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priority to Provisional Appljcation No. 60/527,201
entitled "lIncrenmental Pilot Insertion for Hybrid
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assigned to the assignee hereof and hereby expressly
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transmit antennas a H single receive antenng is composed of a single spatial channel.

However, the multiple transmit antennas may be used to transmit data redundantly to
achieve greater reliability.

[0004] An accurate estimate of a wireless channel between a transmitter and a
receiver is normally needed in order to recover data sent via the wireless channel.
Channel estimation is typically performed by sending a pilot from the transmitter and
measuring the pilot at the receiver. The pilot is made up of modulation symbols that are

known a priori by both the transmitter and receiver. The receiver can thus estimate the



transm ssion, as described below Since pilot
transm ssion represents an overhead in the
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chantl rehmmise Hesztlionythe @8] vedhgioe syrsbdlh end flerleosymeadmitied pilot
hle art for techniques to efficiently transmt a pilot
SYRPUS- 1 ti - ant enna system SUMMARY [0007] Effici ent
[0005] Pilot trRNSEISStEhaSHRREE faly WonSrf@hiS- ©Bpérk PotlPMASO receivers
multi-carrier nulti-antenna comruni cati on systens are
(wleisk ereorsgeitiens eqnipped Wibreesiagle au@ae) anseV MG rqseiwbesr(which are

fm%f*% e R AR Bl ” RO apl AR e, Bicaty
troalifereancliamtl bdtidiaes el aiisahdve digfbent ead@ireiints for a pilot
c annel estimates. M MO receivers typically require

trppEnipRiQn, S fieﬁcabe%@tewt ringepilet Eamsmassioni rapredantsean vsad in the
niurltfi) gﬁcffe}é}?i Iysrt nﬁrqs d&a6IN > nﬁﬁmlilE@tampr %raﬁgmﬁgh tgaﬂhgsextent
er en transmt and recelve antenna pairs
pbsitdst Hoeteeet, tHeQD8 frahimizsien ghowdd be rsaﬂsmasbmthrt\dmmMMO
a sin ‘frainin i x_of coeffigcients is defined

ftCﬁla(FrS%aﬂo felwéan qSFmB?tF%Pf sicienheiyn for both M SO

[0006] and M MRefLaeiygliste aTﬁb%dtlﬁaché‘ 'aRQ’ofT&tcﬁﬁl u&sOBt Aifentld transmit a
training vectors, where M> , and each training
pileidn emutrantinng systegwef f i ci ent s. The M training vectors
are for Mdifferent spatial directions and are not
orthogonal to one another for this pilot transm ssion
schenme. Each training vm&m&ed to generate a
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18t tAe OB sniiCar®&has. M sets of T scaled pilot symbols can be generated with
the M training vectors and transmitted, for example, in M symbol periods. The M sets

of T scaled pilot symbols are suitable for use for channel estimation by both MISO and
MIMO receivers. The M times T coefficients in the training matrix may be selected, for

example, to minimize channel estimation errors by both MISO and MIMO receivers.



anot her for inproved channel estimation perfornmance.
Each M SO receiver can estimate its M SO channel based
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estimation perfornmed by a M SO recei ver and

pHeisinpels, respectlvel y, ina4x4 system [0014] FI G
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bbid®) spatial processor and a transmitter unit at the
transmtter; and [0020] FIGS. 8A and 8B show a
receiver unit and a channel estimator, respectively,

wor o " oxchiG DESCRITRON O BIRBRARINGS s "o

[0011] exanpl ®Fhe features and nature 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 and
wherein:

[0012] FIG. 1 shows a multi-antenna system with a transmitter and two receivers;

[0013] FIGS. 2A and 2B illustrate channel estimation performed by a MISO
recejver and a MIMO receiver, respectively, in a 4 X4 system;

[0014] FIG. 3 shows a subband structure for a multi-antenna OFDM system;

[0015] FIG. 4A shows a pilot transmission scheme with a common training matrix
for both MISO and MIMO receivers;

[0016] FIG. 4B shows an incremental pilot transmission scheme;



instance, or illustration.” Any enbodi nent or design
descri bed herein as "exenplary” is not necessarily to
wheoosossre ued as preferred or advant ageous ovePCDURIN4/040429
enbodi nents or designs. 1. Sgngle-Carrier
Mul ti-Antenna System [0022] FIG 1 shows a
mul ti-antenna communi cati on system 100 with a
[0017] transmiKkIGed shods armaotose foracamismating 250kt amtheli0oli-ankamna system
usi n%lli.ci t%@ t{aggm'tter .110 .has two transmt antennas,
RS B eraia! RIE Fapspission SehsS: | ecei ve ant enna, and
[0018] MEVI O rEiceis\sBéws b BlbchAsaghat of BRatMEMARSAIMRO redef@r 3hd MIMO
M SO channel formed by the two antennas at the
receiyRE i the Bwlthpgiernisys®myl e ant enna at the M SO
receiv Y. | nel_ . .
1008] 1 00 oo 225h6s fAPRSEHTTAS She pockSios o8 B mijer ot a the
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[0020] gt en nﬁfs}sa 38 a0 g%ﬁ%ﬁﬁﬂ regeiv eyt apd & shenglssimaosirewectively,
f INEMINIO fseider Mal |y expressed as a colum, and a row
vector 1s normally expressed as a row. [0025] A MDVIO
channel forned by the two antennas at the transmtter
and the two ante e recei ver may be
characterized by%%&%ﬁhﬁ%&é%tri X -,
whi ch b 9 sed as; H = 2) '"h,\ 52 2 where
(00211 ot ry % %,o ?‘?o%’%.%lpi 15 uged, greg:n \l0 men “s§hiing &8 appgranmple,
IBeRpE, & iltiiatel.” gahy el®bieent bf anss deseAb&NREinak Fexemplary”
.receive antenna i at the M MO receiver. A single-input
15794 gresstary o pespassfrucdrasiteleriad o advagtasaeus o ves other embodiments
Of&‘g[@gjt/recei ve antenna pair. The four entries in H
are T ndicative of the channel gains for the four SISO
channels of the M MO channel. The matrix H nay al so be
vi ewdd SinglkoGheriar Mukizd ntéwnn Systeasponse row vect or
h,- for each receive antenna i . [0026] The

[0022] transmEGen sheRs b hdil§AhfenAa BohAmRMIRPLLysih® THEF5H 2 transmitter
transmt antenna to allow the M SO and "M MO r ecel vers
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hissoireesige anféhnh@ci | i t ate channel estimation by the
receivers, the trapsmtter can nultiply the pilot
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row vector Wniso , which may be expressed as:

-l_lmiso = [hl hz] H Eq (1)

[0024] where entry B , for j=12 , denotes the complex channel gain between
transmit antenna j and the single antenna at the MISO receiver. A vector is normally
expressed as a column, and a row vector is normally expressed as a row.

[0025] A MIMO channel formed by the two antennas at the transmitter and the two

antennas at the MIMO receiver may be characterized by a 2X2 channel response

matrix H , which may be expressed as:



transmt antenna, as shown in FIG 1. [0027] The
recei ved synbol at the M SO receiver may then be

wez@sessed as: [0028] msOfi = hnbo - * m + nPOT/ES2004/040429
hl - Ul m+h2 U2 m+snmso Eq (3) [0029] where
"""so''" is a received synbol for the M SO receiver;
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[0030]

[0031]

[0032]

[0033]

[0034]

[0030] &= KmW2, m\ i s a2 x 1 vector of

coef f i cit@nt shlg ed for pilot transmssion, where " T "
denotlds|a "t r pose; and [0031] "nfeOis the noise at Eq(2)
the M'S Fec@ﬂ er. [0032] The vector -mis also

referred to as a training vector since it is used
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t cal
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di dual O t hat

chfiScl sFBohises. sh d1lg BEBAY s B1UGLoPe SeHb bt knovinpriori by
b8t the nﬁﬁk%ﬂtt&%d%%&@ Ceh \ffdihtﬁt%rbhgfﬁ?éi @&ﬁningﬁm ty ptgé ?J%IVGI'S the

received synbols obtalned for tiple sy
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pil ot symbol sy, transmtted [ 0039 Thetransmtter
f@ﬁWCttVﬁa%@fﬂqlefﬂat A i BSip@ rdaMudiplier drhZb GriRT tte dransinission from the

“%ﬁ&% | mﬂlagﬁﬁﬁglgﬁwéffelver to inprove throughput.

S case, r'ecei ver would need to (1)

est i matEhetrbeeivdiasynto]l giathe MIBOI recdiver mdy2hen Beekphckded £
t he individual SISO channels that nmake up the M MO
chaing|= Bae W2} "us & 't Has e lohtnnet.gai n estingtes to
recover the data transmi ssion. However, for t e pil ot

t d i.bed
onty. hate ot ionteRR Syabelipr ohalhlBe o s
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is a 2Xx1 wvector of coefficients used for pilot

transmission, where ““ T ” denotes a transpose; and
n . . N .
miso 1g the noise at the MISO receiver.

The vector ¥ is also referred to as a “iraining” vector since it is used for
pilot transmission.

The received symbols at the MIMO receiver for the same pilot transmission
may be expressed as:

r —H-u, _}_E:li"l,milzlihu Uy, +hy, Uy +n1}

Yom hy Uy, Fhy, - Uy, THy Eq (4)
2



shown in equation (4). The MBVIO receiver woul d need
two additional equations in order to solve for the

wo oaos/osm8known channel gains. The transmtter CBET/US2004/040429

[0035]

[0036]
[0037]
[0038]

[0039]

[0040]

[0041]

facilitate the MDVI O channel gesti mati on by

transmtting pilot synbols using two different

training vectors - a and - b in two synbol periods.

The rece ved swbelrs, ak, fhe. WL,Q.recei ver may then be

expr ess¥8gs: [ 0040] EO™'= HE- Yt %—]LWF%?FdO feceived sypbpls for the

MEMOEedtife?) akdi0041] where - a and - * are two vectors
of received synbols for two synbol periods. The MEVI O

channel ni=gnass4i r two synbol
peri ods. The M ?églégggcﬁgmiﬁﬁ ﬁ%f@lfreéeg‘geﬁatl ons for

t he f ouForrsiaplicigdtie\piloosyinbals drb@ot shownea eqiidions (3) a0 Q4)
b . If the coefficients in the traini n&vectors -

and - *Th danppitispyRicaly, tranwaits date edusdratixg gm both “iransmit
aﬁféﬁﬁ‘ésvtg ”cheolgﬂS@ QbdbRvet Ofn t&xﬁecagé) ‘We M@%Qéé}%n%? %F%%lfﬁ%aﬂﬁ%hmate a

based e vec ors -
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cafireD gass aﬂdartchBZ 55 ﬂievﬁﬁmdhﬁl/ SISO dMagtheld \Wht 1BHQ1 ¥ the MISO
antennas. In general, a multi-antenna system may

chiifileliIft the AR EBKhALRs HULREAELY #5Mak ) AOYHINIRRS rebiver can
antennas, 1.e., and can be’any intégers.

aberage (drafileery hemaived symbblsredﬁt:mmdbﬁor anittipMe syetbel ‘peniodsato derive a
transmtt can t.ransmt ilat usjng Mtrainin ) X
A Grtty Ehagtiel SsHipfe b SUROBAITORES o iR dyaier i which o
dMa%r?ﬂot 11s"tBinSinfitedvect or contains T coefficients

for th transmt antennas. [0043] The received

synbol sTheotfranshattevoayOransost data in paralhed fonx bethstyaismih amtoymas to

B B85 S B B o RS vond e

t6 Y MP edtirpaE it Shadié048ins-h11$ AR, L dndchanis) tﬁ@ﬁﬂﬁfi&&l SISO
matrix for the MPvlIO receiver; [ 047] - is aTxM

changiels thef Telee 1x ther MAMEY ehasnelring @) wep these @lra@nm gAjtrgimates to
r&%%lntﬂé daﬁ%smlssmn. However, for the pilot transmission described above, the

MIMO receiver only has two equations for the two received symbols fim and T2m , as
shown in equation (4). The MIMO receiver would need two additional equations in
order to solve for the four unknown channel gains. The transmitter can facilitate the

MIMO channel estimation by transmitting pilot symbols using two different training

vectors %o and ¥s in two symbol periods. The received symbols at the MIMO receiver

may then be expressed as:

r,=H-w,+n .4 r,=Hu+n Eq (5)

where Ys and Ls are two vectors of received symbols for two symbol
periods. The MIMO channel is assumed to be constant over the two symbol periods.
The MIMO receiver now has four equations for the four received symbols in the two

vectors Yo and Lo, If the coefficients in the training vectors Y« and s are

appropriately chosen, then the MIMO receiver can solve for the four unknown channel

rb, I, and u,

gains based on the vectors La,



[0048] - is an RxM matri x of noise at the MBVIO
recei ver for the Msynbol periods. [0049] The matrix -
W@ eosas1830 M trai ni ng vectors or columms (i.e.,POT/US2004/040429

\3aMZ1 - MVJ)5 where one traipmning vector is used for
pilot transm ssion in each synbol period. The matrix -
contains Mvectors or colums of received synbols for

[0042] M synboFopsifiptidity,( theedescriptionLdbave s fEM) 2 x 2TBestdEVh Qhich the
recej ver can derive the MPvI QO channe|l estinmate as

FAGPRHIRE a[sdﬁ’@o}ra@%n]# antepnas_ ang: the—zeceiyprs. havg+pt mos toe receive
ds. = eneé ﬁ riultiYntehni s%st&lh ﬁ{%yui'chﬁie%éngn)ittér? %g&‘%ecelvers

antdnn
The est| annel response na
vobit aiymewnbsr o‘ﬁanpmmﬁs;n i, ﬂgarslolhmmtbhmnylmuega's Aeefaailitad) channel

h The recelved
Sl bF g MIRED TR et Griip bt fanhiis pigigtng M training

S [ R xpr
v‘[égtgfsks gs*ingM s?m'b(klepe-ﬁoﬁs) W‘%)él%t ?)[910054] ‘E\%Eﬁ‘iraﬂﬁng vector
capignsiIscagtiiciens fqy\ﬁhw"émamrnlbantcmel ved synbols for the

ooss) M Y008, 8L LOCR 0GR e Nibe BB ER by may e

expressed as:

[0044] R=H-U+N Eq (6)

[0045] where R s an RxM matrix of received symbols for M symbol
periods;

[0046] H isan RXT channel response matrix for the MIMO receiver;

[0047] Uisa TxM training matrix of coefficients used for the M symbol periods;
and

[0048] N js an RxM matrix of noise at the MIMO receiver for the M symbol
periods.

[0049] The matrix U contains M fraining vectors or columns (ie.,
U=[u, u, .. !M]), where one training vector is used for pilot transmission in each

symbol period. The matrix R Contains M vectors or columns of received symbols for

M symbol periods (i.e., R=[r, r, .. !M]). The MIMO receiver can derive the
MIMO channel estimate as follows:

A . .
[0050] H=R-U " =H-U+N)-U"=H-U-U" +N-

IC!

Eq (7)

[==g

may also be obtained by

performing some other linear operation on the received symbol matrix R

[0051] The estimated channel response matrix

[0052] The received symbols for the MISO receiver for the same pilot transmission

inthe TXR system may be expressed as:

[0053] Y oiso = ll-mxso U TR, , Eq (8)



msois alxMr O \y vector of noise at the M SO
receiver for the M synbol periods. [0057] The row
W@ e@s057870M SO contai ns M recei ved synbol s for RCBYRIDOI/040429
periods (\ _i T - * misog=r LY mso, ayYmso.b
""" Yr L-G; ,MI V\ ) [0058] The M SO receiver
typically only needs to estimate the conposite M SO
channel i chn,s #.spcM +' e+ b
f00s4] = LaNE iR P e o oY ‘(]a‘%“f%’%‘é“l\ﬂfé‘&?etéﬁegr?ﬁgﬂ%?ﬁ%%ﬁ’g(M symbol
peoodspsi t e M SO channel can be estimated with just one
traini ng vector in - . For exanple, if the training
[0055] vector €ontiahds Tathanasiasspoheiowt Wetordophs MISOLrebeiverYand
M SO channel can be estinmated as the received synbol s,
[0056] or i soRmorikg 1XMThRy Mo dTepeke @ theNBEO toodiwr fMBe M1 8ymbol
training vectors in - to b e the sane and pointing in
peredsy Y sane spatial direction so that the received
synbols mso 'a through msoMcan b e filtered to
[0057] obt ai n Bhevsve vegeu Fatrecantaipod receiveSGyntvalsnior M symbol periods

est| mat. T
(1 € | Sl L miso,a rmiso,b e rmiso,M])
. .y M

[0058] The MISO receiver typically only needs to estimate the composite MISO

Boso =h +hy +...+ D

miso

channel, which is T, and not the individual SISO channels of the

MISO channel. The composite MISO channel can be estimated with just one training

vector in Y. For example, if the training vector contains all ones, then the composite

A

h. =r

miso . The MISO

‘miso

MISO channel can be estimated as the received symbols, or

receiver prefers to have the training vectors in U o be the same and pointing in the

same spatial direction so that the received symbols Tiso.a through TmisoM_can be filtered
to obtain a more accurate composite MISO channel estimate.

[0059] The MIMO receiver typically needs to estimate the channel gains of the
individual SISO channels of the MIMO channel, or the R'T elements of the channel

response matrix H  This requires the M training vectors in U 1o be different and

pointing in different spatial directions. The best performance for MIMO channel

estimation can be achieved when U is a unitary matrix and the M training vectors are

orthogonal to one another. This orthogonality condition may be expressed as:

H —
U -U=1 , Where L is the identity matrix and “ H ” denotes a conjugate transpose. The

H ——
orthogonality condition may equivalently be expressed as: U "M = 0 ,for A=a .. M|

m=a ..M and AEm

[0060] As an example, for the 2X2 system, the following training matrices Yz

mimo

and Uze may be used for the MISO and MIMO receivers, respectively:

Umiso I:l l] Umimo {1 1}
Yoxa T Yoo &
[0061] Lo g -1} Eq (9)



[0059] The M MO receiver typically needs to estimate
t he channel gains of the individual SISO channels of
wWo b@sNEr©O© channel, or the R T el ements of thePCITaRI064/040429
TT_TTresponse matrix - .9 This requires the M
training vectors in - to be different and pointing in
different spatial directions. The best performance for
[0062] M MO chAsdedcribed abvarkiand secarin lquatiohi() éok Mi®® and MEMO receivers
urd t ﬁr.ix and .the Mtraining vectors are
PB&%@E%’%?”F PUSTRIHEESt her . Thi's ort hogonal i ty
condition may be expressed as: -J-L-m - I~ - T,
[0063] \where -ATsinglet h@nm@éntr@mylgrrmam»( B tay be defisdegnd used to

onal di t| on may
I PR IR o) T
am- 'angl' f-r iiso [0060] Asan exarrple
for theﬂzxzxrrgﬁ,éysteav the followi ng training matrices
[0064] -2X2 X-rtni ndW2x2 may te use( j fo r the MS@qz’(lm
M MO receivers, respectively: U ttrml issoo 1 1 U

o0 510 AP REg 5 M VRPN o B s

chivmeMeS@natich MeMoimarei foersothr s gid MEMEOL rdckideRRi NAhannel

atrlces g rcom [0063] A single conmon training

esIpgtiop Resismange Way bemiAdiiedy vasious pstegiamﬁmtaar@mlyent the
support b%hm M SO and M MO receivers, as follows: Ucom

caeffcients in =22 are selected to minimize channel estimation errors for both MISO

and MIMO receivers. This may be achieved by computing the channel estimation error

for a MISO receiver and the channel estimation error for a MIMO receiver for a given

matrix Uz , computing the total channel estimation error for both the MISO and

com

MIMO receivers, and adjusting/selecting the coefficients in Use such that the total
channel estimation error is minimized. The channel estimation errors for the MISO and
MIMO receivers may be given different weights in the computation of the total channel

estimation error. For example, the channel estimation error for each receiver may be

U com

computed as a mean square error between the common training matrix (e.g., —22) and

miso mimo
the desired training matrix (e.g., Uze or Une ) for that receiver, and the total channel

estimation error may then be computed as the sum of weighted mean square errors for

* the MISO and MIMO receivers. In another embodiment, the coefficients in Ui are

selected to minimize detection performance losses for both MISO and MIMO receivers.
Other criteria may also be used to select the coefficients. The errors and losses may be
determined by computation, computer simulation, empirical measurements, and so on.
The coefficients may further be selected based on system parameters and/or
requirements such as, for example, the number of MISO receivers and the number of
MIMO receivers in the system, the priority of the MISO receivers relative to that of the
MIMO receivers, and so on. The coefficients may be selected once and thereafter used

for pilot transmission. The coefficients may also be changed periodically or



- 2x2 = u 064] -.r [0 2Jb Eq (1O TrCOB [0065] The
coefficients in the training matrix -2x2 are sel ected

wo o00p0axs7@e good channel estimation perfor mancECT/082004/040429
both M SO and M MO recei vers.jgChannel estinmation
performance may be quantified by various criteria. In
an enbodi ment, the coefficients in -2x2 are sel ected
dyoamiqallm'bmi%dwmmilms éxtornge. p.o theamumabses of MISE0a] MISIO receivers,

Rt e el MO and BIniS s hersent Saver and”

t he channel imation error for a MMO re rsA/er flp,nmoa
[0066] gi ven - Ol'l'%érﬁ ysterr, the folfowing teiming mgtrmbﬁe—t“ﬁt ahd =%+ may be
rror. for both the MSO and r jcom
TR e IS QTR RO Bt FesP el ng ¢ he
coefficients[in t 21(2 puch that the fot aI1 ch@ann
estlmatloneL mnﬂlmzed Thecgnn estl tion
errors fypret I\/JrSOla M MO r egerve y en
di f f er ent™wei ghts inh the con‘putaf"i“on of tlhe-It oLa
channel estimmti rror. For exanpl t he clhan I
[0067] estimation error for edch amlcei ver %/ bé T TcomM .Eq(11)
conputed as a nean square error between the common
[0068] tr ai ni N@gaRl bisingl® c@nmon tAkAg angit Ya s@yibd MrmRAIRHE used to
desired training matrix (e. - 2x2 or - 2x2 ) for
sfrRwltaneaisky WﬂHPOfthéh MAR0 apd B(&W sensdverse 83 follgwson error
may t hen be omput, ed as theqsum of wei ghted nean
square errorg%or ‘e -feoifaihe M SO and M MO
recei ver Seom | uanouheruzenbégll ment, the coefficients in
- 2c2 are~s€lgctedr t o, m ryiwm ze detection per f or mance
| osses for bot# M0 af‘r‘id recei vers. Cther
[0069] Criteria may dhsovhe Wisedutd sel ect the coeffici e@qs(lz)
The errors and | osses may be’

[0070] where Usa =[W, W, W, w,] g W, for M=a, b, ¢, d js the m-th

com U com

training vector or column of Usa . The coefficients in the training matrix =44 are
selected to provide good channel estimation performance for both MISO and MIMO

receivers and based on various considerations, as described above for the training

com
matrix Yso .

[0071] In one pilot transmission scheme, the transmitter transmits a pilot using the
Usa

training vectors in For example, the transmitter can cycle through the four

Ucom

. - . ,
training vectors in =+ and transmit the pilot using ¥+ in symbol period n, then L in

the next symbol period 7+1, then L in symbol period %2+2 then w, in symbol

period 7+ 3, then back to u, in symbol period 7 +4 and so on.
[0072] FIG. 2A illustrates channel estimation performed by the MISO receiver in

the 4x4 system for the first pilot transmission scheme. The transmitter transmits the

pilot by cycling through the four training vectors in Ui , as described above. The

_ '
rmiso (n) - hmiso '.lLa +n

received symbols for the MISO receiver are miso for symbol

(n+1) mxso ub+n

period n, Fiso miso for symbol period 7 +1, and so on, as shown in



determ ned by conputation, conputer sinulation,
enpirical neasurenents, and so on. The coefficients

woreysosasrher be sel ected based on syst em par anRBCEDS2004/040429

[0073]

[0074]
[0075]

[0076]

[0077]

and/ or requirenments such as, jfor exanple, the nunber
of M SO receivers and the nunber of M MO receivers in
the system the priority of the M SO receivers
Fi@! 2A.1 The MISOhateivdr cah diltht O recedeid \vembolsafod exanpie. usiblgen finite
coefficients may be selected once and thereafter used
ithBhlsPidk sk (BRGTIRS 10 BotatEe Fte RO ShalRY eBlirfifte Penieo (") o
changed periodi'cal I'y ordynam ca ased on various
symbelqresiofl, gs followe: nunber of M SO and M MO recei vers,
the relative priority between M SO and M MO recei vers,
and so gn) ¢\ or, X 4 system the follow ng
traini ng Sﬁgzt)Jgg&) A ld -4x4 may be used for tE
M SO and M MO r ecei vers respectively: 1 1111 qil@
1111 -rini -1U4x411 i x4 ~

] [W &9] 1m§ %’rl an‘d 112 age Qoeiﬁ%e%f%|th1€)FIFo@e@3 and
A‘9""‘! N, P1ghd'gh %r(fctﬁéfHHf% e&feﬁi&ftﬂQFFR;hEth( U!l4x4 may be

define and used to simultaneous support both M SO

and fbl+owd, 2V, | ¥

Tcom Ugﬁgr%%ﬂcf%% ﬁ(&%{ fl t t U3 ﬁg{ ggémg%%méﬁso chaomel
[0069]; L<"4-a" K'*.bb K¢ U’ 44,,dr f ]

efttmte] "fhés & Weighted gym f fire geceived: symabals ferLZrmHorasymml periods
c , i s the m.th T Tcom | TcomtralnlngnggtoE 9§

a%rﬂ@mﬁmmnt sxsolpol pamkasl. ¢ Ber pinopeausal iFAR tfHeers rafning = -, and the

matrix -4x4 are selected to provide good channel

cEBbOIRIMISO RRATR! BaMeRe oF RGL \helhhtg@sﬂﬂﬁcbﬂ‘ﬂlé@cewed symbols for
recei vers and based on vari ous consi derati ons,

Ldewséqr paebodpsvieds, dhe chaenty winjioh gevodcand L1 future symbol periods.
Buffering of L1 received symbols is needed to implement the non-causal FIR filter.

FIG. 2B illustrates channel estimation performed by the MIMO receiver in
the 4x4 system for the first pilot transmission scheme. The transmitter transmits the

pilot using the training matrix Usa as described above. The received symbols for the

MIMO receiver are YD =H-w,+n g symbol period n, T+ =H-Ww,+n ¢

symbol period #*+1, and so on, as shown in FIG. 2B. A “pilot block” may be defined
as the smallest span in which all training vectors are used for pilot transmission. For the
example shown in FIG. 2B, a pilot block is four symbol periods. The MIMO receiver

can filter the received symbols for the pilot transmitted with the same training vector,

e.g, filter F=2) zpq ¥ +2) g0 training vector W, r(n-1) gnq X(m+3) g

!
training vector %4 and so on. The MIMO receiver can also derive the individual

channel gain estimates based on the (filtered or unfiltered) received symbols obtained

for one pilot block, as shown in FIG. 2B. For example, a matrix R may be formed with

the four received symbol vectors r(n) through r(n+3)

may be computed on R s shown in equation (7).

, and the channel gain estimates



matrix -2*2. [0071] In one pilot transm ssion schene,
the transmitter transmts a pilot using the j Tcom

WO e@B5057800 vectors in -4x4. For exanple, the trBOEDB100€040429

[0078]

[0079]

[0080]
[0081]

[0082]

[0083]

can cycle through the four trgning vectors in -4x4

and transmt the pilot using - in synbol period n,

then - b in the next synbol period w+ 1, then - c in
synbol gerisouplivity, PIGS. 2Aeand 2B shoves hetMISpeaid BIMO ¢hadngls being
then back to - in synbol period n + 4 5 and_so on.

stafey S9r thecentiza, fipe ugw@megomm@l pesiofsrgt T @nthrough 7+5.  For

4 tem fo
BBl LIS BB, AR e o
toharswe ttind bé tl%TM'IBOpaﬂchIMO chehdey Thé QubKdteddactithoys the time

raji.ni ng vectors. in -4x4, as descri bed above. The
13188 ?ng%lyhrﬁtﬂ wirelgss charnalfssespeeediosematy @ praximately copstant.

) T el onderd) ik SO HIRL R SR ndy B8, edich to any

LR as shown | nFI G 2A. The M SO r ecei §#m can filter
?heRr E¥iied As,ysr\% f sComPPN kAR emalii mg™Y fayi be defined with

M £ élﬁa nS%%P@HSa@_ destiBedf AILJVEV ’gﬁe r%hﬁ%& @%@?{moshﬁ& using all

esti nat e,

{ral}}m%\’\‘%g(?r}(s( 1%_1'5)—;?{;!0 0%41\4'\%@ ragd &\/El&[air@sewers&ag &)ptlrgngtg theip VSO and

NERId ichb@HlS deSectiPdy,FbiRelli bt @l 0B [LBiTRd siy{nb%ﬁdfdrzthe pilot
are the time extent of the FIRfilter. [ 0076

Eanseussin.R filter, Li = 0, L2 1, andtheh ;
conposi stl e mso is a weighted sum
of the rl\gclgé%gwng efng?‘ X Iﬂ}rl or synbol peri ods

and the munﬁla%t@ylﬁlt@bteﬂﬁEHanutllﬂér malht?ww chdiefsakorFidta and pilot
fi Iter * , and the conposite SO channel
EanSPYssioR. n%\’glétll?lé caITifEs By d¢ mavided by KFT e epme @ther multi-carrier

f
IR, SR Ly T SEARES. RIS, Uy s o
@ferd.ll systene barelividhn(Ye) mto multidel @) dithdgoid] eubbnds.n@hese subbands

I FIRf | t 0077] .FI G ZBlllustrates .
3R 2R Bl et RS BRI Uy 6 FRAWEEY Sbmgr With OFDM,

each subband is associated with a respective subcarrier that may be modulated with
data. A multi-antenna OFDM system may use only a subset of the N total subbands for
data and pilot transmission and use the remaining subbands as guard subbands to allow
the system to meet spectral mask requirements. For simplicity, the following
description assumes that all N subbands may be used for data and pilot transmission.

A wireless channel between a transmitter and a receiver in the multi-antenna
OFDM system may experience frequency selective fading, which is characterized by a
frequency response that varies across the system bandwidth. The N subbands for each
SISO chamnel may then be associated with different complex channel gains. An
accurate channel estimate for all N subbands may be needed in order to recover a data
transmission on some or all of these subbands.

A MISO channel for a MISO receiver in the multi-antenna OFDM system

may be characterized by a set of N channel response row vectors by (K)  for

k=1 .. N_ Bach row vector b, (k) has dimensions of 1X7T and contains T elements

for the channel gains between the T transmit antennas and the single receive antenna for



the 4x4 systemfor the first pilot transm ssion

schene. The transmitter transmts the T Tcom pil ot
w@2005Q518he training matrix -4*4as descri bed abPOBUSZ0€040429

received synbols for the M Mpsreceiver are E(") = H

-MW for synbol period n >r(/i+ 1) =H-u+n for

synbol period n + 1, and so on, as shown in FIG 2B. A

stippdndtk. bA dERVIOrddignined foked MAMO eeseivheinghainuéis-tntsmeaOFDM system

which all training vectors are used for pilog

rhayahs chasiterizedroy atsee of Xaoipnaclsfeoponse mais HE) for £=1.. N

pilot block is four synbol periods. The M MO receiver

Exah ittt $HAD s dresgisions of WD 28d fcoritatng R (T |eIHments for the channel
transmtted with the same training vector

geinstbstweenshg T grggstpit-entenpas)and ghe Rﬁ%ﬁeiﬁer‘fl@t%@t f‘@r subbeu k.
1) and .
005 1), 2 1u0Vb K AHALG EE S0 ol 0418 BRLcRIR o i
againe-deshindtaesel iapatbe aespbhse drfa ddi’&lspidldm‘g fusrfuehd¢yed@din channel
ecel ved synbo ta| d for one | ot bI ock, as .
yI LGSHEDES- é’%e c gf%qngy r%f,pﬁgs[e 18 the ﬁgﬁfeb@uner transform
e r
?%‘:I‘Y%@tﬂ@ &H&nﬁQQn{Iﬁ’We ljéégﬁﬁ!‘hée’ 'ghez %Iggéﬁﬁlalgl‘gﬁﬁisgsrtésl r?g%eefé)r ea&:/h SISO
Cbemml.) epwitbe ctheracteriaed bbrdmntlmelﬂmmmttapsn whede. LG9 ’iﬁilcaﬂltyr much less

i Ci y Fl GS Wthe M SO and
tﬁ%’gﬁ}? Bapbg of étlﬁzana% {OTt e ent That 18, a&andmpa@ﬁeciﬁ applied at a
tfah&ﬂlt%)ﬁfgﬂﬁé tREJ 1 Aftfe-Romath SalIpRIAGR ik ¢ F%f of Wvﬁheﬁagen ata
channel est’i mation performance, the pilot ock shou
rb@l‘eih enteena tfhiathis hienpeddee stenalas twcm}d dife shfficlehS® avhdracterize the

THaReR oy s e haiele it hnged e petaps gL BF i ipnel Tmputse
rédpRh&Xis i ehdent BN haablay kR4 b fiesyeRAL SficHIRSBE tiBRAdifference

above for the 4x4 systemmy be extended to an
befvepnothe TseRiesy snd iateat gtrwgl& smmtam@u @ﬂ ﬁgfﬁmmr ewergy at the

y fi with co
gggsce??bg gauggvélT}¢$Lh taRSr %r%sm ?&nig]i& émBu {response, the
frgjuagyatespoRedfdrleat NBIRD Vgl Bay be ﬁ;Trthaﬂaa&n%(S&sam @n channel
MDVI O recei vers can estinmate their M SO and M MO
gaRaisFEPaes ok ga ey s - 2peroptiately aglected spbhandscigpiged of all N
%@ s for the pilot transm ssion. [0080]

-Carrier Multi- Antenna System [0081] A

[0085] nul ti - aEICér&]shcs’gssa srhbend statdtire 2ieat mdyt bephsed dar pilet hangmission in

ﬂata and ransm ssion, I\/UItloqu carrjers

o atieBye BTN Sofn ot aitoh B i B G P pilot
shﬁ&%h A5Eh ta%; subBRIsUsLF f'or(b(i)lgtsfr&ﬁﬁhssug,: £ ﬁleg%}xér\éle N>P>L

partit’ions
For improved performance and simplified computation, the P pilot subbands may be

uniformly distributed among the N total subbands such that consecutive pilot subbands

are spaced apart by N/P sybbands. The remaining N —P subbands may be used for
data transmission and are referred to as data subbands.

[0086] Pilot may be transmitted in various manners in the multi-antenna OFDM
system. The pilot transmission may be dependent on the particular training matrix
selected for use. Several exemplary pilot transmission schemes are described below.

[0087] FIG. 4A shows a first pilot transmission scheme for the multi-antenna

OFDM system. For this scheme, the transmitter transmits the pilot using a training

matrix ¥ whose elements/coefficients are selected to simultaneously support both



overall system bandwidth (W into nultiple (N
ort hogonal subbands. These subbands are also referred

WO e00a95180nes, subcarriers, bins, and frequencyPCT/US2004/040429
channels. Wth OFDM each subhand is associated with a
respective subcarrier that may be nodul ated with data.
A multi-antenna OFDM system may use only a subset of
MERO nd MEMOsettiwersls The tradsiniteansh pydlethrongingieitméiing vectors in
and use the renai ning subbands as guard subbands to
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ooss) 5 Lo NSRS b SRR E RS Aokt e
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Foir faf divesh leagicngpniss cetiastingl teghgiique, theMARO ueeeier dinsdohtsiins a set of
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row vector - nmensi

c%msée‘ﬁhlfﬁés %"?%S'nns F ST oRREL b e 190GvER AYPEOIFderygf the P

antenna_fyersubband k. A M MO channel for a M MO
olespalty of T roRsesenistan. Wiia EmaRTN thy somppsitey MBSO channel for a
a set of N channel response matrices
rg{ﬁ?&%t@{df\é%\algéach matrix s(") ha s dinensions of R x
[0089] T and cThé MIBO Receilvee mexEodispiitey a Udiet-Slvarsledstigialens the impulse
bet ween Lhe T transmt antennas_and the R receive
TS3POBMR{Ehe GemBRRisAV P Q channelgag follRwschannel response
for eac ISSIS&}IH nmel may be characterized by either a
[0090] ti nme- doffaion il %fmi,npul se response or a Eq (14)
correspondi ng fgequency-domai n channel frequency
[0091] r esponswherBhe chemmid a Pt FToratiiespanse i s the
di screteﬁ Fourier transform (DFT) of the channel
i mpul sefrgs exil a [ lg
[0092] each SI SO cﬁgﬁﬁel cg‘ﬁe CEE gﬁgﬂrhgcttzgérfl gg%é%)sfm Eﬁhce? lﬁﬁ)ﬁlse rosponse
estimetedomai n taps, where L is typically nmuch | ess than
the total nunber of_subbands, or L < N That iSif an
[0093] i npul seThé DAIPhbetk Ara if Acmrdishcimbemeal: D bh@rnky, Wi + s given
ti me-domain sanples at the sanple rate of WM& t'ake
98t a receive antenna for this inpulse stinmulus woul d
be sufficient toygharacterize the response of the SISO
channel ,, The #EquiTed number, of t (L_)lfo t he
[0094] channel |hpu| se response fos? dgpe Jon the,del ayEq (15)

spread e ffer
[0095] betvveen%ﬁequag |esrgﬂex\g§dﬁa es 15%’?.1 |néi%slﬁ%%naﬁﬂfrepresemsaz‘

i.nst ances_of su fi.ci em} energy at the B
dimensional IFFT on the initia equency response estimate —miso to obtain the least-

Is Is
squares channel impulse response estimate Buso,  The vector Bniso can be post-

processed, for example, by (1) setting entries/taps with values less than a predetermined

threshold to zero and/or (2) setting the L-th through P-th entries/taps in the vector to

Is
zero. The vector &mico is next zero-padded to length N.



recei ver. Because only L taps are needed for the
channel inpul se response, the frequency response for
wWeawhk/08I1880 channel may be fully characterized PEEE82004040429
channel gain estimates for asj§ew as L appropriately
sel ect ed subbands, instead of all N subbands. [0085]
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subbands, may be um(.aforn1y distributed among the N

[0097] total subbaf® nsudhisihat ~ consecutive pilot subban q(16)
are spaced apart by NP subbands. The remai ning N
subbands may bew d foryg ansm ss on and are

[0058] referrea"hte{) as aéta @&Bba%y %]ﬁ) ot may be
transmitged in v :Pus manners in the rrulti - ant enna

[0099] OFDM syst"8mis We?{)f oYectar afes nths sfiresmentyy résponbepestignata for all N
S% Ihg particular training matrix selected for use.
everal exenplary pilot transm ssion schenes are
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q%f} eﬁg\g) H r transmt antennas. [0088] A M SO

B annelesiinate-- ant enna OFDM system can esti mat e

[oo101jt he fulla AARAYSQEK ef ﬁ?ﬁl@'}ﬁﬁuo&{nh MO?%ME?&QB' éﬂsils%gestlmate the
ec r a direct

vari ous channel estimation t ni ques
ﬂuH dstqusnpyarespores tafreaMIMO tobatrel cqlsmg thér dithSéhst-eqmmsedfstimation

first ob ain of P.receiyv s for the

tpshnagues fﬁé‘%a&?’fﬁ% 'eﬁimﬁrwr@aﬁr W@J&cmm %malﬁw set of P
r@&el%ﬂn@&ﬁfblﬁ%ﬂhg FC ﬂlotVs%%éHds For ehch’ GH BN keckive antennas. If the
rm soi K) r ‘to(*p )] he M SO recei ver then obtains

BhnihPivkll st ﬁ?édefo&)fpllBaﬁ sﬁx’ﬁgéi'&{‘ﬁ)y OFBMJ Qﬁﬁﬁolq;erﬁ)ﬁ% then the

con‘posnte MSOC annel IS a X vector -

Sg? ofe ﬂ,lrgceiweg S %()éﬁa ?e?%g? ag C%{s detagtee{ip e{re”'mk)} t %r ”"(k)
ompeopite M SO channel for a respective pilot sub

ff”bosg]s“ THECKA Best rerresepts theeset ot gfayatefs aﬂpfewba@&u aTl@sMMO
v TBtaill ROWI I gﬁ%fslemewed symbols for the R receive antennas for M

different training vectors. These R-M received symbol sets may be denoted as a set of

P matrices {R(%)} , O R(k) for keP,, , which is:

haB) ny(k) A ny(k)

halk)  1y(k) A 1 (k)
M M O M

[00102] TralK) Tep(k) A 1 (K) for F€P

R(k) =

Eq (17)



response of the conposite M SO channel, as foll ows:
[0090] Um so -~Lvxv ' "“miso } Eq (14) [0091] where -
w@ roopios7sa0 P x P DFT matrix; and [0092] ->"fc<>PCHUS20P4/¢40429
| vector for the |east-squarqg channel inpulse
response estimate. [0093] The DFT matrix -(tn) is
defined such that the & L -th entry, w, is given as:

- J2Jt (' N= e PR(k L= - =1 .
o0103] — 2> e gtolimalia T s R che Pt RSy gionsof

Roo IMiremdi codexins Mopedirasnof kddiveEpmsisa o tie RF training vectors for that
di mensional IFFT on the initial frequency response

pibst bubbbed. hThe matis RO iglhai similheinl @A HS thdrebdiSed symbol matrix
squares channel inpul se response estimate -""(tm. The

R/egisfibed BbSR SRNHRERASIRIRE 98RRntdnRl ¥EAP! An BXM block-
(1) setting entries/taps wth values |less than a

SPUSRAIEE ESE ks Ro O (SR

through taps in the vector 'to $

be &fiowedl be avRdinnsiondl 6B3-D§ ok Haeing- aa®deM thynt difkéRion and a
N. [ 0096] The M SO recei ver can then derive a final

Adp RSN ClachTRRO FE MS%IEIH&R? il @6 Rk dﬁhe?ﬂéﬁﬁgig% J@ﬁreéetﬂ?s a set of

conposite M SO channel based on the zero-p

P ey B R o S gl
[00104] [ 0098] TheMIMNidchver aBxthbeXfobnPh P-pEhl IDFT SAFHIONOOch set of P

-mso is an NxI vector for the frequency response

reﬁé{/\kpe Hol¥, 4, /( N.,Siﬂbga%dﬁbta{nog ]c%g‘]es -ngl#o}f—gpr ?(ﬁ’lgdo\éﬁé MISO

ormfilteri’ng on the recelvea s .
init}‘al cihannel fre uengyoresponse estinmate - m so

chappel Eopalsaaipaneg ceRaAine ™ | mpul de1s RUoRaRbe expressed as:

H _=IDFT {R}
[00105] =comp =7, - Eq (18)

-7'[ = [i.[comp (1) ﬂcomp (2) —'.7;[-00”117 (P)]

[00106] where = is an RxM plock-

structured matrix with P matrices H comp (7) ,for 7=1 .. P for the P taps. The matrix

H
=rcem may also be viewed as a 3-D matrix having an RXM front dimension and a

depth of P. The IDFT in equation (18) is performed on the P received symbols for each

element in the front dimension of & to obtain an impulse response with P taps for a

H
corresponding element in the front dimension of = . The IDFT is thus performed in

the depth dimension for each element in the front dimension of R

[00107] A different MISO channel is formed between the T transmit antennas and

each of the R receive antennas. The matrix =" contains R-M elements in the front
dimension that represent the composite MISO channel impulse response estimates for
the R receive antennas and M different training vectors. That is, each element in the

. . H comp . .
front dimension of =", W ()} , represents an mmpulse response estimate (1) for a

composite MISO channel between the T transmit antennas and a particular receive

!
antenna i and (2) obtained with the pilot transmitted using the training vector Wm



estimate dl nsis, and/or the final channel frequency

response estimate - h """> The filtering may be
w@esosossedl simlarly to that shown in equati onPCL/BY20041040429
the vectors - r p, - h 1 m"4"s, rls h- "o, and/or

- mso obtained for nmultiple OFDM synbol periods to
derive a higher quality M SO channel estimte. [00101]
[00108]A M MO The VMO ireceivee caul then aleties nimpUEEMesyate B3timadtes for the
te the. en onse of a M MO
B3 fgt%& g fﬁﬂé@“ﬁ%@%ﬂf PEQWSst i mat i on
t echni qugs I each synbol period, the M MO
[00109]r ecei veﬁ@‘b‘t ng‘&”f'g}Dﬁof , P refeidrel- s;?r;bol s for the(P)

pi | ot subbands for each of the R receive antennas. |f

[po110jt he tr aiHcpo Ut eqd e mvei’be dPthcstr rﬁ%xpﬂ Ot As ShOWIll equation
transm ssion in OFDM mbol eriod n, then the set o

T N ) WAERLol e

Pset represepgs the set or grayp of [ pspi nds Is
TGN MDA e e rm b orgeR okt pre - HErreld Zot b@? frbotame )]

for the R,Srecel ve antennas for M dlfferent tral ni ng

MRGhAS- meaﬁdgﬁw Hee\ﬁ@\?r&fgs Y agxafﬁa%g% RS H¢RAE &hension

as a set of trices Pt ,

ich is: i () k) R( k) 5L k)
a}Q Agkepth OiP ?aﬁle Rfe)nem M @epﬁ%dmljsw%@)—r"w EGI(fRS)emL a sequence
rRM k) for /c e Pset . Eq (17)[00103] The re% e}d
osfwrnime -dmhainxvaBi@s)fof arP-eacmpiliotespotbantmags V() for a SISO
g ons of R x M and contains M colums of received

Py En ARSI PR APeECVE Fugnaniat The | Bentries of each

subban%@&g matrix EC C) js thu s simlar in formto
st:d{wencec csu;arﬁmqbostrpmcbssed fde srampledbyfDvettingr entdies/taps with

BB e Fin 4 e emeined BB i M) seiog ey h through P-

E(2) - E(P)] che matrix S{%gvﬁe viewed as a
t13 culicies/bapis do a¢ro( Fall) seqmemdex nig next Zereepadded cnlength N.

di mensi th of P. Each o M el enent
ox1ny PR Fhe RO EeHT rop the o3P acknl Hequeny rgope csimate for
a{lkY subbands of each SISO channel by performing an N-point DFT (or FFT) on each

Is
element in the front dimension of =mimo | as follows:

i, - ;
[001 12] =mimo =DFT {}—[mrmo } , Eq (20)

gmimo = [—ﬁ—nzima(l) Emimo (2) i ﬁmimo (N)]

[00113] where is an RXT block-

structured matrix with N matrices H,,0 (k) , for k=1.. N for the N subbands. The

S

matrix =mimo may also be viewed as a 3-D matrix having an R XT front dimension and

a depth of N. The DFT in equation (20) is performed on the N time-domain values for

Is
each element in the front dimension of ==mime to obtain N frequency-domain values for

n

a corresponding element in the front dimension of L2 - . The DFT is thus performed

Is
in the depth dimension for each element in the front dimension of =mimo, Each element



P received synbols, | I>v } S, for a specific
receive antenna i and training vector -m [00104] The
worMDIsBCRI ver next perforns a P-point | DFT or PCFES20041040429
each set of P received synbolg, X i nKJ>in =to
obtain a corresponding P-tap conposite M SO Sf, conP(t
\ \ channel inpulse response estimate x '-mv Ji .
Thi s IDFT maybe eX]gr essed as: H = I DFT éli}‘r%[ 00105 )
in nt Gignengion q oﬁiﬁ%]remﬁ%epés 2 swnee et Brfseaengy-tongin values
(2) - Zcon'p ()] 1 g & Rx structured

forethe fixal WeédueRcy Bdspdre Sstim e ‘1( }}Oéf d respebtive $ISO éli&hnel
the P taps. The matrix = c gnp mav a jsS 0 6 vi ewe(

[00114] 25 2 3 hdIRING riaKcP gna"i"g)eﬁ‘o fmiilerRRon O RAS 6] @ngle< ok

obtameﬂ’ forensiltiple @E’]Dhbb}&nﬁcﬂrpeﬁadh wlth! the lserre mdainine Ydétor, where the
raont . di nensi on_. of obtai,n an i npul se response .
Tihe i5 Repiermeg, fog eagh %lgab@éé b AesnEseaive dpipng. T MO recciver

nfa"ych'fgo i'ﬂﬁ'ﬁlsﬁ%r%f ori (19 Q9 8k P- Hﬁ)e olrﬁ -Eltii RIISOhafR E@ﬁﬂ@gresponse

in t>"the depth |onfo enment 1nt

t {df O 07 f t SO .
e%%%%% T ST b RSB P S AEP 1S SR ROy estimate

ﬁ? of the R receive antennas. The matrix =com o)
c‘é aiand/2 (§) edchnigpoit charnkbfréquenty disp@iss iestimath 4{1 i

r epr esent onposi te chann ul se response
oo1s] 2P 7o thlhe MM RERRR buie deire Eﬁlﬁaﬁﬂlﬁf%umca.rﬁpgpmsnmate for
the Hi sibbBghdéest eich. SIS0REhdnfiel BAGINE LARE Eﬁanh&st ﬂf‘d s is within the
i ficonp(front dinension of -conp, x

smsmééfmryeahom nper @@m@gp@h@efoerm pfrmte;pozlat;orf may &e used instead
of?&%ﬁ 3 cﬁ%a%égtlmﬁgﬁ?échﬁﬁﬁ en the T transmit antennas

Car recelvedant enna i and (2) obtained

[00116] with t I’H(}JI 4B tshbwanssBcbhd® @ilus tragsnhiBsod sahdthd) Borifi6 tililti-antenna
Oi: '".[00108] . The M MO recei ver can then_derive inpul se
b%c?ﬁ%t%nhst oFdhis schegpe,t the trangmitics emsmitsthe pidetrsing # jraining
the MM channel, as follows: [00109] 2Lino(. t )ume
majrixcr f (twith -oghbgéml vEctors. .For Bxdmyife, (hk9najriy ~2d shown in
j-rCOm [00110] where - is the inverse ofthe training

edRtibA X0) mayAe HBQWY 4 2 N YRiéANthe matrix Ui’ shown in equation (11)

e—h

mimo

may be used for a 4X4 system, and so on. The matrices g2>:’2n and Uss  are
commonly referred to as Walsh matrices. A larger size Walsh matrix may be formed as:

U U
H ook = l:__KxK —KxK:l

[00118] For an RxT gystem, a TxT Walsh matrix may be used as the training

matrix ¥ .  Other training matrices may also be used for the second pilot

transmission scheme.

[00119] For clarity, FIG. 4B shows an embodiment of the pilot transmission for a

4

mimo _r_p
4x4 system using the training matrix Uea =W, W

/4 "
» W —u—d]. For this

embodiment, the transmitter transmits a common pilot on a first group of pilot subbands

in each OFDM symbol period using the first training vector w, in the matrix Hmo.
The transmitter also transmits a MIMO pilot on a second group of P pilot subbands in



1) -1 (19), the nultiplication with - is perforned

for each of the Ptaps. An Rc T blockgf Is fif h =]
woRGoslos78v0 <ffls ( 2 1 s |'s (VWstructured nmat rPRI/E52003040429

maybe formed as =(tm"!0 L, Ly - mow - - "w" ' ml-1

Al The matrix =minbo mav a is o be viewed as a 3-D

matri x having an R x T front dinension and a depth of

eé?:h (?ﬁﬁl(}l ggrﬁg&r;ﬁeeq Sgn]%:s{eh%oﬁi Q@a%én@gg@%%l%% vec‘iorsmmb u’, and L n

represen val ues f’or
wl se response estimate ' for a SISO channel "
thSé’EfWélérT‘ “ ankhh ?arh?ﬁ%l'@‘?ﬁfémjcy‘alﬁdhlioéé}éﬂ\ﬁéh%ﬁﬁ@ﬁﬁ%g yectoppe—2, <,
ﬁntrles of each sequence " '-J ' * can be

agb stL.As ot sl FlfGo ¢ Be xBltfpr@nmpy piles canebe pyeg for channel estimation

| D s
b)? %&fS(ﬁ?%%% eZ‘s \é\ﬁe&lge g)?]sl(fie}fﬁ(;.r i("l'% §%rs nt%ﬂna%dplgﬁlg{ﬁ ?Ll S c%g behused for
clanhelestirdacian baPEIMO réésivers.Each sequence ' is next
zero-padded to length N. [00111] The MEVI O receiver
[00120] ¢an th?rprdléﬁlnr%edap?nfmanﬁ?,e@aéﬂ spbpidndB the tirstagreup may be
I LR r48 N

ulglﬁ(rrnlf% (C)lllér\]enﬁ @Jgﬂ%s gf&e_:l_ ?@g&nlalgg@ﬁaﬁ*‘karbg eaJth%]i @ﬁﬂg@; 4B, Q"he pilot
subbamtssino theofecotid (grogp nwey 4dled [bowsrifordbl dR}rituted a:crgssDFHE N total

st 8 e 0 R T PSS e i b v

e uB. Wth N matrices -nmi'"oWw for k = ... N5 for
the N subbands. The T T matrix ="" "" I%IS al so be
[00121] vi ewed Aaé\’IbS@r@eW@r itk etiiamate theagonogita MisEhehaghetapspoose based

h ' . ..
o i BpERR T o CFnaleh el SHReRE b ey g nigy ransmission
scﬂﬁbﬁﬂﬁﬁﬁtheﬁnﬁlﬁ%nﬁdmﬁbmmyﬁeﬁﬂ THe MISO rédc@ivebtai (1) dbtain a set of

frequency-domain values for T T a corres ondi n
A v P (Z%denvg an initial

P gpesvisid sSymbelador kP RilqteySbaisgn the st stonpe
ﬁlé(ﬂiétﬁﬁg ‘f'%gﬂbrng@ g;sﬁﬂa{ehfor dﬁ?t&n@h@'ﬁ@ E\/Ifﬁ;b fc?l msntq%éseqi SHEAL set of

ront di nension o
received symbols, (3) compute the least-squares channel impulse response estimate

based on the initial frequency response estimate, and (4) derive the final frequency
response estimate for the composite MISO channel based on the least-squares channel
impulse response estimate.

[00122] A MIMO receiver can estimate the full frequency response of the individual
SISO channels of a MIMO channel based on the common and MIMO pilot as follows.
For each OFDM symbol period, the MIMO receiver obtains (1) R sets of received
symbols for the R receive antennas for the pilot transmitted on the first group of pilot

subbands using the training vector u, and (2) R sets of received symbols for the R
receive antennas for the pilot transmitted on the second group of pilot subbands using

another training vector ¥-», where m =b, ¢, or d. The MIMO receiver can perform a P-

7. (R}

point IFFT on each set of received symbols, , to obtain a corresponding

composite MIMO channel impulse response estimate, Vo (T)} For each OFDM
symbol period, the MIMO receiver obtains 2R composite MISO channel impulse

response estimates for the 2R sets of received symbols. The MIMO receiver can thus



L Tin the front dinmension of =" "" represents a
sequence of N frequency-donmain values forthe final
wo ec@quemscyr esponse estimate | ' jL ) S of a r eBQEUB1004040429
SI SO channel . [00114] The M Mg receiver may perform
filtering on the received synbols * />m"' * obtained
for multiple OFDM synbol periods with the sane
fraining vector, where the filtering is_performedgor .
bt Epliams fhectiish and arsth, eolamrhabtheTRA Y Mafrix 2= in cach
receiver may also performfil terlf'”nguon (1) ..each P-tap .
QFEIM symbel peresd. cH dhm Briningpackss resporis @néstf e eyoted thraugh in

- t.- an8s i pul se .

ke ST SyrB3F Derodh R, B3R iy FLZHE7wbh B TREH: can obiain
channel frequencyresponse estimate * iJ . [00115] The
allffoyn cobeans,alithermatriyy ST eafiey treh@FDM byrhibelqeeindsy
response estinmate for the N subbands of each ?I S&

[00123] channel TheVAMIG rezeiver nagnReage tandcdiédsynsbor thi )t BBtained in
scope of the Invention, For exanple, other forms of
Gy QUIDAYG BrOeeRods s e 1iles frehemised g the Same training vector
yreast-squares estimation technique. {1«20116] FIG 4B
“shofe rmarees siailasite dhat deseribad gboverfos EKa 8. f ‘Ghe MAMO receiver may
mul ti-antenna OFDM system For this schene, the comp
also aaverdgkt e tompesitet MISOe charnel itipulRg @sponsé Nstithates W ()}
j-rmms -r-rtninmo matrix - with orthogonal vectors.
obtaine@X@ illple ED MBS yhbol pedivds SJ1ANE sirfle Gak@id Atdr®n. For the
may b e used for a 2x2 system the matrix - 4x4 shown
eX3nnle shewe An F1@) 4B, they MO vqeaivien camperfrmimg-dopraim filtering on

. . L - 5 ar
AR CORON dpl BRI LSRN, AP 056Dy, s
sl 0 St an A A el s o

AL ~ X or
thg FugeRt ByIcy Bﬁfﬁ ) R P Waees sombafign ¥4yt changeL astimates for the

plebRub HALD b TR IR b b block, %d;lﬂfe AR G10RE TAE 8 Specific

may also b e used for the secon ot transm ssion
n
eS8 he channel estimate for X'c may be obtained as a linear combination of the

Q

channel estimates obtained in OFDM symbol periods # =2, n+1 apnd n+4,
[00124] The MIMO receiver can then derive the impulse response estimate for the

individual SISO channels, as described above, to obtain the block-structured matrix

Is Is
==mimo . 'The entries in =mime can be post-processed and zero-padded to length N to

Is
obtain Znino(7) for =1 ... N The MIMO receiver can then derive a final frequency

response estimate for all N subbands of each SISO channel by performing an N-point

Is
DFT on each element of the zero-padded ==mimo

[00125] As an example, for a 2X2 system using the training matrix E’;:ZM, the
transmitter may transmit (1) a common pilot on the first group of pilot subbands using

u!l — [1 l]T

the training vector —a and (2) a MIMO pilot on the second group of pilot

n

_ T
subbands using the training vector %5 = [t ~1] . The MIMO receiver obtains two



[00119] For clarity, FIG 4B shows an enbodi nent of

the pilot transmssion for aj Tiiinm _r f f nf -1
WA 200545896t em using the training matri x - 4x4 RPEHUS2004/640429
-d i . For this enbodiment, the transmitter transmts

a common pilot on a first group o f pilot subbands ff
hx -tflliniQin each OFDM synbol period using the

first trainin ecfrofk)ya | h rix - 4x4 . The

Sels TR EREYRPELSt 1 Ao B8 & "R ORI 16w egs wopgigas for the
5 QPhpQf pHoPdubBhndd! @@&@,dv%mcﬁme%@ésgymol peri od
using'the remaining training véctors -*, -c , and -d

in the ;Flr‘p(lkf)'k:m“-(&)}4_hn('kr)e.n§rgnsmtter can cycl e through
the three training vectors -b, -c , and -d , as shown

in FlGz4@&) =W @Spnﬁgg ki 4.0t can be_ ugedpfor channgl
[00126] o5t j rt i2’g(zc)by2’ O r’ege]imt/ezrs in thef°§yst e - The coka&d?)
and M MO pilots can be used for channel estimtion ﬁy(k)}
[00127] M MO r Bt MEYIO) T ¢@ivER @]so Rbtainsiwoosatslofirecdivedrsymatmls, t 1ié and
@k@&_subbands in the first group may be uniformy
SSUP | BittRE ta6 reséive Attebhdsofor|ths b&deaa dsou st pileieubbahds, Pset2,
FIG 4B. The pilot subbands in the second group nay
velidompebeexpresped wsdi st ri but ed across the N total

subbands d. f her interlaced wth the pil ot

subband’éb@gﬁhmz}cbF’?’st(]kgf'“&up: as al so shown inFIG 4B.

[00121] O recej v can estimte the_conposite
[00128] M SO chﬁ%’fgﬂf:%e{!g’o‘rj@e?@%’éd >on the ge®Repil ot i NE§ (23)

manner descri bed above for the first pil ot

[00129] ¢ r ans i Easinilet sambats arepmitted fiem epuations (7 ot KR Sossimplicity.

[00130] The M ef ﬁﬁﬁ% eE)ec%%r( Stgglﬁg ael @’-ﬁcﬁﬁf%@ﬁiﬁ & eisé{tegf received

synbol s tor I 1ot ands rst group,
sfidpold @o iobaima doirdspahdihg eqmposiye MISQociBAnelSimpdeerefpse. The

t he conposi M SO channel based on the set of. .
fowceompogite bh%a §§af(n§} IEBWsE resPPRes| foh dhe By scsiyed antennas with

channel inpul se response esti mat e hase cork i Ny tohpal
tWwp eljlfenanty traipmgowsetoss trend¢miedangl {(5‘4?) agric{ p?{?é f{:ﬁWaI T)}, and
igo,%zﬁgncy response estimate for the conposite M SO

| TnadeIONrebéi9el @RHeriv6l HRS 185t GHARELImpulRYESRBnse estimates
response estimate. [00122] A M MO recei ver "can

fersthe indivaduah 815 chapredyafency response of the indi vi dual
SI SO cha ne}lg of a N%V Q channel based on the commbn
[00131} and M M3mpb QT Hgok FI ws. Forgeachl CFPM synbol Eq (24)
period, the M MO receiver obtains (1) R sets of
recei ved symbg]s for|ghe)R A°g@gil ve ant ennagefgr) t ke (7)
pi | ot transn@a: Tbﬁbéf]gf)fi I;SQ- r olponelf) il |, 4 S)ubgpfjs)
[00132] usi ng twierér ai ni ng veGior -a2d¥nd, (2) R se woft) Ty (2 . and
rec 'lveo{ synbols for the R
_1_

B _J for the 2X2 system with the training matrix Uz’ . The MIMO

receiver can derive the SISO channel impulse response estimates for the first receive
antenna by combining the two composite MISO channel impulse response estimates

obtained with the two training vectors for that receive antenna, as follows:
e (7) = h7 (D) +AET(T)

[00133] Fo@)=RZT @) =A7 (@) s fr=1..P Eq (25)
[00134] The MIMO receiver can similarly derive the SISO channel impulse response

estimates for the secorad receive antenna by combining the two composite MISO



receive antennas for the pilot transmtted on the

second group of pilot subbands using another training
wQoe@sos787d 1" m where m= b, ¢, or d. The M MO PEL/E52064/040429

can performa Ppoint |FFT onggach set of received

synmbols, X i'nK , to obtain a correspondi ng conposite

MIMO channel i npul se response estimate, x '"> v . For
clzapie]l GEPMss yatpoinsp estimales tohainddMithetbei twer tralping W&:t@R for that
. oqp tte Mgf())uchannel i mpul se response estimates for

FHe AR P¥Eei ved synbols. The M MO receiver can

t husobt \WPeorp S he first and mth colums) of

the R C%}’P@H_}A%"‘ ?)gr% péf éach OFDM synbol period. If

the training comp- 11"c , and -1 | "<* are
[00135] cycl ed Fm@u %[v CStT{heeeé):DM septredl pePi ods, as S*Elﬂ%)

in FIG 4B then the M MO receiver can obtaln 5
[00136] ¢ our colRRYEMSP reqswversin fithes prasess the SISQchantek ipnpulse response

cFHREL 05508, BAALRSII RSN P S i, o

d&SEDbES yhdoel perl ods for the pilot transmtted using

the same training v or 1"m, in a nmanner simlar
[00137] { " hat AEORH BaHeHo MM TerTLir BBy PeRETMEIRE o8 freceived
may al (@\ger age the conposite M SO channel i npul se e
Sm‘ﬂ@nsfé t hreetomposite MISQ)cHanoéltiaipnisd résponsel dstiplates Vin (0)}
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the Fust-sdiRreXApRlse SRAMRe | Etinldees 48,/ Bﬁe aNEME Gk eﬁﬁa.llvﬁ'équency

can per orm ti nme-donmai n fllterlng on t o pi | ot
y{h’OQkS i ] ot Iq;ekgc)}n nj

re§m| §SC‘FD%¥IBS so on. JIH1 ng faror %ncilpnﬁ @(_ﬂ}ﬂ may be
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of 6{tkhe channel estimates for the previous pilot block,
ddhehetkrent nid 9tk - t |

ok et 11 Begpie Sriing for BPRSNE Ry Rhord! B8 b may be
o@bla@pngdorammmkar}appmgc cAEbam akampie dbr héreocdrppile pilot blocks, the
{/thlmates obtained in OFDM synbol periods n ~ 2, n +

(zah, iy ()} Elglg.geg %taﬁéﬁ fM ﬁ@ Hic?ct%ede (rad ﬁﬁgﬁtﬂﬁ symbol periods

derlve t he |npu Se response e

i ndi vi dua SI SO channel s, as descri bed Q%\} grﬂ( ) .
1 #uoaeh i) 15k 48 martbgraveragad mish the son o/ }xle;almates
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98 rh%éaﬂ%ﬁ?e}ip SFRSEHPoNOF D BYEHL BETE e?%thmght"ﬁland s0

NJ]J1l QMMOreceiver can then derlve{ glnal 7
off. r ekpiem@yample for overlapping pilot blocks, the ‘'%/ U ()}

estimates

obtained for the block defined by OFDM symbol periods n through ”?+2 in FIG. 4B

Is 7
may be averaged with the (@)} or ()} estimates obtained for the block defined
by OFDM symbol periods 7 +1 through ”+3, and so on. The MIMO receiver can thus

obtain a running average for the channe] estimate for each OFDM symbol period. Other
filtering schemes may also be used, and this is within the scope of the invention.

[00138] The common and MIMO pilots may be transmitted in various manners for
the second pilot transmission scheme. In general, any subbands may be included in the
first group for the common pilot and the second group for the MIMO pilot. If the
number of pilot subbands in each group, P, is a power of two and the P subbands are

uniformly distributed across the N total subbands and spaced apart by N/P subbands,



response estimate for all N subbands of each SISO

channel by perform ng an N-point DFT on each el enent
w@Roosls78z@r o- padded =mi o tr trtmni Mmoo [ 001PST/USHOEM0429

exanple, for a 2 x 2 systemuysing the training nmatrix
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pilot on the first group of pilot subbands using the
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[00140] | east - sla@ré’lﬁ@ispﬂﬁbmrzs@mse@wh@@e &utthqmté@-aﬁ@nna QEDM system, the
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t}(eZéI})stdm ~Eoni this (schemne;~ which i€ Also— réféﬁe@ﬁo[&oéﬁ%cx‘éﬁﬁﬁﬁl pilot

4w " d w, and
transmission scheme the transmitter transmits the common pilot at all times using a

-

Tx1 training vector ¥s (e.g., a training vector of all ones). MISO receivers can use the
common pilot for channel estimation of the composite MISO channels, as described
above. If one or more MIMO receivers are to be supported by the system, then the
transmitter also transmits the MIMO pilot using training vectors ¢ through ¥m. The
training vectors Y5 through U™ are different from the training vector e, and the

vectors Yo through Ym may or may not be orthogonal to one another. For example, the

training vectors %« through ¥M may be columns of an orthogonal matrix (e.g., a Walsh

matrix) or may contain coefficients selected to support both MISO and MIMO

receivers. The transmitter may cycle through the training vectors %a through ™ (e.g.,
y g g

as shown in FIG. 4A). The transmitter may also transmit (1) the common pilot
continuously on one group of pilot subbands using ¥a and (2) the MIMO pilot on a

second group of pilot subbands by cycling through ¥ through ™ (e.g., as shown in



11U1=1-1j-rimo for the 2 x 2 systemwth the
training matrix -2*2 . The MMO receiver can derive the
wEk@Sosisannel i npul se response estinates for tPET/U52084/040429
recei ve antenna by conbi ni ngoyhe two conposite M SO
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some training vectors may enjoy more time-filtering than others (e.g., depending on the

packet size and which training vectors was used for the MIMO pilot). The training
vectors used at the boundaries of a data packet typically enjoy less filtering than those in
the middle of the data packet, but this is not always the case. As an example, referring
back to FIG. 4B, a data packet and the MIMO pilot may be transmitted in OFDM

symbols n through 7+3. The channel estimate for transmit vector u’, may be

obtained based on pilot symbols received in two OFDM symbol periods n and #+3,
whereas the channel estimate for each of transmit vectors e and LW may be obtained
based on pilot symbols received in a single OFDM symbol period. The non-uniform
time-filtering results from the MIMO pilot being transmitted in bursts.  This
phenomenon is not observed for the common pilot since it is transmitted continuously.
[00143] If the common pilot is transmitted continuously using one training vector

and the MIMO pilot is transmitted by cycling through the remaining training vectors,



may b e averaged with the x iJ ' * or " 1A *>
estimates obtained for the bl ock defined by OFDM
w@peosos7speri ods n + 1 through n + , and so on.PdEs2004/040429
MPvI O recei ver can thus obtabg a running average for
t he channel estimate for each OFDM synbol peri od.
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I ncrene i lot transm ssion s the trapsmtter .
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throu
estlmatlog for the MISO receiver and provides a composite MISO channel response

estimate hmwo. Detector 660x performs detection (e.g., matched filtering and/or

equalization) on the received data symbols with the composite MISO channel estimate
and provides detected symbols, which are estimates of the data symbols sent by
transmitter 110x. A receive (RX) data processor 670x then symbol demaps,
deinterleaves, and decodes the detected symbols and provides decoded data, which is an

estimate of the transmitted traffic data.
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sy rbaoll NiAE) through Pr(%) for the T transmit antennas with the training vectors Ya

through 8™ in the matrix Y , which may or may not be orthogonal depending on the
pilot transmission scheme selected for use. The same or different pilot symbols may be
used for the T transmit antennas, and the same or different pilot symbols may be used
for the pilot subbands. Pilot processor 720 includes T multipliers 722a through 722t,

one multiplier for each transmit antenna. Each multiplier 722 multiplies the pilot

symbol for its associated transmit antenna j with a respective coefficient “im from the



vectors used at the boundaries of a data packet

typically enjoy less filtering than those in the
worr@dlos7sed t he data packet, but this is not al MlES1006040429

case. As an exanple, referripg back to FIG 4B, a data

packet and the MMO pilot may b e transmtted in OFDM

synbols n through. n +3. The channel estimate for
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the pilot subbands to either channel estimator 684x for MISO receiver 150x or channel

estimator 684y for MIMO receiver 150y.
[00152] FIG. 8B shows an embodiment of channel estimator 684y for MIMO
receiver 150y, which implements the direct least-squares estimation technique. Within

channel estimator 684y, a composite MISO channel estimator 820 obtains a set of
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synbols and prOV|des decoded data. [00147] t I f8m
[00153] 520, eddianng]nestisantgr E8HY meay Pﬁg’rﬁbe%]é?ﬁ‘% oaf%/ag‘?%ug @,

{%é%%essn ng'wa}é)? at transmtter HOx, M SO receiver
aad/dr e Jik \fdterid®not svsae di FI@IIB folvsimslitity.
units 642, 682x, and 682y store data and/or program
[00154] code uski nilpt EammmistoR pdicmanandnhepnelpringtiop, techniques described

h&@ﬁlpgrr%g y@'wéed [fgplv%ﬁbufldﬁnﬁ bV 9{5 ‘b&! @%@@ysqém is an

an enbodi nent TX spatial processor
otthegosal freqencyn idivisieB 2audtiple raawessrt@Fé)MP@coanmiomadystem that

BEEECORDN: GBD AE, B AR o e
syshnP wely 4BStutfliok fr eﬂ_cyt hépRiB ko ANHEARBSis ‘(ﬁ‘%i‘rﬂ'&éd Qﬁt &fferent

spatl al ({;r ocessor 710 receives and perforns spati al
8i tiffersnpt time lﬂfﬁr‘aﬂ%whm ae Wso fefomedrio entlzop periods”. For

ee%ﬁn%%g aﬁgcQﬂar s%ba%{i?gﬁse for g&ﬁt fai B3 a&s's%ln R'e3GT ﬁop period may be

determined, for example, by a pseudo-random frequency hopping sequence assigned to

that user. For a frequency hopping OFDM system, the frequency hopping sequence for
each user is such that the pilot subbands used for the common and MIMO pilots do not
get selected for data transmission. Because of frequency hopping, each user typically
needs to estimate the full MISO or MIMO channel response (e.g., for all N subbands)

even though only one or a small subset of the N subbands is used for data transmission.



710 may denul tiplex the data synbols into T substreans
for the T transmt antennas. Data spatial processor
wQ@ 1@5080870r may not perform additi onal spati al PCT/US2004/040429
processing on these substreaw, depending on the
system design. Pilot processor 720 nmultiplies pilot
synbol s -Pi Wthrough PtVz) for the T transmt antennas
[00155] wi t h t hEBhe pllntrﬁlrangnwsom sthemes and lehanrgph estilbdtion teéttiques described

t b th
it iy by e T Vi PR s o SR, e peseitng for pilo
tib¥missi6n ald ShGMEE esHmalioh fredyehd 1ﬁbie%{en§éﬂ7ﬂoﬁaﬁdﬁ§1§é bSfware, or a

used for the T transmt ant'ennas, and the sane or
cefnpmatiem thaseqfot F@ym@amwwénwwohomd procisingt units for pilot

cessaor. 720 inc esTrruIt liers
9@5 g{lﬁl?oug% l&gl&gfﬁﬁgoﬁl§§?rbﬁ lup}gllepée[n o Iﬁ’nf’r nSYF% application
spaciﬁin m’tegrEadfmfwiti I(ASI®Y), diddamgidnaplpr&sesios (D'SP@} d1g1ta1 signal
for its associated transmt antenna j wt

PF%%%@%& deyiees §BPPPe), errsrammpblg dogicedoviten |(WgD$/)e cﬁtebir progmnunable
g%@%rﬁgfglétﬁﬁs)gBﬁ)%@AsSg Bl y';';fﬁ?}o ‘Jr'zz)ntrollers mlcrrggEOCﬁ;grs other

mul ti recei ves an exes a'res
elgatrenis yntio desigirst o grnfofm dhe datctionp a]bSc&ibeﬂ Res S a ¢dMbination

scal ed pil ot ol s from an associ at ed
ﬂ}?fﬁo?l p&sgrpr‘?ﬁﬂa o§’¥ 1y psiHasfion 8y foBiceyer aaay falso be
irh eﬂlbntfa@'bwﬂﬁﬁoﬁﬁ(?ﬁdr@%%‘ic& TETLha 89bgnna j . [00150]

ach transmitter unit 632 recelves and processes a
[00156] ¢ especthoyea ﬁﬁﬁwstm impdgminsaticosy rtbarpracaisipgodésdebedaherein may be

thin e ch transmtter, unit
R i, SRy {0 & o . GERGPMAy 4id.ift ), that pertorm the
fisytioe destiibed Higeil 1TOE RbAWERRAMS midy BGofdd R LRABRLE unit (e.g.,
using an N 0| nt | FET and provi des a correspondi ng

MEMORY) INEF (fddy 683%nmd W?éﬂ incBHvaiohsny exesuted drsaianprocessor (e.g.,
| fi
c%ﬂé‘ﬂ%?gst égéfr?)r _??Qf :]aélgre 58 gﬁ{p{g e?%{ggro{gm{ ﬁréa%fyl? aﬁgl?l Mg tgé within the

pwyessol ort extdroalrto &wcmbcreem oindiigh Ckdvk 8xiB® borhi@hicatively coupled
ntains N+ C.chips, where Cis the nunber of chips

tortE?)B%ﬂcSﬁor ige a‘fl%lﬁéﬁ?aé‘a AP ER 1F1§h‘k%vvn as a cyclic
[00157] prefix %%réﬁoﬁé&ﬁgcﬁp@loﬁ%mtdlg&l}?%i HbOd t 1 tl%éi%&@gﬂ/lto enable

wi rel ess channel. A'TX RF unit
angy plowsion sskibednin nthe ametoomakorer asal thg picgad! ventlon. Various

o e b SRS e
arldie ricr t
1 B P

depertme fsersthe spitihpt s@Baiof ﬂ‘m]inbfhnmy Bbus ghel pfasentaavdmtion is not
t r VI O rec
G0 K A M S 880 SR SRR B R e

soopechrtsistems with. the prirfdipléeds, noaalpfdafw@sms@a&dﬂfe%we ncy
downconverts) the received signal froman associ ated

ant enna 652i,
WHAT IS CLAIMED IS:



digitizes the conditioned signal, and provides a
stream of sanples. A cyclic prefix renoval unit 814

WO 200598876 he cyclic prefix appended to each OFBM/E§2000040429
and provides a received trangfornmed synbol. An FFT
unit 816 transforns the N sanples for each received
transfornmed synbol to the frequency donmai n using an
N- poi nt FFT and obtai ns NCLeCEVI&d synbols for the N
subbands. FFT unit 816 provides (1) received data
synbols for the data subbands to either detector 660«

for SO recej 150x_or .RX spati.al processor 66 .

for VD Foctrtd TECudiihs, ™ aift B 5F RaRies ntd-antenna

commuiitatign $ystens ebhprisiagt 0 ei t her channel estimator

684x for M SO recelver 150x or channel estimtor 684y

for BERFrabNged clifshbset 9yl spelod spijot mymbols veitfy s fisgt vector of T
' f | j 4y §

oSIRER M haR RN ARe REIERA o g Pl frst set of scated

plletasymisnisias ewitabdd iforatseofor t chatums] (pseimaiibi yn rededeRelvith a single

estimator 684y, a conposite M SO channel estimator 820

WFIEns a set ofreceived pilot symbols, X i'nmK, for

each ' itk .

o AR R | S0 DS NSE R B0 D Rols with

at teapiobiltadditio8d vdvtmrm el ati lopatilone reedyonsith asuliipitantennas is to be

-t Kk, IS, Anmatrix l.tiply unit. 822 receives.R- M .
SHRRRRS BY o Pt s oo Re vt du ok 6 CobfiRianits prfporein the
fird1@niRat 168E TVE addliti G fect G drdMiFfefent Fedidraind atHatM@CArd Wherein the

multiplies these R-Msets with the matrix - for each

figsd | amg af deask T-haddigipnali sgtssofscpladepitat-symbale ore siitableefor use for
LES, e i r - T S f_t.he
DRl by B L osbaeliel v A0 Ml ot

thr e&bmlndddi:thrg ?BH set Uﬂﬂlaﬁdalm il sfymbblkevialp’frﬁ‘rﬁfsﬁﬁt antennas, one
zer o-.paddi or each | east-squares inpul se response
S%aiﬂm@fwv?ﬁ og eaghytrEsmit #4826 performs an N poi nt

FFT on each zero-padded | east-squares inpul se response
estimate and provides a correspondi ng final channel

f r eq@ency The symtinsk of staimat, ewherein theRi$t andtat824st T-1 additional

rovi des .t he final channel response estimates to RX

v cﬁ%rtsiaﬁﬁorﬂpge%agécbfm%@ﬁa?ermhi ch uses these channel

estimates for spatial processing of the received data

synbol s to obtain detected synbols, "W , which are
est i Aat esThé metkod; phpleim tly echerrin &'-$ yaddisional &e&fpjof. T scaled pilot

SGBIF e AR\ Sy, por o 11100

The filtering is not shown in FIG 8B for sinplicity.
[00154] The pilot transm ssion schenes and channel

esti fiat i ohh¢ @rgirady Q€ Slaims .y WhHergim e st eSetere 2k d ! fagiditional
Vyﬁéﬂsgf@rg?%lgggwa@y Legs. One such systemis an

ort hogon equency division nmultiple access (OFDVA)
comuni cati on systemt hat

5. The method of claim 1, wherein each set of T scaled pilot symbols is

transmitted in one symbol period.

6. The method of claim 1, wherein the multi-antenna communication
system utilizes orthogonal frequency division multiplexing (OFDM), and wherein each
of the T scaled pilot symbols in each set is transmitted from a respective one of the T

transmit antennas on a group of P subbands, where P is an integer greater than one.



utilizes OFDM and can support nultiple users
si mul taneously. An OFDM based system nmay al so utilize

WO e@quemscy hoppi ng so that data is transm tt edPOIUS2004/040429
different subbands in differgnt tine intervals, which
are also referred to as "hop periods". For each user,
the particul ar subband to use for data transm ssion in
each hop period nay be determ ned, for exanple, by a

pseudo-rangdom f.r enc oppi ng.sequence, assigned tq, .
t hat 9u ser %%Wﬂﬁ’%f%%égaﬂférég y‘%ﬁﬁﬁbﬁhﬁ gjqbﬁggﬂdé yet Bﬁ‘?"mﬂﬁ distributed
abib QAT eRNaYsubBARds R SRAPERASpHPHy KEB Butihafds. | s such that

the pilot subbands used for the common and Mbvl O
pilots do not get selected for data transm ssion.

Becayse of. freguency -hoppin each wser typicall .
needg' to glsl?i ogln?%celalfrg 1“%?@6 @19 fﬁ;g\ﬁebo ﬁgﬁlﬁ‘éﬂ’)ﬁ“ symbols is
tro@sSiees 6n @itk grof® bf @ibbalilss bibaneleh Y enlehBonghadaiohal sets of
one ar a snall subset of the N subbands is used for

serfdepiiot s1Bhels sredrmpodiedam arsesony grewp of sbbeinds thehis disjoint from

el estimation techniques descri bed

ﬂﬁgﬂ}%&ﬁ@%@iﬁ{%l enmented by various nmeans. For

exanpl e, the processing for pilot transm ssion and

chanpel estimtio y. be i npl enmented_ in_ hardware

sof t ar e, ﬁi? I%Fﬂa%ﬂ?ﬁam %n "‘fq%é’lné&e S‘-%B?ndé B’a??f%a‘?ﬂsthe first and
sdcBRd SRS aleh¥orhRRIRFOGES 340G N mtél%uﬁ‘&{n]dg ilot

transm ssion at a'transmtter nmay be I npl enented

within one or nore application specific integrated

Circupts Sl .. digital signal , processors (,DSP .

di gi 1 sﬁfﬁaa}%ﬁ&%&eﬁmé #h F’&‘e@g(f’%éﬁﬁg?,% A1 bt symbols is

tridisBd ttad BaHRinBohsPEHE thdaiebieRsuy sllskBdandb.i €l d programmabl e

gate arrays (FPGAs), processors, controllers,

m cro-controllers, mcroprocessors, other electronic

uni t g; desi . OF . cthon escl.j-be

ey AR SR R ORI i

pilatr synitainele eglddmiiduph @id eacherlditionnl saYofab&ledgilot symbols is

i npl.enented within one or more ASICs, DSPs, and so on.

trf‘%?&@gcfm?: SgCangGrEr Ry f spbandsring wepesHye iRe iplestssi ng

descri bed herein may be inplenented with nodul es

(e.g., procedures, functions, and so on) that perform

t he tunct Thamethed of chad Shwherein. thd fiest and tavend geagsindtade same

be, st ar in a nmenory unit (e.g., nmenory units 642,

n%ge%{,ogéﬁ@”aégszy in FIG 6) and executed by a processor

(e.g., controllers 640, 680x, and 68Cy). The nenory

unit may be inplenmented within the processor or

ext ethal 08 eprergpvdesgomireless ihiltiantenme icompaumidsgion system,
Jnj.catively coupled to the processor via various

Coqnlg@r?g%s is known in the art. [00157] The previous

desci piddtipeocesdor bp&ativesel osed enbodi nents is provi ded
to enabl e any person skilled in the art to nake or use

the prese®neraik aditsioset ofak iserled pieli $mebels avith edfinshuestor of T
PRI Wb LB BRI AR L P
pitysyobolp s swtibteofontuserfoe mhadiclrestimativit by utecelepdrwithg single

fromt tae spirit or scope of the invention. Thus, the

P& i nvention is not

selectively generate at least T-1 additional sets of T scaled pilot symbols
with at least T-1 additional vectors if at least one receiver with multiple antennas is to
be supported by the system, each additional vector including T coefficients, wherein the

first and at least T-1 additional vectors are different vectors in a matrix, and wherein the



intended to be limted to the enbodi nents shown herein
but is to be accorded the w dest scope consistent with
wo b@spsismeci pl es and novel features di scl osed hRCEUR2004/040429
WHAT | S CLAIMED | S: CLAI M5 1.30A nethod of transmitting
a pilot in awreless nulti-antenna comuni cation
system conprising: generating a first set of T scaled
ﬁpa'tlaod a Jledso (151 waildiional fsetssaf scaleﬂopﬂabfsyfﬁbobe&fréismiiiab]tasfor use for

where T | i.nt ege eater th and wher
chapaekqspime %%FY & Kapt o © BFqeryer wﬁ%ﬁgme@n@awsa@pg for
use § 'Iurﬁlﬂ?%an@rﬁftﬂeﬁﬁh’ts%bepaﬁ)(/e & ‘E@ﬁdﬁﬁ&? aIYH franﬁnﬁ'eg&ﬂ ot of T

antenna sélectively generating at |east T-
seadidi nilos sambelstvéa Bitralismit ahtetnasi bot seiediyslos Symbhl an each transmit
t%?ﬁt T-1 additional vectors if at |east one receiver
multiple antennas is to be supported by the
system each additional vector including T
coefficients, wherein the first and at |east T-I
addi 14-onalthe eppasptys &F slams Berderein deq pilet pracessamis prerative to
T- sets
oA TEL SR LR Aot Shol SpaiorT Yl 8805, o
wihhmrmthb fies tvieotat hrﬁi’il‘-b)adﬂﬂmenﬂtvebiﬁﬁf&tre TnectoeCstl &/ @ralsll fbtrix.
mul tiple antennas; and transmitting each set of T
scaled pilot synmbols via T transmt antennas, one
scal pi Cip_t ' . ot
met hgg of *Tlélé glﬁ%MLmﬁgg}%?nf% h E?iél?s‘%lean &f easftz0 - chatlon
systiah triilozes lortheganet ﬁecaxeacsodwism@anauuptemngr@Fm) her. 3.
The nmethod of claiml, wherein T-1 additional sets of
T scal ed pilot synbols are generated with T-1
addi 16.0nafThy 8§fadtss ofblaiie, Walehes esth JHiiRd Tnséale&@ﬁbﬁéﬁnbols in
the first vector and T-1 additional vectors are
e%@@bxsgraaﬁmatenér%mampmtwe og¢ of the Trirenswait erfternasi cm a group of P

LWB%E}(%:,”%}%% %e%nn the -g n@%% eggt}l lg)%te al}lfﬁ[tﬁ)\fgl ﬁl&ea ]subbands are

ugiFeaimdy dlsmﬂuefd@lcfbsts hEtomJ hibbadyta@dage a0 EYaAaty NP subbands
systemutilizes orthogonal frequency division
mul ti pl exing (OFDM), and wherein each of the T scal ed

pi | of7, Sy PR Ez:‘péia.[:bft@sa(%*élﬁﬁtIS Ireﬁ{'ﬁlg]ﬁtrgt%gt éfr sggfea d)ﬂOt i%ymbols is

respect ive o ansmt antennas on
trafsuitedi bbetimiensiytvar 2 fiRsti growgn of shistgads, gmda\tfbdfrehhﬂte at least T-1
n the P subband

1e. 7. The .nmet hpd.. of m 6, wher ei
oG onfh 9 SRS Biieh syiabals e BRERITER O8I SapRel Ty psubbands
thef dwaﬁ@ﬁloanﬁéﬁrsb%r Brsmwbhands. 8. The nmethod of

claim6, wherein the first set of scaled pilot synbols

is transmtted on a first group of subbands, and
wher Fé n tRﬁ %paraegss tmTaI WIre e'sst 'r&’}ﬁ an%eentn% gommumcatlon system,

comprising:

means for generating a first set of T scaled pilot symbols with a first vector of T
coefficients, where T is an integer greater than one, and wherein the first set of scaled
pilot symbols is suitable for use for channel estimation by receivers with a single
antenna,

means for selectively generating at least T-1 additional sets of T scaled pilot
symbols with at least T-1 additional vectors if at least one receiver with multiple
antennas is to be supported by the system, each additional vector including T

coefficients, wherein the first and at least T-1 additional vectors are different vectors in



scal ed pilot synbols are transnmitted on a second group

of subbands that is disjoint fromthe first group of
wgaaisasms0 9. The nmethod of claim8, wherein tPET/US2004/040429
subbands in each of the firsiz and second groups are

uni formy distributed acrossN total subbands. 10. The

met hod of claim8, wherein the first set of scal ed

aphitot, sydriybérsini the tfirstremdiat lenst Tdnadditimmas kats ofisdaked filot $§/mbols

r ou f .subbands. 11. The.nethod of . claim8, wherein )
oft S1BpT (55,85 Jot hiap s ERHOTS by dh it Lepst o bt with muuliple
afteiRet snd@re cycled through and each additional set of
scal ed pilot synbols is transmtted on the second
gr oupnashs doip rangeitting gachesgieef Ty scalédrpilphsynbals .vid X transmit

e hod_of .. Gl ai wherein the first and second
BB et SRh et Batad 137 an
apparatus in a wireless multi-antenna contmuni cati on
system conprising: a pilot processor operative to

gener8t e dhe ppraratde el elainy 18 cwharginplladdyipnplorets ofik praged pilot

' fo ef fiel L ' r
o3t Sty SOLLGE ST S T ALY G 11
agditional ygetbslase T vectonstoflal Walklomatiie f or channel
estimation by receivers wth a single antenna, and
sel ectively generate at least T-1 additional sets of T
scal ef, pi lA0tme¥ePobe Whilshifling! 82ilof - In azfjdﬁvfrlegwlmulti-antenna
vectors if at least one recerver wth nultiple
campamration system, lsempuppgrt ed by the system each

addi t i onal ctor .incl.udi T coefficien erein .
The Eriaaingid 58 of J26H 4 ptok B onf M BERE Vg Ot o onatrx,
wihiefd B Bh iMEEh QidatdrRhah 6 &M RN WhRBebdhal RESH &rédter than T,
and at | east T-1 additional sets of scaled pil ot
wagraibpashyeetosincludey E coefficignts; #ndr  channel estimation by
t he [ i b Rl : .
a ol Sengrifgte PR SORE! WELe\dt S By SOHGE0 HRom A" Sramsmi
antenmuatis] whereindle ™M a¢ts of T sealed piet sydibols seaugbl@idraike for channel
synbols via T transmt antennas, one scal ed, pil ot
edipian hyrboBeneiy o8 R & Suage aninRa @é.req%@r%wﬁﬁ Paiiple gntennas.
claim 13, wherein the pilot processor is operative to
generate T-1 additional sets of T scaled pilot synbols
wi t h2T- | dteintethod alf clagn 20y wheramndhedveveitors hteanof brtsdgonal to one
aﬁ tor and T-1 additional vectors are T vectors of a
Yh matrix. 15. The apparatus of claim 13, wherein
the nulti-antenna comruni cation systemutilizes

orthogonal frequency division nultiplexing (OFDV . 16.
The agpar dbe gnepfodcoizglanm B), wheseia the dddimesf T cheffigients in the M

ve&isee BlbQla Y ﬁ;%ﬁn%ze' thannel estimation errors by both the receivers with

single antenna and the receivers with multiple antennas.

23. The method of claim 20, wherein the M times T coefficients in the M
vectors are selected based on a sum of weighted mean square channel estimation errors

for the receivers with single antenna and the receivers with multiple antennas.

24.  The method of claim 20, wherein the M sets of T scaled pilot symbols
are cycled through and each set is transmitted from the T transmit antennas in a

respective time interval.



each set is transmtted froma respective one of the T
transmt antennas on a group of P subbands, where P is
w@poosnsmsger greater than one, and wherei n t he FRCT/US2004/040429

subbands are uniformy distriputed across N total
subbands and are spaced apart b y NP subbands 17. The
apparatus of claim 15, wherein the first set of scaled
pilot synmbols is transmitted continuously on a first

gr oup,. of bbands nd wherein the at |least T-I .
addi ??‘ona&ﬁg e‘P%H%‘} 03 c‘g?lah 38? IVerdy rf‘ﬁ% |“%‘ﬁ§‘raé‘tenna communication
systea atflizds@ithoBorh] $iRGAHEy I AR HulSBRAN ESFDRAL ahSwherei

%Ii sj oi nt fr_omgt he fﬁr st ygr oqpnofu g%bba%gg i}@_’ aAnW erein each
offhsal sealed pilptsymbels|insecheattis tranmitiedh fromnartaspective one of the T

. I.S1.1NQa: for generating a first set
uR B Bh Lo TR By wHGFIF et Hikafy e 0 ome
coefficients, where T is an integer greater than one,

and wherein the first set of scal ed tﬁi | ot si;nbols is

sui t dbl e 8¢ Wehod of clamnéd, aderaimithond pspbbandsi gusr gmiformly
Bl PRI\ o By RS el BRI Rbny,
pilot synbols with at [east T-1 additional vectors if

at Ig st qne receiver wth It]i@gll,e antennas is tq be
suppbft ed” By PRENMLS e VEIHSTS JBditFHeme Gerpyication  system,
cérﬁﬁﬂid-i‘ﬂ’g'fng T coefficients, wherein the first and at

| east T-1 additional vectors are different vectors ina

mat r § Pilotpracesheraperativiado eneagate M detaof Tegsled Pilbt symbols with M

[t ts..of sgcaled pil.ot synbols, are suitghle .
RfSEl yBRs oF Erleley Vi T aond Feer o eSifaglds Sn integer
equal & otgireatérithar TR Uk lidréih @ aci @ftasclu@R 4 diRaMisert and

transmtting each set of T scaled pilot synbols via T
t r an® RivralEH Of fransnittehenitsopewdivpie eandgipnrell tensmieach of the M

r 0 :

o41 81E SR han ARGl bS] B My s
piotesymbolsraat eidtabletfor iisd foadhirnebestimatiee bp bsth recedverh @€ Hsingle

the first vector and.T-1 additional vectors are T
anfennagind repervers gt multinle pytenndg. A et hod of

transmtting a pilot in a wireless nulti-antenna

comuni cation system conprising: generatingM sets of

T scdd.ed Ph¢ appasapmbof clamw £ Whateihfthe Mhveoters tage sotafrttogonal to
Orgaatnrh_z((3 where T is an integer greater than one and M

RN Nt eger equal to or greater than T, wherein each

vector includes T coefficients; and transmtting each

of the Msets of T scaled pilot synbols fromT

trandhit ARt apeEEUS \iRepemirelaie miieantennh Jorgmahisation  system,

j ynbol s are suitable for use for channel

Cééhsérlggn%si on by both receivers with a single antenna and

I ec emeatssonpéreratingtvVzers Il ssaldSpilot symbols with M different vectors

of a matrix, where T is an integer greater than one and M is an integer equal to or
greater than T, wherein each vector includes T coefficients; and

means for transmitting each of the M sets of T scaled pilot symbols from T
transmit antennas, wherein the M sets of T scaled pilot symbols are suitable for use for
channel estimation by both receivers with a single antenna and receivers with multiple

antennas.



21. The nethod of claim 20, wherein the Mvectors are

not orthogonal to one another. 22. The nethod of claim
wQosmsmsrei n the Mtimes T coefficients in theP®/US2004/040429

vectors are selected to m niqy ze channel estinmation

errors by both the receivers with single antenna and

the receivers with nultiple antennas. 23. The net hod

of cB&i m B0a wikedessimultiFeatevhg icomsnifiicatied ystérrnitiizing drtt®gonal

AT N I TR UL

aﬂ&heﬁicagipﬁsigg,t enna and the receivers with nultiple
antennas. 24, The method of claim 20, wherein the M
set sORfpimng ¥ R gecgive gntesyashBltimesr sety of Bdeashvedilot symabols for

j I: romthe T t. mt agntepnas, .
TSR S5l o LRSI b TG T SR R o
bR ] matréy, eihierd RET bl Piar@inteBRareAeithit @l MR 5Yite88h equal to or
utilizes orthogonal frequency. divisiaon nultiplexing

siceseDin Tantistanes ef R seiaare formedior thed? Himes Mppaintand Mrisesiups of T
séttﬂ afed6n&Elor e T 1A Wb A& 8N e %g?fﬁgﬁa&t %lgtgg Zlgt,)}pﬂ/[ matrix is

e 1 transmit antennas on a group
uselldo gerierate each sehb£Becalet pildt@ymbblaandoviesreid @achTfreup of T sets of

hod. of [ 5 wh [ he P.subband
P S Ephyvib Sl Suisatlarond (B S OB S-oasr e
spacgs&ivanasd inidViRqasRhaRdRin Bdqueity ﬁ@%}ﬁ'{se%ﬁ{ﬁné’cg f6t each set of

wirel ess multi-antenna”comuni cation sys
P gepppradspileg symbels] whernsinoB dgnesr Moipiiah thieqeency rggpossatstinites are

il sypbol s, Wi t di fferent
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T, wherein each vector includes T coefficients; and a
frequengy response estimatenvhers Rkintes M duitiak impailsegesnonss estiorates are
Gl ' f . [ed pil ot
D S0P Rem At ntal BRIt chaB® T W st s
of TdeoahgeR timdsAl fisylnins-doraair impilsedekporise estitt&ed Bised on the R

.chappel .estimati on by both receivers with a single
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_ort hoga)?g% to onequng her . Egggq%nﬁ@}é%%?g%euéé?%gf& bach final

inyiulss response) estimatat wherainc rtimasi E dinab frequent g mgsponse estimates are

conprd si ng: ..nmeans. f or nerating Msets qf T scaled .
AP for R PR s exdirgies gl reprsef oy estimate of
a Wheie-Inpub nAtiplb8Gat (MIMEY SharBPRtRBS AR Mirsthifhhtennas and

i nteger equal to or greater than T, wherein each

thg Bcieetive suenges T coefficients: and

31.  The method of claim 30, wherein M is equal to T and the T by M matrix
is a Walsh matrix.

32.  The method of claim 30, wherein the T times M coefficients in the T by
M matrix are selected to minimize channel estimation errors by both receivers with a

single antenna and receivers with multiple antennas.



means for transmtting each of the Msets of T scal ed
pilot synbols fromT transmt antennas, wherein the M
W@ 2408/0518701 scal ed pil ot synbols are suitabl e fPCT/USH04/040429
for channel estimation by boiy receivers with a single
antenna and receivers with nultiple antennas.30. In a
W reless nulti-antenna comuni cation systemutili zing
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of P scaled pilot synbols generated with T tines M
coefficients ina T by Mmatrix, where R T and P are

i ntegers t i S._an nte
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Smb%@ #ER Epnsmiied gy if @t deastepay Eccelyeh Vel myltipfe erigimag is to be
,g;é; ﬂi(%osje,a nahd wherein each group of T sets of P

a % symbols is transnmitted fromT transnit
antennas on P subbands; deriving an initial
freq response esti rrate for each

f
set of P .ng rar}ae'v’g)& 03 el '@;ﬁ@aegl ORG-EPWR AL R setspdd mppetved pilot
s;hﬂlb&lk o ostaﬁeaemyner RSRELISE aﬁehﬁaz%e fﬁgte%;%ﬁg'o\fqd sibdands, and

he Rtines Msets of P received pilot s
r@eaimngd‘é lagroups of R sats wE Pdweeived prpuspebale spoolseined via the R

e for each nitia ncy response estimate,
rev\,ﬁlé’FgPatﬁ SRS %P?R%#PF‘FPE’EP e response estinmates

are derived for the Rtimes Minitial frequency

response estimates; deriving Rtinmes T final

time @onaifhenw%%’eclﬁ%é@n@éh@rmm based on the R

t| nme A ta he
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bélbwqatmmmulxrebqeslmto%m rrate for each final inpulse

response estimate, wherein Rtines T final frequency

response estinates are deri ved for the Rtinmes T final

i mpukse reﬁ@{:ﬂg 8d%¢Lia Sj?l?rﬂéhf nt an estinmate

of a nmultiple- |§1nput mul ti'ple outop ) channel

bet V\ﬁErﬁaC]h]@f']fh(t Ratlfms tT ﬁnalemmaﬂseamdpdﬂse eRimetesi sedting last L-th
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32. The nethod of claim 30, wherein the T tines M
coefficients in the T by Mmatrix are selected to
m m ?$-ze Ehamn@pdeéﬁliamﬁﬁ,@rtbﬂmmriwgbot h receivers
W th : elvers Wlt
ot oL LN B G ERE ShiEebhiidindit, e o poaled pilot

syimbrds gdernef F itk sand secm otfrIa:oEfﬁ/c@ait@mhamyaﬁlxﬁmﬁ@d
based on a sum of wei ghted nean square channel

estimation errors
39.  The method of claim 30, further comprising:

filtering initial frequency response estimates corresponding to sets of scaled pilot

symbols generated with same vector of T coefficients in the T by M matrix.

40.  The method of claim 30, further comprising:
filtering initial impulse response estimates corresponding to sets of scaled pilot

symbols generated with same vector of T coefficients in the T by M matrix.



for receivers with a single antenna and receivers with

mul tiple antennas. 34. The nethod of claim 30, wherein
wor@sgssop of T sets of P scal ed pil ot symbol SPEHUS2004/040429

transmtted at all times andgxremaining M1l groups of T

sets of P scaled pilot synbols are transmtted only if

at least one receiver with nmultiple antennas is to be

supported by the system 35. The nmethod of claim 30,

Synbil-e | ShRetonancian 3 brRer ezt ehnas. on a
firsmt&ﬁg{ge%alpnfpﬂt&e SnscARGmhRERI Ning M1 groups of

R sets o recei ved pifot synbols are obtained via
the R rece| ve antennas on a second group of P

subb h [ ai m 30, further

conpri’si nEE?GPS&‘ gé’gefaglflqph o1 SOREEISIgE | nal i mpul se

I espAnéehoaié iREl squet®i debptfhisé adtinvddsues bel ow a _
particular threshold to zero. 37. The nethod of claim
30, further conprising: for each of the Rtinmes T

fina),i nppbq’l%,s?é{rgt%lgg{]g svn%ﬁatsé Hvﬂit{e §ntE1§r?at ngulll(,aa%t(){l ls#ttan utilizing

t hr ough an expec

oﬂb&@nal&?ﬁarqaambyfdwlsiohenﬂnﬂeﬁmg (G8DM}) eoripitisimgl of cl ai m
sets of received

npri si filterin
p| I ot PL-V B r"cCS’rVreé%‘g‘f]%l?q’i@tl‘ie&Oé’gf%n ora Baseeaye ﬁ}t?@las R times
S f f
M XER e SRR B yhiboRARE, YS! Mol P ISIEd BibP symbols
génﬁrfattdewﬂh a rtpmassMrt@efﬁcadntsem aifby M triatix, Mrhemléﬁb gmd P are integers

el Rk T b BSOSO L e BB O 35878 R o e
f&ﬁ@ﬁffmcﬂhern Simlel M R6ts Tm{zm\/gr@af)sr bRT . ard PSni¥BBPtheOf times M

claim 30, further conprising: filtering initial
S¢t$rp‘mhe§@n roag roREiciand n thg Eded mabpoirdised te geaenis e@fvh set of P

scsa? Iﬂ% I%gin?&ss ﬁ¢ g\lh%ﬁegrg %g{&a%}g)gp ngt"f] fg‘tgﬁ gv gcaie% 0%1?06 fsymbols 18

traﬂlmlmcﬁﬂomﬂuﬁﬂmﬁt Q0N 6h Pg;ublﬁankiﬁ ;emidng the final
i npul se respanse estinmates. 42. The method of claim
30, #chanpel st oBeIEve 1o | t er | ng the final frequency

response gsijomaliGfial ﬁ%gt iy @BH@ f&l( f[{l\ﬁnrsg le§ifiSate for each

mul ti -ant enna conmuni c Sys
scﬂ rotf Rogenald Hiloe suaahcuiy, W{lnaremlRmmwM nnthae} ﬂquedcﬁ%&ﬁbnse estimates

r [t rec un| S operative to
fiPtop e st BT osss dif beehied pﬁ@fﬁynﬂé)g M sets of P
r ecei ved @r\RtanSHiRO ind-@mdin tibnt S?/I%S% QlimBteSHAkES initial
pi l ot symbols generated with T coefficients in

frgqmenb)y response rebitnaighwhere® R'tlmcl\/mnmabnnpul@l@ﬂgmse estimates are

derived for the R times M initial frequency response estimates,

derive R times T final time-domain impulse response estimates based on
the R times M initial impulse response estimates and the T by M matrix, and

derive a final frequency-domain frequency response estimate for each
final impulse response estimate, wherein R times T final frequency response estimates
are derived for the R times T final impulse response estimates and represent an estimate
of a multiple-input multiple-output (MIMO) channel between the T transmit antennas

and the R receive antennas.



greater than one, Mis an integer equal to or greater

than T, Mgroups of R sets are fornmed for the R tines
wor@snsis7and M groups of T sets are fornmed forPCThESI04/040429

times Msets, wherein one cogfficient inthe T by M

matrix is used to generate each set of P scaled pil ot

synbol s, and wherein each group of T sets of P scaled

pi | o#4.synTBiod sppaatus afsceinin €d, fwherail the ahamel estithatonas further

on P subbands; .an channel .estjipator operative_.to
BRSO R PRI AR ReTPRG) egrsecsfivass intial
iS4 R sBoh Rl eftfdies Shinff infhill RC BdshSitkePedtiRlatey ROkiRal frequency

wherein Rtimes Minitial frequency response estimates
regpanselestimaies-f or the R tinmes M sets of P received pil ot

synbol s, derive an initial tinme-domain inpulse

response estimate for each initial frequency response

estiamt e, Awhppahtns B 4 WilREesMniui-Aritédnal coRingRcaHios BARGE utilizing

estimates are derived for the Rtines Minitial
orthegendfespupreysiyisionaayliiplgring (OHBMveoprisivgss T fi nal

times: APRWaolt : [ the. .

i oSkt P i RSP Ak Rl 385 BF R 8pivda pilr
symptidlsrddar Txtiman M detsi vf Pasdaiedapildt rsyeibeisc gerbpared fvith T times M

oS 6 & T BRI A e e pR el op it ey, M is an
i PORBL1ESH IrERE AR T EMAGHUNEH ’ Qs 4B Goifdd 10Ffhe R {iftneélM sets,

I mpul se response estimates and represent an estinmate
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etween .the T.transmt antenn and.the R receiv .
TR Buseainh 35T A0 SO B it SilbBly e ierein each
go0p RN g seséfi Pro¢add pisotfsybbRis GR@ditkd BohOT fidahéBH antennas on P

received pilot symbols, initial frequency response

subbpidsat es, initial inpul se response estimtes, final

i mp r ; it fi r .

D38 ORI gl L BN g st o
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based o thei R fimep M irpial Tmpylseraspense rstinatesang the Tdeyrdmeatex; and

each P . l e ' ol nd _wherejn eac
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edch vl itdp@tie f regpBnie tetmate] twhartie M &isned T il Fa0éliey response
estimates are derived for the R times T final impulse response estimates and represent
an estimate of a multiple-input multiple-output (MIMO) channel between the T transmit

antennas and the R receive antennas.

46.  The apparatus of claim 45, further comprising:
means for filtering received pilot symbols, initial frequency response estimates,
initial impulse response estimates, final impulse response estimates, or final frequency

response estimates.



means for deriving an initial frequency-domain

frequency response estinmate for each set of P received
w@rdosossyorbol s, wherein Rtines Minitial fregeentyg2004/040429

response estimates are deriwgd for the Rtinmes Msets

of P received pilot synbols; nmeans for deriving an

initial tinme-domain inpulse response estimate for each

initial frequency response estimate, wherein Rtimes M

initi I i pul re se es es.are derived. for the
R i ebed of pPEgTeRe fhﬁrgseﬁ, aﬁgeat&g& Frh fEEIV e h ireless
mﬁlﬂf-mﬁama\eoﬁﬁmﬁnédtﬁﬁ%y&erﬁl didprisidge- domai n i npul se

response estjnates based on t he times Minitial
i npublainings pierk eeceye iantsness, b(hebts h%RTedsyvemmht symbolafed M sets

of E & dlos S bl o0 Wtk 0 RS ERID, D Miomitea

viastt irffRiet antdipbg iwhelR Riafi@ T afe fntég%ks éré@t@ﬂthﬁﬁ ¥né SEPPIS én integer
estimates are derived for the Rtinmes T final inpulse
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means filterin il ot rrbon niti
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infelsk RURS matif 3 obfiRH bstfndt&SPORSEmES T aﬁhﬁa - s bdthédn the T
frequency response estimates.47. A nethod
tragrsnfipanténmgs archiad reegive aennas. at a recei ver in a
W reless nulti-antenna comuni cation system
conprising: obtaining, via R receive antennas, Msets
of ~F4g ecerhehethol OF cRiA YY) WhdreinVh& Rt $ectrs AreSfoR bfilogonal to one
pil ot synbols generated with Mdifferent vectors of a
¥ix and transmtted via T transmt antennas, where
R and T are integers greater than one and Mis an
integer equal to or greater than T, wherein each
vect49. i nTheigrsholl efosddifi 47, emliceinanel cobficRnts ﬂhhﬁe M vectors are

coefficients in the Mvectors are selected t
sqlegtqd tommipEmics shawe! simation pEers By et the rr%@év%wsth Wingle agtenna
tgggé%e ;s%ﬂ@nﬁﬁ%a SG&lMers Wi th nultiple antennas;
and per ormng a matrix rrultlply of the Msets of R
recei ved pil ot syrrbol s W th an | nverse of the rmtrl X

to optain stl . han |. gains. b

the P r aREnt S SRR ORI DR 1 Veciors are
schtedThRedRnh® @uﬂf oﬁ%@ﬂgﬁﬂeﬂ Imeath E(Iu%i‘en cﬁdi‘lﬁel'vés’{ﬁ?e&@ﬁ Sen%Fse for the
not orthogonal to one another. . The method of claim

. reqgivengivathesingle petounserntlitles reacivers Wltmeulmplﬂeeat@mgs are

sel ected to mnimze channel estimation errors by both
the receivers with single antenna and the receivers

Wi t hs51ul t Apl eppupstenniasa wireless multi-antenna communication system,

D_.

comprising:

a plurality of receiver units operative to obtain, via R receive antennas, M sets of
R received pilot symbols for M sets of T scaled pilot symbols generated with M
different vectors of a matrix and transmitted via T transmit antennas, where R and T are
integers greater than one and M is an integer equal to or greater than T, wherein each
vector includes T coefficients, and wherein the coefficients in the M vectors are selected
to facilitate channel estimation by both receivers with a single antenna and receivers

with multiple antennas; and



50. The nethod of claim47, wherein the coefficients

in the Mvectors are sel ected based on a sum of
wowdglossdo nean square channel estimation err orBCT/OR2004640429

receivers with single antenng and the receivers with

mul ti pl e antennas. 51. An apparatus in a wreless

mul ti-antenna conmruni cati on system conprising: a

pl ur alcharylebéstimmtmi orerativei tb pedfpan at inixt mubilm}abf]the\Ma;eR of R

rece ant en sets of recei ved i l.ot synbo
1o S Pl SRS s Sivesty of tHevmpien setBtte) QTR fmes T
clhinb E185a8R b eWReh ST %fanﬁmffﬁﬁtﬁﬁﬁ%s and tﬁer RS VebRfnYdsa T

transnmt antennas, where R and T are integers greater
than one and Mis an int eger equal to or greater than

T rein e .ncludes. T coefficients, and

wher 2in t RaRBE8d BF GedherilE i CrGBRian & £ReSetBor srreless
rfinfti- ﬁﬁémﬂaldoﬁﬁﬁuﬁMBﬁ@&stﬁﬁtddﬁﬁiﬂs :by both receivers

with a single antenna and receivers with nulti

ant eﬁ}ﬁa@mgaﬁ@é‘ snsierrsEive gntenga, M fm@éfedmiﬂobswl@ogefﬂf Msatsof T
sc%léri!@ olt Wg gﬁl&?zﬁcgcie thétgq\élp@ %%‘éﬁt \petctoRs C ]te § elaé'%e tlra(%ltsmltted via

Te&hsmﬂtaﬂ‘&nm‘fs WhtieBH ah infegangbatgethas ob@ﬁmﬁmstah@nta_ger equal to
as.and the R receive_antennas.

transm
R E t&?f‘n gtr VOFRIT Gadh AReer includesalli eppthgients.r @Ede"'(l@Fem the
cdelfidelth iR B SI\/In@"l%cidrs A SORECE QWEilﬁzﬁé | ARy Setst?rﬁlttlon bK/I both

conprising. obtaining, via a single receive antenn
receiyeiswath giihgle astpmizoind récriwrs with nofltiflesnzhed; mid ot

synbgl.s. gepergted with.Mdifferent vectors of a
ana EhEE e R RGrd Ribhrimbels GR AR andreeof Rcompposite
miuRip@g BipuOEiesle utgud AIISOF cRAEM bSwdbh tHY B 9BhsEl YAlendR and the
or greater than T, wherein each vector includes T
sipglefeqetieantesna.and wherein the coefficients in the M
vectors are selected to facilitate channel estimation
by both receivers with a single antenna and receivers
with nultiple antennas; and filtering the Mreceived
pil ot synbols to obtain an estimate of a conposite
mul ti pl e-i nput single-output (MSO channel between
the T transmt antennas and the single receive
ant enna.



