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*ACTI ON*  [1001] The present invention relates generally to data

comuni cat W20 nore specifically to techniques for aPEHESRIIAWOUpP! i nk
resources in a multiple-input multiple- output (M M) comunication system
whi ch may advantageously utilize channel state information (CST) and may

further enploy successive cancellation (()SCkQEecei ver processi ngi_ to provide
| mpr oved oy sAbRQGATIONTQE UBLINK RESOURGES IN A MUL TIINRMTcat i on

systens are wi dely depl oyed MUILTROUTPUT (MIMO)ypes of communi cation such
as voice, data, and so on, af These systens may be
based on code division mul PW@N%M)%fE% division multiple
access (TDWR), frequency division nultiple access (FDWA), gmmmmwmlmm

mul tiple access techniques. [1003] A nmultiple-input nulti MO)
comuni cation systemenploys nmultiple (NT) transmt antennas agge¥ul tiple

(NR) receive antennas for data transm ssion. In one conmon M MO system
i mpl enentation, the NT transmit antennas are |ocated at and associ at ed

with a single transmtter system BACKGROQ®NBceive anten
simlarly | ocated at and associated with a single receiver gm@ﬂ‘%ﬂummmm@
system may al so be effectively forned for a nmultiple access n
system havimglda base station that concurrently communi cates w tAT@Nhunber

of termnals, In this case, the base station enploys a nunber of antennas
and each terl#P0H mhle ersseniyinvestian selaigh genesplivettdaa communication, and more

specifically to techniques for allocating uplink resources in a multiple-input multiple- - -
output (MIMO) communication system, which may advantageously utilize channel state
information (CSI) and may further employ successive cancellation (SC) receiver .

processing to provide improved system performance.

Background

[1002]  Wireless communication systems are widely deployed to provide various
types of communication such as voice, data, and so on, for a number of users. These
systems may be based on code division multiple access (CDMA), time division multiple
access (TDMA), frequency division multiple access (FDMA), or some othér multiple
access techniques.

[1003] A multiple-input multiple-output (MIMO) communication system employs
multiple (Ny) transmit antennas and multiple (NR) receive antennas for data
transmission. In one common MIMO system implementation, the Nt transmit antennas
are located at and associated with a single transmitter system, and the Ny receive
antennas are similarly located at and associated with a single receiver system. A MIMO
system may also be effectively formed for a multiple access communication system
having a base station that concurrently communicates with a number of terminals. In
this case, the base station employs a number of antennas and each terminal may employ
one or more antennas.

[1004] A MIMO channel formed by the Nt transmit and Ny receive antennas may
be decomposed into N¢ independent channels, with Nc < min {Nt, Nr}. Each of the N¢
independent channels is also referred to as a spatial subchannel of the MIMO channel

and corresponds to a dimension. The MIMO system can provide improved performance



[ 1004] A M MO channel formed by the NT transmt and NR receive antennas may
be deconposed into Nc independent channels, with Nc < mn {NT, NR}. Each
of the Nc independent channels is also referred to as a spatial subchannel
of the M '\@o‘iﬁlﬁgﬁﬂ and corresponds to a dinension. The pdMRSNSHEM can
provi de i nproved performance WO 02/ 093782 PCT/ US02/ 15300 2 (e.g.,

I ncreased transm ssion capacity) if the additional dinensionalities created
by the nmnultiple transmt and receive antennas are utilized. [1005] The
avai |l abl e resources for uplink transm ssijons fromthe termnals to the

base station are limted. Typically, only a fraction of the term nals may
be schedul ede.df dnicredsad sahssisoh capatihg ifuheiddditosal siiaensidnalitidycdieanstebys thewhi ch
may be limted by the , nupber, of antennas_enployed at the base station.
Each "possi bRaitip st aud prepiyg Auennag alegilizedy ¢ erminal and the base station

typically exgeosiencege didifable&Bioudedfor efimkasdnShissiohs fromNfle t§mASIOH dbed
with different transm ssion capability. Efficient use of the avail able

upl i nk resoubase stafien are limitedh cFypicellz ey atiactien, obthe demminale may bersphedyledi | abl e
spatial sub : f b 1110 C i 1S, at mtted
on these su g%%@fs&ﬁfﬁa&g%&%ﬂégﬁs@g? %@E}?%P%y’ngﬁgﬂ?}rl\a}?ﬁée%m%ﬁys? em

[ 1006] Ther enunsber b nattumas empioyed at thetbase stationf. oEachetphssibjeiespatial sabthanndl e
uplink resources in.,a M systemto provide inproved.syste erforpmance.
SOMARY ©( 1007 eeRs gocimingl aid. i bise: BREH (SPieE Rt PhBR. oloe the
Uplhi gkl _per fa{]afmnﬁai@fana iwgs@déﬁgﬁwﬂﬁwh émlaiahgjﬂisﬁyﬁb@?ibili!tyl Micﬁ,ﬁ?mtof
schedul i ng schenes. are. . provided to,schedul e data transm ssions fro
termnal s thig a@%IﬁPIGWPQPlﬁbqs%“r&?ﬁ(EﬁanE@FF 'g.rqugh@tma}z g‘i’ A% ‘1°§}ft ﬁﬂY%‘F‘gfe

termnal s t hahi&ngabehanidls tard leffe@iVeRN Mfstatell- stch thdtMata (L trBhRAHS) on Biese
allowing multiple data transm ssions to occur_sinultaneously (e.g., on the

sane frequendpchaanels by aopsorer setf terminets ip theYIROSysteHe or nore M MO
term nal s, coafl ' f: s ﬁﬁ]?{é}'

i ncreased re gtthlﬁve ?gér? ﬁ‘ta‘?%%%fi@@%g n\ﬂk&ﬁt fgﬁﬁé}ﬁg %s?:é?%aﬁtgﬁ%l S a l?)?/\%d to
transmit in ia agviiMO system td providedinproxed $ystent gesformbnog. per f or med i n
conventional tinme-division nultiplexed (TDM systens. The scheduling
schenmes are described in further detail below [1008] In another aspect,
M MO recei ver processing techni ques SUNMMARYat the base station to

I ncrease system capacity. Wth M MO, scheduled termnals transmt nultiple
[1007]  Aspects of the invention provide techniques to increase the uplink

performance of a wireless communication system. In an aspect, scheduling schemes are
provided to schedule data transmissions from terminals that employ single antenna (i.e.,
SIMO terminals) and/or terminals that employ multiple antennas (i.e., MIMO
terminals). By allowing multiple data transmissions to occur simultaneously (e.g., on
the same frequency band) from multiple SIMO terminals, one or more MIMO terminals,
or a combination thereof, the capacity of the system is increased relative to that
achieved when only one terminal is allowed to transmit in a given time interval, as is
typically performed in conventional time-division multiplexed (TDM) systems. The
scheduling schemes are described in further detail below.

[1008] In another aspect, MIMO receiver processing techniques are used at the base
station to increase system capacity. With MIMO, scheduled terminals transmit multiple
independent data streams from a number of transmit antennas. If the propagation
environment has sufficient scattering, the MIMO receiver processing techniques
efficiently exploit the spatial dimensionality of the MIMO channel to support increased
data rates for the terminals. At the MIMO receiver (i.e., the base station for the uplink),

multiple receive antennas are used in conjunction with array signal processing



I ndependent data streanms froma nunber of transmit antennas. If the
propagati on environnment has sufficient scattering, the M MO receiver
processi ng techniques efficiently exploit the spatial dinmensionality of
the M MO cW&M@P378H support increased data rates for thePEEEM2ABI08. At the
M MO receiver (i.e., the base station for the uplink), nultiple receive
antennas are used in conjunction with array signal processing WO 02/093782
PCT/ US02/ 15300 3 techniques (described below) to recover the transmtted
data streans fromone or nore term nal ss [ 1009] A specific enbodinent of

t he i nventi on r,oVi or sch I in | i nk data transm ssion
for a number CEMQUSS 2&%%6@%?510&"% ,rgqoggrs Ftﬁ‘gﬁ?tﬁ ﬁtr%@?té?ﬂ‘ ong [r more
accordance Wethinhlge net hod, a nunber of sets of termnals are forned for
possi ble data.transm ssion, with each set including a uni tcc]ue conbi nat i on

of terninal s[1AP cér sresifisrambadiment (of st inwentiont providescq a aheduling
f [
performance @i ga6H t%&%}aseglf?)rnd rtﬁhmb%ilﬁf ﬁéﬂﬁﬁgls%?g s ontnjﬁ géﬁ%h'ﬂgsgy be

hypot heses i s sel ect e perfornmance e eses
eval uat ed bahle@condamrwnlmﬁlecmahmla nupshpo 0f ecte ©f tamminabs drolfommdtfor passiblenal i n

. the hypot hesi wiith th nnel nse _esti mat.es bei |nd| atiyve of
channel char‘iﬂi{'ﬂ1 Zﬁﬁpgﬁsggn,b&%eéaﬁ SR II{CE'\%}PH%QI“"&% %or%tagaélogtgf hghd
term nal s i ncdriégponge It@qtlﬁ/@oﬂwsis)tmbs evaladted. S The getférehahed oﬂadoﬁ Hyb@ﬂhédﬂ gsi on.

[ 1010] A successive cancel Iqa]ltlon recei ver processi n%m; may be used to
process the & ?Fisa"fir%?s‘?ﬁ ¢ s¥alpgred hypathaseyis ssigcied f%ﬁ’a‘l’fsthelﬁ?ffpﬁp@céase
one or nore TR BotHass iy w@vawea\ Ba8¢Sini part€@RAClha nsB @stirRiEPhdr eiMht h
each term nal ordering corresponding to a sub- hyp sis to be eval uat ed.

The per f of naf§EBInglf me&@hhmsrﬁwsmywh Hbe |cbann91 mse@nse\paumanewemgdn@n@wf oft he
sub- hypot hesamnhet ARaSiEliffts edithh iR ftemﬁas s figdu! ed
termnal may transmt an epende ream 0 ac eve

perfornance semwﬂhdmthessaremhedwlydﬁndatadmdsmmmm nmodul at ed based on a schene

sel ect ed, anp based o -.{ 0- noi se- s-interference (SNR)
oot mte’ f or RS an o RGeSt R edivet, Bouaine iRk, Tt (5 oFoedaion na <
desiring datgrotdsafmigmlotalsinitted by Getschi@lulddeeiihinats.s in #EY cike, ol drombiel zed
based on various netrics and factors. The Brlorlt of the active termnals

may then be YSENES PISE JEFnHE o cpddy fit A by Tomnade Withnesoh dem@ngl prdering
schedul i ng agffeSfontitig t%sﬁ'sﬁﬁlh?ﬂﬁheﬁiéa%d B bPaltidi@)S e SePOrhiRE W2 edciREb-

processing order to the selec
hypothesis is then evaluated and one of the sub-hypotheses is selected.

I

[1011] Each transmit antenna of each scheduled terminal may transmit an
independent data stream. To achieve high performance, each data stream may be coded
.. and modulated based on a scheme selected, for example, based on a signal-to-noise-
plus-interference (SNR) estimate for the antenna used to transmit the data stream.
[1012] Terminals desiring data transmission (i.e., “active” terminals) may be
prioritized based on various metrics and factors. The priority of the active terminals
may then be used to select which terminal(s) to be considered for scheduling and/or to
assign the available transmission channels and processing order to the selected
terminals.
[1013]  The invention further provides methods, systems, and apparatus that
implement various aspects, embodiments, and features of the invention, as described in
further detail below.



termnals. [1013] The invention further provides nethods, systens, and
apparatus that inplenent various aspects, enbodinents, and features of the
i nvention, as described in further detail below WD 02/093782

PCT/ US02/ 15%0@/06378pR| EF DESCRI PTI ON OF THE DRAW NGS [ 1014}~dh&,fi8qh Ur es,

nat ure, and advantages of the present invention will becone nore apparent
fromthe detailed description set forth bel ow when taken in conjunction
with the drawings in which like reference characters identify

correspondi ngly throughout and wherein:, [1015] FIG 1 is a diagramof a
mul tiple-input nmultiple-output (MM) comunication systemthat may be
desi gned and oper at ed BRIEFIDESORIFEION'OFTHIE DRAWINGS®odi nents of the
invention; [1016] ' FIG 2 is a flow diagramof a process to schedule

term nal s f&t014] anskiesfeptures, natwreagcbadvaniogeswitt the gresenttinvintiom twild foecdrae

I nventi on; ' f P11 WO ssive
cancel | ati oWé@pm?ngg@vggﬁﬁggg%ggfﬁ tiaosnc eg%xer@ b\%%’é‘? e f/'(f 8& B‘r%@gﬁ%ﬁ%ng or der
is (1) inposdth hye alrawinderiad whivht liké ieferenceatisarsvnds (idpntifet esrréspedingised on
the post-processed SNRs, respectively, [1018] FIG 4 is a flow diagram for
a priority- Hyeughout: TH4Y scheme whereby the highest priority ternminals
are consi deqpiisf or FGheduly nO'ddgh bt o [ HRRleBpS mliipledugh @f bl ock
di agram of a nunber of term nals and a base station in the M system
shown in FI epmmunicatiomgystemchatgnaysbedegigaedcand; opgratas to AMBRMERIBHPEIPEHT t he
transmt porg o I .capabl e of processing data for transm ssion
to the base %%%?P%mgrgggg{hghﬁ\? té&f;"avai | able CSI; [1022] FIG 7 is a block
di agram of &H16hbodIGe s oflowidingrase of ¥ progessité enhedyle teriamals fosstransingssion] 1023]
FIGS. SA ang 8B are. fl %%g&ﬁﬁ%o?&emeﬁgprpdi ment of a channel M M) data
processor and an PterTer ence cance er, respectively, of a receive (RX)

M MO dat a p[H0173%50rFI6S. BAcanda3R: art fAow aibgranmdfor two successive cancellation (SC) -

receiver processing schemes whereby the processirig order is (1) imposed by an ordered - -

set of terminals and (2) determined based on the post-processed SNRs, respectively;
[1018]  FIG. 4 is a flow diagram for a priority-based scheduling scheme whereby the
highest priority terminals are considered for scheduling;

[1019]" '

[1020] FIG. 5 is a simplified block diagrarh of a number of terminals and a base
station in the MIMO system shown in FIG. 1;

" [1021]  FIG. 6 is a block diagram of an embddiment of the transmit portion of a
terminal capable of processing data for transmission to the base station based on the -
available CSI;

[1022] FIG. 7 is a block diagram of an embodiment of the receive portion of a base
station;

[1023]  FIGS. 8A and 8B are block diagrams of an embodiment of a channel
MIMO/data processor and an interference canceller, respectively, of a receive (RX)
MIMO/data processor at the base station; and

[1024] FIGS. 9A and 9B show the average throughput and the sensitivity in cell .

throughput, respectively, for a simulated network.

DETAILED DESCRIPTION
[1025] FIG. 1 is a diagram of a multiple-input multiple-output (MIMO)

communication system 100 that may be designed and operated to implement various



[ 1024] FIGS. 9A and 9B show t he average throughput and the sensitivity in
cell throughput, respectively, for a simulated network. DETAILED

DESCRI PTION [1025] FIG 1 is a diagramof a nultiple-input nultiple-output
(M M) coMR¥3B2on system 100 that may be desi gned andPEBESEYE0t o

I mpl ement vari.ous WO 02/093782 PCT/ US02/ 15300 5 aspects and enbodi nents of
the invention. M MO system 100 enploys multiple (NT) transmt antennas and
multiple (NR) receive antennas for data transm ssion. M MO system 100 is
effectively forned for a nultiple acce335commni cat i on system having a

Carminar's ( 15eveigh atd Pmbe S af Hie'Elénubn” MEINQ S5m0l etmpusHn avitie 48

ant ennas andtrmﬂﬁtesméﬁrﬂs Tah@ mum;blé i(NkEreReive lahteﬁﬁ@) fof @ataUbdnisilssioh2NAMBSi ons
and the nul ti | u:?g% vvnl ink . transm ssions. The set of
"communi cat i ﬂg E‘W‘)ﬁ ‘ét‘ OE‘BF @étalq}‘élPQCraé‘ﬁ?F%g%@ﬂmﬁﬁ@n System; haviagian put
for uplink ts&e%mlsﬁl(ﬂgﬂmatt mcmn&lg%ﬁmmﬁ&t& wifll 2 hiapdbinifals Decitic

transmissions. A communicating termnal Is one that transmts user-
data to or }¥ceilydbiseass,-base statipe W&tmﬁlﬁmh@ldoastenmsaamdarepreSdntsa&mh

Coprosents ong Bl QU ror Bt i B A ROR a5 AR AT P BNNITH 1 11 ng

data and onetrasmiss®nbiR The et o’é“camtnmnmﬁn'g’f terininalset06i dftmbcti\&ly feprstnts 0@ dat a.

i ol ci ) PR R o el iy SRS o R ples B dor B ek
t ransm ssi ontransinid3idms. Mﬁt‘rﬁéa@ﬂF 1athinmRYs GiR thRarabals herspRiticddta odra Vi a
a nunber of transm ssign ck;htn A M MO channel may be deconposed into

NC i ndepende‘i‘??c“’%"‘ﬁ%;?ﬁﬁ%egl c\ﬂaf o0 t'?P basp stagign. Kjreach quwu@patmgetemnal 106
i ndependent n% dn&nﬁ'l oo mét%t’eﬁﬁaeﬂ Qelﬁ’s'smﬁ ot fR& s G the

MEMO channel . For MO syst em not ITzing ort ogona requency
di vi si on nodﬂn@lﬂﬁloﬁ '@msmmmg tdatar and; enet 91btheaNk yeasiNeyansenmas fiff thguternginal is

subchannel t

"transm ssi ongelﬁﬁgnﬁ%{o% fegnlnp 3%%%%0%%1?@%@&1{ ?%?H?SE%EB%?O%’é’algﬁigpﬁmral
subchannel ofimphcity), dndehpse antynms el adveatagesuslyie used ﬁir detd téafsnlission.
transm ssi o ? nne 027 Fi) t he exanpl e, shown i E%G 1, base station
104 concurr Qﬂﬁ @ I@s % ey R ppyiaed t?OtBaé’S]PHr 3 1Yie §aRpopbe of .

i ndi cat ed byudn@ﬁmﬁibhldﬁahndmsh MIRIO 8hdnhélPigy %Btdesdiﬁﬁosed%tb@tﬂ fddpenbiélft - Dase
station. Inactive termnals 106e through 106h
channels, with Nc < min {Nt, Ng}. Each of the N¢ independent channels is also.

referred to as a spatial subchannel of the MIMO channel. For a MIMO system not
utilizing orthogonal frequency division modulation (OFDM), there is typically only one
frequency subchannel and each spatial subchannel may be referred to as a “transmission
channel”. For a MIMO system utilizing OFDM, each spatiai subchannel of each
frequency subchannel may be referred to as a transmission channel.

[1027] For the example shown in FIG. 1, base station 104 concurrently
communicates with terminals 106a through 106d (as indicated by the solid lines) via
_multiple antennas available at the base station. Inactive terminals 106e through 106h
may receive pilot references and other signaling information from base station 104 (as
indicated by the dashed lines), but are not transmitting or receiving user-specific data
to/from the base station. The downlink (i.e., forward link) refers to transmissions from
the base station to the terminals, and the uplink (i.e., reverse link) refers to transmissions
from the terminals to the base station.

[1028] MIMO system 100 may be designed to implement any number of standards
and designs for CDMA, TDMA, FDMA, and other multiple access schemes. The



may receive pilot references and other signaling information from base
station 104 (as indicated by the dashed lines), but are not transmtting
or receiving user-specific data to/fromthe base station. The downlink
(i.e., for%rog obd7gK) refers to transm ssions from the basersdodhssan to the
termnal s the uplink (i.e., reverse link) refers to transm ssions
fromthe termnals to the base station. [1028] MEMO system 100 may be
designed to inplenment any nunber of standards and designs for CDVA, TDVA,
FDVA, and other multiple access schenes.gThe WO 02/ 093782 PCT/ US02/ 15300 6.
CDVA standards include the IS 95, cdma2080, W CDMA st andards, and the TDVA
st andar ds i nCDMie stzhddvdd inSipdeé ¢hra ¥Se95, [vlima2ROOCIVARINNLA astandaisls (z@SNt)le TDM4e

standards are known.i h t a | I pora

1000] s pe AR SHrusde, 1B e G Mbt BRAplialSTsToRARY Sl it

per for mance @éhaowrv\inrtﬁémsncmaafpmiafeammmw@fmncﬂhese t echni ques may be
advant ageousl used to increase the upc& capaC|t ré) e- access
cellular sysd | nAgpeesQf dhe inventiop g %seﬁﬁ%l’ﬁ E‘ECB 02(",‘hedul e

data tr ansm@ﬁaeggsc&n&rﬁﬁméﬁbm SRR, tﬁ!ﬁésc t@élﬁﬁ(ﬂé agrgﬂ)ee aa\mn&@eals(y ud toSI MO
termnals) and/or termnals that enploy multiple "antennas (i.e., M MO

terminal s). iBeetset thoeuplink eapeeitshaf & iple-aenggip eelivdar systemy| tIanaw sPsfton t he

sanme carrier cLé@ﬁgg]wW@ﬁr@' W%f@ehédupé aatgqfaﬁsﬂsaaéy% Rfinals GhACCUr

si nmul taneousﬁ term na term nal s,
or a conbi natmpmy tsimgreemftenmr(eecsma teymmfalsn IaadlelymEmalssthai emwplongeultiplel at i ve

to that achi ved t al | : splt gi ven
time intervahengas e’t%‘éa Ibaz%)f o?ﬁoéla ﬁs “cShv "'" %9 @e sgpglr%flon
mul ti pl exed s(iﬂimneswj« 6ii'the saine carriet hreqliché I B a]ltmviﬁg namq)lei data tralitissions
further detail below.  ~. s5}@&30] In an er aspect, é\%ﬁ\géver

processi ng' t@QsAHGIRYltaeusly ampultiple terinals; gp ?rdn?rﬁ deiugly
capaci ty. Wgh, NoMBinatieh QRste S the® Capabiy of tthe gtk imh&ﬂeadea relafidepe NEANt
data streans froma nunber of transmt” antennas. If the rOpggtggl on

envi ronnent 4ehisved: whew palytons dermiral iin gllowadetonranenit de @i ghan Hpe glngs is
techni ques S% c’alf}{ SQrtfér}ﬁeﬁ)&H é:%h\rr nrugﬁalsc SHJ?lsuﬁ' 208 IS.TIPM)% st&}ﬁﬁ %

channel to s I NCr ease or t erm
recei ver (i .sheduling stimees anaalbsombedmfutﬂm d@taillbnlo)w, mul tiple receive

(descr i bed AMafh « b st Hoebt md RelbbiboRb Ao GRS, Mo of GEBRLT 00

station to increase system capacity. With MIMO, scheduled terminals transmit multiple

independent data streams from a number of transmit antennas. If the propagation
envitonment has sufficient scattering, the MIMO receiver processing techniques
efficiently exploit the spatial dimensionality of the MIMO channel to support increased
data rates for the terminals. At the MIMO receiver (i.e., the base station for the uplink),
multiple receive antennas are used in conjunction with array signal processing
techniques (described below) to recover the transmitted data streams from one or more
terminals.

[1031] The MIMO receiver processing techniques can be used to increase the data
rates of individual terminals, which correspondingly increases the capacity of the
system. The MIMO receiver processing techniques can be used to process signals
transmitted from multiple terminals equipped with single transmit antenna (e.g. SIMO
terminals). From the base station’s perspective, there is no discernable difference in
processing N different signals from a single terminal (e.g., a single MIMO terminal)
versus processing one signal from each of N different terminals (i.e., N SIMO

terminals).



termnals. [1031] The M MO receiver processing techniques can be used to

I ncrease the data rates of individual term nals, which correspondi ngly

i ncreases the capacity of the system The M MO receiver processing

t echni quesw,(é??’“@gm&sed to process signals transnitted fr 8FTHSIZISH0e
termnals equipped with single transmt antenna (e.g. SIMO termnals).
From the base station's perspective, there is no discernable difference in
processing N different signals froma single termnal (e.g., a single MM
termnal) versus processing one signal Tromeach of N different termnals
(i.e., NS ermynal s). . 2/,093782 .PCT/ US02/ 15300, 7, 032] As shown
in FIG 1, mséer%ﬁgl?os‘z'}%%eqr e dermppaly may eﬁﬁ?‘éﬁ?’ﬁ‘“ﬁ‘i‘m‘[&é@\@él‘e %35t i on' s
coverage ar aeations covedapé hreaMor €eslEy., MbiSover, he AhkI MakaRfetistidsC§pic B} !Gﬁg' y
vary over tinme.due to a nunber of factors such as fading and nultipath.
For " si npl i ciO¥§T UBS dpe to nymbes of fagtors,gich @s fading and sumtippth.oFersimpliifypeashwi t h a
si ngl e ant engithindlin Shd &1 1sCdbudhied tbrb%tﬁgip kd “Hihn?sinélgeanfeﬂﬂﬁn%lt a’ €
between each termnal's antenna and t Base starrons array receive
ant ennas i s iastent 4a ttised, Abel channal respanse batwesh@aeh &rmirmiis antean® and nipobad of

I ndependent ssian r omvariables, as follows: h, =h, I. hr.2 Eq (1)
Lk, NR J \Ahersg?’ﬁ‘i’f af’éhﬁﬁ%ﬁ?&%%ﬁ?‘&’éﬁ%@@”@@?ﬁ% afvegIRT &1&110-8? glepgptsi nal
Lo the |- h gkeamipied ihaAHBRIAL Ghilsial BR0RAKAR, affouBgun 1 n equation (1),
t he channel estimates for each termnal 1s a vector wth NR el ements
correspondi ng to the nungber of receive antennas at the base station. Each
el ement of the vectgrhh,| describes the response for a respective
transmt-receive anffepnd pair between the term nal and base station. For
sinplicity, equatie ([i]) describes a channel - characterizati oBqlpsed on a
flat fading channell nodel (i.e., one conplex value for the entire system
bandwidth). In an a izwli operating environnent, the channel may be
frequency sel ective (i.e., the channel '

" where h;; is the channel response estimate from the i-th terminal to the j-th receive
* antenna at the base station. As shown in equation (1), the channel estimates for each
terminal is a vector with Ny elements corresponding to the number of receive antennas

at the base station. Each element of the vector h, describes the response for a

respective transmit-receive antenna pair between the terminal and base station. For
simplicity, equation (1) describes a channel characterization based on a flat fading
channel model (i.e., one complex value for the entire system bandwidth). In an actual
" operating environment, the channel may be frequency selective (i.e., the channel
' résponsé varies across the system bandwidth) and a more detailed channel

characterization may be used (e.g., each element of the vector h, may include a set of

values for different frequency subchannels or time delays).

[1033]  Also for simplicity, it is assumed that the average received power from each
terminal is normalized to achieve a common target energy-per-bit-to-total-noise-plus-
interference ratio (Ey/Ny) after signal processing at the base station. This target Ey/N, is
often referred to as a power control setpoint (or simply, the setpoint) and is selected to
provide a particular level of performance (e.g., & particular packet error rate (PER)).
The common setpoint may be achieved by a closed loop power control mechanism in
which the transmit power of each transmitting terminal may be adjusted (e.g., based on
a power control signal from the base station). Alternatively, a unique setpoint may also

be used for each terminal and the techniques described herein may be generalized to



response varies across the system bandw dth) and a nore detail ed channel
characterization may be used (e.g., each elenent of the vector h, may
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mul ti-user channel response estimates), the average uplink throughput can be increased relative to

that achieved with a single terminal. Furthermore, by exploiting the multi-user
diversity, the scheduler can find combinations of “mutually compatible” terminals that
_‘ can be allowed to transmit at the same time on the same channel, effectively enhancing
system czlllpacity relative to single-user scheduling or random scheduling for multiple
users. |
[1036] The terminals may be selected for data transmission based on various
factors. One set of factors may relate to system constraints and requirements such as the
desired qﬁality of service (QoS), maximum latency, average data rate, and so on. Some
or all of these factors may need to be satisfied on a per terminal basis (i.e., for each
terminal) in a multiple access system. Another set of factors may pertain to system
performance, which may be quantified by the average system throughput rate or some
other indications of performance. These various factors are described in further detail
below.
[1037] The scheduling schemes are designed to select the best combination of

terminals for simultaneously transmission on the available transmission channels such



diversity, the scheduler can find conbinations of "nmutually conpatible"
termnals that can be allowed to transmt at the sane tinme on the sane
channel, effectively enhancing system capacity relative to single-user
schedul i ng Y 0%438dm schedul ing for nultiple users. [1038FTVRR/¥#Oni nal s
may be selected for data transm ssion based on various factors. One set of
factors nmay relate to systemconstraints and requirenents such as the
desired quality of service (QS), nmaxinum | atency, average data rate, and
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term nal basj | 0] AN i yste
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transm ssi on channel's such WO 02/ 093782 PCT/ US02/ 15300 9 that system
performance is maxi m zed while conformng to the system constraints and
requirements. |f NT terminals dr:selfected fo.tlransni ssion and each

term nal enploys one antenna, |t C nel. r nse matri x H correspondi ng
to the sel ected sHi=[§ h,t.ehyil Iks}_'g( Iz?z?u], u%‘?'g. .. uNt}) nayEBEgd2expressed
as: H=[h1l h2 hNT]= L'kNR h2, NR Eq (2) [1038] "I n accordance with an aspect
of the invention, a successive |égyalmzati-onkang | i nterference cancell ation
(or "successive cancellation") receiver processing technique is wused at--
the base station to receive and process the transm ssions fromnultiple

terminals. THP38] &chhpcqomlandeckitisan gepest of thciayensiont heucspsive catalisetioniandal s a
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transmitted signal being recovered for each iteration. For each iteration, the technique

performs linear or non-linear processing (i.e., spatial or space-time equalization) on the
Ngr received signals to recover one of the transmitted signals, and cancels the
interference due to the recovered signal from the received signals to derive “modified”
signals having the interference component removed. The modified signals are then
-processed by the next iteration to recover another transmitted signal. By removing the
interference due to each recovered signal from the received signals, the SNR improves
for the transmitted signals included in the modified signals but not yet recovered. The
improved SNR corresponds to improved performance for the terminal as well as the
system. The successive cancellation receiver processing technique is described in
further detail below.

[1039]  When using the successive cancellation receiver processing technique to
process the received signals, the SNR associated with each transmitting terminal is a
function of the particular order in which the terminals are processed at the base station.
In an aspect, the scheduling schemes take this into account in selecting the set of
terminals to allow transmission.

[1040] FIG. 2 is a flow diagram of a process 200 to schedule terminals for

transmission, in accordance with an embodiment of the invention. For clarity, the



signals having the interference conponent renoved. The nodified signals are
then processed by the next iteration to recover another transmtted
signal. By renoving the interference due to each recovered signal fromthe
recei ved Swg%h%si he SNR inproves for the transmtted siqmesesssoe! uded in
the nodified signals but not yet recovered. The inproved SNR corresponds
to inproved performance for the termnal as well as the system The
successi ve cancel l ation receiver processing technique is described in
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performance. Thus, a particular (new) order is selected to process the terminals in the
set, at step 218. This particular order forms a sub-hypothesis to be evaluated.

[1044] The sub-hypothesis is then evaluated and the terminal metrics for the sub-
hypothesis are provided, at step 220. The terminal metrics may be the SNRs for the
(post-processed) signals hypothetically transmitted from the terminals in the set. Step
220 may be achieved based on the successive cancellation receiver processing
technique, which is described below in FIGS. 3A and 3B. The performance metric
(e.g., the system throughput) corresponding to this sub-hypothesis is then determined
(e.g., based on the SNRs for the post-processed signals from the terminals), at step 222.
This performance metric is then used to update the performance metric corresponding to
the current best sub-hypothesis, also at step 222. Specifically, if the performance metric
for this sub-hypothesis is better than that of the current best sub-hypothesis, then this
sub-hypothesis becomes the new best sub-hypothesis and the performance and terminal
metrics corresponding to this sub-hypothesis are saved.

[1045] A determination is then made whether or not all sub-hypotheses for the
current hypothesis have been evaluated, at step 224. If all sub-hypotheses have not been



performance. Thus, a particular (new) order is selected to process the
termnals in the set, at step 218. This particular order forms a
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. [1048] FIG. 3A is a flow diagram for a successive cancellation receiver processing
.scheme 220a whereby the processing order is imposed by an ordered set of terminals.
This flow diagram may be used for step 220 in FIG. 2, The processing shown in FIG.
3A is performed for a particular sub-hypothesis, which corresponds to an ordered set of
terminals (e.g., U = {ua, Up, ... un}). Initially, the first terminal in the ordered set is
selected as the current terminal to be processed (i.e., u; = up), at step 312,
[1049] For the successive cancellation receiver processing technique, the base
station first performs linear (i.e., spatial) or non-linear (i.e., space-time) equalization on
the received signals to attempt to separate the individual signals transmitted by the
terminals in the set, at step 314. The linear or non-linear equalization may be achieved
as described below. The amount of achievable signal separation is dependent on the
amount of correlation between the signals transmitted, and greater signal separation may
be obtained if these signals are less correlated. Step 314 provides Nt post-processed
signals corresponding to the Ny signals transmitted by the terminals in the set. As part



transm ssion intervals, latency for data, transm ssion, and so on), then
these netrics are wupdated, at step 230. The termnal netrics nmay be used
to evaluate the performance of the individual termnals, and are descri bed
in furtherydebgbdspel ow. The scheduling is typically perfemossdisos each
transm ssion interval. [1048] FIG 3Ais a flow diagramfor a successive
cancel l ati on recei ver processing schene 220a whereby the processing order
is inposed by an ordered set of termnals. This flow diagram my be used
for step 220 in FIG 2. The processing sfpown in FIG 3A is performed for a
particul ar sub-hypothesis, which corresponds to an ordered set of
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interference due.i IOthe current terminal u, at step 324. In particular, u; = us for the second

jteration, u; = u, for the third iteration, and so on, for the ordered set u = {Ua, Up, ... Un:}.

[1052]  The processing petformed in steps 314 and 316 is repeated on the modified
-signals (instead of the received signals) for each subsequent terminal in the set. Steps
320 through 324 are also performed for each iteration except for the last iteration.

[1053]  Using the successive cancellation receiver processing technique, for each
hypothesis of Ny terminals, there are N factorial possible orderings (e.g., Nt! = 24 if
Nt = 4). For each ordering of terminals within a given hypothesis (i.e., each sub-
hypothesis), the successive cancellation receiver processing (step 220) provides a set of

SNRs for the post-processed signals for the terminals, which may be expressed as:

Zhyp.arder ={},”yz""’yNT} ’

where ¥, is the SNR after the receiver processing for the i-th terminal in the sub-

hypothesis.



termnal ui is then subtracted fromthe received signals to derive nodified
signals, at step 322. These nodified signals represent estimates of the
recei ved sj | Jf terminal ui had not transmtted (i.e., assum ng that

t he interfgggﬁ%%3 Ancel | ation was effectively perfornmed) PCTYSOZASHMN | ed
signals are used in the next iteration to process the transmtted signal
for the next termnal in the set. The next termnal in the set is then
selected as the current termnal ui, at step 324. In particular, ui = ub
for the second iteration, ui = u, for t¥ third iteration, and so on, for
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per f or mance netr'iJ(B:@"’F'f“i””gn < énbodi ment, a function of the acﬁégj\)abl e

t hroughputs for all NT termnals for the sub- hypothesis may be used, which

b d as:. Yhyp, od =rr, . (3) where ri is the th hput
aetoct at ol W it e tHPUEBR R absge o i b e aa e, subraoihesyo 950

expressed asnay be expressed as:

r=c¢-log,(1+7) , Eq (4)

where ¢; is a positive constant that reflects the ‘fraction of the theoretical capacity
achieved by the coding and modulation scheme selected for this terminal.

[1056]  For each sub-hypothesis to be evaluated, the set of SNRs provided by the
successive cancellation receiver processing may be used to derive the performance
metric for that sub-hypothesis, e.g., as shown in equations (3) and (4). The performance
metric computed for each sub-hypothesis is compared to that of the current best sub-
hypothesis. If the performance metric for a current sub-hypothesis is better, then that
sub-hypothesis and the associated performance metric and SNRs are saved as the
metrics for the new best sub-hypothesis.

[1057] Once all sub-hypotheses have been evaluated, the best sub-hypothesis is
selected and the terminals in the sub-hypothesis are scheduled for transmission in an
upcoming transmission interval. The best sub-hypothesis is associated with a specific
set of terminals. If successive cancellation receiver processing is used at the base
station, the best sub-hypothesis is further associated with a particular receiver

processing order at the base station. In all cases, the sub-hypothesis is further associated



r = C .1092 (1 + Yr) 7 Eq (4) where c; is a positive constant that
reflects the 'fraction of the theoretical capacity achieved by the coding
and nodul ati on schene selected for this term nal. [1056] For each

sub- hypot hggj ebfsPe eval uated, the set of SNRs provi ded myr/tswe/1smeccessi ve
cancel l ati on receiver processing nmay be used to derive the perfornmance
metric for that sub-hypothesis, e.g., as shown in equations (3) and (4).
The performance netric conputed for each sub-hypothesis is conpared to
that of the current best sub- hypothesig4 If the performance netric for a

current sub-hypothesis is better, then that  sub- hgpot hesj s ﬁnd t he
associ at ed peith dreneohisvableSNRs fon dheskrinalse Whighamay, ke dgtermined based qugthe; e
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wi th the achj.eMapb&foshB@acd or the term nals, which may be determ ned based
on the selecte rocessing order. [1058] The data rates f% the termnals

may then be BO5ut e@he firgtaschedulingi scherpg Wpworbed NAEGSa2 dKbwA TeRrE™ii on
(4). PartialgCob (ahi g T I J
reported to m%éhga‘é@éﬁ{é@%ﬁg%%&ﬁ%lagﬁwﬁiﬁgh thenr% use fhg partial -CSI to
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desired level of performance. 059] .Ih L L§t | 1 cri bed
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data in the upcom ng transm ssion interval. The total nunber of potenti al
sub- hypot hesea kegxp@sedat-uat ed by a schedul er can be quite large, even for
a snall nunber, of active termnals. In fact, the total nunber of

sub- hypot heses can be expr d asg (NU NU
g i ) i ket Bg 5
N; Ny -N )

where Ny is the number of active terminals to be considered for scheduling. For
~ example, if Ny = 8 and Nt = 4, then Nuub.nyp = 1680. An exhaustive search may be used
'to determine the sub-hypothesis that provides the optimal system performance, as
quantified by the performance metric used to select the best sub-hypothesis.
[1060] A number of techniques may be used to reduce the complexity of the
processing to schedule terminals. Some scheduling schemes based on some of these
techniques are described below. Other schemes may also be implemented and are
within the scope of the invention. These schemes may also provide high system
performance while reducing the amount of processing required to schedule terminals.
[1061]  In a second scheduling scheme, the terminals included in each hypothesis to
be evaluated are processed in a particular order that is determined based on a particular
defined rule. This scheme relies on the successive cancellation receiver processing to
determine the specific ordering for processing the terminals in the hypothesis. For
example and as described below, for each iteration, the successive cancellation receiver

processing scheme can recover the transmitted signal having the best SNR after



Nsub-hyp = NTl NI = (NU - NT)I Eq (5) where NU is the nunber of active
termnals to be considered for scheduling. For exanple, if NU =8 and NI =
4, then NS'b hn, = 1680. An exhaustive search may be used to deternmine the
sub- hypot h&&F B8 o ovi des the optimal system perfor man®ET/UaR1580ant i fi ed
by the performance metric used to select the best sub-hypothesis. [1060] A
nunber of techni ques nay be used to reduce the conplexity of the

processing to schedule term nals. Sone scheduling schemes based on sone of
these techniques are described below. Ol®er schenes rrayTﬁI SO beh
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SNRs are provided, at step 328, and the receiver processing terminates. Otherwise, the
interference due to the terminal just processed is estimated, at step 320. The estimated
interference is then subtracted from the received signals to derive the n‘10diﬁed signals,
at step 322. Steps 314, 316, 318, 320, and 322 in FIG. 3B correspond to identically
numbered steps in FIG. 3A.

[1064] In a third scheduling scheme, the terminals included in each hypothesis are
processed based on a specific order. With successive cancellation receiver processing,
the SNR of an unprocessed terminals improves with each iteration, as the interference
from each processed terminals is removed. Thus, on average, the first terminal to be
processed will have the Jowest SNR, the second terminal to be processed will have the
second to Jowest SNR, and so on. Using this knowledge, the processing order for the
terminals may be specified for a hypothesis.

[1065] In one embodiment of the third scheduling scheme, the ordering for each
hypothesis to be evaluated is based on the priority of the terminals in the hypothesis.
Various factors may be used to determine the priority of the terminals, and some of

these factors are described below. In this embodiment, the lowest priority terminal in



decoded) to obtain a decoded data streamfor the termnal, at step 316. At
step 318, a determnation is nmade whether or not all termnals in the
hypot hesi s have been processed. If all term nals have been processed, then
the order @f, hiigs7h£rmnals and their SNRs are provided, mdr/ed2ms3ses, and

t he receiver processing termnates. Gtherwise, the interference due to the
termnal just processed is estimated, at step 320. The esti nated
interference is then subtracted fromthe received signals to derive the
nodi fied signals, at step 322. Steps 3% 316, 318, 320, and 322 in FIG
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metrics of each terminal in the list are thereafter updated on each frame. Once 2

terminal no longer desires to transmit data, it is removed from the list.

[1068]  For each frame, a number of terminals in the list may be considered for
ischeduling. The particular number of terminals to be considered may be based on
various factors. In one embodiment, only the Nr highest priority terminals are selected
to transmit on the Nt available transmission channels. In another embodiment, the Nx
highest priority terminals in the list are considered for scheduling, with Ny >Nx > Nr.
[1069] FIG. 4 is a flow diagram for a priority-based scheduling scheme 400
whereby Nr highest priority terminals are considered for scheduling, in accordance with
an embodiment of the invention. At each frame interval, the scheduler examines the
priority for all active terminals in the list and selects the N highest priority terminals, at
step 412. In this embodiment, the remaining (Ny - Nr) terminals in the list are not
considered for scheduling. The channel estimates h for each selected terminal are
retrieved, at step 414. Each sub-hypothesis of the hypothesis formed by the Nt selected

terminals is evaluated, and the corresponding vector of SNRs, ¥ for the post-

hyp order ’

processed signals for each sub-hypothesis is derived, at-step 416. The best sub-



(e.g., average throughput), systemconstraints and requirenents (e.qg.,

maxi mum | atency), other factors, or a conbination thereof, as described
below. Alist may be maintained for all active termnals desiring to
transnit déY%O?’??g?sﬁe upcom ng transmission interval (whi @FTUSIH]ISEY
referred to as a "franme"). Wen a termnal desires to transmt data, it is
added to the list and its netrics are initialized (e.g., to zero). The
nmetrics of each termnal in the list are thereafter updated on each frane.
Once a terminal no longer desires to trdhsnit data, it is removed fromthe

list. [1068] c , o] rm.nal s [.n li.sf may b
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best sub-hypot hesis may; carrespond to the one that cones closest to

nornal i zi ng the p¢,i(l§}1"-g %rnﬁ}(@m; erminals after their netricEqdfe updated.
[ 1070] - Various netrics™dftd factors nmay be used to deternmine the priority
of the active termnals. In an enbodinent, a "score" may be nuaintained for

each term nalyhém r,GNR thé faliadiatarateqROthit B ibit frahi®) RS tbtificht .05 SaRELH4 no.

I n one enbodi nent, a score ,
may be cqmputed as shown in equation (4). Typically, 7, (i) is bounded by a particular

maximum achievable data rate, ry,y, and a particular minimum data rate (e.g., zero). In

another implementation, the score ¢@,(k) for terminal u, in frame % is an exponential

average throughput achieved over some time interval, and can be expressed as
¢, k)=(1-a)-9,k-D+a-r,k)/r,, , Eq(7)

where ¢ is a time constant for the exponential averaging, with a larger value for
corresponding to a longer averaging time interval.

[1071] When a terminal desires to transmit data, it is added to the list and its score is
initialized to zero. The score for each terminal in the list is subsequently updated on
each frame. Whenever a terminal is not scheduled for transmission in a frame, its data
rate is set to zero (i.e., r, (k) = 0) and its score is updated accordingly. If a frame is
received in error by a terminal, the terminal’s effective data rate for that frame is also set

to zero. The frame error may not be known immediately (e.g., due to round trip delay



I ndi cati ve of an average throughput over a particular, averaging tine
interval is mintained for each active termnal. In one inplenentation,
the score 0. (k) for termnal u,, at frane k is conputed as a |inear

aver age th?ralb?ﬁw&z achi eved over sone tine interval, antcamkolessexpr essed
as: k 0"(k (i)/r. , K(=k-K+I Eq (6) where r,,(i) is the realized
data rate (in unit of blts/frarre) for termnal u" at frame i and nay be
conputed as shown in equation (4). Typically, r" (i) is bounded by a
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type of data service being provided for the terminals. Other factors may also be
considered in determining priority and are within the scope of the invention.

[1074]  The priority of a terminal may be a function of any combination of (1) the
score m_aintained for the terminal for eqch metric to be considered, (2) other parameter
values maintained for system constraints and requirements, and (3) other factors. In one
embodiment, the system constraints and requirements represent “hard values” (i.e., high
or low priority, depending on whether or not the constraints and requirements have been
violated) and the scores represent “soft values”. For this embodiment, terminals for
which the system constraints and requirements have not been met are immediately
considered, along with other terminals based on their scores.

[1075] A priority-based scheduling scheme may be designed to achieve equal
average throughput (i.e., equal QoS) for all terminals in the list. In this case, active
terminals are prioritized based on their achieved average throughput, which may be
determined as shown in equation (6) or (7). In this priority-based scheduling scheme,
the scheduler uses the scores to prioritize terminals for assignment to the available
transmission channels. The active terminals in the list may be prioritized such that the
terminal with the lbwest score is given the highest priority, and the terminal with the

highest score is given the lowest priority. Other methods for ranking terminals may also



termnals. One such factor may be related to the type of data to be
transmtted by the termnals. Delay sensitive data nmay be associated with
hi gher priority, and delay insensitive may be associated with | ower
priority. %?Pé??é?ﬁztted data due to decoding errors for ZCIYSE15300
transm ssion may al so be associated with higher priority since other
processes may be awaiting the retransmtted data. Another factor may be
related to the type of data service bei qg provided for the term nals.

QO her factors may al so be considered in'determning priority and are
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for assi g%ﬁe%@ggiqlﬁéﬁgvglﬁpgrg 8§étt ransm ssi on channel E The active
term-nal s i n[1078] | i-Slo megid ke abowve-déscrled Sclodlerinptit effdee theeschedivddr sunt Be t he
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hi ghest scor 8e98°) Qe FPePBnizq HES SONGHPR, Moy to ispighingderpinals g, the Aveilahle
term nal s naya@nERioNHIRNEE) 2h8/Br 6tEét RO 26rBRRonks it R ot288ed. TRGumber of

prioritization may also assign non-uniform we;r%hti ng factors to the
terninal scofidrent feshpiduesomay be uprehitgl detrgmine iaasegree wh linearidepsndangedn dhe
sel ected andpgcicdib 1t RS e SiSH L=y I'di R gyl S
possi bl e for hpoor itieéz?lrlmfrtllg,lE ng oupsl%ngs tugﬂ(sﬁ(?@cﬁls& %2‘32@?%%%%%@%&0@”’
termi nal set solgingfer ttheaSNResefl the post-procasseyl bignals usitg e subsessivei qancellation

by oughput - 5oeRurorssRRe WERFicE bt b okl sBylE Rodallidn it fhe! oy i e

of the term addition, detection of this clustering condition is typically simple to implement. In the

L

event that the clustering condition is detected, the scheduler can reorder the terminals
(e.g., in a random manner) in an attempt to reduce the linear dependence in the matrix
H. A shuffling scheme may also be devised to force the scheduler to select terminal
sets that result in “good” hypothesized matrices H (i.e., ones that have minimal amount
of linear dependence).

[1078]  For priority-based scheduling schemes (e.g., the third and fourth schemes
described above), the scores of the terminals are updated based on their assignments or
non-assignments to transmission channels. In an embodiment, for all scheduling
schemes, the supported data rates for the terminals are determined based on their SNRs
and communicated to the terminals for use in the scheduled transmission interval, In
this manner, the scheduled terminals can transmit at the data rates supported by the
SNRs estimated for the terminals. The base station also knows which terminals to

process in a given frame and in what order to process them.



may not change substantially over several franes. In this way, the
schedul er may be stuck with this particular termnal set until the
priorities change sufficiently to cause a change in nenbership in the set.
[1077] ' TQo3Y¥médst he above-described "clustering” effectpcrinsesstedul er
can be designed to recognize this condition -prior to assigning termnals
to the available transm ssion channels, and/or detect the condition once
it has occurred. A nunber of different techniques may be used to determ ne
the degree of |inear dependence in the dgypothesized matrix H These

techni ques include solving for the eigenvalues of H solving for the SNRs
of the post- [ﬂﬂ?ﬁiess%@tnswénht schediling achemes alesdribed ebave emalayotechniquesitoer
proce33|ng t ni gue or [ t c
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in a given fgr 6&5&81 dts k:'lBschB@d a&lvele'll‘hﬂs mfﬁmﬁmatyhfémseﬂiﬂn(}ad\ﬁﬁfgﬁﬁe?number :
PCT/ US02/ 15300 20 107@% %&ﬁ edul i ??g chenes descri beg above
enpl oy techrﬁ’ diyaathesss tq by aquelﬁ H?n pr somsApRUGaHgNS, dRy RyPqssidledfedul e
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schedul i ng sc scope of the |nvent|on For
exanpl e, theovktifneg H‘élwnfsmum nyxay ﬁxembn atosechupdaw, agdnsed dyrtheischeduler in
schedul i ng uﬁkd?gséhg&lfngl afiecond, or third schenme. [1080] Mre conpl ex
schedul i ng schenes nay -a <0 “be devi sed that may be able to

. [1081]-  For simplicity, various aspects and embodiments of the invention have been

-

described for a communication system in which (1) Nr terminals are selected for .
* transmission, with each terminal employing a single transmit antenna, (2) the number of
transmit antennas is equal to the number of receive antennas (i.e., Ny = Ng), and (3) one -
receive antenna is used for each scheduled terminal. In.this operating mode, each
terminal. is effectively assigned to a respective available spatial subchannel of the
MIMO channel.

[1082] The terminals may also share the multiplex array of receive antennas, and
this is within the scope of the invention. In this case, the number of transmit antennas
for the scheduled terminals may be greater than the number of receive antennas at the
base station, and the terminals would share the available transmission channels using
another multiple access technique. The sharing may be achieved via time division -
multiplexing (e.g., assigning different fractions of a frame to different terminals),
frequency division multiplexing (e.g., assigning different frequency subchannels to

different terminals), code division multiplexing (e.g., assigning different orthogonal



achi eve ,throughput closer to optinum These schenes may be required to
evaluate a |arger nunber of hypotheses and sub-hypotheses in order to
determ ne the best set of termnals for data transm ssion on a given
channel (i YO e siot, a code channel, a frequency PCBAISEISN0, and so
on). O her scheduling schenmes may al so be designed to take advantage of
the statistical distribution of the data rates achi eved by each order of
processi ng, as described above. This information nmay be useful in reducing
t he nunber of hypot heses to be eval uated! In addition, for some

appl i cati onscodek {Baydlg@r t n [ | ou . e.
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termnal s), 068 iftMdSiny bombidatioh SXSIMD bfid MIMGRahERNg di fferent
ort hogonal /093782 PCT/ US02/ 15300 21 codes to gﬂ fferent term nals),

or some ot hed08R| t | Bhe schrguling, sphesmes; drseiikednbereipoddsemning dhe SNRst oz the
f t I ects
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enbodi nents of the |nvent|on have escri
each t er m ndhe paieg maﬂtcpmveaftﬁveha assuh‘bdémaﬂl tetnfieals (i@ oi pwes cétt of thed

herein may al30mRSAN. | Hhwele? by MRSt fing %}l;g il gg\lwgrdgts the t%nmnals the
achievable SNRs may be adjusted. For example, by decreasing the transmit power of a

particular terminal via power control, the SNR for this terminal is reduced, the

interference due to this terminal would also be reduced, and other terminals may be able
to achieve better SNRs. Thus, power control may also be used in conjunction with the
scheduling schemes described herein, and this is within the scope of the invention.
[1085]  The scheduling of terminals based on priority is also described in U.S. Patent
Application Serial No. 09/675,706, entitled “METHOD AND APPARATUS FOR
DETERMINING AVAILABLE TRANSMIT POWER IN A WIRELESS
COMMUNICATION SYSTEM,” filed Septémber 29, 2000. Scheduling of data
transmission for the uplink is also described in U.S. Patent No. 5,923,650, entitled
“METHOD AND APPARATUS FOR REVERSE LINK RATE SCHEDULING,”
issued July 13, 1999, and incorporated herein by reference.

[1086]  The scheduling schemes described herein incorporate a number of features

and provide numerous advantages. Some of these features and advantages are described
below.



combi nation of single-antenna termnals (i.e., SIMOternnals) and

mul tiple-antenna termnals (i.e., MMOtermnals). For exanple, a base
station with four receive antennas nay support transm ssions from(1l) a
singl e 4x4uMoVeddbey mnal, (2) two 2x4 M MO term nals; (3ctiesoe/158ret S| MO
termnals, (4) one 2x4 M MO termnals and two 1x4 Sl ND termnals, or any
ot her conbl nation of termnals. The schedul er may be designed to sel ect
t he best conbination of term nals based on the hypothesized post- processed
SNRs for an assuned set of sinultaneous22ransmtting termnals, where the
set can include any _combination of SIMO and M MO te naI s.,[108 The
schedul i ng dd0&Htes  Hissicihesebpdybing sshepes é‘l‘Rﬁoﬁe TRix M ef“%ﬂ” th‘é’ &raﬁ?'nal s
based. on 2 Radfd it br SO MIBRIRImlr8N thay/ Yeabhddiea6 rfhshil 6o thE @ verse

Si rrpl icity ame transmt power level “is assumed for all termnals
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thetransmt ower ,.of the .t t. st ed.
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vector h shoyp ih is informed when to communicate, which data rate(s) to use (e.g., on a per

* transmit antenna basis), and the particular mode (e.g., SIMO, MIMO).
[1090]  Fourth, the scheduling schemes can be designed to consider sets of terminals
that have similar link margins. Terminals may be grouped according to their link

- margin properties. The scheduler may then consider combinations of terminals in the
same “link margin” group when searching for mutually compatible spatial signatures.
This grouping according to link margin may improve the overall spectral efficiency of
the scheduling schemes compared to that achieved by ignoring the link marginé.
Moreover, by scheduling terminals with similar link margins to transmit, uplink power
control may be more easily exercised (e.g., on the entire set of terminals) to improve
overall spectral reuse. This may be viewed as a combination of the uplink adaptive
reuse scheduling in combination with spatial division multiple access (SDMA) for

© SIMO/MIMO. Scheduling based on link margins is described in further detail in U.S.
Patent Application Serial No. 09/532,492, entitled “METHOD AND APPARATUS
FOR CONTROLLING TRANSMISSIONS OF A COMMUNICATIONS SYSTEM,”
filed March 30, 2000, and U.S. Patent Application Serial No. 09/848,937, entitled
“METHOD AND APPARATUS FOR CONTROLLING UPLINK TRANSMISSIONS



equation (1), and each MMO termnal is associated with a set of vectors h,
one vector for each transmt antenna and which may further correspond to
an available transm ssion channel. The vectors for the termnals in each
set may be WPY¥PBVHB2 n the manner described above and evalREHEW2/1530088]
Second, the scheduling schenes provide a schedule for each transm ssion
interval that includes a set of (optimal or near optimal) "nmutually

conpati ble"” termnals based on their spatial signatures. Mitual
conpatibility nmay be taken to nean coexiSt ence of transmnission on the same
channel and p AMIRBIESS CHMMUNE SRON éYﬁTEﬁP“ﬁfeP%{L}W 3G 266th g
termnals data rate requirenents, transmt power mar gi h,
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ef fi ci ency ofprocessed.sSineel thei prgcessihg nwler nnpqoarthdpoabprdcassedwhmeﬂﬂﬂa]hwd heaori ng
the |ink mar heduling termnals with simlar |ink
margins to trg%r{r%g?wlﬁ ﬁgl%ﬁs%%agmmnt rol may be nore easily exercised
(e.g., on the entlre set of termnals) to inprove overall spectral reuse.

This may be viewed as a conbination 3{ Ehe upl i nk adaptive reuse
schedul i ng i'n conbination with spati n nmultiple access (SDVA) for

SIMO'M MO._. Sgitedyl i mthehie @ sitidedsive eantRllgtidiSreL sived Mchsfi’ﬁ%’teblﬂmﬁdérét tﬂ%rbdgé’t ai |
in US. Patent Application Seri al No. 09/ 532, 49 |l ed " METHOD AND
APPARATUS  FERUQIONT FRepes Uil SIS aoffo Octrmanpipsins| foNg & ygmibrg 'of

tnticlod VPR Ry Bin s Pﬁ%ﬁﬂ%ﬁﬁﬁ%ﬁ%g B St
02/ 093782 PCHAvSEEh PEFooneto qDENty\"hRpLEHE DM AXbeBAT SfsteRY Sifdighputfwitled May

3, 2001, both, 383t fase techniques. In the simulation, the channel response matrix H coupling

the array of transmit antennas and receive antennas is assumed to be composed of equal-
variance, zero-mean Gaussian random variables (i.e., “independent complex Gaussian
- assumption”). The average throughput for a random selection of Nt 1xNg channels is
.assessed. Note that throughput is taken to be 50% of the channel capacity as determined
by Shannon’s theoretical capacity limit.
[1093]  FIG. 9A shows the average throughput associated with four receive antennas
(i.e., Nr = 4) and various number of single-antenna terminals (i.e., Ny = 1, 2 and 4) for
an independent complex Gaussian assumption in an interference limited environment
(i.e., the interference power is much greater than the thermal noise power). The case of
four transmit antennas (i.e., Nt = 4) has greater capacity than the case of one transmit
antenna (i.e., Nt = 1), with the gains increasing with SNR. At very high SNR, the
capacity of the Nt = 4 case approaches four times that of the Nt = 1 case. At very low
SNRs, the gain between these two cases reduces and becomes negligible.
[1094] In a low or no interference environment (e.g., thermal noise limited), the

throughput of the Nt = 4 case is even greater than that shown in FIG. 9A. In the



to the assignee of the present application and incorporated herein by
reference. [1091] Fifth, the scheduling schenmes nay take into account the
particular order in which termnals are processed when a successive

cancel | at i\pg o5/436dver processing schene is used at the bpegasei/mszecon. The
successi ve cancellation receiver processing schene provides inproved SNRs
for the post-processed signals, and the achievable SNRs are dependent on
the order in which the transmtted signals are processed. The scheduling
schenmes can be used to optimze the ordeg in which transmtted signals are
processed. Since the Procesm ng order inpacts the post-processed SNR this
al lows the thasmelinpies limited gnvicqpmeat thy intpréaensmpPOPEr foloNalfee ZrD0P|thThe use
of successi 4
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gr eat er t harPTPH&sig & Hog %ﬁ%’l §t§n?5'otﬁefl)f(mcltt?él Sft E}}f g PR ?e er?ge% ennas
(i.e., NT =tdomifds Woratipls;apa0idBySNRAthelcapacf e mote tas dotbieds when fcﬁmt enna

(|. ., NT = 1), with the gains_increasing w}th_ SNR t ver SNR, the
capacity of b4eSRYOterminals dre glowed: e frangwit simyliereqy %h@m ? case.

At | t d -
very | ow c[a?%\ﬁi/] 1nu}§segad Fachizt E2R GhlES fhal WehiERACWith eijh'iﬁglé( BadtcBgmanes

negligi bl e. | ow or no interference environnen e.g., thernal
noi se |im tefdc)we\tehéhe hlghqmgerptmg stpoinidymipally impliessaolarger @m@n@t@ﬁﬁefﬁcwhan

that shown i ’fhaﬂsethe%cu&poil&ﬁs M‘&Q&l&%ﬁz ﬁ‘gqlf)gf H@g%l%ﬁﬁﬁ&n&ﬁlsly may need

to be reduced to achieve the required SNR -corresponding to the higher operating
setpoints, which may then cause the overall spectral efficiency (as measured in
v bps/Hz/cell) to decrease. In maximizing network capacity for this scheme, there is thus
‘a basic tradeoff between the selection of the particular operating setpoint and the
required frequency reuse factor.
[1096] FIG. 9B shows the sensitivity in cell throughput for a simulated network of
cells with Ny = 1, 2, and 4 simultaneous terminals. Each cell site employs N = 4
receive antennas. All terminals are power controlled to achieve a given setpoint.
Inspection shows that there exists a range of SNR setpoints for which the cell
throughput for Nt = 4 terminals is more than double that achieved when only a single
terminal is allowed to transmit.
[1097]  Various innovative techniques described herein may also be applied for

scheduling downlink data transmissions.



thermal noise limted environnent, the interference power is low (e.g.,
zero) and the SNR achieved is essentially 6 dB greater than that given in
FIG 9A for éhe NT = 4 case. As an exanple, when a single terminal is
recei ved atVal*8#%f 10 dB, the aver age throughput achi eREHUSRMAS3HONi S
termnal is 2.58 bps/Hz. Wen four termnals are permtted to transmt
simul taneously, the total throughput achieved is equivalent to the NT =4
curve at an SNR =10 dB + 10l ogjo(4) = 16 dB. Thus, in the thernmal noise
limted environment, the total throughpuSfor four termnals is 8.68 bps/Hz
or approximately 3.4 tines th%l\qb@mﬁﬁﬂgicﬁ*i@ﬁ?%t%l transmtting. (1095]
In interference limted syste etwor k, the throughput
per cell afflt9dd WFHh nisl 2 iblack diagvmntof dreserisetibo 164 i andoemitisls 106 Rviiia h t he
SC recei ver N6 [N at. statjion. i functi of, the SNR
set poi nt sel ect ed?@ﬂ%ﬁ%ho{l gfsr%é}ﬁzllﬁg %oar s"@’fﬁ%‘?éﬁ a fgg'd‘Bd@NR?“r%élz
capacity is mpovvidesiiat @ouylimfermationrbifpuor a transhniS(I) dfx pPiodedssr s14€ Pl qugd to
transmt si tanﬁo sly. At 20 d& SNR, the capacity Increases a factor of
Aulgan O% (1318 fran
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: [1099].  The encoding, interleaving, and signal mapping may be achieved based on

%

various schemes. Some such schemes. are described in U.S. Patent Application Serial
No. 09/854,235, entitled “METHOD AND APPARATUS FOR PROCESSING DATA
IN A MULTIPLE-INPUT MULTIPLE-OUTPUT (MIMO) COMMUNICATION
SYSTEM UTILIZING CHANNEL STATE INFORMATION,” filed May 11, 2001;
US. Patent Application Serial No. 09/826,481, entitled “METHOD AND
APPARATUS FOR UTILIZING CHANNEL STATE INFORMATION IN A
WIRELESS COMMUNICATION SYSTEM,” filed March 23, 2001; and U.S. Patent
Application Serial No. 09/776,075, entitled “CODING SCHEME FOR A WIRELESS
COMMUNICATION,” filed February 1, 2001, all assigned to the assignee of the
present application and incorporated herein by reference.

[1100]  If multiple transmit antennas are used for data transmission, TX MIMO
processor 520 receives and demultiplexes the modulation symbols from TX data
processor 514 and provides a stream of modulation symbols for each transmission
channel (e.g., each transmit antenna), one modulation symbol per time slot. TX MIMO
processor 520 may further precondition the modulation symbols for each selected

transmission channel if full CSI (e.g., the channel response matrix H) is available.



[1098] FIG 5 is a block diagram of base station 104 and term nals 106
within M MO conmunication system 100. At a scheduled term nal 106, a data
source 512 provides data (i.e., information bits) to a transmt (TX) data
processor @é‘bmﬁ% each transmt antenna assigned for dairdsopssmo ssion,
TX data proceSsor %14 (1) encodes the data in accordance with a particular
codi ng schene, (2) interleaves (i.e., reorders) the coded data based on a
particular interleaving schene, and (3) naps the interleaved bits into
nodul ati on synbols. The encoding increasgs the reliability of the data

transmi ssion. The interleaving provides tine diversity for the coded bits,
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processing complementary to that performed at modulator 522. The modulation
symbols from all demodulators 554 are then provided to a receive (RX) MIMO/data

processor 556 and processed to recover the data streams transmitted by the scheduled

terminals. RX MIMO/data processor 556 performs processing complementary to that
‘performed by TX data processor 514 and TX MIMO processor 520 and provides
decoded data to a data sink 560. In an embodiment, RX MIMO/data processor 556
implements the successive cancellation receiver processing technique to provide
improved performance. The processing by base station 104 is described in further detail
in the aforementioned U.S. Patent Application Serial Nos. 09/854,235 and 09/776,075.
[1103] For each active terminal 106, RX MIMO/data processor 556 further
estimates the link conditions and derives CSI (e.g., post-processed SNRs or channel
gain estimates). The CSI is then provided to a TX data processor 562 and a scheduler
564.

[1104] Scheduler 564 uses the CSI to perform a number of functions such as )
selecting the set of best terminals for data transmission, (2) determining the particular

order in which the signals from the selected terminals are to be recovered, and (3)



M MO and full-CSI processing is described in further detail in US.
I%gt ent Application Selroi al No. 09/532,492, entitled "H GH EFFI Cl ENCY, 'I'—|I CH
PERFORMANCE, COMMUNI CATI ONS SYSTEM EMPLOYI NG MULTI - CARRI ER MODULATI ON,
filed Mar chW?Z(’Z/O%% assigned to the assignee of the presBeE/USR5I0eat i on
and incorporated herein by reference. [1101] If OFDMis not enployed, TX
M MO processor 520 provides a stream of nodul ation synbols for each
antenna used for data transmission. And if OFDMis enployed, TX M MO
processor 520 provides a stream of nodul &7 on symbol vectors for each
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[1106] At each active terminal 106, the transmitted scheduling signal is received by
- antennas 524, demodulated by demodulators 522, and provided to a RX data processor

532. RX data processor 532 performs processing complementary to that performed by
. ' TX data processor 562 and recovers the schedule for that terminal (if any), which is then
:provided to controller 534 and used to control the data transmission by the terminal.
[1107] FIG. 6 is a block diagram of an embodiment of a terminal 106x capable of
processing data for transmission to the base station based on CSI available to the
terminal (e.g., as reported in the schedule by the base station). Terminal 106x is one
embodiment of the transmitter portion of terminal 106 in FIG. 5. Terminal 106x
includes (1) a TX data processor 514x that receives and processes information bits to
'provide modulation symbols and (2) a TX MIMO processor 520x that demultiplexes the
modulation symbols for the Ny transmit antennas.
[1108]  In the specific embodiment shown in FIG. 6, TX data processor 514x
includes a demultiplexer 608 coupled to a number of channel data processors 610, one
processor for each of the Ns transmission channels assigned for data transmission.

Demultiplexer 608 receives and demultiplexes the aggregate information bits into a



order in which the signals fromthe selected termnals are to be recovered,
and (3) WO 02/093782 PCTI US02/ 15300 27 determ ning the codi ng and
nodul ati on schene to be used for each transmt antenna of each schedul ed
term nal . ‘§8§5&Hl”5r 564 may schedul e term nals to achi evechsbensséer oughput
or based o ore ot her performance criteria or netrics, as described above.
For each scheduling interval, schedul er 564 provides a schedul e that

i ndicates which active term nals have been sel ected for data transm ssion
and the assigned transm ssion parafetepg for each schedule term nal. The

transm ssion paraneters for each assigned transmt %tennadof each
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the base station). In one coding and modulation scheme, adaptive encoding is achieved

‘by using a fixed base code (e.g., a rate 1/3 Turbo code) and adjusting the puncturing to
‘achieve the desired code rate, as supported by the SNR of the transmission channel used -
‘to transmit the data. For this scheme, the puncturing may be performed after the
channel interleaving. In another coding and modulation scheme, different coding
schemes may be used based on the reported CSIL For example, each of the data streams
may be coded with an independent code. With this scheme, a successive cancellation
receiver processing scheme may be used at the base station to detect and decode the
data streams to derive a more reliable estimate of the transmitted data streams, as
described in further detail below.

[1112] - Symbol mapping element 616 can be designed to group sets of interleaved
bits to form non-binary symbols, and to map each non-binary symbol into a point in a
signal constellation corresponding to a particular modulation scheme (e.g., QPSK, M-
PSK, M-QAM, or some other scheme) selected for the transmission channel. Each
mapped signal point corresponds to a modulation symbol. The number of information

bits that may be transmitted for each modulation symbol for a particular level of



I ncl udes a denul tipl exer 608 coupled to a nunber of channel data processors
610, one processor for each of the Ns transm ssion channel s assigned for
data transm ssion. Derultiplexer 608 receives and demul tipl exes the
aggregat e i WOIRME$%on bits into a WO 02/ 093782 PCT[ US02/ 15800USR/15:80mber  of
(up to Ns) data streans, one data stream for each assigned transm ssion
channel . Each data strewn is provided to a respective channel data
processor 610. [1109] In the enbodi nent shown in FIG 6, each channel data
processor 610 includes an encoder 612, &#Schannel interleaver 614, and a
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detai| bel oWgg/776,075, and 09/532,492.
{1115]  FIG. 7 is a block diagram of an embodiment of base station 104x capable of

implementing various aspects and embodiments of the invention. Base station 104x is
one specific embodiment of the receive portion of base station 104 in FIG. 5 an&
implements the successive cancellation receiver processing technique to receive and
recover the signals transmitted by the scheduled terminals. The transmitted signals
from the terminals are received by each of Ny antennas 552a through 552r and routed to
a respective demodulator (DEMOD) 554 (which is also referred to as a front-end
processor). Each demodulator 554 conditions (e.g., filters and amplifies) a respective
received signal, downconverts the conditioned signal to an intermediate frequency or
baseband, and digitizes the downconverted signal to provide samples. Each
demodulator 554 may further demodulate the samples with a received pilot to generate a
stream of received modulation symbols, which is provided to a RX MIMO/data
processor 556x.

[1116]  In the embodiment shown in FIG. 7, RX MIMO/data processor 556x (which
is one embodiment of RX MIMO/data processor 556 in FIG. 5) includes a number of



[ 11121 Synbol mapping el ement 616 can be designed to group sets of
interleaved bits to formnon-binary synbols, and to map each non-binary
synbol into a point in a signal constellation corresponding to a

particul aryaasitd a%zi on schenme (e.g., QPSK, M PSK, M QAM pernsenssse her
schene) selectea or the transm ssion channel. Each mapped signal point
corresponds to a nodul ati on synbol. The nunber of information bits that
may be transmitted for each nodul ati on synbol for a particular |evel of WO
02/ 093782 PCTI US02/ 15300 29 performancgg(e.g., one percent packet error
rate (PER)) is dependent on the SNR of the transm ssion channel. Thus, the
codi ng and rsochebsine Gie., Sesnades]) frocei ven qitoaesing: BRgssi DY, onnsteae formeash 1f the| ect ed
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term nal s. e tra d signals fromthe termnals are received by each
of NR ant enrl¥s nsgiaktiohspubl SBams frm dewodelators 53far buguebt 3506 tQ PrRYIEA at or

( DEMOD) 554' éwm&eﬁmalasst%ﬁofof me%éﬁgmﬁﬂﬁﬁi%n%hgﬂlﬁptdrﬁﬂgﬁrst transmitted signal).
And for each of the second through last stages 710b through 710n, channe]l MIMO/data

processor 720 for that stage receives and processes the Nr modified symbol streams
. from the interference canceller 720 in the preceding stage to derive a decoded data
- stream for the transmission channel being processed by that stage. Each channel
MIMO/data processor 720 further provides CSI (e.g., the SNR) for the associated
transmission channel.
[1118]  For the first receiver processing stage 710a, interference canceller 730a
receives the Nr modulation symbol streams from all Ng demodulators 554. And for
each of the second through second-to-last stages, interference canceller 730 receives the
Ngr modified symbol streams from the interference canceller in the preceding stage.
Each interference canceller 730 also receives the decoded data stream from channel
MIMO/data processor 720 within the same stage, and performs the processing (e.g.,
- coding, interleaving, modulation, channel response, and so on). to derive Np
remodulated symbol streams that are estimates of the interference components of the
received modulation symbol streams due to this decoded data stream. The remodulated

symbol streams are then subtracted from the received modulation symbol streams to



processor). Each denmpdul ator 554 conditions (e.g., filters and anplifies) a
respective recei ved signal, downconverts the conditioned signal to an

i nt er medi at&, ;393 gpcy or baseband, and digitizes the downconverted signal
to provide VO g Each denodul ator 554 may further dermoffil/H$ta/1530e
sanples with a received pilot to generate a stream of received nodul ati on
symbol s, which is provided to a RX MMJY data processor 556x. [1116] In the
enbodi mrent shown in FIG 7, RX M I\/D’dataqqrocessor 556x (which is one
enbodi nent of RX M MJ data processor 5569'n FIG 5) includes a nunber of WO
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associ at ed = [FROSHUt pRiERDAS, ERGYEHEY | subchannels and/or tlme intervals to provide spatial,
- frequency, and time diversity, respectively. For these schemes, the receiver processing

initially derives a received modulation symbol stream for the transmitted signal on each
transmit -antenna of each frequency subchannel. Modulation symbols for multiple
transmit antennas, frequency subchannels, and/or time intervals may then be combined
in a complementary manner as the demultiplexing performed at the terminal. The
stream of combined modulation symbols is then processed to provide the corresponding
decoded data stream.,

[1121] FIG. 8A is a block diagram of an embodiment of channel MIMO/data
processor 720x, which is one embodiment of channel MIMO/data processor 720 in FIG.
7. In this embodiment, channel MIMO/data processor 720x includes a spatial/space-
time processor 810, a CSI processor 812, a selector 814, a demodulation element 818, a
de-interleaver 818, and a decoder 820.

[1122] Spatial/space-time processor 810 performs linear spatial processing on the
Nr received signals for a non-dispersive MIMO channel (i.e., with flat fading) or space-
time processing on the Ng received signals for a dispersive MIMO channel (i.e., with

frequency selective fading). The spatial processing may be achieved using linear spatial



[1118] For the first receiver processing stage 710a, interference canceller
730a receives the NR nodul ation synbol streans fromall NR denodul ators
554. And for each of the second through second-to-I|ast stages,
interferengg sl | er 730 receives the NR nodified synirelT/uspz/isases from
the interference canceller in the preceding stage. Each interference
cancel l er 730 al so receives the decoded data stream from channel MEMJ data
processor 720 within the sane stage, and perforns the processing (e.g.,

codi ng, interleaving, nodulation, channgp response, and so on). to derive
NR renodul ated synbol streans that are estimates of theébggﬁgfe ence
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(i.e., one. & desaibedanticther dagibbyl8figAriyastakul et elnivrd papetensiflegh Pptimumn thj s

case, each receiyer rocessi tage. 7 e La ; one
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cor r espondi ngjtk0 SHhe” I ESER raits. tomA Comrhurdehtion,gVal.. 7Favo. Zoddy ot999% andansmi t

processi ng schenes, a data s%ream may be transmitted over nultiple
transnit antaperaerated herifePiesptedeNsEnannel s, and/or tirne intervals to provide

spatial, fraqegncy csppfhchdshes @ detdrfineY the ESIHRE bacHe)f Yhe transmission ehambines,
t he receiver processi ng initially derives a recei vegq nmodul at i on 3{0%)0'
stream for theedtfondatai transaiissiogn JForoaxamplen CSI pspressor 812 1pay, fSfimpre aflopse

frequency subchannel ,  MPH-Ath e SYAPQ Sidh Sfenilkhhd thef comp@d $HE SNRE €enas,
frequency su%@ﬁgnnel S, an%gfor time 1nt eﬁval S may then be conbi ned
k-th transmission channel used for the data stream to be decoded. The SNR can be
estimated similar to conventional pilot assisted single and multi-carrier systems, as is
known in the art. The SNR for all transmission channels used for data transmission may -
:.comprise the CSI that is used by the base station to schedule data transmission. In
certain embodiments, CSI processor 812 may further provide to selector 814 a control
signal that identifies the particular data stream to be recovered by this receiver
processing stage.
[1124]  Selector 814 receives a number of symbol streams from spatial/space-time
processor 810 and extracts the symbol stream corresponding to the data stream to be
decoded. The extracted stream of modulation symbols is then provided to a
demodulation element 814.
[1125] For the embodiment shown in FIG. 6 in which the data stream for each
transmission channel is independently coded and modulated based on the channel’s
SNR, the recovered modulation symbols for the selected transmission channel are
demodulated in accordance with a demodulation scheme (e.g., M-PSK, M-QAM) that is

complementary to the modulation scheme used for the transmission channel. The
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in a conplenentary manner as the denultiplexing performed at t _
The st ;ne)am of conbi ned nodul ation synbols is then processed to provide the

correspondi ecoded data stream [1121] FIG 8A is a block diagram of an
enbodi gent g&’%ﬁ&%ﬁ%l M MJ data processor 720x, which is BEBRUBIHSHONent of

channel M MJYdata processor 720 in FIG 7. In this enbodi ment, channel

M MY data processor 720x includes a spatial/space- time processor 810, a
CSI processor 812, a selector 814, a dempdul ation elenent 818, a
de-interl eaver 818, and a decoder 820. [}3@22] Spati al / space-ti ne processor
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ecode e can
to be symbols are then prov1ded to a channel simulator 830, which processes the symbols

with the estimated channel response to provide estimates, ik » of the interference due the
decoded data stream. The channel response estimate may be derived based on the pilot
‘and/or data transmitted by the active terminals and in accordance with the techniques
described in the aforementioned U.S. Patent Application Serial No. 09/854,235.

[1127] The Ny elements in the interference vector i * correspond to the component
of the received signal at each of the Ny receive antennas due to symbol stream
transmitted on the k-th transmit antenna. Each element of the vector represents an
estimated component due to the decoded data stream in the corresponding received
modulation symbol stream. These components are interference to the remaining (not
yet detected) transmitted signals in the Ny received modulation symbol streams (i.e., the
vector r*), and are subtracted (i.e., canceled) from the received signal vector rf by a

summer 832 to provide a modified vector gk” having the components from the decoded

data stream removed. The modified vector r**' is provided as the input vector to the

next receiver processing stage, as shown in FIG., 7.



estimated simlar to conventional pilot assisted single and nulti-carrier
systens, as is known in the art. The SNR for all transm ssion channels
used for data transm ssion nay conprise the CSI that is used by the base
station tqﬁgﬂ%%e data transmission. In certain enmbodiPCENSe2/158H
processor may further provide to selector 814 a control signal that
identifies the particular data streamto be recovered by this receiver
processi ng stage. [1124] Sel ector 814 receives a nunber of synbol streans
fromspatial/space-tine processor 810 gad extracts the synbol stream
corresponding to the data streamto be decoded.. The extracted sitream of
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di agram of an i.néerffgrrg ce canceller 730x, which is one enbodinent of
i nterference™CARCETEF" 30 in FIG 7. Wthin interference canceller = 730x,
the decoded [as6] st Aeamed hereit, tbe (PRlnmey cRMpNEY anit &yRsr of ifarmation ghafi ishi n
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data stream. The quality of a transmission channel to be used for data transmission

may be determined initially (e.g., based on the SNR estimated for the transmission
channel) and a data rate corresponding to the determined channel quality may then be
identified (e.g., bas;d on a look-up table). The identified da;a rate is indicative of the
maximum data rate that may be transmitted on the transmission channel for the required
level of performance. The data rate is then mapped to and represented by a data rate
indicator (DRI), which can be efficiently coded. For example, if (up to) seven possible
data rates are supported, then a 3-bit value may be used to represent the DRI where,
e.g., a zero may indicate a data rate of zero (i.e., no data transmission) and 1 through 7
may be used to indicate seven different data rates. In a typical implementation, the
quality measurements (e.g., SNR estimates) are mapped directly to the DRI based on,
e.g., a look-up table.

[1132]  In another embodiment, the CSI comprises an indication of the particular
processing scheme to be used at each scheduled terminal for each transmit data stream.

In this embodiment, the indicator may identify the particular coding scheme and the



symbol s are then provided to a channel simulator 830, which processes the
synbols wth the estinmated channel response to provide estimates, | k , of
the interfe o due the decoded data stream The channel response
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schedul e. information fed back from the base station to adjust the data processing and/or the
transmit power.

[1135] In yet another embodiment, the CSI comprises a differential indicator for a

- - particular measure of quality for a transmission channel. Initially, the SNR or DRI or
some other quality measurement for the transmission channel is determined and
‘reported as a reference measurement value. Thereafter, monitoring of the quality of the
transmission channel continues, and the difference between the last reported
measurement and the current measurement is determined. The difference may then be
quantized to one or more bits, and the quantized difference is mapped to and
represented by the differential indicator, which is then reported. The differential
indicator may indicate to increase or decrease the last reported measurement by a

- particular step size (or to maintain the last reported measurement). For example, the
differential indicator may indicate that (1) the observed SNR for a particular
transmission channel has increased or decreased by a particular step size, or (2) the data
rate should be adjusted by a particular amount, or some other change. The reference
measurement may be transmitted periodically to ensure that errors in the differential

indicators and/or erroneous reception of these indicators do not accumulate.



[1131] , In one enbodiment, the CSI conprises a data rate indicator for
each transmt data stream The quality of a transm ssion channel to be
used for data transmission may be determined initially (e.g., based on the
SNR esti m%ﬂ%’@?@ N he transm ssion channel) and a data perascass®@spondi ng
to the det #channel quality may then be identified (e.g., based on a
| ook-up table). The identified data rate is indicative of the maxinmmdata
rate that may be transmitted on the transm ssion channel for the required

| evel of performance. The data rate is ggen mapped to and represented by a
data rate indicator (DRl)
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' processed SNR for each transmitted data stream, as received at the base station).

[1140] Other forms of CSI may also be used and are within the scope of the

invention. In general, the CSI includes sufficient information in whatever form that
may be used to adjust the processing at each scheduled terminal such that the desired
level of pérformance is achieved for the transmitted data gtr’eams.

[11411  The CSI may be derived based on the signals transmitted from the terminal
and received at the base station. In an embodiment, the CSI is detived based on a pilot
reference included in the transmitted signals. Alternatively or additionally, the CSI may
be derived based on the data included in the transmitted signals.

[1142] In yet another embodiment, the CSI comprises one or more signals
transmitted on the downlink from the base station to the terminals. In some systems, a
degree of correlation may exist between the uplink and downlink (e.g. time division
duplexed (TDD) systems where the uplink and downlink share the same band in a time
division multiplexed manner). In these systems, the quality of the uplink may be
estimated (to a requisite degree of accuracy) based on the quality of the downlink,

which may be estimated based on a signal (e.g., a pilot signal) transmitted from the base



requested. In this enbodinment, the termnals may make use of the power
control information fed back fromthe base station to adjust the data
processi ng d@r the transmt power. [1135] In yet another enbodi nment,
the CSI co 8"3’37§Zdi fferential indicator for a particul BET/UBRASIWOEe Of
quality for a transm ssion channel. Initially, the SNR or DRI or sone

ot her quality neasurenent for the transm ssion channel is determ ned and
reported as a reference neasurenent value. Thereafter, nonitoring of the
qual ity of the transnission channel contd/nues, and the difference between

the | ast reposided. THRARIS SIFRA walld uld er?gx’ége%?gtmerlﬁgf%r\gl?lf Ne %H%Shgrcmﬂged.

The difference may then be ™ quantize one or a
quant i zed di festmatediee CSI aspabpervied ab thertdse statpoesent ed by the differenti al

i ndi cat or, ' S port.ed.  The differential indicator may indicate
to incr easemgl'rlﬂggcr e’ggbg&?ﬁg cﬁ‘ﬁ%& LRt Ft°§tbmﬁtﬁ‘i§hﬂ@ﬁ]é‘ﬁ? Stpjion, basedr en deniaus st ep
size (or to reihnigaesn $dme bfthesertedhniguearsBGbEIRY i i

i cat eq‘iJ that (1) t he“‘aﬁi‘é'fv'q“é’afé%@%'ﬁhlémﬁe

differential indicatar naé‘i‘fflg% (1 .
particul ar (FUEEHRLess the pressnt;applicagion andincerporated hertihlyy miqancei cul ar
step size, or (2) the data rate should be adjusted by a particul ar anount,
or sone other changs. P-Etb%tr%?rﬁ'fygﬁ)osﬂeﬁﬁ gy, Tw %Iﬁr l hde
periodically to ensure that errors int eugf@ffersen I"al m%@bs%%/or
erroneous recept i GEIERYENNG RECEVES PIHOTh 8O VEER uANDaFRATH\QLOSS 093 782
PCTI US02/ 15300 36 ciMAZSD od] t. 1 conpri ses
N O PSR e Rrsnt 25, 9%

signal power and interference p onponents may
be separately der USdPatemt Ploo\sa98554 oentitiedc 'METHOD SNDOAPPARANGSS yrad for

data transm ssi on n an odinent, the CSI conprises

si gnal power., int Qﬁ%@é pm, M &)wef*. ﬁ?@@éﬁhrSBEnEmﬁMlen-ts
may be derived anCOMMUNICATION SYSTEM! isRsdMagienggpannel used for data
transm ssi on. (11§g01|)n yet anot her enbodi nment; the Csl conpri ses

si gnal -t o-noi sé® r FenisNes. 3,056¢108f anch 52662 nbethpatided “METH@DhAND

For each transm sor pa Ry PR Ay OL e RN IOR WG R B o
anot her enbodi nenCELLERABSMOBIkE TEEEPRONEAS YSTEMON Ribettiveély dsst8d Oictobed OF M

gﬁég. , NT x NI, Cg’,%b%nfﬂlo{rémet%rE§’,r193§,|an5r ansmt-recelve antenna pairs) and

» US. Patent No. 6,097,972, entitled “METHOD AND APPARATUS FOR
PROCESSING POWER CONTROL SIGNALS IN CDMA MOBILE
TELEPHONE SYSTEM,” issued August 1, 2000,

Methods for estimating a single transmission channel based on a pilot signal or a data
transmission may also be found in a number of papers available in the art. One such
channel estimation method is described by F. ‘Ling in a paper entitled “Optimal
Reception, Performance Bound, and Cutoff-Rate Analysis of References-Assisted
Coherent CDMA Communications with Applications,” IEEE Transaction On
Communication, Oct. 1999.

[1144] Various types of information for CSI and various CSI reporting mechanisms
are also described in U.S. Patent Application Serial No. 08/963,386, entitled
“METHOD AND APPARATUS FOR HIGH RATE PACKET DATA
TRANSMISSION,” filed November 3, 1997, assigned to the assignee of the present
application, and in “TIE/EIA/IS-856 cdma2000 High Rate Packet Data Air Interface

Specification”, both of which are incorporated herein by reference.



" . | noise plus interference conponents in'" matrix form(e.g., NI x N
conplex entries). The termnal may then properly conbi ne the signal
conponents and the noise plus interference conponents for the appropriate
transm t'rv?&‘c?i(}?? santenna pairs to derive the quality~ fecTasamns3o

transm ssi on channel used for data transm ssion (e.g., the post- processed
SNR for each transmtted data~ stream as received at the base station).
[1140] OGther forms of CSI nay al so be used and are within the scope of the
invention. In general, the CSI includesggufficient information in whatever

formthat my be used to adjust the procesmgdg t each schedul.ed ;ﬁ m nal
such that tlitlds¢si rEe CSbv@y b © ?I@Ftﬁértﬁeﬁh%éc\" nieEiaal PURE (AHOYS SRl i tt ed

data streans, %#41 S‘%IE{S Gref na o, dRE !dsfignégﬂ%%nﬁ)'{h thE dff@b@lagy, or a

transnitted PP and received at the base station. In an
enbodi ment ; chiiinaitn tkﬂredErInvm dnzhpddnm STk keported periadigaly. mgditferential n t he

transmtted signal s. t er,nat or a ' n erived
based on t hé‘Pé%F%larF Aent Lﬁ’ﬁ@& on tfagﬁrg]rﬁg‘ti 24 ﬁ% & Qﬁ;ﬁ@{m Yhe @ﬁ i

anot her embQgh Gl whieh @héeSlis S@Hﬁfng(eg Gﬁmecnhamger eccscctgrvapatlcular Qlti)ed on
the downlink fromthe base station t f;ﬁ{;)erm naI r{gsn Ty EiR

degree of comhieh way dewerdje affective [5%?@8&‘}‘??% aﬁ‘bf’l?"}?ﬂ "‘""%St% ) t| ne
di vi si on %{ﬁ%r (:&gl?% aﬁaﬁfoaﬂiauamhema hgayU denkbakde @Q\ﬂfﬂf&rﬁdﬂaﬁy)amﬂyt he

sanme band |n a I sion nultiplexed manner) SLens t he

quality of t\menuhéy a:ﬁangayoﬂner cananressionegd (f?%‘b@@‘r"é’&ﬂﬁ"i g f&%ﬁ‘@g eIGUEs iy acy)

based on the ' I‘IEVSI'IH%' & Bsisedahdste at@dthen a
signal (e.g t 9 “Bﬂ‘gﬁ# V@ghgé%ﬁc fromt'he base WO 02/ 093782

PCTI US02/ 153sQSpe'36fthesinaéntmn The pilot signal would then represent a neans

for which the rm pnal s, coul d se

station. | 11[.4\13‘§‘5":]‘The’5lél glementy L?£|tl?e[§y ‘ﬁ%“t?%eaggsgékve? §%Qaﬁ§ﬁﬁg%gg§eie§?3%ﬁon

based on varyfgne éﬁﬁ&@l@gﬁ@mg&ppmcesfsofsmbsm,mpp:lmauqumcn&pentgms@d ciBeutsi n t he

foll owi ng patents, which are assi ned to,.the assi q%rs bﬁd}@ th@ﬁﬁgfe

appl i cation MC),%WW%F@%F"H‘@F@F syfPrirelers. éﬂ%&oco‘%ﬁ? i3

207/\2% 2&% Pi La@g | §X§:\ékﬁ§9m Qz%ievib‘éa'EaHbNeN@:rﬁiﬁeglrMEDoPlﬂI@T
COVMUNI CATI ON SYSTEM " 1S Auqust . 25,

1998, U.S. &mbtemitionishersofp Gonsof, the fitnctipnspnd W&W%@iﬁﬁw a 3Ko

be implemented with software executed on a processor.

[1147]  Certain aspects of the invention may be implemented with a combination of
"software and hardware. For example, computations for the symbol estimates for the
linear spatial equalization, the space-time equalization, and the derivation of the channel
SNR may be performed based on program codes executed on a processor (controllers
540 in FIG. 5).
[1148] For clarity, the receiver architecture shown in FIG. 5 includes a number of
receiving processing stages, one stage for each data stream to be decoded. In some
implementations, these multiple stages may be implemented with a single hardware unit
or a single software module that is re-executed for each stage. In this manner, the
hardware ot software may be time shared to simplify the receiver design.
(11491 Headings are included herein for reference and to aid in the locating certain
sections. These heading are not intended to limit the scope of the concepts described
therein under, and these concepts may have applicability in other sections throughout

the entire specification.
[1150]  The previous description of the disclosed embodiments is provided to enable

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



MEASURI NG LI NK QUALI TY I N A SPREAD SPECTRUM COVMMUNI CATI ON SYSTEM " i ssued
May 11, 1999, U. S. Patent Nos. 5,056,109, and 5, 265,119, both entitled
"METHOD AND, (@E%QEAEUS FOR CONTROLLI NG TRANSM SSI ON POAER | N A CDVA
CELLULAR MOBI PHONE SYSTEM " respectively issued Cct BEBUS0285300991 and
Novenber 23, 1993, and U.S. Patent No. 6,097,972, entitled "METHOD AND
APPARATUS FOR PROCESSI NG PONER CONTROL SI GNALS | N CDVA MOBI LE TELEPHONE
SYSTEM " issued August 1, 2000. Methods for estimating a single

transm ssi on channel based on a pilot si g'-?ﬁal or a data transm ssion may

al so be foundnbmfamnmghgﬂlgg RISREH C channel
estimation net hodl i's descrel b%d ént@%ﬂ F%géﬁ&%ygpﬁpag%é?é é’ﬁ?ﬁ&l&ﬁ# Pﬂ
Reception, Petddheesneac Boneinles d medlhewliri mRy be appliEdyts bthepémbodiments without

Ref er ences- A§ﬁ¥ r nlc | ications,” |EEE
Transacti on %ﬂ%&%g%tsﬁg}r% 0?% CE@ v 9{14]“f r{hﬁlEAgSng‘%e"é‘Pn is not

i nformati on flntendﬂ todn dimiteditotis efBbdinennrshowg heresm 0issEbe addofded tRdwidest

described in Pat ent Ilcatlon ria 08/ 963, 386, entitle

" METHOD AND et M&@?st RlasesiesgroN, * fi | ed
Novenber 3, 1997 a55| ghed to the assignee of the present application, and
in "TIE/EIA/I 2000 H| Rate Packet Data Air Interface

Speci ficati or[ ot h Dﬂ@brporat ed herein by reference. WO

02/ 093782 PCT/ USOZ/ 15300 38 [1145] The CSI nmay be reported to the
schedul ed term nal using various CSI transm ssion schenes. For exanple,

the CSI may be sent in full, differentially, or a conbination thereof. In
one enbodi nent, CSI is reported periodically, and differential wupdates are
sent based on the prior transmtted CSI. In another enbodinent, the CSI is
sent only when there is a change (e.g., if the change exceeds a particul ar

threshold), which may | ower the effective rate of the feedback channel. As
an exanple, the date rate and/or coding and nodul ati on schenme nay be sent
back (e.g., differentially) only when they change. O her conpression and

f eedback channel error recovery techni ques



to reduce the anmpbunt of data to be fed back for CSI may al so be used and
are within the scope of the invention. [1146] The el enents of the
transmtter and receiver systens may be inplenmented w th one or nore

di gi tal SW&I09W890essors (DSP), application specific i nPenyUsta8300ircuits
(ASI C), processors, mcroprocessors, controllers, mcrocontrollers, field
programmabl e gate arrays (FPGA), progranmabl e |ogic devices, other

el ectronic units, or any conbination thereof. Sone of the functions and
processi ng descri bed herein may al so be4g npl enented with software executed
‘on a processor. [1147] Certain aspects of the invention may be inpl enented
with a combination of software and &AM, For exanpl e, conputations for
the synbol estimates for the |inear spatial equalization, the space-tine
equal i zation, and the derivation of the channel SNR nmay be performnmed based
on program codesexecyt fdinga for REHRARMERO iplikodita atdnemisiob £0r arpliHality of .
[1148] For claritl'y, the receiver architecture shown in FIG 5 includes a

nunber of nrendiald ing wiraese SSMMYNISALARSYSIERHEOMRUSYE: f or each data streamto
be decoded. In sQne . i "ﬁ’el gﬂ&g{; Aot OGSt s efom,gs_gi'bp,l eanSin@gids oey clixdnel,
AR 8% har

i npl enented with ware unit or a single software nodul e that

i s re-exacUtadrdipleadned intladm. a niqukicombinatien of HerEINgl, PRAVEPECSBPNE JPt har e
may be tine shagled tg) si?qgli )y the receiver design. [1149] Headings are

i ncl uded hed¥PAEETOEFEYBMHRE and to aid in the locating certain sections.

These hegdi ng ar eyaQitingHetfomanicé of dachhypattiesisscope of the concepts descri bed

therein under, and these concepts may have appli ! [ h gtions
t hroughout the &plestng §B"ec‘?f§l’?af’f‘%n‘¥r RIS EY ﬁté*ggf’;é’\?%ﬁess gaesggrl&gjttlﬁgn of

the disclgosed enbodingpats is provided to enable any person skilled in the

art to ke *or "use the present inventiagn. Variqus, [093782.

PCTI US02/ 15300 3%chaduling thederminals ingthe ﬁ@%@%ﬁﬂ?gf}eﬁ’é}f&%ﬁ B?“S &%“r"é‘é’&ﬁ the
apparent, to %‘hos skilled in the art, and the generic principles defined
her ei n b lied to other enbodi ments without departing fromthe
spirit or scope of the invention. Thus, the present invention is not

intended to be Ii 'teg%%g%etﬂgo%o% i1nﬁ@ﬁ1§%&§lﬁ>‘9@inﬁ?rei n but is to be

accorded the w dest onsi'stent w e principles and novel
f eat ur es gli scl osegdimimhgd) dath Iratcd ook dag: ereani/pheach: terminal in the selected

hypothesis, and
4 wherein data is transmitted at the determined data rates from the terminals in the

selected hypothesis.

3. The method of claim 1, further comprising:

2 determining a coding and modulation scheme to be used for each data stream of

each terminal in the selected hypothesis, and
4 wherein data is processed based on the determined coding and modulation

schemes prior to transmission.

4. The method of claim 1, wherein each hypothesis is evaluated based in
2  part on channel response estimates for each terminal in the hypothesis, wherein the

channel response estimates are indicative of channel characteristics between the

4  terminal and a receiving system.

5. The method of claim 1, wherein the channel response estimates comprise

2  signal-to-noise-plus-interference ratios (SNRs).



WO 02/ 093782 40 CLAI M5 PCTfUS02/ 15300 1. A nethod for scheduling uplink
data transm ssion for a plurality of 2 termnals in a wreless

comuni catigﬁ)@@ em conprising: formng one or nore sets of termnals for
possi bl e trans Pbn on a channel, 4 wherein each set i nBCTUS%/1a300N] gue

conbi nation of termnals and corresponds to a hypothesis to be eval uated,
6 eval uating performance of each hypothesis; selecting one of the one or
nore eval uated hypot heses based on their 8 performance; and scheduling the
termnals in the sel ected hypothesis for 4lata transnission on the 10
channel . 2. The nmethod of claim11, further conprising: 2 determ ning data
rates for each data stream of each termnal in the selected hypothesis,
and 4 wherein datd-is tibamsthodiosglaim 1t wherdiatthe eviahmtingimtmdest es fr om t he

termnalsain the .§ r%p%émp@ 1S 3. The method of claim1, further
conprising: 2 det errﬁ;%lpﬁﬁ co .E“{r%?"ée?i%‘@&%ﬁhi}yi’a ®%theme to be used for
each data stream of each termnal in the selected hypothesis, and 4

wherein data is proces d bgf?%d op.tge»ggt,erm' ned codi ng and nodul ation
schemes prior to t'tans cfiod of clapn O, wbereithg peformance metrieds @ifunatian fof

hypot hesi & iShleug'ipuahah@bvbblsesiehdhofft’hdl@ﬁﬁinﬂﬁlilﬂlﬂé‘ﬂg@ dsfiSponse estimtes for
each termnal in the hypothesis, wherein the cha é]il response estimtes are

i ndi cati ve of channel characteristics between the 4 term nal and a

receiving system g85. Tirge Réthed 2f c1Gindi ere] hannel response
estimtes_conprise 2 signal-to-nolse-p ’ugvyffré\{}'er e;ﬁgﬁ%gesisa??ggg(éﬁﬂzg & wo
02/ 093782241 performance metric is selected for scheduling, _

9. The method of claim 1, further comprising:

2 prioritizing the terminals to be considered for scheduling. v

10.  The method of claim 9, further comprising;

2 limiting terminals to be processed for scheduling to a group of N highest priority
terminals.

11. The method of claim 9, further comprising:
2 maintaining one or more metrics for each terminal to be considered for
scheduling, and ,
4 wherein the priority of each terminal is determined based in part on the one or

more metrics maintained for the terminal.

12. The method of claim 11, wherein one metric maintained for each

2 ° terminal relates to an average throughput rate achieved by the terminal.

13. The method of claim 1, wherein the one or more sets are formed from
2  terminals of a plurality of types, wherein each terminal of a first type is capable of
transmitting a single data stream on a single transmission channel and each terminal of a

4  second type is capable of transmitting multiple independent data streams on multiple
transmission channels.



PCTI US02/ 15300 6. The nmethod of claim 1, wherein the evaluating includes 2
conputing a performance netric for each hypothesis. 7. The nethod of claim
6, wherein the performance netric is a function of 2 throughput achi evabl e
by each of 6%0 gﬁ%m nals in the hypothesis. 8. The net hopcmiseziisiom 6,
wherein t N8 60 esis having the best 2 performance netric is selected
for scheduling. 9. The nethod of claim1, further conprising: 2
prioritizing the termnals to be considered for scheduling. 10. The met hod
of claim9, further conprising: 2 limtjsg termnals to be processed for
scheduling to a group of N highest priority termnals. 11. The nethod of
claim9, further 14.0npTheisthod of clainmihiwhersin earh teapstissian ARANNEICOMERRONES, oy
termnal _to be caonsidered for scheduli d 4 wherein the priority of
each ter#i né?aF%augle?‘g‘SﬁPWéé“{pﬁgg’amuﬁl%ﬁgr y(sit%ﬂ't' he one or nore metrics

mai ntained for the termnal. 12. The nethod of claim 11, wherein one netric
mai ntained for each 2 " terminal .relates.tq an r OUab tiudedt €
achi eved by the #&r ni hbg meﬁ@g'#ﬁimwe‘{’ﬁ‘b‘&‘%? e%ﬁ%a?%%%()ﬂgv’\%gtrtﬁgrn the one or
nmore sets arg. foiiESidosGiflardinkhagiial s of a plurality of types, wherein
each terr§n' naﬁ%’%@a ?}n S:St type isﬁ%lapabl e of transmtting a single data
streamon a single transm ssion channel and each termnal of a 4 second
type is capable tr e ol 8 a3 1] fehtRericBSBRERGIENt data streans on

mul tiple transmqé'si o?ﬂgﬁi‘g{#ﬁgl gc V\D.’02/ 093788 P_C% US02/ 15300 42 . 14. The
met hod of cl ai m I&mingieneion mexchowderingsnofs ieotsrreinals 18] eachrseb el ech o o
spatial subchannel [n the communi | 3 ARluate@Can@et hod of claim 1,
wher ei n eacﬁe%‘?mﬁl‘? °HR&é cOTeSRBH t%g?ﬁsﬂﬁ 8%%%26%32 télram nal's having simlar
link margins. 16.whERen RS patbrabnel off each,subdsypéthesiscisngyalugiedgand one of the

plurality of sub-hypotheses is selected based on their performance.

17. The method of claim 16, wherein the evaluating for each sub-hypothesis

2 includes :

processing signals hypothetically transmitted from the terminals in the sub-

4  hypothesis based on spatial or space-time equalization to provide post-processed
signals, and

6 determining signal-to-noise-plus-interference ratios (SNRs) for the post-

processed signals for the terminals in the sub-hypothesis.

18. The method of claim 17, wherein the SNRs for the post-processed
2  signals for the terminals are dependent on a particular ordering in which the terminals
are processed, and wherein signals transmitted from the terminals are processed in an

4  order defined by the selected sub-hypothesis.

19.  The method of claim 17, wherein one sub-hypothesis is formed for each
2  hypothesis, and wherein the ordering in the sub-hypothesis is based on the SNRs for the
post-processed signals for the terminals in the hypothesis.

20. The method of claim 16, wherein the performance of each sub-

2 hypothesis is evaluated based on a successive cancellation receiver processing scheme.



2 formng one or nore orderings of the termnals in each set, wherein each
termnal ordering corresponds to a sub-hypothesis to be evaluated, and 4
wherein th Beo %9 nce of each sub-hypothesis is eval uated and one of the
plurality o <G ﬂ%ot heses is sel ected based on their perPCF$020830017. The
met hod of claim 16, wherein the evaluating for each sub-hypothesis 2

i ncl udes processing signals hypothetically transmtted fromthe termnals
in the sub- 4 hypothesis based on spatial or space-tinme equalization to
provi de post-processed signals, and 6 dé’t rm ni ng

si gnal -t o- noi se- plogs-i Mherh for the post- processed
signals for the termnals |ﬁﬁﬁgpg% ybot E‘lg?s%he s%gcessfﬁ%CWH?}E’noch%Y% m
17, wherefn tﬂﬁ@emS@Gmetméomaﬂhﬂdugﬁetératibns treebeersinalsheypbtedidang! s

are dependent artic r in i he termpals ‘are
processed, ar%ro?ﬂgv]\}% I’gl ?\r&snl éir’% te&fugglﬁ Fﬂg t{h%dm"?’r St OPE; Hegatiomfor peashessed
inan 4 6rdéo'pmtb«ftxcaléyitrhqsnhhmgig{&c&memmhypot hesis. 19. The met hod of
claim 17, wherein one sub-hypothesis is forned for each 2 hypothesis, and
wherein the ordering in the sub-hypothesis is based on the SNRs for the
post - processed si gal STﬁ@fneﬂuB@ofél%ﬁ%QP'vﬁ)k 20. The met hod
of claim]16, wherein the perfornmance of s E%Eé@%@%ﬂ%@{%eg s is eval uated
based on 4 succes ETW%“SE‘&?CEIPT"%M @hmpéwgméw lnmcwdmngttsa Ipanieulab\Ehéd2 P 93782
PCTI US02/ 153@6n-fiRear processity ik erein the. successive
cancel | ation recei vér s g{:goces@?%gﬁ wﬁé %gﬂl'a%%% pr?gtr%mfﬁs ﬂ"‘gﬁ

iteration® to recesfeqting gfmlppshglpgtshﬂt mgial ycortespondingt tt@dtHer %Vp&ﬁéhcall
termnals in e iteration for each 4 othetlcally
transnitted gfa %ﬁrg &pSIE%eB%Ig %céve Inghe-tgpion e proyides deé’Pﬁ‘?drﬁ S'Ieamew@ n

each iter@ti on i nsﬂhsndedy?lemmgepmrﬂﬂy af Rbdifisd lsﬂgﬁal@ﬁasb&‘@h‘lhesﬂrx]ﬂﬁﬂ%gﬁalb Qn(%
accor dance \/\,11 articul ar Iinear non- | i neareé)rocesm ene to

provide a plU Vé‘i'& tgegfzreg%tc B‘PB’&“é‘éssé’éle stogthgl decaged edate tstieamt hpproximately
post - pr oc@sseshovedrall corresponding to the hypothetically transmtted
signal being recovered in the -iteration to provide a decoded data stream
and wherein the input signals for a first iteration are signals received from the

10  terminals in the sub-hypothesis and the input signals for each subsequent iteration are

‘the modified signals from a preceding iteration.

23. A method for scheduling data transmission for a plurality of terminals in
2  awireless communication system, comprising:
forming one or more sets of terminals for possible transmission on a channel,
4  wherein each set includes a unique combination of terminals and corresponds to a
hypothesis to be evaluated;
6 forming one or more orderings of the terminals in each set, wherein each
terminal ordering corresponds to a sub-hypothesis to be evaluated;
8 evaluating performance of each sub-hypothesis;

selecting one of the plurality of evaluated sub-hypotheses based on their
10 performance; and

scheduling the terminals in the selected sub-hypothesis for data transmission on
12 the channel, and

wherein signals transmitted from the scheduled terminals are processed in an
14 order defined by the selected sub-hypothesis.




6 selectively deriving a plurality of nodified signals based on the input
signals and having interference conponents due to the decoded data stream
approximately 8 renoved, and wherein the input signals for a first
iteration é?z@s%al s received fromthe 10 term nals i npchaseuis3doypot hesi s
and the ir?'g rgnal s for each subsequent iteration are the nodified
signals froma preceding iteration. 23. A nethod for scheduling data
transm ssion for a plurality of termnals in 2 a wreless conmunication
system conprising: formng one or noreggets of termnals for possible
transm ssion on a channel, 4 wherein each set include uni que
combi nation of t@&4ni nThe mathedobelaise Rdvhsrainthy evalyamea P@esto be eval uat ed;
6 form ng one or nore.orderi . t | i a¢ beriftial inVitRY @bh each
t er mi'nal “orderi né’r?%ﬁ‘&?)g Qgﬁg%ghegg@yh%dﬁngggis%&?oﬁbe eval uated; 8
eval uating pgpbtaesieBaed o a partioulatisedyey pravessing, schemne to irajde A BoPracRised
plurality of eval uated sub-hypotheses based on their 10 - perfornmance; and
schedul i Ag tsignak. @idi nal's in the sel ected sub- hypot hesi s for data
transni ssion on gl b haniehbl toanisevieriaterferengn aktio t (SARInifort $ae fRodim t he
scheduled term nals are processed in an_ 14 grder defined by the sel ected
sub- hy potBhespiracessad signalfopeash tgspyinaligpihe i%woﬁl?ms'm. The method of claim 23,
wherein the eval uating includes 2 processing a signal hypothetically
transmtted fromeach termnal in the sub-_ hypothesis, based on articular
recei ver processidfg sdhermeethed erwm@,whwmowrwggﬁ%%eswsg? glafoP%aﬁh
determ ning a sjgnal -t0-n0i.sg-pl kS| f o1 {ik QelbcbdRDast®6n pi@itpost - 6
processe si@W&?h%?lﬁrangéwgﬁr?rz&ﬁl%ﬁ%%%n?gﬁﬁ?es%ﬁl -hl;/%%tlﬁgesli s. 25. Thte) ma'?hod.of
cl ai m 23, wherigininam thelhypostesishesi s is formed for each 2 hypothesis, "and
wherein the ordering in the sub-hypothesis is selected based on priority
of terminal$ in the hypothesis. ' ' o

26. The method of claim 25, wherein a lowest priority terminal in the

2  hypothesis is processed first and a highest priority terminal is processed last.

27.  The method of claim 23, wherein one sub-hypothesis is formed for each
2  hypothesis, and wherein the ordering in the sub-hypothesis is selected to achieve the

* best performance for the hypothesis.

28. A multiple-input multiple-output .. (MIMO) communication system,
2  comprising:
a base station comprising
4 a plurality of front-end processors configured to process a plurality of
signals received from a plurality of terminals to provide a plurality of symbol strearns,
6 at least one receive processor coupled to the front-end processors and
configured to process the symbol streams in accordance with a successive cancellation
8 receiver processing scheme to provide a plurality of decoded data streams, and to
further derive channel state information (CSI) indicative of channel estimates for the
10  plurality of terminals,
a scheduler configured to receive the CSI, select a set of one or more
12 terminals for data transmission on an uplink, assign a particular order of processing for
the one or more selected terminals, and provide a schedule for the one or more selected

14  terminals and their transmission parameters, and



26. The nmethod of claim?25, wherein a |lowest priority termnal in the 2
hypot hesis is processed first and a highest priority termnal is processed
| ast. 27. T@m@%hod of claim 23, wherein one sub-hypothesis is formed for
each 2 hyp ¥82 and wherein the orderi ng in the sub- hyRGI/H#RI18300 S
selected to achieve the best performance for the hypothesis. 28. A

mul tiple-input nultiple-output (MM comrunication system 2 conprising:
a base station conprising 4 a plurality of front-end processors configured
to process a plurality of signals recei #8d froma plurality of term nals
to provide a plurality syl I ne, recei ve processor
coupled tqg the front-eﬁgfagr ocesgaoéﬁgegs?\[g%pggar??lh&u&géfeflgoSP%Eeézglé'etpﬁ e§§9ﬁbol
streans i'A adBcaniigusediia progess he echeitule fontramsitisionon the cneatinGe sEleOE@SSi NY
schene to prq‘?ﬁﬁi[?a]@a% urality of decoded data streans, and to further
derive channel 'state I nformation (CSI) indicative of channel estimates for
the 10 pBural i tyoné ot momiteratinals, sachabesdidl @bmpRgAg gured to receive the CSI,
sel ect a set of one or r 13 termnals _for data transm ssion on an

upl i nk, assign a parti Eﬁgﬁfoﬂ? ‘E}lociﬁlllat?fr%gg%ﬁl\&) feseive apd pragess oine |op mpre

sel ect ed20er wignalb fromathelbide QMtiR tiresSVR LA h@ndrRtted L6, “B.gg agg nore selected 14
termnals and their transm ssion paraneters, and V\f) /093782

PCTI US02/ 15300 45 a tf 8Nt ¢pia aroseeser conligwpt tatadeptivelyc puooksedddta fohe
recei ve 92 0C@asdHis fd hedul e.f .
transnission to th%&o%gﬂg(rw%ogrt%}@e (sa%;:dt)(()arcfz)lEh((l'tctgar?l ?nm}r?gkﬁg i’%%%jef%f%%e tsrmingt e
term nal s, eHhdedinthegcovarepschedule at | east one denodul ator configured to
recei ve and process one or nore 20 signals fromthe base station to
recover the transmtted schedule, - and a transmt data processor configured
to adaptively pro2bss Matlmsé ostatid? G ansnnSkipRAinp@  REHPASGuHkatMaERsed
on the trzﬁms_gg%% anparameters for the termnal “included in the recovered
schedul e.“ 29: JUEHIODSYSIPIY, CAMPISING, | ¢ pl e-i nput mul tipl e- out put (M M) . 2
conmuni catlon sysi pluralitp 6P fiofit-8l processors configured to process a plurality of signals

4  received from a plurality of terminals to provide a plurality of received symbol streams;

at least one receive processor coupled to the front-end processors and configured
6  to process the received symbol streams to provide a plurality of decoded data strean;s
and to derive channel state information (CSI) associated with the decoded data stream;

8 a scheduler configured to receive the CSI, select a set of one or more terminals

~for data transmission on the uplink and provide a schedule for the one or more selected

10 terminals and a set of one or more transmission parameters for each selected terminal;

and

12 a transmit processor configured to receive and process the schedule for
transmission to the plurality of terminals, and

14 wherein the one or more data streams from each scheduled terminal are

adaptively processed prior to transmission based in part on the transmission parameters

16  for the terminal included in the schedule.

30.  The base station of claim 29, wherein the at least one receive processor is

2  further operative to perform linear spatial processing on the received symbol streams.

31.  The base station of claim 29, wherein the at least one receive processor is

2 further operative to perform space-time processing on the received symbol streams.



a plurality of front-end processors configured to process a plurality of
signals 4 received froma plurality of termnals to provide a plurality of
recei ved synbol streans; at |east one receive processor coupled to the
front-end‘gbgﬁ&aﬁﬁrs and configured 6 to process the rececragozisaiso
streans to provide a plurality of decoded data streans and to derive
channel state information (CST) associated with the decoded data streanm 8
a schedul er configured to receive the CSI, select a set of one or nore
termnals for data transm ssion on thejgiplink and provide a schedule for
the one or nore selected 10 termnals and a set of one or nore

transm ssion paraneters for each selected termnal; and 12 a transmt

processor configyy ed 4 ﬂa@&fi&ﬂ’o% d}*ggilrﬂrz@c\sﬁemm@ fecatlegededVe prodessdsis ssi on
S,

to the plurality of term na and 14 V\)nerel_n t he one or nore, daﬁac§1trearrs
from each sfunthetbpechtive torestimatens qualisiieforack eqopived syralal seqsn ffertvg the

transm ssiop based in rt ansm ssion paraneters 16 for the
ternminal in rmsqcﬁtﬂ%g“g%%erh&tal%%&éb. The base station of claim 29,
wherein the at | east one receive processor is 2 further operative to

performlinear spatial processin n, t received sy. : cordl:  The
base station of E3-ai ni eobasé AiaHeR ﬂf {C:)lﬁ‘én 3?’ W%eggp‘ﬁ&%lﬁ?@é%ﬁ@‘%??@%gé%} is 2
further gperati-ve -‘rﬂ&f&&fc@r&ﬁ@%&ﬁlﬁf&tﬁ%&éﬁﬁ sgnbol stleemraferspatidl oy nbol
strearrs.QV\D&g%%eg%lggb 46 PCT/ US02/ 15300 32. The base station of claim 29,
wher ei n t hespacettiorgtroegssang.ecei ve processor is 2 further operative to
estimate a quality of each received synbol streamto derive the CSI for

t he associ ated decoded data stream 33. The base station of claim32

wherein the qual B4y eThé base etatien oftelaim 2 sherein the s¢f of che of MAEIAWRIFRPL o
ratio (SNR) for the.receiv ) r fhar i Séaat &y be e
processi fig. Pwe%f%fg‘gh §$g%ti§% N0 nagfngﬁl%@gzg,dtaf;cmrg;ﬁglﬁ ale?d#e@%aets of one or
nmor e transnmysidmifted By thelsaleditdtesminal. each selected termnal includes a date
rate for each data streamto be transmtted by the selected term nal. 35.
The base station of claim?29, wherein the set of one or nore transm ssion
2 paraneters forggeachtaebgel@on 6f sThiRad9, wheteitrlihs set of oé agmamrdransrdissian i on

schene to be _ .
2  parameters for each selected terminal includes a coding and modulation scheme to be

used for each data stream to be transmitted by the selected terminal.

36. A base station in a multiple-input multiple-output (MIMO)
2 communication system, comprising:
a plurality of front-end processors configured to process a plurality of signals
4  received from a plurality of terminals to provide a plurality of received symbol streams;
at least one receive processor coupled to the front-end processors and configured
6 to process the received symbol streams to provide a plurality of decoded data streams,
each receive processor including a plurality of processing stages, each stage configured
8 to process iﬂput symbol streams to provide a respective decoded data stream and derive
channel state information (CS) associated with the decoded data stream;
10 a scheduler configured to receive the CSI, select a set of one or more terminals
for data transmission on the uplink, assign a particular order of processing for the one or
12 more selected terminals, and provide a schedule for the one or more selected terminals
and a set of one or more transmission parameters for each selected terminal; and
14 a transmit processor configured to receive and process the schedule for

transmission to the plurality of terminals, and



used for each data streamto be transmtted by the selected termnal. 36. A
base station in a multiple-input multiple-output (MND) 2 conmunication
system COW?"Z}’%: a plurality of front-end processors configured to
process a plur P V of signals 4 received froma plurali tRCIESRASIY nal s to
provide a plurality of received synbol streans; at |east one receive
processor coupled to the front-end processors and configured 6 to process
the received synbol streanms to provide a gl urality of decoded data streans,
each receive processor including a plural’ty of processing stages, each

st age congi gured I tr t o, provide a respective
decoded data str eﬁeﬁf%ﬁg g??élzdo%ﬁ%b%ane eggl? zlfirtog'l ?aﬁsg?ﬁf‘fﬁ?‘? %Hm("@gq"? a%pgg&%y at ed
with the dec®8REEssE&PaI0E to tramsmigsiorabased dwl pare on cthe etgofr @@ dranbrRARinYRiskiBg CSI

sel ect aqget r rmnals for data transm ssion on the uplink,
assign a parlplg{:aﬂﬁ%r?s@? er "%’?&g# "(’:'f's‘:"si ng for the one or 12 nore sel ected

termnals, and provide a schedule for the one or nore selected termnals
and a set of one g)} nofqgﬁt)ransm ssjon paraneters for each sel ected
termnal; and 14 3’tr an8HP3se siaHeR eselpint 3 Mhgrainepch processing ssageredcapt admss s t he
schedul e 2o0r stag¢ medessi on to the plurality of termnals, and WO 02/ 093782
PCTI US02/ 15300 47 16 wherein the one or nore data streans from each
sel ect ed ter ni nal 2 ghanglprpessiasiconfigusedstoqrocess the iniub symibsl stredss oprdages i n
part on the agloded dRPGrm dRj€e transm ssion 18 paraneters for the selected
termnal. 37. The base station of claim 36, wherein each processing stage
except a |ast 2 singréeréneeicamtelerzconfigmedto durive elssmodifiontjrabol 8fednt WEAF €SS
a

the i nputgsy t rovide.a 4 decoded data stream and
interfer e%ceg;ggﬁggﬁdggqgtgr%&?ﬁﬁ%dd&?b“péféﬂi“g’@??‘?;f’ém}'?ndi fied synbol streans
based 6, on the decoded data stream and the input synbol streans. 38. The

base station of ciqai m 7,b wher ein each groces.si ng stage includes 2 a
channel quality etti natibaggsaugn of claig 3

_ s‘{"h%ﬂ@a PjQegssing stage inbledesecover ed
synbol stZeamto glernnel ghgitfebtithatbr bﬁéﬁﬁﬁéﬁgkﬂ]‘éﬁ% gg@?‘ﬂg}ﬂgg ;[eﬁ%e?%{e?q 39.

The base statiaon of claim38, wherein the chan 2
operati ve t oSYERRO! pHERam tordlerive the 415 for-thoissecigedidecodedddtasteame rati o (SNR) for

t he recovered
39.  The base station of claim 38, wherein the channel quality estimator is

2  operative to estimate the signal-to-noise-plus-interference ratio (SNR) for the recovered
symbol stream.

40.. A terminal in a multiple-input multiple-output (MIMO) communication
2  system, comprising:
at least one front-end processor configured to process at least one received signal
4  to provide at least one received symbol stream;
at least one receive processor coupled to the at least one front-end processor and
6  configured to process the at least one received symbol stream to recover a schedule for
the terminal, wherein the schedule include an indication of a particular time interval in
8  which the terminal is scheduled for data transmission and a set of one or more
transmission parameters to be used by the terminal for the data transmission;
10 a transmit processor configured to receive and adaptively process data for
transmission in accordance with the set of one or more transmission parameters, and
12 wherein the terminal is one of one or more terminals included in a set scheduled

for data transmission in the particular time interval, and wherein the set of one or more



synbol stream 40.: Aterminal in a nmultiple-input nultiple-output (MM
communi cation 2 system conprising: at |east one front-end processor
configured to process at |east one received signal 4 to provide at |east
one receiv QO?/K‘%%' stream at | east one rec_ei ve processecTasupisse to the
at | east o end processor and 6 configured to process the at |east
one recei ved synbol streamto recover a schedule for the termnal, wherein
t he schedul e include an indication of a particular tinme interval in 8 which
the termnal is scheduled for data tranggi ssion and a set of one or nore
transm ssion paraneters to be used by the termnal for the data

transm 9¢i ongrndiffal s¢hedulsdriar Qata)mmmmsloooﬁngqwfbﬁom(ﬁm@éé?f\?é’féFRIe setafivel y
process data faqr ﬁéra |on | th the set of one or nore
transm ssi ofeype ng&gnp gﬁgﬂ&ﬁl ge%m nal is one of one or nore
termnals included in a set schedul ed for data transm ssion in the

particular tine interval, and erein, the set of one_ar 3782
PCT/ US02/ 15300 481. 14 Thertesm 12'@3‘8?%8’(16{" Whargn 3tr5°°varaCFllssrg?§§P¥%)°? é‘l“%gl ect ed

from among %ﬁfssﬂ? affelces Rkl AtdtihS altb@esulaonsehéme nabcesed fad asab ed f or
each set. |Pm nal of claim40, wherein the recovered set of one or
more 2 trammmnopaﬁm@%b)ﬂhﬂ%@@a codi ng and nodul ation schene to
be used for each data streamto be transmitted by the term nal.




