittl BHAE yeo writnal 0 Mhehe@rtar FEQkS1ahedewdosy 5&&%13 530
(which are to be transmtted from our ant ennas)

aldrpmvldetﬁ‘ﬁOBX thtn puglessod O forespaaissive ky/the [u@&]t&ﬂmﬁac h
recei ves suns, four beam formed synbol s

0 nd : !
1001281 o " THIG" Potions 1yBAb dierae 0l 255X spyRlITossEarc Ohnwhich may be
a
B0 R T (TR G o
desenptivniassunees teat ofl fourexigendiodeoare delsytad firaisé.or f our

[00129]23;%%%1&13]2%?%\%@13%(9% nﬁ{}tﬁélg%ue;riﬁ}ﬁltq%é%&%egﬁg%d%a%%nhsymbol
st@aRi WOBicR! 18l dSURRRLg 218 ttth% gggj ?6 olﬂae(i!raﬁﬁ%ﬁ%h on four

from TX subband spati al process or the
esgdmhmdd$ defrmitiplénes feach pudabi mt@x\%r S&Z@ea&ﬁbef(br kel NbRiaﬁP(ﬁﬁ)bands

ot ol s, r condi ti oned
lprovﬁé/snt%ur mod at?on 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
s, (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,

Vi (£), v,,,(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



synbol s, and zero synbols for the pilot subbands, data

subbands, and unused subbands, respectively, to forma
wGeewaesiseo of NF synbol s for that synbol peri odPCTUS1006003203

calibration, pilot synbols are transmtted on the

desi gnat ed subbands. Ml tipli¥rs 668a through 668d

over .t he .pi | ot synpol s r the four antennas W th o
GV St 8 - RO RRD oo veex L phcier P gplinks Sogh awpliplier
as described_apove and shown in

5%0%@@11%%3‘&% Sl B pware BYRRALS Ytholts, Pigenyrstor yalier pasf) and

B B e S S AT Ao o e
fomee syrhbsl stibsticans (Whicl &le tolbe tad§rhittell ¥y ©ur aRRANS) %o summers

c) , respectively. The correction factors for eaCc
u&%é&?ﬁ,y@pw@ebﬁe di agonal elenments of K 9 (Jc)

' : ' | ts of K
oorst oF RS Bp R o) 000 Ry AGHER R b e v
sigernddes Wit leatlt symbolr periddand agswdesa Igredohditiondd symbol for an

i.d transmt s ols. Multipliers 672a through
5ORAET BonSt SREHHR. 13 UWERHS(000) HSBET: 66 Wapre Videp faukGubstreams of

kA A g, B Bh EASrs
@Hd, atwpeetinely.i oBech bufer/Rattplixe A0 cbives pHiet i syimbbis. and the

419. 013 T cal,i brati on techni qu
DAL rablBOR b % SR REEPBGoR] GOk olissNo data
fubbards AMHALE bulfBaeltipR&BNG TN @Sn TRtiPexdsRlot Ef;ﬁséﬂg, prEconditioned
hardware, software, or a conbi nation thereof. For a

fahlea e 7arp SEmbels dor the piletrrubbands it subbandscimd wwesed subbands,

' e th c oint .and _use . .
FEXSRALETR] IRl Bt AT e B, AR HRRL erico. During
¢ahibegort bt symbals bee tfahShidsdd, ortlihgidedbnBéDabbaiisO MFERiBliSs 668a

digital signal processing devices (DSPDs),

'i%?\?'gﬁ )éﬁﬁ%sm@rﬁb@péotoﬁémh%ssfoc theppr aﬁk@métﬁlvpﬁﬂoéj‘&émumces W,
, t >
R e B A ey SLE et st and shown
HOLER, ST A SR ol BTG  rpectv
mmhﬁplm"rﬁé’m npl ement ati on, the calibration techniques

' i . g. d )
r001321¢ oo Nl ch 125 JHsouEhato TAar bt fiseiveuribs | Shmestion factors
i [ : o] nay be stored in
BT, B, L R o8 ARG, B s
e R S AR -

i mpl emrented within the processor or external
elements of K, (k) for the uplink. Each multiplier 672 scales its input symbols with its

correction factor K, (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 terminal within one or more application



to the processor, in which case it can be

comruni catively coupled to the processor via various
WOore@a®sEso i s known in the art. [00136] Headi ngBCED&2006/003203

i ncl uded herein for reference and to aid in locating

certain sections. These headi¥ys are not intended to

i i hed th ' . . .
B Wi BBl (SO USShE OFPEPEIaBIGS, g s
piocessingedevicesn DS PDs) grugrdminblsle dogic rdevﬁw@ﬂlﬂ)s? aﬁdlg Programmable

ose

00137 revi ous description of the disc
%%&EP#%EFB’?X@ BHOGEIS S0 CRTro i‘ﬁﬁbnecraﬁynselﬂ%ﬁn@mw@asors other
blectidific n
B R e 8 SRR ok BUE R op 2 combinaion
ﬂ@&@fly apparent to those skilled in the art, and the

l. def | d | d t
R L AT LY ERR SR TE T —
sithpeodiiled f(e gl, NreBdduesd, fillidions,! A1 Rb e&gniha’r DéEBIh Ofe | Binctions

not intended to be limted to the enbodi ments shown
fiescebesl berein; sTheosafievase eorfeg anant be staradeint 2 menioey unit (e.g., memory

SRBE S 21G 00 R GLR PBRaPRYle L SR 520 s 50
amaﬂpmj)rmfe)c ahé hreaidry gnit aybel 1ﬁ1@1eln(iﬁ’1htédl vHlsin it grocessor or external
vi si on dupl exed (TDD) comruni cation

el ess tine vgr'
EFRCCEOP MeTiFiyCass Bt eanierfPmimHeaively Gouslsérig ghe processor via

ﬁgﬁmﬁnﬁémggymgng@ﬂqﬂﬂ@%nchannel from an access point
to a user term nal obtarnrng a channel response

[00136]est i nHeadifigsr a@nlnspblded kheztianfoe| referemet hiel ts endtmr Wcatidg certain

b AR oS0 D SRR SO S s descrived

fhereirt Biedersaid thHesd1tdirbpth as[0h AR prﬁcéﬂﬂﬁ?qﬁlotﬁe?%e@c{big throughout
estimates for_the dovvnl i nk and uplink channel s,

the cpwespesilisationor s for the access poi nt and t he

| .b dt
oSt A B S SRS 45
pasdnkilleddn uld andko makaoetserths paRER inRntidhe VABEbiOEo@ifications to

laim1, furthe corrp si ng plying the correction
it GRS iPhes RT SRR AAPRerD R 964 SHUFH i G, o the generic

PrefeRi%EdsHdg heRin Qﬁgll%e tBflidd AR enXih&GEE Wifos d%Sirting from

at the access poin
the spirit or scope of the mven‘uon 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.



3. The nmethod of claim1, further conprising: applying
the correction factors for the user termnal on a

WO e@n®8nss0 si de, or a receive side, or both thePCTHING/003203
and receive sides at the user termnal. 4. The nethod
of claim1, wherein the deter#d ning the correction
factors for the access poi s Sthe correction
factors for the user term nng conpri ses determ ning
t he cWha¢ctdlamefidgct ors for the access point and the
correction factors for the user term nal based on the
follow ng equation: Hup ut = (X dnKap) where Hlln is a
mat ri x for at BRRORRRuE AT . :
downl ?'nk Cﬁ;ﬂﬁ%ﬁ@%ﬂgﬁgrﬁﬁs a natri ?(gdfoor tﬁﬁelpcg: hﬁa%%gf time division

felereaddd Déytcommumidation systeruydompkisoigannel , Kap is a

matri x, for the,correction factors for the.acces
poi nt ?l?{amng g Cgalﬁl&{ FISRORSG  CSHTE ec’f??r rae@qwrﬂwkf ‘g’é’{‘%‘asﬁ% [N access
phiat teseusef RfAInARI , and " t " denotes a transpose. 5.

The nethod of claim4, further conprising: deriving
cor r eebtpimmg acthenrel figppoase eatimatet fos i aeuplink Heanack éom the user

&%%lﬁ’gg?%?geéﬁog%@&d actors for a receive si d'e of the

access on the follow ng equation: wher e

K t opdéternsinimgtcotrectionr fattoss 0 tHeertéss Pofrd ahd esrréddion thiors for the
transm.t sjde_ of ot‘%he access point, and Krap is a

WSt riPsRipg)y based opdine sdhemsh respeRts: estivgtes; K the depplinksjagd uplink
| | s

Sk, SR By P B B e o

vt darnpidelnbéing used rtoxobtain T velibratedodbvailinkl ehamnél, response and a

furt he 0 ising: setting the matrix K tp or the

ﬁag{birelﬁ%{'ﬂﬁ}“ggﬁl%miges PHBCtrary matrix. 8. . The method
of claim4, further conprising: deriving correction
factors for a transmt side of the user term nal and

corr egt i onThemehed of elaim 15 fethereomprisingdf t he user

term . | | owi ng _equation: ' where Ktat
is a %@tl ¥1|H§ Stﬁ%rc ]{}ﬁctéggo{a?té) ¢ ?65 n@ﬁe aa%f SF LYY O ﬁetransm‘ﬁ side, or a
teceins side, @ibdth thé trahenit 8&d receive sides at the access point.

3. The method of claim 1, further comprising:
applying the correction factors for the user terminal on a transmit side, or a

receive side, or both the transmit and receive sides at the user terminal.

4, The method of claim 1, wherein the determining the correction factors
for the access point and the correction factors for the user terminal comprises
determining the correction factors for the access point and the correction factors

for the user terminal based on the following equation:
EupKut = (HdnKap)T H

where ﬂdn is a matrix for the channel response estimate for the downlink channel,

ﬁup is a matrix for the channel response estimate for the uplink channel,

A

K,, is amatrix for the correction factors for the access point,



termnal, and Krat is a matrix for the correction

factors for the receive side of the user termnal. 9.
wab@enetsbod of claim 4, wherein the determ ni NRCT/082006/003203

correction factors for the access point and the

correction factors for the us®r termnal

conprigsesconput i a matrix as an _element-wi se ratio

of  t hdrdt § TRITRLST B PTERHOn etPTS OT e userippmiaal 1A ng

t he matre ut based on the matrix C . 10.

The met hggﬁ%'tfbgﬁg?s%g@%( wherein the deriving the matrix

K1 conprises normalizing each of a plurality of rows

of the matrjx C_, determ ning a nean of the plurality

of noPmal i &bﬁlmﬁg’&g"gfﬁpﬁé}’ ﬁﬁ&ﬁemor@r}ﬂ%ﬂﬁd formng the

matri . [ .

nor a5 e PaRaRoR Pad R (B8 Mafiil Wl B Mieighlel pBint and correction

fastorsiBariaveorgvet side ofithe aocesapintdraped sethe faiowihg zquagioaach

of a plurality of colums of the matrix C,

determ ning a nean of inverses of the plurality of

nor mmzedegdyms of the matrix C, and forning the

matri x Kap based on the nean of the inverses of the

plurality of normalized colums. 12. The nethod of

vheiemid,, fsur idagix Ganthe icoiBgiondRktioyd Ag thB@rafBhiti t®@SoKa® access

and Kut based on m ni num nean square error (MVSE)

conput at i opoinfl3nd The net hod of claim4, further

conpri,sing: deriving the matrices Kap and Kut based on

m ni mia, né amatigx) frdheeqrmaction/fBEyrs fwitikiteativeside of the access point.

mnimze a nmean square error (MSE) given by the

foll owi ng equation | HupKut -(HdnKap) | 14. The net hod

of claiml ' e m ning.the correction

fact o?’s fo?h g&ggggégﬁlﬁgi n 3%‘5”?3@1%rrecti on

fact ogs : r ] 0 ] Yy a

e st an e iR R i Ry h RRHEh R T,

access point for a first set of frequency subbands,

and

7. The method of claim 5, further comprising:

setting the matrix Ktap or the matrix K,ap to an arbitrary matrix.

8..  The method of claim 4, further comprising:
deriving correction factors for a transmit side of the user terminal and correction

factors for a receive side of the user terminal based on the following equation:

A 1

t = Kth

Fad
Ku Tut 2

where K, is a matrix for the correction factors for the transmit side of the user

terminal, and

A

K, is a matrix for the correction factors for the receive side of the user

terminal.

9. The method of claim 4, wherein the determining the correction factors

for the access point and the correction factors for the user terminal comprises



interpolating the first set of matrices to obtain a

second set of matrices of correction factors for the
wa@ewess15ppi nt for a second set of frequency suPGEONR06/003203

15. The method of claim 1, wherein the determning the

correction factors for the adess point and the

correction. factors f(gr the user term nal conprises,

deri qu{ﬁptgmgi ¢ QA AS HafleMeB Ve 1@Be roddhe aptrinddgr ever the

for the user termnal for a first set of frequency

BabieHds andnd interpolating the first set of matrices

to obtain a second set of patrices of correction

f act ofeyiving the meatiess Kt eandi I8 q| bas et oraths exatrix] Get  of

frequency subbands. 16. The nethod of claim11, further

conprising: transmtting a pilot on the uplink

chann 4 erein th$ upl ink channel response estjmte

i s detfved brmethod qf elaen B; wherein thydorivingthe spateind<,, comprises

channST A GARE SHo i GO e AL R onse
Gown Thiiind Totesf e aaihalil dolBrBin G0 005 PLESuby Iy ona
compr SR BLBRR Ror S A T8, o Rl AL nmmaioed rows,

estimate for a downlink channel from an access point
to a user termnal; means for obtaining a channel

resporise €Blid methed bPélaiin9.uphdréil k@B g the MRADK USEHprises
termnal to the access point; and neans for —

det erwriaiging eadhaﬁtai;ﬁﬁkafi@%ffeamrof&ﬁé%n%%%cg? poi nt

and correction factors for the user term nal based on

t he cletermitiing @espensef astisamde thef gluralibe ofl Qumhdlizkd @dimns of the
ugq!dli#n channel s, the correction factors for the access
Bt a the correction factors for the user term nal

bei ng. used to obtain a calibrated downlink channel

r espoREBINgAe Fadax ko, dbased op|the kueen o tks verseonf ére lgrality of
The aratus of claim 17, further conprising: neans
W@Pag%&?wst he correction factors for the access

point on a transmt side, or a receive side, or both

the transmt and receive sides at the access point.19.

The ad@par akhesnathod bfdlamils, fufthertchmiprisiagpri si ng: neans

for deriving correctipn factors for a transmt side of

t he deezing thei metrigay) K,, and K, based on minimum mean square error

(MMSE) computation.

13.  The method of claim 4, further comprising:
deriving the matrices Kap and K, based on minimum mean square error

(MMSE) computation to minimize a mean square error (MSE) given by the following

equation

II__I.up_Ig.ut _(E.dnl{_ap)T Iz ’

14. The method of claim 1, wherein the determining the correction factors

for the access point and the correction factors for the user terminal comprises



correction factors for a receive side of the access

poi nt based on the correction factors for the access
wW@oioans152®. The apparatus of claim 17, furtherPCT/US2006/003203

conprising: neans for applying the correction factors

for the user termnal on a tr®nsmt side, or a receive

si de, . .t i i s at the

oo (SRR ik 38 R BB 58 e B o
s wp friequengy subtbands, fxod deri ving correction factors for

a transmt, side of. the uger term nal and correction

f act of deTPJpting fhee s ek iof angicesnio gblain feseppmhpetefsmgtrices of
dchig | t Ly dbbadds:
R e e R G
determining the correction factors for the access
al

poi nt , and e carrecti.on factors for.the. user, termn

conpr }és%es Jﬁﬁ% ﬂ}ogro p%?]fnoﬁ’rﬁ”hﬁrem ﬁﬁe IR e cqresction factors

B 1@ acCAdYpbint aadheicatre@bnaBctbREE BB tenBAARBRPrises

estimates for the downlink and uplink channels to B

det er #grivéng adireioiet ef mabires @f correctfonr factioes for dless Bsep ¢érmtinal for a

' rs for the user termnal. 23.

@%gs%gggEQ%%g&%*b%gP%@%@?, wherei n the nmeans for

det er imtanpaiatirigh éhec first &et o6 indtAedsotos obt@in b RcHRIC &% Sof matrices of
oi nt. agag the correction factors for the user term nal

%E’FPﬁP?% b 0% Shey yser sapingl for A gespmd sphofifiaguency subbands.

conmput ation on the channel response estinates for the

downl i nk and uplink channels to determ ne the

cor r etti onThcamethod of daim hefugbersmmmsimt and t he

correction facto f the user termnal 24, t hod

of paﬁr?lﬁfné?lflﬁé‘ Pdf?%‘?ﬂfﬁ;%ﬁl?qf%a%apﬂ?é;w frem Wr‘léi1%£§g§qnﬁ]ereSP°nse

ébtiviatd 19 AeHvad xedlod theilofiadshiph&t drbE up it Elpher: A put

(M M) communi cation system conprising: transmtting

a pi | '6ECIBHEa2 failog torne diprdawvebinl hannebk whersin dhef idownlink channel

L RN -

derived based on the pilot transmtted on the first

comupj cation |ink;. receiving a pilot on a second o
comul: cat 4 BAPRAHRS Fy hyfirelees tiae divisian dunlesed (TDD) communication

system, comprising:

means for obtaining a channel response estimate for a downlink channel from an
access point to a user terminal;

means for obtaining a channel response estimate for an uplink channel from the
user terminal to the access point; and

means for determining correction factors for the access point and correction
factors for the user terminal based on the channel response estimates for the downlink
and uplink channels, the correction factors for the access point and the correction factors
for the user terminal being used to obtain a calibrated downlink channel response and a

calibrated uplink channel response.

18.  The apparatus of claim 17, further comprising:
means for applying the correction factors for the access point on a transmit side,

or a receive side, or both the transmit and receive sides at the access point.



deriving a channel response estimate for the second
comrmuni cation |link based on the pilot received on the

W@ emonglissomruni cation |ink; and determ ni ng coPCEUS$10061003203
factors for the first station and correction factors
for the second station based ¥n the channel response

i ks o RoRAR Sy, RERRPEBRRE. T 2T on

and t meamsofor defiving coaedtion Sadtons fohe trapwein gids o theddtcess point and

beln obtain a.caljprated channel response for
SP? i%cq@sgﬁﬁﬁlreesw §iflel aftke asrgsspeimy basedoa df?% pRIFfisEipn factors

f&M@ssfpg[m_t he second conmmunication |ink. 25. The

met hod of claim 24, further conprising: applying the

correction factors for the first station on a transmt

si de, ,0r ecei v I, h the transmt and
recei v(g S?‘Efé%apgtar e ff%ﬁl@tol Ts bFPMBE NS he net hod of
cl ai ninddns foriigpiyihg GRIGREHESEM I actd R YR THe UsBSeBinAIRAT 4 @fhsmit side,
factors for the second station to the second station.
orza reg{Ee pide. 5 poby the frangmipand regeive sidescal tlps usst tegminal.
updating the correction factors for the first station
based on calibration with a plurality of second
st ati®hs. 'EBeap@araarspﬁ’rcMMSNL furheibom@prihise: t 1 e di vi si on
dupl exed % communi cation system conprising
tr ans‘i‘i‘F"l‘nszB% ‘1“1%)?953@%% factqgs crrmsmltaﬂéq ‘Pfstbe Bﬁqréqnmnal and
&reRtibih fa%ior§ QETREGH 58D of iRKysbf Rhfhaf bissh oﬁttﬁé 5(9’Pec{18n factors
a second station; a receive spatial processor
You thei wser tgrmimelond pil ot on a second cormunl cati on li nk
fromthe second station, to derive a channel response
estimate for the second comrunication |ink based on
the rzxei VEgk apsands Rfl @him and Wirdis Clk Vrﬁeaﬁlscfb’f‘n([é@érmlmng the
respgnse estimate for the fi rst conmuni cati on
erarectieny fastors dotothe tageess paing mnd el correction fadtors; foatma wser terminal
?ﬂﬂ&ﬁ@é'er to deternmine correction factors for the

Irst station and correction factors for the second
st at | mears@seperimminpemitiaunthedespoREroe Mmsme@nipmatmn on the

he first andsecond conmuni cation |inks,
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23.  The apparatus of claim 17, wherein the means for determining the
correction factors for the access point and the correction factors for the user terminal
comprises

means for performing matrix ratio computation on the channel response
estimates for the downlink and uplink channels to determine the correction factors for

the access point and the correction factors for the user terminal.

24. A method of calibrating communication links in a wireless time division
duplexed (TDD) multiple-input multiple-output (MIMO) communication system,
comprising:

transmitting a pilot on a first communication link from a first station to a second

station;
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28.  An apparatus in a wireless time division duplexed (TDD) communication
system, comprising:

a transmit spatial processor to transmit a first pilot on a first communication link
from a first station to a second station;

a receive spatial processor to receive a second pilot on a second communication
link from the second station, to derive a channel response estimate for the second
communication link based on the received second pilot, and to receive a channel
response estimate for the first communication link derived based on the transmitted first
pilot; and

a controller to determine correction factors for the first station and correction

factors for the second station based on the channel response estimates for the first and
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33. A method of transmitting data in a wireless time division duplexed
(TDD) multiple-input multiple-output (MIMO) communication system, comprising:

applying correction factors for a first station on a transmit side, or a receive side,
or both the transmit and receive sides at the first station;

transmitting a pilot on a first communication link from the first station to a
second station; and

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.
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36.  The method of claim 33, 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.

37.  An apparatus in a wireless time division duplexed (TDD) multiple-input
multiple-output (MIMO) communication system, comprising:

means for applying correction factors for a first station on a transmit side, or a
receive side, or both the transmit and receive sides 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.

38.  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 link 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
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both the transmit processor applies correction factors to the transmitted pilot and the

receive processor applies correction factors to the received data transmission.

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

transmitting a pilot 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.

40.  The method of claim 39, 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.



