WD 2005/ 094023 PCT/ US2005/ 006906 PI LOT TRANSM SSI ON
AND CHANNEL ESTI MATION FOR M SO AND M MO SYSTEMsS

WEROSSIMEFERENCE TO RELATED APPLI CATI ONS [ 0001pCT/ing2005/006906

present Application for Patent clains priority to

Provi sional Application No. 60/550,893 entitled

" Cranoe TRASIMIFSIONOMNIUSHANER EgtTMAvErN FPRIMIGOfAND MIMO SYSTEMS
MSOMM Miltiplexing" filed March 5, 2004, and

assigned to the assignee hereof and hereby expressly

i ncorporated by reference herein. BACKGROUND |. Field

[ 0002] The present invention relates generally to

communi ca ?ﬁﬁﬁ“ﬂ

transm ssitdc‘)lgﬁgﬁ channe C%E?%L%tpé%%¢§r£2§s

{000d] - arflerprasent Appiication fordtatay stagms ptidrityBe Pkeyigionad Application

%%%f@gﬁ@thk@ﬂﬁ%l EeE e Dine éla%@pﬁﬁl%pfg{ Misonmvo
Mafsieiag* @led MERHY! D0, CarldTdssichad 3§ the %lﬁhﬁﬁgle drdo? and hereby

mul t1ple” (R) receive antennas and (2) multiple-1nput
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transmt antennas to a single receive antenna. A M MO
channel fornmed by the T transmt antennas and R

receive antennas is conmRaegERoyNpati al channel s,
where S<_ mn {T, R} . The S spatial channels nmay be

lised Fieldransnit data in parallel to achieve higher

veral | throughput. and/ or dundant to achi eve .
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conposed of a single spatial channel. The T transmt

eomemnistiomgystem.used to transnmit data redundantly to
achieve greater reliability. [0004] An accurate
estimate of a wirel ess channel between a transmtter
d ag EEéi%hiiﬁr is normal |y needed in order to recover
L ] a .
ata sent”via the wireless channel. Channel

(0003 hat i An nudtitapenoal tommenicetiore dsysiens endipogs a (Di [mtltiple-input
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ansmit antennas and R receive antennas 1s composed of S spatial channels, where

S<min{T, R}. The S spatial channels may be used to transmit data in parallel to

achieve higher overall throﬁghput and/or redundantly to achieve greater reliability. A
MISO channel formed by the T transmit antennas and single receive antenna is
composed of a single spatial channel. The T 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 symbols that are known a
priori by both the transmitter and receiver. The receiver can thus estimate the channel

response based on the received symbols and the known symbols.



[ 0005] The nulti-antenna system may concurrently

support both M SO receivers (which are receivers
weeuwsppwed with a single antenna) and M MO r eceP@EDS2005/006906

(which are receivers equipped with nultiple

antennas). M SO and M MO receﬂvers typically require
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BRORBETS rd ultBtegRR reoRmTRication sysisRednds for ne#aﬂnmaecharmel

BRI YR RSk chs SResmhe Al SIEEHAS il

torapesie upiloto fwith ansaihingpmarix umded gdinrmatiie. t Eaclnlcnglposite pilot
pilot sent for the M receiver and he_trail ning
ﬁ?mB‘ﬂ%eS SBHHD RO Rg PP ! EPraiothnity HALRIE dehumns of the

bR ixCAN AP Rk SyiRt hﬂﬂtl}flé %ﬁh%xﬁéﬂfé fh é)a)lumn of the gain
tran mt antennas. [0008] The M SO recei ver tal ns
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[0008] The MISO receiver obtains received symbols for the multiple composite

pilots via a single receive antenna and processes (e.g., filters) these received symbols to
obtain an estimate of a composite MISO channel between the T transmit antennas and
the single receive antenna. For a multi-carrier system, the MISO receiver may derive an
initial impulse response estimate for each composite pilot based on the received
symbols obtained from multiple frequency subbands used for that composite pilot. The
MISO receiver may then filter the initial impulse response estimates for the multiple
composite pilots to obtain an impulse response estimate for the composite MISO

channel. The MISO receiver may perform post-processing (e.g., thresholding and/or



conposite pilots to obtain an inpul se response
estimate for the conposite M SO channel. The M SO
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res ectlvel , for four conposite pi]Jots. . .
[0012] FIG. 1 shows a multi-antenna system with a transmitter and two receivers.

[0013] FIG. 2 shows a process for transmitting a pilot in the multi-antenna system.
[0014] FIGS. 3A and 3B illustrate channel estimation performed by a MISO
receiver and a MIMO receiver, respectively, for four composite pilots.

[0015]  FIG. 4 shows a subband structure for a multi-antenna OFDM system.

[0016] FIG. 5 shows an exemplary pilot transmission scheme.

[0017] FIG. 6 shows a channel estimation process for a MISO receiver.

[0018] FIG. 7 shows a channel estimation process for a MIMO receiver.

[0019] FIG. 8 shows a block diagram of the transmitter, the MISO receiver, and the
MIMO receiver.



[0015] FIG 4 shows a subband structure for a

mul ti-antenna OFDM system [0016] FIG 5 shows an
wex@spdaey pil ot transm ssion schene. [0017] Rp@I/US2005/006906

shows a channel estimation process for a M SO

receiver. [0018] FIG 7 showd a channel estimation
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anankntitter urM dvithe eaemiger. WO 2005/ 094023
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0B show bl"ock diagrans of a receiver unit and a
channel estimator, respectively, for the M MO

recei ver. DETAI LED DES e word
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8h@Wiens. Mul ti-antenna conmuni cation system 100 with a
transmtter 110 and two receivers 150a and 150b. For
sinplicity, transmitter 110 has two transmt

ant enhaSinglesGarriesiMulti-partenna Svstemngl e recei ve

antenna, and M MO receiver 150b has two receive
#1028hnaFIG. d0shdivs A vhiiEontdrama cemnfumication bystérhd 00 wath a transmitter

TR S &t oo dis0Rapd §BOET Eitaepeing opgfion T B ransmi

GRBRne! MIS@H@&%%r 1§ S@W n4¢ "étsﬁ{flé‘ﬂe’églve aHé'maa VﬁﬁtMM@ﬂéca%r 150b
expressed as: hlx2 - 1) whére entry ,

haﬁvqoregew@gntden@t es the conpl ex channel gai n betvveen

dt tenna, at the SO
IRAT era WSS EhGpre) 208ped iy ) Rl BT & B i md the
&ﬁgleaantém‘va e HeAVIISO recehfed &ﬁa@ldoeacﬁla?acfe@iﬂed 6 2 B2 th@ﬂ[é‘f |response
exli sts between each transmt/receive antenna pair.
Tove vealer pt.r This veetotmrP baexpressed esat i ve of t he channel
gains for the two SISO channels of the M SO channel .

h,, =[h1 hz] > Eq (1)

where entry h;, for j=1, 2, denotes the complex channel gain between transmit

antenna j and the single antenna at the MISO receiver. A vector is often expressed as a
column, and a row vector is expressed as a row. A SISO channel exists between each
transmit/receive antenna pair. The two entries in h,, are indicative of the channel
gains for the two SISO channels of the MISO channel.

[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,,, . This matrix may be expressed as:

h h
H2x2 = [ = h 1’2] H Eq (2)
2,2

h 21



[0025] A M MO channel forned by the two antennas at
the transmtter and the two antennas at the M MO

w0 e@eioywe3 may be characterized by a 2 x 2 chanp@l/us2005/006906

response matrix H2x2 ' This trix may be expressed
as: hl,I hl12 H2x2 = j1 , Eq?%) 2,1 h 2,2 W

3 2 00690
%@Q%ﬁpg ?&T{.Uﬁ é)%gén}g ? @t ﬁélomQ[’l?ex g{]annéjﬁnel%{n between
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g2xl ,mis a 2 x 1 gain vector for conposite pilot m

U2x2 |x§1a=mg>(<2%trq| ning matrix with two colums; and Eq(3)
x2x1,,n1s a 2 X*F vector with two transmit syrrbols

for composite pilot in. For sinplicity, nodul ation

WHEROleS ofls&*zmogﬁﬁ%ét&eft)rfc%pw@tp%t95 and can thus
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syrrbol t hat iLAnsm ed f antenna in one
synbol= 2pzefr%l o%l ntlﬂ%“i?&r%wtﬁg\w %Btn iod refers to
the ti t.j 10 q,s?}tﬂ‘l

from ﬁ ag%?ﬁ!al c&% t?zﬁchtr% o ngOis f?ﬁ@ﬁ@%pﬁ%{‘m
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—=2x1,m "

includes two training pilots that are generated with the two training vectors w,,, , and
W, The gainvector g contains two elements that determine the gains of the two

training pilots. The two training pilots for the composite pilot are thus scaled,
combined, and sent simultaneously from the two transmit antennas.
[0028]  The transmitter generates two composite pilots with two different gain

vectors g and g The transmitter sends the two composite pilots (e.g., in two

B2a,b°
symbol periods) to allow both the MISO and MIMO receivers to estimate their

channels. As an example, the training matrix U,,, and the gain vectors g,,,mdg

may be defined as:



vectors g2xl,a and g2x1,b. The transmtter sends the
two conposite pilots (e.g., in tw synbol periods) to

w@bkdosmo4ot h the M SO and M MO recei vers to estPOEUS2005/006906

their channels. As an exanple, the training matrix
U2x2 and the gain vectors g2xYt, a and g2xl,b may be

defined as 1V\D1 005/ 09402 1 CT/ US2005/ OO 9 6111

1 U [ : g%xx} a|= |a, anghdgxl, ;a Eq (4) Eq(@)
where a delblermihes t hé™am@nt of traﬁ’gf‘n r to use
for the additional pilot for the Ml\/Drecelver and IS

pically selected such that 1 > a > 0. 0029(1
P’V 1& ¢ Seferyings heamquas of ArasmpbpeTerdp upe forghe Ad 1tloml pilot for the

x1l, m= hilx2 '
e S O
{0029In = Ehe feceivédisynBol wheteeMISQ ,rmei\&r dor’ &CR Icﬁmgoﬁwmwt may be
at the M SO receiver for conposite pilot m and
BEBIeSSEL A% t he noise at the M SO receiver for conposite
pilot m The two received synbols at the M SO receiver

for the t C 0 e Riy ot REXpr |nIong

form 2@%%%%’?”%%” _lim(% +~%®)m+ RGN etﬁg Ynfx1ra Eq ()

and Eq (6) rlIxl,b =(hl +h2)-a(hl - h2) +nl x1 , b Equat| on
assunes that the onst ant over the

SIS s MU TSNSV, IR M

are sent. 030 smtter_ typi cal transm ts

it focitinnpye i GOk B E R o t he

M SO receiver. In this case, the M SO receiver only

Tﬁhe thso trﬁ:eﬁ&ﬁl syaibelsaat tho MISE) tezeiVbiSRrahamne lcompbsifpildts may be
and does not need to estimate the

conp
@FP&Pﬁ%%‘imngP&@rmaSafﬁHmﬁ% for the individual SISO
channel s of the M SO channel. The M SO receiver nmay

derive an gstijmt conpos M SO channel as
foIIO\?ié h@s }F?Jr% gilllx +b}?'(‘h]f &{12) + nix1, a+ nix1, Eq (6)

b Eqcanip 2 2 ~q (7) vvherehconpls an estimte of

h conpal; :hl}kh'lghear feet hod-mypbol s at the M MO

recei ver for each conposite pilot my be expressed

as: r2xl, m= H2x2 ' 12x1, m+ n2x1, m= 12x2 ' UW2x2 '

Bavetionp yassymnes that the MISH-ehanpel iFqorisgnt over the two symbol periods in

which the two composite pilots are sent.
[0030] The transmitter typically transmits data redundantly from both transmit
antennas to the MISO receiver. In this case, the MISO receiver only needs to estimate a

composite MISO channel, which is %, =4, +h,, and does not need to estimate the

comp

channel gains 4; and A, for the individual SISO channels of the MISO channel. The

MISO receiver may derive an estimate of the composite MISO channel as follows:

A K +F n +n
Ixl,a Ix1,b Ixl,a Ix1,b
—-_.___—(hl +h2)+_____

- , Eq (7
comp 2 2 q( )

where h 1s an estimate of &

comp *
[0031] The received symbols at the MIMO receiver for each composite pilot may be

expressed as:

£2x1,m =_Ii2x2 'X.le,m +E2xl,m =H.2x2 °H2x2 .g2x1,m +22x1,m H fOI' m=a, b > Eq (8)



WO 2005/ 094023 PCT/ US2005/ 006906 7 where r2x1, m= [r

mr2 '"]Tis a2 x 1 vector of received synbols for
we@ewposioee pilot in, where " T" denotes a tr aPSpPUSH)5/006906

and n2xI,m=[n .mn 2, m] T LS a noise vector at the

M MO recei ver for conposite pi'lot in. The M MO

[RER! yor , 2RhaLne M0, ORL U8 of BRI pUIAR! Sonefiih piot m,
for the tWQQ&%mpogk%gwgé%g@ipg%gﬁ&ated with the two

gai n vector g2x1,a an respectively. [0032]

The fqur rggei ved 9MbQhsisavedtbCatIMATKRS RIYSEr fo?Eorhg@site pilot m.
two cofiPBsité&™ pill"ots may be expressed in |ong form as
follows: j,a =0Lh 1,1 + h12) + a (hl - h12) + ni,a,

Ehe MIMO rrageiver ObminsHwipyefors of meeeivef sympels2 ra, p 5¥1, 7,17 and
(hj'j +h12)-a.(hl,1-h12)+nlb , and r2b =(h21

+h22¥{m, (231" ; F22he mRb chmmpasiteopildto persatadmeitit tiattwohgain vectors
M MO channel is constant over the two synbol periods

ign  'ahd gh t hespgestivelpnposite pilots are sent. [0033]
Th&“trandfftter may transnit data in parallel from

fowsh) t r aneriour 26de@rdasynitdls b theMIAD @6REWE fot he two composite
I nprove throughput. In this case, the M MO receiver

pijesk oy by exprgesgd in bongifprip 8 foMaws: t he channel gains

hi,1, hl,2, h2,1 and h2,2 for the individual SISO

channel s of e O.chapnel, and (2) use these channel
gai n 5st7@at%§1’%)owcf‘l\/§@b\/epm§ﬁ edata transm ssion from 240
the transmtter. The M MO receiver may derive an

esti mat e= @,, +i)e) +ad(j aual,) 8SO,channel s as fol | ows:
h1.1=1,a+r,b+rla4a 4 ,b=h1l,l +n 1 1 Eq
(10) 4 h1'2 ranib riadal b,=h12+nl h 21 - r2"a4r2
b + rﬁ@*@wf%mg"ﬁﬁ](hlﬁ 21+ and i 2,2 -r2ar2b -
r2'4a2'b = h2,2+ n 2,2 4 WD 2005/ 094023

PCT/ UgZG0@, 006908 o (h,, —hy5) +1,, .

Equation (9) assumes that the MIMO channel is constant over the two symbol periods in
which the two composite pilots are sent.

[0033] The transmitter may transmit data in parallel from both transmit antennas to
the MIMO receiver to improve throughput. In this case, the MIMO receiver typically
needs to (1) estimate the channel gains A1, A1, 2,1 and h, 5 for the individual SISO
channels of the MIMO channel and (2) use these channel gain estimates to recover the
data transmission from the transmitter. The MIMO receiver may derive an estimate of

the individual SISO channels as follows:

A ¥V, +r , —K
e Vhy | He " Hhp
h,, =—% + =2 =h,+n,,, Eq (10)
1,1 4 40 11 1,1
ii __ri,a+rl,b_rl,a_rl,b_h +
2=, a2 s
N By thy B, —F
B, =28 b 2a g o4p and
2,1 4 4“ 2,1 2,1 »
A v +F v, —F
2,a 2,b 2,a 2,6 _
hz,z" - —h2,2+n2,2 >

4 4o



8 where nl,l, n1,2, n2,1 and n2,2 are the noise

observed by the channel gain estimates h" h 1,2 , h
wQ2msami2h 2,2 ,respectively. [0034] The descrP@L/Us1005/006906

above is for a 2 x 2 systemin which the transmtter

has two transmt antennas an@ the receivers have at

st two recei ve ant ennas. ener
PHCI T arfigntil F\hoa Ii%%ﬂ ¢§H§h? ehazpg!l gaip estimates 7, ,

receivers wth any nunber of antennas so that T and
R, svaky, oandahy, ireRpeefirelal ues. [0035] For an R x T

[A{St em a transmtter generat es T COfT'pOSIt ilots .
0841 T gjlaierdescwém aboveisdona ik X systemn i W@éﬁh transmitter has two

%?n‘.s Euitgmg ece1v%Pana%?§t%n(pslt rt\s% rQ@e\{v frgennas In.general a

multftatédna sydwn em@fnméiu@e 'Erahsrﬂut@w and/ &6¢e@sfer§ @¥ith any number of
conp05|te pi | ot Uis a Tx Ttraining mtrix with T

aennRsso thadl MR@%W apyintggertvelesi th T transmit
| The,
Edoﬁﬁggl ﬁsﬁ ‘?’a‘?pr g?gr agﬁ%pioﬂrr %Idétgeﬁ Qg%lTn&ng} e%:t’ﬁOtleth T gain

adutors S ongiga@nvetor €br fach cdmposite Wihlok. . Edchc borhipesitei pigbt may be
vector, c fghal ns T elenents for the T transmt

geneatiehas 8Wpoints in a different spatial direction.

Each conposite pilot includes T training pilots that

are genergtgd with the T al] vectors in U The T

trai n%ﬁg % nis for each %{)ﬁ'hpos‘{]?)é ﬁcTot are scal ed by Ea (1)
T gain elenents in the gain vector gmand then added

byRget gerls a-ﬁ‘g %ﬁrv%&érﬂ)q"cg S&lYifed);e used for the T

conposkte aregven as G’= [g" gb ... gT ]
. The an rs are tel Iected to
facil i I \éﬁg Eﬁn%?ﬂrﬁ‘g‘&ﬂgﬁ 3’“%@ ﬁn(fhe M SO and

M MO ' LT

o gggg weffw&&ewﬁﬁ R b R

The M SO recei ver obt ains T received synbols for the T
w&gbs. tlhepipiszs U opntadis Tre(ptﬁéere&lprr@ﬁps@naé}a tramn@ Vectors and is

m so G+ mso , Eq (12) re rm(r)
giyen \ﬁécIJm [wpi @ -7 UrdceBpely t@}}H%IV§CthP°¥‘H’éISTT @é%w figr the T

R st B Dt i o, SRR StpoC RO, T BAGY EEhPhsire pilot
iﬁ%ﬁfd% Ta&antulﬂg (SMoéc%hﬁﬁﬁ%' Rérafel with the IT rﬂhgg bt&ors in U. The T
pilots /094023 PCT/ US2005/ 006906

training pilots for each composite pilot are scaled by T gain elements in the gain vector

&2 =

g and then added together. T different gain vectors are used for the T composite

 pilots and are givenas G=[g_ g, ... g, ]. The gain vectors are appropriately selected

to facilitate channel estimation by both the MISO and MIMO receivers. The transmitter
transmits the T composite pilots, e.g., in T symbol periods.
[0037] The MISO receiver obtains T received symbols for the T composite pilots,

which may be expressed as:

o, =0, U G+n

miso =miso

Eq (12)

miso ?

where r,;, 1sa 1xT row vector with T received symbols for the T composite pilots;

miso

h,., isa 1xT channel response row vector for the MISO receiver; and

miso

is a 1x T noise row vector at the MISO receiver for the T composite pilots.

muo



The recei ved synbol row vector is given as rms0 =
[r11,s0,Qrmsv,b ... rmso, T ] , where rnjso m for

WO R00sm94023 T is the received synbol for conposPCEURID006906
in. [0038] The M SO receiver typically only needs to
estimate the conposite M SO channel, which is hlt1S0

= : . t he_i.ndi vidual SIS

Thereeivad Symbpl somyebior RS Ko bt bt BIET® 7o,
I ORI . he receiver

?r{g?n%gfi"vg 13%‘15%3%‘?1%%&%@@{%%%@%8%@1%% SO channel

[0938] nplBhef MIS@rtecjvdretypically aubr agidadd estimaf® the ceinpesite MISO

synmbol s _ for, the T conposite pilots, as follows: hmso
changels which is i <ok, 142 T+ # i 949, mpt therindiyidyabSISO changels of the

m s 3). where hmsO is an estimate of )
Wiks QM ar i b T iin YRS athempruhudh sictodtisy 66 WSO receiver
MapQlerfvBCAI ¥RImATEYorohe CoolffosiE NI CRIRRE Hye siMpPP filtering (e.g.,
channel estimate by filtering the recelived” synbols
averdging)tbe Tiredeieadssynholsior the fIf comeposite piddth,i asifellaves: as
descri bed bel ow. [0039] The M MO receiver obtains T
vectors of recei veg_ symbols for the T conposite
pi | ot §, whineds “imips e ek ek sed 195, REHYGHN, . Eq(14)  gq(13)
where R°is an Rx T matrix with T vectors &f° feceived
synbols for the T conposite pilots; His an Rx T
channgl response matrix for the M MO receiver; and N

WECTE,R, 35 A0 WIS R iy, 808t 7,5 &5 WEWOIsecbasVed bY dii t hBhe MISO
rGSAT28 o Bt o com S ST P b B o rcaves

A e

recei ve antennas f
MORE] r ecldiev MM yrecayéry ebtams eEt vachire off reckizedisyibols for the T

channel r.espons trix as follows: |i=RG
@Iﬂpﬁsﬁﬁéﬂﬂ&z Y‘éﬂlcgn@%e%ﬁ’fﬁsﬁ& a15) WD 2005/ 094023
PCT/ US2005/ 006906 10 where IT is an estimate of H and

N is ghepqige+qpserved by H The estimated channel Eq (14)
response mairix Il may al so be obtai ned by perform ng

some other linear operation on the received synbol

whtiel R B af GO4T] matx WitRITVétgorsRE kéokividdis§mBeTsi fof thel P composite
achi eve good channel estimation perfornmance for both
M SO and MiMs;r ecei vers. The training pilot generated

ith
" Hles an R xT channel response matrix for the MIMO receiver; and

N is an R xT noise matrix at the MIMO receiver for the T composite pilots.

The received symbol matrix is givenas R=[r, r, ... r;], wherer, for m=a ... T is
a vector with R received symbols obtained via the R receive antennas for composite
pilot m.

[0040] The MIMO receiver may derive an estimate of the MIMO channel response

matrix as follows:

A

H=R-G'-U'=H-U-.G+N)-G"-U'=H+N, Eq (15)



first training vector u" in U may be considered as a
M SO pilot sent for the M SO receiver. The remaining

w{a2600%/094023 ni ng pilots generated with the | ast ACFWLS2005/006906

training vectors ub through UT in U nay be consi dered
as an additional pilot sent fH# the M MO receiver.

gvlﬂﬁreMgsﬁs ?ﬂ gstupgtg%%tbn& der gtng)?sr?gq elmeg b}%n%r tﬁxrc]et éstimated
%ﬁa?yﬁ'slé?eééw e A 1@@'5 °$m%ﬁ«%daﬁw e Ding. o, ger linear

rade t e chan |rmtkon performance of the

19116%93 é?c(egﬁe Sﬁ‘ilgg 6(f =the training matrix U and

G f r n .
iavo s one spfnl’(ng Fﬂéﬁ )r?\ggt ?“génd% %)1‘?& tt R ﬁ Ecgd ogcgﬂ%%l estimation
g@f&ﬁlaﬁk@ﬁrwmm REd MB1dYr84eivers erneetfalmhg %81‘! gehlated with the

st performance for channel estimtion may

ficthitenngnlg whaor U, iis Hnmayriehemsidamsd asedt MISOa}Dlﬂ)ttShEt for the MISO
trainin vectors in U are orthogonal to one another

zavdivena ewﬁmnmgmél"r 1 Ttrﬁnsmg rpﬂlﬁtfnmtedc Wmtihu ﬂlﬁdﬁstnﬁyl training
be expressed ,as

eGP g AErORE e f b8y e SRR Grae sy P iFiRT rph Yot for the
RONRG AReefer_RR s BllotTRty B8 LopRlefe Llh SRORBIRIAEE e, if the
transritterMBpports MultipedMIS® roceiVhe. OThbagdaiahal pétnionghe MIMO

vectors aI | ow the M SO recei ver to average out
ERRGIVET 819 bepsqnstdersdnio roolest HePYFaNbape sBowid mot éisgliaﬁ%lﬁhe channel

%l” S(ing 0§$6flop lzrih%l 0??#1 I(ﬁé@ récsen@r gnﬁlé sedo%qg:lg g%%@m&t%% U and

vec

WI\%% Btk aﬁ&%&ﬁf‘ 11&%sﬁﬁhssﬂ)hrtﬁ§tt %S oftb lsﬁéﬁati Ia.ﬁectlon for the

receiver to estinmate the channel gains o

MISOvecbivdr vHiBQlsomppattiag te MimaOMebdvehannel , or  the

R T elenments of the channel response matrix H The

{0042hi nglheetest perfoamains fof chanpel dshmatien may baaamievesl when U is an
[0043] In an enbodinent, the training matrix Uis a
vethenormak matixgndghe Ty trainingsyesiorsv i groyitpgpual dg@as anefher and
U2X2 shown in equation (4). A larger size Walsh matrix
bavexant pewerbdltinerthenormaheonditienl may be expresag ob Mat-UU =1, where
WNXN, as follows: WO 2005/ 094023 PCT/ US2005/ 006906 11
MhﬁNthwwwéq ( 169enofgaxdconysgta txagsrase-nakhe elonormal
have square di nensi ons that are power,s of two. [0044]
rondafien Heay eeavaalontlyt bet gspresssfinptig Watthi X1 Ufers g=a .. T and

Fourier matrix F. A
u’.w,=0, for £=a .. T, m=a .. T,and £#m. The orthogonal training vectors

allow the MISO receiver to average out the additional pilot sent for the MIMO receiver
so that the MISO channel estimate is minimally degraded by the additional pilot. The T
training vectors in- U pointing in different spatial directions allow the MIMO receiver
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. The training matrix may be
formed in various manners.

[0043] In an embodiment, the training matrix U is a Walsh matrix W. A 2x2
Walsh matrix W,,, is equal to U,,, shown in equation (4). A larger size Walsh matrix

W,on may be formed from a smaller size Walsh matrix W, as follows:



T x T Fourier matrix F has elenent ft, in the -th row
of the n-th colum, which maybe expressed as:

w0 3@dn/094023) (n-1) e T for =1 ... T and n =1 ...PdT/UEY05/006906
(17) The terms "i -1 " and "n -1 " (instead of sinply
" " and "n ") in the exponentlhn equation (17) are
due to an in %ing sg{;e that starts with 1 instead
of 0. yfouriel —atrice¥™f any square dinension (e.g., Eq (16)
2 x 27 3"% 3| W x 4_ywand so on) may be forned.
[ 0045] Each tomPdsite pitot conprises T training
pilots that are generated with the T training vectors
Waldd mAigesaIRiv syged GimeaBiohothataehoseiusiswbe pil ot
determnes the "ampunt of transmt power to use for
[00d4 M SOn pinbther ambodiment dhi¢ tiabnag npatiiotU FreeFquriggimatrix F. A
vectors for the T conposite pilots are also sel ected .
Juch Fomsier pmfrix f heg Bt iy & thead -thaowi efathe 7-Hiecolumn, which
congosite M SO channel response with m ni ma
peypragspesdafiom t he additional pilot and (2) the
M MO recei ver can estimate the individual SISO

channel's. | p.gpyenbodi nent, the gain matrix Gis
for med:, by ;AT Trplying theggrast] T. Tlagdps 10f, BN Eq (17)

orthonStmal matrix with the gain a. This gain a

determ nes the anpunt of transmt power to use for

The tafdi ¢ 4 -orraknd@i1p0t1°f ghstédieoMkiMply €vei MaY «n PN i ARt Bonent in
enbodi nent, the gain matrix Gis set to a diagonal )
euatipx (W)t #re dupde-andndexang pehems hrbstgrts meth Hinstrsdaf 0. Fourier

and. zerps el s . T 4i aggnal t

BRtcEF e PP S MR i e’ 437303, AL o) my i Yormed
04SP NalEagRicBm@Bdifel pilot esmbiisesi Mirbidengpilotaihat @ dehéraied with the
eing transmtted separately, with the first training

Pittaminp aeeigrstingtls nThe gain yectonig, Foweeh cempositgghlot determines the

remai ning training pilot being transmtted at a power )
ahowuf of knangpeih pewitr, totuke for g MIS@tpilok i@ the addstipnad gpilotyichhe T gain

t hat th 0 i der i it .
KRG (81T SRS B Gt SN 5 ER TR )fB MO recedver can
Edtithard ehinborhSiide VIS Shafsd] i B8oRSe with hfiEhRDdeg@liftion from the
matrices result in different pilot characteristics and

dshidenall pfloteandr(2) theMAVIE) reseivehean; estmgter the individual SABO chammels.
005/ 094023 PCT/ US2005/ 0Q69Q6 0046] . FI 2 sh

SR S0 T TR G i fated byt e &8 3 Fows of an

o' & (G |

Mo CHaYE Rithtnd BTy i AR NP e tne amount of ransmit

bow& tongeor e @alitidha)pilof Her the MEVIOL fe€éivere NI @ibiter embodiment,
conposite pilot mwith the training matrix U and the

thei griv eratiox Gnis setdo a disgensbvmatiin wifludt nemrzerpiglerppity @long the

212). The
diagc)mal and zeros elsewhere. The T diagonal elements of G may be selected, for

example, as {1, «, «, ..., a}. This diagonal gain matrix results in the T training pilots
being transmitted separately, with the first training pilot being transmitted at unit power
and each remaining training pilot being transmitted at a power of &®. In general, the
gain matrix G 1is defined such that the MISO receiver can derive a composite MISO

channel estimate and the MIMO receiver can derive individual SISO channel estimates.
Different gain matrices result in different pilot characteristics and hence different

channel estimation performance.



transmtter then transmts conposite pilot mfromT
transmt antennas, e.g., in one synbol period (bl ock
WQ@1005/094Db® i ndex mis then updated, e.g., set POI/UR®05/006906

next value in the set {a, b, .. T} or set to the
first value a after reaching Hw | ast value in the set

k . I t
L ok Gk DRSS RO Tor tRiing 8 sof 3 MR MmO
reseivarsan dingpnulti-anteran sRstemd Isiistly thevindiax frois sett todins fitst value a for

B TR oipR i o SBE raliRbiing genptifest Xymfosie ol Y fheytraining
nitdk 17 aH e éﬁl_ﬂ‘l Vectok g ,1e.$.n ds SHov )f(n %ﬂl)f(‘adtrfone(lg) Q)l())(ckﬁﬂlZ). The

(18) 1 -1 -1"1 a -a -@*a The matri I's

bl S 90 AR S ! YO BBl g, in on

mat ri X4 1s Torne
symbdigedod (dovkaR$4). e index and thant@mdans!, £@Ursegti the next value in

t : 4 = d 0048] . Th i
HEcE e ber- T oythE tinistHIR REKBaFachimeribg dast orbie it the s
t ' it il ots i f .
3 2 3ok EATRO B, 2 e ansnit aner
tompssite pilot. he first conposite pilot generated with ga

In synbo|l period n, then the second conposite pil ot o
HOAEL at &tf 3 eXxpngpie ifor &y Mot sysiemowith fouritransmétantenaas, a training

. FFPgY h fourrangméians
R A

generated wth gd in synbol period n + 3, then the

first co sitg pipl oty]in synbol period p + 4, d so
on. [0049]| FIG 3A i III ustrates channel estimation by
t he O rldcerVer i mkihe systema& Th&d -«

transm*tt gn transm tsyjt he pi | 6t*by| gisi ng the tralning Eq (18)
mat ri x U44ﬁanfll bi cling through the four gaip

vectors i n-4x4, "as ddgscribed abovie? Tie rékei

synbols for the M SO receiver are r,,,rso (n) = hnfso

+ npysa. for, s . .peri.od n,, WO.2005/ 094023
t%r%%é‘i’éogfr*@o’égﬁa“ %w figt é%al‘f’(]ﬁ 3id gontis; 1O (agins. vectors, or
BT, Ol PO PR el 6 fts MR o0l e 194 Walbh matri

' f - QL] M_SQ rgcej verq na filter the
??cée"?‘s%bs fgglf éﬁgé(ﬁgﬁshﬁgﬁéf %g‘xagf’ple—éeyga] f i ﬁi teI i mpul se

L()ﬁgglg 2|S Gy @a@r? it .et Ll% ’cg&l?l tthrggé}]oa%? f(ggcr%%%g\(f)%%(}rg gl'vbi? and transmit

estima bea
foat baMasite pilots in four symbol periods. For example, the transmitter may transmit

the first composite pilot generated with g in symbol period #, then the second
composite pilot generated with g , Insymbol period 7 +1, then the third composite pilot
generated with g in symbol period 7+2, then the fourth composite pilot generated
with g, in symbol period 7 +3, then the first composite pilot in symbol period n+4,

and so on.
[0049] FIG. 3A illustrates channel estimation by the MISO receiver in the R x4
system. The transmitter transmits the pilot by using the training matrix U, and by

cycling through the four gain vectors in G,,,, as described above. The received

symbols for the MISO receiver are 7, (r)=h,,, -U- g, +n,;, for symbol period n,



L, hmso(n)= c(i)rmso(n-i) , Eq (19) i =-L1 where
c(i) for i =-L, ... L2 are coefficients for the FIR
wo pdosee402nd LI and L2 are the tinme extent ofPETESIDF06906
filter. For a causal FIRfilter, L, =O, L2 > 1, and
the conposite NISO channel estd mate h. is a

[ ht d ,sum I @ 0) f -
B S e S P2 B 4705 10,34

I f , : nd-th
BB P S sk Ui ¥ Bipith 3 ey ThE YISO rgcsiyrer may
A1 Ak rééé?vea%gﬁr Mﬁqlsﬁﬁgmle%a&efe agmrﬂe o) fml%é’ Fé%?&nse (FIR) filter, to

peri ods rent synbol perio
SWAR0] cRIIsREFISO chbfred 'eétﬁﬁlatéyﬁboétssyn@b dmﬁfne hERIloWs:
i npl enent” the non-causal FIR fi"fter. [0050] FIG 3B
illustrates channel estinmation by the M MO receiver in
the Rx 4 em The transmitter transnmits the pilot
usi nght,,nén)wg)ﬂ(lhgrmmrm W, 4 and the gain matrix Eq(19)
AX4 as descirtbed above. The received synbols for the
M MO recei ver are r(n) =H U gQ+ n for synbol
riod.n, r(n_+ n f period n
{here”g(abfor ¢ 7Ly astsFFcS’vﬁ‘? fﬁ?gﬁgfsé %%%%‘Pb’oac“dbl ock is
the s t nposite pilots are
transﬂalfutlfg aIEor t ge%@%%@ég o%&?n FIG 3B, a pilot

block is four s rrbol riods. The M MO recei ver can
qu q é@:usﬁ}‘%.[Rr %]é%] ylfm%i Sarfdotﬂlelcﬁ@pg%??éM %W% @tlmate hmzso

chbsept i ot g é?%?‘%ﬁeﬂaﬁﬁo 58 s DRy ol epodhy o, g curren
Cfofio ok O'rck NG HAUAOA FIR MidrOY, 9N Pl 3 Bposite MISO

recel ver cah alsd detrive

%@ng Qsﬁ%ates 50 tﬁa@&g%t)eg At @15&15 q@ée tﬁ?ﬁ‘ﬁ)ﬁ S BP atf)?lor symbol

er ed wEf it er receive alne

é}‘?o(ﬁ' {hgtc b@?ﬁ&é{w’v@n& 0, fifthie syﬁ%ol g&‘ioﬁxiq'@&?mveﬂ symbols
orhred with

trix {he todr el ved synb
mdtuﬁfesedrt@ m)lplehrenu@h nogcausaBFIR filtet. t h e channel gain

sp st ot 5695 Bhsnelidn ed0as MiMoGaET i the R x4
§§(1S'@1|1 GhE Yrandthiger trAinfRGdnd Eﬂﬁﬂ%‘lﬁ% e Mﬁ%ﬁﬁ%w and the gain
entire t

annel s being static for t duratt*s

fa8 Y1k dBiibed abbve. Fhb el Symthols fdrO0the MIWIOOMREiver are
channélr*esti mati on per formance, the pilot bl ock should

Re)ShEr Vel tarfolt Bmbslopeiodnse ris A1) 0H - Ung MnS@m@megnbol period
M I\/D ‘chann®ls. The coherence tinme is the tfme

n+1, and so on, as shown in FIG. 3B. A pilot block is the smallest span in which all T

- composite pilots are transmitted. For the example shown in FIG. 3B, a pilot block is
four symbol periods. The MIMO receiver can filter the received symbols for the same
composite pilot, e.g., filter r(n—2) aﬁd r(n+2) for the composite pilot generated with
g, filter x(n—-1) and r(n+3) for the composite pilot generated with g, and so on.
The MIMO receiver can also derive the individual SISO channel gain estimates based
on the (filtered or unfiltered) received symbols obtained for one pilot block, as shown in
FIG. 3B. For example, a matrix R may be formed with the four received symbol
vectors r(n) through r(z+3), and the channel gain estimates may be computed on R

as shown in equation (15).



duration in which the wireless channel is expected to
remai n approxi mately constant. [0052] The concept

wale®soddoesl above in FIGS. 3A and 3B for the R RCHUS2005/006906

system may be extended to a 1%1 R x T system The
training matrix U and the gaim™ matrix G may be forned
SCh A FRE NS e ST FMERI
TI]23| tf}e?giqiﬁqﬁ-{%ﬂ Itcﬂéh% and the T Sg?n vectorﬁsﬁcl)dla(gIleleelng
amﬁb tforatienedtive tthes elufatoonfposi $}en‘tml |mtieds o + Bethvbi§B and5. For

SRIPHE GHE) FTBon SRAOTAISS EcRRbIEecls Sp P sharpr than the

@&ﬁﬁéﬁce Righd? 8 ﬂfecmsgdmﬁvmé cﬁéﬁneweﬂe COABERde fme is the time
pI . -Carrier Miulti-Antenna System [0053] A
durhtion mrwlanh meswmlem chranyneli isi expeatedriol reingineappaovimetely dopstant.

P51 GoctByrotemi-SORe Bherdin RiS: 4R afe BB for RTRIY pifm may

B@@h@ﬁ&HEt& grR SqMBy e ThE %ﬁﬁﬂ%ﬁm@%@fﬂﬁ%‘iﬂ iﬁ%{r}k G may

partitions t overall system bandw d
By il @us (dehcrifcin®@oa alTh rREMEIEY oshhhRE qsco d%ﬁ§ %ﬂots with U
subbands are also call ed tones, subcarriers, bins,

incetheeng¥inchareis G \ihl hranﬁﬁw:heseammﬂmbﬂm gﬂms to the MISO and
associated with a respective subcarrier that may be
VIV etceiverswi Ehe MESQ and\VIMQ recgiversman egizDitedheit MIbQwpd MIMO

Kt f t
it imbee Rt Hese] o B8 gt Bl SR S Teobineiiefing
serve as guard subbands to allow the systemto neet
spect p alVRGC a1 NﬁHﬁDAﬁtenﬂhrSIf_d‘tm icity, the
fol |l ow ng escri p T on assumnes al | K subbands are
wi@?i ess 2 ﬁ’ﬁt eﬂf hﬁ?f ut‘ilfz%nﬁlmt gmekso A Hatd and pilot

ann en a ransmtte a recelver
trmnshhsmml Mulapsib ewrraars thpMespyrovidad rmgwmm rsomecther multi-carrier

ency selective fadi which is racter.ized by .
331@ ?f@tquu%p%é@n? erv%ﬂn?%%‘:tacp%@’lt ﬁiﬁcgyévemr%twns the
?ﬁgn éin bihBw S BRORRDS infte hlﬁﬁ@@coigﬁﬁog&?a‘i‘@[% ndfRY subbands.

assoclated with differe [ ex”chann
@hésnsubbhmds accals@ataledHanese bubestriens thinsf and ﬁjeQudncy channels. With

nds needed i.n.grder to. recover
OB edt SaRbagi i Ermacstet 3! Sespirdve SEbmBidutt g modutared
Ql‘d’{'cﬁ% chanpgii-d@énnd HFOM rs?ﬁ&hvlﬁﬁ hide IdMy a subset of the K total
mul ti-antenna OFDM system My be character| zed by a
séfoamis fordmmm prletsbmssmw apd dho mempiningsebbndsf mey serve as
has. d

Bgatq sqpbaias (3w BF tRGh B wiler peS b BB R POl Smpticity,
e Ho SRR ROGRA ashimésOthat A1E KTADBARs £8 185010 E6r\RLH) and/or pilot

the T transmt antennas and the single receive antenna
fraggsmission.

[0054] 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 K subbands for each
SISO channel may then be associated with different complex channel gains. An
accurate channel estimate for all K subbands may be needed in order to recover a data
transmission on some or all of these subbands.

[0055] A MISO channel for a MISO receiver in the multi-antenna OFDM system
may be characterized by a set of K channel response row vectors h,., (k) for

=miso

k=1 ... K. Eachrow vector h . (k) has dimensions of 1xT and contains T elements

Zmiso



one subband k. A M MO channel for a M MO receiver in

the nmulti-antenna OFDM system may be characteri zed by
w@2®en983 K channel response matrices H(k) forPCkES2005/006906

K. Each matrix H(k) has dinensions of Rx T and

contains R T elenents for the channel gai ns bet ween

%&%héf G ?XLI{S b%[é%%@]r{ﬁérﬁ rhﬁea f@nﬁeﬁ%ﬂ\fﬁe ap%%@@@eﬁhf Rltenna for

one su anne response
6‘116@1hblaadl hel A rMW@echahnelaﬁ)r erMBPdO tegeiger methe raulti-antenna OFDM
ti me-domai n channe| npul se resggnse or a

abﬁt%sr}a@hérﬁn@afaﬁmmy aoﬁ%aﬁf shamee! rqspenpgematyices H(k) for
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consecutive pilot subbands are spaced apart by K/P subbands. The remaining K —P

subbands may be used for data transmission and are called data subbands.

[0058] FIG. 5 shows an exemplary pilot transmission scheme 500 for the multi-
antenna OFDM system. For simplicity, FIG. 5 shows pilot transmission for an R x4
OFDM system with four transmit antennas. For this pilot transmission scheme, the

transmitter cycles through the four gain vectors in G,,, and uses one gain vector g in

each OFDM symbol period (or simply, each “symbol period”). The same training



m each OFDM synbol period (or sinply, each "synbol
period"). The sane training WO 2005/ 094023

wWEMSBRRD5/ 006906 16 matrix U and the sane gBECTIUS2005/006906

vector gm may be used for each of the P pil ot
subbands. The conposite pilo 5for each subband may be

SEDEL 8 S 35, SRSl 0 b kORI DD i s

ThEBARIAE Gilo! fy CABSURNAL o bhePROL WSO BR P banatig (1)
{a0sB] gaiThevEcompssity pilbisrfongih R Ta®EDM ey hia® 1R be kransmitted

di fferent sets of pi]l ot subbands in one synbol
B’ePFh&EI MRt Iﬁni‘)‘{)oﬁléqr Iib‘ qt oiranspussion sehese, stbﬁ ehecompesite pilots

%ﬁl‘%‘%ﬁé& jév‘f‘th%e Iﬂle gq:ﬁrﬁ?cg{gw dég %pegﬁgﬁ}sﬁ?ﬁ%cp bn $9 ;‘fg@n% se%s of pilot

recel set

d n ch..S I nd th
il RS, Tl FREL i L,
site hilaf EenkradiSHith bAH vehto gS 860ME MO Rteifelis ltl‘ﬁflsmltted ona
sub ands (e.g., by cycling through gain vectors

ﬁf&[ QIS BTpildd sﬁbba}ld&(é@(’lm é&@ﬁ' ?ﬁlﬁbhgglgkl)d{jeﬁn@ﬂg ICI‘egllr additional

pl ot transm ssion schéne, e pllotS
@crmmﬁﬁ tnﬂ@@s fmr e fM@ﬁ@nxecswmsamf transpiitted os ubkaodd senof P pilot

riods, This staggered pilot allows
ga%{ ng etb@“\ggr%al? oe6torsig, Hepegh g, in T-1 symbol
obs ryvat ons for nor.e than P subbands w t hout
%Y?fh anotho etlobfransmissinpsschiewe, s Toicpmposite pilots are

ﬁrirﬁﬁﬁiﬁ@cﬁ oh Qﬁffh@ma&%fs epe gﬁ&bﬁibbaﬁ({s' ﬁldglffepeng% b8 ngeﬁcﬂﬁ This

T conposite pilots may transnmtted on an
seggsradopited adlows ﬂaEnMISanlldljhﬁMO teceyprsttol obpein Ipdd’Sobéﬁ@hons for

SR PRE B hpERis, “Ebod afphnty dbe tdink, ot b erantor pilot
thatEERdsforOfn Ry Bhe SHRPANSYodT N BEARAI, %éb@%ﬂﬁ)obﬂe ?ﬁ?@ may be

set may be unlform |str|buted across the Kto
sansEattgison puwwpbﬂm sabbang setst and- emsmirslirarf syobehpajods. Each

ENTE o N T T TN T -

thbarhe 6 &Eﬁt@lt nuBb&Oo€ Pidétiabbands & TRE pilbV@bYandd %% 84bhQ8t may be
their_received synbols and using vari ous channel

i formt distpib P@éﬁﬁﬁoq%@§KW1 sebbenfls.y, channel esti rmtl on

0609, o2 BOEH PR S D e

deeive cﬁleqmdlcbyedpbﬂsel‘dsﬁﬁafee €& the torthpésite MISTEthan8slt dndBhd Ridividual
é;gthe l'ti-carrier OFDM system The M SO recei ver
Q-ghaunels, despegiively, basdamybaT 1srR1Y6H Symbelaandissipg pariqns channel

SHRRAO SedhRqueaC P OURSS Tchattlel Vstimid:F tﬁsﬂn§ 2 dires I]east-squares

estimation technique is described below.

[0061] FIG. 6 shows a process 600 performed by the MISO receiver for channel

estimation in the multi-carrier OFDM system. The MISO receiver obtains a set of P

received symbols from the P pilot subbands for each composite pilot, which is a Px1

VECLOT Yoisom = [Trisom (1) Totoom (Ky) wov Trieon (k)17 (block 610). The MISO receiver

performs a P-point IDFT (or IFFT) on each set of P received symbols and derives an

initial impulse response estimate for the corresponding composite pilot, which is a Px1

init

vector f,,;, (block 612). The MISO receiver then filters the initial impulse response

estimates for all T composite pilots to derive a least-squares impulse response estimate
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. composite MISO channel. The MIMO receiver may thus perform filtering on the time-
domain channel taps, as described above in FIG. 6, or on the frequency-domain received
symbols. The time-domain processing in FIG. 6 is more suitable for pilot transmission
schemes that transmit the T composite pilots on different sets of pilot subbands.

[0064] FIG. 7 shows a process 700 performed by the MIMO receiver for channel
estimation in the multi-carrier OFDM system. The MIMO receiver obtains a set of P
received symbols from the P pilot subbands for each different combination of receive
antenna and composite pilot (block 710). The set of P received symbols for receive

antenna i and composite pilot m is denoted as {#;, (k)}, or 7, (k) for k €P,,, where Pg

set ?



conposite M SO channel. The M MO receiver may thus
performfiltering on the tinme- domain channel taps, as
waemsoidoesl above in FIG 6, or on the frequencReTUIANF006906
received synbols. The tinme-domain processing in FIG
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denotes the set of pilot s S)Jands. The M MO recei ver
obt ai ns R |'k.S¥t Iro k)réi:'ei”me(z_ synbols for the R
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obtained frompilot subband k Tor the T conposite
gihpletcarrier Riulk)-antenfidwistesi.mi ar in formto the matrix R
descri bed above in equation (139 for _the

S.
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edtimatsseor s Porsdve asttnmi taad Tfoompobiee Rlatemay be expreeed as

and T conposite pilots may be expressed as: hl,a (r)

hi,b (r) hl1,T (r). h2,a (r) h2,b{r) h2, T (r) ~f lalt

(r) _ for r H.(). P,CEg (28):FhR a(r) hR b(r) hRT(r)

ﬁz,a (z) ﬁZ,b (r) - ﬁ2,T (7)

H,.(7)= , forz=1..P. Eq (21)

ﬁR,a (7) ﬁR,b (z) - ﬁR,T (T)_

[0066] The MIMO receiver then derives least-squares impulse response estimates

for the individual SISO channels of the MIMO channel (block 714), as follows:
ﬂrftsx‘mo (T) = ﬂim‘t (T) _g‘l 'H—l » for =1 .. P. Eq (22)

From equation (22), the MIMO receiver obtains R-T least-squares impulse response

estimates {ﬁ,{sj(r)}, for i=1.. R and j=1 .. T. Each least-squares impulse response

estimate {ﬁ,{fj(’r)} contains P channel taps that may be post-processed by performing

thresholding and/or truncation (block 716). Each post-processed impulse response
estimate or sequence is then zero-padded to length K (block 718). The MIMO receiver
then performs a K-point DFT (or FFT) on each zero-padded sequence to obtain a final
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i mpul se response estimates for the individual SISO

w@e b@snedoss of the M MO channel (bl ock 714), as POI/US2485/006906
mmo (r) = 9~inlt (r) G1 U1 for r =1 ... P. Eq (22)
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cont a#@?@%ﬂgﬂﬁgsp' in estimtes f& KRBk total Eq (23)

subbands of the SISO channel between tr anslm' t aﬂt enna
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[0868] naTherMIMOCktdies rahp i fpeffoln Mdtlix fultipiefative with G~ - U™

final frequency response estimate for all subbands -
@f thehtimgrdoMath gharalel t4pB068]shdhe iV ddbati@c €22)or waytht hisguency-
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erfo

The M MO receiver may p rmfiltering on the

tradé) v eldre sipitiablimpulse respoiie) estimates i{f), ()3 thentwastssguares impulse
response estimates {hl m(2)} , the | east-squares

responbes estimates {£°,()}, and/or the final frequency response estimates {l;,.’ ()} .

]

The filtering is typically performed separately for each subband % or tap index 7and also
for the same index pair (i,m) or (i, j).
[0070] The MISO and MIMO receivers may also derive the final frequency

response estimates based on other forms of interpolation instead of the least-squares

estimation technique.



response estimates {/ j (r)} , and/or the fina
frequency response estimates {hl,j(k)} . The
WO pdoseedony) i s typically performed separately fRPCT/E82005/006906
subband k or tap index r and also for the same index
pair (i, m or (i, j). [0070]2%he M SO and M MD
recei Gers. ..also derive the final frequency
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pi | in a manner to achi eve diversrty
ﬁﬂkmm—antenna O-DM system the transmitter may
generate each conposite pilot as follows: x,,, (k)

B(k) U e Pset Eq (2 re B(k) isaT
T di ade ﬁlézg%gi_haw ng the fﬁl%%ﬁg form bl(k) 0 Ed@4)
0 B(k) 0 b2 (k) 0 Eqg (25) 00 bT (k) where b,
ht for subband k. of transn1t antenna j.
%@(’éh&sab SuR laﬁ%&ﬁ?s@ trixshavingthe fellovagg formipj  bj (k)
= K,forJ— ...Tandkl...K,Eq(26) wher e
Di |s t he gﬁgf r transmtqantenna j. [0072] The
m5|ghts sh n e€quation™(26) correspond to a
progressi ve phask (shift d&crpss the K total subbands
of ea Fansnmit antenna. :The>phase shift changes at Eq (25)
different rates for the T'transmt antennas. These
wei ghts ef{e®tively fornbdkdijfferent beamfromthe T
transmt antennas for each subband, which provides
di versity. The spatial processing shown in equation
hede bbk) mwemhemrlsybbmd peffensmed antentdp Therweighohgfn may be
by (1) performng a K-point IDFT on K synbols to be
definedms: t he K subbands of each transmit antenna j to
obtain K tinme-donain sanples for that transmt antenna
and (2) circylagdy delaying (or cyclically shifting)
the Kgt omal i sanpl es, ac M tgantenna |
by a équ‘;%f Di B. The dc{aé ?ortTeg{l: {lflansmt Eq (26)
antenna may be

where D; is the delay for transmit antenna ;.

X 1l

[0072] The weights shown in equation (26) correspond to a progressive phase shift
across the K total subbands of each transmit antenna. The phase shift changes at
different rates for the T transmit antennas. These weights effectively form a different
beam from the T transmit antennas for each subband, which provides diversity. The
spatial processing shown in equation (26) may equivalently be performed in the time
domain by (1) performing a K-point IDFT on K symbols to be sent on the K subbands
of each transmit antenna j to obtain K time-domain samples for that transmit antenna
and (2) circularly delaying (or cyclically shifting) the K time-domain samples for each

transmit antenna j by a delay of D;. The delay for each transmit antenna may be
selected as, for example, D; =AD-(j-1), for j=1.. T, where AD may be equal to

one sample period, a fraction of a sample period, or more than one sample period. The
time-domain samples for each antenna are thus circularly delayed by a different amount.

The largest delay for all T transmit antennas should be less than the channel length L.
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general, the channel imation is perfornmed in a
Fra gensralc thesdhemas) testimation frepetfaed tin anmiginss consistent with the data

transmission.

4. System

[0076] FIG. 8 shows a block diagram of a transmitter 110x, a MISO receiver 150x,
and a MIMO receiver 150y in the multi-antenna OFDM system. At transmitter 110x, a
TX data processor 820 receives, encodes, interleaves, and symbol maps (or modulates)

traffic data and provides data symbols {s(k)}. Each data symbol is a modulation
symbol for data. A TX spatial processor 830 receives and spatially processes the data
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@@ﬁﬁdl@lfono&@caﬁﬁpnsﬂsqmut@mdv Vﬁlﬁsi T patinad by optpme Q@ﬁﬁﬁls to T
the data WD 2005/ 094023 PCT@? 20% 006906 22 symhols

ganray dereyus{E MG tBrogeh Iy ppRheyE hatagdhestor data or
BRHGTARY 5 Yok By o€ <SRRG Bione BUERGY nbff el OFDOP ol period.

Eammsnmtear uniti882 peodelde} it8 datput symohad lstr&BR ind Eﬂrelnates a modulated
qut ynbol . may be ata_or ilot. a

Siedlon, o SrRaBHED e Sk RoGEl S3R0PFRIdnA WG mals for
Refshfitkion E@m idiaRRREALhrdibh 8388 LesBEaRRRSeS itS
out put synbol stream and generatés a nodul at ed
Hogikl . At MiSMsedeieerl S0xi ansa8@im §Rxgeghived3he Tomodildted signals

nodul at. nal,s for transm ssi from.T ant.

Fomratsnifig 0% roadiiet BV Shoghie d Apvivp i BREVR) ssax

RESCEVereimit S9%4x GRrdRheNPAcEBRY ComBlchRBtaetol that performed by
nodul at ed sg%nal s fromtransmtter 11 Ox and provides

‘aansauéwmts grandl prayidesr(ékesicoized datptsyRalvRy aglsipgtor 860x and (2)
C.GI unl t erf or i I t
{egeltVﬁ pﬂ% Woﬁse%") zbgh raégg PnB# C898§f§ g'nﬁ %g(gmﬁglg@r §¥0%. Channel
Bdtvdt6te 884x1 perf@eB Mﬁﬂn&aémﬁhom th@ MIStRreiws a880rovides a
and (2) received pilot synbols to a channel estimator
8@#posite tMISO ahamet rasporese B8t fhgnnbktectes Bﬁﬁuapenfox&&éldetection
perfornms channel estimation for the M SO recei ver and

fﬁrgw impéched ﬁltmmgo@id(@ squstizationn wal thecspeiried datgr symhods with the
E(?@ec?sﬁtg eré@al}ﬁﬁélf estin ] 5{ rtoln(are]s dét ct8d s%rﬂﬁélg hs%% are estimates

errng and/ or equa n) on ere

6B @at sihribblstaat bw@mﬁﬁttérel Wk SQA edeaivo€R XY ahﬂalmds@sm ($70x then
prow des detected synbols, which are estipnates

| igmeY, deismlcatss, mRkcqres GF ditfetﬁd Sﬂnb@é@n @rqurées ‘Gecoded

g ﬁ?’@:&?gsg%}zegﬁmg%gﬁé%coclsnﬁ&@?get ect ed synbol s and

EDOGB] de AtdMIMI@ decadwdral S50piR hantesinasn 8624 ithvetigh @52t eceive the T

transmttedtrafflc data. [ 0078] At MMO r iver
l_méy ategt sighaliFam Besmtien b %zﬁacla GBI Sph@ravides a received

4! Bt LASIBIR ks elvVeP Thit 3RS nEé&lefecé&QXum@@% B8F5ms processing

afit enna 85 provi des a received ignal to a
casplenientasy toetlmt peforursdt by &Ansnﬁach um@&: 832 end prowid®54) received

B P o B R PPl R O, TS Ty B plgmbols to a

channel estimator 884y within a controller 880y. Channel estimator 884y performs

channel estimation for the MIMO receiver and provides a MIMO channel response

estimate H . . RX spatial processor 860y performs spatial processing on R received

data symbol streams from R receiver units 854a through 854r with the MIMO channel
response estimate and provides detected symbols. An RX data processor 870y symbol
demaps, deinterleaves, and decodes the detected symbols and provides decoded data.

[0079] Controllers 840, 880x, and 880y control the operation of various processing
units at transmitter 110x, MISO receiver 150x, and MIMO receiver 150y, respectively.



data synbols to an RX spatial processor 860y and (2)
received pilot synbols to a channel estinmator 884y
waowdosiosnoas control | er 880y. Channel estimator 88d¥US2005/006906
performs channel estinmati onoéisgr the M MO recei ver and
provi des a M MO channel resp e estimte RX spatial

MeRERs 38its 8F0%SPErdnAresBy Sd8d dath aﬁ&/@%&%%&ﬁ@ cQdbs 'ﬁse(} by controllers
re uni

received data synbol streans from cel ver
84 £30hrand §ROBSdspeviitely.t he M MO channel response

B S« G o Pheais b Bk SRl broat FRbiaialledt T8 Rpial processor
850 ot ganshfitteleiRessd o8 waahieA NP PXisPfigal gmgs%g 830 includes a

data. [0079] Controllers 840, 880x, and 880y control
pilet gneraden 8H0.01 dater BRAtSl prasessosifRg, andiT snultiplexers (Mux) 930a

' I . cei ver 150x, and M MO
G Yot %6}3/&%%%? RS U0 2005/ 094023
0081 US2 00kt GRAS0Gr A daebites thei T ScoddsitS PAsts fRGhSAYSO and

store data and/or program codes used by controllers
MUMO ggegiversn g T8 sgsperaie sguppsitee pyot podanpilpt cublndhbnd scalar

Al s ARSI RY AN ORI e 7,6 for o
ANSIT: . . i . 830_i.ncl ud
SRRt X SR ED SR 0 e e, 7

[.tiplaxer X) 19 thro 30t faor.the T
(oS A )30 o BRA5H 3555 94 6k oot om 1
ﬁﬁll\l/%liéfs@l_%hﬁroﬁgl@ OMROFith € RAihReSvebRhs WD &nPduglt N despectively, in
M receivers. To generate conposite pilot mTar
fhie In@itris WP baX dotbindr SD@IeREIvedMld duphd BT Peetts HdhPMERipliers 914a
912t nmultiply T pilot symbols pa (k) through pT (k)
thooughfd 4T and igenenateg)a piahsrhis syinbbl Feagai RS(AY, for composite pilot m on
t,hrougbh mT , reS{JectiveI y, in the gain vector gm T
mild 5B % i B9l general, ghersamenerodiffierent nilot syerbotsmay pe psadhfor the T

. I pi40t . fr0 ltipliers 9 .
AR SF SR B Prbbl? slbish B 5508 o i frep in vectors,
ardshesime/ed diffefent triifimgimdtfites nhhy W wsedBortRE pAdiGubbands.
receives and suns the T vectors frommultipliers 914a

OA%Hugh Datuspaginkipigeersead s reseivensrdata symbls {5@0} drom TX data

Sosrsrdn 22 e BEARERG,vgiiflieisstingitng Pess 8 oy dior example,
Aigeehatifl prbbRsor 920 mddy el 1Ot datNSnRENRY T Sitfst8ifidor the T

pil ot synbols, the sane or different gain vectors,
rmgmithanteanes. oPatdi spatialepriocesseri A2 gnayaor nwysnotegerfrem additional

il pt bands. [,008 Dat tjal .
B8 oo s, B o Bl SO PR NP Dinso Pl hE (0pleh (Aot Bach
ialtiplexpr 9B0E6EVest Rstdtlve@ith OfiibolSsRBdtiean R A8RSHAGh] Phocessor

these data synbols. For exanple data spatial
She fravsit paybole iRy its Jssesiated arsmib argnrac) Buitinlexey the data

@H&%isrv?ﬂ?ﬁlef%sﬁlﬂ §y1;l;bols, and provides an output symbol stream.

[0083] Each transmitter unit 832 receives and processes a respective output symbol

stream. Within each transmitter unit 832, an IFFT unit 942 transforms each set of K
output symbols for the K total subbands to the time domain using a K-point IFFT and
provides a transformed symbol that contains K time-domain chips. A cyclic prefix
generator 944 repeats a portion of each transformed symbol to form an OFDM symbol
that contains K + C chips, where C is the number of chips repeated. The repeated

portion is called a cyclic prefix and is used to combat delay spread in the wireless



transmt antennas. Data spatial processor 920 nmay or
may not perform additional spatial processing on

W b@seowebst reams, dependi ng on the system desP@nUSHav006906
mul ti pl exer 930 receives a respective data synbol
substream from data spati al p@ cessor 920 and the

m .
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contains, K + C chips, where Cis the nunber of chip
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| so provi yclic a its_transmt
S R roeptiom o & on i KioRL suPhamise kFen MISQeepiverrlSOx, FFT
BIDOG1TTBRNIRL réecRAYNF éyfﬂ“‘m“l*"s%ﬁ?@% ot I difectipABox and
reeciwed, pilot syBihpls fartthe piloiesbbemis torihamdd 4itimator BR34:RF For MIMO

#Pabereinty B8Rm0 P el espbieef Rl SPBels oF sodl processo

m%u aRibed @ﬁl@ﬂm&i@to chaftiedi bsmﬁa&ér gdug. condi ti oned

ggal and provides a stream of sanplés. A cyclic

li x Fﬁ@nﬂ@!ﬂ slnnWs ancplandmxte@f tleancly estincatprr 884 for MIMO

DM des d
T T R
cand] estinfa®i SRAGN ah CEET @l 1020nsHt@inE B s& Yot Rkeied tpIEISt symbols

frequency domai n using a K-point FFT and obtains

"ed&) v & esgmeonbingtom eftrecaive atterinag wind anm@osﬁéqnlommd performs

receiver 150x, FFT unit 1016 provi des received data

(37 R tlﬁrere@mgi Sl aetdo pbtatteareinitinl ilBPWse respbnse estimate
bbands, t o,

' I h I
U e 0 Bt op B ianzol Ry Wb feprade Plgier A marix
1%?%1@ gé‘?}%“? lgﬂ)}{écgf%gs "o 'ilYiﬁQl ﬁxﬂyﬂl?sesl%gp’%%lses egtﬁnates ?d?%e ﬁ receive

antennas and T composite pilots, multiplies these R-T initial impulse response

estimates with matrices U™ and G™ for each charnel tap as shown in equation (22),

and provides R-T least-squares impulse response estimates for the R-T SISO
channels of the MIMO channel. A post-processor 1024 may perform thresholding

and/or truncation and further performs zero-padding for each least-squares impulse

response estimate {f; ()} . An FFT unit 1026 performs a K-point FFT on each zero-

padded impulse response estimate and provides a corresponding final channel frequency



860y and received pilot synbols to channel esti mator

884y. [0085] FIG |10OB shows an enbodi nent of channel
we@giosioeoes 884y for M MO receiver 150y, whi chPCT/US2005/006906

i npl enents the direct |east-sguares estination

techni que. Wthin channel est’i mator 884y, an FFT unit

' ' nbal '
TeRghef ol R B3 KB VBB T s o 1.6
Voot rediidg oo des an@o%g)fﬁ o FgyRe) (AT | §8du Bvides the finl
FrERR e esrrih r A bSO gRel to RO spkprocessor S60y. RX
dpatihll lodedsnt @6@?21%% Gh&kV8SmRel dstinMitd ®r § e]%g?ﬂi %?ocgssf.ng of the

response estinma for the Rrecelve ant
reoeipab date syinbolsdp abidinidetected synbobs F(%))T wihith iasd estimates of the
i mpul.se response estinates with nmatrices U-' and G'

trgsmitieddagnamhals {s{f)las shown in equation (22), and

B8t G2 pido! ESesSn 554 ahmreh axHBH POk o deprbed herein

BB B8 Alsed AorPPaiouR 'OLIBRERSsed AgdteliBY n
Ié}yfaeshol ding and/or trunsgatl on" and ur&ﬁ |yste 1 §s,an Orthogonal

Iiréq@npﬁclaivmgmf Muliaple MA¢ossss (Oglqm@me so ca‘eon syﬁm rtha utilizes

GERM R easrouppbe ips et sitlstnepiien 2 PEDRTwsed system may

A it fregeknpy % A% @D Laihilibdh GIRAMsubband
f.requency q\ﬁ% 208167‘%9%023 PCT/ US2005/ 006906 subbands in

Giffersahtwe datervials avhjigly are(3lyo} refercidatiores| hO@qumds orFOB 84ch user, the
;%Edc;lﬂ)eﬁr fsﬁb%é(aj 3? Lﬁrlsr(]:? ﬁ&n dgtzakfr?nsgl(%%glh ri%l E%CE ﬁﬂﬁ }'()ﬁnod may be

E&tninmedpior érampRebY apstudofafdiin TeyusRyHIPHRZES ﬁdi‘i@é 8signed to
SI SO channel s to RX spatial processor R)gn

or all
éﬂa‘t‘%% Bor g Bsqusincy dopring QFPNE skstemaniiel aréisﬁatm@s be sent on

e Y
redponbee(e.g.s forsali Kt ebbaradsh essntiohugh {oalkdne of QABEIL sibset of the K

| ot, tran i on and channel estimation techni ques
gh@%‘rdﬂfe‘ﬁe‘iigréﬁ tr%’i’é?‘%’é’nused for vari ous OFDM based

[ﬁﬁﬁ]emTh‘%ﬁoﬁH&ﬁnﬁé@&@ Bd §h %:%@ﬁ&sttmgﬁ%c}wﬁgﬁg Slz‘.l%&:?%ed herein

Di vi'si on ['tiple Access conmuni ca n
méyatbeutiplemesed GFDVhEnG owans upBar examplej phe pusessing for pilot

MeTeON Y it viet o) S
BhibliREi6A thesddTD REAS harGward ifdpBnedtiation e g%c%ﬁs‘{ﬁé Snits Y3EE Por pilot

are also referred to as hop peri ods. each” user,
trapgmispign 13t cltranstitiish avay by ltrmleawtefdowﬂdiat ane or more application

P%c?ﬁ(g )g}gcg apeﬁ Lih fteu ag@gﬁg%_, ?ieégft?g gg(gq%%%%tq Z]Bg*’ﬁg %1g1ta1 signal
PBEUGEEINE &eﬁé@l(glse@s),q;rogrammable logic devices (PLDs), field programmable
gate arrays (FPGAs), processors, controllers, micro-controllers, microprocessors, other
electronic units designed to perform the functions described herein, or a combination
thereof. The processing units used for channel estimation at a receiver may also be
implemented within one or more ASICs, DSPs, and so on.

[0088]  For a software implementation, the processing described herein may be
implemented with modules (e.g., procedures, functions, and so on) that perform the
functions described herein. The software codes may be stored in a memory unit (e.g.,

memory units 842, 832x, and 882y in FIG. 8) and executed by a processor (e.g.,



that user. For a frequency hoppi ng OFDM system pil ot
and data may be sent on different subbands. Each user
woreapsnewes t o estimate the full M SO or M MO cheeirEk2005/006906

response (e.g., for all K subbands) even though only

one or a small subset of the subbands i s used for

R lef 2840718864 Odhd M(QﬁﬂTﬁEhﬁmﬁbhﬂﬁm{ LRYSHE $910ReRBE within the
channel estimation techni ques described”herein my be
progessoeart exderbsl to dlrd proeesaeramswhich casexiangl leg canmeunicatively coupled

rocessing for pilot transm ssi.on, and channe
st?‘F RETSP .rwaﬁguq e s ﬁstslglﬂ)wnﬁlé‘? ﬁfg'/ar e, software,
[0088] C Ok R indMeied0hereiliOfor deRANIVALE to aid in locating certain

| mpl enentation, the progessin% units used for pilot
sqctimtri Shesgheadings are a9t Hitended terdignibthe soppecoibthe edncepts described

N T A —

the@tifd spsei@ioation. pr ocessi ng devi ces (DSPDs),
rogrammabl e | ogi ¢ devices (PLDs), field programmable
E‘QP&I ar ripPrevimeydescripion d daadisclogsdrmmbmndiments is provided to enable
1.CrQ-cantiL: S LG GESSOr h I nic .
A DR OERL, ShomeThl B RRREPE e, B Blrsaf FERUBY © Various
medgficatiorsr toahese mbodiments wilhbe eeidily Bbparpiitae ebssetfilled in the art,

un'%f used for channel .estimation at_a receiver nmay )

a1 etgsnerfcrmr&ﬂ@?ﬁ S B bs AP Rsdeto pthersmbodpmaents without
A9 00 HDUBBL F St AL RALTPIRIE bl slion i o
mbshded o Yeligited forthe enibodisenfsishowi diessin butds sobecavkotdadthe widest

erformthe . cti.ons, describ herej.n. The software
5 Som B bR SEHER el ottt Gt Befrghory
units 842, 882x, and 882y in FIG 8) and executed by a
processor (e.g., WO 2005/094023 PCT/ US2005/ 006906 26
controll ers 840, 880x, and 880y). The nenory unit my
be inplemented within the processor or external to
t he processor, in which case it can be communicatively
coupled to the processor via various neans as is
known in the art. [0089] Headi ngs are included herein
for reference and to aid in locating certain

sections. These headings are not intended to [imt the
scope of the concepts described therein under, and
t hese concepts may have applicability in other
sections throughout the entire specification. [0090]
The previous description of the disclosed enbodi nents
is provided to enable any person skilled in the art
to make or use the present invention. Various

nodi fications to these enbodinments will be readily
apparent to those skilled in the art,




and the generic principles defined herein may be
applied to other enbodi nents without departing from
w0 b@sepioeit or scope of the invention. Thus, tPEI/US2005/006906
present invention is not intended to be limted to
t he enbodi nents shown herein but is to be accorded the
w dest scope consistent wWdIwtMsS princi pl es and novel
features disclosed herein. WO 2005/ 094023
PCT/ U¥Agbs/ddgewdés: 27 CLAIMS What is claimed is: 1. A
met hod of 4r 1.t td .pilot .in.a W reless N
cormug'i cat %Xo%gt;h?gtoef rrtlpa(gl S@gﬁ%é i%sﬁ’ 4106 - éleWgFiﬁfﬁ figprguunication system,
rprdding:y of conposite pilots with a first matrix and
a second nmtrix, ~each conposite pilot conprising a
pl ur aB§nelRting anlaralityief competits Rilokevith edirstimatriy and a second matrix,

(=1 nas, , Qf ' . trd x and al ed .
it iceibbtte Mot ORI D DR 08 Sl B0l GRRg R g puraticy
sfeedmdnsraf thiexirstamalrixrand soaled il @?mlﬁf’ of Eﬁn@léﬂi@ﬂtd tnYa column
éﬁ?conpogiteﬁgjlgts via a plurality of transmt

BAT9Rd MG et hod of claim 1, wherein the
gener gt [ [ Q| . .
Cormpr et 2aB4 UF Bl ol SARRARIEHE pills B4 7 gy of tramomit
pitennas.ity of training pilots with the plurality of
colums of the first matrix, scaling the plurality of
training pilots with the plurality of gain elenents in
one Z0l UMMhéiethdd of 8RN Y, WRErEinthe g&%r&ﬁgqhg gﬁgal{tg Bf composite

ot nerate e

plurality of scaled training pil to g
riloipensmprisepifoigach campdiite pilet,nod of claim 1, wherein

t he ' the .plurality of conposite pilots
compricaciatb 1 btFaly i drautaty BpByvar T Apedicy o soluame of the
fgciatiizat , for each conposite pilot, one training

pilot among the plurality of training pilots is

t r ansyplingetre plurghiytof jeairing atets veitic therpdwralityi ofggain eliemienty in one
o%hdlﬁﬁgfﬁ ts&l%ﬂﬁ%atltﬁfdanﬁt | ess than unit power. 4. The

met hod of el arm ,

further conprising: formng the

firstcomiblining thel glirality efistdled@aiiilg pikty togehdlctBe Somposite pilot.
plurality of orthogonal col unns.

3. The method of claim 1, wherein the generating the plurality of composite
pilots comprises

generating the plurality of composite pilots such that, for each composite pilot,
one training pilot among the plurality of training pilots is transmitted at unit power and

each remaining training pilot is transmitted at less than unit power.

4. The method of claim 1, further comprising:

forming the first matrix with an orthonormal matrix having a plurality of

orthogonal columns.

5. The method of claim 1, further comprising:

forming the first matrix with a Walsh matrix or a Fourier matrix.



5. The method of claim1, further conprising: formng
the first matrix with a Wal sh matri x or a Fourier

WOrR05/09402300 2005/ 094023 PCT/ US2005/ 006906 28 BCT/TRI05/006906

. wherel'n the

method of claim11, further copprising: formng the

.second matri x based on a gai n%al ue and an ort honor nal
smatriy  hayh&ghephodl deflihtly afhePEdR | colums. 7.

The nethod of gﬁjai m f,ﬂu?]uftﬁ%re congrl sé ng: formng the
secontbrming the $easmd norria bgskdnory al gagn alte aniédnsbrtimiormxl matrix
r.a Fpurier ri x., 8. The nmethod of claiml1,
gﬁ‘fl?%ﬁpﬁlé%%ﬁgﬁ‘bgonﬂle‘f%% pilot transnission from

each of the plurality of transmt antennas by a del ay
selected for the transmt antenna. 9. The nethod of

cl ai n¥1, whbe miethodied clpémdy, Arthegcathprisshgir al ity of

conposite il ots conpr.ises generating.the, .pl ity .

of  corsmitg tenfieBnd Tt e P TR 24 fho Walih pptrix or
Feifdrmatnld a plurality of third matrices for a

- plurality of frequency subbands, the plurality of

c third matrices providing diversity for the plurality

of cogposi [ T .of claiml1,

i ﬁ“ﬁ?f}lglf@%so £ fa%él 1éac %%&?ﬁ%sqég'ur ality of
conpogélhging pilot Saraiigids #om! dagin sfrtte! plaglisachir &R HROSAItéas by a
. pilot in a different synbol period and via the
: 5?1&Y%l?qt‘§fif9fﬂ%er%ﬁl§wttang%‘?énnas. 11. The nethod of
- claim1, wherein the transmtting each of the
. plurality of conposite pilots conprises transmtting
. each g.onpo¥he methiodaif catmd , pheredd the \gendrafingeta @haylity of composite
subbands .and via the plurality of transmt antennas.

ROt GORRS Y of transmitting a pilot in a wirel ess
COMUBL{ALindNhs WG My of eSMRpdsieiotd SREI Ak Mgt fhakrid, She second
conpoSite prlot wth a trarhing matrix and a first
yairrx, \andt o pluralitfieoff ihirdt meticpo €01t @ phutkbty ¢bifequaicpgubbands, the

B bl g marifis e R i DEPF R rallyiel oo steaior

wth a plurality of gain elenents

10.  The method of claim 1, wherein the transmitting each of the plurality of
composite pilots comprises
transmitting each composite pilot in a different symbol period and via the

plurality of transmit antennas.

11.  The method of claim 1, wherein the transmitting each of the plurality of
composite pilots comprises
transmitting each composite pilot on a plurality of frequency subbands and via

the plurality of transmit antennas.

12. A method of transmitting a pilot in a wireless communication system,
comprising:

generating a first composite pilot with a training matrix and a first gain vector,
the first composite pilot comprising a plurality of training pilots generated with a
plurality of columns of the training matrix and scaled with a plurality of gain elements

in the first gain vector;



in the first gain vector; WO 2005/094023

PCT/ US2005/ 006906 29 sel ectively generating at | east
wWop@sagmei i onal conposite pilot with the trai nPEIUS2005/006906

matri x and at | east one additional gain vector; and

transmitting the first conposite pilot and the at

| east _gne. addj ti ] Diloet 1 f .0e d ..
o R b LR S con iR S ff e i
latrid @idat st oveexdditional@isedotmt anekl y generating at

| east one . additional conposjte pjl ot ?on'pri S

™ es. .. .
gener Eensgyttingdhe dirstecomposite PHetnd B At [eshorss ?(fdétl?ﬂaﬂ gpmposite
' [ ' Pl € antennas is
F%%tglﬁ\%eﬁ%a{eﬂ’gﬂ%?F)git}ai%%ﬁr%lnstnggpar ai'ah's in a wreless
conmuni cati on system conprising: a pilot generator

operatjve t enerate . a rality of conposite pilots

whth 8341 r b Tiedhod;of clslal 1 uhageih theeslscitvelgaetating af least one
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el nts in a col.um of the second matrix; and a
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plurality of transmt antennas. 15. The apparatus of

cl ai m44, Wneppimtus e 2 sarstess opmpowhicetiqn $ystent, kempiisiog:

generatqr, is operative to generate the plurali.ty. .
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eIRPste PHlofsi g PlugEY of franspiitteiedt anong t he
plurality of training pilots is transmtted at unit
power and each remaining training pilot is
transidt t efhatppastss tolfiaiaimnl4, wioenein. fod eachTbempgsitarpkotishe pilot
of claim14, wherein the plyral.ity.of. fransmtter .
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selected for the transmt antenna. WO 20
Ban/ di8a605 1D 069 @6lumn of the second matrix, and to combine the plurality of

scaled training pilots to generate the composite pilot.

16.  The apparatus of claim 14, wherein the pilot generator is operative to
generate the plurality of composite pilots such that, for each composite pilot, one
training pilot among the plurality of training pilots is transmitted at unit power and each

remaining training pilot is transmitted at less than unit power.

17.  The apparatus of claim 14, wherein the plurality of transmitter units are
operative to delay pilot transmission from each of the plurality of transmit antennas by a

delay selected for the transmit antenna.
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21.  The apparatus of claim 19, wherein the means for generating the plurality

of composite pilots comprises,
means for generating the plurality of composite pilots such that, for each
composite pilot, one training pilot among the plurality of training pilots is transmitted at

unit power and each remaining training pilot is transmitted at less than unit power.

22. A method of performing channel estimation in a wireless communication
system, comprising:

obtaining, via a single receive antenna, received symbols for a plurality of
composite pilots transmitted via a plurality of transmit antennas, each composite pilot
comprising a plurality of training pilots generated with a plurality of columns of a first

matrix and scaled with a plurality of gain elements in a column of a second matrix; and



processing the received synbols to obtain an estimate
of a nmultiple-input single- output (M SO channel
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single receive antenna. 23. The nmethod of claim 22,
wherein the processing the rédei ved synbols conprises

filtering the received I . .ot Jmate. .
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deriving a plurality of initial inpulse response

gderinant es for the plurality of conposite pilots based

on the received synbols, and filtering the plurality

of initial inmpulse response estimates to obtain an
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The nethod of claim 24, wherein the processing the
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response estinate fotr t he nnel ta z
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Lehsixed synbols further conprises setting channe
ta%@ I'n the inmpul se response estimate for the M SO
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thresQoIq t% zgros 27..T€e nﬁthod of claim 24,
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comruni cation system conprising: a receiver unit

oper aps.ve The pfethdddel Elaie iRy eorheneitbtlesprbedssig thel teteivey symbols
of conposite pilots transmtted froma plurality of
furbheEeATEPIENSE ennas to a singl e receive antenna, each

retaining first L channel taps in the impulse response estimate for the MISO
channel, where L is an integer greater than one, and
setting remaining channel taps in the impulse response estimate for the MISO

channel to zeros.

26. The method of claim 24, wherein the processing the received symbols

further comprises
setting channel taps in the impulse response estimate for the MISO channel with

magnitudes below a predetermined threshold to zeros.

27.  The method of claim 24, wherein the processing the received symbols

further comprises

deriving a frequency response estimate for the MISO channel based on the

impulse response estimate for the MISO channel.
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plurality of composite pilots transmitted via a plurality of transmit antennas, each

composite pilot comprising a plurality of training pilots generated with a plurality of
columns of a first matrix and scaled with a plurality of gain elements in a column of a
second matrix; and

means for processing the received symbols to obtain an estimate of a multiple-
input single-output (MISO) channel between the plurality of transmit antennas and the

single receive antenna.

32.  The apparatus of claim 31, wherein the means for processing the

received symbols comprises

means for filtering the received symbols to obtain the estimate of the MISO

channel.



means for filtering the plurality of initial inpulse

response estimates to obtain an inpul se response
w@sdaosoetoes f or the M SO channel. 34. A nethod oPCT/US2005/006906

perform ng channel estimation in a w reless
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of transmt antennas and the plurality of receive

antennas. 35. The nethod of claim 34, wherein the

pr oced4i ngAtinethoé o€parfmingitivingel estmptiosinsa weekesy erinmgunication
matrix multjiply on the received synbols based on the
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pl ur ab'{.t Y §he MRSIBELRLR 3uMRERE HLHBORSREAE HIRERE symbols
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second matrices to obtain estimates of the plurality of SISO channels.

36.  The method of claim 34, wherein the processing the received symbols
comprises

deriving a plurality of initial impulse response estimates for a plurality of
combinations of composite pilot and receive antenna based on the received symbols,
and

processing the plurality of initial impulse response estimates based on the first
and second matrices to obtain a plurality of intermediate impulse response estimates for

the plurality of SISO channels.

37.  The method of claim 36, wherein the processing the received symbols

further comprises



38. The nethod of claim 36, wherein the processing the
recei ved synbols further conprises setting channel
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response estimates with magnitudes bel ow a
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processing the received symbols based on the first and second matrices to obtain
a plurality of initial frequency response estimates for the plurality of SISO channels,

deriving a plurality of impulse response estimates for the plurality of SISO pilots
based on the plurality of initial frequency response estimates, and

deriving a plurality of final frequency response estimates for the plurality of

SISO channels based on the plurality of impulse response estimates.

42.  An apparatus in a wireless communication system, comprising:
a plurality of receiver units operative to provide received symbols for a plurality
of composite pilots transmitted from a plurality of transmit antennas to a plurality of

receive antennas, each composite pilot comprising a plurality of training pilots



antennas. 43. The apparatus of claim42, wherein the
channel estimator is operative to performmatrix
woredosiopdogs on t he recei ved synbol s based on t heP€T/DS1005/006906
and second matrices to obtain estimtes of the

plurality of SISO channels. 4% The apparatus of claim
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plurality of SISO channels. 45. An apparatus in a

Bé%ss communi cation system conprising: nmeans for
obtaining, via a plurality of receive antennas,
recei ved synbols for a lurality of conposite pilots
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e mygeation’ o T s ard afely barcd abln i 4 Hoond matrices
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and s ond [ [ . . .
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and the plurality of receive antennas, 46. The

sppBedieloppn r%eme@sltenm brsedrpn fhe Treeived %}bols and to process the
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plurality of initial inpulse response estinates based

on t K. fi Astappacitsdo ovdraless commenicatiahsysiom, aomprising:
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plurality of composite pilots transmitted via a plurality of transmit antennas, each

composite pilot comprising a plurality of training pilots generated with a plurality of
columns of a first matrix and scaled with a plurality of gain elements in a column of a
second matrix; and

means for processing the received symbols based on the first and second
matrices to obtain estimates of a plurality of single-input single-output (SISO) channels

between the plurality of transmit antennas and the plurality of receive antennas.

46.  The apparatus of claim 45, wherein the means for processing the
received symbols comprises

means for deriving a plurality of initial impulse response estimates for a plurality
of combinations of composite pilot and receive antenna based on the received symbols,

and
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means for processing the plurality of initial impulse response estimates based on
the first and second matrices to obtain a plurality of intermediate impulse response

estimates for the plurality of SISO channels.



