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I nvention 10 The present invention relates to the field of comrunications.
More particularly, the present invention relates to the neasurenent and
report of channel state information in ajhigh efficiency, high perfornmance

comuni cations system 15 I1. Description of the Related Art A nodern day

wi rel ess conmmuni ' [ I, r h | s that

experience fadiﬁg%ﬁ\mﬁ' ﬁ%@ﬂ@eﬁiﬁﬁi@%ﬁ t@ﬁs a code
di vi si on nul t IREPQBIING ¢ NEL STATE INFORMAFRION INeA HIGH
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Dual - Mode W deband Spread Spectrum Oeb stem " hereinafter referred
to as the_| S-95 standard. The CDVA sySt ports voice and data

communi caPi on between users over a terrestrial |ink. The use of CDMA
techniques in a multipl ' %@Wdi sclosed in

U'S Patent No. 4. 901 s0inGRGRANNENEH PLE ACCESS
COVMUNI CATI ON SYSTEM USI NG SATELLI TE OR TERRESTRI AL REPEATERS, " and U. S.
Patent No. 5,103,459, entitled "SYSTEM AND METHOD FOR GENERATI NG WAVEFORMS
IN A CDVA :Rieldsot thel lave@NenSYSTEM " bot h assigned to the assignee 30 of

the present invention and incorporated herein by reference. An | S-95 system

can operate efficiently by estimating channel _paranmeters at a receiver
unit, whilBh uses ?%?ée%@% iIRNEBHORNERRES togaediedpiscarmmyansaipase More
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channel state information in a high efficency, high performance

communicafions system.

15 IL Description of the Related Art

A modern day wireless communications system is required to operate
over channels that experience fading and multipath. One such
communications system is a code division multiple access (CDMA) system

20 that conforms to the "TIA/EIA/IS-95 Mobile Station-Base Station
Compatibility Standard for Dual-Mode Wideband Spread Spectrum Cellular
System,” hereinafter referred to as the IS-95 standard. The CDMA system
supports voice and data communication between users over a terrestrial
link. The use of CDMA techniques in a multiple access communication

25 system is disclosed in US. Patent No. 4,901,307, entitled "SPREAD
SPECTRUM MULTIPLE ACCESS COMMUNICATION SYSTEM USING
SATELLITE OR TERRESTRIAL REPEATERS,” and U.S. Patent No. 5,103,459,
entitled "SYSTEM AND METHOD FOR GENERATING WAVEFORMS IN
A CDMA CELLULAR TELEPHONE SYSTEM," both assigned to the assignee

30 of the present invention and incorporated herein by reference.

An IS-95 system can operate efficiently by estimating channel
parameters at a receiver unif, which uses these estimated channel
parameters to demodulate a received signal. The IS-95 system makes

channel estimation efficient by requiring the transmission of a pilot signal



2 fromevery base station. This pilot signal is a repeating PN-type
sequence known by the receiver unit. Correlation of the received pilot
signal w tgv | replica of the, pilot signal enables the receiver unit
to estimat @Wé;ﬁqgﬂgrrpl ex inpul se response of the channel an8CL4PKEE114
denodul ator 5 paranmeters accordingly. For the 1S-95 waveform and system
paraneters it is not necessary or benefigial to report information on the
channel conditions nmneasured by the receiver unit back to the transmtter
unit. Gven the ever- | n%_ demand for w.reless comunication, a higher
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referred to awastieril hy.the racaiyercunitdaddkpioothe transmfttércimiticy and decr ease
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WO 01/ 763180 BGleHSHK {i8kdfence from adjacent antennas. Multipath occurs when a

transmitted signal arrives at a receiver unit through multiple propagation

paths with differing delays. When signals arrive from multiple propagation
paths, components of the signals can combine destructively, which is
referred to as “fading.” In order to improve the efficiency and decrease the
20 complexity of the MIMO system, information as to the characteristics of the
propagation channel can be transmitted back to the transmitter unit in order

to precondition the signal before transmission.
Preconditioning the signal can be difficult when the characteristics of
the propagation channel change rapidly. The channel response can change
25 with time due to the movement of the receiver unit or changes in the
environment surrounding the receiver unit. Given a mobile environment,
an optimal performance requires that information regarding channel
characteristics, such as fading and interference statistics, be determined and
transmitted quickly to the transmitter unit before the channel characteristics
30 change significantly. As delay of the measurement and reporting process

increases, the utlity of the channel response information decreases, A



3 present need exists for efficient techniques that will provide rapid
determ nation of the channel characteristics. SUMMARY OF THE | NVENTI ON 5

The presemvoioimendi on is directed to a nethod and appar at uspd©isdiAG114
measuring and reporting of channel state information in a high efficiency,
hi gh performance comuni cations system conprising the steps of.
generating a plurality of pilot signals; g3ransmtting the plurality of
pilot 10 signals over a propagation channel between a transmtter unit and

a pluralit ecel.ver.. unit \Agmf' t?‘” m r [ ri ses,at
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conpri ses atdetérenniationcof doeichenmelt dractegiztict.he propagati on channel
conprises a plurality of sub-channels between the transmtter unit and the

plurality of 15 receiver units; receiving at |east one of the plurality of
pil ot signals at each of L34 | It.s; determning a

set of transm ssion charﬁﬁm&mmﬁm&ﬁbﬁt he plurality of
sub-channgl's, wherein the step of determining the set of transm ssion

characteristics uses at |east one of the plurality of pilot signals

received at eachTiie phaent inabntion ofs dige@ed @b Xthathbd Sind @pphtdtig f8h the
i nformation signal fromeach of the plurality of receiver units to the
transmi tt er MEASUring, apd; eportng rfofaamed rtategimdprmatipnein ahkigheefficiéncy,

t ransm ssi oR.gha |.sti.cs. | . 1€ n t lL.urali of, _sub-,
channel s; a%glgp{p i%%o?fx{nag{c'g s%c{rﬂ%nflﬁb‘rzéﬁ%?ﬁt‘ s%‘yg%%tﬁar é’?}’éﬁ%%%‘gat heteps of:
transmitter genetatingoaspilmality hef pilbprsi@idloN tirgfattin &hbnpmu&ﬁRﬁCPﬂ@i t he
invention, pilot synbols are transmtted on a plurality of disjoint OFDM
sub- chanHb| signals aNesnat REORAgasions yihgsnel abetweern ris franssaitter dindt camd  ©FDM

sub- channel feristic .he opagat.i on_channel .can

det er m ned ? r%‘%%alﬁ}g%%;agseg&vgf l%%%fﬁ@%%n%e@? Ji_rc?glrs r%%&ﬁgg) %IHE Cﬁﬁ‘%’f’s%syﬁgg?ag,t
wherei n K i sneegandtitnahtenriyndeth of (K PYhrdllty36f ed@inie! anith édifipsived am I n
addition to transmtting pilot synmbols On diSjoint sub-channels, the

system can 193hsOne Eecefvite-andRaNG Anidhithes gpppagatiohachemmelpecarspriseso a
determ ne C?)ﬂﬁﬁ@frdf%bg&eﬂ'ﬁlélg%e%ggﬁﬁé 'Plhéhitter unit and the plurality of

15 receiver unmits; receiving at least one of the plurality of pilot signals at each
of the plurality of receiver units; determining a set of transmission
characteristics for at least one of the plurality of sub-channels, wherein the
step of determining the set of transmission characteristics uses at least one of
the plurality of pilot signals received at each of the plurality of receiver

20 units; reporting an information signal from each of the plurality of receiver
units to the transmitter unit, wherein the information signal carries the set
of transmission characteristics for at least one of the plurality of sub-
channels; and optimizing a set of transmission parameters at the transmitter
unit, based on the information signal.

25 In one aspect of the invention, pilot symbols are transmitted on a
plurality of disjoint OFDM sub-channel sets. When the pilot symbols are
transmitted on disjoint OFDM sub-channels, the characteristics of the
propagation channel can be determined through a set of K sub-channels
carrying the pilot symbols, wherein K is less than the number of OFDM sub-

30 channels in the system. In addition to transmitting pilot symbols on
disjoint sub-channels, the system can transmit a time-domain pilot

sequence that can be used to determine characteristics of the propagation



channel. Along with the generation and transm ssion of pilot synbols, an .
aspect of the invention is the conpression of the anmount of information
necessary to reconstruct the characteristics of the propagation channel. 5
BRI EF DESCRI PTI ON OF THE DRAW NGS The features, nature, and advant ages of
the present invention will becone nore apparent fromthe detail ed
description set forth bel ow when taken i#d conjunction with the drawings in
which i ke reference characters 10 identify correspondi ngly throughout and

wherein: Fl Gchdfinéls AlGh@araR b Brd miilidh RfSs;
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wi t h f eedbaclespéct of Hhangivestiaire is ithe oatpressiob5of itk anniust @f dinfigraatien an

exenpl ary OFDM pil ot signal strycture that . cap be used to estinmate the
channel st at QEF%PM F%r?mﬁ“é ﬁ? 5@30@%8%9?%??@?%&0@%%@4 ustrates
a specific exanple of a transmssion froma transmt antenna at a
transmtter unit; FIG 3 is a block diagramof a data processor and a

modul ator ®f the 20 cBRIEF DESCRIBYEON'QFTHE DRAWINGS! GS. 4A and

4B are bl ock diagrams of two versions of a channel data processor that can
be used for processing one channel data stream such as control, broadcast,

I ce, traffi ta; FIGS. 5A thraqu 5C are bl ock di agrans of the .
;;(r)l)ggssﬂlg Lﬁi tlsCE[_ﬂ'%t ﬁ*%r%aﬁ‘aggeu g‘gvﬁ%tﬁgF%Pg t?‘ﬁel_’%‘-’ﬁﬁ%"s M_‘Fe%'flgﬂa!wléhovm
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recei ve antennas, which to recei ve one or nore channel data
streans; andt#ed irv cohpuctjirotveith the driaivings an ewhich $ike ctefedeneé fdteirasteys
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communications system;

FIG. 1B is a diagram of a OFDM-based MIMO system with feedback of
channel state information;

15 FIG. 1C is a diagram of an exemplary OFDM pilot signal structure that
can be used to estimate the channel state information;

FIG. 2 is a diagram that graphically illustrates a specific example of a
transmission from a transmit antenna at a transmitter unit;

FIG. 3 is a block diagram of a data processor and a modulator of the

20 communications systern shown in FIG. 1A;

FIGS. 4A and 4B are block diagrams of two versions of a channel data
processor that can be used for processing one channel data stream such as
control, broadcast, voice, or traffic data;

FIGS. 5A through 5C are block diagrams of the processing units that

25 can be used to generate the transmit signal shown in FIG. 2;

FIG. 6 is a block diagram of a receiver unit, having multiple receive
antennas, which can be used to receive one or more channel data streams;
and

FIG. 7 shows plots that illustrate the spectral efficiency achievable

30 with some of the operating modes of a communications system in

accordance with one embodiment.



comuni cati ons system 100 capabl e of inplenmenting sone enbodinents 5 of the
I nvention. Comruni cations system 100 can be operative to provide a

conbi nat i owaof1/7&ntenna, frequency, and tenporal diversity tRCT/HBN®&asa
spectral efficiency, inprove performance, and enhance flexibility.

I ncreased spectral efficiency is characterized by the ability to transmt
more bits per second per Hertz (bps/Hz) ®hen and where possible to better
utilize the 10 avail abl e system bandw dth. Techni ques to obtain higher

spectral ef TDEPAILER DESERIPPION OF T19E SPECIFRCEMBODIENTS

performance may be quanti for exanple, by a lower bit-error-rate
(BER) or frame-error-rate (FER) for a given link
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described in further detail bel ow. shown in FIG 1A muni cat 1 ons
system 100 ispectrakefficiéneys imprpye qrarfanance; cmduenizandeoflexibilitya keceasgd
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links 118 to system 120. , system 120 1 ncl'udes a nunber of
recei ve ant iRy for2m givem dimk d@22ierithatoisepdis-intetferencensatiot €¥I5i ghads
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may be achieved, in part, by employing multi-carrier modulation, time
division multiplexing (TDM), multiple transmit and/or receive antennas,
and other techniques. The features, aspects, and advantages of the
invention are described in further detail below.
20 As shown in FIG. 1A, communications system 100 includes a first
system 110 in communication with a second system 120. System 110
includes a (transmit) data processor 112 that (1) receives or generates data, (2)
processes the data to provide antenna, frequency, or temporal diversity, or a
combination thereof, and (3) provides processed modulation symbols to a
25 number of modulators (MOD) 114a through 114t. Each modulator 114
further processes the modulation symbols and generates an RF modulated
signal suitable for transmission. The RF modulated signals from
modulators 114a through 114t are then transmitted from respective
antennas 116a through 116t over communications links 118 to system 120.
30 In FIG. 1A, system 120 includes a number of receive antennas 122a
through 122r that receive the fransimnitted signals and provide the received
signals to respective demodulators (DEMOD) 124a through 124r. As shown

in FIG. 1A, each receive antenna 122 may receive signals from one or more



exanpl e, the operating node used at system 110, the directivity of the
transmt and receive antennas, the characteristics of the comruni cations
i nks, and-‘%gﬁ{ﬁﬁg Each denodul ator 124 denodul ates the respective 5

I'g

received s % hg a dermpdul ation scheme that is conpl enBATASH% he

nodul ati on scheme used at the transmtter. The denodul ated synbols from
denodul ators 124a through 124r are then provided to a (receive) data
processor 126 that further processes the éynbol s to provide the output
data. The data processing at the transmtter and receiver units is

descri bed i ntranemiuraritennalet Bid depkndingld® d Aumhbes ofhlfyctbhe stieh was,d fdri nk

transm ssion frorrl syti%em 110.to system 120. This configuration may be used
for data broSHBRIE JR§ SPREAING MRodR sesh At 15vstatRi 410 o phrecsixityoef . they a

bi -direction 3 EloF=1 m ] f rom 0.to
system 110 | Soran SR el pptRIRri R BKRLREaLLS O ARG oS
sinplicity. Hoksthedbiothérsect Eadtal derodulitoe all o nderspdidates edeh refp&itsteens
110 and 120 may operate as a transmtter unit or_a receiver unit, or both

concur r enP| yrecaiseiengl vsingvh demadwatian scheane ghey imepinplergentagyn toothe
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and nul tiple receive__antennas are present on each transmtter unit and
each recei vePrasgssor 17fdhat grvhen paecesses thessyambels thprovidentheorutpry datel ude

any nunber t ' L t,s _a Lve ' 5 ch tyansmtter
unit may i nﬁﬁ%ec{aggﬁg‘%sg[?éj %lrtlst%et B-gﬂ% %ﬁlﬁgyo%mg%%%ﬁﬁér“‘%?s t'7 af#s?fﬁl ed %
ant ennas 10Qsuftirtles ddiatl Ishownn in FIG 1A Sinmilarly, each receiver unit nmay
i nclude a single receive antenna or a nunber of receive antennas, again

such as that shovﬂq’-rMEIS@WfNTﬂFdhEéQEWﬁF@,ﬁIﬂ%B'aHE@Wm deamotystemy sklbrtomay
ok 2 SeBhigh o5 I kofiseoEldhl heb b8 37 g bl o
recei ve dat aori¢-emy datauriiesmishioneafplécativsise T 4 bi-irectioHABE6iBRInktALichs
simlar to renpte stations _ in the system), sone of WD 01/76110

PCT/ US01/ 0918yBtem, a reverse link from system 120 to system 110 is also provided,

15 although not shown in FIG. 1A for simplicity. For the bi-directional
communications system, each of systems 110 and 120 may operate as a
transmitter unit or a receiver unit, or both concurrently, depending on
whether data is being transmitted from, or received at, the unit.

For simplicity, communications system 100 is shown to include one

20 transmitter unit (i.e., system 110) and one receiver unit (i.e., system 120).
However, in general, multiple transmit antennas and multiple receive
antennas are present on each transmitter unit and each receiver unit. The
communications system of the invention may include any number of
transmitter units and receiver units. '

25 Each transmitter unit may include a single transmit antenna or a
number of transmit antennas, such as that shown in FIG. 1A. Similarly,
each receiver unit may include a single receive antenna or a number of
recejve antennas, again such as that shown in FIG. 1A. For example, the
communications system may include a central system (i.e., similar to a base

30 station in the IS-95 CDMA system) having a number of antennas that
transmut data to, and receive data from, a number of remote systems (i.e.,

subscriber units, similar to remote stations in the CDMA system), some of



whi ch may i nclude one antenna and others of which may include nmultiple
antennas. As used herein, an antenna refers to a collection of one or nore
antenna elwpmipstibhat are distributed in space- The antennqnghgﬁﬁpgﬁ‘nay 5
be physically located at a single site or distributed over multiple sites.
Antenna el enments physically co-located at a single site may be operated as
an antenna array (e.g., such as for a COMA base station). An antenna
network consists of a collection of antenna arrays or elenents that are

physical ly s rat ed severa ase i ons). An_antenna array
or an 10 antvé W@YV&B‘%@%&?“ é“g%?fag Q%P‘FF\S Pﬁé‘%ﬁhlwy%qdﬂ AWEENE and
to transm tyiphbhiPl € beans fromthe antenna array or network. For exanple,
a CDVA base station may be designed with the capability to transmt up to
three beans to thkseelsddfhereﬁmt aseahtenna obfeds coverallecioRaof PnesS et Mo
from the sane ant e&w y Thus, 1I|Wi}hree beans may be viewed as three
15 transm s&NING £ a‘éﬁf‘éﬂ% 1 SRR gh?l@iﬁ“@?sftlém&mﬁs trhay
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for an extgn MB& f I gu nt osed by
voi ce serV| ces ggthca lgbfégl[}sﬁgggetgﬁa t&?& c?#?n F‘eg‘l’{é’ 3: :g)"tﬂé%B rces
to be dedi aaTPMA basactatitei ey bk ldebiphelin@ithuttal taph tytfuen@abimt P to
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15 transmissions from three antennas.

The communications system of the invention can be designed to
provide a multi-user, multiple access communications scheme capable of
supporting subscriber units having different requirements as well as
capabilities. The scheme allows the system's total operating bandwidth, W,

20 (e.g., 1.2288 MHz) to be efficiently shared among different types of services
that may have highly disparate data rate, delay, and quality of service (QOS)
requirements.

Examples of such disparate types of services include voice services
and data services. Voice services are typically characterized by a low data

25 rate (e.g. 8 kbps to 32 kbps), short processing delay (e.g., 3 msec to 100 msec
overall one-way delay), and sustained use of a communications channel for
an extended period of time. The short delay requirements imposed by voice
services typically require a small fraction of the system resources to be
dedicated to each voice call for the duration of the call. In contrast, data

30 services are characterized by "bursty” traffics in which variable amounts of
data are sent at sporadic times. The amount of data can vary significantly

from burst-to-burst and from user-to-user. For high efficiency, the



8 conmuni cations system of the invention can be designed with the
capability to allocate a portion of the available resources to voice
services as ﬂ; ired and the remaining resources to data services. A
fraction VW10 qyvai | abl e system resources may al so be dBET/E&¢ES1fOr
certain data services or 5 certain types of data services. The

di stribution of data rates achi evabl e by each subscriber unit can vary
wi del y between sone m ni num and maxi mum i Ast ant aneous values (e.g., from
200 kbps to over 20 Mops). The achievable data rate for a particular
subscri ber ueemIBEnigatiogsy aystasnenf they ngentibhuecare dbdydesigechuwitdy  thfe
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f th t t

of the i nventi on, Thé%@friﬁ&t&&{”d%a%&'ﬁ} PREachRbhrhy RSPl 3G Argaggﬁ% P

concurrently, the communi cat 1 ons em o) he T n en ion TS

t he capabi | nta;rytmd&ﬂydb;eﬂaeem sahieonahﬁnﬁxlme avdirhabintuire iAstaaendddsedaRipst he
me to_dynanically allocate

amount of vo traffic ch

resour ces i Gf’e's ﬂr%eg&%%bﬁ/ to &Y@Fh%$ Réhe 1RF aaqhievabler datayrates fors a
descri bed i t

08, 665 556 M EeuRLEBRAS Nt o Sny RVBRLoBREhE § b ihlBendll by 2
25 describeduimbenr ef fartdraducntagtse aansdinits of apatilablefrangiplr podger, the

different t ervi ces having djsparate requirenents., The features
are achi eveoalyagﬁ'yé#ﬁ?‘tﬁyicm%’éﬁﬁﬁmf Léﬁeyﬂ‘eoaypefﬂﬁ)@dmﬂ shameyandr a
conbi nati on e Y of Lver Si.i

I ndependent I%/ﬂibih?fe}l\?egag&ﬁg&%yrrg ca %}3 (s)elg'é%}%eg. %b‘ﬁ%g{e?‘%rag%,‘%y

ant enna di verildly heewveers a minhaum aveloe SeignnB kb, dor arescieptdalih allf thdakvayover

nore than one antenna, u versity refers to the transm ssion of
data over %?htg ’é’l‘r‘g“ ﬁgl{‘ tangous peak rate (e.g., 20 Mbps for

15 bursty data services).
The percentage of voice and data traffic is typically a random variable
that changes over time. In accordance with certain aspects of the invention,
' to efficiently support both types of services concurrently, the
communications system of the invention is designed with the capability to
20 dynamic allocate the available resources based on the amount of voice and
data traffic. A scheme to dynamically allocate resources is described below.
Another scheme to allocate resources is described in the aforementioned
U.S. Patent Application Serial No. 08/963,386.
The communications system of the invention provides the above-
25 described features and advantages, and is capable of supporting different
types of services having disparate requirements. The features are achieved
by employing antenna, frequency, or temporal diversity, or a combination
thereof. Antenna, frequency, or temporal diversity can be independently
achieved and dynamically selected.
30 As used herein, antenna diversity refers to the transmission and/or
reception of data over more than one antenna, frequency diversity refers to

the transmission of data over more than one sub-band, and temporal



WO 01/76110 PCT/ USOL/ 09114 9 diversity refers to the transm ssion of data
over nore than one tine period. Antenna, frequency, and tenporal diversity
may i ncl udwoaabeérabegori es. For exanple, transmt diversityagrignsstie the
use of nore than one transmt antenna in a manner to inprove the
reliability of the communications link, 5 receive diversity refers to the
use of nore than one receive antenna in a9 nmanner to inprove the
reliability of the communications link, and spatial diversity refers to

the use of ibkidherdiEANRie REAsHESENY B BAILHIASIRe IR ONE A period.

reliability and/ ncrease the capacity o he comruni cat 1 ons
Transm t andAnieeiay rediueary, aryd campairslodbeersise dnayn ircdode rathicategbeied O For

i nprove the reliability of the conmunicatigns |ink w thoyt increasing the
i nk capaci @9‘?‘“‘1’31!3& GRS §fﬁlﬁh§e§’1r5 éﬁt&%é‘?efqﬁe%ﬁca}a%rﬂi‘q dragmant

di versity caiLiws ibe ACREEY Y iARoREahMbILBID S SHORBAM e BERS T

I nvention. Frequency diversity ¢ be prov y use o I -carriér
15 nodul &5 | eacsivhedivession raferortbhidgonsd of ragrenhyn dink seaivendritephexinng
(OFDM, which allows for transm ssion of data over various sub-bands of
t he oper at i FgabagtikpP dmproveniyr reliahilier of the cemapunicgignsylinkaasdi spatiad

the data over fILLECENL. LTS, AT 5P CARGE MR RASHLY, ACRAMILISHEL Yt 1

t he use of ti vi sion xing ese vari ous aspects of

20 comuni Cafriptiovesiitt pelidilityhend Nuedrosseatie affeity kfdhencdibtingicagdehai |
bel ow. I n accdordance wi th an aspect of the invention, antenna diversity is
achi eved by lisdpl drapgmit ranbsecedve (iyprsifyafamialscabe aipeds imtcamiination to
transmtfer .unit or n er.. of receive.ant epnas the receiver,unit,
25 or mul1 e RTBiRa LR bt R oPERC BN SR e Rho bk RN pd
terrestrial InMEdpaEat.| ONEicss cefilifiaBons dofcghletthal fregpleaty, andr

system an MVDS system _and others), an RF nodul ated signal froma
transnitter divetsifyagan chats beachiessd anduare withing theniropeopf tthgnpresesiton
pat hs. The hgrﬁgco%ri stics of the transm ssion paths typically vary over
time 30 baséd on a humber of factors. If nore than one transmit or receive

antenna is used Fragdendy t dietdiNSErS ShoNpRAtided bby wesn ohea tinailErdariend
recetye 15 modulation scheme such as orthogonal frequency division multiplexing
(OFDM), which allows for transmission of data over various sub-bands of
the operating bandwidth. Temporal diversity is achieved by transmitting
the data over different times, which can be more easily accomplished with
the use of time-division multiplexing (TDM). These various aspects of the
20 communications system of the invention are described in further detail
below.

In accordance with an aspect of the invention, antenna diversity is
achieved by employing a number of (N;) transmit antennas at the
transmitter unit or a number of (N) receive antennas at the receiver unit,

25 or multiple antennas at both the transmitter and receiver umits. In a
terrestrial communications system (e.g., a cellular system, a broadcast
system, an MMDS system, and others), an RF modulated signal from a
transmitter unit may reach the receiver unit via a number of transmission
paths. The characteristics of the transmission paths typically vary over time

30 based on a number of factors. If more than one transmit or receive antenna
is used, and if the transmission paths between the transmit and receive

antennas are independent (i.e., uncorrelated), which is generally true to at



antennas are independent (i.e., uncorrelated), which is generally true to
at WO 01/76110 PCT/USO01/09114 10 | east an extent, then the |ikelihood of

correctly r ﬁ g the transmitted signal increases as the nunber of

ant ennas |H§ 3&&@@ General ly, as the nunber of transmit af§TSEEIYE
antennas increases, diversity increases and performance inproves. 5
Antenna. diversity is dynamcally provided _based on the characteristics of
the communications link to provide the reg9|red performance. For exanpl e,

a higher degree of antenna diversity can be provided for sone types of
communi cat i odedsé.ap extangntiemdhe lkalihmode of ygmrsectlyf r@r@nmngeﬁu( dransmitticte) ,

f t | k..ch t t f
Some ot her oaia incEetRes A i S, o 38208 Snireasts. reReRlly RS e 1
i ncl udes trapgthbed bYQfa‘iisEﬂﬁt%@i ré@FRl YRLHINAS' Rictdases Odhvbfs?{éﬂﬂctreﬁggedrrﬂ ty,

data is transmtted over nultiple transmt antennas.” Typic ditional
processi ng i pepforfranvedinopreves.data transnmitted fromthe transnmit antennas
to achieve the desjred diversit 15 For exa e, the data transmtted from
di fferent “transmi ﬁa“btﬁ{‘@ﬁnaé{‘ 1%’Be 154 e dXPEHY Yecﬁrﬁ'&&ij rpasedre, Oy g‘tfd

and i nter| eayRdReAGRst i aHe! LaRlRuni At LAR! 48N FRovfile el RGNS

and tenporal diversity may be us conjunction w e d|
transnit ant penfssmarae. r #oei eandplecrsihigher dagrﬂeabEMe@mId;warsa—yr eazelbeed
on multiple recej va nt ennas, and_diversity

20 i s achi eﬁ/e bé
recei ving t h@TSY e fﬁ%ﬂﬂ.%@%%@%ﬁ%&%e%kﬁ&aﬁ% mgh e&e%ﬁxees\mh

anot her aspegf spfvitdte(d. #VeBide® Nior! ﬁﬁ(m :@5# e y
enpl oying a mJSt |v-lcar$éi§ 638 e?trl %cﬁrﬂgc ene ‘H{ﬁé)ne suc sc ene t e{:fcghgég’
NUIMer ous 1é)dvimbra©é19 osf@FMhe\Mhér corilitions du lcanbideratidres. over al |

transm ssi on channe ssentially divjded, into a,25 nunber of (L

paral | el sub-chan ?5?‘% gl 88 iyersity; inclidess fransgnt dversityeand
data. The oveidhte HiPBSIHS SEQNHER ﬁxgme QGESHPT GStal leqrér%&&'ttedoe@é@ghﬁ& iple

bandw dt h of W and each of the s channe occupi es a sub- ban
bandwi dt h of iahkmahentemmaer dy/patally, dididigoraltproeessing id perfoemegl oxE&rehdata
sub-channel has a .ba Is.a ortlon of rating

dwi dt h. t hat he to
bandut dr e EaaRsBH e oHogn 1bh AR Ahiennag. b & degired dversity.

15 For example, the data transmitted from different transmit antennas may be
delayed or reordered in time, or coded and interleaved across the available
transmit antennas. Also, frequency and temporal diversity may be used in
conjunction with the different transmit antennas. For receive diversity,
modulated signals are received on multiple receive antennas, and diversity

20 is achieved by simply receiving the signals via different transmission paths.

In accordance with another aspect of the invention, frequency
diversity can be achieved by employing a multi-carrier modulation scheme.
One such scheme that has numerous advantages is OFDM. With OFDM
modulation, the overall transmission channel is essentially divided into a

25 number of (L) parallel sub-channgls that are used to transmit the same or
different data. The overall transmission channel occupies the total
operating bandwidth of W, and each of the sub-channels occupies a sub-
band having a bandwidth of W/L and centered at a different center
frequency. Each sub-channel has a bandwidth that is a portion of the total

30 operating bandwidth. Each of the sub-channels may also be considered an

independent data transmission channel that may be associated with a



I ndependent data transm ssion channel that may be associated with a WO
01/ 76110 PCT/US01/09114 11 particular (and possi bly uni que) processing,
codi ng, anwowdshmti on scheme, as described bel ow. The datRCTH§VIO114
partitioned and transmtted over any defined set of two or nore sub bands
to provide frequency diversity. For exanple, the 5 transmssion to a
particul ar subscriber unit may occur overllsub-channel 1 at tinme slot 1,
sub-channel 5 at tinme slot 2, sub-channel 2 at tinme slot 3, and so on. As

anot her exa iculdd qahar i SyheeEd ii@%, RidinglBAnke mbldafla flokt ed
over sub-chgﬁé\%lcsu 1 gnd 2 pa%tsg%:wrreﬁgli%{e)l%. g.s, i th thggasarre r(lzfllata ﬁEilgi ng
transni tt ed suhebw, las sigbertbexhbelosy., sub-channels 4 and 6 at tine slot 2, 10

only sub-channel at.tinme slot 3, .and.so on. Trapnsni ssion of, datq over
G111 erent sub. chakheIdats gy W@rbaﬁnﬁmgapﬁ@ﬂﬁsﬁ%f%% dsgnsg set of

comuni cati o S egg%é'r?{gc' u 1 f agh :?“‘?‘38 C el
di stortion. @%Z%f lglg]ﬁéf Its o &%%réggﬁl g@ﬁ%ﬁﬁg Sﬁ%égg%y'i bg:gpg?be l'e, r1lgl%lnn
accordanc wrahsméssicaants hqrartiepiac tsubbarilite wit endy oocurt evgrosab-chdiwel didty is
achieved by transmitting data_at different tinmes, which can b nore _easily
acconpl i shedtimg sigt Li sab-ghanngl Sratpime gloksd sgbchempel B ot e slok & 474 6
(and possi bl y_ for, vai er.y.l , r 1:551.QN '

Siots that ey ol ShEBATfifRe & Tob [ SHApRaRAREHEE NEE ofdyTe

degr adat i on franimatebovensgnthamnsels iiniqd ZTaewnponaklailv@g) Wwithtlye sase deta
achi eved through the use of interleaving. For_ exanpl lon to

X ,  the é}ran,sm’ Sf
a parti cul arbeingdensseittedpn bﬁﬁ}/“@'@b&ﬂn@}&brﬂ‘{br%nﬂe&% and;ab ighe #lotog, on

a subset 49f S t t f 1 ou ' I 1,
R R R S R s A
be vari abl e @ifferertedublelensielssower anee datl finprevei ke spetformapceved tahe

| i keli hood of correct data reception due_to, . for exanp] e, inpul.se noise
and i nt er f ereATRBIUNTRREQRHSHEIED nCHPETANGRG 2 fraquenaensslectivg tading apnd

G et 1) SR ARIGATELT ETRL BRSO OfTHICi NAR L i Bt
i nproves t hebelow. . , ,

15 In accordance with yet another aspect of the invention, temporal
diversity is achieved by transmitting data at different times, which can be
more easily accomplished using time division multiplexing (TDM). For
data services (and possibly for voice services), data transmission occurs over
time slots that may be selected to provide immunity to time dependent

20 degradation in the communications link. Temporal diversity may also be
achieved through the use of interleaving.

For example, the transmission to a particular subscriber unit may
occur over time slots 1 through x, or on a subset of the possible time slots
from 1 through x (e.g., time slots 1, 5, 8, and so on). The amount of data

25 transmitted at each time slot may be variable or fixed. Transmission over
multiple time slots improves the likelihood of correct data reception due to,
for example, impulse noise and interference.

The combination of antenna, frequency, and temporal diversity
allows the communications system of the invention to provide robust

30 performance. Antenna, frequency, and/or temporal diversity improves the
likelihood of correct reception of at least some of the transmitted data,

which may then be used (e.g., through decoding) to correct for some errors



| i kel i hood of correct reception of at |east sone of the transmtted data,
whi ch may then be used (e.g., through decoding) to correct for sonme errors
WO 01/7611%8%5{#%91/ 09114 12 that nay have occurred in the_other

transm ssi ons. The conbination of antenna, frequency, and PERGPHIITH
diversity also allows the communi cations systemto concurrently
accommodate different types of services hgving disparate data rate,
processi ng delay, and quality of service quirenents. 5 The communi cati ons
system of the invention can be designed and operated in a nunber of

di fferent cothatnmayt have arsdered ini the edber trommissioatsi offhermdenténplioni af)
antenna, frequency, .or tenpora diversjty,.or a c I nation thereof. The
comuni cat i OHEF ol EHHS?%&I‘A fenpesal rfh]véf‘ma' Y eag&b"l’il %EE% FRTNTEEE MR ode
and a M MO 1@Qv&emmydi Esic@resn | LOat i - gl v '

and M MO co%:mni cations node gﬁoglafslgag% ?t}g%gé}?e% tgﬁege?glﬁrgr%nﬁégﬁ%ns
system Al sodispahaie dadamate; paodessingrieley, arah qoelitypf serwideerbomidengergs. Wi t hi n
t he scope_.of the i nvention. The diversity comunic ns node

t t
enpl oys t Pansni t~ﬂ‘.gsce°%8’1}‘g%?@%“%iﬁ)’éﬁ’§¥‘t?f, & SYRIHEQD @“ﬁ’éln%%‘%lﬁ‘IIEd and

diversity, o Qahnat | d ¢S I : r he. .
reliability g? élrta(riie con’?}uﬂﬁc%tﬁ}orgsf Fgﬁ%}%ﬁ %‘y%‘%‘zﬁ‘?‘%ﬁgnegﬁtrg%‘?%% 2\]{1&{ heeaCh

di versity conpmmusicatings nomedet hemployngmdritennani fresgleeey,s ar mbetlpairalon
and codi ng sahe%i . e., rrﬁﬁnf i_gur tion) froma finite set of %%ssi |l e
confi gur at i off7TRNcHF 4 CQMHBAROB othezeehe Thec sprununifationsEanogssatfsiiadecach
over head andggz0mpRdin nngl : sl AliESidhd h reicul a

configurati Oi;](ﬁ.t hat | hﬁnog\m ?{)ﬁgsllﬁﬂ recei \?Z{r&%?l%gs @’\ﬁen uéalﬁl#g %heMIMO

di ver si t #$0cosermmusicatoss mddef dVamous membinatiossrof{ thegdiversity andoMiaical |
or a data transm ssio % tﬁf@“de and/ or, configuration may be known a
priori (e.g. SOMPHRISAHPRSY| eSefan, Alse be stippoxtad fve dhe ecgmmuynicagionsnmon

channel ) by gé)gseerﬁecgisw,ebtﬂéy corrirh tfyn\geh%&gé@ COBIN Bl RS ACdfd gt 2

is transmtt on one or nore sub-channels, fromone or“nore antennas, and
at one or nowathin ithe spepé¢ oflthe Firesaaitl invahddnsub- channel s may be associ at ed
WL e Same antENg Q™ o R SR AL 2R TR ekl L et
antennas. In a ploy
15 receive diversity, frequency, or temporal diversity, or a combination ‘*:: 23,
and is generally used to improve the reliability of the communications link.
In one implementation of the diversity communications mode, the
transmitter unit selects a modulation and coding scheme (ie,
configuration) from a finite set of possible configurations, which are known
20 to the receiver units. For example, each overhead and common channel
may be associated with a particular configuration that is known to all
receiver units. When using the diversity communications mode for a
specific user (e.g., for a voice call or a data transmission), the mode and/or
configuration may be known a priori {e.g., from a previous set up) or
25 negotiated {e.g., via 2 common channel) by the receiver unit.

In the diversity communications mode, data is transmitted on one or
more sub-channels, from one or more antennas, and at one or more time
periods. The allocated sub-channels may be associated with the same
antenna, or may be sub-channels associated with different antennas. In a

30 common application of the diversity communications mode, which is also
referred to as a "pure” diversity communications mode, data is transmitted

from all available transmit antennas to the destination receiver unit. The



30 common application of the diversity comrunications node, which is also
referred to as a "pure" diversity conmunications node, data is transmtted
fromall aWwW@Wahite transmt antennas to the destination redgivesolwnits. The
WO 01/76110 PCT/ USOL/ 09114 13 pure diversity communi cations node can be
used in instances where the data rate requirenments are |low or when the C/|
is low, or when both are true. The M MO Xommuni cations node enpl oys
antenna diversity at both 5 ends of the comrunication link and is

general | y usmgret diviergity \@nb@iuthitagone! mdle! édry bandelngy ﬁ%ﬁ@n&é&emﬂéﬁ’é‘iﬂ-ﬁw of

t he conmuni cations |link. The M MO comunicati ons node may further

frequency ard;ﬁrta)rrateaﬁﬂwmmenta/@r% ilew pn weherithet Céhisnlavh, ohevizert émh are
di versity. g M MO communi cations node, which nay al so be referred to
herein as tH: %patial 10 comruni cati ons node, enploys one or nore

processing nodes T MIMOCSSHHRicRELAYMIAE e?dﬁl%ﬂ@ 'ahYerﬁ%”mrgigf'ﬂ% tfpde

general |y has |ower spectral efficiency than the”M MO conmmuni I ons node,
especi al |y andsiaftth e:/cromimuulcetloﬂolmkemdas gbnwaﬂlgr nsedetcaimp e \talthiahe t he

di ty 15 t, hi bl e eff b
el or Y o eI AR inF3s MRS SR L e FonTBnRIGmBons inR: The MIEG0ae
provi des gr eah@nuthetidl BRbHeCHeRE ¥uiRe ¥ %5 ﬂh&&t‘aﬁﬁh&/ﬁ} 66418 to

high C/'1 values. The M MO communi cations no advant ageousl y
used when t [bversity riat ecorabinatmmentetiar ¢hendetatra t diversity. 20THee MIMO

conmuni catlons system can be,desi gned to o tly, ort oth
diversity af K?B‘ P&%@%Wl@ﬂb B?Fgrﬂ' ficfé’ts}i“%% sSRatiflpe
applied i \dtRAuHi CL8@s | ppLi ed
" ndependent %Bon‘*a RIS R b%ﬂéf’“ﬂT%?@M%%o“&énﬁun‘%%%T ood e BPB

typically a tl'ebbdbel@pemflc users. However, each 25 communi cati ons node
may be applied o%@ac Y(Frs - channel 1nde enden ly, 0ss a . subset of

sub- channel s, bERRUNB}c@NOogs  Jpo %n&erlﬁr has, dpwer pgpectral
exanpl e, theffigendf thit MMRIDAUNBHEALEEY JFRIGnBRY, Qﬁ%ecﬁéggl 'a?qugﬂ /1

specific user (e.d., a data user) and, concurrentl
levels. However, at low to moderate C/1 values, the diversity
15 communications mode achieves comparable efficiency and can be simpler to
implement. In general, the use of the MIMO communications mode
provides greater spectral efficiency when used, particularly at moderate to
high C/I values. The MIMO communications mode may thus be
advantageously used when the data rate requirements are moderate to high.
20 The communications system can be designed to concurrently support
both diversity and MIMO communications modes. The communications
modes can be applied in various manners and, for increased flexibility, may
be applied independently on a sub-channel basis. The MIMO
communications mode is typically applied to specific users. However, each
25 communications mode may be applied on each sub-channel independently,
across a subset of sub-channels, across all sub-channels, or on some other
basis. For example, the use of the MIMO communications mode may be
applied to a specific user (e.g., a data user) and, concurrently, the use of the
diversity communications mode may be applied to another specific user
30 (e.g, a voice user) on a different sub-channel. The diversity
communications mode may also be applied, for example, on sub-channels

experiencing higher path loss.



di versity conmuni cati ons node may be applied to another specific user 30
(e.g., a voice user) on a different sub-channel. The diversity

conmuni cat mang e may al so be applied, for exanple, on 5”?(‘?)%@5‘1'7@)1?4
experienci ng higher path |oss. WO 01/ 76110 PCT/USO /09114 14 The

communi cations systemof the invention can also be designed to support a
nunmber of processing nodes. Wien the tranggtter unit is provided with
i nformation indicative of the conditions%3 l.e., the "state") of the

[ [ | , di ti. | b f d h
Cranen tter unit EBeresRouRRtin EPSERY BF o Savehidh or ale be feperey
Ful | channel suppdné a nfumbret | @h p¢@Sisyingr npalesi alWhEsh rthy &anmutéxahhatt(s t he
t tt t t L.
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and receive uﬂmatlémshlmlcb bdddlormllprcmﬁssmgmnlbmlpmﬁxmdtb af/ theper
10 sub- basd. trlﬁ&nméﬂ Lgff{s (B Hy e TRRAO0 bikrBrashe orPUALESS: U ERE)
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u rtia r.ans r u ondi ti ons e ata

prior to 15P¥9P§|$§ E‘sP%th‘ gsda r BEW ’Jélﬂe ra Pth‘Fﬁ%) B‘?%N%em gl paigmpf teapsmit

precondi t i orarid eecdigaairtennas ¢of eacH QuEJbandI rRB 0] addi ﬁihldl@ét ed thé WApdrhat

is uniqu ondi t.i oni

per f or (r:]regof ot e %‘ﬁ& ﬁgleb%ﬁfégg u% Ofl%zﬂmr%é%'i @Ie]?"a ipestaf o nl%ﬁr@alas

t he channel vauss tloat Maﬂmrlgmmee@ﬁ thle! goriditions hef thienteansmissiciO pastlas fircad by

the recei veryluhnaigh SHISRACN ke PP IRkolhd N2 ALANRIN Wl 2PGriaed

to precondition e transm ssi on, ver unit

denodul at e thal MayHnGEde ofpr ‘P’fﬁﬂﬂmes theft Anedhtha isbh'baadf uIWJ@IquagéH ormM MO

communi catl gl ¥y be denpdaliabed Byt t BRelBRAINMRs UM damsosiial eqoWi th
t he CSI eco ition the transmtted signals. 25 In the partial-CS|

or no- CS r ﬂé?ce’tvﬁ’é‘?%msmtter unit can enploy a comon
modul ati on and Co'ﬂnmgrmmﬂmiﬂaez( anft camrpree@ﬁdlmath@iwgnmb preassetis & QRp,

whi ch then cap.be.GR.Aheory) ‘Qaynﬁmal{ll"s"tu%g 1?3’ 1§ léllspeuflc receiver unit (e.g., the

pre-conditioning is performed for each sub-band assigned to that receiver.
unit). As long as the channel does not change appreciably from the time it is
20 measured by the receiver unit and subsequently sent back to the transmitter
and used to precondition the transmission, the intended receiver unit can
demodulate the transmission. In this implementation, a full-CSI based
MIMO communication can only be demodulated by the receiver unit

associated with the CSI used to precondition the transmitted signals.
25 In the partial-CSI or no-CSI processing modes, the transmitter unit

can employ a common modulation and coding scheme (e.g., on each data
channel transmission), which then can be (in theory) demodulated by all
receiver units. In the partial-CSI processing mode, a single receiver unit can
specify the C/I, and the modulation employed on all antennas can be

30 selected accordingly (e.g., for reliable transmission) for that receiver unit.
Other receiver units can attempt to demodulate the transmission and, if
they have adequate C/I, may be able to successfully recover the
transmission. A common (e.g., broadcast) channel can use a no-CSI
processing mode to reach all users.

35 As an example, assume that the MIMQ communications mode is

applied to a channel data stream that is transmitted on one particular sub-



receiver units. Lei the partial-CSlI processing node, a single receiver unit
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transm ssion. A common (e.g., broadcast) I®hannel can use a no- CSl
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nodul at i th ppddtiovet todslatteam §anbble ThHe donecsaéatst shpiaidonaitiensd.

The full-CSI based processing is typically enployed in the MMO
communi cat | SRARBONBENEOk ALY respegRyalyspravaded dp dhe fans romiaaersp of the

specific us n - Of ann i S . h .
al | ocat ed gégpcﬁgﬁ%{s) ajgé%nfqgr p?%%}gs%ﬁﬁg gseég?rgﬁ P %I ﬁ%e%%g{?@ﬁep re
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processifiy GEsfiatelGhfig®fantenna.

The full-CSI based processing is typically employed in the MIMO
communications mode where parallel data streams are transmitted to a
specific user on each of the channel eigenmodes for the each of the allocated
sub-channels. Similar processing based on full CSI can be performed where

20 transmission on only a subset of the available eigenmodes is accommodated
in each of the allocated sub-channels(e.g., to implement beam steering).
Because of the cost associated with the full-CSI processing (e.g., increased
complexity at the transmitter and receiver units, increased overhead for the
transmission of the CSI from the receiver unit to the transmitter unit, and

25 5o on), full-CSI processing can be applied in certain instances in the MIMO
communications mode where the additional increase in performance and
efficiency is justified.

In instances where full CSI is not available, less descriptive
information on the transmission path (or partial CSI) may be available and

30 can be used to pre-condition the data prior to transmission. For example,
the C/I of each of the sub-channels may be available. The C/I information

can then be used to control the transmission from various transmit



conplexity at the transmitter and receiver units, increased overhead for
the transm ssion of the CSI fromthe receiver unit to the transmtter

unit, and 2Wos97any, full--CSI processing can be applied in [ tal
i nstances in the M MO conmunications node where the additigﬁifle%hQ%léése in

performance and efficiency is justified. In instances where full CSI is
not available, |ess descriptive informatj gn on the transm ssion path (or
partial CSI) may be available and 30 can be used to pre-condition the data

prior to trangmmssio appl e, the C | each of the syb- channels may
be avail abl e! %Eh E‘/ o, ﬁ?‘%‘?ﬁét feﬂ&ﬁeflhé’ﬁrfg’é“}ﬂ‘éﬂ 8 Hogi sehp-charnels of
transm ssi onirtetdst uad ipdceaké apsiehi cé@ﬁ 76110 PCT/USCL/ 09114 16 antennas
to provide the regﬁl red_perfofmance in the sub-channels of interest and

i ncrease system cégagsed . eﬂ@nusﬁ;ﬂ—lﬁ& é)asﬁd pubteseBly hacdes pleoes JProgessiles
denot e proce d partial - CSI based
processi ng noﬁgied;égdgg%t §§e 5ﬂ‘§ 6% ?Fﬁ’&xﬁ-:-gﬁ?n'é"fs asﬁrqy&ﬁ%mm npgles feaote
full-CSI Basptodssingsabags Mt f i‘ﬁ‘mt;

node t hat ut| lizes ? SI bg?gdﬁﬂ%?esgsfﬁfl nt Sg Rﬁ%@é}gﬂ%{f’ﬁéé{‘?%@%
node. The pamqhaqie,dswr ea@geple, tioel fell-G81 MIBOF aiodex tingl atilizbs RALCSAhaGEY

MI\/Dm)detht M i ze based processjng in the M MO
communi cat i é q’%%@m%@l; 2hiens | n@g\e or Ther preial¢S§! based

proceSS| ng |ﬁlda§gl gy;@ﬂdéOf 2l dxawidipe a o, i tion the
data using the avail able %hanneﬁgt at%g \Bﬁ]fr%rrra 299“!% 5€ ﬁ%
or C1), fecotdiakCSIHs aﬁﬁdmnogaSSﬁmg)mttheMﬁdé] vmnmutamnseﬂwéed Wmch

uses a pg tion ofy the rever ;mlgl_(cr; acity Egéefore there is a cost
associ ated with tResiRe eéSYJ Obd?alf’fpé IPTRS&SINg id eaaplopigd nodes.

The cost shaallevbed agir@b@etel MRt E@garﬁ—%hﬁ‘?%% W ‘&Qt&’ﬁ%‘f@é Siag aﬁgﬂgblgn q

enpl oy. The partial -CSI based processing node requires over
may be nore @aningl ertaten inforenationt afeges. theheeigenfBiddsased [T,y eSebdighckode

based pr ocestr oo 1R [ r8ister i s aiuprade bt mgoribom ol e
Z ?rrFeg; Pegoggﬁrgi;s@flfla%@aaﬁ CThéréforé Heddi8M dodphsHARBL GHthYHe' RUEIC! s
and the partial-CSI based processing modes. The cost should be factored into
the choice of which processing mode to employ. The partial-CSI based
processing mode requires less overhead and may be more efficient in some
instances. The no-CSI based processing mode requires no overhead and
may also be more efficient than the full-CSI based processing mode or the
20 partial-CSI based processing mode under some other circumstances.
FIG. 2 is a diagram that graphically illustrates at least some of the
aspects of the communications system of the invention. FIG. 2 shows a
specific example of a transmission from one of N, transmit antennas at a
transmitter unit. In FIG. 2, the horizontal axis is time and the vertical axis is
25 frequency. In this example, the transmission channel includes 16 sub-
channels and is used to transmit a sequence of OFDM symbols, with each
OFDM symbol covering all 16 sub-channels (one OFDM symbol is indicated
at the top of FIG. 2 and includes all 16 sub-bands). A TDM structure is also
illustrated in which the data transmission is partitioned into time slots,
30 with each time slot having the duration of, for example, the length of one
modulation symbol (i, each modulation symbol is used as the TDM

interval).



aspects of the comrunications systemof the invention. FIG 2 shows a

specific exanple of a transmi ssion fromone of NT transmt antennas at a

transmitter unit. In FIG 2, the horizontal axis is tinme and the vertical

axis is 25 frequency. In this exanple, the transm ssion channel includes 16

sub- channels and is used to transmt a se7quence of OFDM synbol s, with each
o]

OFDM synbol covering all 16 sub-channels ]( ne OFDM synbol is indicated at
the top of FIG 2_and includes all 16 sub-bands). A TDM structure is also
il lustrated in whiba avadlabla aubchasnelsseambe sispdrioi traesedt isigralinigmerdite) s,
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over time angegf y I e.lse . 1 thin the. scope of the
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particul ar  irognltim. onlrs cldditiodyrit ngayhbe pidvantagdorisvad hfiligd |a partietippnel s
are . enpl oye&wﬁe.g._, a PN code, with &Gchi,p duration of approximately 1/W.
10 Transmi ssPORWEtPRe sgheme g then Pilpkbanteryali ddi pll subuwhennelsa are
particul ar o W S U I | 0 f ast. e

ber i - acour o B ONE el o oRie MRt o A BikEton foP SpbfShint IR /1,
time siofl® nbranssessiborofpiHeopilot anmiilatibnmymstal ¢l at @ parfieRy t
vari ous typeg_ of daktga. F_g]rg exanpl e, égb- hanggl S and 2 may be 15
reserved forTERE [HEn¥vhichisu oftlesied boabe fedtrnnsighy dp aperanit raccuratei ver

units. The dghekifl 46282 86Rs %‘?%HQ%&@F%M'MJ ntended to be received

by all receiver units. However, sone o nmessages on the control
channel may be usEhe $jmeidlots, natndsedhifob pileb dedenizeiatsdicag| then i tgedlaba
and traffic data can_he transm{ted iﬂ t he repmai ning sub- 20 channels. For

t he exanpl egﬁ’aﬁ’m‘"ﬁ ¥appEs types ghdaia nfier EXABP | I5 1 and chigmyo bes
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units. The data on these sub-channels is generally intended to be received
by all receiver units. However, some of the messages on the control
channel may be user specific, and can be encoded accordingly.
Voice data and traffic data can be transmitted in the remaining sub-
20 channels. For the example shown in FIG. 2, sub-channel 3 at time slots 2
through 9 is used for voice call 1, sub-channel 4 at time slots 2 through 9 is
used for voice call 2, sub-channel 5 at time slots 5 through 9 is used for voice
call 3, and sub-channel 6 at time slots 7 through 9 is used. for voice call 4.
The remaining available sub-channels and time slots may be used for
25 iransmissions of traffic data. In the example shown in FIG. 2, data 1
transmission uses sub-channels 5 through 16 at time slot 2 and sub-channels
7 through 16 at time slot 7, data 2 transmission uses sub-channels 5 through
16 at time slots 3 and 4 and sub-channels 6 through 16 at time slots 5, data 3
transmission uses sub-channels 6 through 16 at time slot 6, data 4
30 transmission uses sub-channels 7 through 16 at time slot 8, data 5
transmission uses sub-channels 7 through 11 at time slot 9, and data 6
ransmission uses sub-channels 12 through 16 at time slot 9. Data 1 through



used for voice call 2, sub-channel 5 at tine slots 5 through 9 is used for
voice <call 3, and sub-channel 6 at tine slots 7 through 9 is used. for
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used for 25 transm ssions of traffic data. In the exanple s ] G 2,

data 1 transm ssion uses sub-channels 5 through 26 at tinme slot 2 and
sub-channels 7 through 16 at time slot 7qgdata 2 transm ssion uses
sub-channel s 5 through 16 at tine slots 3 and 4 and sub-channels 6 through

16 at tinme s . ransm ssion _uses sub-channels 6 through 16 at
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one tine slot. A data transm ssi e.g., datag 1) y .al so occur over

non- cont i guot sy nfl%?“g.ﬁ%e‘iscg’g?%fﬁfgg]ﬁs%?’é &-Be Cg’g%ilgﬁé%’ plsoRfsEHaAver
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may be nmul ti pl efed \g\nhth traffic data an trangﬁlt@%%qggﬁagélgﬁ%ﬁg g‘fﬁl%ﬁ
channel . Themmuitiplepdatd rgnemisdiensiairache andrilsairels Ean epaingidd,i vbicy darange

from OFDM,synbol .t o _symbpl . .Moreover .. the co ni cations node nay . be

di fferent"f r%‘ﬁ\"’u?@rmﬂ%hﬁgeé(ﬁd( é‘”gh trPffB%n%@F?e E%UWHS% oy A SIS | B-t 0
15 ot her). FReHarfe@nple, the voice users may use the diversity

communi cations node, and the data users may use the M MO communi cati ons

modes. This concBp rouliplexing efdée deta hansntissibasnein Ipewattialforchaxgepl e,
e in sub-channels that have

utti ci ent. GTRQHDRVRE BB al o e sreiinicehanm cngde doay 20
channel s.  be different from user to user (e.g.,, from one voice or data transmission to
15 other). For example, the voice users may use the diversity communications
mode, and the data users may use the MIMO communications modes. This
concept can be extended to the sub-channel level. For example, a data user
may use the MIMO communications mode in sub-channels that have
sufficient C/I and the diversity communications mode in remaining sub-
20 channels.

Antenna, frequency, and temporal diversity may be respectively
achieved by transmitting data from multiple antennas, on multiple sub-
channels in different sub-bands, and over multiple time slots. For example,
antenna diversity for a particular transmission (e.g., voice call 1) may be

25 achieved by transmitting the (voice) data on a particular sub-channel (e.g.,
sub-channel 1) over two or more antennas. Frequency diversity for a
particular transmission (e.g., voice call 1) may be achieved by transmitting
the data on two or more sub-channels in different sub-bands (e.g., sub-
channels 1and 2). A combination of antenna and frequency diversity may

30  be obtained by transmitting data from two or more antennas and on two or
more sub-channels. Temporal diversity may be achieved by transmitting
data over multiple time slots. For example, as shown in FIG. 2, data 1
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capabl e of achieving high perfornance and efficiency, each sub-"channel
each tine sl & Preyideamnenpa mned eﬁmdlvmbe vi ewed as an mdependent
adgorf

unit of transm ssion a%%e?h‘glgg %{t n%‘?‘éﬁg %‘%that n be‘fetﬁv)d ghat

transmt any type of
traffic d& apraﬁdeOthemst Cftea@blﬁw‘@hdaérb%pbbﬁr efohctievitrg, h?éh Pérfdrhenad

voi ce and traffle%ﬁggla IC?1 sgbch design, a voice call ma
¢y, each sub-channel at each time slot for ea transmlt antenna
may be viewed as an independent unit of transmission (i.e., a modulation
symbol) that can be used to transmit any type of data such as pilot, signaling,
broadcast, voice, traffic data, and others, or a combination thereof (e.g.,
20 multiplexed voice and traffic data). In such design, a voice call may be
dynamically assigned different sub-channels over time.

Flexibility, performance, and efficiency are further achieved by
allowing for independence among the modulation symbols, as described
below. For example, each modulation symbol may be generated from a

25 modulation scheme (e.g., M-PSK, M-QAM, and others) that results in the
best use of the resource at that particular time, frequency, and space.

A number of constraints may be placed to simplify the design and
implementation of the transmitter and receiver units. For example, a voice
call may be assigned to a particular sub-channel for the duration of the call,

30 or until such time as a sub-channel reassignment is performed. Also,
signaling and/or broadcast data may be designated to some fixed sub-
channels (e.g., sub-channel 1 for control data and sub-channel 2 for broadcast



dynam cal |y assigned di fferent sub-channels over time. Flexibility,
performance, and efficiency are further achieved by allow ng for

i ndependen g t he nodul ation synbols, as described bel

exanpl e, eggﬂ rmdul ation synbol may be generated froma 25 P%:squsl:?’fm“
schenme (e.g., MPSK, MQAM and others) that results in the best use of
the resource at that particular time, freggency, and space. A nunber of
constraints nay be placed to sirrplify the esign and inplenentation of the

transmtter receiver.u a VOI.C cal | ned
to a partlculcgﬁj ﬁfbs(?'gh“gﬁ}fé?k[f;o?) ghagf} EIIFS?V qv, aﬁﬁloé“ﬁ?']ﬁ%

tinme as a subhghadgab d@ASSLENERH rebSvP e HalEd. Al so, signaling and/or
broadcast data may be designated to sone fixed sub- channels (e.g

sub- channel 1 for Adsau resichdalata atransubsﬂhanwaniteﬂororbrsubeh}aﬂm@\omy 7b&10
PCTI USO / 09114 .20 a, as.s so that Its, know
a priori whi Eﬁs@ﬁt?%a ameEps aﬂgﬁi‘ es){l Mﬁﬁgﬁféi ggr thach
data trangm gRir@fof NenNIRE teans?rﬂgs?él@ Na)%"uﬂmy sta%h rdspraeﬂe%votxﬁgﬁﬁfétﬁ&'ﬂl ar

nodul ati on schene (e.g., M PSK for the uration o
t ransmi ssi onsdnematis lassigohdt i Faer axa.mp&ewmﬁ@l ay won:escaﬂlarieom ssudsehagwed. 3 For

Exiﬂp'sﬁb Lﬂaﬁ'aaﬁx e PG e Sk 2k oob- chaRR Sl aE 10 AN Glat fmy
J:f;‘;iwﬁﬁﬁm*w g e
Gubechantigh *For - e3B8 gt Bt TR, alivs Sa Braften Iy, insth. SaeRErdoByBFy
fourth tine ghl data %ﬂﬁeu‘aﬁié‘ﬁfaté‘lér%g%dgﬂﬂ% %\gﬁ %Byf ?ésdi&t:és tcgnbse

aggregated and transmtted at 15 "desi | mpr oved
efficiency. kénievipleteatt Foi example, apisereandg: mmgrmi d)maﬂab%chaanel ftme aacho

t he nt er val € No Vo en tran tted, e.tran tter
assi gln ot \rllePS Wnl& qroeﬂﬁ’é’aifﬁﬁ 3&?1{3% I atrﬁgls Fﬁ%st{?anﬂhm% SiQds pF éPé‘%;%y
s maxim Ze@thérnal!l&%tﬁﬂﬁﬂtTDMtallﬁwsdeladétﬁ BV hglkBated AR Hsmitied B0

15 designated time slot(s) for improved efficiency.

If voice activity is implemented at the transmitter, then in the
intervals where no voice is being transmitted, the transmitter may assign
other users to the sub-channel so that the sub-channel efficiency is
maximized. In the event that no data is available to transmit during the

20 idle voice periods, the transmitter can decrease (or turn-off) the power
transmitted in the sub-channel, reducing the interference levels presented
to other users in the system that are using the same sub-channel in another
cell in the network. The same feature can be also extended to the overhead,
control, data, and other channels.

25 Allocation of a small portion of the available resources over a
continuous time period typically results in lower delays, and may be better
suited for delay sensitive services such as voice. Transmission using TDM
can provide higher efficiency, at the cost of possible addifional delays. The
communications system of the invention can allocate resources to satisfy

30 user requirements and achieve high efficiency and performance.

Measuring and Reporting Channel State Information In A MIMO System
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subchannel sees,"flat fading", i.6... the ghanpel respagnse.is effectivel
constant over PHEEQHSE htgﬁ r?é‘g %%%anbﬂ]}#]wﬁg gﬂ&hﬁ%?mg? at@tq Fﬁfgf i%5h °6¥
CSl i ncl udesCsMfihtleident saffadient eftiztatiefRalbnt M BROPBESIAARIRA Pathi - G,

anpl i tude and phase) between all pairs of transmt and receive antennas for
10 each sub-ahphitsle amsphase)obétmsenddbpaire of ifansmit and wketvieeantenans er

| evel s o i nterfergqnce an 0i,Se. | ach sub-chapnel hat ,i.s kno as d |
i nf or mat i%n.egfﬁgugéﬁ%fﬁbgsgﬁ%%%@uﬁﬁs 5 Owaﬁgprqfc@ @ﬂa%‘%&vgis é’zi n
val ues that ipt@feefiesi phidverddée tif eaii §iiPRRafhell hEhdt 38S M aBAld)S
from the transnmt antennas to the recei ve antennas, as descri bed bel ow.

Wth 15 csl inforeatiinsihe (& may bepmabedied in aset ohmattices of icomplex gain
wen the cg1vades, BB At Bestlibiys 878 sBRERRI o oS sl P ERC BB o o
deconpose t the nidaksmiti BRténhael {0t ratdive hanBrhad, dsOddscRledObelbtd e pamgignt
channel's,_G ven the
15 (Sl the transmitter unit pre-conditions the data prior to transmission to
receiver unit.

CSI processing is briefly described below. When the CSI is available at
the transmitter unit, a simple approach is to decompose the multi-
input/multi-output channel into a set of independent channels. Given the

20 channel transfer function at the transmitters, the left eigenvectors may be
used to transmit different data streams. The modulation alphabet used
with each eigenvector is determined by the available C/I of that mode, given
by the eigenvalues. If H is the Ny x N, matrix that gives the channel
response for the N, transmitter antenna elements and Ny receiver antenna

25 elements at a specific time, and x is the Ny-vector of inputs to the channel,

then the received signal can be expressed as:

y=Hx+n
J——
where n is an Ng-vector representing noise plus interference. The
eigenvector decomposition of the Hermitian matrix formed by the product

30 of the channel matrix with its conjugate-transpose can be expressed as:



20 channel transfer function at the transmtters, the left eigenvectors may
be used to transmt different data streans. The nodul ati on al phabet used
with each g} or is determned by the available ¢ of that npde
given by ﬂg%glyggéwal ues. If His the NR x NT matrix that &‘Vélés"flﬂ%nl
channel response for the NT transmitter antenna el enents and NR receiver
antenna 25 elenents at a specific tine, a29 X is the NT vector of inputs to
the channel, then the received signal carf“be expressed as: y =Hx+n where n
is an NR-vector rgﬁresen“ti.ng noi se plus interference. The eigenvector
deconposi tion of H+dERtjan matrix formed by the product 30 of the
channel matrix with its conjugate-transpose can be expressed as: WO

01/ 76110 PCTI 801/&9114 2 HtH = EEE* , where the synbol * denotes

conj ugate-tr Bsthe yrabqlye depotere Gopiugatettansposd EEis sthe @igepovestor
matrix of ei -3l of.h,0fi: di si.qn . NI, The,transmitter .converts a
set of NT nodu atfol‘h%&sy%b{glg %m olgﬁg }tlﬁgr%l\%ﬁ(&g?\?g fgs. 2@‘5%1\ P?Edmilﬁgsmn
transmitted Mo Shotranymbnbs coieets Reselbf N ﬁibﬂﬁléti@aﬁ'tﬁﬂﬂﬁélsqaﬂsihguﬁé)e
expressed _as: x=Eb For all antennas, the pre-conditioning can thus be

achi eved By S1geAVEFter mattixpky B teanssni mashdatian: syobeld froma, thel NI b,

e21 e22 , e&aﬁgmp&%gyg}g? tﬁhlg!b&u‘?exﬁrllélr ﬁ% LONT J Eq (2) 15 where bl, b2,

and b. are respec he "o s%?rrbol S j o-r particular
sub-channel at transmt antennas 1, 2, ... NI, where each nodul ation
synbol can be generafled using, for exanple, MPSK, M QAM and so on, as
descri bed below, E = Ts the eigenvector matrix related to the transm ssion
| oss from

For all antennas, the pre-conditioning can thus be achieved by a matrix
multiply operation expressed as:
10

X €y €y, €1y b

X, - €1,  €n, S . b,
M M Eq (2}

o €nr1s Ewrpo €nenr | | Omr

15 where b, b, ... and by, are respectively the modulation symbols 1 -
particular sub-channel at transmit antennas 1, 2, ...N,, where
each modulation symbol can be generated using, for example,
M-PSK, M-QAM, and so on, as described below;

E = is the eigenvector matrix related to the transmission loss from

20 transmit antennas to the receive antennas; and

Xy, Xy, -.. Xyr are the pre-conditioned modulation symbols, which can be

expressed as:
x, =b ee,+bee, + .. +by sey )

x] =b] .321 +b2 .622 + ana +bNT 'eleT and
f



20 transmt antennas to the receive antennas; and x,, X2, --- xNT are the
pre-condi tioned nodul ati on synbols, which can be expressed as: x1 =bl
ell+b 2 el®ooi/BND e, NI X2 ' bl 021 +172 022 + ... + bNTpceEEd1m@pd 25 WO
01/ 76110 PCT/ USO1/09114 23 XNT =b, e,,, +b2 eNr2 + ... +bNr O 2NrNr Since
H*His Hermtian, the eigenvector matrix is unitary. Thus, if the elenents
of b have equal power, the elenents of x 2 so have equal power. 5 The
recei ved signal may then be expressed as: y =HEb+n . 10 The receiver
perfornms a channe} - ne d-frlyer qperatgo followed by multiplication by
the right ei genv?d‘f’oré’%h‘eipﬁsgﬁff Ciof" ?hﬂé’ (n:ﬁ%rﬁ'ne‘l - matched-filter operation
I's the vector z which can be expressed as: z = EXH*HEb + E*H*n =Eb+n Eq. (2)
where the new noi se term has covariance that can be expressed as: E(nn*) =
E(E'"H*nn*HE) = E H'HE =11 i.e., the noise conponents are independent wth
variance gi V3incbyHtHeis Hegmitiahughe eigen@ctonfmafréx iis tuhieagypormis, Gf thel S
Al , the i-th diagonal . 15 el er;iant of E The transmitter unit can _thus

sel ect a noduf@ER Oglbph%‘ﬁ%te% L powerg tha, slerpist @ X Als AV opquad pewer-t he

ei genvect rST}tP@fe% : : | ' . the eigenval ue. Provided
that the %hanne glo‘%gil %lgglﬁs fjﬁﬁﬁ%ﬁﬁgé@p%eci ably in the interval
between the tinme the CSI is neasured at 20 the receiver and reported and
used to precondity s#HlElmént ransmission at the transnmitter, the performance
of the comuni catTons Systemwi |l be equivalent to that of a set of
I ndependent AWGN channels with knowmn C/ Ps.

The receiver performs a channel-matched-filter operation, followed

by multiplication by the right eigenvectors. The result of the channel-

matched-filter operation is the vector z, which can be expressed as:
10 z=EHHEb+FHu-Eb+i Eq.2)
where the new noise term has covariance that can be expressed as:
E@i*) = E(E'H'n_n_'HE) =EHHE=A

ie, the noise components are independent with variance given by the
eigenvalues. The C/I of the i-th component of g is A, the i-th diagonal

15 element of E .

The transmitter unit can thus select a modulation alphabet (i.e.,
signal constellation) for each of the eigenvectors based on the C/I that is
given by the eigenvalue. Provided that the channel conditions do not
change appreciably in the interval between the time the CSI is measured at

20 the receiver and reported and used to precondition the transmission at the
transmitter, the performance of the communications system will be
equivalent to that of a set of independent AWGN channels with known
C/Ts.

Such a system is illustrated in FIG. 1B. At step 141, the transmitter

25 unit 140 converts data into multiple data sub-channels. Different QAM
constellations are employed, depending upon the SNR of the mode and sub-
channel. The data for each sub-channel is preconditioned by the eigenmode



Such a systemis illustrated in FIG 1B. At step 141, the transmtter 25
unit 140 converts data into nultiple data sub-channels. Different QAM

const el | at mams/Asiey enpl oyed, depending upon the SNR of the peg@safishpub-
channel . The data for each sub-channel is preconditioned by the el gennode

WO 01/ 76110 PCT/US01/09114 24 matrix for that sub-channel. At step 142, the
preconditioned data for a particular ant®Bnhna undergoes an inverse- Fast
Fourier Transform (I FFT) operation to produce a time-donmain signal. At

step 143, a gelik CIRXUBRSEMRAnndl, CYEL is or?%o On?ﬁ'@ﬁﬂ’?&lﬁ%ﬂeaoﬁgg&ﬁwa

time-domain signal in order to nmaintain anon
sub- channel spanicule pn&wnmeundeﬁgm ani ISyversd- Eanstl rﬁoumarpfrmafmor(IFFT)
channel . One extendedRs}y val ue_is _generated for each OFDM sub-channel

and will be PR$TEEPBJOL @é‘fft‘@&%@“aﬁ‘ signihv A Atsl 143a0 ayclip emsmrrq@romm

synbols are f¢ drsd;if 0._Mul
ant ennas at %C?gg]}nt/er Sn%ﬁ@ﬁi%ﬁr%%%g%gghﬁﬁﬁf@gp 1%%‘.%rt m4'8 ai 47
the recei Sedorthggahalityndengog aths OFOM stbudtigmels dns e plebblde cIPERA- ON
to channelize the received signals. At, step 148, the data from each

subchannel o¥EPesion dn the P‘@f@%@@oanf@?ﬂh‘é@ i Opeowdended symbel svalue is

processi ng f’ggﬁ ( t
extracted fr%ém eufllﬁgil ata, an g@?}ge?ﬁ%%IWW%%%geg&%g%?e}gegédﬁ? of fr8l
One conpres SGBDMtsgmirbmlquau step a4y gee PFDRE spwbpligate teharitedr fopnhe and

t he ei genrm rix to reduce the anount of information needed to
descri be chamyiiple hangaitandennas. A step 149, a nessage containing the

conpressgg chan neMulﬁlti)@ SnteRhQ¥ ?B Ig%béﬁ]{]fvhﬁﬁilg; rtﬁ[e:ﬁqg esgé{gel‘gd Ia? S{E§Cf4é/er uni t

145 to the 20 tran ter unit recondition
further trestepildg, ftbmsrec“éwéchmg‘naiﬁumdehgo deDisaétecRowufiet rafifformi HOFT)

i Ty
017011 oS gt USRI Sc0ey UMM RS MR RIBENG
L parallel seh-uifarmetion Iregarding dharael edhmractetibitcsCH  entiarkdd , fraum |thet i al
15 data, and converted into a more compressed format. One compression
technique is the use of the conjugate channel response and the eigenmode
matrix to reduce the amount of information needed to describe channel
characteristics. At step 149, a message containing the compressed channel
state information is iransmitted from the receiver unit 145 to the
20 ftransmitter unit 140, which will then be used to precondition further
transmissions. |

To facilitate the derivation of the CSI, the transmit waveform is made
up of known pilot symbols for an initial preamble. The pilot waveforms for
different transmit antennas comprise disjoint sets of OFDM subchannels as

25 illustrated for the case when N,= 4 in FIG. 1C.

With OFDM modulation, the propagation channel is divided into L
parallel sub-channels. In order to determine the CSI quickly, an initial
preamble consisting entirely of known symbols is transmitted. In order to
efficiently distinguish the differing channel responses of the different

30 transmit-receive antenna patterns, the pilot signals are assigned disjoint
subsets of sub-channels. FIG. 1C is a diagram of an exemplary OFDM pilot
structure composed of disjoint sub-channel subsets. A sub-channel set



preanbl e consisting entirely of known synbols is transmtted. In order to
efficiently distinguish the differing channel responses of the different 30
transmt-re@ediv@imnt enna patterns, the pilot signals are assd®@p§edodig oi nt
subsets of sub-channels. FIG 1C is a diagramof an exenplary OFDM pil ot
structure conposed of disjoint sub-channel subsets. A sub-channel set WO
01/76110 PCTI USO01/ 09114 25 conposed of suy channels 10, 1, 2, ..., 2"-1} is
deconposed into four disjoint sub-channel subsets A = (0, 4, 8,

21'-41, B = éno_n]tgjoéd 8f sub-chanel$)0, 102‘ (2 2"} id Gecom mposed iafs ?auraa -&[n'f {3,

7,11, ..., Sub- channel subset 150 i's trans ted on trans
ant enna Tx1 aftchaniel shhsetelA sybskt, B 15‘24},53 +{BrisA) t.t.e@"6h G=t{2a6shit. .

tenna Tx2 1 subsgt . C s transmtte transm.t
ggtgnna Tx3 1 gz}ﬁﬂgi ﬁgtlzﬁ&l]m gnuyse%ib %‘B“Eiléu ?eérf%rtgptlécﬂraé‘ﬁmftﬁﬁn%mt
antenna Tx4 dademiengfehhy Tﬂi%ﬂ SABSH méstrgxgslmﬁt’e‘%f Yol

sub- channel across the channel so that al s -ch anne S are S] o1 nt
bet ween t b ansansmantagriexasa 'Kudbv%?;mshbtc}&;mtmd)l sulsseh ©el540 id rtamssthitteell on al |

b- channel n a.sub-chanpe bse ng between the
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channel par aggh&hs a_{%erﬁﬁel-g@qgf\el E%rpe%ﬁﬁ?sgng{i L@t SneeflRL a%famg nthen

a cl ose spacing nay e necessary e’ nu ant ennas
enough that eveeyr Ajuisubectepael naprossy thetcl’m\madhsevﬁthtf all ﬁﬁbazlhhnneler Qrgi th

l e OF t hen nunher of consecutive OF S ma
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one or mpge hndfteddd Rlies-bR NSV 8 d:dboéﬁﬁﬁféi' §d@e§mth@@ﬁﬁﬁf}ﬁu% a

transmtter unit, the receiver unit receives pilot nbol s "on di'sj oi nt
sub- channel §mnmgthwall‘etl‘ersuhadtamw§;s uged by a paxﬂm&metranbwtaanmnrmt ica of

t he di sjoi nt -ch I As di d t.h cei ver un
have one_or THOFBORCRbS TARBRhEAT el hes coundl Fesporse fag largl he
pil ot synboldeiay upseddlathedr & él@sé)%ga&fn ﬁmalfb@dnéﬁlsﬁ i qt spEbAGhARELE for

a single transmt "antenna. The eiv t wll reCeive the values vy, =
h,,x; + n;, aniprnas is Iarge esough tbehﬂt@xeqwe&apnengrmpm@ef achieved ifor

P ot oefs OBk R gt CRIRAD S i, LSRR oPBshelbudte Bk
symbols may be employed, with each antenna assigned a disjoint subset of
sub-channels on one or more of the multiple pilot symbols.

From each transmit antenna at a transmitter unit, the receiver unit

receives pilot symbols on disjoint sub-channels and makes determinations

20 as to channel characteristics of the disjoint sub-channels. As discussed
previously, the receiver unit may have one or more receive antennas.
Suppose x = {x, i =1, . . ., K] are the pilot symbol values that are to be
transmitted on K pilot sub-channels for a single transmit antenna. The
receiver unit will receive the values y; = hyx; + n;, wherein h; is the complex

25 channel response for the i™ pilot sub-channel received at the j* receive
antenna, and n; is noise. From this relationship, the receiver unit can
determine noisy estimates of the channel response of K sub-channels of a
single transmit antenna. These noisy estimates may be used to derive
estimates for all sub-channels of the propagation channel through a number

30 of different methods, such as simple interpolation to more complex

estimation using a priori information on the channel dispersion and noise

level. The estimates may be improved by transmitting pilot symbols over




determ ne noi sy estimates of the channel response of K sub-channels of a
single transmt antenna. These noisy estimtes may be used to derive
estimtes for all sub-channels of the propagation channel through a nunber
30 of different nmethods, such as sinple interpolation to nore conpl ex
estimation using a priori information on the channel dispersion and noise
| evel . The estimates may be inproved by teéansmtting pilot synbols over 26
consecutive OFDM synbol s and then averagi ng the estinmates for each
consecuti ve CridMesyi¥®! OFEMII arga3d r abed e | ten

for each transmt antenna br adcilgt F‘ﬁé gi{él?lot sy%%ggs:ﬁqghées%t\égofd}t ﬁsgﬁ
conpl et e propeasecwive O Mnsiahbelan be represented by the set of channel
response natrices 2% where matrix . is associated with

H i,=1, 2,. .,
the it’ sub-channe]i{zs,t"rﬁlhtfst#é’ genetatast at sach fecelve pnfenna fpe qach trapsmit |

N a=1,..., tenna (B9 88888 D hﬁ%gg I egpe Lyes h of the N,
transmt and N, re?:ei vg ant g)r(ﬁlld}g 4:I"]ﬁ'e usetﬁ fé?gfgicﬁ%?éheg(?%{gﬁﬁ@hon
subsets cab fdvrannel cire bapppiesented lay tise siterhchaenel Fespdinise Rhatrides s, £=q,, a
pr opagati on c#}annel itter unit_to one Or. nore_receiver units,

JSroma transflrﬂ”| ] I

are |ocated ift clode Whee matyx Hnis,asspeiated writh ths Yaseb-shanneln ancatiser t s
signal s accor gj or the  transg ssi_on agea .of aySector can
overlap the tgg%%%%s?ﬁggéal} erglatfﬁx ngI, é’ﬁ‘at{?@r’ﬁs_glé'f"gg’.’ﬂl nf"a'hN{%deatF‘ebﬁg’é‘Plex
station, trangm ntennas. in.each.sector ransmgt signals in, a,direction
that is conplete §?d|{'%SJP8P%‘E YoM « fre (ﬁa&éc‘?écﬁﬁ IN:C&ss & and Yt Fegeivet
antennas of t}}gephher sectors. Unfortunately, overlapping areas exist in
nost sectored base stations. Using this enbodinment of the invention, all
transmt 3@tennas Tie aisbanfedisjoint cabagteanz@] asbsersechnd Fsithbn hesahsiald iRfa

sub-channel s to, avoid int erferenlg efween the sectors of that 'base
station. SimVAREY, “ﬂé‘?rﬁlﬁ'oo?\‘ﬁ]iﬁp seNk$ at8Hnsa nREORASALIMRe channel adftemofa

significant iwiRrhBIaNGRit aRF HeSiR e uph-ghanpel b
assi gned anong base stations. |I’? gen%&%ﬁz, tl-t‘%?1ée1fm(;:n(s)rrpu dt .r!%% g?é%i%% ﬁhaﬂﬂ@?
response can poxiaty. flova sp@envwhert ianbadehsihtion fransgiigdsigndlss p@iofding to
sub- channel sutc)_tset, in_the sane mannfr as the resep nse i s conputed for the
principal Iing oll;%v%lgetfre,msfussmn area ot a sector can overlap the transmission area

15 of another sector. In an ideal base station, transmit antennas in each sector

transmit signals in a direction that is completely disjoint from the directions

assigned to the transmit antennas of the other sectors. Unfortunately,

overlapping areas exist in most sectored base stations. Using this

embodiment of the invention, all transmit antennas of a base station are

20 assigned disjoint subsets of sub-channels to avoid interference between the

sectors of that base station. Similarly, neighboring base stations may also be

the cause of significant interference, and disjoint sets of sub-channels may be
assigned among base stations.

In general, the computation of the channel response can be made for

25 every link that is assigned a disjoint sub-channel subset, in the same

manner as the response is computed for the principal link. However, a

reduced amount of CSI from these interfering links may be reported to the

transmitter unit. For example, information as to the average total

interference level of neighboring links can be transmitted and used to

30 determine the supportable data rate of the principal link. If several

interfering links dominate the average total interference level, then the

interference information of these links may be reported individually to the



reduced anmount of CSI fromthese interfering Iinks may be reported to the
transmtter unit- For exanple, information as to the average total

i nterferena® digéelo of nei ghboring links can be transmtted powusaadiityo 30
determ ne the supportable data rate of the principal link. If several
interfering Iinks domnate the average total interference |evel, then the
interference informati on of these links ndy be reported individually to the
WO 01/76110 PCT/ US01/09114 27 systemin order to determne a nore efficient

groupi ng of syskerliancrles tbrueteﬁﬁmilasmetefﬁuﬁn@@ﬂﬁ?mgl&%b-cﬁrhféls Gl
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response and the actual I ved signal val ues nay use
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| ar ge nunber of %ﬁﬁ%&?eﬁ?n?iég e??ﬂrllr%nv%\’n!l ; @F}ﬁh ﬁl E ﬁ %eegr%—er of
OFDM sub- chaivaaing! nespolnse anddqutmltmceﬂvledvmgim wai&eg maqnbe 15edfto make
sub- channel s f,or ever I‘létﬁ%‘ D%/In%%nbol I'n thll‘% | rcugstance, transmt
ant ennas my? BEessETtHE ectok 1se 4y giyeRs qlot synbol where P
i's an i njgger valje e I m[{bg

i nventi o%@ the OF M ﬁ%%eﬁiggggg?gerfgdbgoﬁ}r eate ﬂg vaI ue lg%"t?’ﬁat
mnimze or s&ﬁimmaheuldzdollqweraf pattene d:ie‘fﬁzveqlmena}eremer’ a\ritaanasthé hegmese

ei t her ident| sub.channel s, or . di sj oi n&}%hjb channel An ort hogonal . code,

such as Wal stt ‘E[B’dm‘?bs e nussel Qaby when, Bk ayeis C‘§PEHaF"§’qfﬂY€6l
th |
ort hogonal  iigiake. If #PAxg8 %mrﬁbéf/ng}uB F?e PePeri ggmﬂfaa{) HofHi?, $RSE t}t:’@efe

a Wal sh code 1s used, t nber o ot S|gna e a power o
The use of ontmbgooh()m&cs]ﬂeshmlbemaydﬂ inagetrhate tu ahowhthepassigonsing

di scusseftj di %J Ol!ﬂg]tCthIt%els for every pilot OFDM symbol. In this circumstance,
transmit antennas may be assigned sub-channels for every P-th pilot symbol,
where P is an integer value greater than one (1).

In another embodiment of the invention, the OFDM scheme is

designed to create OFDM symbol values that minimize or eliminate

20 interference between transmit antennas that use either identical sub-
channels or disjoint sub-channels. An orthogonal code, such as Walsh
coding, can be used to transform (Q pilot signals into () orthogonal signals
representative of the pilot signals. In the case where a Walsh code is used,

the number of pilot signals would be a power of two. The use of orthogonal

25 codes can be used together with the previously discussed disjoint sub-

channel subsets in order to reduce interference from neighboring links. For
example, in a 4x4 MIMO system with a system bandwidth of approximately

1MHz, assume that 256 OFDM sub-channels are to be used. If the multipath
is limited to ten microseconds, the disjoint sub-channels carrying pilot
30 symbols should be spaced approximately 50kHz apart or closer. Each sub-
channel is approximately 4kHz wide so that a spacing of twelve sub-
channels is 48kHz wide. If the OFDM sub-channels are divided into twelve



channel subsets in order to reduce interference from nei ghboring |inks. For
exanple, in a 4A M MO systemw th a system bandw dth of approxi mately

1VHz, assu%&?@glﬂZSG OFDM sub-channel s are to be used. If the rrulti‘path

is limted to te€n mcroseconds, the disjoint sub-channels cB¥FYPHE'dH ot 30
synbol s shoul d be spaced approxi mately 50kHz apart or closer. Each sub-
channel is approximately 4kHz w de so tha% a spacing of twelve sub-
channels is 48kHz wide. If the OFDM sub-c %nnel s are divided into twelve WO
01/ 76110 PCTI USOL/ 9114 Z%Vé_?ts of twenty sub-channels each, sixteen are
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to mnimze interference. I'n_another enbodi nent of "the invention, a’large
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be made. These 10hewabdgs embodigeard theviahenibH! G Regdiaathid éFEeHBdic
;yst emw de constraints on sinultaneous transm ssions fromvarious sites,

i .e., an adaPFDM sysnelkics bensed asopipt catal Thesaumbezaef PRI syhbals

per f or mance. _J ern e di.nrent _qof the invention, the CSI qf M MO
pr opagat i on E‘h@%ﬁ% ﬁ%éen egg{lg}éltsgfﬁ?%e%ccgﬁ etrfl%%eﬂe@és % rmger%‘trw% EY&H 15
that does nofrout id lazge Gibibey ndfoliff@enPittAisnsit (inbanad Rih G0 mAlVBXIHER

Length Shift Regi ster sequence mse&uence) can be used to sound the
pr opagat il6n emﬁgélmtexfﬂrﬁns%m}@i%m dt he used pasebtp Systeni-widegicaststraimist h

f eedback. M seq |rabl e autocorrel ation .properties, including
the property hgﬁﬂggﬁa}lg%?i gﬁaﬁ{gvegsg)r?suli?onp“er B ?ﬁees’séﬁtleﬁ%e adeptiveny
20 non-zer o blahkifgclsdiné troaflldvwi el aguentarly @dsalen® peafodhante. Wherein the

sequence values are +/-1. Hence, the correlation at zéro shift is R
wherein R is thellt eRgtliesrte ranbedinaant of | theoinantios, nthatGhInofdesMIMDe

properties S 0) i I.n esen f gl ti path ortion of
he sequenceP Baganef sl il Jeluc i er BRA Srifontilel BR Mot el
15 that does not utilize OFDM symbols as pilot signals. Instead, 2 Maximal-
Length Shift Register sequence (m-sequence) can be used to sound the

propagation channel. An m-sequence is the output of a shift register with
feedback. M-sequences have desirable autocorrelation properties, including
the property that correlation over a full period of the sequence with any

20 non-zero circular shift of the sequence yields the value -1, wherein the
sequence values are +/-1. Hence, the correlation at zero shift is R, wherein
R is the length of the sequence. In order to maintain desirable properties
such as correlation in the presence of multipath, a portion of the sequence
equal to the delay spread of the channel must be repeated.

25 For example, if it is known that the channel multipath is limited to
some time "~ and the length of the pilot sequence is at least R?, , then R
different shifts of the same m-sequence may be used with only minimal
mutual interference. These R different shifts are assigned to different
transmit antennas of a base station and other base stations that are the cause

30 of major interference.

Links in the MIMO system that are distantly separated can be assigned

different m-sequences. The cross-correlation properties of different m-



25 For example, if it is known that the channel nmultipath is limted to
sone tinme zmand the length of the pilot sequence is at least Rm, then R
different woévmimf the same m sequence nay be used with onpgT/OBI%E 4
mutual interference. These R different shifts are assigned to different
transmt antennas of a base station and other base stations that are the
cause 30 of major interference. Links imR%he MM systemthat are
distantly separated can be assigned different m sequences. The
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be transm ttdl(ﬂfeaentabmJaBy:thz neh@s adst. thabnﬁd&etdwfhudpﬁdselcsf {hentdrad o ten

mcrosec?@ % Assune that a base statign has three sectors, wherein four
nt

transmt AHER A8 2BsSTndWnes & igant dpterfarence omaly gesiliefijtered
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15 1MH?z rate, and that the multipath is limited to ten microseconds. Assume

that a base station has three sectors, wherein four transmit antennas are
assigned to each sector for a total of twelve transmit antennas per site. If a
length 127 m-sequence is employed, then twelve different shifts of the
sequence may be assigned to the antennas of a single base station, with
20 relative shifts of ten samples each. The total length of the transmitted pilot
is then 137 microseconds, which is a full period of the sequence plus ten
additional samples to accommodate the multipath spread. Then different
base stations can be assigned different m-sequences, with m-sequences
repeated in a code reuse pattern designed to minimize the effects of

25 interference from the same m-sequence.
The embodiments of the invention discussed herein have been
directed to the design and transmission of pilot signals that will allow a
person skilled in the art to derive characteristics of the propagation channel
and to report such characteristics to the transmission site. However, the full
30 CSIis alarge amount of information and also highly redundant. Many
methods are available for compressing the amount of CSI information to be

transmitted. One method discussed previously is the use of the Hermatian



repeated in a code reuse pattern designed to mnimze the effects of 25
Interference fromthe sane m sequence. The enbodi nents of the invention

di scussed herein have been directed to the design and transm ssion of
pilot signQoAEEOwill allow a person skilled in the art PETASOIW14
characteristics of the propagati on channel and to report such
characteristics to the transm ssion site, However, the full 30 CSI is a

| arge anount of information and al so hi ghB@/ redundant. Many nethods are
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15 representative of the channel response can be generated. The coefficients of
the polynomial function are then transmitted to the transmitter unit.

As an alternative to these methods for compressing CSI information,
one embodiment of the invention is directed to the transmission of a time-
domain representation of the channel response, which is the channel

20 impulse response. If a time-domain representation of the channel response
is simple, as in cases where there are only two or three multipath
components, an inverse FFT can be performed upon the set of channel
frequency responses. The inverse FFT operation can be performed for each
link between a transmit/receive antenna pair. The resulting channel

25 impulse responses are then translated into a set of amplitudes and delays
that are reported to the transmitter.

As discussed previously, there is a cost associated with the
transmission of CSI in the reverse link, which is reduced when the above
embodiments of the invention are implemented in the MIMO system.

30 Another method for reducing the cost is to select users according to the
short term average of their CSI requirements. The CSI requirements change

as the channel fades, so improved efficiency on the reverse link is achieved



frequency responses. The inverse FFT operation can be performed for each
link between a transmt /receive antenna pair. The resulting channel 25

i npul se regBYAFEHeare then translated into a set of anplituysesyanieagl ays
that are reported to the transmitter. As discussed previously, there is a

cost associated with the transmssion of CSI in the reverse link, which is
reduced when the above enbodinents of t I nvention are inplenented in the
MEMO system 30 Another nethod for reducing the cost is to select users
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or opagat i bn SAaARANe FARIraleld b MRR AR AROFAEH WL SEMY hIARE! "0

qui ckl'y chansfopagpfionadadiutis Chipoie!less Thaphaal shahi asepnrassbaatedr Maithe
the scheduling to take into account factors such as the nunber of system
users and f aeklyschanging prapageionsbasnelst (lhesbasmoiatiopncanfalytharrange

{ranem soi o pernsautbg s EaMEr af b RRIcR AR, st HIERDE, o0

pr opagat i on (easiagl .fairGhanges i n the propagati on channel can be nonitored
at the receiving site in one of a nunber of possible ways. For exanple,
the diffHence bdnweapther w@rpedopt thisciesabadisenthofsfhe oinyvention n@ di®gest

QAM const el Latd,0n; YahUs. o &APIHS CIBAANT #53UoRS, BashELbA pegba! Mo

relative sizes o I'CS can a used. e qualtty of a

gi ven cri t erdagbe adjustdiehenrdingpicetiad ectiiah eahpeeihehe prapagatiat ehhanthe
CST is reported to the transmtter _unit. 20 The overall mnultipath )
power - del ay {rangasdnothes propagativangranngd rqan be sgiit at éhe Heceiyuza gie

power observgd,al oY%rﬁBHﬁJeg%fa}}’éssftﬁmﬂﬁs. For example, the difference between

15 the soft decision on the symbols and the closest QAM constellation value
can be determined and used as a criterion, or the relative sizes of decoder
metrics can also be used. When the quality of a given criterion falls below a
predetermined threshold, an update to the CSI is reported to the transmitter
unit.

20 The overall multipath power-delay profile of a link changes very
slowly because the average power observed at various delays remains
constant, even though channel fading may occur frequently. Hence, the
amount of CSI required to characterize a link can vary substantially from
link to link. To optimize performance, the coding of the CSI is tailored to

25 the specific link requirements. If the CSI is sent in frequency-domain form,
i.e., a set of channel response matrices which are to be interpolated, then
links with little multipath require only a small set of channel response

matrices.



constant, even though channel fading may occur frequently. Hence, the
anmount of CST required to characterize a link can vary substantially from
link to link. To optim ze performance, the coding of the CST is tailored to
25 the specific link requirenments. If the CSI is sent in frequency-domain
form i.e., a set of channel response matrices which are to be

i nterpolated, then links with little nmultj,path require only a small set of
channel response matrices. 32 Structural nmponents of a Hi gh Efficiency,
H gh Performance mruni cation System FIG_ 3 is a block diagramof a data
processor 112 and Compongnts afa High Effiriency dlighPerfoemayge egat e

i nput data streamthat includes aCpminuaicatiam Slystemansnitted by system 110

is provided to a dEul3isplbloek didEdRQf 3 Hatavpidiessotal B2 pider68eNatdd 314 of
Denul ti pl exer 310 (r:ﬁgul tllglgﬁxes the input data  streaminto a nunber of (K)
channel dat a fS{&8nY 18 Bughhergeragate Intitiadn straem that dacludey all data

correspondst aﬁiﬁﬁﬁ?@é ' hE L, & r.aadcast ,

voi ce cal I",5 gl’roélé)?ra I C &82@ %gm g%’%ﬂ&& a(i::?l % %%H@?&% eﬁéﬁ@@%igmi S
provided to awilkkimpedita proesseor¢12.3 DerhliRiplexso 885 dehfulgplekes Whk8pAt data
particul ar encodi ng schenme. The encodi ng may include ertor correcPi on

codi ng or er rdFearaiigée jppuneler al (Kdrchame! " dafagstreamscpedbeoughe S,. Each

reliability q ' e eclfl I din i ncl ude, for
exanpl e, inter atggl\%ll Hé%%%%%'l E‘?&o%dari'é “%E‘%’ﬁé?%‘%@’ggc%a%ﬁ%m&@ﬁwi a
codi ng, bl ockbroadeasy changel, ReeiteSelllh)rdm waffit dgh treishissidre d EAGRMRArERICK
(CRO) codmg and others. Turbo encoding s described in further detail in

U.S. Pateh? Npta@teesm ds proxidad daia sespsstvelengeder 332 that snepdes ithe data
Decenber 4, 1998 | ! terl eaver Using Linear
s Risdleiar O Reeid

Congruenti al tober 16, 2001 to Ling et al., and
in a 20 document €Fhé eheddingTraycilh2dé @rioFledRrétHo inglahe eYoB A& E LSS "

hereinafter referred to as the IS 200Q standard, both of which are

i ncor por at ed ¥t 'rPrg?P‘i%ef’éF R &ncreases bﬁ{:}Y&fﬁhBéﬂﬁér Mereespesificallyer

Foaever, the et §ncolihel Aty CRAINGL RhR AR iBRrRa0e: RdiySiptionel

stream obSa qudivgr Tokbehemding, Trélliatamditg eblock eddmgddelg,0Reel-Solohrdne!

data stream c%%ﬁx?g?)? C)?clfcelgedotjndaagtc? ek (CRC) coding, and others. Turbo encoding
is described in further detail in U.S. Patent No. 6,304,991 [Application Serial No.
09/205,511], filed December 4, 1998 entitled “Turbo Code Interleaver Using Linear
Congruential Sequences,” which issued October 16, 2001 to Ling et al., and in a

20 document entitled, “The cdma2000 ITU-R RTT Candidate Submission,” hereinafter

refetred to as the 1S-2000 standard, both of which are incorporated herein by reference.

The encoding can be performed on a per channel basis, i.e., on each
channel d‘ata stream, as shown in FIG. 3. However, the encoding may also
be performed on the aggregate input data stream, on a number of channel

25 data streams, on a portion of a channel data stream, across a set of antennas,
across a set of sub-channels, across a set of sub-channels and antennas, across
each sub-channel, on each modulation symbol, or on some other unit of
time, space, and frequency. The encoded data from encoders 312a through
312k is then provided to a data processor 320 that processes the data to

30 generate modulation symbols.

In one implementation, data processor 320 assigns each channel data
stream to one or more sub-channels, at one or more time slots, and on one

or more antennas. For example, for a channel data stream corresponding to



across a set of sub-channels, across a set of sub-channels and antennas,
across each sub-channel, on each nodul ation synbol, or on sone other unit

of tine, \83¢B/s11gNd frequency. The encoded data from enco hr ough
312k is then provided to a data processor 320 that pr ocessggﬁ?%%}@gltlg to

30 generate nodul ati on synbols. In one inplenentation, data processor 320

assi gns each channel data streamto one g@r nore sub-channels, at one or

nore tine slots, and on one or nore antennas. For exanple, for a channel
T
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data streamto its respective tine slot(s), sub-channel(s), an
ant enna(s), transmissignisnandetheh gneater dalezander ¢anddlays, 1datavpitdcassed 320 ngn

multi-c i er_.modyl ation. DM nodul ati on,is,usegd to provi de nunefous
acvant aghl, 5B ehE AR, FORC SR ThAL Y oRoteNe GRS Ph Bigh
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particul ar nunber of data brts. The data bits in each block are then

assi gned t otbne “stheduwled'stihachigiadhe systesrigealsd with that 20 channel data
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15 modulated using multi-carrier modulation. OFDM modulation is used to
provide numerous advantages. In one implementation of OFDM
modulation, the data in each channel data stream is grouped to blocks, with
each block having a particular number of data bits. The data bits in each
block are then assigned to one or more sub-channels associated with that
20 channel data stream.

The bits in each block are then demultiplexed into separate sub-
channels, with each of the sub-channels conveying a potentially different
number of bits (i.e., based on C/I of the sub-channel and whether MIMQO
processing is employed). For each of these sub-channels, the bits are

25 grouped into modulation symbols using a particular modulation scheme
(e.g.,» M-PSK or M-QAM) associated with that sub-channel. For example,
with 16-QAM, the signal constellation is composed of 16 points in a complex
plane (i.e., a + j*b), with each point in the complex plane conveying 4 bits of
information. In the MIMO processing mode, each modulation symbol in

30 the sub-channel represents a linear combination of modulation symbols,

each of which may be selected from a different constellation.



processing is enployed). For each of these sub-channels, the bits are 25
grouped into nodul ati on synbols using a particul ar nodul ati on schene

(e.g., MPSK or MQAM associated with that sub-channel. For exanple, wth
16-QAM the signal constellation is conposed of 16 points in a conplex
plane (i.e., a + j*b), with each point in the conplex plane conveying 4
bits of information. In the M MO processhpg node, each nodul ati on synbol
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synbol s, each of ich.may be_selected froma djfferent copstellation. 34
The coll ection of %&ﬁ%}qrbﬁfzy%@[ atigp §Mke Eoé'ﬂ‘dh Hony gpmgel v
of di nensi onald r fr t k0 L or [
associ at ed V\n?"H?tt%({ ;Jpgg???%&{ssggﬁﬁgﬁ%el II%ach %gg a utn?aa%g?g{eocﬂ}gﬁﬁ{’/ﬁ F(’7%/11“t'b0%’r11e
on which the vasthd ¥tis asscyatbdlwiths: smuvifiy sub-chhnrnelohddagi ® anijued fiehasacy:
nodul ati on synbol s are %!A‘ rthogonal to one another. At each time sl ot
and for each ¥ntoagnen wiveh| thepmadilaiansgymbels orersyssai Aget eoliagdon of

sub- channeks ar | - ' ' se .
Fourier t rgns SSemﬁﬂé%gﬁ%ﬁnwgé{mﬁggﬁléjfdfebgoﬁgtagg}‘}fégm ‘%ng&clﬂﬂﬁel
data streans glssaghdor bach Mttehnapthechanpdhitior)sEnbblgresttbgioriing So the L
described in further detail in a paper entitled "Mlticarrier dul ation

for Data Trarft-ciamels asp qamebingdosrtoTareOFRIM epmbot using ghn imvagse fast

Bi ngham | EE (EBEQ_]JJ. ' ' sﬁ@g-zzi ﬁDﬁg I |6 r por at
her ei n by re%?enceﬂ@%%ﬁ%rgces 'or%"éﬁlbl\@ us recel }égs}ﬁglrlli Brggfésglg’ant ﬁlge
encoded dat a chhnnebdaesstradhagsdignéd ebahe &l sudatiRamidleans to provide NT
nodul ation_synbol _vectors, V, through VNT, one nodul ation synbol vector

for each Pansmit OERM mradulation ie desenkadein furthes defgileirop parerrentifiedi on
synbol  vect ohg. 7BY .cate | I ' Spegiylil -
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| FFT 320 can be design to perform
15 corresponding to K channel data streams to provide N modulation symbol

vectors, V, through V,, one modulation symbol vector for each transmit

antenna. In some implementations, some of the modulation symbol

vectors may have duplicate information on specific sub-channels intended

for different transmit antennas. The modulation symbol vectors V,
20 through V,; are provided to modulators 114a through 114, respectively.

In FIG. 3, each modulator 114 includes an IFFT 320, cycle prefix
generator 322, and an upconverter 324. IFFT 320 converts the received
modulation symbol vectors into their lime-domain representations called
OFDM symbols. IFFT 320 can be designed to perform the IFFT on any

25 number of sub-channels (e.g., 8, 16, 32, and so on). Alternatively, for each
modulation symbol vector converted to an OFDM symbol, cycle prefix
generator 322 repeats a portion of the time-domain representation of the
OFDM symbol to form the transmission symbol for the specific antenna.
The cyclic prefix insures that the transmission symbol retains its orthogonal

30 properties in the presence of multipath delay spread, thereby improving

performance against deleterious path effects, as described below. The
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generator 322 repeats a portion of the tinme-domain representation of the
OFDM synbol to formthe transm ssion synbol for the specific antenna. The
cyclic prefix insures that the transnissi&y synbol retains its orthogonal
30 properties in the presence of nultipatty delay spread, thereby inproving
per formance agai nst del eterious path effects, as described bel ow. The 35
i npl ement at i émpdementatice fdFFTcy2) eng cptleprgingenemtos322 iis Knoown innthehe

art and not described in detail herein. . The tinme-domain representations
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typical implementations, the number of data sub-streams is less than LeN,
since some of the sub-channels are used for signaling, voice, and other types
of data. The data sub-streams are then processed to generate corresponding
sub-streams for each of the assigned sub-channels that are then provided to

20 combiners 334. Combiners 334 combine the modulation symbols designated
for each antenna into modulation symbol vectors that are then provided as
a modulation symbol vector stream. The N; modulation symbol vector
streams for the N; antennas are then provided to the subsequent processing
blocks (i.e., modulators 114).

25 In a design that provides the most flexibility, best performance, and
highest efficiency, the modulation symbol to be transmitted at each time
slot, on each sub-channel, can be individually and independently selected.
This feature allows for the best use of the available resource over all three
dimensions - time, frequency, and space. The number of data bits

30 transmitted by each modulation symbol may thus differ.

FIG. 4A 15 a block dhagram of a channel data processor 400 that can be
used for processing one channel data stream. Channel data processor 400 can



hi ghest efficiency, the nodul ation synbol to be transmtted at each tine -
sl ot, on each sub-channel, can be individually and i ndependently sel ected.
This feature allows for the best use of the avail able resource over al
three dinensions - tinme, frequency, and space. The nunber of data bits 30
transmtted by each nodul ati on synbol may thus differ. FIG 4A is a block
di agram of a channel data processor 400 tBat can be used for processing
one channel data stream Channel data processor 400 can 36 be used to
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Each sub-channel data stream is then provided to a respective spatial
division processor 430. Each spatial division processor 430 may further
demultiplex the received sub-channel data stream into a number of (up to
Nj) data sub-streams, one data sub-stream for each antenna used to transmit

20 the data. Thus, after demultiplexer 420 and spatial division processor 430,
the encoded data stream X, may be demultiplexed into up to LeN, data sub-
streams to be transmitted on up to L sub-channels from up to N, antennas.

At any particular time slot, up to Ny modulation symbols may be
generated by each spatial division processor 430 and provided to N,

25 combiners 440a through 440t. For example, spatial division processor 430a
assigned to sub-channel 1 may provide up to N; modulation symbols for
sub-channel 1 of antennas 1 through N, Similarly, spatial division
processor 430r assigned to sub-channel k may provide up to Ny symbols for
sub-channel k of antennas 1 through N;. Each combiner 440 receives the

30 modulation symbols for the L sub-channels, combines the symbols for each
time slot into a modulation symbol vector, and provides the modulation



assigned to sub-channel | may provide up to NT nodul ati on synbol s for
sub-channel 1 of antennas 1 through NT. Simlarly, spatial division
processor 436r assigned to sub-channel k may provide up to NT synbols for
sub-channel k of antennas 1 through NT. Each conbi ner 440 receives the 30
nmodul ati on synbols for the L sub-channels,__conbines the synbols for each
time slot into a nodul ati on synbol vector§7and provi des the nodul ati on 37
synbol Vectors a5 a nodul ati on synbol vector stream V, to the next
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sub-channel is reassigned. The design of the channel data processor can be
greatly simplified for these channel data streams. '

FIG. 4B is a block diagram of the processing that can be employed for

one channel data stream such as overhead data, signaling, voice, or traffic

20 data. A spatial division processor 450 can be used to implement .one

channel data processor 332 in FIG. 3 and can be used to support a channel

data stream such as, for example, a voice call. A voice call is typically

assigned to one sub-channel for multiple time slots {e.g., voice 1 in FIG. 2)

and may be transmitted from multiple antennas. The encoded data stream,

25 X, is provided to spatial division processor 450 that groups the data into

blocks, with each block having a particular number of bits that are used to

generate a modulation symbol. The modulation symbols from spatial

division processor 450 are then provided to one or more combiners 440

associated with the one or more antennas used to transmit the channel data

30 stream.

A specific implementation of a transmitter unit capable of generating

the transmit signal shown in FIG. 2 is now described for a better




generate a nodul ati on synbol. The nodul ati on synbols from spatial division
processor 450 are then provided to one or nore conbiners 440 associ ated
with the oRgoefdTeé € antennas used to transmt the channel gatgsodfisfeam
A specific inplenmentation of a transmtter unit capable of generating the
transmt signal shown in FIG 2 is now described for a better WO 01/ 76110
PCT/ US01/ 09114 38 understanding of the inggntion. At tinme slot 2 in FIG 2,
control data is transmtted on sub-channel 1, broadcast data is
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t hat derul ti plgﬁes t he stream | nto five channel data streans, Sl through
SS, correspof@fAguf SfanéBHf signals, (g fae KF \apdulated \signalsp are; generated {07 n
FIG 2. Eachg ‘{?ﬁﬂﬁe dg. Streamis provided to a respective encoder 512
t hat encodes t ata using an encoding schene selected for that stream

15 In this ex arrpl EIG cMnsnalblddt disggraaaota Portibn ofighe PBocussinkr @it thdtechn

using transmt ersity. each_of, the encoded data streans X1 through
X3 is provi 31@?1 %‘yé r&?é‘ﬁé%tf-’l g‘é Zravrd) sigaabion Bmesslel 25 a2 Jhgeinpet
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associ at ed Zalqnddug&tbemtmlecm fom theattstibain FI G 5A, channel data stream
Slis 15 In this example, channel data streams S, through S, are transmitted
using transmit diversity. Thus, each of the encoded data streams X, through
X; is provided to a respective channel data processor 532 that generates the
modulation symbols for that stream. The modulation symbols from each of
the channel data processors 532a through 532c are then provided to all four
20 combiners 540a through 540d. Each combiner 540 receives the modulation
symbols for all 16 sub-channels designated for the antenna associated with
the combiner, combines the symbols on each sub-channel at each time slot
to generate a modulation symbol vector, and provides the modulation
symbol vectors as a modulation symbol vector stream, V, to an associated
25 modulator 114. As indicated in FIG. 5A, channel data stream S, is
transmitted on sub-channel 1 from all four antennas, channel data stream S,
is transmitted on sub-channel 2 from all four antennas, and channel data
stream 5, is transmitted on sub-channel 3 from all four antennas.
FIG. 5B is a block diagram of a portion of the processing units used to
30 process the encoded data for channel data stream S,. In this example,
channel data stream 5, is transmitted using spatial diversity (and not

transmit diversity as used for channel data streams S, through S;). With



transmtted on sub-channel 1 fromall four antennas, channel data stream S2
is transmtted on sub-channel 2 fromall four antennas, and channel data
stream S3 is transmtted on sub-channel 3 fromall four antennas. FIG 5B
is a block diagramof a portion of the processing units used to 30 process
the encoded data for channel data stream S4. In this exanple, channel data
streamS., is transmtted using spatial dif%ersity (and not transmt
diversity as used for channel data streans S, through S3). Wth 39 spatial
diversity, dapatdlsditemsity, datxéddentltiphnedi hhédﬁ@ﬁ@ﬂﬂﬂédemdr&utﬁntﬁﬁ%h of
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bit) to be used. Thus, the conbination of all four eigennodes allows a
total of 13eigensnodas, sachi @fswmdbesmaaiglmqft@m@mgtaadeféum agpoant of
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each eigennpde, as described by the matrix nultiply given in equation (1)

above. FIG bus) gigeranede ?dpagnam@sﬁ (P bits) and gigenmoge ok pesnity BRPKs(lused

to process a t e proyided
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data processis a lmear combination of the individual symbols associated with each
eigenmode, as described by the matrix muiltiply given in equation (1) above.
FIG. 5C is a block diagram of a portion of the processing units used to
process channel data stream S;. The encoded data stream X is provided to a
20 demultiplexer (DEMUX) 530 that demultiplexes the stream X into twelve
sub-channel data streams, Xss through X, one sub-channel data stream
for each of the allocated sub-channels 5 through 16. Each sub-channel data
stream is then provided to a respective sub-channel data processor 536 that
generates the modulation symbols for the associated sub-channel data
25 stream. The sub-channel symbol stream from sub-channel data processors
536a through 536l are then provided to demultiplexers 538a through 5381,
respectively. Each demultiplexer 538 demultiplexes the received sub-
channel symbol stream into four symbol sub-streams, with each symbol sub-
stream corresponding to a particular sub-channel at a particular antenna.
30 The four symbol sub-streams from each demultiplexer 538 are then
provided to the four combiners 540a through 540d.



536a t hrough 5361 are then provided to denultiplexers 538a through 5381,
respectively. Each denultiplexer 538 denultiplexes the received sub-

channel sy hisépgam into four symbol sub-streams, with ea nbol sub-
stream cor Lae)(gpgnd?ng to a particular sub-channel at a parti%gﬂﬁs%{ﬁ%‘%na.

30 The four synbol sub-streans from each denultiplexer 538 are then
provided to the four conbiners 540a throu 540d. WO 01/76110

PCT/ US01/ 09114 40 In FIG SC, a sub-chann data streamis processed to
generate a sub- c streamthat is then demultiplexed into four

a | nbol
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processor 53 | Lhl e 4d..in 15 Fl G 5B_.The rate o ch
synbol sub-s egﬁpr 'rg%%ﬁlgg%:rﬁs' d’léﬁél‘fﬁ%%%?g?"%lﬁ glé gh 1§r%erz%pg%é§?e5 the
quarter of t&gmbal encdulaiions Wik@kas itheaderhiRipleRing §5SPKL.aLRJisCBaffdpmedat @
processor 536. FIG 6 is a block diagramof a recelver unit 600, having

mul ti pl e 10r eb@fope thesympbal mgsidationn Btherstmplemestdions aney adsabeased
channel dat aan&%fé%iﬁ%%ﬁtheg&gﬁp@r%&eg%éﬁﬂﬁg‘;ﬁ% signals fromone or nore

transmt antennas ca e Thas 610a t hrough 610r and

routed to a respBadi veobilsinhtiend Rfocagsehaddd. Haka eXaaBéBor I B3l VEnd
receive_a nunber of transmtted signals froma nunber of

antenna 610a, nay
transmt an@%‘ﬁ\ﬁ‘_ﬁ%?leéﬁﬂ P8 ei e Fiat e¥napeniormesayinsi similar| ymesoer vasmihei pl e
2o Lransm !t egnblaRde of SEBLHarRel AU pPERIESS S52d 4R WAL FRer 8384 in
15 FIG. 5B. The rate of each symbol sub-stream from each demultiplexer 538 is,
on the average, a quarter of the rate of the symbol stream from the
associated channel data processor 536. '
FIG. 6 1s a block diagram of a receiver unit 600, having multiple
receive antennas, which can be used to receive one or more channel data
20 streams. One or more transmitted signals from one or more transmit
antennas can be received by each of antennas 610a through 610r and routed
to a respective front end processor 612. For example, receive antenna 610a
may receive a number of transmitted signals from a number of transmit
antennas, and receive antenna 610r may similarly receive multiple
25 transmitted signals. Each front end processor 612 conditions (e.g., filters and
amplifies) the received signal, downconverts the conditioned signal to an
intermediate fréquency or baseband, and samples and quantizes the
downconverted signal. Each front end processor 612 typically further
demodulates the samples associated with the specific antenna with the
30 received pilot to generate "coherent” samples that are then provided to a

respective FFT processor 614, one for each receive antenna.



anplifies) the received signal, downconverts the conditioned signal to an
I nternmedi ate frequency or baseband, and sanpl es and quanti zes the
downconver waisisgmmal . Each front end processor 612 typical Ipcfusaimig
denodul ates the sanpl es aSSOCIated with the specific antenna with the 30
received pilot to generate "coherent" sanples that are then provided to a
respecti ve FFT processor 614, one for eadh receive antenna. WO 01/76110
PCT/USQO /09114 41 Each FFT processor 614 generates transforned
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processor that orthogonalizes the received nodulation sy in ea
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For a channel data stream transmitted using the MIMO
communications mode, all sub-channel symbol streams used for the
transmission of the channel data stream are presented to a MIMO processor
that orthogonalizes the received modulation symbols in each sub-channel

20 into the distinct eigenmodes. The MIMO processor performs the processing
described by equation (2) above and generates a number of independent
symbol sub-streams corresponding to the number of eigenmodes used at the
transmitter unit. For example, MIMO processor can perform multiplication
of the received modulation symbols with the left eigenvectors to generate

25 post-conditioned modulation symbols, which correspond to the modulation
symbols prior to the full-CSI processor at the transmitter unit. The (post-
conditioned) symbol sub-streams are then provided to a (MIMO) channel
processor 630 and demodulated accordingly. Thus, each channel processor
630 receives a stream of modulation symbols (for the diversity

30 communications mode) or a number of symbol sub-streams (for the MIMO
communications mode). Each stream or sub-stream of modulation symbols
is then provided to a respective demodulator (DEMOD) that implements a



synbols prior to the full-CSI processor at the transmtter unit. The (post-
condi ti oned) synbol sub-streans are then provided to a (M M) channel
processor 630 and denodul ated accordi ngly. Thus, each channel processor

630 receives a stream of nodul ation synbols (for the diversity 30

comuni cati ons node) or a nunber of synbol sub-streans (for the M MO
communi cati ons node). Each stream or sub-gagream of nodul ation synbols 1is
then provided to a respective denodul ator (DEMOD) that inplenments a 42
denodul at i on geehsd®iatieng- K, QAN ot Rer h [ I ntary
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to 15  example, a receiver unit may be designed with only one receive antenna, or
may be designed capable of simultaneously processing multiple (e.g., voice,
data) channel data streams.

As noted above, multi-carrier modulation is used in the
communications system of the invention. In particular, OFDM modulation

20 can be employed to provide a number of benefits induding improved
performance in a multipath environment, reduced implementation
complexity (in a relative sense, for the MIMO mode of operation), and
flexibility. However, other variants of multi-carrier modulation can also be
used and are within the scope of the present invention.

25 OFDM - modulation can improve system performance due to
multipath delay spread or differential path delay introduced by the
propagation environment between the transmitting antenna and the
receiver antenna. The comununications link (i.e., the RF channel} has a
delay spread that may potentially be greater than the reciprocal of the system

30 operating bandwidth, W. Because of this, a communications system
employing a modulation scheme that has a transmit symbol duration of less
than the delay spread will experience inter-symbol interference (ISI). The ISI



mul tipath delay spread or differential path delay introduced by the
propagati on environnent between the transmtting antenna and the receiver
ant enna. Twe® aoamoni cations link (i.e., the RF channel) haspar/usalmyisspread
that may potentially be greater than the reciprocal of the system 30
operating bandw dth, W Because of this, a comunications system enploying
a nodul ati on schene that has a transmt sygbol duration of less than the
del ay spread will experience inter-synbol interference (ISI). The ISI WO
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channel (or detecdbhng bandwi dth) is essentially divided into a (large)
number of paralle] sub- 5 channels (or sub-bands) that are used to
communi cate the ditith BELNMsmedwlption, tthe stansapissies shaaseh (eaneperating hat

Is typicall . t . ] b ] e cat,l ons
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modul ati on schenes (e.qg., 6 10 QPSK) are sensitive to ISl unless the
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around to the ba(fk_of the 15 synbol. The cyclic ﬁl’efIX Is used to retain

or t hogonal i tSROGURLRN.OFBM Catrdt maph crnventippak amogudatien ogeemngs (e-g.,
i pat " ; Ay . ;
channel 401 2P3R) S8R EOTY KA el TR ShEPol Tatl uS kbl

onto it a cywmparedefd the Hellayi spruaé vftthatconhudueaitians lkobol retains its 20
ort hogonal properties téfg he presence of nultipath del ay sgread. Since the
q

cyclic prefix comyeye QYEL Prefixgs gak ihsusads tq ¢orpbak fie slelsterious

s sol oot ed TRt AMIUBRIE £ e bt it dUbAIdR, QrUNISy R Geflafy
duration. Fahetfrenapovidoneaftaptiee IEEINtha ib%wmppetdeadund rctiaubhcd of thhe
cyclic Pi§ f is@hl:?ol:” hsemqsr lcogreﬁx is used to retain orthogonality of the OFDM
symbol, which is typically destroyed by multipath.
As an example, consider a communications system in which the

channel delay spread is less than 10 psec. Each OFDM symbol has appended

onto it a cyclic prefix that insures that the overall symbol retains its
20 orthogonal properties in the presence of multipath delay spread. Since the
cyclic prefix conveys no additional information, it is essentially overhead.
To maintain good efficiency, the duration of the cyclic prefix is selected to be
a small fraction of the overall transmission symbol duration. For the above

example, using a 5% overhead to account for the cyclic prefix, a transmission

25 symbol duration of 200 psec is adequate for a 10 psec maximum channel

delay spread. The 200 psec transmission symbol duration corresponds to a

bandwidth of 5 kHz for each of the sub-bands. If the overall system
bandwidth is 1.2288 MHz, 250 sub-channels of approximately 5 kHz can be
provided. In practice, it is convenient for the number of sub-channels to be

30 a power of two. Thus, if the transmission symbol duration is increased to



25 synbol duration of 200 sec is adequate for a 10 sec maxi mum channel

del ay spread. The 200 sec transm ssion synbol duration corresponds to a
bandwi dt h for each of the sub-bands. If the overal

bandw dt h ﬁgoﬁyﬂl % MHz, 250 sub-channel s of approximtely ECE@BQ@AI
provided. In practice, it is convenient for the nunber of sub-channels to
be 30 a power of two. Thus, if the transrr'%,fsion synbol duration is
increased to WO 01/ 76110 PCT/US01/ 09114 447205 sec and the system bandw dth
is divided into M= 256 sub-bands, each sub-channel will have a bandw dth
of 4.88 kHz. 20 psec aad rthedystinmimnsiwaitith hie dividedt inon MGFRB6 sabWanidispBadan
reduce the copr;BI exi ty of the system When the communications system 5
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aggregat e deman additio er hea oadcast, and.contr data can
be conveyed Fﬁo‘g{}ﬁé OB i ﬁﬂ@%ﬁrﬁﬁblsgngﬂg’ 2{1 BIOCEHURE a5 WPy Terelver

portion ofp aupitbwhBRNBMO A& b bedscpove, each sub- channel at each tine
slot is associated 20 with a | ation s%/nbol that is selected from sone
al phabet such as mdm]ratgam cam alse tadfordeatideid rfhm}:aht}{ he ﬂm:lmgthm

Y0 1 S25gh, LAt AR B ! SHrHEl i SRR,
be gener at ed tapkRGsBIPKspaRUbTCOFDM sEnBER B IRNEHALE bR BF@@up of
sub-channel 3 can be generat ed 25 using 16-QAM and so on. Thu for each
time slot, upsems- Forsdampledaw rate voice users can be allocated a sub- channel or a
15 fraction of a sub-channel in OFDM symbol, while the remaining sub-
channels can be allocated to data users based on aggregate demand. In
addition, overhead, broadcast, and control data can be conveyed in some of
the available sub-channels or (possibly) in a portion of a sub-channel.
As described above, each sub-channel at each time slot is associated
20 with a modulation symbol that is selected from some alphabet such as M-
PSK or M-QAM. In certain embodiments, the modulation symbol in each of
the L sub-channels can be selected such that the most efficient use is made of
that sub-channel. For example, sub-channel 1 can be generated using QPSK,
sub-channel 2 can be generate using BPSK, sub-channel 3 can be generated
25 using 16-QAM, and so on. Thus, for each time slot, up to L modulation
symbols for the L sub-channels are generated and combined to generate the
modulation symbol vector for that time slot.
One or more sub-channels can be allocated to one or more users. For
example, each voice user may be allocated a single sub-channel. The
30 remaining sub-channels can be dynamically allocated to data users. In this
case, the remaining sub-channels can be allocated to a single data user or

divided among multiple data users. In addition, some sub-channels can be



synbols for the L sub-channels are generated and conbined to generate the
nodul ati on synbol vector for that tine slot. One or nore sub-channels can
be al | ocat a@h dieépwe or nore users- For exanple, each voi ceptisgEnIBY14DE
al l ocated a single sub-channel. The 30 remmining sub-channels can be
dynam cally allocated to data users. In this case, the remaining
sub-channel s can be allocated to a singlqﬁgata user or divided anong

mul tiple data users- In addition, sonme su channels can be WD 01/76110 45
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t hereby #i %@gﬁé&gcé%%c%iﬁh ce to other users in the system On the
forward |ink 10 of the ystem the transmt power is also adjusted to
i ncrease system InapadilDMAI ay&tbm ctremumaaahito wqrst@m eich heeviesee ntiindn,

the transmt,_power .on.the foi<l a_gqre erse I| ? can be contrglled to
mni m ze i nt!SARYRISHAR 13 6onHRNed; ecraer%’é‘fq%y rapfvsE TR FRte ol FERRnispe
achi eved in AaEHAS 45 RRNBRES talazf TR CiRET GOR e rmed
on each channel data streame Sn ealtlch sub- ?ﬁ‘énne , on geac?ﬂh a%togﬁnéﬂg%frbg’
some ot her uminimigingreaieufaraeot toWthar asersain e ystetre Girvdresfdryvard link
conmmuni cat i ons if the path loss froma parti uIar antenna i s great,
transnis orPf*Pg%?f?M% Syaﬁﬁ%nﬁ'& gapspg P%‘efﬁ%é?jglé watgd sqon'élérqqsm}@?%y be
gai ned at thgphggei ver 20 unit. Simlarly, if transm ssion occurs over

mul tiple sub-charnnels, less power may be transmtted on the sub-channel (s)
experiencing t he Inode gammuhigabons nsysterinng] heenvantion, thewsancoit poweran

be achi eved OVI\4 Ehbe DI'INeﬂ?‘ bac c‘i( reverse links can be controlled to minimize interference

and maximize system capacity. Power control can be achieved in various
15 manners. For example, power control can be performed on each channel
data stream, on each sub-channel, on each antenna, or on some other unit
of measurement. When operating in the diversity communications mode,
if the path loss from a particular antenna is great, transmission from this
.antenna can be reduced or muted since little may be gained at the receiver
20 wunit. Similarly, if transmission occurs over multiple sub-channels, less
power may be transmitted on the sub-channel(s) experiencing the most path
loss.
In an implementation, power control can be achieved with a feedback
mechanism similar to that used m the CDMA system. Power control
25 information can be sent periodically or autonomously from the receiver
unit to the transmitter unit to direct the transmitter unit to increase or
decrease its fransmit power. The power control bits may be generated based
on, for example, the BER or FER at the receiver unit.
FIG. 7 shows plots that illustrate the spectral efficiency associated with
30 some of the communications modes of the communications system of the
invention. In FIG. 7, the number of bits per modulation symbol for a given

bit error rate is given as a function of C/I for a number of system



mechanismsimlar to that used in the CDVA system Power control 25
I nformati on can be sent periodically or autononously fromthe receiver

unit to th@vé[,g%s]mtter unit to direct the transmtter unit PE?/dsﬂﬁﬁsﬁ?-ﬁe or
decrease its transmt power. The power control bits may be generate ased

on, for exanple, the BER or FER at the receiver unit. FIG 7 shows plots
that illustrate the spectral efficiency aggoci ated with 30 sone of the
comuni cati ons nodes of the communications system of the invention. In
FIG 7, the nugger of bits_per nodul ation synbol for a given bit error
rate is gi veROBEGRIAIONS: | o matapion MoxNy slemptes dhe sgisnensiomnlity 71 tlve

PCT/ USO1/ 091 ' tl t.atj.Qn. NR d t th

di mensi onal i t% émgguﬁaegd’gg#ﬁi Ig(ﬁ)%Z?P%%;%r\%?tW;%mg%d?ﬁ]énﬁ%’iutm%‘?ﬁ 8hnas

and NR = nunpedeivtf anteweisve Tand edivessityl \wonHuestsosy ﬁiﬁﬂéﬂé}g%@tahﬁ”hz},%{@' y
X
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plots, the n f hit e or a given BER ranges fromless than
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that spectral efficiency generall 15 increases as the number of “transmit

and receilfe naticaable i Ftoweves. atTiighemmiadweneoft G/4, thes dngease anl \speciral ed

to the | ower . NR. . For a the diversity configurations, 1x2
bnd 1xa. _bot Ritsioly e G8E ofTHE Wit eBmuiiatians e Prtdbanmion
the various dedrfatiat 95 a@itaiey BN EOGESRREHOM! 2Rl fofi RPN ARJYROMESIHE Ven
in FIG 7 can be applied to the results on a sub-channel basis to obtain

the range of INffarHanepys impsayement canreacts - thaBdines.As an exanple, for a
subscriber unit opgratingde %}loés, H Lar? fr)e5()bg§fvetcf1ﬁ1ascps(a}§:é[c£r§i e?écfiér?ci'ye%%}lxerally
15 increases as the number of transmit and receive antennas increases. The
improvement is also generally limited to the lower of N; and N,;. For
- example, the diversity configurations, 1x2 and 1x4, both asymptotically reach
approximately 6 bps/Hz.
In examining the various data rates achievable, the spectral efficiency
20 wvalues given in FIG. 7 can be applied to the results on a sub-channel basis to
obtain the range of data rates possible for the sub-channel. As an example,
for a subscriber unit operating at a C/I of 5 dB, the spectral efficiency
achievable for this subscriber unit is between 1 bps/Hz and 2.25 bps/Hz,
depending on the communications mode employed. Thus, in a 5 kHz sub-
25 channel, this subscriber unit can sustain a peak data rate in the range of 5
kbps to 10.5 kbps. If the C/Iis 10 dB, the same subscriber unit can sustain
peak data rates in the range of 10.5 kbps to 25 kbps per sub-channel. With
256 sub-channels available, the peak sustained data rate for a subscriber unit
operating at 10 dB C/I is then 64 Mbps. Thus, given the data rate
30 requirements of the subscriber unit and the operating C/I for the subscriber
unit, the system can allocate the necessary number of sub-channels to meet

the requirements. In the case of data services, the number of sub-channels



achievable for this subscriber unit is between 1 bps/Hz and 2. 25 bps/ Hz,
dependi ng on the communi cati ons node enployed. Thus, in a 5 kHz sub 25
channel , tWp918eMascri ber unit can sustain a peak data rate pgr/tdeenyange of
5 kbps to 10.5 kbps. If the C1 is 10 dB, the sanme subscriber unit can
sustain peak data rates in the range of 10.5 kbps to 25 kbps per
sub-channel . Wth 256 sub-channel s availggbl e, the peak sustained data rate
for a subscriber unit operating at 10 dB CIl is then 6.4 Mps. Thus, given

for the subdleimer PFC IS Bpr: Bt ERBERIRE. o dos b, FRRE sk of
sub- channel 3oi@ingeet the requirenents. In the case of data services, the
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One design consideration for on the reverse link is the maximum

differential propagation delay between the closest subscriber unit and the
furthest subscriber unit. In systems where this delay is small relative to the
cydlic prefix duration, it may not be necessary to perform correction at the
transmitter unit. However, in systems in which the delay is significant, the
20 cydlic prefix can be extended to account for the incremental delay. In some
instances, it may be possible to make a reasonable estimate of the round trip
delay and correct the time of transmit so that the symbol arrives at the
central station at the correct instant. Usually there is some residual error, so
the cyclic prefix may also further be extended to accommodate this residual
25 error.

In the communications system, some subscriber units in the coverage
area may be able to receive signals from more than one ceniral station. If
the information transmitted by multiple central stations is redundant on
two or more sub-channels and/or from two or more antennas, the received

30 signals can be combined and demodulated by the subscriber unit using a
diversity-combining scheme. If the cydclic prefix employed is sufficient to
handle the differential propagation delay between the earliest and latest



delay and correct the tinme of transmt so that the synbol arrives at the
central station at the correct instant. Usually there is sone residual
error, ‘Iﬁﬁf%é? |c prefix may al so further be extended to _accomobdat e
this reS| d error. In the comunications system somePSULSEVPHE
units in the coverage area may be able to receive signals fromnore than
one central station. If the information transmtted by nultiple central
stations is redundant on two or nore sub®hannels and/or fromtwo or nore
antennas, the received 30 signals can be conbi ned and denodul ated by the
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application n aQce
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i mpl enent ed using hard
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enabl e an erson skilled.in the t,0 ke use the present invention.
y p L3805 IunctIons descAbua erar 1—‘2{50, the procgssmg units can be

15 implemented with a general-purpose processor or a specially designed

processor operated to execute instruction codes that achieve the functions

described herein. Thus, the processing units described herein can be
implemented using hardware, software, or a combination thereof.

The foregoing description of the preferred embodiments is provided

20 to enable any person skilled in the art to make or use the present invention.

Various modifications to these embodiments will be readily apparent to

those skilled in the art, and the generic principles defined herein may be

applied to other embodiments without the use of the inventive faculty.

Thus, the present invention is not intended to be limited to the

2b  embodiments shown herein but is to be accorded the widest scope consistent

with the principles and novel features disclosed herein.

WHAT IS CLAIMED 1S8:



Various nodifications to these enbodinents will be readily apparent to
those skilled in the art, and the generic principles defined herein nay be
applied to other enbodi nents wi thout the use of the inventive faculty.
Thus, the present invention is not int#nded to be |limted to the 25

enbodi ments shown herein but is to be accorded the w dest scope consi stent
with the principles and novel features disclosed herein. WHAT IS CLAI MED
|S: 49 CLAIMS 1. A nethod for neas@lLiAIMBNnd reporting transm ssion
characteristics of a nultiple input/nmultiple output comunication system
conprising: assigning a first subset of sub-channels of a plurality of

sub- channel s tOn@Hddr BF meabi@iipMidd @ Ara@mAsiBh Whdlatteyis®ls ARSI

bi®in
ant ennas of a fi'rst transmtter uni P V\Eerel.n' the sub-channels of the
first subget/miftigebuphhomemnenisrgomgstoncoyposisg: transmitting, by the first

transmt antenna, .a fits ilot.s ol qver. the b- .channel s, of the first
SUbset of sub enER<St sBEPyPh It apnacly of o P Rebhr v SARRERAGISGP % r
recei ver ydpirhit ahtefnd b e?blupdlit?bf ﬁéﬂ{gﬁﬁ{ antersak 8f Hfipdt ﬁ‘ﬂnsﬁmﬁféi‘hﬁﬁ,&vﬁ&@iﬁ'ﬂ{@d

first pilot synbol, the transm ssion characteristics of the sub-channels
of the f sulsthanblsef thef finsugyrbséiad iseb-shannelsoue nengontignowkie first receiver unit

to the first transni.tter uni n information ~signal that, carries the
dot ermined t r BRGHELTg oY A By IrsProdtine, arint 3ot kel €% mErad | oo
subset oth&ihRsCITIR RIS subdBchfGAbIcRAie a set of transm ssion paraneters at

the first transmtter unit, based on the_information signal. 2. The method
of claim 1, wheeBipg,tyea fFsugceye @mawmftatﬁrﬁ'gre@merfantsﬂleaigrﬁtdzﬂos9%'@@1;

conprises: ge | I e Q - djiwi si .

ol T4 b exed CERp g s Mttt haPRIGIRRE, e SANRIRIG IR ey
subset cofithel sabshantelcifahe kst subsopéf abechgihilei nt from t he sub-channel s of
all other OFDM sub-channel _subsets; and the step of transmtting the first

pi | ot synbol &RNtRG DYsths-BrshFeeeiver ynittpdhe firstitrangmijtes undys ag jpiemabon| s

conprisesg; Lt 48 ki ' : E@FI% . uth

channel S%@Egﬂﬂ?ﬂ@ Sg%%set o%nre?trt\reagé) ﬁ%lgﬁ?é%}g%t?g%ﬁ—: suE-Sgﬁg%necEsugs%ts. 3.

The net hdolstahibset af snb2chanheds:eind t he step of generating the plurality of OFDM
optimizing a set of transmission parameters at the first transmitter unit, based on

the information signal.

2. The method of claim 1, wherein the step of transmitting the first pilot symbol
comprises:

generating a plurality of orthogonal frequency-division multiplexed (OFDM)
sub-channel subsets, wherein each OFDM sub-channel subset comprises sub-channels
that are disjoint from the sub-channels of all other OFDM sub-channel subsets; and

the step of transmitting the first pilot symbol over the sub-channels of the first
subset of sub-channels comprises tranemitting the firct pilot symbol over each of the sub-

channels of'a first subset of the plurality of OFDM subechannel subsets.

3. The method of claim 2, wherein the step of generating the plurality of OFDM
sub-channel subsets comprises reusing at least one the plurality of OFDM sub-channel
subsets if at least one transmit antenna is spatially distant from any other transmit

antenna of the plurality of transmit antennas.



sub- channel subsets conprises reusing at |east one the plurality of OFDM
sub-channel subsets if at least one transmt antenna is spatially distant
fromany other transmt antenna of the plurality of transmt antennas. 50
4. The method of claim2, wherein thesgtep of determ ning the transn ssion
characteristics of the sub-channels of the first subset of sub-channels
conprises analyzing the first pilot synbol received over each of the

sub- chandel s dhetmethbidr st ctuins @t whafein hhe piteyr alf | deferofiniGE Dk stnimsehsanrel

subsets. 5. The nethod of claim2 further. conprising; . associating the first
Subset o PATRECHRGE a9 196 GubrsBaRteSs, o c R it See oL AHrBATEID, SRBFSST 1 1 nk
correspo Hﬁlélpﬂn% thel 8¢ féi'létssgrrﬂb%PFe'cM%éd Hibrtea@0 8t B ub chatnels FMRETIEd GhbseNi T

and assocliating a second subset of the plurality of OFDM sub-channel
subset s wf the phuralitytfrOEPMgbldhatnel sideseisnt erfering 1i nk corresponding to the
first receiver unit and a second transmtter unit. 6. The nethod of claim
5, wherein the information signal carries the transm ssion characteristics
associ at d W trije thi€hd b1GAiRAD flrinRKc@nphidiye i nterfering link. 7. The nethod
of claimb5 further conprising: transmtting, by the second transmt unit, a
second pil ot sssebiakingvey fisashbsef of the pleabitycdfaORRMs swif-chianeelsmbeons withisset  of
the plural.it. f .OEDM sub- channe ubsets: . receiying, by the firgt receive
ant enna. DHRPR T RRASERORE RO (rshiECayFA W (f Hi BABTLEERV B econd

pi l ot synbol, aiddgiafiMehdsndTubiet bR PhEARHGE OFIEMahb RhariRe siib3b @ Wil Mg
link; and reporting, by the first receiver unit to the first transmtter
unit, thénterfesingglink, dheinterferinglinkr comeespanging toghe fing regeiver uaitiang 4 seprnd 8. The
nmet hod o mgsl,r%i ré}g) -{urther conprising transmtting, by the second transmt
unit, a daiyny pIIPO't synbol over each of the sub-channels of the second
subset of a plurality of disjoint OFDM sub-channel subsets; receiving, by
the first receive antenna, .the secaond pil ot synbol; determ ning, fromthe

recei ved 5secoﬂale_ﬁ'{1‘?‘8?d ﬁﬁm,é,twrﬁlbt‘%ﬂ IWE&I%‘B‘W@ the FRISTHER er i ng
Link; a”@héxﬁ&g{ﬁtlc'g stog%(tjédr\g%%}{rﬁ%if&@%ﬁi&eﬁnd{ﬁk Ent&@crﬁéﬁi{k’ gi t transmitter

unit, the total neasure e intertering

7. The method of claim 5 further comprising:

transmitting, by the second transmit unit, a second pilot symbol over each of the
sub-channels of the second subset of the plurality of OFDM sub-channel subsets,

receiving, by the first receive antenna, the second pilot symbol;

determining, from the received second pilot symbol, the average total interference
level of the interfering link; and

reporting, by the first receiver unit to the first transmitter unit, the average total

interference level of the interfering link.

8. The method of claim 5 further comprising:

transmitting, by the second transmit unit, a second pilot symbol over each of the
sub-channels of the second subsct of a plurality of digjoint OFDM sub-channel subsets;

receiving, by the first receive antenna, the second pilot symbol;

determining, from the received second pilot symbol, the total measured power of
the interfering link; and

reporting, by the first receiver unit to the first transmitter unit, the total measured

power of the interfering link.



9. The nethod of claim11, further conprising orthogonally coding the first
pilot synbol. 10. The nethod of claim9, wherein the first pilot synbol is
orthogonally coded with a Wil sh code sequence. 11. The nethod of claim1,
wherein the first pilot synbol conprigses a shifted Maxinmal-Length Shift
Regi ster sequence (in-sequence). 12. The nmethod of claim 11, wherein the
first pilot synbol conprises a shifted, appended in-sequence, wherein the
shifted, appended m sequence includes a repeated portion of the

m sequence. 13, The t of c aim1, wherein_ the t he
i nfor mat Yon sil§Rdneth ﬁng?% %a?mﬁgﬂag ﬁﬂhﬁﬁ‘éﬂﬂ? %{qeﬁ pﬂgt
represen%)i% ye of the determ ned transm ssion characteristics; and

n

transmt g a set of coefficients associated with the polynom al function.
14. The met hod of cI aim1l, wherein the determ ned transm ssion

characterijsti t he channe npul.se r for . the
subset oflbsubﬁ‘ﬁ ‘g‘)ts‘??} %h H{B‘Hh E:lea?yi‘H ?J‘%E"rgé’f’a]%?ﬂﬂcfjs"}“ﬂb
generat i QWQSl? hbéaﬁl cMessage at the first transmitter unit; and

transmtting t I ng message to the first receiver unlt the step of
reporting the |nformat|on signal conprises reporting the |nformation

[ I di to.the sched 16, . Th t hod of cl gi.
Lt e T TS ub e PR Bt ot T G i
char act emﬁhgpLa{gﬁgﬁmlﬁwagé&e% deferfcly, st subset of sub-channels,

the transm ssion characteristics of the sub-channels not included in the
first subset of sub 52 channels. 17. The met hod of claim 16, wherein the
|nformat|? s nal fhurt I carries the nedmr n(s)rr]rll %gesoa shifted

char act efst i d&€FBFP Ds‘h%mbhéhW “:‘"h(%]t]e o‘l)edSy 1'7st 2 “Subset of
sub- chan Eﬁﬂ)&d@@ﬁﬁ-@&%@ﬂéﬁ Nghdréintthe shiffed! aﬁﬁe@ﬂédmﬁ smewfmmds tahepédtedt
receive antenna he nethod of claim1 further conprising: assigning a

second sobg®n dfthemiseawngfel s of the plurality of sub-channels to a second
transmt antenna of the plurality of transmt antennas; and

13. The method of claim 1, wherein the step of reporting the information signal
comprises:

generating a polynomial function representative of the determined transmission
characteristics; and

transmitting a set of coefficients associated with the polynomial function.

14. The method of claim 1, wherein the determined transmission characteristics

comprise the channel impulse responses for the first subset of sub-channels.

15.  The method of claim 1, further comprising:

generating a scheduling message at the first transmitter unit; and

transmitting the scheduling message to the first receiver unit;
the step of reporting the information signal comptises reporting the information

signal according to the scheduling message.

16. The method of claim 1 further comprising determining, from the determined
transmission characteristics of the sub-channels of the first subset of sub-channels, the

transmission characteristics of the sub-channels not included in the first subset of sub-



transmtting, by the second transmt antenna, a second pilot synbol over
t he sub- channels of the second subset of sub-channels. 19. A nethod for
measuring and reporting channel state information (CSI) in a nultiple
input/multiple output (MM) system ogprising: assigning a plurality of
sub-channel subsets to a plurality of transmt antennas of at |east one
transmtter unit, wherein the sub-channels of each of the sub-channel
subsets chamelonconti guous; transmitting a plurality of O'thogonal
Frequency Division Miltiplexed (OFDVM pil ot wavefornms fromthe at |east
one transmtter unit to at |east one receiver unit, wherein each of the

pl ural it y~of il ot o] i r ansm V, of

t he plur é?i ty%éy\@g -°§h%f3§}eéf’hs%§‘é’t1§‘? Inr g%em\;‘?rtflrg‘?ﬁogyﬁé%az @ﬁﬂ?ﬁe%@esogg@

recei ver derrhinetl hearghigsidn tharafter{dGDMpi ket subschaahels nmet intdodeduinathenfirst he
received plurality of OFDM pil ot wavefornps; determning th T of .the

sub- chanfabset g6 sulrshamalsryrecspanding of the fustiransant ajergea aﬂédﬁ@ BRI VS ubset s
fromtheag{%@?ul ated plurality of OFDM pilot waveforns; transmitting the
det er mi ne "to the at least one transmitter unit, and preconditioning a
transm ssi on synbol according to the determ ned CST. 20. The nethod of

claim19, wherein: 53t St f determning the CSI of the sub-channels
correspo_rléi ng ﬁ'ﬁ"é%ig?fi 6?5?%?%}5%[??&?‘?‘???8%: sub- channel subsets conprises
conpressing t Eﬁséglﬁh%'a@c@oﬁd SQRAUC 66 sTBRLHantels 0?1k Pﬂﬁalﬁ% QR sQb-chideiMot4 | Ng

t he determ ne onprises transmtting a repfresentation of the reduced
mat ri x t ce¢dnd tensmgastennm ef the phaalitytodtransmit ant2dnasTanel met hod of cl ai m 20,

wherein the reduced.matrix is a,multiplication resul. fr mul t.i pl ying a
channel T osponGESTHHREbY:HieSSFopg Ranat abfifite drec R Rilpd SERAM T HebuBonae
mat ri X, \WAsKRITLIthE s&bal Bsel FSRBRESHMRL i X includes a plurality of CS
gain values. 22. The nethod of claim 21, wherein the representation of the

reduced matrix is an eigennode matrix. 23_ The nethod of claim 19, wherein
e S804 S B W T R RLTE RIS, coch
multiple input/multiple output (MIMO) system, comprising:
assigning a plurality of sub-channel subsets to a plurality of transmit antennas of
at least one transmitter unit, wherein the sub-channels of each of the sub-channel subsets
are noncontiguous;
transmitting a plurality of Orthogonal Frequency Division Multiplexed (OFDM)
pilot waveforms from the at least one transmitter unit to at least one receiver unit,
wherein each of the plurality of OFDM pilot waveforms is transmitted over a separate
one of the plurality of sub-channel subsets;
receiving, by the at least one receiver unit, the plurality of OFDM pilot
waveforms;

demodulating the received plurality of OFDM pilot waveforms,

determining the CSI of the sub-channels corresponding to each of the plurality of
sub=channel subsets from the demodulated plurahity of OFDM pilot waveforms;
transmitting the determined CSI to the at least one transmitter unil, and

preconditioning a transmission symbol according to the determined CSL

20. The method of ¢laim 19, wherein:



determ ning the channel frequency responses of the sub-channels
corresponding to each of the plurality of sub-channel subsets; and
perform ng an inverse Fast Fourier Transform (IFFT) operation on the
determ ned channel frequency responses3 24. A system for neasuring and
reporting channel state information (CSI) ina nultiple input/multiple
out put commruni cation system conprising: a base station conprising: a
plurality of tHeastgof daerntiningsbe @SI bf te ubabestdy cdrsp@idanpadtach ofiitheg
transm ssion data, for assigning a  plurality of pilot synbols to the

pl ur al i t plusslity of sabrichannst swhssls, compyrisgs sqrgpresangthe oo Wtq NG&WQ MAtERannel
subset s the plurality of transmt antennas, wherein each of the

assi gned Sub- channel subsets conprises sub-channels that are

noncont i guousthearsiepp ¢of utaisidityingf theodddtatona] @8ic hcomdisknt oansmoningctaed to
the first processor_ _and a separate one of the plurality of transmt

ant ennas representapen phthe sgduced maalodhe Ablgash 0pe HARSYUEFURE | ot synbol s ont o
the respective assigned plurality of sub- channel subsets; wherein the
plurality of transmt antennas transmts each of the assigned plurality of
pi | ot sygbol s Theanethdk of eac(, wehersiaithe ectivsed nrvivn e h sullipbt¢aionarshla
recei ver _unit (fo rising: a} | east one. recei ve antenna for Fecei vin lthe
pl ur al i t {FOBY TRIHRIYINgsBel Frsppss; MEl Bifbp PRPISUtRUYRAhEl RUBREYE ot
| east On?csﬁ&@a%m&%hegegmcemﬂdt J&g;%(ﬁfsc Sk iﬁﬁ%é%ﬁhi’ﬁtﬁ@?@@??ﬁﬁ or

denodul ati hg the recelv plurality pi Il ot synbols; and a secon

processowalueonnected to the at | east one denodul ator, for determning the
CSl fromthe denodul ated plurality of pilot synmbols, and for generating a
CSI nessage for transm ssion to the base station; wherein the at |east one

receive ant enffetth@RSATbl 8lath @ 1 CRhefFRS BRUCpreseMIRIoRl JT 1BE rdRREd nRiiex & adl he
plurality of transmt antennas receives the CSI nessage, at |east one of

t he pl ur algenypodd matstkul at ors nodul ates the received CSI nessage, and the
first processor preconditions the transm ssion data according to the CSI
obtained fromthe nodul ated CSI nessage.

23.  The method of claim 19, wherein the step of determinming the CS1 of the sub-
channels corresponding to each of the plurality of sub-channel subsets comprises:
determining the channel frequency responses of the sub-channels corresponding
to each of the plurality of sub-channel subsets; and
performing an inverse Fast Fourier Transform (IFFT) operation on the

determined channel frequency responses.

24. A system for measuring and reporting channel state information (CSI) in a
multiple input/multiple output communication system, comprising:
a base station comprising:
a plurality of transmit antennas;
a first processor for preconditioning transmission data, for assigning a
plurality of pilot symbols to the plurality of transmit antennas, for assigning a
plurality of sub-channel subsets to the plurality of transmit antennas, wherein
each of the assigned sub-channel subsets comprises sub-channels that are
noncontiguous; and
a plurality of modulators, each modulator connected to the first processor

and a separate one of the plurality of transmit antennas. for modulating the



25. The system of claim 24, wherein the second processor generates the CSI
nmessage for the noncontiguous channels of a sub-channel subset of the
plurality of sub-channel subsets. 26. The system of claim 24, wherein the
plurality of pilot synbols conprises &4 plurality of orthogonal pil ot
synmbols. 27. The system of claim 24, wherein the plurality of pilot synbols
conprises a plurality of periodic OFDM synbols. 28. The systemof claim
24, wherein tlaesigﬂe:dr;ﬂm'raﬂiyy of pipatl symbeisndmd shecrospactise asségnepIpluralifytof sob-

shi fted Maxi rral E&%h Shift Register sequences (m sequences). 55 29. An
apparatus for© Bs8iSand reporting transm ssion characteristics of a

mul tiple input/mul wyréin%% il O BIBR G B SKSi-8Rini S QDY bP HRGissgRans for
assigning a first subset of sub-thannels of a plurality of sub-channels to

a first transpluraitytofipiat intmlpduer el regpeofive asaigsaad sutachasnelasbsets; and i r st

transmtter unit, wherein the sub-channels of the first subset of
sub- channel s é‘r‘%c%YFné‘BHtcP@%‘ﬁ’é‘g means for transmitting, by the first

transmit antenna, g filspbndrlclvesatiiith @Y?écef\hﬁg URUARARNBE bRoOLyrilgs 1 1 st

subset of sub-channels; neans for receiving, first Treceive antenna of
a first recei mnsmmEdovehéefsub-shannpl subsets,ynbol rreans for determining, from

the received first | ot s the tr an m ssi haracteristics ,of the
sub- channel s of thé '?"‘F's?n%g%%%qm?}f’r Sape E‘Eé‘nﬁﬁlagqcar?g%%rqgglrv_crag 8PEi'h, by
the first reC%bfﬁ%Eluldﬂhétﬁ&eéé‘ﬁ‘edfﬁlﬁx%htﬁdﬁﬁﬁ%ﬁﬁms @At ., an information
signal that carries the determ ned transnission characteristics for_the

sub- channel s of t ke s¢dondt progesser, esfnseipd dha?hﬁeatsleaaheﬂmdﬂllﬂmfoﬁﬂ m zi ng

?hzef m(‘)]:) r %;?Pcsgl :?50'23 PR BRI R d%nquljl};\tré ura[’j‘&s&‘ [Bltl(%rsyltlrmoﬁs angai%F d on

generating a CSI message for transmission to the base station;
wherein the at least one receive antenna transmits the CSI message;
wherein at least one of the plurality of transmit antennas receives the CSI
message, at least one of the plurality of modulators modulates the received CSI message,
and the first processor preconditions the transmission data according to the CSI obtained

from the modulated CSI message.

25.  The system of claim 24, wherein the second processor generates the CSI message
for the noncontiguous channels of a sub-channel subset of the plurality of sub-channel

subsets,

26. The system of claim 24, wherein the plurality of pilot symbols comprises a

plurality of orthogonal pilot symbols.

27.  The system of claim 24, wherein the plurality of pilot symbols comprises a
plurality of periodic OFDM symbols.

28.  The system of claim 24, wherein the plurality of pilot symbols comprises a
plurality of shifted Maximal-Length Shift Register sequences (m-sequences).
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29.  An apparatus for measuring and reporting transmission charactenistics of a
multiple input/multiple output communication system, comprising:

means for assigning a first subset of sub-channels of a plurality of sub-channels
to a first transmit antenna of a plurality of transmit antennas of a first transmitter unit,
wherein the sub-channels of the first subset of sub-channels are noncontiguous;

means for transmitting, by the first transmit antenna, a first pilot symbol over the
sub-channels of the first subset of sub-channels;

means for receiving, by a first receive antenna of a first receiver unit, the first
pilot symbol,;

means for determining, from the received first pilot symbol, the transmission
characteristics of the sub-channels of the first subset of sub-channels;

means for reporting, by the first receiver unit to the first transmitter unit, an
information signal that carries the determined transmission characteristics for the sub-
channels of the first subset of sub-channels; and

means for optimizing a set of transmission parameters at the first transmitter unit,

based on the information signal,



