1 MUILTI - ANTENNA SYSTEM TO SI MULTANEQUS SUPPORT OF M SO AND M MO RECEI VERS
Claimof Priority under 35 U.S.C. 119 [0001] The present Application for
Patent clainms priority to Provisional Application No. 60/527,201 entitled
"Incremental Pilot Insertion for Hybrid M SO M MO Systens” filed Decenber
5, 2003, and assigned to the assignee hereof and hereby expressly

i ncorporated by reference herein. BACKGROUND 1. Field [0002] The present
invention relates generally to data clommunication, and nore specifically to
pilot transm ssion for a wireless nulti-antenna comuni cation system H.
Background [0003] A nulti-antenna comruni cati on system enploys multiple (T)
transmt antennas and one or nore (R) receive antennas for data and pil ot
t r ans MEST-ANTENNAeSYSTEN tT0- SIVURTMEECEY SUeraRTayr MAES AYE MMMARCERYRRE| nput

mul ti pl e-out put (M40) systemor a nultiple-input single-output (M SO
system For a M MO system a M MO channel fornmed by the nmultiple transmt
antennas and nul tiple receive antennas is conposed of S spatial channels,
where S <Glaim gfPrionity under3S.8€a811 channel s may be used to transnit data

in pié(ﬁhze' t OTRE gfegeﬁ@ A;,Pﬁman %ﬁpalsﬁt élé]ﬁn?éiﬂiaﬂﬂl toam’(rféfonéleﬁw]{iﬁt%ﬂ y to

achi reater |1 abi | For a SO channel fornmed by the
mul tiple Nor &M&Zﬁ,imamléfrdﬁ‘almranmtfdl?dgl hsmfwﬁym W&@MW@SW@@M of a
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accurate @@bfpasm@i@fmﬁrmdmaﬁs channel bet ween a transmtter and a
receiver is nornmally needed in order to recover data sent via the wreless

channel . Channel estimation is typically performed by sending a pilot from

the transmtter and neasuri ngg?‘gﬁlggm@%t he receiver. The pilot is nade

up of nodul ati on synbol s that riori by both the transmtter

and receiyer. gﬂfdrecei ver can thus estinmate the 2 channel response based
P

on the receive Ilot synbols and the known transmtted pil ot
[0002] The present mvention relates generally to data communication, and more

specifically to pilot transmission for a wireless multi-antenna communication system.

II. Background

[0003] A multi-antenna communication system employs multiple (T) transmit
antennas and one or more (R) recetve antennas for data and pilot transmission. The
multi-antenna system may thus be a multiple-input muitiple-output (MIMO) system or a
multiple-mput single-output (MISO) system. For 2 MIMO system, a MIMO channel
formed by the multiple transmit antennas and multiple receive antenmas is 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 throughput and/or redundantly to
achieve greater reliability. For 2 MISO system, a MISO channel formed by the multiple
transmit antennas and single receive antenna 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



synbol s. [0005] The multi-antenna system may concurrently support both M SO
receivers (which are receivers equipped wwth a single antenna) and M MO |
receivers (which are receivers equipped with nultiple antennas). M SO and
M MO receivers typically require different channel estimtes and thus have
different requirenents for a pilot transm ssion, as described bel ow. Since -
pilot transm ssion represents an overhead in the nulti-antenna system it
is desirable to minimze pilot transyrission to the extent possible.
However, the pilot transm ssion should be such that both M SO and M MO
receivers can obtain channel estimates of sufficient quality. [0006] There
i s t her etlmnrel acspensd Hasedtdnethar¢ceived piletcdymibgliesd the lofonctraasnitied tpplahsmi t a
pilot in a qul ti-antenna system SUMVARY [0007] Efficient pilot

transni sS™Schenes for single-carrier and nulti-carrier nulti-antenna
comppgysgat i on SYht endi-astenessembRdy Rencirently suppen dotl MISO S diegei ver s
prefer the pilot to be sent in one spatial direction fromthe nmultiple (T)
transnit (whigh aigrecsivees etpped 3t a/gnglpianisanal wad MIMQ smeewarsi(which %9 t o obt ai n
hi gher qual.i a5t .t MO el l‘ﬁl%@" re the

pi | ot tog%gfvg%n%nﬁﬁ&gilwfl?jeﬁéiﬁl s%gtt Ia ) M l‘rggc%]?/dgns rgérﬁ%?)ﬁ}esytrb{%rga smt

ant ennas rapirt [iifferehechaleh petimged asl flos loivé idefeeert requimeswents fomnadpiloécei ve
antenna pairs can be estipated,.,. [00Q8] In one pilot transm ssion schene, a
Singl e " RIS heesebed BROWo Sirce i raoSpission [FOTFILR AT ARSI B used f or
pi I ot tranaflasiehddNsysRin, 10GH dMiRbleafd nivhiMiter BQI ¥ Risiission 8 the adxdrdy MaL i X
contains Mtraining vectors, where M? T , and each training vector

cont ai ns ppsstdef Howpvatthe prméravsm}sapniswld/b@s\whéh%rbeﬂlfwswam? MIM@nt spati al
di reCt!0'}éceiv%ﬂ%ﬁx%ﬁ‘taﬂghar_g‘%{J&H&%é‘hf&u?ﬁ&?rﬁ q@iig.her for this pilot .
transm ssion schenme. Eac raining vector 1s'used to generate a respective
setfoad6] T scal ed Theteois tleyefbrel &néadrintthans fosstlaigues ko afficleat] y trasisriis ai t
antennas. .M sets of T scaled pilot synbols can be generated with the M
trai ni ng REUPGUIUARCRIASEAR:  od, for exanple, in M synbol periods. The M
sets of T scaled pilot synbols are suitable for use for channel estimation
by both M SO and M MO receivers. The Mtimes T coefficients in the training
matri x may be selected, for exdWIMMARYr nin ze channel estimation errors

by both M SO and MO receij vers.
y [%tOO’T] Ef%lﬂcient pl?ot transm?ssion- schemes for single-carrier and multi-carrier

multi-antenna communication systems are described herein. In general, MISO receivers
prefer the pilot to be sent in one spatial direction from the multiple (T) transmit
antennas so that received pilot symbols can be filtered to obtain higher quality channel
estimates. MIMO receivers typically require the pilot to be sent in different spatial
directions from the T transmit antennas so that the channel gains for different transmit
and receive antenna pairs can be estimated.

[0008] In one pilot transmission scheme, a single “training” matrix of coefficients is
-defined that can be used for pilot transmission for both MISO and MIMO receivers.
The training matrix contains M training vectors, where M 2 T, and each training vector
contains T coefficients. The M traiming vectors are for M different spatial directions
and are not orthogonal to one another for this pilot transmission scheme. Each training
vector 1s used to generate a respective set of T scaled pilot symbols for transmission
from the T transmit antennas. 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 MISQ 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.



3 [0009] In another ("increnmental") pilot transm ssion schene, a first set
of T scaled pilot synbols is generated with a first training vector and
transmtted (e.g., continuously) fromthe T transmt antennas. |If at | east
one MMO receiver is to be supported by the system then at least T-1
additional sets of T scaled pilot synbols are generated wth at |least T-1
additional training vectors and trangyritted fromthe T transmt antennas.
For exanple, the additional sets of scaled pilot synbols can be cycled

t hrough, and each addltlonal set of scaled pilot synbols can be transmtted
in al0008Lpect i velsgelsr (Frsremental rlof Fansmispniekenes ¢ frstyschel Besdladed to be

or t hogonal;4;0 0, o] S mance. Each
M SO receHaetr S)glgtﬁ)ls ggtéeﬁ%tgﬁ %1&1{?8%}’5%%%2? ﬁécgogdgﬁﬂ RQB;“ rs{ set  of

scal ed pi bwttmeqmbfb)lf@m Hach trvsiit amewes.véf atclasst est MIM@ redesveMisMd thannel

based on the f and, ad t..synmb [0010] If
Che mut i SoRpuid 8 B SRR thin R8s BT, RoBondedh BET e P EPeR e

mul ti pl exigeigradr i at tiken Terabdifienl edindid Qtctéry riha ! raiBiyitled fdndnhéntted from a
respective transmt antenna on a_group of P subbands, where P > 1. This

al | ows t h&anspitsutenyas. M‘l*“wowfa@a%fra\ﬁb? addifional setmef acalerh pilgh §ymbolsy g kency
response NSNR i Sstimation
t echni quegcé%dgﬁfgﬁwag@ﬁ%d% Eu/grsg n. Q\gﬂlé)tu ggl%)g%‘?gyan odi’ment's of

t he i nventdspestive synwohpembés dibe lm&nngmebtmrstmey belddtfmed to bﬁed:mwgoﬁﬂztmeDESCRI PTI ON
OF THE DRAW N {0011 ﬁﬁmp ag and pature OIF_ t‘ltlilh esent I nvention w ||
becone oS RF ABPTOvE Rl SHEpaRPp B8P pt Y fB:F?H & ow when

taken in egimatied MO \ohamheltﬂwed &fﬂﬂﬂﬁm%etldfs&dlédllhldt lshﬁbdslef BacigEMOhar acters
i dentify correspondi q%l?y t hr ou hout and wherein: [0012] FIG_ 1 shows a

mul ti - ant EiSAXCTG7E CEHR 1ppsed onrfhe firghandeadditipmplesets oAfseded] FiGs. 2A

and 2B il bugtyahds.channel estimation performed by a MSO receiver and a
M MO recelver; respectively, in a 4 x 4 system [0014] FIG 3 shows a
subb&#M 0%t r uct ur & fibe muhm:ttarmansmm T s yehogomal [ (Bgedncy| dvisih shows a

pilot t ransmp? ?ﬁn% ((?Iﬁﬁ\%ﬂeﬂlen eact s Bifot! S[y(f%rllbrfg5 Ty "B ‘taismitted from a

respective transmit antenna on a group of P subbands, where P > 1. This allows the

MISO and MIMO receivers to estimate the entire frequency response of their MISO and
MIMO channels, respectively. Channel estimation techniques are also described herein.
Various aspects and embodiments of the invention are also described in further detail

below.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011] The 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
receiver 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 2 common training matrix

for both MISO and MIMO receivers;

{0016} FIG. 4B shows an incremental pilot transmission scheme;



for both M SO and M MO receivers; [0016] FIG 4B shows an increnental pilot
transm ssion schene; 4 [0017] FIG 5 shows a process for transmtting a -
pilot in the multi-antenna systemusing the increnental pilot transm ssion
schene; [0018] FIG 6 shows a block diagramof the transmtter, M SO
receiver, and MMO receiver in the multi-antenna system [0019] FIG 7
shows a transmt (TX) spatial processor and a transmtter unit at the
transmitter; and [0020] FIGS. 8A and*8B show a receiver unit and a channel
estimator, respectively, for the MMO receiver. DETAI LED DESCRI PTI ON [ 0021]
The [porg " exenpl@GY5 shq'iwsth'ﬁﬁdc SEQ thnkRitiRA Pl &9k hd BuRSaRBn S X700 €,
instance, or illustration.™ Any enbodi nent or design described herein as

" exenpl aning tedngrgmentd pletdeanpnigsippsdhemeonst rued as preferred or advant ageous
over er enbodj I I I -0 ! t na System
00331 8E G °T SRATES St MM of e M BSOSkt o MIMER "2

transm t treeivedih@hamdltitaneEnnegstener s 150a and 150b. For sinplicity,
transm.tter 110 has. two transm.t ntenpas, M SO.receiver 150a has a single
r ecgﬁ{ﬂe&] ant enna,ﬁgna ShAvcs ?%’éﬁ“\)@?ﬁfBﬁH{lPWS%SS‘?Wdrae'E‘EFWEw‘éH’PEﬁtﬁgg . [0023] A
M SO chan@gdmitier apl by the two antennas at the transmtter and the single
antenna at the M SO recej ver may be characterized by a 1 x 2 channel
resg8628 row vd8ESr8Ahand §hshaw reppiverniaad 9abanns] esimatorrefpectiviet, > Eq (1)

[ 0024] oo fOr j =1" 2, denotes the conplex channel gain between
transm \tAqg{\ ee%ir]\y?/mg‘h‘éﬁt he single antenna at the M SO receiver. A vector is
normal ly expressed as a colum, and a row vector is normally expressed as a
row. [0025] A M MO channel forpged by the tw antennas at the transmitter and
the two antennas at the MEEAIBED SQWPHEIQNaraCt erized by a 2 x 2

Cha%ﬁil]r €SPONSCrpe word “exemplary” is used herein to mean “serving as an example,
instance, or illustration.” Any embodiment or design described herein as “exemplary”
is not necessarily to be construed as preferred or advantageous over other embodiments

or designs.

1. Single-Carrier Multi-Antenna System

[0022] FIG. 1 shows a multi-antenna communication system 100 with a transmitter
110 and two receivers 150a and 150b. For simplicity, transmitter 110 has two transmuit
antennas, MISO receiver 150a has a single receive antenna, and MIMO receiver 150b
has two receive antennas.

[0023] A MISO channel formed by the two antenmas at the transmitter and the

single antenna at the MISO receiver may be characterized by a 1*2 channel response

row vector mio , which may be expressed as:
By =[h B), Eq (1)

[0024) where entry hf, for /=1 2, denotes the complex channel gain between
transmit antenna j and the single antenna at the MISO receiver. A vector is normally
expressed as a colurmm, 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 @ 2X2 channel response

matrix 2 , which may be expressed as:



matri x A, which maybe expressed as: 5 H=1:1,1 h1,2 Eq (2) Tr21 h2 2
where entry hi, , for i =1, 2 and j =1, 2, denotes the conpl ex channel gain
between transmt antenna j and receive antenna i at the M MO receiver. A
si ngl e-i nput single- output (SISO channel exists between each
transmt/receive antenna pair. The four entries in Hare indicative of the
channel gains for the four SISO channels of the M MO channel. The matrix H
may al so be viewed as containing one channel response row vector h, for
each receive antenna i. _[0026] The transmitter can transmt a pilot synbol
from each trangmithanterina to allow the M SO and M MO receiv to estimate
their respecti NQSC% d M MO channel responses. Each piIotiéﬁﬁbol is a
nodul ati on synbol fhat s known a priori by both the transmtter and
receivers. To facilitate channel estimation by the receivers, the

transmi tt@dheﬁféﬂn-ﬁlﬂ tifed y=1,he afd 17Qt 1, 9y riBstesRhe E&ﬁgl@ﬁ%ﬁmﬁéw&w@éﬁt enna |
iplier

wth a respective “Coefficient 0"'", usi ng a mul prior to

transm ssi@ibniif ienbh @ and feaéiSe briteriiati Qi ik, MBIOSBENVRr.I A dthde-input &1998-7] The
recei ved synbol at the M SO receiver may then be expressed as: [0028]
Yru, o, m =OBREo(SIRH channsl f@usts between each, manmzw‘recalze rﬁlﬁm%i’mb Baefeyr [ 0029]

W“ere ”“ eﬁ}g‘eé ﬁ,lil ra?ecﬁa'd}éﬁ 'chLJ%{e 5&? rt‘c?u%e I‘S%J’c a9 QP UM = [ 1,
a vect or |C|en Gged T6r ransn155|on wher e

) T " den@hﬁfo amilﬁén%neﬁﬁmxaﬁ%wﬁme ﬂewea Asscohtseu n'é%haﬁ]efﬂeﬁmMeSO

receiver. [0032] The vector Nn-m7s also referred as a "training" vector

since it k@yu&aﬁﬂqasream}eeéwéﬁmm ssi on. [0033] The recei ved synbols at the
M I\/D recei ver for the sanme pilot transm ssion nay be expressed as:
" 10026)1h12u2m+The transmittecahgransmit a pilot symbol from each transmit antenna to

allow the MISO and MIMO receivers to estimate their respective MISO and MIMO
charmel responses. Each pilot symbol is a modulation symbol that 1s known a priori by

both the transmitter and receivers. To facilitate channel estimation by the receivers, the
fransmitter can multiply the pilot symbol Pj for each transmit antemna } with a

respective coefficient jm using a multrplier 112, pror to transmission from the

transmit antenna, as shown in FIG. 1.

[0027] The received symbol at the MISO receiver may then be expressed as:

[0028] Trisom = Boniso "Wy + My, = by, + by, 0, ’ Eq )
[0029] where Taisom is a received symbol for the MISO receiver;

[0030] U, = [, ] is a 2x1 vector of coefficients used for pilot

transmission, where “ T ” denotes a transpose; and

[0031} Mmiso is the noise at the MISO receiver.

10032} The vector £ is also referred to as a “training” vector since it is used for
pilot transmission.

[0033] The received symbols at the MIMO receiver for the same pilot transmission

may be expressed as:

~H-u, n___l:rl,m:‘zlihn'ul,m'l'h:z'uz,m"'"l}
[0034] T e Ut ] Bq @)



[0034] Hr2" 1121 "Um +11L2'u2'"+n2 Eq(4) 6 T [00351 where K. = [r], r2,nl
iIs a2 x| vector of received synbols for the MMO receiver; and [00361 n =
[n, n, ITis a noise vector for the MMO receiver. [00371 For sinplicity,
the pilot synbols are not shown in equations (3) and (4). [00381 The
transmtter typically transmts data redundantly fromboth transmt

antennas to the M SO receiver. In thigs case, the M SO receiver only needs to
estimate a conposite M SO channel, which is hmae = h, + h2 and does not
need to estimate the channel gains hl and h2 for the individual SISO

chan that make up the= Or, ghanne If the two_cqefficjents are equal

(i .e{b,ﬁgﬂl m = M. Wige theﬁ ![Mh,g' I\?I’go fse“l:gix\}eYecE’éﬁf Te5F8 gsgmkvgi,s fgf aleer)

recei ved 1 gwWbgksiveptagiined for nultiple synbol periods to derive a higher
qgual ity channel estirrateil A synmbol period refers to the tine duration in °
whi ¢ dat a ornpifhotn,$ - ' 1 The transmtter may
tran@%g?] data in par!al | el &‘gﬁl&g‘@g@ P@?%yn%ﬁ?bg%g%%as to the M MO receiver
to i [@@8%ve t hr ouBdipithplicity thdpidot saabols 4rb eotvhivih ireamhtiars (Slamdd4need to (1)

esti t he channel gai.ns hl.1, h12, .h2]1, an 22 . fqr the.individual SISO
chanﬁ'@%@ that mak®¥ # erl\ﬁy%”%%éﬁﬂﬂ’imsaaﬂa (’?‘?““H%‘ﬁlyt %Q%Eﬁtﬁa?i‘ﬁﬁwngai n

est i mat eSapi@inad t8 HARMAISO RReidat an HHiSOIEHESVIID rddoNBVSIly ndeds td d8mBrela0t
transm ssi on descri bed above, the M MO receiver only has two equations for

the two rggeiued Bhhel MiaAs BnT hash, ' i an. The M MO
receiver wo Oélf n%@%ﬁ?v\oﬁg%i?(t | o]nsal equat i 6%@9\@96& g?ﬁ%#&?%%g%ﬁg@éeﬂ}eor t he four
unknown céiammed igapaibd sand Thik farrthe smdivitheal SE30 dhamiels that makhap thd MISOhannel

estimation by transmtting pilot synbols using two different training

vect ors néhaiitl iftthd fvd sMRfRNERROIre Bl gais A ARE g aenBIMITORefreRtar he M MO
receiver may then be expressed as: 100401 ra=Hua+n and ra=H u_b+n Eq(5)

[00411 whiferse (emltarhreapized qamtnds pljpiged for maigiiply symbylnissiods tcoderivad synbol
eri ods, Mo ARAR e SASHARL Aol el bR KR 1 I £V TPV
synbol s i éatd brepilotymbol is transmitted.
[0039} The transmitter may transmit data in paralltel from both transmit antennas to
the MIMO receiver to improve throughput. In this case, the MIMO receiver would need
to (1) estimate the channel gains hll, hl12, h21, and h22 for the individual SISO

channels that make up the MIMO channel and (2) use these channel gain estimates to

recover the data transmission. However, for the pilot transmission described above, the

MIMO receiver only has two equations for the two received symbols “im and 2m ] ag
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 facihitate the

MIMO channel estimation by transmitting pilot symbols using two different training

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

may then be expressed as:
[0040) r,=H-w,+n 4 r,=H-u +n , Eq (5)

[0041] where Yo and T+ are two vectors of received symbols for two symbol
periods. The MIMO channel is assumed fo be constant over the two symbol penods.
The MIMO receiver now has four equations for the four received symbols in the two .

vectors Lo and Y5, ¥f the coefficients in the training vectors B« and %» are

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

gains based on the vectors L=, Lo, Yo and Us



vectors to and rb. If the coefficients in the training vectors and 116 are
appropriately chosen, then the M MO receiver can solve for the four unknown
channel gains based on the vectors ro, K6, L and ub . 7 [0042] For
sinplicity, the description above is for a 2 x 2 systemin which the
transmtter has two transmt antennas and the receivers have at nost two
receive antennas. In general, a nult#-antenna system may incl ude
transmtters and receivers wth any nunber of antennas, i.e., T and R can
be any integers. To facilitate channel estimation by a M MO receiver, a
trangfd4dler can tRoarssnplicity, theldetcriptibmgbdlet is aoniangx 2veetent i hich.thein M
synbol peri ods), iq/ne e in geperal M? T . Each tLai ning vector .contains T
coef fici ef@BSHEgsr ‘F’FeEv’F’t %’%"fﬁa’f‘tmgﬁ‘f‘éaﬁﬂa@? TIPEHAS haifedl B WeITES Dol s f or

the M MO RAeRIE i dinélE 2 ImittiBnfisd SRicfPhal SncliePkSRDRbrdd OGR4 REHUN
Eq(6) [0045] where Ris an R x Mmatrix of received synbols for M synbol
peri ods: [vothmly mymber ghantengast 1ehArané R eanshrommyeintegers X of fagiliteteechpteD r ecei ver ;
[0047] U i&: 8. tI.FlﬁiIi At ri L. coefflcients . . fQr LE synbol
peri ods; e%ﬁ%%&é%% I'S gn “{?I\% lcnré%sgllt‘t%e?ocsﬁ%@é@ﬂgtplﬁég#%%ﬁ@ver for

t he M synivettorspesri,alM sytBdiOperibie), where iix gensralaivns TM Eaeli trhinpgwectopr s or

colums (i.e., U=[ua . :mUM) Where one training vector is used for
pi | ot trar‘fglﬁf‘%F&ﬁeéﬁﬁleﬁfg/g?fm%rgﬁ%@‘%?%@: The matrix R contains M vectors
or coppymis of recglued:; f R PQkL; | @OST £ R- whia rb ...
NJ) . OITﬁ‘iegTM MO r eclgile&er w?g%léﬁlf\ggtp%y M I\%legﬁgﬁinﬂelﬁ esti ﬁg{f@@ggy %%I | ows:

[ 0050] R l\gxpregsefiady) U'' =HUU-' +NU-' Eq(7) [0051] The estinmated channel

response matri x rﬁy_cglgo(ﬁ)e obtained by perform ng sonme other |inear
oper 0041} on t he Técei & synbol matrix R B. [0052] The rEgé&)ved synbols for

the M SO receiver for thﬁ sane pilot transm ssion

[0045] where = is an RxM matrix of received symbols for M symbol
periods;

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

[0047) U isa TxM training matrix of coefficients used for the M symbol periods;
and

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

[0049] The matrix ¥ contains M training vectors or columns (i.e.,
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 (e, R=[r, 1, .. !M]). The MIMO receiver can derive the
MIMO channel estimate as follows:
A -1 = - . ~1 —~ . . -1 - -
[0050] H=R-U ' =(H-U+N)-U =H-U-U +N-U" Eq(7)

(==

[0051] The estimated channel response matrix may also be obtained by

performing some other linear operation on the received symbol matrix R

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

inthe TXR system may be expressed as:

[0053] Fpgo = hm’so ' u + L , _ Eq (8)



inthe T x R systemnmay be expressed as: [0053] rntrn = bnmsn Utnnev Eq (8) 8
[ 0054] where rmso is a 1 x Mrow vector of received synbols for the M
synbol periods; [0055] Lb- is a |l x T channel response row vector for the
M SO receiver; and [0056] Amino is a 1 x Mrow vector of noise at the M SO,
receiver for the M synbol periods. [0057] The row vector rnL.o contains M
recei ved synbols for M synbol periodf (r.e. rmao =[] m,o0,a msob "'

romuo, M]). [0058] | The M SO receivet typically only needs to estinate the
conposite M SO channel, which is hm,a = h, +h2 +...+hr and not the

i ndi vidual SISO channelss of t.h M SO chanpnel,. The conposite M SO channel
can [%de"q sti mat ed™ % h j‘ﬁ""s"t‘sénlé( r"ﬁWrﬁeﬂ@ro’{}éﬁ‘?‘Yﬁd SVWb?IIS?B’ le, if the
trai ni ngpye@tor contains all ones, then the conposite M SO channel can be
estimted as the received synbols, or hnfr® =rm-a. The M SO receiver

prefigyss) t o have BubeistnaimingnYes %ﬁr&ﬂy&té{qopﬁewgoﬁ@%cﬁ%ﬂpm nting in the
synbols r"

sane spatial direction so that the receive r",uap through ra"faM

can iltered nto:.Qbfan : t i ]ﬁlh’ﬂﬂﬁ! esti nmat &.
[00%69?6;% M MO reclesi%ver t§/°§‘|’ g%roﬁfﬁﬁ%%?tﬁ%ﬁggﬁﬁ%%%%g% anne igai ns of
the indpenasal S| SO channels of the M MO channel, or the R T el enents of
the channel response matrix A This requires the Mtraining vectors in Uto
be qo0057grent andhe pow nveitag Y ctinfarer Mniccaipat syahboth for O ispmbol pemiedbest
performance for M MO channel estimation can be achieved when Dis a unitary
mat ri x a@gg_tﬂa@ﬂ"aaﬁ,ai"m:iong--\r@am]gfs are orthogonal to one another. This

orthogonali ity condition may be ‘expressed as: HU U=l, where | is the
i der[@‘?fts}' mat r i x TaaMISOreceiyembpisellyaonly meedpatoeestimatesthe sempasite MEYQ hogonal ity
condition may equi val ent_lly e exp;essed as: nml1ll =0, for X=a ... M,
nFa. . . M shahxel; $hich i{;(g‘@'ﬁ 1 Rd= Ay e>1<Tamp& @pt fherindildudl SISO chystelsnof thdie f ol | owi ng

training I\Eﬁbrclh%gfel.u%ﬁg con%%sgg MISO channel can be estimated with just one training

vector in ¥. For example, if the traming vector contains all ones, then the composite

~

MISO channel can be estimated as the received symbols, or Fiso = Tmise . The MISO

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 Timiso,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 B his 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=1I , Where 1 s the identity matrix and “ H ” denotes a conjugate transpose. The

H fot
orthogonality condition may equivalently be expressed as: Bn "Ba = 0, for A=a .. M

m=a ... M,and l;ém_

[0060} As an example, for the 2%2 system, the following training matrices Use )

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

Uml'.w l:l l:l Umr’mo [l 1]
Usa & Yoo =
[0061] R LR L By -] Eq (9)



and -~2 may be used for the M SO and M MO receivers, respectively: Viso |
11 Wi2a rl -11 [0061] 1J and ILLI | Eq(9) 9 [0062] As described above and
seen in equation (9), the M SO and M MO receivers prefer different training
matrices. corn [0063] A single common training matrix U2x2 may be defi ned
and used to sinultaneously support both M SO and M MO receivers, as
follows: Ucom _ [U, U,b 2x2 [0064]gu’ o 14,b Eq (10) "m [0065] The
coefficients in the training matrix U -2x7 are selected to provi de good

channel estimation performance for both M SO and M MO recei vers. Channel

esti F¥62bn per f oAraistsabedbigboye arfl geen infdquetiony9)y theiMIBO wdiNBYIOgeceiversan

enbodi nmen e} [ .cients in -2x2 are selected to m nimze channel
estimtio mfeegrrr]g{eg gﬁ%%ﬁtﬁiﬁﬁc&% and M MO receivers. This nay be achi eved by

co i t he channel , estimation .error . fprra M SO recei,ver, and t he channel
es[rip m{’tﬁ?gn error ¥ SPBlE RATREBCR JEINS M3ty %Mgi’(?@h eUE%f?ﬂeﬁa’c“rdi 3%3632392 ,

conput i NgsitnhiBardedhsll sgipaABEeth MBSO FRNMBHO eédeRtrsf ffol@is? the M SO and  Unnm
M MO recei vers, and adj usti @Xsel ecting the coefficients in -2x2 such that

the total channel .gs itijyatzit,',@ error is mnimzed. The channel estination
errors for the M3& angr Ny receivers may be given different weights in
the (98BLtation of thé totdf-channel estimation error. My(l8xanple, the
channel estimation error for each receiver ngy be Ucom conputed as a nean
squafesesy r or bet Bheroéfficients e trﬁiﬁiingiﬂiwrixmlimi Xre( €legted to P¥edlidapsbdm so Umi no

channel estimation performance for both MISO and MIMQO receivers. Channel

estimation performance may be guantified by various criteria. In an embodiment, the

cont
coefficients in LU 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 —22, computing the total channel estimation error for both the MISO and

MIMO receivers, and adjusting/selecting the coefficients in Usa such that the total

channel estimation error is minimized. The channel estimation errors for the MISQ and
MIMQO 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

com
computed as a mean square error between the common training matrix (e.g., Uaa } and

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

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

cont

* the MISO and MIMO receivers. In another embodiment, the coefficients in =22 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 sirnulation, 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



the desired training matrix (e.g., -2x2 or -2x2 ) for that receiver, and the
total channel estimation error nay then be conputed as the sum of wei ghted
mean square errors for Ucomthe M SO and M MO receivers. |n another

enbodi nent, the coefficients in -24 are selected to mnimze detection
performance | osses for both M SO and MO receivers. Oher criteria my

al so be used to select the coefficients. The errors and | osses may be
determ ned by conputation, conputer sinulation, enpirical neasurenents, and
so on. Tdmamizelly based oh sani®us fhoidrs Geg., the nﬁﬁib&%iﬁdlﬂias:aﬂmmcswaéi%ﬁ paraneters
and/ or (ratﬁq@rerrents uch ai/g for exanple, the nunb of M SO receivers and
t he numb atvgPRPIIY SeBTeyR MISP md E‘E’P%‘ﬁ?"&tal'*}ésbf;’i‘ rity of the M SO
receivers relative to that of the M MO receivers, nand sSqQ.a. The

coef 0066lent s nayFére €& eeystent, i delloaving trhiping aiatzives (Std and +pjvhaytbe

transm ssj h ﬁl'llslt may. al so..he changed periodically or 10
dynam cal‘llsgﬁlgé-s[% on vadrl Oug)r?aaé\{%srrcs?ecnvﬁy t he nunber of M SO and M MO
receivers, the relat 1\/e ipripority between MO apd M recei vers, and so

on). [0066] For a 4 X syste the following tr |ni ng,fatrices 114x4 and
114x40 may be ugger 1r the*M and M]‘y@mr.e eivers, respectively: 11111
111 114411'T1 W4%41= 1[-1 1 -7 ™ n 1 1-1 -1f- -1 [0067] 11 11
and | | 11 Eq (11) rpm [;00§8]Again, a single cp rmgnt aining matri x U 4x4
may B96%kfined and uskd to 'similtadeously s pport ot h' & hnd M MO
receivers, as follows: r ~, 4 u~4 a~A nod qum U2A 7424 u2A u2,d -4x4 - r
rr [0068]3,, 7434 Afain, Eéﬁgle[dbﬁﬁﬁa]n traddingl mbtid ~44 Amuy bel dEfinddlad)l vsed to

simultaneously support both MISO and MIMO receivers, as follows:
u;.,a ul',b ulr,c ul’,d
w,, wy, . u
Il:c;:: — 2,a 2.k 2.c 2.d

' ' '
us,a 143’5 u3,¢ uJ,d

[0069] Yo Ty Yae Waal Eq (12)
[0070] where U =[W, W, W, W] ppg W, g m=a, b, ¢, d g the m-th

con

training vector or column of Usii . The coefficients in the training matrix Uss 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

matrix Y2 |
[0071] In one pilot transmission scheme, the transmitter transmits a pilot using the
training vectors in Uis. For example, the transmitter can cycle through the four
Umﬂl

training vectors in —4< and transmit the pilot using %= in symbol period n, then L

the pext symbol period 7+1, then o symbol period 7+2 then L symbol

period %3 then back to W, in symbol period #+4  and so on.

[0072]) FIG. 2A illustrates channel estimation performed by the MISO receiver in
the 4x4 gystem for the first pilot transmission scheme. The transmitter transmits the
pilot by cycling through the four training vectors in Ui , as described above. The

rml'.w(n) =-l-l-rm‘so '.n—ta +n

received symbols for the MISO receiver are miso for symbol

period n, Taigo (1) = By Wy + 1y for symbol period 7 +1, and so on, as shown in



com, , r [0070] where 114x4 u b 1 | d] and u mfor m=a, b, ¢, dis the
mth romUWUomtraining vector or colum of U -4x4. The coefficients in the
training matrix -4xQ are selected to provi de good channel estination
performance for both M SO and M MO receivers and based on vari ous

consi derations, as described above for the training matrix 11zx . [0071] In
one pilot transm ssion scheme, the trgnsmtter transmts a pilot using the
Uomtraining vectors in 4x4. For exanple, the transmtter can cycle through
the four rom. training vectors in 114x4 and transmt the pilot using n 4 in
synbol peFl&d@An, TheddiBGrebeiver can Alertizsitecs yedrymbpler fonekampld, psitgefinipe ¢ i n

synbol period n + 2, then n--rd in synbol period n + 3, then back to in

symbol  periyfisertespodsedFIR)FteRRo obtB] 42brbbsic MISO tHatd] batinse, Phafiely esti mati on
performed by the M SO receiver in the 4 x 4 systemfor the first pilot

transm ssPBrbol eeréadn, axfplloWpansnitter transmits the rompilot by cycling

through the four trainipg vectors in 114x4 , as descri bed above. The

recei ved synbol s & oin)h dhHSO, ecei ver are r~,o(n) =hp 744 +n ~" for
N+

synb eriod n, T"( =hmJ4 u' .+nm, for synbol perio and so on, as
ﬂkwsP §%£¢é£d synbol s, for

shown in 11 FIG 2A The M SO rec€iver can filter ther

exa usi ng a fi.nite iU L nse 4 FEl fild 8%, 0 _Obtain a
conpngds‘)??]e M S% ck\;Jelllﬁfr;éel ecgﬁﬂ?na![fs h%%g%giﬁefg?wrﬁgéfloﬁ%ﬁgeﬁr“%{ﬁmg, as follows:
h.j, $0003R) _ c(i L1.and L2 are théttime eytept @@ AR|FIR fltkr., Eq (13) [0074] where c(i)
for L, L2 are coefficients for the FIRfilter; and [0075] LI and L2 are
the fooTe] extent @br bhaudal R ifliterk: TQ0¥67 1 Fand thecammpobiteFMBd ichimiel L, = 0 L2
> 1, and the cqnposite M SO channel estinmate hme® is a wei ghted sum of the

recei ved §§fi%?é 8ok gg alv?eiéﬁrtci.dosrurriS XFBQ lrec%ﬁlreji %jrﬁbols for L2 prior symbol periods

and the current symbol period. For a non-causal FIR filter, L, 21, L, 21, and the

~

composite MISO channel estimate i is a weighted sum of the received symbols for

L2 prior symbol periods, the current symbol period, and L1 future symbol periods.

Buffering of L1 received symbols is needed to implement the non-causal FIR filter.
[0077] FIG. 2B illustrates channel estimation performed by the MIMO receiver in

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

com

pilot using the training matrix =4 as described above. The received symbols for the
MIMO receiver are T =H-W,+1 g symbol period n, rintD=H-w,+n g
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 fransmitted with the same training vector,

e.g., filter I(n=2) nd ¥2+2) for training vector 31-:, (n-1) g m+3) g
training vector “—'d, 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

r(n+3)

the four received symbol vectors xn) through , and the channel gain estimates

may be computed on R a5 shownin equation (7).



and the current synbol period. For a non-causal FIRfilter, and the
conposite M SO channel estimate h.a- is a weighted sumof the received
synbols for L2 prior synbol periods, the current synbol period, and LI
future synbol periods. Buffering of LI received synbols is needed to

I mpl enent the non-causal FIRfilter. [0077] FIG 2B illustrates channel
estimation perforned by the MM h40O receiver in the 4 x 4 systemfor the
first pilot transm ssion scheme. The ¥ransmitter transnmts the corn pilot
using the training matrix -4x4 as descri bed above. The received synbols for

the [gypMO receiv i& % ' ﬁhﬂﬁ “EZ@.{W ) = A Ub
+n ¥orMDsynboI ggﬁ%gll(flwﬁl?ﬁgﬁﬂg? %ﬁ&%}s’ S 0\}2\412 I'n @ B. .eAné.pi | ot

bl ock™ nmagtathe fetethe n@fre fifmetdiatRoiBlrbR StyniboR Peridlis Wt 2higbdght » &50i Bgy vect or s
are used for pilot transm ssion. For the exanple shown’in FIG 2B, a pilot

bl ock is eREpvesyshannel setimaion perfpenancrohe dilel beek should be shozter them thecei ved

synbol s f 1.1.0 ) | S i chQr,. _e.g.,
filter r(ggh-elteg?e ghdg érf(t%lé ?ﬁ%@? %%dra ﬂrMacls EP%D%%\S/'e%rctoh&S&re%%/% Ehgnﬂ ?(n + 3) -
for trai duratiorviactioeh thie witelessuhasue! drexpddee] thhddain gpesitttelyadonango derive the
I ndi vi dual channel gain estimtes based 8n the (filtered or unfiltered)

r ecel®8] synbol s Thecargsigdeserifed phaverfor dhe K Scwstemsman boextendegtany s, For

exanple, a matrix R may be fornmed with the fout.received synbol vectors
r(n) throdgtRr éystem.3) Andinpleecahmnnetraigiag nmaski F&MesmayThy definednpith ed on R as

shown in equatiogn (7). 12 [Q0078] For sinmplicity, FIGS. 2A and 2B show the
M SO and Rﬁ%‘?ﬁ%ﬁ%@%‘%ﬁ B%fiﬁ%“]%?da%t?oéf ®f ot 1% SWF fransifsee Ut ¥  om synbol
periods n - 2 throughdimﬁ 5. For inproved channel estination performance,
t he pil ot riipmgesRsuR e hoMIBE and P eeceiyern exegstmate; their MES@ad M SO and

110 hanay THRGEDISEEGR! B gy WIS SRR BB AT
concept deswsmisésh. above for the 4 x 4 system may be extended to any com T x
&Zﬁémn@SéQ?@‘@Wﬁ%ﬁ%@@ﬁH‘%@ﬂwg&%f 'llg:\-;Mt ?g%slr)n'et ?S;I tnre<c';1]|n\éwrr1't Ps a pilot
usi ngogB1} UOOM A multi-antenna system may utilize multiple carriers for data and pilot

transmission. Multiple carriers may be provided by OFDM, some other multi-carrier

modulation techniques, or some other construct. OFDM effectively partitions the

overall system bandwidth (W) into multiple (N) orthogonal subbands. These subbands

are also referred to as tones, subcarriers, bins, and frequency channels. With OFDM,

each subband is associated with a respective subcarrier that may be modulated with

data. A multi-antenna OFDM systern 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.

[0082] 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 channel 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. |

[0083] 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 oo (k) for

k=1 .. N Each row vector h 0 (k) has dimensions of 1XT and contains T elements

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



training vectors in -T" M. The M SO and M MO receivers can estimate their

M SO and M MO channel s, respectively, based on all of the received synbols
for the pilot transmission. [0080] Miulti-Carrier Multi-Antenna System
[0081) A nulti-antenna systemmay utilize nultiple carriers for data and
pilot transmssion. Miltiple carriers may be provi ded by OFDM sone ot her
multi-carrier nodulation techniques,;pr sonme other construct. OFDM
effectively partitions the overall systembandwidth (W into multiple (N)
ort hogonal subbands. These subbands are also referred to as tones,

subcar ri essbbabd ks A Ml Of chaoned fiarys MBMOredesver W thi noRDMjterma QHDMubband i s
associated with a respective subcarrier that may be ulated with data. A
mul ti - ant emmysbeGHBMcRyistdhy mept oSN diahnyel asspumaatﬂéestﬁ& Not dtal --sDbbands for
data and pilot tr naﬁrri ssion and use the remai ni ng subbands as guard subbands
to al | ow Bablemstyit tis dizmdnsiopect RalT srabdontagUR r'BrRaiests forake elammdli city, the
fol |l ow ng ,degcri%ttihon assunpes that all N subbands may be used for data and

pi | ot tr a@RF SEPEH thp doERsMA apjepnss aadthe Rarrrare BErRaear #bbdsni tter and a
receifgggq]i N the nifleldnadR] RSPRse FrRMESYSHERARRY 2} B ChEAG&izkd Gy Y

sel ective fading, which is characterized by a frequency response that

vari es acrdige-gdreain phanoeh ippnidaraspénse The cirespbrishingiieduencyedooiain Sla®®l channel

may then he associated wi,th,different conplex. chanpnel i ns.. An. _accurate
channel etgeflﬁ%% 8P | cgﬁg'ﬁgﬁ%‘gw?fé’ym el %Qlls‘f{e%%g’ R or a data
t ransni sSi(DATYPHf the kRarde] iddpuiseiredpbise Thelkbai@simiuleGedporseNbiSachisagmel for a

M SO receiver in the nulti-antenna OFDM system n%i .be characterized by a
set of N Chamgksan besehsmsterizedyby dctimp-domarm: tapy Ryhereok is kypigally mucklesgach 1 ow

vector hmso (k i sians;of Iy XNT optains T elenents for the
channel gattiﬁaﬁlsﬁ]%)é t\?\%‘%ﬁ%ﬁ?&%‘?\%%t ant‘eﬁ[%atsﬁaﬁcﬁntlﬁlé’ugsf’ﬁsgf'g’%reé@%f‘ve ant enna
for 13 sufahaiidaktenod, MeMD hedoahbinfs@nplas M ivEsangae rateof WnMHzaakadlat b - ant enna
OFDM system _may be characteri zed by a set. of N channel response_ matrices
H(k) for Receive antenga iep dyspgmuiss Sekfushyeuld; besutisiat & cherzinzgnlic cont ai ns R
- T el ?”E@&s%oﬁsgrof HRSISOMAGRI. BRI BSuRENNRSL &fﬁ'@pst} foR R ThinRMnGRRAS and the
R recei ve antennas for subband k. [0084] The channel response for each SISO
channel masspbesed$ dependent iopdbke dslayesprerdrof the system, which is the time difference

between the earliest and latest arriving signal instances of sufficient energy at the

receiver. Because only L taps are needed for the channel impulse response, the
frequency response for each SISO channel may be fully characterized based on channel
gain estimates for as few as L appropriately selected subbands, mstead of all N
subbands.

[0085} FIG. 3 shows a subband structure that may be used for pilot transmission in
the multi-antenna OFDM system. A pilot symbol is transmitted on each of P pilot
subbands, which are subbands used for pilot transmission, where in generat N >FP2 L,
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 subbands. 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 simuitaneously support both



a tinme-domai n channel inpulse response or a correspondi ng frequency-domnai n
channel frequency response. The channel frequency response is the discrete
Fourier transform (DFT) of the channel inpulse response. The channel '

i mpul se response for each SISO channel can be characterized by L
time-domain taps, where L is typically nuch less than the total nunber of
subbands, or I,< N That is, if an inpulse is applied at a transmt
antenna, then L tine-domain sanples the sanple rate of WMHz taken at a
receive antenna for this inmpulse stimilus wuld be sufficient to
characterize the response of the SISO channel. The required nunber of taps

(L) for tMBCchmmelo rpabas me&@@saﬁﬁeﬂ@n@gaemdeﬁgh 0B tlafighetlcRys BPr ead of
the system which is the time difference etween the earliest and | atest

arriving Bfg ' f fu'ci recemver.  Because
only L taps g?g dﬁggﬁggﬁﬁ?gtvﬁé%hanne t=:zlmﬁpu %)g[ ?%%%%?éeg,w't ﬁr;}l\é %Flgquency ‘
response 8 ST b I ekl n channel
gai n est |Jr?§n£&%£brr asQ e\l%/ggg f"g%%"rho"grtf'ﬁ?é’?i 9P@F%§#’e§b§§%§%§§,ﬁ(g‘nst ead of
all N subbshods pilptGtaShishbifora syktemsvith foudithmeeitantengdsur e t hat may be used’

for pilaot transmssjon in the nmulti-antenna OFDM system, A pj |l synbol is
trar@w{'iﬁt ed on 2%3‘%1_ reseIXFY B ihe SapigEe Mhsva?eafy Sorpmee DB { or pi | ot
transm ssgQfencPiedpenic o0 NI ciMnBelRRids vABls LARLOV&HmRESS REMBQRS. and

sinplified conputation, the P pilot subbands may be wuniformy distributed

anmong t heFoxatdireet] leastrbpraras ssiemation taghmigrenthe MISOgceivdr dirstobisbnsradst ofar e spaced

apart by [ _.P_sub ds. ,The renmi.ni ng. N - ba may, be. used for data
transm s sé\l{)eﬁelg d(sjsyg?%’rpsr féf tehre:}gaﬁcf%os u{ébsangsg]tnﬁ a@u@ﬁ?ﬁ@ gynr'hfcg 8 §%%/d’ ﬂ?‘fc(&){tm%y be
transmtted in varigyus, mannegs—fn the MUY - apt OEDM _system The pil ot
transm sst?ediﬁm?i‘ﬁ‘}/ai)éqyd)élp&ﬂ@n’f o[n""i"% > ""”{ A WF@R‘V%M ect ed

e particular trai-n

for use. Heyehal s%eﬂﬂﬁa?r%ﬁzﬂhﬂe%f Ik ARSAERS REponss SFGRe BbRpdifte Misepd bel ow.

[0087] FIG 4A shows a tirst pilot transm ssi'on schenme for the multi-antenna

OFDM syst em  Far, .t:hi s ene, tWE transmtter transmits t FQt, using a
L1 ai i g SRR SRR onen WRRL D) Hedheci PO B. g BlEly

si mul t anequsl &sump{ort both 14 M SO, and MO recej vers., The eslransn‘i tter can

cycl e t hrSemH ﬂ%‘f’?aﬁeﬁieﬁ%’t%/%%?&@ estimateph dhe sampnstte MIGPhaRRel &%t dr n-m for
each OFDMgyBilpifoeEitBtha. The same
[0089] The MISO receiver next computes a least-squares estimate of the impulse
response of the composite MISO channel, as follows:
Is H nit
[0090] briso = W Do, | Eq (14)
[0091] where Wee isa PxP DFT matrix; and
Is
[0092] Bmeo is 2 Px1 vector for the least-squares channel impulse response
estimate.
[0093] The DFT matrix Yo is defined such that the (>J) th entry, "/, is given
as:
P o) o))
— P . -
[0094] Wi =€ : fori=1..P ang /=1~ P, Eq (15)
[0095] where i is a row index and j is a column index. Equation (14) represents a 2-

init
dimensional IFFT on the initial frequency response estimate Buso to obtain the least-

Is Is
squares channel impulse response estimate Buso.  The vector Bimico 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

s
zero. The vector &mse is next zero-padded to length N.



training vector a-- can be used for each of the P pilot subbands. For
sinplicity, FIG 4A shows pilot transm ssion for a systemwth four
transmt antennas. [0088] A M SO receiver in the multi-antenna OFDM system
can estimate the full frequency response of a M SO channel using various
channel estimation techniques. For a direct |east-squares estinmation
techni que, the M SO receiver first obtijgins a set of P received synbols for
the P pilot subbands in each OFDM synbol period, which may be denoted as a
Px I vector rp =[rm,o(k,) r o(k) . rm/o(kp]T The M SO receiver then
obt ai [999€In i ni t i afheMIPQuHesiver carhihen desiren Byalr prowE eesppuse ieglindedosi t e M SO
h ;nir I C ed synbol s.
ach of ol pubbRAh b edtmpocty MO RRInelliled BF BRLRRLA LRSS, V0T he
conposite M SO channel for a_ resgective pilot subband. [0089] The M SO
recei ver @m&&wm%eémnseﬁ%ma@qu%r e%s feBew¥mt e of the inpulse response of
the conposite M chagnel ,.xas follows: is [0090] h uo = -rH ~r bink , Eq
(14) [0p9M91] wher e NS Zgie® x P DFT natrix; and [ 0092] Hai®) is a Px 1
vect or for the |east- squares channel inmpul se response estimate. [0093] The

T nRpogpx W xr |§h§gf|néHN,&ul§lgntbth bp?n{amglmdth entry, w 1, is given
as -nAqu-n [0094] x'+,; =e P fo P a dll...PEq(15)

[0095@ %er e i | S!L?rm gwaﬂ Nex an %H:fﬁtrﬁbaﬁt%ﬁdeﬁcmmsgglﬁéfESF %ate tlor

(
uency alle ponse

represent's a 2 ~;nit i flensi onal
estimate -sibleantio obtain the | east- squares channel i nmpul se response estimate
hnun. The vector hnuo can be post- processed, for exanple, setting
entri 8819 ps wit h%@rch]ggr na r {gERgPmibA speived Symb‘:’ls 2‘5‘1

hlm.I

channel frequency response estimate =mse, the least-squares channel impulse response

Is
estimate fmiso , and/or the final channel frequency response estimate hmo The filtering

Enit
..l:P ]_l.nu'.w
3 E)

may be performed similarly to that shown in equation (13) on the vectors

&ﬁiw, and/or b, obtained for multiple OFDM symbol periods to derive a higher
quality MISO channel estimate.

[00101] A MIMO receiver 1 the multi-antenna OFDM system can also estimate the
full frequency response of a MIMO channel using the direct least-squares estimation
technique. In each OFDM symbol period, the MIMO receiver obtains a set of P

received symbols for the P pilot subbands for each of the R receive antennas. If the

training vector W, s used for pilot transmission in OFDM symbol period n, then the

a B 7a(B)

set of P received symbols for each receive antenna 1 is denoted as

for keP

receiver obtains R-M gets of received symbols for the R receive antennas for M

st where Pset represents the set or group of P pilot subbands. The MIMO

different training vectors. These R-M received symbol sets may be denoted as a sef of
P matrices R(%); , Of R(k) for kePy, , which is:

na(k)  ny() A ry (k)
heB) ny(k) A 1y (k)
M M O M

o) np(®) A ryB)| o keP, Eq(17)

R(k)=

[00102]



threshold to zero and/or (2) setting the L-th through P-th entries/taps in
the vector to zero. The vector hmso is next zero-padded to length N 15

[ 0096] The M SO recei ver can then derive a final frequency response estinate
for all N subbands of the conposite M SO channel based on the zero-padded )
| east -squares v channel inpulse response estimate, k~ff, N, as follows: a=
[0097] nm so WAXN -m soN Egq (16) 10098] where WNxN is an N x N DFT matri x;
and 10099] hm,o is an N x 1 vector #®r the frequency response estimate for
all N subbands. [00100] The M SO receiver may performfiltering on the

recei ved synbols, the initial hint Q( nnel frequency response estimate -ms

t he [P@&8L - squar ebheohestved| Sym’@plmgig’Xrg ﬁcﬁls each [pilotembbareithas Himiensionaofd/ or t he

final ch f timat -i-. . Jhe filteri ]t b
e, Ch00S L SSREY LSERITSE SR b B o0,
hm , n, / bt ai . rmul ti pl DM synbol | Qds to. deri
i R ARG Ay o e R RS T °

mul ti-antgnna OFDM system can al so estimate the full fr ncy response of
a M MO chanfieseribrd; phpve Her dhe sipglecangisr muliranteanacsysichht iAé'niqiu@c I'?igﬁ':]ﬁ'ue I n each

OFDM synbol peri od, e M MO recei yer & a of P recgived éynbol S
for the mmmwﬂmmga@ymmwéﬁsg [ggsépécéiggi)ﬁnﬁhmaw fmahe

trainingpoyector,---mi.s used.f pilot .transmgshen.in OFDM synhol period n,
t hen thebgsyé‘t:w%df aspaSé‘ié%‘.e{‘/séauaé§§'@3|“§a‘?’b#‘a‘€3%ﬁ“r%gg\? 0 SRFRION, arlTllea denot ed as
Jr,, (k)), or rte, (Kk)._..f e Pu' , where Pset reprerents the set _or group

of P pil Swwﬁ’arr%%ﬁ ofrwéo%ﬂ‘%le%@m@f% fiomt Smeasiod A SoFBeHRIS L LPT ed synbol s
for the R receive anter{a,pﬁa@)f or M

P received symbols, u

!
, for a specific recetve antenna i and fraining vector —=.

[00104] The MIMO receiver next performs a P-point IDFT or IFFT on each set of P

LB} . R

received symbols, , In = to obtain a corresponding P-tap composite MISO

comp
channel impulse response estimate W () . This IDFT may be expressed as:

[00165] H o =IDFT R} Eq (18)

= [H amy (1) H oy (2) o H o, ()]

o =
[00106) where == is an RxM block-

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

H . )
=comp 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

elernent in the front dimension of R to obtain an 1mpulse 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 {ransmit antennas and

) H A )
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 antermas and M different training vectors. That is, each element in the

"

H . .
front dimension of =", ()} , represents an impulse 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 LN



different training vectors. These R- Mreceived synbol sets may be denoted
as a set of P matrices {R(k)) , or R(k) for k E Pset, which is: rip(k)
c.n(k) Ai.mk) R(k) =r2n(k) r2.6(k) Arz.mk) MMO M[001021 rR (k) rR
J,(k) Ar(k) for k e P., Eq (17) 16 [00103] The received synbol matrix R(k)
for each pilot subband has di nensions of R x M and contains M colums of
recei ved synbols for the Mtraining vegtors for that pilot subband. The
matrix R(K) is thus simlar in formto the received synbol matrix described
above for the single-carrier nmulti-antenna system An R x M block structured
mat r i{00188fray be fTHen®AMES rddeivef Bénl hed( dXxive lmpﬁ{SP)l‘]BSpEﬁlﬁ GHiatex fit Ry be

vi ewed as . a_3-di rreb&%l onal mat ri X havi n R x Mfront dinension and a
dept h of Fﬂd“Eﬁw Fh?@nﬁsmh@&~%ﬁ%aﬂpﬁ %Sl*fé ‘f’%nt di mensi on of R represents

a set of P recei n {7 (k)} for a specific receive antenna i and
trai pooI@9yector | 0@?% Y4 recei ¥er? aéxt Pperfor ms aBg{(p®i nt | DFT or

| FFT on each set of P recel ved synbols {r. m(k)} in Rto obtain a

cor r gsRQpfli ng P-t &hp ngi™ e estinmate
{h, gym O}WI Thi s THE m%g%&g;%sgggggugguﬁg@?ﬁgl OFT (R [001%3%3’&@ ro=

2,00 o R B DB sl O f%“a”?@%‘ﬁefﬂ%d&aélpi‘ “rhe

mat ri x LorrP may al sog pe viewed as a 3 MR jsX VMg (N ont
di mensi on sewaiurgd NPt ﬁf”tﬁ’f" 1Ray tRhenne-ap ﬁ""eqﬁla‘f“l’”bq?(‘rg')' I's pé'r"‘f’“(’) d on the P

recei ved synbol s f each elenment in the front dinmension of Rto obtain an

i mpul se T g AkESx WA rfiayt AR VIEWER as@BDESRPNRUVE & RN froft RirhdRioh" ont
di mensi on of Stonp The I'DFT is thus perforned in " the depth dinension for

each el enment i,n h fron i mensi of 0 A different M SO channel
L P A S W L S S AR R
of P time-domain values for a P-tap impulse response estimate & A for a SISO

channel between transmit antenna j and receive antenna i. The P entries of each

sequence { 53 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-

Is
th entries/taps to zero. Each sequence ()}
[00111] The MIMO receiver can then derive a final frequency response estunate for
all N 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:

1s next zero-padded to len gth N.

! _ s
[00112] H,.=DFT{H,} Eq (20)
[001 13} where g,,,,-,m, = [I_lm'mo (1) Emimo (2) e Emimo (N)] is an RxT blOCk—

structured matrix with N matrices H,,;, (K) , for £=1 ... N for the N subbands. The

-~

matrix Bwino 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 vatues for

~

a corresponding element in the front dimension of L2 - . The D¥T is thus performed

s
in the depth dimension for each element in the front dimension of H pras . Each element



each of the R receive antennas. The matrix Stonp contains R Melenents in
the front dinension that represent the conposite M SO channel i npul se
response estinmates for the R receive antennas and M different training
vectors. That is, each elenent in the mmp front dinmension of Stonmp WP )
{k1,m(z)} represents an inpul se response estimate (1) for a conposite M SO
channel between the T transmt antennas and a particular receive antenna i
and (2) obtained with the pilot trand®¥itted using the training vector -m 17
[ 00108) The M MO receiver can then derive inpul se response estimates for the
I ndi vi dual SI SO channel s iﬂ the M MO channel, as follows: [00109]

xm mu(r) #’{he @onf Bitkknsionf & =% repréentb@(skddencé OO N1BdquehSt®nlatn vall t he

i nverse of the training matrix Upon As shown in equation (19), the

mul tiplication ywi-th is perforned fofhe@dh of the.P s. An.R x T block- ts
ot ur 58 el ety B B e, T PTERI ED CoERy () | o ) -
The matrix xm no_ nmay _also be viewed as a 3-D matri x havi ng ap By T front
di ndfBi18h  and dhedBtYiOgpoeprer may pedpmmilerngrntherecsiyed syEmbsisnsi™on of =ni o
represen ﬁnﬁYﬁj : - e response
esti mat eB?tﬁ?lje? %};&%P gf?]eaegll)glog C %%%g?ds{}gmﬂéﬁé?% gl%gl?nn{v%?\o?’e‘!r\{ﬁ%a}g}t&and receive
ant enna ifiltefirgeis Pegformed for chcleanbbandsefjereh aecefie, antepfiz ) The MMk rqueiser pr ocessed,

for example,.b ttin tri taps Wi.t lLues.Lesg than a

by eder or Tt alio peithim B, O s fen o p e R o AP P ch

entries/taps tqﬁcz:@rp) Each sequence {fiz(z)} is next zero-padded to |length

N. [ 0011y M"lvé Je&a oach Biap lepdrsquaes ohangelf impalsefresgnienesimatss ponse

estimate fp all N subbands of each SI SO channel by perform ng an N-point
'-Tgf {Eﬂfj?@

DFT (or PEFbnneasis) daieNawan chirel g P OERREaE 1o, as
follows: [00112] Linmp =DFT { xrm-0 } Eq é\&of)g,l& [00113] where Hm no =Lnrno(1)
gni i8OSl | AmThasYIYIO; receiver peay dsocsierive thedulk frequercynigenonse spmgterorat ri ces

H_m' M(K) the N%B&nﬁs ot 'eaf]h §IIS(£ Qﬁmﬁ%einhépﬁkﬁb&ﬁgd@m-gﬁe and"BEi{ i Xwiﬂiniﬁ‘?hémy al so be
viewed as a 3-D matrix having an X ront di nBnsi on ana
scope of the invention. For example, other forms of interpolation may be used instead
of the least-squares estimation technique.
[00116] FIG. 4B shows a second pilot transmission scheme for the multi-antenna
OFDM systerm. For this scheme, the transmitter transmits the pilot using a training

Umimo

mimo
matnx — with orthogonal vectors. For example, the matnx L1

shown in

mimoe

equation (9) may be used for a 2x2 system, the matrix <44 shown in equation (11)

Umimo wimo

may be used for a 4%4 system, and so on. The matrices ~2¢ and Uss are
commonly referred to as Walsh matrices. A larger size Walsh matrix may be formed as:

Uy Uy,
EZK.KZK:[_KK KK]

[00117] U  —Urx Eq (21)

[00118] For an RXxT system, a TxT Walsh matrix may be used as the training
matrix ¥ . Other training matrices may also be used for the second pilot
transimission scheme.

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

mimo » L4

4%4 gystem using the training matrix U = ', o, ' ) por 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 L in the matrix U .
The transmitter also transmits a MIMO pilot on a second group of P pilot subbands in



a depth of N. The DFT in equation (20) is perfornmed on the N tinme-domain
values for H's each elenent in the front dinension of =meno to obtain N
frequency-donmai n values for a corresponding elenent in the front dinmension
of HMimo The DFT is thus perforned in the depth dinension for each el enent
in the front dinension of Lima. Each elenent 18 in the front dinension of
mrna represents a sequence of N freguency-donmain values for the final
frequency response estimate {hi.i (k)} of a respective SISO channel. [00114]
The M MO receiver may performfiltering on the received synbols {r.~ (k)}
obt ai ned i synb eri.ods. with the safe d’raini vector,
wher e the‘t’a%biqﬂtﬂeh?i g%f)ge?%érdf%}plgeqhe?%?mlgg%ﬁa%%‘éeﬁprsormgééh’Ef'n c%?v’é‘ ant enna.
The M MO recei vegymmray also performfiltering on (1) each P-fap onposite

M SO chanthiemaEhur*de. 188 Farrgatteroan cysipthronghthshcs tpmingweiord-t'ap °

| east - squar eg» chanpel i npul se response estinmte i,kf{ki r(z)} andlor (3) each
N- poi nt  cAhnél 2 SajJHR HCKAG: dBp oHisecomynempiiad cam pe psedifpn chiaguel esfimatise M MO
receiver ' I nmh%y SARIRS Sisstd the N
subbands g?*gg?ﬁ‘%gﬁg%s‘éﬁatﬁﬁ(&%ﬁ'ﬁ s'%lrr?e%%)kt eraﬁr?:nner s,ﬁﬂgt?l hﬁ%gm%ds)?%thi n the
scope of thasndlestamaticorby MBviOexensre, ot her forns of interpol ati on may be
used j ead of _the |east-squares timati technjque.. [00116] .FIG 4B
shovvéb‘giélecond pF PHEmpIRY ’g‘%’mnc%gﬁ%ﬁg&f %&’gﬂ‘% ’H{H‘? ;&%n&?ﬂi’ngla &€DM syst em
For this aRemB: disbbutddaqssss ttheN tdtawuBbdnds.t fiestbvhOh G aB. aThd pileti Ny Umi no
Unno matrix - with orthogonal vectors. For exanple, the matrix 2.2 shown in

Uni o equélbb@iis (in) therggeapd mrewminyayralsp be niformyy déstibutedeagiessrths N total shown i n
CULT 0N { o TR AHSEAIGLOT i R ST 00 S0, WO, The

matrices and are conmonly referred to as sh matri arger 'si ze Wl sh
matri x mawn 6. 4Brmed as: U U xK UKxK 2Kx2K

{00121} A MISO receiver can estimate the composite MISO channel response based

on the commmon pilot in the manner described above for the first pilot transmission
scheme for the multi-antenna OFDM system. The MISO receiver can (1) obtain a set of
P received symbols for the P pilot subbands in the first group, (2) derive an initial
frequency response estimate for the composite MISO channel based on the set of
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 recetver 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 fraining vector U and (2) R sets of received symbols for the R

receive aptennas for the pilot transmitied on the second group of pilot subbands using

another training vector Y., wherem=b, c, or d. The MIMO receiver can perform a P-

{r.. ()}

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

comp
composite MIMO channel impulse response estimate, ) . 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



[00117] UKXK - UKxK Eqg(21) [00118] For an R x T system a T x T Walsh matrix
may be used as the training Umno matrix . O her training matrices may al so
be used for the second pilot transm ssion schene. [00119] For clarity, FIG
4B shows an enbodi nent of the pilot transmssion for a mnob o aa4 x 4
systemusing the training matrix Wz4 = [La U b n=1] . For this
enbodi nent, the transmtter transmts a common pilot on a first group of
pi |l ot subbands a mMmp in each OFDM sy%cbol period using the first training
vector | ain the matrix U4z4 The transmitter also transmts a M MO pil ot
on a second group of P pilot subbands in 19 each OFDM s ol period using
t he r enabbtaingwo relunmsg(ihefitsoasd wpth, cothsiRof thel R > Mnmatixn=tetre imebdhi x U4x4 .
The transmtter can cycle through the three, training vectors rr b, IL,
and i , @FDdMeunbdlpefidds IfARe tdihgoesnnntipi lot, aaa-bersisRtbdf tBioughannel
estimatiQn 8%9&LSO riceivers in the_system The common and M MO pilots can
be used flige $Ebol periodss 3sghony 1 485 disp s MIMQyeeeoiver 28 ebiaiihr oved
performance, the pilot subbagds in the first group may be uniformy -
di st ri butifounesiomms bihe Mhatid &8 witlepmes, ORBMSROIbO] pafiolid. G 4B. The pi | ot
subbands in the second group may al so be uniformy distributed across the N
t ot gho123pbbands 1aRdiMOLERvet Bl fabéﬁgah%ééaivwgg%é@ﬂ?ﬁ%b@&%ed{h the first
group, as also shown in FIG 4B. 1001211 A M receiver can estimate the
conposi t euliBCOEPM sphbolgspiodssior hegdldt tramsntittesl wstngrtbe spind taining vedter manner
descri bed ,above for the first pilot transm ssion schene for the
nul ti - ant¥eryia 20EDiMessisilento tHideddibal steveifudiiGe2B. Thy MIMQiteceiserapdy of P
recei ved synbols for the P pilot subbands in the first grogﬁ;%ng derive an -
e

initial afshefeRBe Ythe aoRPISiIE BFISOTRhAMELimpile: cAPRRe! stintdted | based on
the set of received synbols, (3) conpute the |east-squares channel inpulse

response offained®t Rultiple OFDM symbol periods for the same training vector ®». For the
example shown in FIG. 4B, the MIMO receiver can perform time-domain filiering on
two pilot blocks in six OFDM symbols, three pilot blocks in nine OFDM symbols, and

so on. For example, for a 3-tap non-causal time-domain filter, the channel estimates of
the current pilot block may be a linear combination of the channel estimates for the

previous pilot block, the current pilot block, and the next pilot block. As a specific

example, the channel estimate for LW may be obtained as a linear combination of the

channel estimates obtained in OFDM symbol periods # =2, #+1 and 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 =mme can be post-processed and zero-padded to length N to

Is
obtain Zaine () 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

]
DFT on each element of the zero-padded H e .

[00125]) As an example, for a 2%2 system using the training matrix Yo | the

transmitter may transmit (1) a common pilot on the first group of pilot subbands using

= T )
the training vector wl,=[1 1] and (2) a MIMO pilot on the second group of pilot

" _ T . .
subbands using the training vector %5 =[1 ~1'  Tne MIMO receiver obtains two



based on the initial frequency response estimate, and (4) derive the final
frequency response estimate for the conposite M SO channel based on the

| east - squares channel inpul se response estinmate. [001221 A M MO recei ver
can estimate the full frequency response of the individual SISO channels of
a M MO channel based on the common and M MO pilot as follows. For each OFDM
synbol period, the M MO receiver obt a.%lns (1) R sets of received synbols for
the R receive antennas for the pilot Transmtted on the first group of pil ot
subbands using the training vector u a and (2) R sets of received synbols

for the R _receive antenpnasf or)ithe pj (o transmtted on the second group of
pi | ot subﬁ%tﬁﬁgreﬁg‘?"?ﬁigsyﬂg’ﬁb%h%i Q}Pr} il ﬁgg(vye}etfgrﬂlii%? TofsBiceaniegnas fr the o (.
The M MO Kieq @iovg bf SRR sudbBah@d, Ps1,Renikh R8Y BE edpidsdefd; €ach set of received
synbols, {' ,m(k)} to obtain a corresponding conp Z conposite M MO channel
i npul se response qgﬁﬁ)i:f’fﬁ}(&,}-t—(}(,z(k)-l;ﬁlr ,each OFDM synbol period, the M MO
receiver obtains 2R conposite M SO channel inpulse response estimates for
t he mﬁﬁs of regétned, &yl &) +re, M MO chGcié/E;ern can thlﬁ] 3% obtain two
colu he first and mth columms) of the X Mmatrix {29 in each OFDM
synbol period. If the training vectors a-"b, A% and u"d age (ﬂ}cl ed through
in tf9Ed] oFDv sFheMIMSRFeesHET alse obipmstive petrpGeceird symbalst hE M MBdr ecei ver
can obtai Q@@@% four colums of the matrix ~ P after three OFDM synbol

T

peri ods. lfoiTthe tWb VEceive entermras ferythe \seconrd ezrénipeot pitoe isulthdndsy Phat2,s {r, , ,
(k)} obtaig_lg in rrultigée_OZDlvlsynbol periods for the pilot transmtted
usi ng the ™ POSERTHSVE  or " -"n, in a manner simlar to that

descri bed above foﬁ?}%’%%ﬁ%”g@f’gm MO receiver may al so average the

conposite M SO ch Spdnse estimates { ,.m G obtained in

mul ti pl e OFDM sy répds; f the sane traipnipg vector a--"m For the
exarrplB‘él2§hovm i n%ﬁéﬁgéﬂgh}g’zﬁ)wggr’ecei verfqtaknné%é’rf orm t ifged2¥Pomai n

filtagps on t ' i n..Si i Lot blocks in
i ne T4BH &F ool SnELAf Sy ESRe dlindl ot b2 Sua |29 R il
time-[00r30] n filtd&he MBGOChaniver pefoimeak é5poiht IFFT on each set of received

symbols to obtain a corresponding composite MISO channel impulse response. The

four composite MISO channel impulse responses for the two received antennas with

comp

two different traimng wvectors are denoted as " (7)) {ﬁ;;mp(r)}, s (T)}, and

comp
o @} The MIMO receiver can derive the least-squares impulse response estimates
for the individual SISO channels as:

Hino(0) = FL ()T

[00131] comp ., for7=l..P Eq (24)
Is is comp comp
s ()| ) @;(r)] " Z[ @) A (r)}
e 0 0] 20 (EG )

4 [1 1}

U -1 for the 2x2 system with the training matrix U2 The MIMO
receiver can derive the SISO channe] 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:

(@Y =R (D) +AZ7 ()

[00133] hoC) =R @O-R7E) s =1 P Eq (25)
[00134] The MIMO receiver can similarly derive the SISO channel impulse response

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



the current pilot block may be a linear conbination of the channel estimates
for the previous pilot block, the current pilot block, and the next pil of
bl ock. As a specific exanple, the channel estinmate for u"= nay be obtained
as a linear conbination of the channel estimates obtained in OFDM synbol
periods n - 2 n+ 1 and n + 4 [001241 The M MO recei ver can then derive the
I mpul se response estinmate for the individual SISO channels, as descri bed
above, to obtain the block-structured?matrix ,.r Is cninf _ The entries in
=m ni' can be post-processed and zero-padded to length Nto obtain xn;nm (2z)
for z = dnannel DhpulddfesPlild EHARLY 8btafiRf HHIEMLIRE YWGinthe 1O G eMUenCy
response estimate for all N subbands of each SISO chaﬁ’nel by pertorm ng an
N- poi nt receivermenwa, gafdilossenent of the zero-padded -nn" . [001251 As an
exanple, for a 2x2 system USicD,.Q the training matrix 112m!"27, the
transmitter may Rn@Ashi (F)a Gdmron pilot on the first group of pil ot
subbands using the trzcaoi ni ng Vvector [1 11T and (2) a MMO pilot on the
secqpghsgf oup of hp(OEAT](M sEEBEMds ugpg=the kraining v &E%The MM -
receiver obtains two 21 sets of received synbols, {r,a(?ﬁ and {r2p(k)} for
t he (08436} ecei ve HEwtMiMAsretavertche furflier ptocess dhupSISO ¢hiahmdt impiliirarest®nsPset |

whi ch may_be expressed. as: K) =1",,, (K), +.h, 2 +n, , [00126]

r2, a(k) :%Sfm?tﬁs) E%%?‘%‘Pk’)hiff?a{ ﬁ%‘&’"éhre(sﬁ%'}se Té@%tfsi]forﬁh% Sﬁ)‘ﬁ/ﬁh‘?@ﬁ]& Fer al so
obt ai ns teseribed shayk. recei ved synbols, (ri,b (k)) and {r2,(k)} for the two
receive antennas for the second group of pilot subbands, Pset2, which maybe
expriB83dl as: |, As pripd aboye, the(NIMO wgceiper(pyy perform| fWeppgionidbe ppegikgd  h2, | (k)
h2,2 (k) + n2 '{f )}k c= Putt Eq (23) [00129] The pilot sy l% are omtted
fr om equayibols (fﬂ% athel coBBYsith MISE elphrheliitnpulse feOPBOLstiees MWD Pecei ver |
performs a P-point |IFFT on each set of recgeived synbols to obtain a

COT I eSPORE NehsEQHRRS ithfuIM SRp6HRNBGHAaPIFSE)T e3p0ASEe FAR froquency

~

response  estimates s Q")}. The filtering for ()} g @) may be

Is
performed for pilot transmitted with the same training vector. The filtering for (0}

and (k)3 may be performed for multiple pilot blocks, where the blocks may be

overlapping or non-overlapping. As an example for non-overlapping pilot blocks, the
Is r .
() or th; () estimates obtained for the block defined by OFDM symbo! periods

IS [a)
n through #+2 in FIG. 4B may be averaged with the (o)} or (k) estimates
obtained for the block defined by OFDM symbol periods #+3 through #+3, and so

. -
on. As an example for overlapping pilot blocks, the (o) or (0} estimates
obtained for the block defined by OFDM symbol periods n through #?+2 in FIG. 4B

.

may be averaged with the **/ ()} or (R} estimates obtained for the block defined

by OFDM symbol periods  +1 through 7 +3 and so on. The MIMO receiver can thus
obtain a running average for the channel estimate for each OFDM symbol period. Other
filtering schemes may also be used, and this is within the scope of the invention.

[00138] The commeon 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,



four conposite M SO channel

with two different training vectors are denoted as {h, a"(z)} {h,

{F~"b (z)} and {hz a (z)} The M MO recei ver can derive the | east-

I mpul se

?2{maa(z)Hcan(z)U , for z=1 ... P E9(24) z)1 197"FS, 7"'(z 14"

response estimates for the individual SISO channels as: |

I mpul se responses for the two received antennas

(2)}
squar es
00131]

ti,~(z) Fhi(

(z) )[00132] where nn,.o(r) ~~J "2,2(z) (z) (r) f+2°,b(z) and U=11 -;ma 1

-1 for t

he 2 x 2 systemwi th the traixng matrix E2.2 . The M MO

can derive the SISO channel inpulse response estimates for the fir

ant enna

esti nat es

Eq(25)

receiver
st receive

b%econblnlng the two conposjite M SO channel inpul se response

{mRHse FePanie cam by eampRysrewiih a8 IFISE instead of @ BiRle ant enna,

f ol | oWghichle s bt ind
2 ol ) S, A S g,

i mpul se rEﬁ@@ﬁi@éﬂd@glﬁhmc@gdwupwmstgﬁ@@nnhn’y@obbanéHa;htenna by combi ni ng t he

t t M 2 I t { d th th
o TR o° o T 881 sFEATE B 98 RBIR S P RSB0 SY ) L
(r) [ 0013gHowardf FiGhamnPhe firét hd sedodl gfsubs .can alSo wlfﬁ@)dlfféraﬁhaﬁﬂaerme M MO

recei ver
obtain t

further rocess t he SI.SO channel i ul. se response. es

ca
hebpandsy Hor & 1, e seermd gen msludss 5 sublhands wherg i iride

descri bedyghy %rf i kddd 65 eﬂﬁﬁa‘?éj ﬂﬁb \finel tlfﬁﬁuM: I}Qﬁ&fs@ Clh¥ eadHB¥Yai

filtering on the received ro~ o sr,

I mpul se

. e conposite M
re@p@ﬁ:géh@kﬂﬁ/lﬁhplé@ ity e l(szc) for two OFDM symbol periods on two different

groups of P/2 pilot subbands. A MIMO receiver can derive a set of R composite MISO
channel impuise responses for each training vector used for the MIMO pilot upon
receiving the pilot fransmission in the two OFDM symbol periods. As another example,
if the second group includes 2P subbands, then two training vectors for the MIMO pilot
may be used for each OFDM symbol period, with the two training vectors being used on

alteating subbands.

[00140] In a third pilot transmission scheme for the multi-antenna OFDM system, the

pilot transmission 1s adjusted based on the types of receivers that are to be supported by
the system. For this scheme, which is also referred to as an incremental pilot

transmission scheme, the transmitter transmits the common pilot at all times using a

T x1 training vector ¥« (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 3¢ through M. The
training vectors %5 through M are different from the training vector Ye, and the
vectors ¥ through ™ may or may not be orthogonal to one another. For example, the

training vectors 2« 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 o through %™ (e.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 Y through M (e.g., as shown in

timates to

s, as

form
channel



the | east-square inmpul se response estimates {kj"3j(z)} and/or the final
frequency response estimates {lz jk))The filtering for {r;,mk)} and
{h,7"(r)} may be hz'T performed for pilot transmtted with the sane
training vector. The filtering for { t~( )} and {h;j(k)} may be perforned
for multiple pilot blocks, where the bl ocks may be overl apping or
non-overl appi ng. As an exanple for n-over |l apping pilot blocks, the {h
(r)} or {h; j (k)} estimtes obtain for the bl ock defined by OFDM synbol
periods n through n+t+2 in FIG 4B may be averaged with the {Cl1 (T)} or {lz;

; (K)} esFiGraBgs ThelMaiioekctiofrs tche ubd afkeaighbmast M BibE oD eHanRQr i 0ds n + 3

through zz + 5 and so on. As an _exanple for overlapping pilot blocks, the
{h ~(z)}es§mapon of the MEMO ehpnpefpaseaiso dsperiie@boeor t he bl ock defined by OFDM

or m E( K) } eg%dl} rrwﬁ%es ogtpg?érfgsdg?@foﬁ E%nsgﬁ%l?g agvéﬁét?\lgdgw##e%: synbol

peri ods santennk commavigation syst8marsthgdbe mioreniEnta] Mldbanaossivescheraa AHirst obtain a

i for..the ch | esti ach OFDM synb i od. QO hi
Tt er ot SERSaeS g SrbsRoR Srudtied Ml Rk uFE YHEhOf Haoetispator 1 he |
i nventi Ogblodkoﬁﬁﬁ%d Tafsrsa B BHOnATArMM? MidnfhsS oiB¥cdI&d HH@NSHbbE §6mi N vari ous

or

manner s the second pilot transm ssion schenme. In genéral, any subbands
may be i pashiweunit antepya (blgck Sl 4} r Blugpfirs pet toff ecaleshprin spnbels isspitablpdorsecond

group for_t L Ok ! r Ll n el ch group, P,
s a pow{ésre ochéag%ﬁ' ?‘ftﬁ%lggft}g@arﬁ%s ar'eIan{tJFn to@%@ﬂglagrf’%? eﬁtlsetgabaecross the N
total sublpporal ynitie systae chs dlpethinby id\b1Bcks S8 dred 2t 1628 T-1 héditidrabsathahnel

i mpul se res se.can he conputed with an I FFT instead of an | DFT,. which can
greatly éi ﬂ%fea E'(‘fﬂpiYF'g{olls()me ?ﬁ‘ée”ﬁ& d’t’lﬂéﬁbk}ﬁﬁﬂs{“ﬂ o"l‘dedﬂ%'a; iVFQ?rSg?prp and the

pi | ot subhdfdsntd Miodkhs229.2 FRABK 28diRbHAI S&TofST 8dled il sFRVoIS YO RARGhikHAEX.

[00139] The first and seco%(ilchrso s can include the sane nunber of subbands,

IQosct

u

as showfromnT fragsmid pnteppas ?égrd Bhecbist! 2 eddpyorad setal oS el pilele di f f erent
nunber s I L& LR, 2
subbands?‘?;mv%ozsrgggﬂllﬁ%l? E)g us%i&%brgg%ﬁig} é{%agi% ﬁ}ﬁf}\gﬁ“i?%@%!‘ﬁﬂ r'ranf}}aeuﬁﬁtzmg annel

I mpul se addithanab @ccidrh eme diffdierit vattorsniy a Watted nfatix e mlel MD rpay adt kay be used

for two OEDM synbol periods _gn two different ups of P/ 2 pilot subbands.
AW VD SRBNEgRA] Bope Bty dhecietiopt ealed L spabak gy be Batsmted’hn

various manners, as described above. Each scaled pilot symbol may be transmitted on a

group of P pilot subbands for a muiti-antenna OFDM system.

[00142] If the MIMO pilot is only transmitted when MIMO receivers are present,
then time-filtering is not umform. Among the training vectors used for the MIMO pilot,
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 72+3. The chammel estimate for transmit vector 2+ may be

obtained based on pilot symbols received in two OFDM symbol periods n and 7+3,

whereas the channel estimate for each of transmit vectors . and LW may be obtained
based on pilot symbols received in a single OFDM symbol period. The non-uniform
time-fillering 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,



channel inmpul se responses for each training vector used for the M MO pil ot
upon receiving the pilot transmssion in the two OFDM synbol periods. As
anot her exanple, iif the second group includes 2P subbands, then two
training vectors for the MMO pilot may be used for each OFDM synbol
period, with the two training vectors being used on alternating subbands.
[00140] In a third pilot transm ssiomschene for the nulti-antenna OFDM
system the pilot transm ssion is adjusted based on the types of receivers
that are to be supported by the system For this schene, which is also

ref erred thendbke ahenieicestimeate abtapieﬂ otith threapemings ipalint syl bettendhdnr tiasmi tt er

transmts .t he.con j.Lot, at S. u5| a,. . T.x | traini ect or
(e.g., a f}faﬁ]ﬂleﬁ vec?? cgfwmil(’%he w cg}t%}gs PhF Bsfgr}?% comon
pi | ot for cahaongilot &St 1smfahmmea&noweﬁ@prnwsadhemiﬂxﬁgx@dfan@mo Reeivt@scri bed

above. If one or nore M receivers are to_be supported by the system then
the tranSHps 8compasge Ml g%mapge LpspopteNr prohctt ﬂi!Fsﬁﬁ@"eE‘feaﬁnFﬁnﬁﬁ Yee€ors n-b

through uMch Ty o§1{eaMP$@9:h‘éﬁ?etl Qeshondd &A}{] hsghlf@mMnaﬁ &inghl IEBRM s‘I%@m the
trai ning vector M, and the vectors roug M may or may not

or t hogonathanoelpihet maks rethe MO chammpl. eThush eventlf glianhelestimatior groraarehr ough uM
may be col umms rtpo Qna Wl sh trix) or may
contain c%re?Frlfglr{ehﬁ'?rg]mr ¢ éﬁuﬁegﬁgard%pmg?% %oﬁﬁ&%te‘ig%%ﬁsvers. The
transm tt&{ecﬁﬁmereﬁﬁﬂneteifbﬁ-qughsﬁ)hﬂaﬂn@ﬁj ning vectors -a through a-M (e.g., as
shown in FIG 4A§%The transm tter may also transmt (1) the conmon pil ot

cont 141dtki v on 58w adilogk 4‘6%’%&68&??6%‘%? hiPxa 2 Migehreeayer @, M MO pi | ot
on a second, g We@év&'lgggf:é%mﬁ%n%ﬁﬁﬁbwgys{em Oﬂgﬁaﬂéﬁlﬁebﬁ%;ga -M (e g,

as shown in 24 FIG 4B MO receil vers cdn use the common and

pi | ot s f otramshain(T) da@mromsorcﬁioaﬁcmm tvicBesc frderivales, asl spnghol maps:(qrbed above.
100141) FIG 5 shows a process 500 for transgu]tk#ong a pilot in a wreless
mul ti - anmedwatedomfiinidetat aech proyides dates symapalh r inshtdata pymibeld 1% pansni ssi on

schene. A f l[llgfgon ?ﬁﬁbo?ffogfdsa?aal e‘g ﬁl tliﬁi};@?&f?OI &%w%é %ﬁ? Vgg‘ln}allg first

training vec coeffrcrents ransm
transmt esmame daneymbalse deabdsl aid xaylnibla:b:es‘ inopilot egbols) mispsrbtqdemrenna

(bock 518 ot ook i 3 Gbeiot e UL Eebo B I b S Cto b

transmit symbol may be for a data symbol or a pilot symbo! and is transmitted on one

subband of one transmit antenna. Each transmitter umit 632 performs OFDM
modulation on its streamn of transmit symbols to obtain OFDM symbols and further
conditions the OFDM symbols to obtain a modulated signal. T transmutter units 632a
through 632t provide T modulated signals for transmission from T antennas 634a
through 634, respectively.

[00145] At MISO receiver 150x, an antenna 652x receives the T transmitted signals
and provides a received signal to a receiver unit (RCVR) 654x. Unit 654x performs
processing complementary to that performed by transmitter units 632 and provides (1)
received data symbols to a detector 660x and (2) received pilot symbols to a channel
estimator 684x within a controller 680x. Channel estimator 684x performs channel

estimation for the MISO receiver and provides a composite MISO chamnel response

estimate mto, 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.



supported by the system as determned in block 516, then at |east T-I
additional sets of T scaled pilot synbols are generated with at least T-1
additional vectors of T <coefficients (block 522). Each additional set of T
scaled pilot synbols is transmtted fromT transmt antennas (bl ock 524).
The first and additional sets of scaled pilot synbols are suitable for use
for channel estimation by M MO receivers. The first and additional vectors
are different vectors in a trainingZatrix and may or may not be orthogonal
to one another. The sets of scal ed pilot syrrbol s may be transmitted in

var i nners 0 ach nbol be
tra @%ﬁ{ifad on é‘a@rﬁgﬁ RS ‘l;%dlpl)‘i%?’b;ﬁsaag nds ngr%ﬁ?l 5%?%?15}5 é:DIVI system
[00142] trimsidigedMigdalsp adld)EachSanmﬂhy d52apsded edeawm MaDié eGespearive ar e

present, then ti filtering is not uniform Anmong the training vectors -
used for rqcmermnm"g Fagh unitfg e@a%pwgc%&pemglen’ﬁytagh}o@atmsﬁerme

time-fildier t byar t nd whi ch
traini ngb\?;&a?g?gtg\?vglggui% d ﬁrogﬁiesw Zh ﬁg ?ﬂa Tﬂlgb?lrggﬁﬁngﬁ éﬁgfﬁor s used- at
t he boungmcésesr Gﬂoyamda(ﬁ)arepam#deplhwmdaﬂﬂ go en}m;nel esgndtor 684yi wighit laan t hose in

examl o, TR °@F&$@ada%%? Eoibten Chty Petery el st e R TR | of mmy e

transmtted in OFDM _synbols n through n+3. The c?nnel estimate for
transmt r@ﬁ@@@foandaawvway abMMQDt?}bﬁIWéHT%a%G estmatel ot™ey nBeteaver eralited in two

OFDM sy each of
transm FB@U@@S?%%@Q%H%%&L £haf al neé‘nﬁ‘ﬁase %Ln | %oé'tmlssgq/}r%]??s recei ved
in a si ngécexvéi:mitsﬁﬁﬂtaoﬂuqnghl @ieir With the rMIMOf oltaxmnelt re;speﬂseldsﬁmlamgaxrdesul ts from
the M MO pil mtie n,bursts n.is not observed
for tne o el SRR AT RIC 8 wptsrc 570y RSO 14 1§ ¢ he
commn pldlaﬁ{erlbaﬁrcﬁ faAd tbids ekl &@H&Eé&%ib%ﬁs%nﬂ%kdﬁdé@.%cédealdﬂﬂang vector and the
&éﬂ is transnitted b%/ cy clln&'é roua_1 the remaining training vectors,
25 (P8l t he chdronbpllessedOnfablx, and £BAw sontiol FetpsTatiomed Nagus progeeingbe bet t er
t han the t Rmh{? tering can
be used w??@éﬁ@%r@ ﬁ}él?}ﬁ%%? 1?@ '?Jrlgnsm {éd W%?goyéﬁé%ufvggr each
t r ai ni ng Menadrp nnitsa649] mx; ask682¢ store iiata and/oa popno shdeude 3O cohtrslteed r esponse

for each e R, receive antennas, where each conposite M SO channel
response 62{'7#8@ ﬁgdﬁg OWﬁI%fPﬁ ‘about all the T SISO

[00148] FIG. 7 shows a block diagram of an embodiment of TX spatial processor 630
and transmitter units 632 at transmitter 110x. TX spatial processor 630 includes a data
spatial processor 710, a pilot processor 720, and T multiplexers (Mux) 730a through
730t for the T transmit antennas.

[00149] Data spatial processor 710 recetves and performs spatial processing on the

data symbols )} from TX data processor 620. For example, data spatial processor
710 may demultiplex the data symbols into T substreams for the T transmit antennas.
Data spatial processor 710 may or may not perform additional spatial processing on

these substreams, depending on the system design. Pilot processor 720 multiplies pilot
symbols 1) through Pr®) for the T transmit antennas with the training vectors Yo

through M in the matrix v , 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 "/ from the



channel s that make up the M SO channel. Thus, even if channel estinmation
errors are (greater for the training vectors used for the MMO pilot, the
errors are distributed across the channel estimates for all SISO channels.
[001441 FIG 6 shows a block diagramof a transmtter I 1Ox, a M SO receiver
150x, and a M MO receiver 150y in the nmulti-antenna OFDM system At
transmtter 1 | Ox, a transmt (TX a processor 620 receives, encodes,

i nterl eaves, and synbol nmaps (or nodulates) traffic data and provi des data
synbol s {s(k)} Each data synbol is a nodulation syrrbol for data. A TX

spatial processor, 630 receives and | a r S t he, ta synbols
scal es an(ﬁramﬂgtveﬁtf)’éiasangr?r(ﬁ’i St2 Wﬁadﬁé’t 835?%’1 pﬁrlogf)ge mulipleXers/38F transnmit

synbol s t@ec-&vﬁsfﬁaﬂ%ﬁﬂh‘cipléé(esﬂ r%éct{vzl\dﬁﬁ)sy@.%apsubm‘ﬁh&g%xﬁ%&a spAEAf Procdsk@nsm t

synbol may be for a data sy or a pilot synbol and is"transmtted on one
subband oﬁl%n@htthaﬁ@ﬂﬁdtplhﬁts@nhals froqe (et asspeiatgd maktiplier ¥2%3md provides as OFDM
nodul ation on its stream }r ansmt symbols to obtain OFDM synbols and

further cnramhitdymbslstﬂeml fmb«sla%otmtedlnﬁaﬁsnm entemiyl ated signal . T
traniﬁgutéi)fr uni t %3 thro&%%lé I OVi d T nodul ated sj %nal s for

tran fon fro SRR s t9% Wﬁbﬁn PAPCESTES o AEPEHEYTaEHE145] At

M SO r eceisyiibol 1abn alpraWieND enddhiied S601. veﬁthm@ad; tifzﬁ@:ﬂﬁf& bhied3signal s and
provides a received signal to a receiver unit (RCVR) 654x. Unit 654x

perf orms  IFlowntsEirignefoms ek aetaf W l@@smhtawmbeltsff@rth@al mal sybkamdsite ther units
632 d t «.06 2
rece?\r/]edp[) VI &ﬁlzaf(nb%lflg @Cﬁaﬁl&ﬁtagﬂga aixﬁ&nﬁ %)g%gpo r n aggonrb?ol( I Zar

680x. Chanpgbol ahiticontains 16 Bidue- @tﬁﬁ:ilﬁrcl’EﬂJSChEdinﬁbh teaiforméd oyintod a thgicM SO

receiver an provi des conposite M SO nnel esp nse stinate 6mnua.
Det ect or §"é1"¥369rng2ﬁ i Gn PPEIOZ. ! of ntg?ctﬁaéﬁ ofp eerF‘WQ?atﬁd fgm 2

equal i zat Ica@as aiaxﬂg@mmﬁnua%ﬂ%aaﬁ%m@cmt Whie SABRSIHLoMLFR channel

estimate and rovi des detected synbol s ch are estimates of the data
synmbol s sematbﬁg The gpratedtpodion]is Gpowm ag e@mlmanwmddamaeqoﬁo@oe&stc}ela@?oX t hen

symoel TR A DB SRUGE, oS ERE S SAThERIA AR, A P 0o
[ 001461 Atintbohddraereiavslog dipths and finthenaaifes Kiltdrd) aod Gleqieney up@avdnse the T
the analog signal(s) to generate a modulated signal that is fransmitied from an
associated antenna 634.
[00151] FIG. 8A shows a block diagram of an embodiment of a receiver unit 654i,
which may be used for each receiver umt at MiSO receiver 150x and MIMO recetver
150y. Within receiver unit 6541, an RX RF unit 812 conditions {e.g., filters, amplifies,
and frequency downconverts) the received signal from an associated antenna 6521,
digitizes the conditioned signal, and provides a stream of samples. A cyclic prefix
removal unit 814 removes the cyclic prefix appended to each OFDM symbol and
provides a received transformed symbol. An FFT unit 816 transforms the N samples for
each received transformed symbol to the frequency domain using an N-point FFT and
obtains N received symbols for the N subbands. FFT umit 816 provides (1) received
data symbols for the data subbands to either detector 660x for MISO receiver 150x or
RX spatial processor 660y for MIMO receiver 150y and (2) received pilot symbols for
the pilot subbands to either chanmel 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 2 set of



transmtted signals, and each antenna 652 provides a received signal to a
respective receiver unit 654. Each unit 654 perforns processing ’
conplementary to that perfornmed by transmtter units 632 and provides (1)
received data synbols to an RX spatial processor 660y and (2) received .
pilot synbols to a channel estimator 684y within a controller 680y. Channel
estimator 684y perforns channel estimtion for the MMO receiver and

provi des a M MO channel response est§mate |l ntm . Receive spati al

processor 660y perfornms spatial processing on R received data synbol streans
fromR receiver units 65%4 k? rough 654r with the M MO channel response

est i nat ercearckd pilod \syoibslsd fectadfos yadhoteseivAnarffind aind Painidg Sxotor GAQY t hen

synbol de S dein eayes, . and decodes the detected.s | s and provides
decoded QFEE .%BG’?H‘?%WE ISFTeﬁoé’g@KD?C%WPn %c%mf‘t&m@&w oper ati on
of various gr ocessing . uni t?fbwru;ut(r }ransm' tter 110x, M SO receiver 150x, and
M MO r eCEIPURESE 1espopse et | Vel ;} . Memehyx unibltiplyoumt 828 xmeceivasdRA82y store

dat d : cont ol 640. 680 d 68Qy, f
fospect SRmoORSLAR0R MG, RIS for B R esRe ARG of Tx
spatial pr.ocessor gg‘g and transmtter units 6g2 at transmtter 110x. TX
spatial BFHBEEYes.angtiphtethrge R M snwih thegnainy —p 1ot each delay valueangdi | ot

Processop,fal, R%qgasi[ﬁtgi%}fg iuﬂég%%glregpgﬁ . {6984 L gug ?B’Sd S libe e T

transm t® antennas. atial processor recerves and perforns
spati al }ECedsnng. oh pbiterowadon 834 maglpsrfosh' thieslidlding hid daindatiphama@ssor 620.
For exanple, data spatial processor, 710 may denultipl ex the data synbols
into T sUB9Ey @Woﬁﬂméd#% rigﬁs‘?ﬁ:}i least-gvares 1pilse repRomEe | esimaessor 710
may or _ ﬂ?t perform additi onal spatial processing on these substreans,
dependi %& t Hex By weh$ 2bamirignus #i N-pbinpFBdewsaich Z&0-paddedd Ipdsi-sprapds| ot

synbol s k) through.pr. (k), for..the T transmt antennas.wth the training
vectors ﬁ@uﬁscehlfegf?é‘ﬁe _%%P‘F?-}eﬁ?)g RRYdrs, al??%*?%ﬁh%a@"ai)rc AaRFl mﬁquﬂ?yort hogonal
dependi ng on the pig;o_t(k}ransrri ssion schene sel ected for use. The sanme or
di f f er entesprinsoestigatebol’s I%B}FIH‘GHUW@@T@&ES tthe fillaltchameshicspamst estimesgs and t he

' | mhal. b d.f he_pi | bbands. Pil
o ocessol® I8 SrALRsEr PTG Y 0% AHRShe s Suboa p R i s 1 o

each tr agﬁﬂ} %ﬁgpéfélart] s%ml‘:b}?s[hto%jtagr} Ee{}écfeﬁ s%r%%gg%l{s(ikp}l iw S(gtgeprg F%irlﬁ‘ﬁ%s yrbol 1 or

its assoCiated transm-t antenna ect 1 vé 0., from
the the transmitted data symbols, {s(k)}

{00153] Chamel estimator 684y may perform filtering on i (k)}, o (T)},

{ﬁ{; 2 , and/or th; ()} . The filtering 1s not shown in FIG. 8B for simplicity.

[00154] The pilot transmission schemes and chanmel estimation techniques described
herein may be used for various OFDM-based systems. One such system is an
orthogonal frequency division multiple access (OFDMA) communication system that

‘utilizes OFDM and can support multiple users simultaneously. An OFDM-based
system may also utilize frequency hopping so that data is transmitted on different
subbands in different time intervals, which are also referred to as “hop periods”. For
each user, the particular subband to use for data transmission in each hop period may be
determined, for example, by a pseudo-random frequaency 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 smali subset of {he N subbands is used for data transmission.



27 training vector !!- and provides a scaled pilot synmbol Pj,n(k) Each

rul tiplexer 730 receives and nultiplexes a respective data synbol substream
fromdata spatial processor 710 with the scaled pilot synbols from an
associated nultiplier 722 and provides a transmt synbol stream {x, (k)}
for its associated transmt antenna j. [00150] Each transmtter unit 632
receives and processes a respective thansmt synbol stream and provides a
nodul ated signal. Wthin each transmfter unit 632, an |FFT unit 742
transforns each set of Ntransmt synbols for the N total subbands to the

ti ne [0L5E] n usi ng‘hapiim-qumissid)fﬁﬂiemmhrm@hﬁu@&%st&nﬂmmrtmmelé dgcribgganst or med”
synbol that conta.h t| rre omal n chips. For each transforned sjéonbol a

cyclic preEPB™ 3?8?%’3‘? &30, For gramgle.the ProcesTneIPHE tsyrrbol to
forma C@ﬁﬁsﬂﬁﬁ%ﬂnﬂ&h@ﬁ@%ﬁfﬂﬂﬁ@b e FPURERS N Hurw &0 Reward)er g C is the
nunber of chips  repeated. The repeated portion is known as a cycl ic prefix
and i s usé&embigatiosnthercoldeFerya haydmarediniplemensating dheoprocessimg nmits fisr PHORE uni t
746 convegt (o] nals and
further  agarefii et ks 2y 3Tk EhEn el St TE o AMBRARANE 002l (s)

t 0 gener aspecHicnimthgtatdde circmitg r(ASI(Ismadlgltaal tipad) Sprotdseds f(DSPfs)aﬂxgﬂaB sigaidlat ed

Focel var  BHICESBE ARTbes JHSERS P e ks aevic (PLbS: PER RRPETHBER SO
receiver kﬁ@&n@f@(ﬁb‘)’@ rpﬁ‘&:@és\#ﬁ.sr con-ﬁ%ﬁéi's W&r@-’c@ntf(ﬁﬁ:?d ¥iErophdbdss@e Altheran RX RF

unit 812 conditions g. ilters, anplifies, and f requency ‘downconverts)

t he recei vlselranignaiis qsmdaw m:sfgtm ithe: Autctionsednserit®8 dierein,dirg edratipatione

condi tion gn ro, e f Ie cycli nefi x

removal uﬁﬁfe%g ﬁrlee %\}gss?ﬁ h‘gd]{éy% ?cg%ﬂ{ez?‘li%&%%g%ed%ceﬁm ayéfﬁlb%yrrbol and

provi des amplemeitedehthinansbémanore dSIQs1DEPs, & sbloh. unit 816 transforms the N
each, received tr nsforned nbol he .freguenc nain usi ng

| es, f
Zﬁm@@isﬁfr FFT afl Sotares P FEeFRy @%HHHF%“% eserRed\IER Iﬂ € FFT unit
816 provi qﬁ%elﬁéﬁted Q4 M6FhlesdRed prodERLS, ﬁﬁ&u&@emdﬁ@oﬁyhﬁaaa%ﬁxpﬂﬁl t her

det ect or x for SO recei ver 150x or RX spatial priocessor 660y for M MO
recei ver ﬁsv@pormﬂ;sc(r@)ed hereia; vBy spitvare cegdapmiy be gtored ine methoty wnitblsands t o

ei ther ch B% O 8 r X, 0L ch I estlnator
AT ; G4 BB OfaoBBds bty QT BF Bhe BheckiB b HOBRRT' (o

controllers 640, 680x, and 680y). The memory unit may be implemented within the
processor or external to the processor, in which case it can be communicatively coupled
fo the processor via various means as is known 1in the art.

[00157] The previous description of the disclosed embodiments is provided to enable
any person skilled in the art to make or use the present invention. Varous
modifications to these embodiments will be readily apparent to those skilled in the art,
and the generic principles defined herein may be applied to other embodiments without
departing from the spirit or scope of the invention. Thus, the present invention is not
intended to be limited to the embodiments shown herein but is to be accorded the widest

scope consistent with the principles and novel features disclosed herein.

WHAT IS CLAIMED IS:



[ 00152] FIG 8B shows an enbodi nent of channel estinmator 684y for M MO

recei ver 150y, which inplenents the direct |east-squares estimtion
technique. Wthin channel estimator 684y, a conposite M SO channel
estimator 820 obtains a set of 28 received pilot synmbols, jr.,. (k)} for
each receive antenna and training vedlor and performs a P-point |FFT on the
set to obtain a correspondi ng conposite M SO channel ()} /[.conp z inpul se
response estinmate, {/[.conmp . A matrix multiply unit 822 receives RM
conposite M SO channel inpul se response estimates for the R receive antennas
and M training vectors, multipliqsAiM8§ R-Msets with the matrix 11-1 for
each delay value, and provides RT |east-squares inpulse response estinates
for the RT 5150 channels of the M MO channel. A post-processor 824 may
perform threshogl ding and,truncati.on and. further rforns zero-padding for
each Ieast-squir esr‘li'ﬁ‘f) PggfV@?B‘(%‘E%aBg?ti‘ﬁﬁt“@re?e{sﬁﬂ%ﬁ??'}tﬂm? FFT unit 826

per f or ms cgimbhieidhtsySibrh, &mfaniy: zer o- padded | east-squares inpul se response
estimate and providés a corre%lpondi ng final channel frequency response

estimate R j (Egnerating afirbtiseoftl satpdipdetsynbelsiwitiad fishuentariofTesponse esti mat es
Lo RX spabdflel QGEROPYs G eper i 3FT e JRSHSORMTtCRL Y BhEE for spatial

processi ng° 0 he " recel ve olst & l's, {s(k)}
whi ch ar gilesymbialks éssuithble fdraust farhfink! Stndabmbyp abiobs withsd #ngle hieda3] Channel

estimator 684y may, performfiltering on {r.~ (k "mp(r)}. Sz . {h,J ()}
, and/or {h. j SglRstivelyeenerptingsptilengt T anditions sets 0}%8%3@ pl@%smw%wm icity.
[ 00154] Iﬂ%?]s@‘rlpédditfcﬁﬁ%ﬁﬁé H’Q% R&iBBR A0S vﬁhﬂﬂﬁﬁi@ ega?ﬁénﬂ% is@bd echni ques

]
descri bed erein may be used for various O-DM based systems. One such
syst em i suppartedby the gpwierh, dack addithienal wictar sncdudingiT cogfficients cebareip OROTBY

comuni cat | syst.em. 1 hat tiliz o nd. can_suppoyt, nul tiple users

si mul tan%‘t@ﬂ?ﬂsyi'r} @Wﬂggé’tgrs agi/gifgfﬁn&%%ﬂ N NP g’bd"?di’eéaﬂilhegl Sthoppi ng so
t hat dat and & lédseMradtittiefalasts B fdatdgiilot symbokadrel suitabledof hRIferdhahhele i nterval s,
which are also referred to as "hop_periods". For each user, the particular

subband €gingsien by thepdeast angreseives WA multiple apferias; 49€r i od nay be

transmitting each set of T scaled pilot symbols via T transmit antennas, one

scaled pilot symbol on each transmit antenna.

2. The method of claim 1, wherein the first and at least T-1 additional vectors

are orthogonal to one another.

3. The method of claim 1, wherein T-1 additional sets of T scaled pilot

symbols are generated with T-1 additional vectors.

4.  The method of claim 3, wherein the first vector and T-1 additional vectors

are T vectors of a Walsh matrix.

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



determ ned, for exanple, by a pseudo-random frequency hoppi ng sequence
assigned to that user. For a frequency hoppi ng OFDM system the frequency
hoppi ng sequence for each user is such that the pilot subbands used for the
common and M MO pilots do not get selected for data transm ssion. Because
of frequency hopping, each user typiddlly needs to estimate the full M SO
or M MO channel response (e.g., for all N subbands) even though only one or

a smal |l subset, of the N sybbands is, used for data transm ssion. 29 [00155]
The. pi | obCalAHHOFYEIAOTn SaFLTRLE aAEm AL R 2 TesRec il s L ERe hAPRIL descri bed

herei n Maekifs bR PR PAUBYanMR W HRHSP FRANRegdrQFealtt MU dRe. t he processing for
pilot transm ssion and channel estimation may be inplenented in hardware,

software, or a conbination thereof. For a hardware inplenentation, the
processi ng units f I . 1,S.S]; ransm. .t pe\ j mpl enent ed
Wi thin one or ?rbr e?%p'g%ﬁhg%?fl‘%%l%n@&h%?%lﬂ?@ei%tnstug%érnad? g%@g?i?)@ﬁlly t's (ﬂ%@ﬁ:s)

di gital sérgnal tqulacimady md(doSksked spagibydN/Psilghaalds. processi ng devi ces
(DSPDs), programmabl e | ogic devices (PLDs), field programmable gate arrays
(FPGAs), processors, controllers, mcro-controllers, mcroprocessors, other

el ectronic uni gs demd GBREd bEIRRT § WHBiD e rirR G AREILESIET SHRBOIORT €1 N, or a

t
conmbi nation thereof. The processing units for channel estimation at a
recei ver tramgyniti¢dsen st gropp efrsbbanilsydndnvhereimtheat leassrle | Adlitienal BEPef and so on.

be. 1 bl SSHPARE R ash RAETR! 14 Hhond P RESREIA B REAUARERR®Cr) " T

per f or m tHedirstfdengt dfaobbagldscri bed herein. The software codes may be stored in
a nmenory unit (e.g., nmenory units 642, 682x, and 682y in FIG 6) and
executed by a processor (e.g., controllers 640, 680x, and 680y). The nenory

unit may be ing e”ﬁ?@@&h&ﬁbh&lﬁﬁé}%e iRARSE an§§ inf‘éé&lfﬁﬂﬂ!eﬁh‘?aﬁd‘e processor,

in which case it can be comrunicatively couple e processor via

vari ous smanégmsps &eknidownly distribatedracros§ N0dBI/qubidmelspr evi ous descri pti on of

t he di scl osed enbodi nents is provided to enable any person skilled in the
art to make or use the present invention. Various nodifications to these

enbodi ments wi 1§, bahe aReiddofRRABEWherkia thé@SEses kf dcaRd pilbt dyhdoriif, and the
generic principles defined herein nay be applied to other enbodi nents

. : p
wi t hout traessfted epptingisv anethe frst proupof sibgpdsof the i nvention. Thus, the
present invention is not

11. The method of claim 8, wherein the at least T-1 additional sets of scaled
pilot symbols are cycled through and each additional set of scaled pilot symbols is

transmitted on the second group of subbands in a respective time interval.

12. The method of claim 8, wherein the first and second groups include same

number of subbands.

13. An apparatus in a wireless multi-antenna communication system,
comprising:

a pilot processor operative to generate 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, and



intended to be limted to the enbodi nents shown herein but is to be accorded
the w dest scope consistent with the principles and novel features

di scl osed herein. WHAT IS CLAIMED IS: 30 CLAIMS 1. A nethod of transmtting
apilot in awreless nulti-antenna _gconmunication system conprising:
generating a first set of T scaled pﬁ ot synbols with a first vector of T
coefficients, where T is an integer greater than one and wherein the first

set of scal ed se%ctﬁ% gé\%%gtl[ At ieastsful %&P 1onaf :]‘.ets H3C ene efl pﬁhfasg{n%‘oésggkh %pit ton by

receivers with a sSi enna, ‘se

addi ti onkhastget deilﬁon'ﬁl s&tdre if gpidastions yensbﬁbswm trhlnpaé adtaﬂﬁﬁ isko be addi ti onal
vectors if at Jea t one receiver wth miltiple antennas is to be. supported

by the s4PPefs Duihp sytran tepethagdditinal wctor ipdlyding | caefbigignts, whesein ghe fiigler ei n t he
first apg éitleahleﬁqtada-‘tlohal%&bﬁs‘a?é’cﬁ?fel‘éﬁ?\;&fo?s ﬁraeméﬂ&fﬁfdﬂmeréiﬁ%qr& ina

matrix, and wherein the first and | east T-1 additional sets of scal ed

pi | ot symtybatéeaaw'ﬁ-lslddmlabaleetSof saaled pilotsymbalsraed: suitgbleifomse dor dhgnnehe at | east

one receiﬁ%er W h rrulﬁ Etl e antenna}s{ d tr nsmttl ng each set of T scaled
42 hghl

pi Lot syRBEaLy; éthf”? SHFECRRTER H’rjn%a BP9 7 | ot symbol on each

transmt ant enapiuraity dhean¥Riith@dnié opdrativetd condhtRmeing tiahénit bdchtsetadtd” at | east
T-1 additional vectors are orthogonal to one another. 3. The nethod of

cl ai m 1, ssatfdmdphsymbolsiday Titragprart agté@rsasmne?cé%mlm spnbejion %Mfmsmltar e
gener at egywif,n T-1 additional vectors. 4. The method of claim 3, wherein the
first vector and T-1 additional vectors are T vectors of a Walsh matrix. 5.
The nmethod of claim1l, wherein each set of T scaled pilot synbols is

t itted i nbol . .6. .Th th f claiml,. inth
i 1 - ant enna. 9T SaceeR SLsBRe AS. where JE TGt pemonar PRy di vi o on
mul ti pl exédeeatd PRRMYitioARISeWRE T Ae® PRt sPmbbB vith 1B1 ad§i6igha JedbrsOdndsymbol s i n

each set is transmtted froma respective one of the T transm t
wherein the first vector and T-1 additional vectors are T vectors of a Walsh matrix.

15. The apparatus of claim 13, wherein the multi-antenna communication

system utilizes orthogonal frequency division multiplexing (OFDM).

16. The apparatus of claim 15, 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, and wherein the P subbands are

uniformly distributed across N total subbands and are spaced apart by N/P subbands.

17. The apparatus of claim 15, wherein the first set of scaled pilot symbols is
transmitted continuously on a first group of subbands, and wherein the at least T-1
additional sets of scaled pilot symbols are transmitted on a second group of subbands that

is disjoint from the first group of subbands.

18.  An apparatus in a wireless multi-antenna communication system,

comprising:



antennas on a group of P subbands, where P is an integer greater than one.
7. The nethod of claim®6, wherein the P subbands are uniformy distributed
across N total subbands and are spaced apart by N P subbands. 8. The net hod
of claim®6, wherein the first set of scaled pilot synbols is transmtted on
a first group of subbands, and wherei3d the at |east T-1 additional sets of
scal ed pil ot synbol s are transmtted on a second group of subbands that is

di sjoint from i rst group. of s 9. The, nethod of cl ai

wherein the sum? gr sweeﬁgéeﬁ ag.‘lrSttSﬁté’ qbﬁcglﬁgﬁﬂ?f sy Bﬁﬂthgq'gﬁ %ecéﬂ‘é’fg]m formy

di stri butggfi@edtd el T Al inRpd thahbne,14Ha WP theGirstePbfBcaled Wher ei n the
first set of scaled pilot synbols is transmtted continuously on the first

group of pHetispahels is suttably s use fanshanse! estimatienby wheivess withresingle andenna; T- 1

addi tional set %n%];'ls ?o?%lelgalvew Oée%raﬁ%%?%a%t 18 dﬁ%% %F{sgf %\ﬁ@B%teaCh

addi tional set scale tFansm t cond group

of subbasgsbdlnwah aelsm&‘tn acﬁhtianﬁbvdcfmtrseufualleast bide re&'éieermatmmdlttpie anltemings 8,
wherein the first a econd grou i,nc| ude sane of supbands. 13. An
appar at u$ P ¢ SORROREN @é@eﬁiﬁtﬁm ARk E‘fﬁh‘é‘"@ Yﬁﬂﬂﬁ.ll@é@ql%ﬁl@%tﬁewpts WoSEHRI sing: a

pi l ot pr %%?t%hd Qpl%s@tm"ﬁ‘ddnt?olﬁ%{o% E‘reﬂlfféréxﬁtve&&% ih mhirBE ah®GhBetnOt Syrbol s

wth a first vector of T coefficients, where I's an | nteger greater than

one, andthmffe'st@matila@stfr“r)r&idltlmtse@fofwd%mlqmsyrobolsmgit@m’é)rgsn fonbl e for use

for channgl |vers M T ingle antenpa, and 32

sel ect i v&fPD éﬁoé’%aﬁtgfygt lg?s Qnej T YgT W'MPl%B@?‘S%BPaSTa‘% al ed pilot synbols

with at |east ]Ereinsﬂdﬂtrﬁﬂsﬂﬂﬁlhg‘é%ts@f&"[§ca&'ﬂ pileegimboneyii FeRhyeit Wi th multiple

antennas is to be %{) ported the system each additional vector including
4]

T coef f | @NtEHAS, Ongjseal lqtﬁﬁ“@?'@teacwsﬁttaﬂ@a% T-1 additional vectors are
different vectors in a matrix, and wherein the first and at least T-1
additional sets of scaled pilot synbols are suitable for use for channel
estimati on by tlhe &he dpapaﬂtuswrﬂelah'ed&,iwlmreimTt-hadditlicttiabéem el saledpjlobnd a

Pl ural ity 06 8 LRTRMALE L 1| SaRBSTPLLS: 00 SO0 hORGULAI A5 cach set

additional vectors are T vectors of 2 Walsh matrix.

20. A method of transmitting a pilot in a wireless multi-antenna
communication system, comprising:

generating M sets of T scaled pilot 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

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 method of ¢laim 20, wherein the M vectors are not orthogonal to one

another.

22. The method of claim 20, wherein the M times T coefficients in the M
vectors are selected to minimize channel estimation errors by both the receivers with

single antenna and the receivers with multiple antennas.



scaled pilot synbols via T transmt antennas, one scaled pilot synmbol on
each transmt antenna. 14. The apparatus of claim 13, wherein the pil ot
processor is operative to generate T-1 additional sets of T scaled pil ot
synbols with T-1 additional vectors, and wherein the first vector and T-1
addi ti onal vectors are T vectors of &4%Walsh matrix. 15. The apparatus of
claim 13, wherein the nulti-antenna communication systemutilizes

ort hogonal frequency division nultiplexing (OFDM. 16. The apparatus of
claim15, wherein each of the T scaled pilot synbols in each set is
transmtted from arie@RRARSH dUfai DD, Rherett@hd M fiRESTLée AR NPGe @) @ group of P
subbands, where P is an integer greater than one, and wherein the P subbands
are uni vastass gregeleeted basedan awméw@@dameag@mwwaﬂ@s@nenm apart by
N P subb . T r [ . ' irst set of scaled
pi | ot Syﬁ)ggﬁsregegverﬁ\?gfglgiﬁglt@tagf(%”@%ﬁ{dltﬁ%ﬁeg@é?gﬁwa}ﬁélﬁklgt&%ﬁ%%p of subbands, and
wherein the at least T-1 additional sets of scaled pilot synbols are

o1 oup of - Subbahis. THEGRU ShAPACLE PR M Beal valed Pl e

conmmuni Cé’}c‘lé&ﬂh:%@%eapﬁ@é’fw frailsPtied3rom IRANFarsRiit MRARESRR 2 M6kpBetlve’ ST set of T
scaled pilot synbols with a first vector of T coefficients, where T is an

i nt eger @me#tervait han one, and wherein the first set of scaled pilot synbols
is suitable for use for channel estinmation by receivers with a single
antenna; neans for selectively generating at least T-1 additional sets of T

scal ed pilot syhbolte méthdd eltcldimaxy wherdinaiélmltbav@enna@eidivhidationt | east one
receiver with nmultiple antennas |[s.to be supported by the system each
addi t i on®stepewties oragaea! fgateney divisien whitiplexigdPEDM), andbwhereigreaghhef at | east

T-1 addi R ANE i (g wherein the
first anglleg{g%%lgggﬁ&%??bgﬁg? ﬁcgﬁgtllggé?sgﬁ%%&%%glage SI otdnggfrg‘gﬁs are suitable
for use frorsmitczngnnad onesgronmbf Bsubbandshehat Plieas intepepgreateethagpnari t h nul ti pl e
antennas; and nmeans for transmtting each set of T scaled pilot synbols via
T transmt antennas, one scaled pilot synbol on each transmt antenna. 19.

The apparatus 4. CliRimRtA& of¥MEMEISN wherein tREIHisibLARG aré @hiFordily distribatead pi | ot
across N total subbands and are spaced apart by N/P subbands.

27. An apparatus in a wireless multi-antenna communication system,
comprising:

a pilot processor operative to generate M sets of T scaled pilot 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

a plurality of transmitter units operative to condition and transmit 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 muitiple antennas.

28. The apparatus of claim 27, wherein the M vectors are not orthogonal to

one another.



synbols are generated with T-1 additional vectors, and wherein the first
vector and T-1 additional vectors are T vectors of a Walsh matrix. 20. A
met hod of transmtting a pilot in a wireless nmulti-antenna comrunication
system conprising: generating Msets of T scaled pilot synbols with M
different vectors of a matrix, wheré&35T is an integer greater than one and M
Is an integer equal to or greater than T, wherein each vector includes T
coefficients; Qda‘%ransm ttin ,ee}ch of the Msets of T scaled pilot synbols
from T transm £ ant 8PRFaEYs Wg?‘é‘? #5s Ht-RRtemacogimupication sY¥FISN ot synbol s are
sui tabl ecf@prispie for channel estimation by both receivers with a single
antenna and receivers with nultiple antennas. 21. The net hod of cl ai m 20,
wher ei n t he M weansdpsgenetingM ests bich snaled pilot symdolswith Mediffe®dt vertoes net hod  of
claim 20 in.the Mtines T coefficients , n the M vectors are selected
Lo i mPCEEE, Ratred st bt BhBE e B Bl i L Mfeab eGP UlF o e
ant enna @ad T, RhereRcRtly eédorhdlidedt] doefficeentnb@nnas. 34 23. The nethod of
claim 20, wherein the Mtines T coefficients in the Mvectors are sel ected

nth
based on a sunfSANSHEr Gesattting sechafths M sstsof Asraled pilotgymbplsdiopbl s for the
receiver fs(gln# i | 3 | ] | ennas. 24.
The net hgra 0 ngﬁ%éél?\ %14’ g’&%ﬁ@r@y gatgﬂghﬁﬁagegﬁ)? °g$’5‘ib°¥c4§f’]é'§wﬁ)’ﬁ @% l‘?Ssey ols are
cycl ed t brapoglestimaticdgtbatleteceisers mathsivingl eghtérmamnd keeivetsivattemultiplent ennas in a
respective tinme interval. 25. The nmethod of claim20, wherein the
mul ti - ant8RHES cormuni cation system utilizes orthogonal frequency division
mul tiplexing (OFDVM, and wherein each of the T scaled pilot synbols in each
set is transmtted froma respective one of the T transmt antennas on a
group of P subB&nd, a wileles nlti-gnigang ¢ormipeticaiios syssem pHbizingpghogegal The net hod

o o SR B A0S 0RO, Syt ot e N
Wi r el essamackiver, ahprigigg:conmuni cati on system  conpri si ng:
obtaining, via R receive antennas, R times M sets of P received pilot symbols
for T times M sets of P scaled pilot symbols generated with T times M coefficients ina T
by M matrix, where R, T and P are integers greater than one, M is an integer equal to or
greater than T, M groups of R sets are formed for the R times M sets, and M groups of T
sets are formed for the T times M sets, wherein one coefficient in the T by M matrix is
used to generate each set of P scaled pilot symbols, and wherein each group of T sets of P
scaled pilot symbols is transmitted from T transmit antennas on P subbands;
deriving an initial frequency-domain frequency response estimate for each set of
P received pilot symbols, wherein R times M initial frequency response estimates are
derived for the R times M sets of P received pilot symbols;
deriving an initial time-domain impulse response estimate for each initial
frequency response estimate, wherein R times M initial impulse response estimates are
derived for the R times M initial frequency response estimates;
deriving 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
deriving 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



a pilot processor operative to generate Msets of T scaled pilot synbols
wth M different vectors of a matrix, where T is an integer greater than
one and Mis an integer equal to or greater than T, wherein each vector
includes T coefficients; and a plurality of transmitter units operative to
condition and transmt each of the M sets of T scaled pilot synbols fromT
transmt antennas, wherein the Msets of T scaled pilot synmbols are
suitable for use for channel estimati36n by both receivers with a single
antenna and receivers with nultiple antennas. 28. The apparatus of claim 27,
wherein th vectors are no rthogon one_another. 35 29. An

appar at U?UFWM Singpt Ryl HRle-gptput kMﬁﬂbSﬁ%é' @WP&%&T Hﬁ“%‘}“s?'&?ﬂ“as auhibei si ng:
nmeans f oR r8@RRMalchig M sets of T scaled pilot synbols with Mdifferent
vectors of a matrix, where T is an integer greater than one and Mis an
integer equal to or greater than T, wherein each vector includes T

CoRt 1l ent e 1 TP ATTLAEIMTPESRl ¢ o df TGt ) o

pi | ot syatalish matdx.sui tabl e for use for channel estimation by both receivers
with a single antenna and receivers with multiple antennas. 30. In a
wireless nulti-antenna comunication systemutilizing orthogonal frequency

division nultip) eXTH%QnétﬁMolalﬁ jﬁe{!}h&ngFle @?Hegmmglgﬁtgﬂﬂhe% Njetion at

a receiver, conprising: obtaining, via R recelve antennas S M sets of
P recei vmdtrmalrmel@;adbohsmrrﬂmchinmal nﬂsnaﬂosetrsrsdiy bethercativets piithatsirglarbol s
generated w t nts inaT by Mmatrix, where R, T and P

are int ea'g?rg'aépgéetcgwertsﬁv% %ﬁbpfc gn@gh i nteger equal to or greater than T,

M groups of R sets are fornmed for the Rtimes Msets, and Mgroups of T
sets are forned for the T tines Msets, wherein one coeff|0|ent in the T by

Mmatrix is udddth ‘@%h@%ﬁcéal@a@hwﬁl@’@mdhe b tigneg M gogificigets inthpdi s, and
wher ei n eachs g QB bé@ﬁ& EB h of we%gn?eh%]eaﬂ' é e§l¥a%p8|e§tflﬁ1§tl&nr%§§“ tted from

T transmt antennas on rrving an rnitral fTrequency-domain
f r equencfor rezsjyerssathessingte itefimarand aexigivestwidf multiple antennas,

34. The method of claim 30, wherein one group of T sets of P scaled pilot
symbols is transmitted at all times and remaining M-1 groups of T sets of P scaled pilot
symbols are transmitted only if at least one receiver with multiple antennas is to be

supported by the system.

35. The method of claim 30, wherein one group of R sets of P received pilot
symbols is obtained via the R receive antennas on a first group of P subbands, and
remaining M-1 groups of R sets of P received pilot symbols are obtained via the R

receive antennas on a second group of P subbands.

36. The method of claim 30, further comprising: for each of the R times T

final impulse response estimates, setting tap values below a particular threshold to zero.

37. The method of claim 30, further comprising: for each of the R times T
final impulse response estimates, setting last L-th through P-th taps to zero, where L is an

expected delay spread for the system.



P received pilot synbols, wherein Rtinmes Minitial frequency response
estimates are derived for the Rtines Msets of P received pilot synbols;
deriving an initial time-donmain inpulse response estimate for each initial
frequency response estimate, wherein Rtinmes Minitial inpulse response
estimates are derived for the Rtimdd Minitial frequency response
estimates; deriving Rtinmes T final tine-donmain inpulse response estinates

based on the tipes initial jppul,se response, esti mat and the T by M
i and . derbyi T BOPPhed S ol BT cATRRITE PG D TeRgBrdaas i na o
for eachsfmbvM corfesiundig tb eapofsaled pilbtsBndols\Wordrated withishe sectod dfal  f r equency
response estimates are derived for the Rtinmes T final inpulse response

est i mat esoeihcieHeintbe &by Mmaddti nate of a 36 nultiple-input nultiple-out put
(M MO channel between the T transmt antennas and the R receive antennas.
31. The nethod of claim 30, wherein Mis equal to T and the T by Mmatrix is
a Wl sh mat ri x39.32 Thd methwd toffi oldino 80,dhidthenc8@prising rfdiening fratial frequnasy M

coefficients in the T by M .matrix e .selected. to mninjze, channel

oot i mat | BIPRISF GRS HOEIPOPEBE QS LOh AR B FHPYS EEFERh A TSRS ccei ver s

wi th mul tégpdre fandoefitfnts iddhe THEMBERRA of claim 30, wherein the T times M
coefficients in the T vectors are selected based on a sum of wei ghted nean

square channel estimation errors for receivers with a single antenna and

receivers with |t t .ho . claj.m. wher ei n one
group of T set gch)f HEQ?§$%§§?g@ﬁ‘g?o’%ﬁ"yﬂﬁ%gﬁ‘é‘gﬁé‘gﬁé{%@ﬁgf@é@"gﬁ?“‘%‘f| times and
remai ni neespbnbe gstimyds cofredponding tofetHfscabdpilqisymbols gymepnbd with @arh¢ ansmi tt ed

only if at |east ope.receive ith nultiple antennas is to be supported by
t he systé?ﬁtorg.sfc?ﬁ IR0 sB dheo bmpwr%, wherein one group of R sets of P
received pilot synbols is obtained via the R receive antennas on a first
group of P subbands, and remaining M1 groups of R sets of P received pilot
synmbol s are ob#hi nBe method pecl@m 3G dothee camprisinga Silteningithe dinalithpglsoup of P
f?glégn_ﬁi_sresggﬁsemﬁnar{%@ hod of claim30, further conprising: for each of the R

42.  The method of claim 30, further comprising: filtering the final frequency

response estimates.

43. An apparatus in a wireless multi-antenna communication system utilizing
orthogonal frequency division multiplexing (OFDM), comprising:

a plurality of receiver units operative to obtain, via R receive antennas, R times
M sets of P received pilot symbols for T times M sets of P scaled pilot symbols generated
with T times M coefficients in a T by M matrix, where R, T and P are integers greater
than one, M is an integer equal to or greater than T, M groups of R sets are formed for the
R times M sets, and M groups of T sets are formed for the T times M sets, wherein one
coefficient in the T by M matrix is used to generate each set of P scaled pilot symbols,
and wherein each group of T sets of P scaled pilot symbols is transmitted from T transmit
antennas on P subbands; and

a channel estimator operative to



final inpulse response estimates, setting tap val ues bel ow a particul ar
threshold to zero. 37. The nmethod of claim 30, further conprising: for each
of the Rtimes T final inpulse response estimtes, setting last L-th through
P-th taps to zero, where L is an expected del ay spread for the system 37
38. The nethod of claim 30, further &8nprising: filtering sets of received
pil ot synbols correspondi ng to sets of scaled pilot synbols generated with
sanme vector of T. coeff ﬁrents in the Mmatrix., 39. _The nmethgd of claim

30, further coﬁﬁfneﬁnﬁaﬂla PAUSREYAEPMAR ffﬁwe)r/'ﬁ ESRANE GStimale g sach sekefifmt es

cor r espoRgkRNed hlotSeinbolef witdrath Rotiéd Mt ﬁxrﬁb&fuﬁn BfjoRtEdtitatel agae  vect or of
Tcoefhmentsblnfiltn Th Mmatlrlx y . err%?h?g of cllalma30 further

he T by
conpri si Aefivetifprthe erg“ﬁertSi?tanPmml‘@épll@téﬁ@bﬂbe esti mat es corresponqi ng to
sets of scal edpilof, 1ﬁﬁgpt%? -—dgﬁlg%rlﬁlhﬁﬂ? i%sﬁ&hsé@gﬁnat%/ %h ¢ iRliiafl COEfficients

inthe T by MnmatriX. er corrprls ng:
filteringrefirncy respdnse eguimAe wlfe%rpﬁnﬁl&asa&inlﬂﬁhmpulsélﬁésp&iseemm(‘hr@f cl ai m 30,
further corrprl Si Sg fil 2@“ n fIhe final frequ enc% response estinmates. 43.
An appar detixedifer the B tiragsdd dning) fraquensy aespanse ation systemutilizing

orthogonal fregqeeRay tithey frsﬂrBPtuBE'JdBinEfn‘%HpGEe kBN estGRITEY Ba3dd\6h th@ RP! Ur @l i ty

of receiver units operative to obtain, via Rreceive antennas, Rtimes M
sets of Pme%lmwlmulmremsﬁmmﬁaﬂﬂmﬁﬁd&' Mirsadtis, asd P scal ed pi | ot

synbol s gener ated icients in i X, where R
T and P are integsd "i}ﬁ’ frgﬂ eu’“”?%ﬂmﬁ‘“ e@“eWF%SPS'ﬁse eﬁ‘t“%%?gr e&ulg?m?lo or greater
than T, Mhgneupsponse &tifates wherRinf R iR TIal fréiRendy fesptase ddtifates arednd M gr oups
of T sets are forned for the T tines Msets, wherein one coeff|C| ent in the

T by M négiyed fpthe BeimesdT faal dnpylee ieapansaestimates pnd representamiesimals #bal s,  and
wher ei n %‘Pt lél'f ‘deﬂfan &R[B% é AME)) %H%P'b wké?ntt X TRt aftehhR AR Het ed fromT

transmt as on anne estimator operative to 38
R recelve antennas

44. The apparatus of claim 43, wherein the channel estimator is further
operative to filter received pilot symbols, initial frequency response estimates, initial
impulse response estimates, final impulse response estimates, or final frequency response

estimates,

45. An apparatus in a wireless multi-antenna communication system utilizing
orthogonal frequency division muitiplexing (OFDM), comprising:

means for obtaining, via R receive antennas, R times M sets of P received pilot
symbols for T times M sets of P scaled pilot symbols generated with T times M
coefficients in a T by M matrix, where R, T and P are integers greater than one, M is an
integer equal to or greater than T, M groups of R sets are formed for the R times M sets,
and M groups of T sets are formed for the T times M sets, wherein one coefficient in the
T by M matrix is used to generate each set of P scaled pilot symbols, and wherein each
group of T sets of P scaled pilot symbols is transmitted from T transmit antennas on P

subbands;



derive an initial frequency-domain frequency response estinmate for each set
of P received pilot synbols, wherein Rtines Minitial frequency response
estimates are derived for the Rtinmes Msets of P received pilot synbols,
derive an initial time-domain inpulse response estinmate for each initial
frequency response estimate, wherein Rtines Minitial inpulse response
estimates are derived for the Rtines Minitial frequency response
estimates, derive Rtimes T final tirg-domain i mpul se response esti mates
based on the R tines Minitial inpulse response estinates and the T by M

matri x, and deriyve final frequepcy-domain.frequency response estimte for
each final inpt L?F%Set%F de e ol 'tafﬁﬁ‘i/u f’c’(r}\ﬁ%?%P rﬁre&?\c?‘n{?pqn F% atg ?oéquency
I esponse egbitseiEPeBcevel pilde syrvisgds, WhercihR tithek IMMBStial flehtidicy réspbhsee response

estimates and represent an estimate of a qultLihe-input mul ti pl e- out put
(M MO cRuiHiss pederped ferdbe R times M sets ot respived it ymhRIs; R recei ve ant ennas.

44. The appar aﬁéﬁnﬂfor ﬁérﬁjir\ﬁﬁeﬁﬁi&it Oﬁﬁug-;cliﬁ %{ﬂgm‘bHEQP&g?r%?tektfmét%orieﬁc}f ur t her

operative to filter recei Inrti requency response
est i mat esitial dieuenkcy résppnse sgimae,pehesen Bdimeyad estialfimpalse responss estineggsonse

esti mat es r. fjnal, fyequepcy.r onse estimt.es, 45. An apparatus in a

wi r el ess *hfl® '?/qdalﬁf bﬁr‘{it"%?r&ﬁﬁlt@ﬁrg%ﬁn%yfﬁpé’ﬁfﬁ iMalsshg ort hogonal frequency
di vision mul ti gleaxd 08 dérimiIvR tinfe® MPfida$ time-dofRaNMpuREe r&BbmeRbfatey| @ R receive
antennas, Rtines Msets of P received pilot synbols for T tinmes M sets of

P scal edbgsier 6n theRiiores Myaitial impiserinense estimetss pad theditni Mirastrixi and a T by M
e _ . ) a
cqual to or gr disps P eriif £ phdl BRI RAecuBRY PPOncfsliBeRitor ' B PITL

sets, ansthMngl oypdseotspbneassmateewhayein®dtihes T fiha flequenogseddoset S, wherei n one
coefficient in the . T trix Ls.useq to generate each set of P scal ed
i ot sy RbTS sireriyed e Bktes Tl ocreyBe Shimeies Aid BISFIED sy nbol s
i's transeattnsa@éigtfa{ﬂﬁhi}letihamﬁmﬁplemumﬂgmr@()) Ehan&lRANES the3P trand@ps for
deriving an initial frequency-domai'n frequency response estinmte for each

set of PantgwesvedithgiR weelwgameings. wherein Rtines Minitial frequency
response

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.

47. A method of performing channel estimation at a receiver in a wireless
multi-antenna communication system, comprising:

obtaining, 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

performing a matrix multiply of the M sets of R received pilot symbols with an
inverse of the matrix to obtain estimates of R times T channel gains between the T

transmit antennas and the R receive antennas.



estimates are derived for the Rtines Msets of P received pilot synbols;
nmeans for deriving an initial time-domain inpulse response estimate for each
initial frequency response estinate, wherein Rtines Minitial inpulse
response estimates are derived for the Rtines Minitial frequency response
estimates; neans for deriving Rtines T final tine-domain inpulse response
estimates based on the R tines Mini40 al inpul se response estimates and the
T by Mmatrix; and neans for deriving a final frequency-donmain frequency
response estimate for each final inmpulse response estimte, wherein R timnes
T final frequeftldy Fespethedof daim dhtdisrein e M vecjerg aregiot pribogrnglitgese T f i nal

i mpul se pespgnse estimates and represent an estimate of a multiple-input

mul ti pl e-out put (M MDD channel between the T transmt antennas and the R
recei ve antennas. 46. The apparatus of claim45, further conprising: neans

for filtering received pilof s ls, Lnitial.freqguenpcy, response estinmates,
initial inpul sés‘r e 'b%‘ﬁgtgo‘égf?lﬁlé}ngg‘”%ﬁf%ﬁheicﬂifﬁflggt ﬂ'é&ﬁﬁ‘ﬂé’g"tg?tafermt es, or
final frese@ary mihRSROBAnaSkiifBiRSerrofs/by Yot RetostivEs WRK EifgRIaR@nsdhannel
estimation at a receiver in a wireless "nulti-antenna comuni cation system

conpri si Add theecgiversyith muliple andenads,e ant ennas, M sets of R received pil ot
synbols for Msets of T scaled pilot synbols generated with Mdifferent
vectors of a matrix and transmtted via T transmt antennas, where Rand T
are integers gih@at Ene mhtand ofidaiandl?, Mheeeirathe icodfigients irethedM veaommreggr eat er t han

T, wherein eagch vector ing¢ludes ,T coefficients, and, wherei he
coet 1 ci SHECE] Drsthn Apu B P @hiep dnegR Fiareiapns ) ptlTAt o Ao RE Mol est i mat i on

by both rdcereis\atiSsivglé Mntenriaian@kiR ROLRAMWIRARAINAC MRS W th multiple _
antennas; and performng a matrix nultiply of the Msets of R received pil ot

synbols with an inverse of the matrix to obtain estimates of Rtinmes T
channel gains t H} .1 ' E] a ?n R% ei ve antennas.
40 48. The ma'i3 Eb\gﬁgg P %P%%nf?‘?%\}g{g‘r@flﬁq ﬁg@ﬁo\?ﬁﬁ o’%a{sh%grs £t§[§’t ort hogonal to
one anotbaprisidd. The method of claim47, wherein the coefficients in the M
vectors are . . . . . .
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
muitiple antennas; and
a channel estimator operative to perform a matrix multiply of the M sets of R

received pilot symbols with an inverse of the matrix to obtain estimates of R times T

channel gains between the T transmit antennas and the R receive antennas.

52. A method of performing channel estimation at a receiver in a wireless
multi-antenna communication system, comprising:

obtaining, via a single receive antenna, M 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 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 wherein the



selected to mnimze channel estimation errors by both the receivers with
single antenna and the receivers with nultiple antennas. 50. The net hod of
claim47, wherein the coefficients in the Mvectors are selected based on a
sum of wei ghted nean square channel estinmation errors for the receivers
with single antenna and the receiverdl with nultiple antennas. 51. An
apparatus in a wireless nmulti-antenna communi cati on system conprising: a

plurality receiver units rativ to obtain, via R recejve antennas, M
sets ofw?ﬁ iclepisiiy Y VFGPrS%%%edft%?acmtgtsf:%anaﬂ epimateny Bithot synbol s

gener at ‘%E’ceWerﬂvMaS’i\Aglfe%ﬁzﬂﬁa Mﬁl%&ﬁ@er%;tﬁnﬂmpﬂé téfdstdansmtted via T
transmt antennas ere are integers greater than one and Mis an
i nt eger equal ﬁltﬁﬂbgt@rh&iact@rveﬂmﬁﬂt SFmbﬂhéeebtnlrm&htlmat@@tfelcomn@in@des T
coeff|C|e n ffl selected to
facili tar?q"%lﬁéﬁ’ gFméStl I\g(gs@y S?Reh ggl \l? rsr%‘g?ﬁ illg g lgentenna and
recei versighd febeiveaténnpl € ant ennas; and a channel estimator operative to
performa matrix multiply of the Msets of R received pilot synbols with an
inverse of the matrix to obtain estinmates of Rtines T channel gains
between the T transmt antennas and the R receive antennas. 52. A nethod of
perform ng channel estimation at a receiver in a wireless nmnulti-antenna
comuni cati on system conprising: obtaining, via a single receive antenna, M
received pilot synbols for Msets of T scaled pilot synbols generated with
Mdifferent vectors of a matrix and transmtted via T transmt antennas,
where T is an integer greater than one and Mis an integer equal to or
greater than T, wherein each vector includes T coefficients, and wherein the
41 coefficients in the Mvectors are selected to facilitate channel
estimation by both receivers with a single antenna and receivers with
multiple antennas; and filtering the Mreceived pilot synbols to obtain an
estimate of a conposite nultiple-input single-output (MSO channel between
the T transmt antennas and the single receive antenna.



