WD 03/ 063384 PCT/ US03/ 01949 1 REALLOCATI ON OF EXCESS PONER FOR FULL
CHANNEL- STATE | NFORMATI ON (CSI) MULTI PLE- | NPUT, MJULTI PLE- QUTPUT (M MO)
SYSTEVS BACHGREBID Field [1001] The present invention relrarasosereyal ly to
data communi cation, and nore specifically to techniques for reall ocating
excess power in a multi-channel comuni i:atl on system(e.g., a

mul tiple-input, multiple-output (MND) comunication syst err) Backgr ound
[1002] In a wireless comunication system an RF nodul ated signal froma

transmtter mayRIEA]Y O(PATI@N‘(DF @ESSP‘ WP@FO@R‘I@@@E The

runber of 1§ acCORANNMITLES FATE N hﬁ@MXZéi&Mﬁéﬂ oy 0 °

agai nst del eter i INPPAT MMFIPI@ECIOWFTPI?T QVIIM@%FSYSTEMS' e

transmit and receive antennas may be used he propagation paths
between the transmt and receive antennas are linearly independent (i.e., a
transm ssion on one path is not mlg‘é(k j.near conbi nation of the
transm ssions on other paths), gﬁ% ly true to at |east an
extent, then the likelihood of correctly receiving a data transm ssion

i ncreases as the nunber of antennas increases. Cenerally, diversity

i ncreases am@ldoer f ormance i nproves as the nunber of transmt and receive

antennas increases. [1003] A nultiple-input, nultiple-output (MM
conmuni cat i AAOLY st ke dnpsent inveniipn relpies ERMOrally 4 slar CRMBRIAAHONA 8 HPE pl e

(NR) recei f n Q/Eggm ne| nggl y the
NT transm tﬁgng%ﬁgpﬁg)cet%hgq@%?ergélgagl%amc'%ﬁgg g)ééc%grrp se ?lﬁtgd ependent
channel s, vddnimiNScation systeddI(e. gNR} mquﬂmmpht tdnﬁtipthE‘ouitp\mépﬁNmaruonnimmioa is
also referred tQ as a spatial subchannel of the M MO channel and

cor r esponds*¥™) di nensi on. The M MO system can provi de i nproved
performance (e.g., increased transm ssion capacity) if the additional
dimensionalities created by the multiple transmt and receive antennas are
utilized. Fdackeremmpd e, an WO 03/ 063384 PCT/ US03/ 01949

[1002] In a wireless communication system, an RF modulated signal from a

transmitter may reach a receiver via a number of propagation paths. The characteristics
of the propagation paths typically vary over time due to a number of factors such as
fading and multipath. To provide diversity against deleterious path effects and improve
performance, multiple transmit and receive antennas may be used. If the propagation
paths between the transmit and receive antennas are linearly independent (i.e., a
transmission on one path is not formed as a linear combination of the transmissions on
other paths), which is generally true to at least an extent, then the likelihood of correctly
receiving a data transmission increases as the number of antennas increases. Generally,
diversity increases and performance improves as the number of transmit and receive
antennas increases.

[1003] A multiple-input, multiple-output (MIMO) communication system employs
multiple (N7) transmit antennas and multiple (Ng) receive antennas for data
transmission. A MIMO channel formed by the Ny transmit and Ny receive antennas
may be decomposed into Ny independent channels, with Ny < min { N7, Ng}. Each of the
N5 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 (e.g., increased transmission capacity) if the additional dimensionalities

created by the multiple transmit and receive antennas are utilized. For example, an



2 independent data streammay be transmtted on each of the Ns spati al
subchannel s to increase systemthroughput. [1004] The spatial subchannels
of a w dewernd/odd3BlD system may experience different chann@CTasnslooudns
(e.g., different fading and nultipath effects) and may achieve different
signal -to-noise ratios (SNRs) for a giveg anount of transmt power.
Consequently, the data rates that nay be supported by the spati al

subchannel snaepéndt ddiaf SiRaRNEad et meRekRnGe EadhOofSth QViadpaghl. subbliSaverte t he
channel conditions typically vary with time. As a result, the data rates

supported Bycre#se sypamithiougiipthannel s al so vary with tine. [1005] A key
chal | enge | cod comynj I system:} ectl.o t .
appropri at E[T%(Zﬁ]a ra %ss%mg%id%l%ghgn% lsnégual g@tl‘%leo%%ﬁﬁslgﬁgﬁg)s?%%rg ﬁ%%negﬁﬁle enﬁ%wer S

to be used differend@hannkl aosditions (g pmliffientayaiinglahe® rhuldpshil Sfdce) aidamael s
based on the channel conditions. The goal of this selection process should
be to maxi rAchieve giéareny| sighal{Q-neise yatioR{SNR )@t ¢ giyen FIqupl ob BRewRif PEYET. whi ch

may be quantd fl ti.cul ' or
Some ot her R, o Rl Bl b B8 hundoRRE byt Mo SFaERmAl ST 1
an upper | idiffereanfrbivesubahannel &t suichatnehaMdreoves ethe fohanm@ehycondiviems tpically
stream For exanple, a set of discrete data ates may _be supported by the
syst em and B %I’é?ﬁ%\lt’rtg? deth Faif mﬂ@ec{ bt soaifal sibepainieky 49 varks Ry
be consi derggh aset he saturation spectral efficiency, (err)sat, for any
given data stream In such a system if each data streamis transmtted on
a respect i #00dpat Aakey dirdlengmel a doded caipmédation systere is thanseledtioporfethet han

neceeSar - SuRRaR et B bR e SR PHE B BB B

excess tramsfidataP @¥RimibEdh oA Skt avalatile | 10BN, cHaihéls BaB8T OM SRB Nhahdk] FER
may not be considered substantial since the target FER has al ready been

achi eved. ToRadisigaesthe gephohihis fedgotion pegcepesheylddbedtpfraasimizs specizd gificéency
i ncrease t .effici [ e bchannpel.s, 07
horeteS AR Pk PR B PR 0t ARPYDRL of SPRIRE e ARPEL o o

transmt peei rasFER ) 4/ @Raeathes ¢ieiannel s in a M MO systemif the
saturation __spectral efficiency has been reached b% at | east one of the
subchannel $1084d 0318 sgce! permmuyngeration gygemathere may be an upper limit on the data

rate that may be used for any given data stream. For example, a set of discrete data
rates may be supported by the system, and the maximum data rate from among these
discrete data rates may be considered as the saturation spectral efficiency, Oy, for any
given data stream. In such a system, if each data stream is transmitted on a respective
spatial subchannel, then allocating more transmit power than necessary to achieve the
target FER at the maximum data rate would result in an ineffective use of the additional
transmit power. Even though the excess transmit power may result in a lower FER, this
improvement in FER may not be considered substantial since the target FER has already
been achieved. The excess transmit power may be more effectively used to increase
spectral efficiency on some other spatial subchannels.

[1007] There is therefore a need in the art for techniques to allocate/reallocate
transmit power among the spatial subchannels in a MIMO system if the saturation

spectral efficiency has been reached by at least one of the subchannels.



SUMMARY [1008] Aspects of the invention provide techniques to allocate the
total transmt power to the transm ssion channels in a nulti-channel
comuni cawpD®/06338t em such that higher overall system thr@ocghysos/oemd/ or

ot her benefits may be achieved. The transm ssion channels may correspond
to the spatial subchannels of a M MO sys# em the frequency subchannel s of
an OFDM system or the spatial subchannels of the frequency subchannels in
a M MO OFDM system [1009] The tot aQUNENIARY power may be initially

al l ocated to the transm ssion channels based on a particul ar power

al | ocati on [4008]me Aspets of e wakrtior ptdvidegteshiiquas) to alldvatel thettbml t@ahbmaitat i on
may result in nore power being allocated to some transm ssion chapnels

t han neede(POt“@f&theéWSmFﬁélopé%éW%msq Bli-channglorapampnieation syrjrin ush ghat ¢ e
SNR needed,; achi ' apéimt t e L C d n
result int ] t%é 8‘%%%5%5%21 gl?llﬁé nnidgp(ﬁgﬁtn}%?o%g%g%eﬁmng% h%hgég%r aiIlmgn
regi on. | n temshissiohudiahwels may herrespooldrtbghe spatiad subdhedndie o o MBAOasys@geous| y

real |l ocate the excess transnt powe transm ssi on chanpel s erated in
e sat or atPoArsbgamstshoTR of FrQRPNG siiSEn Ak s SPatt) ShatanSE b Ene
sat urati on g&AERY subBhdnbiR R ¥IMb SEdbMVSHeEhs al ef ficiency may be achi eved
for the "poorer"” “transm ssion channels wi't hout sacrificing the performnce

of the "bdil0@d]" t Thasniaddiansmithpewes! may [We0 1Gtialln aoeytest itd ithe drabsrdissmont , a

method is provided for allacating transm.t wer . to nu r.. of

(¥ anemi soi LIPS on A B Poeih ARG n Rihfaiec s a-dRe SYETEE schrmel 1y,
a set of ONEneOmItIAPABOELtRASHAYS BdsOR if MaRtBgJoSvet Behie Alocaed e doik ARG issiBAVET
is .defined. The total transmt power available to allocate to the

transni ssi shaeteiniben seeded to pehigws the seqpited sianakte-aoiee raHedSHRD 6oat B¢ SNRt hese
transm ssi qilog “?éh?;@%ﬁ@ 3 finfm ﬁ%&x{?hc&é'tqafsatéb'b Lx%?(ﬁ)t {Vgﬂlldrs]tﬁ?]ﬁ g&uft §h hese! Ne

water-filling scheng ransm'ssi on channe perat e saturation

regi on as ardnemissionafhahiids dtihg opteated naths aturgivneregioal elntdueh sithativnk,i theed.
Each such transm ssjon_channel is allocated a revised anbunt of transmt

pover (e. g.techuiekideserbeastint adyariaserusly Belreieda reccre Ny PSS Ol The
total  excegs iR UHanRIVEer e%"ﬂélthé AN ?%%%1ﬁ'@ﬁi{r§%s%§sjiérp%hﬁglsw th

revised transmt powers 1st et erm ned. ove steps may be
performed peraed below the setmratibheregieon. di thisr wag rhiglsropeaid rifidienclyanay be

first iteratjon jnpcludes all, transm ssion channels to. be _allocated
Cransnit poBIevehiPr they DRskes, EIHBBYABAPaIEL RHRQH SaTHIATRRIE RSHPY ETRE Of

the “better” transmission channels.

[1010] In a specific embodiment, a method is provided for allocating transmit power
to a number of transmission channels in a multi-channel communication system.
Initially, a set of one or more transmission channels to be allocated transmit power is
defined. The total transmit power available to allocate to the transmission channels in
the set is determined and then allocated to these transmission channels based on a
particular allocation scheme (e.g., the water-filling scheme). Transmission channels
operated in the saturation region as a result of the allocated transmit powers are then
identified. Each such transmission channel is allocated a revised amount of transmit
power (e.g., the minimum amount needed to achieved the required SNR). The total
excess transmit power of all transmission channels reallocated with revised transmit
powers is then determined.

[1011] The above steps may be performed one or more times. The set of
transmission channels for the first iteration includes all transmission channels to be
allocated transmit power and, for each subsequent iteration, includes only the

transmission channels not in the saturation region. Also, the total transmit power



transm ssi on channels not in the saturation region. Also, the total
transmt power WO 03/063384 PCT/US03/01949 4 avail able for each subsequent
iterati orwDnsleases t he total excess transmit power det er FCha$03/mMIshe
current iteration. [1012] Various aspects and enbodi nents of the invention
are described in further detail bel ow Ihe i nvention further provides

nmet hods, processors, transmitter units, "receiver units, base stations,
terminal's, sy@iReSor aseh Obes u@ﬂﬂoate@tluﬁeﬁlcmes he Bl SexicBet trahdmit eI

vari ous aspects, enbodi ments, and features of the invention, as described
in furt herdegremand ip gheouIeBRIERIEESCR PTI ON OF THE DRAW NGS [1013] The
features, t nor e
appar ent fromi%]he W gﬁd}{%g%tgggral |0t(()1¥1}ﬁeérfeE ortllllll\’%ﬁq%r]?l ér%ﬁlg# b %?‘?lﬂﬁer

conj unct i ordetahl blowheTH¢ anvengsn Iftmthbhtl mbvidek enetiefdey pnmassoﬁamﬁsrmmr udigg)t i fy
correspondi ngly thrqughout and wherein: [1014] FIG 1 is a row di agr am of
an enbodi meEREei¥T URithhesesationsy tegninglsasysirans, ARd Othst appapatises And clspiRRts hatong

the ei genmggerhdhe JaltbiMausd @fos ghﬂan@%ﬁteatt@@bt ﬁ%%té}faonus%étn@d 21
a flow di agr an enbodi nEnt 0 rocess tor allocating the tota
transmt pcfuﬂheledmbadidsm transm ssion channels in a nulti -channel

communi cati on system using power reallocation; [1016] FIG 3 is a flow

di agram of an enbodi ment of a process for allocating the total transmt

power anong the eige dﬂzmﬁw B set of
di screte data rates; iﬁgﬁ%‘@% ows%o’ﬂgﬁo or s;g%%tral efficiency

versus eff qqpize ShiRe et 8] ndnbreSand! Bdameh g ob h@/\pﬂah@mnaﬁm@ﬂeﬁnrwcome

efficiency versus effective SNR for a communi cat]on systemthat supports a
set “of di scRefecpgaieat framdbe dptagadflescriptions sgtJorh bplew wherytakem 87 cepunction
enbodi nent r f o n .. .av e ovver
to a set o f\91fth ath@ 8%1%5%5 9% a?lh c% Eilltkt: getf&%ﬁ?e ﬁ?l%ﬁcte?s %érﬁﬁ& f%%g?ﬁqﬂt’ '

and 6B graahtcmghémahﬂmﬁfdimte the aI | ocati on of the t ot aI transmt power
to the eigennpdes based on the water-filling schene; and [102111 FIG 7 is a
bl ock di agrdM¥r akTenbéur dlomt digeram ot ah SbpigRen & paHpesy o allocating the

total transmit power among the eigenmodes in a MIMO system using power

reallocation; ,

[1015]  FIG. 2 is a flow diagram of an embodiment of a process for allocating the
total transmit power among the transmission channels in a multi-channel
communication system using power reallocation;

[1016] FIG. 3 is a flow diagram of an embodiment of a process for allocating the
total transmit power among the eigenmodes in a MIMO system that supports a set of
discrete data rates;

[1017]  FIG. 4A shows two plots for spectral efficiency versus effective SNR.

[1018]  FIGS. 4B and 4C show plots of spectral efficiency versus effective SNR for
a communication system that supports a set of discrete data rates;

[1019] FIG. 5 is a flow diagram of an embodiment of a process for allocating the
total available transmit power to a set of eigenmodes based on the water-filling scheme;
[1020]  FIGS. 6A and 6B graphically illustrate the allocation of the total transmit
power to the eigenmodes based on the water-filling scheme; and

[1021] FIG. 7 is a block diagram of an embodiment of a transmitter system and a

receiver system; and
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[ 1022] The techni ques described herein for allocating/reallocating transm t
power to WOrlaneIsBssi on channel s may be used for various meCTivsohenyme|
comuni cation systens. Such nulti-channel conmunication systens include
mul tiple-input, multiple-output (M M) conmunication systens, orthogonal
frequency division multiplexing (OFDM ~“comruni cation systens, M MO systens

that utilize OFDM (i.e., M NOEFMLEDDESORIPTIONhers. The nul ti-channel
comuni cation systens may al so i nplenent code division nultiple access

(CDVR), ti pr02d] vi sThentechiliduepldescaibeé disre{nlolA)ocatihplepilenatingdiransmitqrowenkd i pl e
access (FDMA), or sone other nultiple access hechni ues. Miltiple access

comuni cat Fféﬁs@ﬁsé?‘éﬁ%a%lﬁﬁ 98 Bo e %CV@FP%{IIH bﬁh‘ﬁﬂ‘?f’ CATYRNIGRH Y %’Sfem?nber
of term nalsaef imri.colit omebicAdA Heleme FhdiAd nRIRAE AN uAROGLRNT S of

the invention are described specifically for a M system such as
mul ti pl e- aVEMIQ) cowinnelie®ncystems, attogomal Syegeny ditigpa | mwltiMexdgy(P3Evh

For darat FamEaon SSRM MGG SHERT oRftedtler UMY Q-0 SERR K2
receive an%fs&%ﬁs’?, Ry otl%rsqem&@ghdn%pcd}ﬁmhﬂ@ﬁﬂﬁlnﬂéﬁnscﬂg? ARb Smpl@xﬁdﬁt NS

<_ mn {NT, Each of the Ns independent channels is also referred to
as a spati abde siingsivanmaltinloraceessr €M ADsitine cdigisioal yudiiple hacepasMvT e Medrnel .

The nunber .of spatjal. su annel s t er m_ned t n .

ei gennodes frI’BS'r‘e“t%Pi IWI%%‘ﬂﬁﬁﬁ@F?es\%@hﬁ&’ R tUrh OF@YH’&@A ég%g%tnegfémgﬁ%shnel
response mafpiltigle ddeesk RemneigsatioR %zstéﬂﬂg chIE SIPdSEconberave @Bminltidlioh Mathsai t
and NR receive antennas. [1024] The el enments of the channel response

][ralt Iri x, H, nambecohisoninglsofi-c. iusershe Hge flarita Gedaia mspestued smbodipents of fhe
:k, 2 A h Ny e E hl i
ol lows: K, L K4 .aree'gic?gyﬁ%gi gg?r%ﬁcaﬁflypfow %Iéfg%gﬁuﬁsﬁw% A NENL 0060 '

is the coupling (i. ex-galn e |-th transmt antenna
and the i wifldsecemumnivatiensaterdhe nodel for the M MO system nay be
expressed as: = Hx + n, Eq (2) . . .
[1023}/ A MIMO system employs multiple (N7) transmit antennas and multiple (Ng)
receive antennas for data transmission.. A MIMO channel formed by the N7 transmit
and Ny receive antennas may be decomposed into Ns independent channels, with
N, <min {N,, N.}. Each of the Ng independent channels is also referred to as a spatial
subchannel (or a transmission channel) of the MIMO channel. The number of spatial
subchannels is determined by the number of eigenmodes for the MIMO channel, which
|
in turn is dependent on a channel response matrix, H, that describes the response
between the Ny transmit and N receive antennas.

[1024] The elements of the channel response matrix, H, are composed of

independent Gaussian random variables, as follows:

hy  h, A Ry,
Ay by A Ry,
H=| vl Eq (1)

where £, ; is the coupling (i.e., the complex gain) between the j-th transmit antenna and

the i-th receive antenna. The model for the MIMO system may be expressed as:

y=Hx+n , Eq (2)



WD 03/ 063384 PCT/US03/01949 6 where y is the received vector, i.e., y =

[YI Y2 ... YNR]T, where {y, } is the entry received on the i-th received
antenna awo o3/0&384, ..., NR} ; x is the transmtted vect ®CI/USOB0194X = [ x1
X2 ... XNT ]T, where {xj } is the entry transmtted fromthe j-th
transmt antenna and | E {1, ..., NI} ; His the channel response matrix
for the M MO channel; n is the additive \ghite Gaussi an noise (AWGN) with a
mean vect or where0O and a covariance matrix of A, = U21, where O is a vector
of zeros, | is the identity matrix with ones al ong the diagonal and zeros

everywhere el se, ¥y antheorezeivedtveetovai.¢.arce[nf yi heypdl sevheandy[}. JsTitdeantyes
the transpose of [J. [1025] For sinplicity, the M MO channel is assuned to
be a flat-fading, nareceivbdnd tletvathrredeivddrantdning andhse {1,t.hgvgl;ements of the
channel response matrix, H are scalars, and the coupling, h; i , between
each transm t - r egeisvthedrnemittedpwdctorc aa., b_e:[xlepzr.es»@,p]Tedw]hate x5} ngtie anal ar
val ue. However, the power allocation/reallocation techniques described
herein may al so be apphasadtttdfrant the jlenasnsedmainavad crafinel, \payi ng

di fferent channel gains at different frequencies. In such a frequency

sel ective channel 1s thhehapmel respange strifoot the MiyICbehadinel; ded i nt o a nunber of
(equal or unequal ) frequency bands such that each band nmay be consi dered
as a fl at-fadi ngictidhthadditivwhite Sgussisn nsfise IEGNIdvith d mslan yeetosofyandieen be
considered in the allocation/reallocation,of the total transmt power.

[ 1026] Due to scatt er FGURRCE WAty ofpdgat ¢oh where rbatre rvectondf deros Etis dans

transmtted fromthe transmt antennags interfere wiifh each other at the
recei ver. One techni ’E\%Etltfyorpatglxi ‘?ﬁ%?wﬁf“?snago?ﬁ &Fé{ﬂ%ﬁf’inﬁ]garf fegog ?ﬁeéY‘T’l%ﬁrr%ﬁgE’ i's
to "diagonalize" the MAVD: i¢hanEhnaHiIng Al thgse data stream are

on ral’

effectively transmtte ort hogonal "spa subchannel s. One techni que
for diagonalizi ng]tdeaoteh e edgparelofifg. to perform singular val ue
deconposition on the channel response matrix, H, which can be expressed as:
H = UDV H HJ02S) Woer siniplic8y,anhd\RVXMNR ahanedr js nmdumed (0. Be , a Uttht\fading, ) ;

WO 03/ 063384 PCT/ US03/ 01?49 ) _
narrowband channel. In this case, the elements of the channel response matrix, H, are

scalars, and the coupling, %

, j» between each transmit-receive antenna pair can be
represented by a single scalar value. However, the power allocation/reallocation
techniques described herein may also be applied to a frequency selective channel having
different channel gains at different frequencies. In such a frequency selective channel,
the operating bandwidth may be divided into a number of (equal or unequal) frequency
bands such that each band may be considered as a flat-fading channel. The response of
the individual bands may then be considered in the allocation/reallocation of the total
transmit power.

[1026] Due to scattering in the propagation environment, Ny data streams
transmitted from the Ny transmit antennas interfere with each other at the receiver. One
technique for eliminating or reducing this interference is to “diagonalize” the MIMO
channel such that these data streams are effectively transmitted on orthogonal spatial

subchannels. One technique for diagonalizing the MIMO channel is to perform singular

value decomposition on the channel response matrix, H, which can be expressed as:
H=UDV" , Eq (3)

where U isan N,X N, unitary matrix (i.e., U U=1);



7 Dis an NR X NT matrix; Vis an NT X NT unitary matrix; and "H' denotes
the conpl ex transpose of a matri x. The diagonal entries of matrix D are the
squar e r owD306338he ei genvalues of G = H(err) H denoted IpgTASasG9MI E {1,
..., NS 1, where NS <_ mn{NT, NR} is the nunber of resolvable data
streans. All non-diagonal entries of D are zero. [1027] The diagonal matrix
D thus contai ns non-negative real values along the diagonal and zeros
el sewhere, wher et BennWpx¢egaiairisg real values are di The d, are referred
to as the singular values of the channel response matrix, H The singular
val ue deconposi t Vois ansNa Xt nnixarg peatiat;iand known in the art and described in
various references. One such reference is a book by Gl bert Strang
entitled "Linear«d ' i " Second Edition, Acadenic
Press, 1980, which cfég&?ﬁtc}%?gglrpgxzéﬁﬁ@%%ﬁ% Ey )r{'ef erence. [1028] The
response matrix

si ngul ar val.ue.deconposition dec oses the channel r H,
into two ura{hﬁea @g%fgl?tE‘S%?folea%dﬁ\%e Hhecsapaie Tapts @b e ciggvalugs oG wELTH D i s
descriptive, of . t.he ei.,gennpdes . of {he M MO channel, which correspond to the
spati al su‘%)eg1 Effﬁng?'s./li ﬁPngﬁi {ll’a‘r'y;vﬁg’t rVY}E‘ées,IQU WT’NNEI {faéhe umbey pf"
vectors for iver and transmtter, . respectively, which may be used
to di agonalﬁegzdgs%%éegﬁﬁ}ffan&%a%%gwﬂgﬁgﬁ FRitigs P ,Sbf‘@zﬂ%gonal ize the M MO
channel, a signal vector, s, may be pre-nmultiplied with the matrix, V, and
the resul t ddP2{lect dhe diagenwismajrix (D gheniconteids cverneghtive MaMalubanhsle. thét t he
receiver, the received vector, y = HXx + n, may be pre- nultiplied with the
mat ri x, UH, diagpnebang 2¢res elsemdere;, sdierecbe non-negatias réab Ivhmwarerdizuy%l_,\/.sﬂ&*w. Eq
(4) =Ds+n where n is sinply a rotation of n, resulting in additive white
Gaussi an nairs eefairechtor asethe singelanwaloey ef therchamtt] eespafiseanQEixTH I The &fglar WO

03/ 063384 PCT/US03/01949 8 [1029] As shown in equation (4), the
pre-mul ti plVaius desAmppsitipg is p graiix\eperagon keowpyin théartrandr descNbeainih varimus

pre-mul ti plLeali-on Ghe {ddf réf@fe%i:é’ 1%% B/o%?(tb?erilﬁleTt §’t¥ar{[ghe%tiﬁgc§ r‘]i_,l)l(leaLr”AIgebra and

Its Applications,” Second Edition, Academic Press, 1980, which is incorporated herein

by reference.
[1028]  The singular value decomposition decomposes the channel response matrix,
H, into two unitary matrices, U and Y, and the diagonal matrix, D. Matrix D is
descriptive of the eigenmodes of the MIMO channel, which correspond to the spatial
subchannels. The unitary matrices, U and V, include “steering” vectors for the
' receiver and transmitter, respectively, which may be used to diagonalize the MIMO
channel. Specifically, to diagonalize the MIMO channel, a signal vector, s, may be
pre-multiplied with the matrix, V, and the resultant vector, X = Vs, is transmitted over

the MIMO channel. At the receiver, the received vector, y =Hx+n, may be pre-

multiplied with the matrix, _UH » to obtain a recovered vector, r, as follows:

il

HVs+U"n

r =U"HVs+U"n
Ds + P

(-3

?

where A is simply a rotation of n, resulting in additive white Gaussian noise with the

same mean vector and covariance matrix as n.



results in an effective diagonal channel, D, which is the transfer function
between the signal vector, s, and the recovered vector, r. As a result,

t he M MO wbanmned3sdi s deconposed into Ns i ndependent, non-iPeTarsheeiony,

ort hogonal , and parallel channels. These independent channels are al so

referred to as the spatial subchannels the M MO channel. Spati al
subchannel i or eigennode i has a gain that is equal to the eigenval ue,

A, where 169 anﬂs $Bbwh ik Sqeieioh ey tl@egpﬂe-mulﬁliahcat}on, of Ve dignbl @@eiraki Bati on
of the M channel to obtain NS orthogonal spatial subchannels can be
achi eved i fid ﬂfatﬁxr aﬂ%ﬁa ttﬁ@{m' &ult@h@é’do@le& ok trdbedRd8LioNBYye bgfthé haushaghel
response matrix, H[1 In a typical M MO system a peak transm { power
of P,,, May.hgsi e %ﬁgctn%nm ?&Bl Qﬁan e INTWhicR S Wel trélﬂfé?rfﬂﬁc?ronlﬂét\{léynsthg ase,
the total transmt power, aval abl™®® ‘at the transmitter for all NT

transmt aniHaNa3sctiRYs, beldemy %%8%16@5/6&813)’1'— NE a r&¥1t, Bk HBMT %aﬁmaﬂs
transmt power, Ptt, mTay be allocated to ‘the NS non-zero e gennodes (i.

the spati aiec@ﬂlbsshdrimelm ﬂnﬁ)eﬁtiann naarinteuferiag herisgonkl, antiepanidjedchamels. s to
maxi m ze capacity (i ctral i Cci.en t he al t
power , Pt ot he?FaWd%@néFlPtc?@é@ {6 2t Sﬁéeffegrﬁ%fq %‘{ qu ﬁ%ﬁgﬁ%&m@iﬁ oft thé RARD
"water-fill 1.8 Q3 el i | 280H3ud 0
pouring a fc:hxe %@gws%ﬂfémtergpﬁﬁﬁ{lg&evl‘eﬂsdssg é’éﬁhﬁ-ﬁ; r@%“?fté’gg?gr bott 6m
wher e each &i, gérrode Icaid esgandsfined & pei{ht...oW;} .t Deagvanlizmionfof tthe MibiGel |
and the el evation of the bottom at any given point corresponds to the
i nver se of chimnes iogotzthintNy-orthiogenal apatial smwnmitmaehimdif thransaiitienisode.

A low elevati, n thus corresponds. to h SNR.and, conversely, a hi gh
el evati on cP6‘P‘f1 Hpan egtynate Pgﬂ}eeﬁﬁln%’ép NS B FoaHs i ¢ power, Pt,,t, is
t hen "pour nto t t i i I
(i.e. hi gﬁ Sdé Q?}gn ﬁ\?g\gé?sﬁ}rgtémp% reéft { n_l,rﬁf@g)ﬁggp of'y’s Iﬂayl an}{ﬁéﬁég
SNRs) are fdnlda€lglof ﬂh‘e WT.traﬁblﬁitmmms:liIﬁtthiiis bagei the total @ﬁpﬁmctﬁ}w‘ar,ohml deilhlde al
transmt power, Ptt, and the depth of the vessel over t he bottom surface.
The water athertenamyttsy &or allNr rpsmjaamagmay be grpreged@sie total transmit
power has been poured is constant over all points in the vessel. The
points with el eV%NI _ORS . bove the water surface |evel are notg §)I ed (i.
ei gennodes with Rs bel B ‘a particular threshold are not use 5 The
water-filling distribution is described by Robert G Gallager, in WD

03/ 063384 R/ ibiaPghtkd ow@f Pl Ny HRtal18Batdd ROhY N%ﬂﬁ'm@%&d @béMnodes (i.e., the

Communi cation,” John W and Sons, 1968, whi ch
spat1a1 subchannels) based on various schemes. If the objective is to maximize capac1ty

(i.e., spectral efficiency), then the total transmit power, Py, may be allocated to the
spatial subchannels by a “water-filling” scheme.

[1031] The water-filling scheme is analogous to pouring a fixed amount of water
into a vessel with an irregular bottom, where each eigenmode corresponds to a point on
the bottom of the vessel, and the elevation of the bottom at any given point corresponds
to the inverse of the signal-to-noise ratio (SNR) associated with that eigenmode. A low
elevation Ithus corresponds to a high SNR and, conversely, a high elevation corresponds
to a low SNR. The total transmit power, Py, is then “poured” into the vessel such that
the lower points in the vessel (i.e., higher SNRs) are filled first, and the higher points
(i.e., lower SNRs) are filled later. The power distribution is dependent on the total
transmit power, Py, and the depth of the vessel over the bottom surface. The water
surface level for the vessel after all of the total transmit power has been poured is
constant over all points in the vessel. The points with elevations above the water
surface level are not filled (i.e., eigenmodes with SNRs below a particular threshold are

not used). The water-filling distribution is described by Robert G. Gallager, in



is incorporated herein by reference. [1032] Capacity is defined as the

hi ghest spectral efficiency at which information can be comuni cated with
an ar bi t raoioBpedssw probability of error, and is typicallyPgrusn3/oiom unit of
bits per second per Hertz (bps/Hz). The capacity for one Gaussi an channel
with an SNR of y may be expressed as: C9: log 2 (1 +vy) . Eq (6) [1033] For
a MMO systemwith [imted total transm™ power of Prt, the water- filling
scheme can “pifbinfiohyThbl gt Relidbk: Cohalunich@msMTshroWiey ahd Sohs 1868, spiath al
subchannel s such that capacity is achieved. The water-filling schene

di st ri but eds inperpoxagaddhereip Hygpferensewer, Prt, over the ei gennodes in such a

way that t hge W . L ic- TP Lghest
SR ocel VRN pe GRS YL Boldes MEIENGRELRELNELHERAE, bl ytich bRl
power al | ocai &él comamainipatedodieh an abitdarile $aw prabfabikiay ef eirod, kndiy typicaltiegioted by
Pi, for i EIl, where Poi =Y P . Eq (7 iel [1034] Based on the allocated
transmt péhepitof bis peppecong dshbigE? ﬂbpsr’%%) i The papacity foregnecpyssian shpases,

ei gennode iwith(?q.llrjgemr{oﬂnﬁﬁztg egélglgsgasdg.d as: Pi -Ai Yi - Eq (8) 6 2 where 2i

is the eigenva or ‘el genno and a'2 is the noise variance for the

M MO channel. The capacity for the Ns spatial subchannels may then be
expressed as: N,@=Cf5gzl(qggyg (1 +yi) . EqQ (9) 1=1[1035] The tral

ef ficiency of each eigennode may be determ ned based on a particular
nonotoni cally increasing function in SNR One function that may be used for
spectral ef1033] enckor 8 NIBMOcsystm twithf limited dotak hepamit powquaf iPpp thé)watém t hi s

Caoe s SRR oS oSN o PN S OSSR o
two plots fgkchaR@dd sadh Bfaf CapRAGYs MeKisHs. S WaQLfilfidg sSHES distributes the

total transmit power, Py, over the eigenmodes in such a way that the eigenmode with

the lowest noise variance (i.e., the highest SNR) receives the greatest fraction of the

total power. The amount of power allocated to eigenmode i as a result of water filling is

denoted by P;, for i€ I, where

P,=)F . Eq (7)
iel
[1034] Based on the allocated transmit power of P; for eigenmode i, for i€ I, the
effective SNR for eigenmode i, ¥,, may be expressed as:
P-A

Vi=—— Eq (8)
o

where A, is the eigenvalue for eigenmode i and o is the noise variance for the MIMO

‘channel. The capacity for the Ny spatial subchannels may then be expressed as:
Ns
C=2 log,(1+7,) . Eq (9)
i=1

[1035]  The spectral efficiency of each eigenmode may be determined based on a
particular monotonically increasing function in SNR. One function that may be used for
spectral efficiency is the capacity function shown in equation (6). In this case, the

spectral efficiency for eigenmode i, 0;, may be expressed as:



spectral efficiency increasing logarithmcally with SNR as conput ed based
on equation (10). Equation (10) assunmes that an increase in SNRresults in
i ncreasi /gbyw3l63Ber spectral efficiency. However, in a pPaEtisoxd1949

comuni cati on system there may be an upper limt on spectral efficiency,
whi ch may be dictated, for exanple, by e maxi mum data rate supported by
the system on any given data stream Plot 414 shows spectral efficiency

i ncreasing Iogar/'b,t-_hmg(z:gl.ﬂ}y)a_t | ower SNRs and saturating at (gq\r,%g)at, whi ch
is the wupper limit on spectral efficiency. Saturation occurs en an
increase in SNR no |longer produces an increase in spectral efficiency. The
SNR at whi ¢i03sfpect Fid. 4af shovisewo plots irypatesefificienenoteas SNRYPddt 4(12 skows Ysat
H plat ). [1037] Depending on the total transimt power, ot, the

ei genval ue§PeC)¥,a], fhigiene y @crgasing dogarithgically th}@,égﬂﬁé‘s éPﬁnBEtéfl?itbGde?rn. eQUAROR ot al
transmt p r = fiL 1, ng RNE ¥ ! des
bei ng oper g@d ?ﬁuattﬁ%g Q,gi E%Sgﬁe(%r%h%{e%q g%h%g@é , Y?éd;ﬂthslg? r)l&g%glgﬁ]g%@
remai ni ng epgenaheffesenogi rifovper,aned ptaeticaly cohimsuniengion rsyéteme there Mtay<bevsmat ) .
An eigennode is. deenmed as. being operagted in the turation.region .if it is
al | ocat ed NBP%%{%HE ﬁP*’ECtrﬂ%@Fleﬁ%We}Hgb@@}é hf’ 91%6‘33% W@@%é’y PHEYTENR,
Whi ch 1S Yg@trafel s@E@ﬂ&Pbﬁ%é ¥Rten® oh An RGN AV@th BB X IPIBIM1BAHSHEsBectRECt I al
ef ficiency, plat. | t hough thHe excess transnmit power increases the

ef fecti ve SNRi¢my ihdreastngylmgandiericallyhatdowemyNREend saveating haé of.r, avhicheisrtbe r at e
(FER), this type of inprovepent in erformance. i s typically t

subst ant i aIuPE‘%/rﬁH%‘t PR P&} @%%@y'aﬁt Hon pecusphahen pmpcLesg Wegl\?ﬁﬁpé%“tge?ER or
at very | O‘gr(!:cﬁl@@s ah TnéBAS ©ASRcirAINEfRIREPS THABNR ht ROV spel@hl ficiegsy t he
effective SNR beyond the required SNRis not utilized effectively. |nproved
system perhtorawsric denmagd ey gelieevwed by yl.i 1 i zi ng the excess transmit power
to increase the overall systemspectral efficiency. [1038] Simlarly, in a
power - cont {H037¢d MDMRnslyet emthe healetramsyitbpower, ypethe |aiganvaluem 4,hendNze
allowed at the receiver (i.e., the effective SNR nmentioned above) for each
ei gennode, nefsecvariange, abs o thee alleqatios eoft thel tatal (temsngapowdmby hhes wakgdjlling t he

transmt power allocated to a given _eigennode results in an effective SNR
greater thé\F(l\i(la poay gesult i geme gigenedesstcing OpeTy lﬁo%rsatl“fﬁ‘lonirﬁ@ro@a(l &s the

SNR beyond ed on. 3/ 0 11

ei gennode Hg%%g 2%%%%%%%@%& @L%EE@Fd%Q?%QIS’ goﬁﬁeéﬁéfl H‘Ig%{“gsg%: gésggél? r(éi%'ém' t

gg\gre; y gy A ,?.g r@fg&g&ﬁb@é {sYaedheliTal Ruing bRERADid € AubfonGLGBRTPHES
allocated more transmit power than necessary to achieve the required SNR, which is

V.. 1f the objective is to achieve the \maximum possible spectral efficiency, Osar.

Although the excess transmit power increases the effective SNR for the eigenmode,
which may then lower the frame error rate (FER), this type of improvement in
performance is typically not substantial since the system may already be operating at the
target FER or at very low FERs. In this case, the excess transmit power that brings the
effective SNR beyond the required SNR is not utilized effectively. Improved system
performance may be achieved by utilizing the excess transmit power to increase the
overall system spectral efficiency.

[1038] Similarly, in a power-controlled MIMO system, there may be an upper limit
on the SNR allowed at the receiver (i.e., the effective SNR mentioned above) for each

eigenmode, which may also be represented as ¥, . In this case, if the transmit power

~

allocated to a given eigenmode results in an effective SNR greater than 7, , then the

excess transmit power that increases the SNR beyond y,, cannot be used on that



[ 1039] An aspect of the invention provides techniques to
allocate/reallocate the total transmt power to the eigennbdes such that
hi gher ovwpaBloeBsgst em spectral efficiency and/or other becgflisvyorvey be
achieved. The total transmt power may be initially allocated to the

ei gennbdes based on a particul ar power 1aI | ocation schene. The initial
allocation may result in nore power élng all ocated to sone ei gennodes than
needed t Gcjg@mhd@RchitR draddiimpeseaNPpbelifhit of SRR S ThisGREQridmSUpRALEt t he
saturation spectral efficiency, psat), which would then result in these
ei gennodemapbe ngropenetitietly idistritheed aawngtht: other eiggimodesiapesitiog belowusy, i ons,
the techni ques described herein advant ageously reallocate the excess
transmt O3 ofAncasgediwhthesinspdioatrsevifies teehmigues m allqcete/realfficets thototdt her

el genmodesy RREL Aid BT UdMBORBL WA arnichEl kol Byt Splites cBAOE

spectral enc |eve poor e enrm es W t hout
sacrifici ﬁﬁl/drh@herpbérfdmltmeb@facﬁlh&d batht etotal Qt@ r pdP4R]inftldBy 1 is a
fl ow di agram of an enbodi nent of a process 100 for all ocatl ng the ‘total

transnit Blgaed iadseigmenasey bases qast patigHar m%a%lyé"%t%“h?ﬂl%
initiall ydﬂcgt?&fﬁlgﬁfésﬁﬁ if %?é (%\%él‘rb%mgtalﬁg%\ﬁﬁ to e e1§8mt1{]t% s M eﬂ 9 des

based on ocat 1/on s wat er - | ng

schene) . éd‘hleareyth@freqdﬂ@d swemgdeﬁel aﬂxdeaecatteChuppdee theé aaﬁlfatfronpspaeuralt hen
needed to achieve the required SNR |.e., operated in the saturation

region), ¢ffielent)end)otvelticiexeadd tienatsult in posse reigenmotibe being eipgeitsiiethel s
determ ned and reall ocated to the other eigennpdes. Since the reallocation

of the totaHTalinCE&ion: r ihawah; sipygtiens, ﬁlﬁyte%@ams describndeheapinaadvantagsonsides
bei ng Opefeaﬂ&%té fle £RE:sS ARG AL 38% i %géd%%o%ﬁfeﬂ%ﬁ Yl G BEFe lgfl{n”i%d (or

iterated) one or nore tines untl no excess transmt power is
avai | abl eothelf elgaajmmmpemncd below( B} saturatngegiondel tiewiay, highersmeunr:dt ion
regi on. riabl.e n ysed to .eratijon

I niti
nurber |s‘;:lf?1 %‘?%Im%’e ©t Chl?)vﬁg qr fhe “ppozsyy ?lg?nl?‘?ngfW}tE?utl faé?f‘ ifingntheat st ep

112. The E&foﬁgn&ldftﬁé%ﬁ@pdg%emgod@g\) , to be allocated transmt power for
this iteration is then define at step 114. For the first iteration, all

NS ei gennil04@] ar #FIGohds dé]ros‘ddlagramhef ath bmbadiimmt of aipln@es&)lQQ farraflpeating power ,
o1 genmoable Pk b BarEePREe o SRATPOIL BorariMY Roet adPiaPiciebhe
al | ocat i opitfilyt A ch@l ahe th@MRIAALAT FovdRS P, BONE! Ns aifén&®ties] bidveilad
i ncl ude | ess tyhan NS ei gennbdes or may even be an enpty set. WO 03/063384
PCT/ US03/ prradar power allocation scheme (e.g., the water-filling scheme). If any of the
eigenmodes is allocated more transmit power then needed to achieve the required SNR
(i.e., operated in the saturation region), then the total excess transmit power for these
eigenmodes is determined and reallocated to the other eigenmodes. Since the
reallocation of the total excess transmit power may result in some other eigenmodes
being operated in the saturation region, the process may be performed (or iterated) one
or more times until either (1) no excess transmit power is available for reallocation, or
(2) all eigenmodes are in the saturation region.
[1041] Initially, the variable n used to denote the iteration number is initialized to

one (i.e., n=1) for the first iteration, at step 112. The set of all eigenmodes, I(n), to
be allocated transmit power for this iteration is then defined, at step 114. For the first
iteration, all Ng eigenmodes are considered in the allocation of the total transmit power,
and I(n)={1,..,Ng}. And for each subsequent iteration, only the eigenmodes
operated below the saturation region are considered in the allocation of the total
remaining transmit power, and set I(r) would include less than Ns eigenmodes or may

even be an empty set.



12 [1042] If set | (n) is enpty, as determned at step 116, indicating that
there are no eigennodes operated below the saturation region to which nore
transmt wowen6issy be allocated, then the process tern n®CEFIISODN1ET Wi Se,
if set I (n) is not enpty, then the total transmt power, Po, (n),
available for allocation for this iteratjon is determned, at step 118.
For the first iteration, the total transifi t power, P,,,,(n) , available for
al 1 NT tra{{iﬁm ant QANAR) TBYmPE, IEHAEMNED aPstes N P8nkiRaBib b MBrd & noThi s
assunes that each transnit anténna will be operated at the peak transmt
power, Pm Abehrhdes epettedtehse theanturitioragiono whivh moteatankmitomer npg\iser ,

Pa, (n), avallable for that iteration may be determ ned as descrj bed

bel ow. [ 104&]ocaigd, ther dhe 9W$Sa‘lﬁﬂé1n@¥e&ns(ﬁ‘¥§f"ﬁ%éf setpl @) ig ot empgy, (theh the
allocated to the eigennodes in set Iot(n) based on t he sel ected power

al | ocati on Wth&Rasmii powebpl 100, avajkapleds alleqstinn Somifis iEaatipnely delsrmpisaett

al l ocation such as, for exanple, the water- filling scheme, a uniform

al | ocati on Sehéhd Fhatheafifsbigration.dhe sotalairensmit BOWeL dnsw) « avaslalerfor all dyn

ei gennodes, and possibly other schemes. The transmt_pq

r my also b
al locat ed HEESHIHIEEAR MY berfietermiediag SROWR i equEHEN ok aﬂﬁ% ﬁSSBg’ﬁ%FhaF &% s
such as, f h e ; [ pr texm
ﬁﬂéansﬁﬁ@ﬁﬂ% a (@ﬁl YRS braiO i Ye ngﬁ%@ﬁsgﬁlggo%e Pt eAfd 98 each

netrics, and so on. | 104 er-fi1Ting scheme is

used to di sfubkdiiest itdd@idm il totaBitaisnabp@wdr] ®)$H) ,tavRioasds for it iteration htaytbee

ei gennodes in set I(n). The result of the water-filling procedure is a
speci fic trémamitedwiescrited.below., all ocated to each eigennode in set I[(n),
for i E I(nﬁw The power allocation is dependent on the total avail able
transnit pold@A3] po Thenjotalaguaitable dfagamiiapeser, 2. ().f by thete alipgaiedrigethe n
set 1(n). The effective SNR of each ei gennobde in _set 1(n) nmay then g

det er mi ned @genPRdes Iaset () Rysed op Bie sefegied; pawer aliopationscherme, at gigp ﬁ? A

determnatign.is then nade whet her or not.,any. of the ejge S.d.n I
() e et e Rl R, B ielctor BouO ol 'kl s ol EUIRPES e uBEL |
powers, at SHRR schdBe, dhinFoifallocatRmhichye thit AWrpREs ieqgalt Boeih fClkdngmitSNR,

y i (n) , determned for each eigennode, to the saturation SNR ysat .
Each ei gennprieeritp all ejgennipses, mgd possibly other acheatest Hag UpBamitipowee BR¥@sRdehei ng

operat ed | 1, G 33LUALA Qhel AR AP aRL 35 LohlatalR BHePBRRS such s, for

example, fairness, one or more system and/or terminal metrics, and so on.

[1044] In an embodiment, the water-filling scheme is used to distribute the total
available transmit power, P (n), to the eigenmodes in set I(n). The result of the
water-filling procedure is a specific transmit power, P,(n), allocated to each eigenmode
in set I(n), for i€ I(n). The power allocation is dependent on the total available
transmit power, P, (n), and the eigenvalues, A, , for the eigenmodes in set I(n). The

effective SNR of each eigenmode in set I(n) may then be determined as:

=‘Pi(n)'/1i

¥, () , foriel(n) . Eq (11)

[1045] A determination is then made whether or not any of the eigenmodes in set

I(n) are operated in the saturation region given their allocated transmit powers, at step
122. This may be achieved by comparing the effective SNR, y,(n), determined for
each eigenmode, to the saturation SNR, y,,. Each eigenmode in I(n) having y,(n)

greater than ¥, is deemed as being operated in the saturation region and placed in a

sat



tenporary set J, such that y j (n) > ysat for j EJ . If none of the
eigennodes in set | (n) are in the saturation region, which is indicated
by an enpW® 03863384 then there is no excess transnt powePCrasn®eddhocat e,
and the process termnates. O herwise, if set J includes at |east one

ei gennode, then the excess transmt poweL for all eigennpdes in set Jis
determ ned and reall ocated to ot her eigennodes not in the saturation

region, if thfoearfke J, sidh thitlPAR) >Phe forexe f ﬁrﬁﬁlb%ﬂtﬁe%%&ﬁ{dd%ﬁ]ts%ttl
excess transnmit power begins by in& ementing the variable n by one (i

n =n + 1), aiglin Heaatukbn a0k, *hBNBAR ated By@ enitly YEaL 1R th&8ieHo e;&*absch s
included in set J, is then allocated the m ni rumanount of transmt power

needed to alHISEVEPAWE tpaefliocald. BdRhe progess tpwaimates. Sitheswing, 26t / imhsies at
t t P
(57T I, SRR U O 8%yl o385 1] el bk 7

set J with dd@mindamieaposesd tb otiag bigeuotésndten tie ReirSNR ﬂe§1ohhﬂﬁhere are
determ ned, at step 128. The total excess transmt power nay then be

determined @: AP(n) = Z (Pj (n-1) - Pj (n)) . Eq (13) jeJ This total
excess tran 0118 power,, A Y N I e %ﬁﬁh gennmodes
that are stlislll ope\rqg]t egég F{ératl etos gétggtr}gatt% gﬁgrées&?%anr %Vgéers Eeglﬂs %
returns to istemehtidg the[\ZIa(MB]]eeryond"l(a esecﬁmdfi)tar@épm ]Ezhfh e@dnn®ide in the

ei gennodes, a.gfr to be | ocated. fransmit power in this iterationis

defined, at® %‘)bf’nl%lonsé‘t igh eripclndss Wesehids HSH;E%P Bijocated B¢ mipimuse aéiolg}éh%des
t J t t t e rom

st 1 (n - 155yt PO ARG chlidl HEEb SSRE Ponp sEBORE Thi ene

iteration tmmdvérggﬁgggaeﬂngg@ggpdes that are currently not in
saturation. If the new set | (n) is enpty, as determned at step 116, then

all eigennodes are operat ed in the saturation region and no further

real | ocati on of %(%ESWJ" péwer %s needed, and the process term nates.
Ctherwise, if th ¢n) ¥ Sdt- enpty, then the total Faakdnmit
power, Pot (n), avallablé for the current iteration may be determ ned as:
WO 03/ 063384 PCT/ US03/01949 14 Pot (n) _ P (n) + EiP(n) . Eq (14)

[1047] The transmit power saved by allocating each eigenmode in set J with the
minimum power to achieve its required SNR is then determined, at step 128. The total

excess transmit power may then be determined as:

AP() = Y (P,(n=1)= P,(w)) . Eq (13)
jeJ
This total excess transmit power, AP(n), may now be reallocated to the eigenmodes

that are still operated below the saturation region. The process then returns to step 114.

[1048] For the second iteration, the set of eigenmodes, I(n), to be allocated
transmit power in this iteration is defined, at step 114. Set I(n) may be defined by

removing the eigenmodes in set J (i.e., the eigenmodes that were in the saturation

region) from set I(n—1) defined for the previous iteration. Set I(n) for the current

iteration thus only includes eigenmodes that are currently not in saturation. If the new

set I(n) is empty, as determined at step 116, then all eigenmodes are operated in the

saturation region and no further reallocation of transmit power is needed, and the

process terminates. Otherwise, if the new set I(n) is not empty, then the total transmit

power, B, (n), available for the current iteration may be determined as:



iel (n) [1049] The total transmt power, Pot (n) , available for the
current iteration is then allocated to the eigennbdes in the new set | (n)
based on wba3meisect ed power allocation schene, at step 1POCT/USa®BOI The
process shown in FIG 1 proceeds until either (1) all of the excess
transmt power has been reallocated to t ei gennodes not in the saturation
region (as determned in step 122, which may occur for | ow SNR operating
environnment), or P(Z))=3aplpeigenmess. are in the saturation regj (as
determned in st;% 1)16551( |€nc)h r%!; gccur for high SNR operat Fﬁggﬂo
environment). [1051] In the above description, it is assuned that spectral
efficiency is a strictly increasing function of the effective SNR as
shown by edd@#®on Theyotalrrensmitpewet, P, p@heavalablectar ittenéuremk iteeibh 9 then

t echni ques described herein may al so be used if spectral efficiency is a
non- | i near Fipsated énthsreigamamasies acthe newsKIRI (11)nbased hn ¢as sedectadmweonilbéatiear i t y
may be taken,into. acc y t when allocating/reallocating the avail able
transnit pos\xg?m?’c?tg}fzﬂg Q’i gennodes. [1052] As noted above, the transmit

pover al | oqadsen/ r it | R6dkt QRowE Gh BTAYES prfiEaf! hitfdeiRgr Eg' e @b sQ.hg used
5 ch §¢°may

I
for power control in a wireless conmmuni cation system el gennode
be associ attexnsmit poveer pas beautealosistdptoi the eigehinobies sottihehe tamgadén HRpmeeded

to achieve esi.re or,mgnce. The sa different setpoints may be
used for t h&eep‘%lggneq glgnsg%’ggg’ wiH ?’BYé’ICC‘_Err%ﬁir(?ﬁ’ %E\B%\RB‘?r?trﬁ%%/efi“rﬁ’é’ﬁn}?ét)an @at ed
to the ei glinsipd@sodesiare ihEd sdubi@ti SeRRin (ot QdteRhiBe@ENUSY Bb gxﬁilricﬁ R&Y Bccur

ei gennodes. The mcess_shown in Fl 1 may be used to ré ocate transmt
pover to t Her BighSheresatinggnyvirenmpes).r equi red SNR is now t he set poi nt

instead of Y§&f - d ] I : f.. whether or not. a.particular.
ei gennode i[s oger aﬁ;gﬁi %)to? h (raH 3 ahhlgg’t 1?01% a?%ﬁ?eg nthﬂtaﬁpefm}s&ggenﬂ'eﬁe% §EiStY on
t he speci f iincreasdin funictias K6 ahatetfdctiviet SNRhaE sBOWE YOS RalibN$IHAITRE t@n&RAMON
SNR, such as sa} ‘2&9 %/10%3] The transmt power allocation/reall ocation
t echni ques PY¥EE Alpcopasalioratimy techpigupsisiesgrihed Hemin apdyerlsarhe upedcifspecstal
comuni cat i@f-iSyStis ThonSHek: AScHFR BY S ens, and so on.
[ 1054] An OFDM sc?tst em gf?ﬁect@v%ﬁjl paﬁ%/;éitﬁ?%ﬁg S%%%%%éﬁé%% Hn?arﬂt% a
number  of niayFhe faker ingm eyccsnbwhem adatinghdatlocaing thé & gaibblMBRsit gk ied to
as frequen%/ bi ns 03/ 063384 PCT/ US03/ 01949
e cigenmodes.
[1052] As noted above, the transmit power allocation/reallocation techniques
described herein may also be used for power control in a wireless communication
system. Each eigenmode may be associated with a particular setpoint, which is the
target SNR needed to achieve the desired performance. The same or different setpoints
may be used for the Ns eigenmodes. The total transmit power may then be allocated to
the eigenmodes such that the setpoint(s) are achieved for these eigenmodes. The
process shown in FIG. 1 may be used to reallocate transmit power to the eigenmodes,

where the required SNR is now the setpoint instead of y

sat *

The determination of

whether or not a particular eigenmode is operated in the saturation region may thus be
dependent on the specific setpoint associated with that eigenmode (instead of a common -

SNR, such as y_,).

[1053] The transmit power allocation/reallocation techniques described herein may
also be used for other multi-channel communication systems, such as OFDM systems,
MIMO-OFDM systems, and so on.

[1054]  An OFDM system effectively partitions the system bandwidth into a number

of (Np) frequency subchannels, which are also commonly referred to as frequency bins



15 or subbands. Each frequency subchannel is associated wth a respective
subcarrier (or frequency tone) upon which data may be nodul ated. At each
ti me sl otwowhioeissd s a particular tinme interval that rmay PETASpEoIeNt on
t he bandwi dth of a frequency subchannel, a nodul ati on synbol may be
transmtted on each of the NF frequency1 subchannel s. For the OFDM system
each frequency subchannel may be referred to as a transm ssion channel,
and t here argublands.NEath fleguens$ isobchatwdlne bhsotiatedtwich Orédvkctdesubearrifrl@pS]
The frequency subchannels of the OFDM system nmay experience frequency

sel ective FEIPRRFY(one) Upeq Mhisherita amayubt saqdulaigd: o it Sarly finteoslotiireh éne
frequency el s: e jof § f hed C
subchannel 5{’%# Es%(El 2‘23@% e%l%ergzﬂ %hﬁgqﬁé{lgga{:eﬁ gllri)(lﬁg? f\oélsa-{eebg%‘%? ﬁler%d?{rﬁ%uee{lﬁ&
mul ti pat h ebberhsgl, af mbidatisropaghdli may et tradzeditedon dabk dfrthadvi frequrahcy

recei ve antepnas. Copsequently, different effectjve SNRs may he achieved
for differ éHB&PP%ﬂ&eﬁ%tﬂg%MﬁﬁgF@’ ?%ﬁr}ﬁqaf:wfu CHAIRE) TB4Y b gieTRdito gdder .
In this case, the tqtal .transmt power _may be all ocated to th

f requency. duBtmisin Safnel afiH Fanfer Ke TrstissRo rnegS o PEPNhe

ei gennodes. 6] A M MO OFDM system i ncl udes NF frequency subchannels for

5
each of thesygté@' ei gennodes. Each frequency subchannel of each ei gennode nmay

be referredl1035]as The frequsry ssbehansdiaohthe, OFDM $ikeiemay exPiichicdFreqidaicy
transm ssi on, channels for the M MO OFDM system The frequency subchannel s
of each ei gelsrdtfe frdingnéi-ov MTesemiviangpaise Al natfeiaten afqry difesuit; dggeency

different claangheeONd ép%?iﬁicfr oH?erof‘?ﬁEit ﬁ&fheﬂ&f %ﬂcﬁ%elsﬁ?"ﬁg Jn(aént?%nglihgen

amount of transmt ‘power. I's case, e total transm wer al so
be al | ocat etlatactetiktecsNe. g .rthe $adiss adh nutigratke E&edts) ofi the paopagaimmepatia betviean

descri bed bove for the eigennodes. [1057 | G, IS flo pagram of an
cmbod nent 161 CATPRBEcres oS ROERARS o Cabreribh lfigient <freens SREGHEY bEong
NC transm sghigled iR MBS fedhety dubckdRBRELr 2 GRRAUM A bORaRWEH FdWerPTRCESS
200 may be used for any multi-channel communi cation system including a

M MD syst erthis gaseODMota} stansmit powenvDapbeillogaiedn tha it fsesueney, subchanwsls i200
initially allgcates the,total .transn ower, Pr to the Nc transm ssion
channel s b{f ar&ﬂarglef)gsr?]%éﬁs ‘?beﬁlgf\%?e grl%&ec%{tg?rgﬂ?ieéhene (e.g., the

wat er - f il | iingséic he eMIMO-DRDM s@éteinhificlhfey B TreGicaby Sltsthnelels RF @ad bOGat ed
nore transmt power than needed to achieve the required SNR 1(| . e

oper at ed i rVstdigensnades.a Ergihirequgnen yubchannel pheach siggnmegde @any be referred to as a

transmission channel, and there are N, = N, Ny transmission channels for the MIMO-

OFDM system. The frequency subchannels of each eigenmode in the MIMO-OFDM
system may similarly experience different channel conditions and may achieve different
SNRs for a given amount of transmit power. In this case, the total transmit power may
also be allocated to the N¢ transmission channels in similar manner as that described
above for the eigenmodes.

[1057] FIG. 2 is a flow diagram of an embodiment of a process 200 for allocating
the total transmit power among N¢ transmission channels in a multi-channel
communication system. Process 200 may be used for any multi-channel communication
system, including a MIMO system, an OFDM system, a MIMO-OFDM system, and so
on. Process 200 initially allocates the total transmit power, P,,, to the N¢ transmission
channels based on a particular power allocation scheme (e.g., the water-filling scheme).
If any of the transmission channels are allocated more transmit power than needed to
achieve the required SNR (i.e., operated in the saturation region), then the total excess
transmit power for these transmission channels is determined and reallocated to the

other transmission channels. Again, the transmit power allocation may be performed



transmt power for these transm ssion channels is determ ned and

reall ocated to the other transm ssion channels. Again, the transmt power
al | ocat i oworeagedses per f or mred WO 03/ 063384 PCT/ US03/ 01949 PET(Usn3/0toey at ed)
one or nore tines until either (1) no excess transmt power is avail able
for reallocation, or (2) all transm ssipn channels are in the saturation
region. [1058] Initially, the variable nused to denote the iteration
nunber is i&titéra@bd)ze@ dranorenignesiunél eithier€1) nd excetdeardsiispowdras atdilable fat st ep
212. The set of all transm ssion channels, ,Ién), to be allocated transmt
power for taalecytiony g (2pAll fransmyisHon ehannely arein the gasuration regin.  he fjr st
iteration, Nc hSSy I i I ne: i on of
the torai LUBhon MEERELRSYEHNEIPINR & @hbie e RoR et AR
M MO syst epone (iNG #=Nb foothe dirstQeiv oy st step 2 HEh dTINe set ol tidasthiBsion charvielsOF DM

system And for each subsequent iteration, aonly transm ssion channels
oper at ed bdi(Bly 1o Be a8laeaipchirpnit PRYFIOIT HHe HEBHEN dbtien definechat sep ddd F6h of

the total rermaining.tra it power. Set | .(n woul d t.h i I t han
e tr anem S8 B SHAHRE: S e S Goion damit vy dkiee Ml alf iR Lt (1)
is empty, @saldgh@ntli DedeAlandt 80:)ZL; .| Ml CafteRd Fhal Nt hef & BMIRIO Qystem,
transm ssion channel s operated below the saturation region to which nore

transmt  powerymay: REOFBM spd@heshd hes Nthvspf(ﬁC@EﬁM@UEDMts?QemQRﬁ‘dW se,
the total transmt power, Po, (n), available for allocation for this

iteration ifer ¢heh elitiehesht itatatish egnl 8nsnlivsion thirmklsaopaidtiabbatow thnsariratipower ,
Pa, (n), is then allocated to the transm ssion channels in set | (n) based
on the sel &sieyassrpsiderd ot thei Blocaiianeefdhe talsepgimnpy transprigppwey. Set 1(7)

determnation.is the de whether or. not .any .of the transm ssi.on channels
n st 1 (Ao Bep SRl B FangPtindh SRS op g eV RS AL o cat od
transmt S, RiseBYOD i82Aptyl HsetBnikad AGHPeMS itiicatia gt ithde bfeno
effective SNR, "y; (n) , ‘determned for each transm ssion channel in set |
(n) to thetaatmicsion chpmielc apératetl beldvatthe tse@mngivnssigtm hahivhl mofde remaining on

h desi gn, i b df | ) ] SSI
(e oot e Se81 g0 21 FELPS MTRY 4080 e bbb HRTRE] FEHSD) o
oo =51 ERRG): ko AR N AL ADET A0SR B 1 RO,

transmi ssi & aving an erftective

t poi nt i be. ted in.t t t. i . ad
sot 9 o Tesal TR Soni BBREA B o) At AR b 1P BT Ghengg e 1"
i ndi t ed i it t
oal | oca o afh BIRLOSRE sdes D EMAbEugh BmEXE GG 290 ANSM ¢ POWeT 1O

[1060] A determination is then made whether or not any of the transmission

channels in set I(n) are operated in the saturation region given their allocated transmit
powers, at step 222. This may be achieved by comparing the effective SNR, y;(n),
determined for each transmission channel in set I(n) to the setpoint applicable to that

transmission channel. Depending on the system design, one setpoint may be used for
(1) all transmission channels, (2) each transmit antenna or each frequency subchannel,
(3) each transmission channel, or (4) each group of transmission channels. Each
transmission channel having an effective SNR greater than the applicable setpoint is
deemed to be operated in the saturation region and placed in set J. If no transmission
channels are in the saturation region, as indicated by an empty set J, then there is no
excess transmit power to reallocate, and the process terminates. Otherwise, if set J
includes at least one transmission channel, then the excess transmit power of all
transmission channels in set J is determined and reallocated to other transmission

channels, if any, that are not currently operated in the saturation region.



i ncludes at | east one transm ssion channel, then the excess transmt power
of all transm ssion channels in set J is determ ned and reallocated to

ot her trawemB®ei’sh channels, if any, that are not currenPCy/usp@orsed in

t he saturation region. WO 03/063384 PCT/US03/01949 17 [1061] The next
iteration to reallocate the excess trangpit power begins by increnenting
the variable n by one (i.e., n =it + 1;1, at step 224. Each transm ssion
channel i n[1061]sat Thatniean iteegiodn to Sedlheateakicocatsds tromdmii iowem tegsnby of
transmt power needed to achieve the applicable setpoint, at step 226. The
transmt poéwEementingdthepyariableqe i oy @&eh” Frhbhid sfepnéhakigel tRASEISHON Wi t h
the mi ni mugyRRNPT, (e AEALAYSE dbidn ShBPLNbodH HCRIAGRET Wit of il 228
The total €xcess transm power may now be reallocated to transm ssion
channel s t lpatveane=dsd itd hehigerthd epblivablewetpbint,Satstep@260 The eginamit powhesgyedcess
then returns to step 214. [1,06,5% or the second iteration, the set of
transni ssi &Y aAgAtHE cach frep3missiph ghanngy Poeht &th the iU BRFT PrRchigyg its
iteration i [ ' d r Je SiSd

curront 'y tPofhiCEen deieliCh & 24 THe MasChe SRS b Rafee

as det er m nmeadloatted te prafdfissiom elmanmkls thatears wiik ©pentedhzineltss satwaoEeregied in

t he saturat] i on, no furthggreallocation of transmt power is

on re
needed, andPERLOSE @Sgéet't‘%‘?m?fﬁlf Qtherwise, if the newset | (n) is not
enpty, then1¢grg t op&l e 8OIHH Litd VR, - thEQet O tthansm@fInl BRIRekOrT (h1€tcCET ent
iteration is déterm ned, at step 218, and then allocated to the

transm ssi allochahm@hsmitnpdwd ethis aterdtidnn)s defisddl on ihdlads enbc tedsmieyien
al l ocation _schene, at step 220. [1063] The process shown in FIG 2

proceeds uhfnels thlegre cuyren]y nejinspration edsSR # ihshithe powsrt Had ibewaty,
eter oy e b Rt el EFRTGR B SIARRRLR IR e s TR bdBs shgsn (2

sat ur at i on regiifdfursr fallesalion o tiafsi §Pwed &) neclidd) aAdl tHeoprodeshddX fXtEIM
system all transm ssion channels (i.e., for both the spatial and

frequency dthemsseons themagw set ¢ Onsisdeotecnpiys theovibe tathl tesdmibpowar,eBg tn),
iteration. Alternatively, the power allocation may be perforned such that
t he transniivaiddbinfartheguirentfitaration ip dstesmigniode Alsstem 248 candothen @becatedatio thay
given tine. For. .exanple,. power allocatiqn may be..perforned on .
per-trans mt’ian%{ﬂjtsgﬂﬂacqﬁgg‘?li Tn ?é‘SV S%hg”ﬁ oP%lﬁé{tolnat en‘fetlecﬁéc?e\/\/g?‘,mbg%lo%ag?neach
transm-t arggﬁéﬁg@a{ &eﬁbﬁ@.cat ed to the frequency

[1063] The process shown in FIG. 2 proceeds umtil either (1) all of the excess

-

transmit power has been reallocated to the transmission channels not in the saturation
region (as determined in step 222), or (2) all transmission channels are in the saturation
region (as determined in step 216).

[1064] For a MIMO-OFDM system, all transmission channels (i.e., for both the
spatial and frequency dimensions) may be considered for power allocation in each
iteration.  Alternatively, the power allocation may be performed such that the
transmission channels for only one dimension are considered at any given time. For
example, power allocation may be performed on a per-transmit antenna basis whereby
the total transmit power, P4y, for each transmit antenna is allocated to the frequency
subchannels of that transmit antenna.

[1065] The techniques described herein may also be used to allocate/reallocate
transmit power to groups of transmission channels. Each group may include any
number of transmission channels and may be associated with a respective setpoint.
Each group may include, for example, the transmission channels to be used for an

independent data stream, which may be associated with a particular data rate and a



subchannel s of that transmt antenna. [1065] The techni ques descri bed
herein may al so be used to allocate/reallocate transmt power to groups of
t ransm sswon3pbisnel s. Each group may include any nunber Pefi/usoaomwme ssi on
channel s and may be associated with a respective setpoint. Each group may
include, for exanple, the transm ssion q%annels to be used for an

i ndependent data stream which nmay be associated with a particular data

rate and a pARIQMr06GE84 MAETMIZ0BL6d Hhemd.8 Par ta edillidile @6Hs§ Goaitsum@gishat i on
schenme. For a nultiple-access conmuni cation system each group may be

associ at ed SHFIER. 638 SIPYNEWY §s isiecieledrivigh hetianpaission Chawglsttp ba aswreﬂé@ ént
receiver. [d]iﬁfglgimleg Ll fle above description for the M MO system singular

val ue deconposition 1S used to diagonalize the M MO channel. In other
enbodi nent 1066ie r ﬁc&le\abbvdfF@Scnpmm/ﬁoﬁmea‘Vlmmhy@Rtn eingalar Vilee qetahnipoyitioh each
transm ssi on channel that nﬁy be used faqor _data transn155|on The

i nf or mati orfs ruéffg i¢ dipgppalizgdhe MEVQethapng) bl pthet pmbedimentss thentecei¥yes maved

SNR,~ a SUpg@e‘%@Q aﬂ?ﬁ«ﬁce{tﬁ‘)tneof REuSRy P eadd aﬁ Elgs e(ﬁ] Lih I%Qt fh B% glséd)ﬁﬁlt €

transmt p e transms |on channe on t e repo
i nf or mat i ondatotramohissae BHhe iréonmtlohlrzmrtadrbyofhetmwmraniwbé 3} thea”nﬂmaf apower .

For exanple, .if t stimat ed NR for ransm ssi on c nn i S
i Gher 1 harFTEEECNE: ACHPRYITRbar Gnai 8 Bl aThe Rapuntey oyt eAGTRSES & at o

reported asRenRAIpSHAPRY tﬂf‘ed asrAis @b SRk BRSPS hésel 1'n§omﬁf1§ﬁ1tt8r
t han t he systen1s maxi num data rate, then less transmt power

al | ocat ed achieve hettarniligationsefthe eveilahls) tranm@ m@m Forexampletif tinf: estmaa@th t

Pover 10, Dok SRS R S TLRAPER b SRR bl AR O

nunerical exenpt & thé ddasafe repstdieAsomein D sigpottsd b taeeitdie trhedl i 6 etfannélOis
all ocating/reallocating the total transmt power anong ei gennodes. For this

exanpl e, t HEegierdRan MerfFPR poWEmS fata sa(, themleshirensant power May brodlleepieded so
that P . X g5 dhe @anh&?onva{dnﬁglﬁeTﬂé ﬁg&ﬁa Sént! a‘?ltsnﬁt(’?&l?%ttot i %Ngeét

each recei ver assumng  nho othef ¢ nne egra atron
t hen resul tnaay e detoraiiseel based asic eheofeported 1dfdrrhtichO (eg.0 113 d&Giimatb® SINR |opwi ng

paraneters are also assumed: NS =NT =NR =4 ~1 = 2.4, 22 =1.0, 23 = 0.4, and
— ngBorted data rate).

[1067] A specific numerical example is described below to illustrate the techniques
for allocating/reallocating the total transmit power among eigenmodes. For this
example, the peak transmit power for each transmit antenna is normalized so that

P_. =1, and the variance of the noise is set so that the SNR at each receiver, assuming

max

no other channel degradation, is y,, =15 dB. This then results in a noise variance of

o =10"""" =0.0316. The following parameters are also assumed:

NS = NT :NR =4 H
/11 = 2.4, /12 =1.0, /13 =O.4, and /14 =02 , and
Yiw lg=15dB = 7., =31.62 .

[1068] At initialization (i.e., n =1 in FIG. 1), the set of eigenmodes to be allocated
transmit power is defined to be I(1)={l, 2, 3, 4} (step 114) and the total transmit

power is P (n)=4-1=4 (step 118). For the first iteration, the water-filling power

tOt
allocation (step 120) results in the following powers being assigned to the eigenmodes
inset I(1):



Ysa~ dB =15 dB -> Ysnt = 31.62 . [1068] At initialization (i.e., n =11in
FIG 1), the set of eigennpdes to be allocated transmt power is defined
to be I (Iwo934043382, 3, 4} (step 114) and the total transmPCT/Usoer949 s Po,
(n) = 4.1= 4 (step 118). For the first iteration, the water-filling power
all ocation (step 120) results in the folljom ng powers being assigned to the
ei gennodes in set I(l) : WO 03/063384 ﬁ /US03/ 01949 19 P1(1) =1.06, P2
(1) =1.04, P3 (1p 50168, Paar=Po4( 1B (15=0.81 k0691 Eroef.fective SNRs for
the eigennodes in set 1(1) , calculated using equation (11), are
determned to be: 71(1) = 80.25, 72 (1) = 32.85, 73 (1) = 12.54, and 74 (1)
= 5.77 Si ndé06Xat FhaiffedtiveiSNRsafior e edgenarodedint deat (1¢] cpeulmeldssidg equchtidnar e
operated in the saturation region. Thus, the set of eigennpbdes in the

sat ur ati on ( bgirwricamiedditade: as  J={1, 2}. [1070] Since set J is not enpty
(step 122), transmt power reallocation is perforned. This is achieved by

first increnenti t he, 4 n =2 (step. 1 T i gennodes in the
saturation region r_relﬁ}'%%%zll)l_o%ﬁ;d@pﬁe_%sﬁf ﬁﬁ‘ﬁ)a%a%ﬁf- transmt power

to achieve A.. The new transmt power allocation for eigennbdes 1 and 2 in
set J can det er minad .usj e ' 1 . I
31, 62x0. b3t 82%_?.185%169E’fli?i)oq’g&&é‘ﬂﬁeé‘%gﬁ%lg%3%) 24 (S’L‘%Ji‘l:eg%g .
otal exce igers : : : usi ng
cauat i on ( D ERCREIRE IRG, WY r SRR Rer PO Snlidl R GEIGl T E s S

0.68 [1071]JEJl, Zhe second iteration (n = 2), the set of eigennodes 1(2) to

be allocated transmt power is redefined (step 114) to include only those
that are cUdPUHt | ySHee set i met eraply ptap 137, Frarsughpowigriredlqegtiary ispeefoymed. 41 |

et no”equat] i Cidis LB R yARingdhe Kk g 5L 97480 158, D HGRELA D"
2.58 . The ihah@katardibh abgien tafeathefiiallopawd the MihimOR) ambsnttdfamnahitogaieedot 0

t he eigennobdes in'set 1(2). For the second iteration, the water-filling
power al | ocehicys At dpe 1w frapgsiippyer gllocation for eigenmodes 1 and 2 in set J can be

determined using equation (12) (step 126), as follows:

P@)= 31.62;(2.0316 —042 and P,(2)= 31.62;((()).0316 ~1.00 .

The total excess transmit power for eigenmodes 1 and 2 is then determined using

equation (13) (step 128), as follows:

AP = (1.06-0.42) +(1.04 -1.00) = 0.68 .

[1071] For the second iteration (1 = 2), the set of eigenmodes I(2) to be allocated

transmit power is redefined (step 114) to include only those that are currently not in the

saturation region, which is I(2) ={3, 4}. The total transmit power available for this

iteration is then determined using equation (14) (step 118), as follows: -

P, (2)=099+091+0.68=258 .

The total available transmit power, P,,(2), is then allocated to the eigenmodes in set
I(2). For the second iteration, the water-filling power allocation (step 120) results in

the following powers being assigned to the eigenmodes in set 1(2):

P,(2)=1.33 and P,(2)=1.25 .



the foll ow ng powers being assigned to the eigennodes in set 1(2) : P3 (2)
=1.33 and P4 (2) =1.25 . WD 03/063384 PCT/US03/01949 20 [1072] The

ef fecti vewBNBR®63384¢ ei gennodes 3 and 4 are then determ nedPCao/use3/019yB8 ( 2)
=16.84 and y4 (2) = 7.92 . Since Asa, = 31.62, it can be observed that none
of the eigennodes are operated in the aturation region, and the transmt
power allocation process termnates. Thé final transmt power allocation
for ei gennmydgr]l tThOU@EtHe SNRRSof Blgbmnbdes Bl and Dard ZhenRRferkhind¥d.to B8: =1. 33,
and P4= 1.25 and the effective SNRs are: yl = 31.62, y2 = 31.62, y3 =
16.84, and y4 = 7.92 [1073] After the total transmt power has been

al l ocated to therdlyedfdesndthé2) 3gé2tral efficiency for each eigennode in
set 1(1) = {1, 2, 3, 4} can be determ ned wusing equation (10). The total
spectral efficiency, gerr)tot,, may t hen be obtained by sunnin% t he
spectral efSines dacy 3468 évea heyohservrd drat npee of Hermigraades agopergied Briiepe
shown that a gain of .2 to.,5 dB nay.be achieved at internediate N%S’Ef’ﬁy
real | ocat i F8fHIONEEDs and fhe ﬁrw%\a«@?wm ARGCFEAMPHLSSY FOrPHRASSat (FGt !
region {0 bl pBLELPAIRARS Afteidntdiss P4 A TARMAT. AL | ow SRS, t he
ei gennodes do no enter the saturation region, and there is little or no
transmt power to reallocate. And at high SNRs, nost or all of the

ei gennodes may b 00d42atRd=1.00,t Fp=dal3uratd dh =k on, and the transmt
power reallocation may be used to reduce the amount of interference, which
may inprove the perfornmance of neighboring cells. Power

Al | ocat i on/aRe &hd dtesgtivoANRsArdi screte Data Rates [1075] In the above
description, it is assuned that the spectral efficiency, p, is a

conti nuous functjan the effectjve : s_gngyn in equation (10).
Furt her nore, tﬁé'§§g %h?gég%%éﬁe 35%%@? f%ﬁo&@“the spectral efficiency to
be any real value that does not exceed the saturation point, psat . A
typi cal comyyysjcat WeRr 3 t@aD trémﬁé/gsweﬁﬁys b& HIRHRROK! the &dnntidedli e €t ©
data rates for "each spatial subchannel, and the data rate sets may or nay
not be iderspeasl efficiendyef@udrchamgeingdeVid 63/ D6B38Y PCTAYSHR/ B4 dé@rmitied

[1076] FIG ' 4B shows a 8| ot of spectral efficiency versus effective SNR for
a using equation (10). The total spectral efficiency, P, may then be obtained by

summing the spectral efficiency achieved by each of the eigenmodes.

[1074] It can be shown that a gain of 2 to 5 dB may be achieved at intermediate
SNRs by reallocating the excess transmit power of eigenmodes in the saturation region
to other eigenmodes not in the saturation region. At low SNRs, the eigenmodes do not
enter the saturation region, and there is little or no transmit power to reallocate. And at
high SNRs, most or all of the eigenmodes may be operated in the saturation region, and
the transmit power reallocation may be used to reduce the amount of interference, which

may improve the performance of neighboring cells.

Power Allocation/Reallocation for Discrete Data Rates

[1075] In the above description, it is assumed that the spectral efficiency, o, is a
continuous function of the effective SNR, ¥, as shown in equation (10). Furthermore,

the system described above allows the spectral efficiency to be any real value that does

not exceed the saturation point, ©

sat *

A typical communication system, however, may

only support a set of discrete data rates for each spatial subchannel, and the data rate

sets may or may not be identical for the subchannels.



certain eigennode in a conmunication systemthat supports a set of discrete
data rates for each eigennode. Each set of data rates nay be converted to
a set of wpIswe3ss spectral efficiencies and is further apsoaisaved4smi th a
set of discrete effective SNRs needed to achieve a target frame error rate
(FER) for a data transm ssion on the sp%i al subchannel. [1077] In FIG

4B, the discrete spectral efficiencies ae |abeled as pi(d) on the

vertical axi®réind PKEWB ahoWwber vt rcﬁssg)@ NGRSy abrsyt effdptive BNRr €ori a (i E
) refers to eigennode i and d (1<_ d< D;?l is used to enunerate through
the Di di sEP@aiB ciEgnEodaing CORERHBEGAHOR YEPMHN e, opPRbuR s¢t. of Hhicrgie gpladates
spectral effjgi I J = K to
he sat ur atvSA L Rbp g ChRFIRER a BEEUEA, B corfefedlo AP oF RELERRBEARI 0,
(1) =vy; (bfficienthe @mjdeistfugtheredskodintedcnittf unet bbdiséete ¢itiecsive \WBNRIméeegled hown by

plot 422 (the thick solid line). The discrete operatin oi nts_at (élv ;

(d), p:; (dpshievos faess drhmergror sate KEER wﬁ&ﬁﬁaémswgé@gs%ﬂge ?R?tiaksrﬁb@%m
Fromtne SSRL ol FGPEYneRifor Bl Ml ey freTlabiedds J2ta) BRETC]
tor et 1 ans eieADEAY SR bolr e IR bt pofithy SNACHE 1 (FIPhBeRLIT ) REfEs 60
operating %&t%ﬁﬁl%aé i §hd mgﬁg Flzgg g% Qﬁgf]det%%nhn{e&t@ﬁlrbm %ﬁ%ﬁd{&ré{? Badirafcb®

addi ti onal ransmit p e excess power- allocation/reallocation
techni ques ,d@3GEddbefh %%@Mﬁoﬁ@)’. PBe hikhed sPéHtrrﬁ ¥EIRIRy Wi HgtiB6dest Rchdtaa
rates and setpoints. [I079] FIG 3 is a tlow diagramof an enbodi nent of a
process 300 £dy, ald acsspongls to the tatirationt spensal affipionesr ocoomg 4thbe edtgationdes
in a MM systemthat supports a set of discrete data rates. Initially,
the total tSNRsnj, Q) powed,) . Fihetspeitsl afficaamy deandtion forethiissysteingie sinwwvieby bt ed on

a particular power allocation scheme (e.g., the water-filling schene), at
step 312. AR2t ktbe etidclof solide ling).t i dlhet dinesaie t opeoating gloiwie aati diy; (@aeH(d))
eigennode is allocated transmt power of Pi, for i E I, where the power

al 'ocat ed tcerespogdipgrio shyermisn SRR Becosiary to pehigyeea eprfaip sperbrabriicsmeyn
el gennmode %Peeghoglf}i[ 8&3{‘% a&;hoci?ﬂgs byt *Aes&'eg‘%fo% %heog@%iﬁl' 'cféﬂ!;e%n?@ctibggf? some

transmt power s~ €igennbde 1S Us I neffici y ‘and power
control nayFIGe48rphoyiedasd OSSR e witgdferumesnmbosrerfihegetctvd ¢Billenclo not
fall on the set of discrete operating points are placed in set K __at step
314. | seflhrrefareephiropting goge fransmif @aWenhep @goessary to apliave e trrescEER at

Lerm nat s ObHELIES Specar BERiGR) ol Bt K ifrRelife aledr it adflional

transmit power.

[1078] The excess power allocation/reallocation techniques described above may be
used for systems with discrete data rates and setpoints.

[1079] FIG. 3 is a flow diagram of an embodiment of a process 300 for allocating
the total transmit power among the eigenmodes in a MIMO system that supports a set of
discrete data rates. Initially, the total transmit power, P, is allocated to the Ns
eigenmodes based on a particular power allocation scheme (e.g., the water-filling
scheme), at step 312. At the end of the initial transmit power allocation, each
eigenmode is allocated transmit power of P;, for i€ I, where the power allocated to a
given eigenmode may be zero. If the effective SNR of an eigenmode does not fall on
one of the discrete operating points, then some transmit power allocated to this
eigenmode is used inefficiently and power control may be employed.

[1080] The eigenmodes whose effective SNRs do not fall on the set of discrete
operating points are placed in set K, at step 314. If set K is empty, as determined in step

316, then the process terminates. Otherwise, each eigenmode in set K is allocated the



22 m ni mum anmount of transmt power necessary to neet the current spectral
efficiency contribution of that eigennode, at step 318. This is achieved
by backi rgyoaBo6338¢ reducing) the transmt power all ocate@CraSezcty49

ei gennode in K so that the eigennbde is now operating at the discrete
operating point. [1081] FIG 4B al so shags an exanpl e system whereby the
initial operating points of the three € gennodes, shown in by dashed |ines
426a t hr oughin#?@f ,antinh of tlah&ni® PotvBEnedts ey € encap teaturiRgt PeuctrhiSeffitiacy
transmt power for each of these eigennpdes is reduced by a backed-off
amount , BOeontrigptign pf Khatsgigepraeds; 7 631y dhdrodENis ds Gishiesed By kacking effelor
transmt p - Wh 10, I i S| f.f lcl.enc :
tranom t oty thnskf bl flofu R ealf HORELAR £ b (B M peniic it
d, for ei geowosierdingry theeli®xqe epaeting pint. Pk _Yk( U2 Eq(15) k where the
variable k, for k EKc |, refers to each eigennode in set K and (err)k
(d) is the1¢ildcr FIG-ARoplsp shevhan pramMe SYLERr d&etnatl?lh@eamgéwms)
spectral effkisc . , ¥=T . .1 it
oner  obt iy Beiecinddll snBfin iff b RTRH ks bRl RO RN MR

ei gennodes diseres@ bpdfatisg pbiets. dBtedransmitchovatr fart egoh 32 Bhesasigenmbodessis reduced

AP=Y( Pk-Pk) , Ea(1l ke K Pk he initjal 1sm

| Fléat ed 0y TR BHeTIOwmh Kopgorsh s K S 63 8t gl S eemineds ot Mealivnl y be
t t he ei d ti t hei CL -

ot ur ot on EBgRBRe W nELBSIRESRRE A8 p shRb b Striiok L abe WRBFY bhiEs Aoges.

| wh . Lve.. . . - -

boi nt'a sy HIRARRER e Bivo ekl plfainbBRind £ (T AR A naobUbR AR

322. If setasJ is enpty, as determ ned at step 324, then the process
termnates. Set J thus contains all eigennodes in set | that are operating
bel ow their respective saturation (not operating) point once the new
powers have beenlsagm_c(@do’to t he ei gennpbdes in set K [1083] Cﬁc{@r i se, the
excess transmt FfOWEI‘,,IIAP, determined in step 320 is realloca 3 anong the
ei gennodes in set J in various different conbinations (e.g., in all WO
03/ 063384 PCT/ US03/ 01949

where the variable k, for k € K C I, refers to each eigenmode in set K, and ¥, (d) is the

discrete operating point that corresponds to the current spectral efficiency, 0, (d), on

eigenmode k.
[1082] The excess transmit power obtained by decreasing the transmit power

allocated to the eigenmodes in set K is then determined, at step 320, as follows:

AP=%(P-P) , Eq (16)
kekK

where P refers to the initial transmit power allocated to eigenmode k in step 312.
Because the excess power can only be reallocated among the eigenmodes operating
below their respective saturation regions, those eigenmodes from the complete set of
eigenmodes, I, whose new (or unchanged) effective SNRs are below their saturation
points, 7., (i), are denoted by the index j and placed into set J, at step 322. If set J is
empty, as determined at step 324, then the process terminates. Set J thus contains all
eigenmodes in set I that are operating below their respective saturation (not operating)
point once the new powers have been applied to the eigenmodes in set K.

[1083] Otherwise, the excess transmit power, AP, determined in step 320 is

reallocated among the eigenmodes in set J in various different combinations (e.g., in all



23 possi bl e conbinations), at step 326. This can be perforned based on
know edge of the spectral efficiency as a function of the effective SNR
for each wogenesse (e.g., as shown by plot 422 in FIG 4BrCTI/UB03/61ed | itate
the evaluation in step 326, a table of incremental SNRs,
(err)(err)(err)(d), and the correspondiag gains in spectral efficiency,

Opj (d) , may be determ ned for each opé€rating point d of each ei gennode |
in set J. pbdsldLombmatiog)cirenpad265NRis E3ebd forforined dafddnedkmsvleddeaof(tly =
yj(d +l) -"yj (d) , Eq (17) and is the nmninmmamunt of SNR needed to nove
ei gennode jpeotigheffiréensyeast # dpnctionfofctherrdfectve SRR dor pash cigpanpeds Fo8-pés nt |
d, uptot | I o] hg- n . hj t L CJ d +
I The cor FIRERR AT Bl Moluml o kit Lo BRRR A6 o) B or T
App (d) = Phcréflentd) SNEX, Mq(d,), Bthd( %) co@épohdingbiaingeid byectal regciemy, t he
SNR fromyi (d) toy; (d + 1). [1085] FIG 4B illustrates both the

i ncrenent alp SWR) afgy bO8ete@SiHEd R GadtPbptritihg pORRCE df%cwéi%emmMn kers.t he

gi ven spectradl efficiency function. The incremental SNR, / yi (d), can be
transl at ed éi(ﬁm@“ | Pied SERRIALl SRRISY ((JPQ¥REfinedR3: (d) . as follows: OPT (d)
_AY' (d) 6Z . Eq (19) API(d) is tHe increnmental power required to achieve
t he next higher spectral efficiency on eigennodej fromthe current
operating point,Ad.z} 108 rgal | ocation of the excess tr 7y power
may be perforneé”géd%hzﬁéiﬁgﬁeﬁﬁgﬁe%t possi ble gain in spect?gfazgficiency
is achieved. This may be achieved by perform ng an exhaustive search (or
eval uat i onhp@fis #d mPEERIDbScuMab] SNRL hddsd &6 nidie cigtersts jt framsiit tspEainer ,
AP, to all eigennobdes in set J using the increnental transmt power and

t he correspbirieney ayshencurrens ppereting PR, idg PR (@ (heoRestgPoint gvh ey et iheghsr ( 19)

d (18), tjvel t 328. Finally. th -t it [
G st 11 but edbh SISk 2pich Qs 3o rensats i b Surar B ARy B (BEATT on”
t hat vyi el ds.te{rl@yhi ghest gain in spectral efficiency, at step 330. The

r

process t héh'PePnhi nates. [1087] Various other schenes nmay al so be used to
real l ocate the excess transmt power to the eigennodes in set J. In one

schene, the eXC%ﬁj(ygaq@j@umo%(dj S Eq (18)

and is obtained by increasing the SNR from y,(d) to y,(d +1).
[1085] FIG. 4B illustrates both the incremental SNR and the resulting gain in
spectral efficiency for the given spectral efficiency function. The incremental SNR,

Ay ;(d), can be translated to an incremental transmit power, AP, (d), as follows:

Ay,(d)-o°
A,

J

AP,(d) = Eq (19)

AP, (d) is the incremental power required to achieve the next higher spectral efficiency

on eigenmode j from the current operating point, d.

[1086]  The reallocation of the excess transmit power may be performed so that the
highest possible gain in spectral efficiency is achieved. This may be achieved by
performing an exhaustive search (or evaluation) of all possible reallocations of the
excess transmit power, AP, to all eigenmodes in set J using the incremental transmit

power and the corresponding gain in spectral efficiency obtained from equations (19)

and (18), respectively, at step 328. Finally, the excess transmit power is distributed



real l ocated to one eigennode at a tine starting with the best eigennode.
For exanple, sone excess transmt power nmay be reallocated to the highest
ei gennodewpDr3®et3sd (e.g., just enough power to nove thi sPergsnsede to the
next higher spectral efficiency level). Some renaining excess transmt
power may then be reallocated to the next hi ghest ei gennode in set J, and
the process can continue in this manner“until all excess transmt power

has been r galok@f@t®the teAllGREbH Eliat Se1eThe phespguiarinrspadttpedidiary, sthatp woul d
achieve a junp to the next higher spectral efficiency for each eigennode in
set J are 33% Theprogesgéhayrtaimpdates.and the real | ocation that achieves the

hi ghest Spmﬁfl fe{/%ﬁoﬁse&ﬁgr scl@hls (rfﬁ&az’}'f&eg? I@d b ASi102HR WY eesd RaiiENt Al

transmt p i e gains 1n spec clency are the sanme over all
the ei gennpgwe) td sheelgeaedes X Ber Jscheons sohama)l the beessusenbnzngower i t hi n

the scope of the invention. [1088] A specific nunerical ex e is
descri bed Kallegatechta pneeigenmaserahd e pATtingakith theybesy ?18@%?%9%06%&188]&“ ng

the rotal LSA0Rs RO BUROAOME) 9 MBKeRed & 1R MYRLCELEIAL. AUBPPId S, a Set

of discrete data ra r this’ exanp t he pea smt power for each

transmt apisesmighpomer naioxe this eigemabddioathe nelt, highet spb@ral afficamey lofelt he

noise is set so that the SNR at. each receiver umi.n ot her .chaPneI
.2

degr adat i oNOMesteRAINIng PHCER transiitPAWRE HnaY Lo, be ?‘?S"f‘ Qcﬂﬁ‘?é‘g(%%il?’ér}b‘%he&

=10-10i 10 ;dd %Qde TNt Tolldant PRHcPAIANRbR e iAIRs flahferAfill AR SxcdiSHMITNR=3 |,
and Al=1. '? 270, 9, and 23=0.4 [1089] FIG 4C shows the spectral

ef fi ci ency pueestss bédrectallocat@NR IR gmothiee selisoves alleRetvigr walgentions thphevadde set

f di te data rates i d t | y. f | e . i
S5500: at od SETE # e pechs APRdRERE BabP pliciceot padl AROTES AR/ s
sat ur at i on ;NRIY QéeRABd ChdeMendRdcatidh s ayBives(thy HigliBt spetdald&ificMncyE | .

[1090] The total transmt power available at the transmtter is Po, = 3.1=
3. The waigein- for [useshtheplsons ramegunb of iRcsemen tletansmpl PeweAitthe jgaing a speftiaby ng

power s bei ng. assi gne t . ej €S 6 HS98L 01949
D5 F( 1) 21, hBy FE e ghfe b6 AT uBhAGRR 1 Rjerkl, RALRBL T 1
ei gennodes ps&pareiirévitlinise Reopeqifalic iMer(tivh) , are determ ned to be: yi1(1)
=18.38, 72 {122 = 9.26, and y3 (1) = 3.56 ) . .
[1088] A specific nuimerical example is described below to illustrate the techniques
for allocating/reallocating the total transmit power among eigenmodes for a system that
supports a set of discrete data rates. For this example, the peak transmit power for each

transmit antenna is normalized so that P, =1, and the variance of the noise is set so
that the SNR at each receiver, assuming no other channel degradation, is y,, =10 dB.

This then results in a noise variance of o> =107%""° =0.10. The following parameters

are also assumed:

NS=NT=NR=3 , and
A =17, 4,=09, and 4, =04 .

[1089]  FIG. 4C shows the spectral efficiency versus effective SNR for the above
example system. The same set of discrete data rates is assumed to apply for all

eigenmodes and is associated with the spectral efficiency function shown by plot 432.

The saturation SNR for each eigenmode is thus, ¥, (i) |;=12dB, Vie I.
[1090]  The total transmit power available at the transmitter is P,, =3-1=3. The

water-filling power allocation (step 312) results in the following powers being assigned

to the three eigenmodes:



[ 1091] The locations of the effective SNRs of the three ei gennodes on the
spectral efficiency function is shown by di anonds 438a t hrough 438c in
FIG 4C. woosmes3Be seen that all three ei gennobdes do not PCTaiSosowke

di screte operating points shown by solid circles 434. Thus, set Kis
determined to be K = {1, 2, 3} (step 31@ . Since set Kis not enpty, the
"mnimumtransmt power for each eigenndde that still results in the

current spectraj:l(ﬁgli.og,epqy)yﬁbgl,eam rhpt=@bgennode is determned (step
318). For this exanple, the transmit powers of the eigennodes are backed
off so that the effective SNRs are 12 dB, 9 dB, and 3 dB for the first,

second, andhehiffecti e §NReBoEthe ebepewotiesy ehlyulafellGBlg dduhnion €ldiadre detefrinpd t he
new transmt_powers for the three eigennodes are determ ned to be:
10(12/10) %081 10(' 10) X0.1 10(3/10) X0.1 P1 = 1.7 = 0.93, P2 = 0.9 =
0.88, and P3= 0.4 = 0.50 [1093] The new transmt power allocations push

t he operating poj phs 1Qf alf I ol to the discrete operating
TR0 DR, bR,

poi nts. Next, t XCEeSSs det’ermi ned by equation (16) to
be AP = (1.08 - 0.93) + (1.03 - 0.88) + (0.89 - 0.50) = 0.69 [1094] Since

the first gqi@enNodeni focalibRashhabirbdtfieTNRY 8t iheAhieeieffenmddes B Betspadtsli t
power is reallocated to this eigennode. The excess transmt power can be

real | ocat edfficiencyifyn¢iiapde shawiw by didmonded38athtpugbi3dc isFy 46l It eangbeseprp, 31,

1095] Table.l.ljsts the i t 2l . i
boi nt. a4l LR elegEmbBL A R By of B ATl Sberelifl eET SRRE BB o
are the samcfegu3al ThugisGeR MOERSHined tbibe BXfPLe3} (i SUhs SiricPket| K issnot

dropped and the incremental SNR is expressed as Ay(d). The increnental
transmit pemgpty, themihiRjuni thnsmoi pewgeforsde ¢igesmede themsill reaultsf intthe current

i | i od A Q.. Th T h
07 083384 EROLEENGTSN g lus ot dud sigkimedt cming! Grch B4 FSLLEISEmMRar i ng
poi nt, d, age GakeMt poRELs UF kitOeiBSHMded Are KabR3d offisBhdt)the éff€:tiva SINR&QIreI ND

lists the incremental gain in spectral efficiency, (err)(err)(err) (d) ,
whi ch r enaidis 9aih end AtdBafor thesfing sgadndand third eigpameds. mepppdivelys, as shown in

FIG 4C. Ta[%&]l d[@%%dgqugtgoef? (fgg),zth&(: %W'Aflgaeflsﬁgt) pd%pe(rg }or t}le %hr@e %l?gegm%gesoarg

determined to be:

R 12710) N 9710) n 3/10)
2 =E——1—-73ﬂ=0.93, B, =100—9XO'1=0.88, and P, =&6Z>i9_-l=o.so .

[1093] The new transmit power allocations push the operating points of the three
eigenmodes to the discrete operating points. Next, the excess transmit power is

determined by equation (16) to be
AP = (1.08 - 0.93) + (1.03—0.88) + (0.89 — 0.50) = 0.69 .

[1094] Since the first eigenmode is already at its saturation point, no more transmit
power is reallocated to this eigenmode. The excess transmit power can be reallocated to
eigenmodes two and three, and set J is equal to J ={2, 3}.

[1095] Table 1 lists the incremental SNR, Ay, (d), for each operating point, d, and
each eigenmode, for je J. Because the discrete data rates are the same for all
eigenmodes in this example, the subscript j is dropped and the incremental SNR is

expressed as Ay(d). The incremental transmit power, AP,;(d), on eigenmode j is a

function of the eigenvalue on eigenmode j, ,A;. The AP]. (d)s are shown for each



2 20.180.400.5 31.50.16 0.35 0.5 4 2.50.200.44 0.5 53 0.22 0.5
0.5 6 inf inf inf O [1096] The next step is then to determ ne all

possi bl e woaBlesat i ons of the excess transmt power, AP =POTAB03/B®d¢ause the
second and third ei gennodes are operating at d =5 and d = 2,

respectively, there is only one valid ﬁ%éocati on of the excess power,

which is to reallocate AP2 (d) = 0.22 e transmt power to the second

ei gennode afpEnmbRs3 fof) j & JO. A fHRleacH bp&atihd poRied, dsocdihiattdivkidgaiquensde.
This power reallocation wll result 1n an increase of 1 bps/Hz in spectral
ef fi ci ency (19ndriddig, erdugttconimniists e intrearanm gaipdmepedial Mciency). 88, (d)0. 22 -
0.40 = 0.7. [1097] As noted above, the techni ques described herein for

al | ocat i ngivhexdl lepriisicogstaiitraa 0 Srhps/Hrofoe nll bpehtignpoinssasshownanfEGstGay be
used for various nulti-channel comrunication systens, including M MO
systens, OFDM systens, M MO OFDM sys\t%e ,, and so on. These techni ques may
be advantageously used for systens ha 'aggla saturation spectral

efficiency, psat_—(as illustrated in FIG A)
one or nore setsg of discrehgqdy@By rat@%;(cf)or i ssip@l)channel s (as
illustrated in RLG—4B) 1 T j Hfied to
all ocate/real | ogate 1transm t Jpower| t o ®22ansnji ssita¥) channel 8.5(i nsft ead of

ei gennodes). Power—Atotationy Reatjoc on for pect f T ed_spect|r al
Ef ficiency -[1098] The techni g{Jes descitHed aboveay ble used to

al locate/real |l ogate 4 he [totaj 5 transmgigowefr tq@smxini ze ggectrial

efficiency (e.g.f i Hhest—posistbleWo0B+663384

PCT/ US03/ 01949 [27 dverdl | tBSoughput W20 aggfr egdt¥t datfa rabé for| the
5,

transm ssi on channelss). For "spme Icomy catjion égsten , g aggregate dat a
rate may be limijted or slpecified. |For tTTese | systens fhe féchnijgues

descri bed above |nay @ge n[Ddi figgd and usad to jal |l ogdte the rd ni num anount of
transmt power that—achiteves—tte—specifiedagygregate datatate—[1099] The
all ocation of the mnimumtransmt power that achieves a particul ar

spectral efffdg]encyndrayxtbeay fheh 18 detchmitr 1D Possitd RedlBcativhs O thayxdss
dependent on the design and capabilities of the communication system
Several posshithie patkeneB =80.69. Because the second and third eigenmodes are operating at

and for systems——supporting

d =5 and d =2, respectively, there is only one valid allocation of the excess power,

which is to reallocate AP,(d)=0.22 more transmit power to the second eigenmode and
AP,(d)=0.40 more transmit power to the third eigenmode. This power reallocation
will result in an increase of 1 bps/Hz in spectral efficiency, and the amount of unused
transmit power is AISH =0.69-0.22-0.40=0.7.

[1097] As noted above, the techniques described herein for allocating/reallocating
transmit power to transmission channels may be used for various multi-channel
communication systems, including MIMO systems, OFDM systems, MIMO-OFDM
systems, and so on. These techniques may be advantageously used for systems having a
saturation spectral efficiency, p,,, (as illustrated in FIG. 4A) and for systems
supporting one or more sets of discrete data rates for the transmission channels (as
illustrated in FIG. 4B). The process shown in FIG. 3 may be modified to

allocate/reallocate transmit power to transmission channels (instead of eigenmodes).

Power Allocation/Reallocation for a Specified Spectral Efficiency

[1098] The techniques described above may be used to allocate/reallocate the total

transmit power to maximize spectral efficiency (e.g., to achieve the highest possible



provi ded bel ow. [1100] For a systemthat supports a set of discrete data
rates, the mninumtransmt power allocation for a specified spectral

ef fi ci encyormaypedses achi eved as follows. 1. Allocate the tofrall/usoanwmdt power
to the transm ssion channels, e.g., based on the water-filling schene. 2.
Determ ne a new transmt power for eachZJ}ransm' ssion channel using the

t echni ques nentioned above such that itS operating point falls on a

di screte opQ&@lli R@uRRpUI ort fireged dendaatet fif thanRnspisionadhasidld)ci BacyomsS.
Determ ne the aggregate spectral efficiency achieved with the new transmt
power al | osamiBmicalion syHiems the RSILAT fate 1R &AY; ke limpeder snesiiedn &O5 Higes 1 i ed
spectral efficie , r t 4 W\ r Lt . power
al | ocati on SY%&%’%éﬁee%%ﬁ{eglégﬁfo%dn%oﬁ %gﬂa'yegg%g&flé\%zaggrlg?&et% f@??@%cﬂﬁe as

t he differ efiggnietieen dfhansaitpoerathacachpses thel spedified bggregatd dath laté.ne new

transmt power allocation) and the specified spectral efficiency. The
spectral ef1099] enclhegpllpgsiion G dhe Hingnym transEie PRYehhat ﬁ?}EerétaeP%H‘t E'QI

di fference. ENCT t mg% [\ TN

spectr al ef?iééﬁag%@&?%?lmgg%ﬁgﬁ?ﬁdgﬁlg%qgg%lgﬁusc anne’legn efgﬁbg%s‘gﬁa\%\ﬁ?%h IS
Tabl e 1. 6théSéaignhandwwapabiktiésoafshe osmimnheati@dsicstannnSevenaltpoasibleisthemmaseare t hat
w Il achieve a, spectral efficiency reduction |less than or equal to the
excess spe®rPvafled QWi ency determined in step 4. 7. Fromstep 6, select
the trans m&i m@mrFéﬁﬂ%ﬁMﬂ]at SfdpolBAisBl Frefisdrbte dafidRt, the mihin@ise Wahsoi@wer
saved. [11 1& or a systemthat supports nore continuously variable data
rates (e.gpowedillcriorefatatspedifiedspectralfafficiendyoreheathigvedan folloaysat i ve search
may be perforned to determne the mninmumtransnt power allocation for a
speci fi ed spect ral Adbdte iheriotpl tramsmMM PO Bra6 BRBuarRMIFsidB0Sa0dde @.g. Adsed on
particular, after the total .ﬁrans it power has been initially allocated
(e.g., based on the WEYVAEHfillNg 5588 hene), the excess spectral efficiency
may be determ ned pgfaferd B twaRBYEpowdr folRaBK &@ASNRABE Ich@tneehubingiBOCY
exceeds a particular threshold (e.g., a particular percentage over the
speci fi ed spectral eftédhoiquag yhentiohed ahoveewuch &res ity operaidng apingdalls on a

discrete operating point that achieves the same spectral efficiency.

3. Determine the aggregate spectral efficiency achieved with the new transmit
power allocation. If this spectral efficiency is higher than the specified
spectral efficiency, then proceed to step 4. Otherwise, the transmit
power allocation is finished.

4. Determine the “excess” spectral efficiency as the difference between the
achievable spectral efficiency (with the new transmit power allocation)
and the specified spectral efficiency. The spectral efficiency of the
system is then lowered by this determined difference. '

5. Form a table of incremental transmit power/incremental spectral efficiency
for each transmission channel, an example of which is Table 1.

6. Search over various possible reductions in transmit power that will achieve a
spectral efficiency reduction less than or equal to the excess spectral
efficiency determined in step 4.

7. From step 6, select the transmit power reduction that maximizes the amount

of transmit power saved.

[1101] For a system that supports more continuously variable data rates (e.g.,
discrete data rates of finer increments), an iterative search may be performed to

determine the minimum transmit power allocation for a specified spectral efficiency. In



may be determ ned that reduces the excess spectral efficiency. This may be
achi eved by backing off the total transmt power (e.g., by sone percentage
t hat may We 0@m63i3sat ed based on the percentage of the excesy/uspyenunal
efficiency), and allocating the backed-off transmt power to the

transm ssion channels (e.g., again baseg on the water-filling schene). If
the spectral efficiency achieved with t % backed-of f transmt power is |ess
than the spggichiaghiepae tobdl tRhémiipahey had b ihhﬁll?aiﬂbc&écf (m@ybdzed badheed,
and the new backed-off transmt power is _again allocated to the

transni ssi owtesHding seheng); theaxsessypecteadleiieicneepay e dafenningd a3 dessrihed

Cranem & pAlRle o v PReEHERTE R Bl ety BR0 5 PoadREREC D

det er m ni n@efcB@tagd Ovdhe speaitiadi speqeulefficidcoy, ahérom néwraasmi pewef albatatipect r al
efficiency may also be inplenmented, and this is within the scopﬁigo t he

n . f
i nvent i on. mMAathsrdetarminedghaaaiicenihe sxaess peotrel eFbiciopay n L g maycdg achigvedBY | abl e
at the tra B , . : n [ | i :
o1 t hogonal kit offsth el Rl BB0E} (FETbYomE RARfeL A 1hiY Be Simpated
above. Thi dadedainrthepercemtagd disthe exddss spretrahtfficieacy)nandgicatnng the batiedreT s,

referred to as eigennodes, with the power, on eigennpde i bejn . to the
ei genval uetraa%%d?oéﬁeé&ovﬁ%? H“tnﬁ%ﬂfs_sgingg??ﬁ'ﬁ@é,éﬁt’ Rea el a?edEOIF the ?‘??eq%ﬁilfg: . Ns
I. The pero{ARNCer G g@&m egt’]g@édc?f!acﬁi'éb%%ﬂﬂ%e b§cldewgt @shshyt pdwreragddisti ve

whi te Gaussi an hoi se (S \We\) vafiance [1104] FIG is a flow diagram of
an enbodi mémn the spegified epxtrBDefficmncypl thew dte bagk-afh saycieateduses padihe Rgvansmi t

power to a_. set .of..ei genmodes.. Pracess 500 i ne specific | enen ion
b "the  wat erchedrif g EaRBRES s rRthancmieiiofe R SRERA thsmet SRR B 515
in FIGS. 1cafbedRehisd af ARG GIhecAd/neelbe® undl fie-dpettkdl ngfis el mhitetewiings the
transmt power, Pi, for i EIl, to be allocated to the eigennodes in set |
gi ven the tattisular bagkedioff transwt povmras withipehe agneptahle thigghalfansmi tter, the
ei genval ue , d e noi.se [ & . . it N |

vari abl e nih]s(éa toéggﬁ%&gnfe%éf&i ?e\é&éﬂ}ﬁlg%?%eu#%gpufds&é%ﬂ 'f é)&*c’)r{éﬁ% %;éﬁém ,fGFErl\ =
1), at steppélided A‘J;Sbbtrﬁlf'lﬁ’fif:ieﬁ@ nialyedlat bootmplegented,(and this debithiedhd sopaof ude
all the WO 83/ 063384 PCT/ US03/ 01949 29 eigennodes (i.e., 1:5 i< NS ), at
step 514. theeingeHiPnal ity (or length) of set I(n), L, (n) =11 (n)I , for
the current iteration is then determned, at step 516, which is L, (n) =
N. for the first iteration.

Water-Filling Power Allocation

[1103] When full CSI is available at the transmitter, the MIMO channel can be

diagonalized into Ns orthogonal channels using singular-value decomposition, as
described above. This technique results in Ns non-interfering spatial subchannels,
referred to as eigenmodes, with the power on eigenmode i being equal to the eigenvalue
associated with that eigenmode, A, , for ie I ={1,2,..., Ng}. The performance on each

spatial subchannel is limited by the additive white Gaussian noise (AWGN) of variance

o?.

[1104] FIG. 5 is a flow diagram of an embodiment of a process 500 for allocating
the total available transmit power to a set of eigenmodes. Process 500 is one specific
implementation of the water-filling scheme, and may be used for steps 120, 220, and
312 in FIGS. 1, 2, and 3, respectively. The water-filling scheme determines the transmit

power, P, for ie ] , to be allocated to the eigenmodes in set I given the total transmit

power, Py, available at the transmitter, the eigenvalues, A, , and the noise variance, c’.

[1105] Initially, the variable 7 used to denote the iteration number is set to one (i.e.,

n=1), at step 512. For the first iteration, set I(n) is defined to include all the



[ 1106] The total "effective" power, PTOTAL , to be distributed across the
eigennodes in set | (n) is next determned, at step 518. The total

ef fecti vewpmame33ss defined to be equal to the total trangeirtuspyomny P, ,,,
available at the transmtter plus the sumof the inverse SNRs on each

ei gennode, as follows: 2 PTOTAL = Pat 9Z Eq (20) 1El ~( [1107] FIG 6A
graphically illustrates the total effectfive power for an exanple system

Wi th three.gEgepiRdgs:, ﬁé@éﬁ}@ﬁ%ﬂ@%%ms T8 éa@dﬁﬁﬁl&g ONRrRaabt s [@nr) 2/
(err)i (assumng a normalized transmt power of 1.0) for 1 = {1, 2, 31.
The total iqgﬁ@p@ﬂ, fof 3RS ButreROWEFariBY ais! Mbh SdeMrnliftgl, tdansyidibeiwtich k9. = P
+ P2 + P3 , d'1s’'represented by the shaded area in FIG 6A. The total

effective r_ i/S S8bkefioy the area in the shaded and unshaded
r egi ons in%@ gﬂﬂ’ﬁ%@?%ﬁ%% otal transmt power is then allocated to
the eigen gn (e Fefrddifve” pBAEX B USEH teisthibfte BRI RBrenthodes
initialize tgnone ei{.oe. , ef = 16)5p at sty 520, The — amount of%?%ansn’it

pover to bg @il QEREEHel UeRin@BRADEEStEp 558t TR (Bt &FFdatine Bowat isHeBRe®BPbe
based on the followng: PTOTAL 6 a P = LI (n) Al Eq (21) [1109] For

wat er-fill eqenl talid@udhranbgithivied POl atdiibkadiethe h@vahitleapluanhd suragif the
surface, the water level at the top remains constant across the vessel.

Li kewi se anthesse SNRtsoomedch efde@modé), asddl@vs:t he total transmt power, Pot, is

di stributed over the eigennodes, the final power |evel is constant across

all eigennodes. This final pgwer Ievel is determined by dividing PTOTAL by
t he nunber of ei}genrr__o(}5as+' Oset I(n), L, (n). The anount of RS

al l ocated to ei géfittodé™i &3 2 hén determ ned by subtracting the ~iInhverse SNR

of that eigennode, 0'2 / A , fromthe final power |evel, PTOTAL / L(err)
(n), as given by equation (21) and shown in FIG 6A. Each eigennode in set
| (n) is allW5it edFIMD €8/ BeseAlyPlinstuses s sual effective apasreirt fopaeexanmile by
step 522. Steps 524 and 526 are part of a loop to all ocg&% transm,t, power
to each ei Qlé“rﬁ%d’é‘th legeepgprerﬁ?c_les. Each eigenmode has an inverse equal to 0/ 4,

(assuming a normalized transmit power of 1.0) for i ={1, 2, 3}. The total amount of

transmit power available at the transmitter is B, = F, + P, + P, and is represented by

tot
the shaded area in FIG. 6A. The total effective power is represented by the area in the
shaded and unshaded regions in FIG. 6A.

[1108]  The total transmit power is then allocated to the eigenmode in set I(n). The
index i used for the eigenmodes is initialized to one (i.e., i=1), at step 520. The
amount of transmit power to be allocated to eigenmode i is then determined, at step 522,

based on the following:

2
p =€T‘Q(T_2§"Z_ , Eq (21)
, ‘

1

[1109]  For water-filling, although the bottom of the water level has an irregular
surface, the water level at the top remains constant across the vessel. Likewise and as
shown in FIG. 6A, after the total transmit power, Py, is distributed over the

eigenmodes, the final power level is constant across all eigenmodes. This final power
level is determined by dividing Prozar by the number of eigenmodes in set I(n), L, (n)
The amount of power allocated to eigenmode i is then determined by subtracting the

inverse SNR of that eigenmode, ¢/ 4, from the final power level, Py, /L, (n), as

given by equation (21) and shown in FIG. 6A. Each eigenmode in set I(n) is allocated



[1110] FIG 6B shows a situation where the power allocation by the
water-filling schenme results in an eigennode receiving negative power,

whi ch i s wbha3oesses when (PTOTAL / LI (n)) < (v.2 / 2i) . ACTiuse3/erdd of the
power allocation, if there are eigennobdes that have received negative
powers, as deternmined at step 528, then 4fie process continues by renoving
all eigennodes with negative powers (i.e., P<0) fromset 1(n), at step
530, and i neamrENbower, NPhbyosep 622.6.Steps 524 artd F6 ¢ paitedd H3cp bhalieher e,
on each subsequent iteration, the total transmt power is divided anong

t he renmmi ni gnsnet gewerdsdesch aigswmiode(mpet IThe procedure continues until all

ei gennodes in set | é‘n) have been allocated positive power, as determ ne
in step 528[1110k eildEnfBadwWsG sifuatieptwhere the) pawres adloptaat ey theewatep&iling

S2alliife eifgen G sifugiiser iteen
speci fi cal 157 75e Heatof WRnd oA fe SPRRNCpafET WIFRCE BEhe Wi v

perforned fop anyrtype @F /1y aRs MeSSHIWT ROBONE! F10ctidh, if BPRLA@bicenmodes
subchannel s, frequency subchannel's, or frequency subchannels ofg spat 1 al

subchannel sthatl@ped dedi@vedn néd¥€ive Visovam, be Qetet ke ndtgsl)528 Thiken BeOpRZEssShown
in FIG 5 may thus be nodified to allocate transmt power to transm ssion

channel s (i¢fntigags by reingeingodk sigeninodes2ivith tsygetivef pewets goei, t Ard @ bifrom set
perform ng the basic_water-filling process for a M MO OFDM systemis
descri bed i A(), & stepa330s anhineTaeeRting i b3eqmedi-c.Ng = 0919 28st83 732, Eherefare@n

"Met hod and aratus for term.nj Power Allaqcati.on,in a MO
Conmmuni cat i %aﬁﬁ%fféfe@ﬁfm ’(f%?rlag‘gn’&? &B{?P%fgsjr},’gdﬁ’ﬂer a3 ?ﬁﬂﬁ@d apgng %‘3 SBPNEe of
the present ei%@lﬁﬁ%de@ & 5N (ANAThO GRICBAIr8ESStinRE Bht) AMeif@hSIRE Gfset F(D) Ve
[1113] FIG is a block diagramof an enbodi nent of "a transmtter system

710 and a beeneillveated potieine pPoGer, visi deterariee magtap 1528 of THengp@immddes M@t VREEOUS
aspects and iments of the invention. [1114] At transmitter system

nb
710, traffi é(rgggga-gca&fl&ﬂwqrr oma data source 712 to a transmit (TX)
ot s P oces AL M SR O SR, SR b o 922

based on one Or nore coding sc

traffic dadigeni@ytdebhan de@esill thé paecefilling sbhadid Biay ARt Ferfbsing8 fofaly typel ofe
division multiplex (T WO 03/ 063384 PCT/ US03/01949 31 or code dsi Vi si on
mul ti pl ex (‘CEWnissiprashangels {e.gyspatial spbehaanels.lisemvieney sbchannsifelos frequensy

subchannels of spatial subchannels, depending on the system being implemented). The
process shown in FIG. 5 may thus be modified to allocate transmit power to
transmission channels (instead of eigenmodes).

[1112] A specific algorithm for performing thé basic water-filling process for a
MIMO-OFDM system is described in U.S. Patent Application Serial No. 09/978,337,
entitled “Method and Apparatus for Determining Power Allocation in a MIMO
Communication System,” filed October 15, 2001, assigned to the assignee of the present

application and incorporated herein by reference.

System
[1113] FIG. 7 is a block diagram of an embodiment of a transmitter system 710 and

a receiver system 750, which are capable of implementing various aspects and
embodimegts of the invention.

[1114] At transmitter system 710, traffic data is provided from a data source 712 to
a transmit (TX) data processor 714, which formats, codes, and interleaves the traffic
data based on one or more coding schemes to provide coded data. The coded traffic

data may then be multiplexed with pilot data using, e.g., time division multiplex (TDM)



used for data transm ssion. The pilot data is typically a known data
pattern processed in a known manner, if at all. The nmultiplexed pilot and
coded trawDios/oassa is then nodulated (i.e., synbol mappedCTh®s®ioen one or
nore nodul ati on schenes (e.g., BPSK, QSPK, MPSK, or MQAM to provide
nodul ati on synbols. The data rate, cod?Pg, i nterl eaving, and nodul ation
for each transm ssion channel or each group of transm ssion channels may
be det er nmi gedoddydiVRIonOME1HPRAL (CIN) i 8V iofl@dubiét af denkdnmdhdision chafnelf olB&] The
nodul ati on synbols are then provided to a TX M MO processor 720 and
further prosassiopdata mangmispieri The PBeisen ﬁémlcallmhﬁﬁvet@% PAEETR PIOERSSREND
processor 20 i ncl ) o] S S h a o1 onse
i, 2 g RS ey A R AR DA ag PR i SR

(2) hprﬁ nuhﬁddplayddng e, hgymmdug@edprbagdrrbmd I |ohe (or. Bmore trmmlubaugnadchmest G&.gs)

with the unrtary matri x an 3 enu trplexrn t he condi ti oned
synbol s (i BES] ’tQﬁaPI‘?ar%EﬁKt OQMMM}YO iDEQBdemady }?%SP SYEX%PEariQ e dafa R her
enbodi nment n Y, I

crbod: Tont cob . PIARERAET P oBIMNRPEAREHARLER Slbyr LREIHOSS of
precondrtromnngmﬂbnbhanﬁkmhmybe%bkhnﬁhébw&@npusb@mnﬂypmwuﬁdﬁwoca&ﬁnﬂbvzo
may further scale each synbol by an appropriate wei ght determ ned based on
the amount /69 transmit power allocated to the transm ssion channel used
for that sypfal. T Nbdufawsh 3Hineel 3 HRal prdlidea s aarxmmo?ro@yssapdzoo
transmtters (TMIR) 722a through 722tmj£0 16 Each transm t

recei ves anud gndhespasesed. esbeoit S}smlfsy Ddlsmernéathe Wessmg b DNVK sy M

fopok‘r i;ﬁBi{Sgéc%%hg PRI hovdeg S %ﬁ’%asrtéfep?aa %ﬁ’@r e s hnorbatsis Ao
the Synmbol ™ Spih rh”grw{e%?,%éa“t%?' B TR dine bR Tt R" I 2 Fro AR ERR %Lﬁs
(e.g., a"p'lﬁéd&%% Jkﬁb%rss i e.2hd aﬂfﬂr\%u& s 0L &%@ﬁﬁta}%ﬁﬂﬁ'vg aﬁ%@sﬂ s to

generate a no [ “"surtable for 1ransm ssion over

channel b R0 he 0 B Rifi SR Sy BBRM &L BleSrahdrdit veblor gﬂt n#fof then
transm ttglgl @giﬂl%ﬁ%tnt (ggﬂas %é4a tkrougr(1 724te rrespoj/gtr vgélgy ° 1f17] At
receiver sygésm. 7B0andthe dnilbuimitit 6@ prociskiagey TKGVaUO proeesrselcmo/ammy NR
antennas 752a through 752r, and the received si nal from each antenna 752

i s provi dednclydgs aderf@élbﬁléﬁn@eth@eg@ﬁ\ﬂé’ﬁoq ROVRPIS7ER0 o SEMPQIc 8ifspByS fiss 1O
condi tions filt

si gnal and pgﬁcaﬁgmcz)nmg % e sx%fgpl o e She %FWCWMM@ ptrgr?esgoqoﬁOVSQy

e C€o ed 'signa
further scale each symbol by an appropriate weight determined based on the amount of

transmit power allocated to the transmission channel used for that symbol. The Nr
(weighted) symbol streams are then provided to transmitters (TMTR) 722a through
722t

[1116]  Each transmitter 722 receives and processes a respective symbol stream. For
an OFDM system, each transmitter transforms the symbols (e.g., using the IFFT) to
form OFDM symbols, and may further append a cyclic prefix to each OFDM symbol to
form a corresponding transmission symbol. Each transmitter also converts the symbol
stream into one or more analog signals and further conditions (e.g., amplifies, filters,
and quadrature modulates) the analog signals to generate a modulated signal suitable for
transmission over the MIMO channel. Nr modulated signals from transmitters 722a
through 722t are then transmitted from N antennas 724a through 724t, respectively.
[1117] At receiver system 750, the transmitted modulated signals are received by Ng
antennas 752a through 752r, and the received signal from each antenna 752 is provided
to a respective receiver (RCVR) 754. Each receiver 754 conditions (e.g., filters,

amplifies, and downconverts) the received signal and digitizes the conditioned signal to



WO 03/ 063384 PCT/ US03/01949 32 provide a respective stream of sanpl es.
Each sanple stream may further be processed (e.g., denbdulated with the
recover edwpioBo63es4 o obtain a correspondi ng stream of rececCraboyyriwl s
(denoted as y). A RX M MO processor 760 then receives and processes the NR
recei ved synbol streans to provide NT r%(overed synbol streans. In a

speci fi c enbodi nent, the processing by M MO processor 760 may i ncl ude

(1) deCO”?Rﬁ/hd&a tdd e@is;élstfeérﬁd)f@m}aml Baéls pansie sﬁaﬁm!mytmrthbitlﬁﬁ protémsed
unitary matrix 2) pre-multiplying the received synbols (i.e., the

vector y) i-Eh demeduisiadamythntiier FoROVRd Dilo) ft GDIHR & REUFBOBYER eaPnBbl s
i oSy RRR P nbE S2431 8 PRSI0 SRSEEL I RS Fgl o

denodul at e de I d d th I d,s
Che ¢ 1 ansnPicEder e Brates el ST SR Amges B Mot SRy B lelds 568" and
RX data pr 3%&&&0 EmBbBdineht C@%@é@ﬁhg%&kx MIRTO éés@dsﬁrmb yay T cMUBR1 )

processor 0 and TX data processor respecti veI Y, transmtter
syst em 710 dedabifi8ingRie ptivitrtpd dueselaesppdee malyrixf torobkain tf&emlba@ mattigs U f8) e of
the channel response matrix, H, for the M MO channel, the SNRs for {he
transm ssi pre-mbhiphghg the seneived symbola fick. pthe weedter tyhesith (tfuamitary awtixp @,
controller 770. RX data processor 762 nmay also provide the status of each

received fk@apRvide haGk&ivercdngnbolsN@ES tiad ViktorPe), fand BNegmalinip the eeconded at i ve
of the decoded results, and possibly other information. Controller 770
col | ects clipmbels tsobinia dqnflizedsyinbals( CSI ), whi ch may conprise all or sone of

the infor n received RX M MO es307y, ssor

762. The  CRI8Ts tReRepvoABEIa Do daeates e BRduRts, BenicBR & 85EE) 7%

modul at or  G8ébdes {ulaliESYMO1E ERRBOVArtRE &aﬂﬁﬂiﬁeﬂ Iﬂﬂ’aﬁughatz 54mhe paditdessmg

transmtted back to transmtter I@)C/stem 710. [1120] At transmtter system
¥

710, the mbMRXtMMQ @rsiessor (oM B&é@tagg@%ﬁﬁw isapMplepentaria, hat
ant ennas 724 'ﬁ@i@@ aérggcz%k&efﬁ) ZI?«?%;’E%% Pbak&d PY %s&gfwregﬂ'a@t or

740, and prpgfcf rocessor recover the orted
by the receﬂanﬁmt@y@tsmﬂ'(m CSlI is then provided to controller 730 and used
to generate varl ous controls for TX data

p ssor 714 and TX ME
processor TPHII[ 11BX] MEYH? mspqesscs 7@0111&%(}”“17[{7@ hgcin Fﬂ-énﬁﬁé% abf &KD%Relt he
transmtt erres%grqserr%g&xveﬁ for the MIMO channel, the SNRs for the transmission channels,

and so on, and provide these quantities to a controller 770. RX data processor 762 may
also provide the status of each received frame or packet, one or more other performance
metrics indicative of the decoded results, and possibly other information. Controller
770 collects channel state information (CSI), which may comprise all or some of the
information received from RX MIMO processor 760 and RX data processor 762. The
CSI is then processed by a TX data processor 778, modulated by a modulator 780,
conditioned by transmitters 754a through 754r, and transmitted back to transmitter
system 710.

[1120] At transmitter system 710, the modulated signals from receiver system 750
are received by antennas 724, conditioned by receivers 722, demodulated by a
demodulator 740, and processed by a RX data processor 742 to recover the CSI reported
by the receiver system. The CSI is then provided to controller 730 and used to generate
various controls for TX data processor 714 and TX MIMO processor 720.

[1121] Controllers 730 and 770 direct the operation at the transmitter and receiver
systems, respectively. Memories 732 and 772 provide storage for program codes and

data used by controllers 730 and 770, respectively.



systens, respectively. Menories 732 and 772 provide storage for program
codes and data used by controllers 730 and 770, respectively. WO 03/063384
PCT/ USO3/W094063388 [ 1122] To inplenent the transmt power PCT/US03/01949

al l ocation/real |l ocati on techni ques described above, controller 730
receives the CSI fromreceiver system 72% whi ch may include the channel
response nmatrix or sone other informati descriptive of the

characteri $ii2$ ofT$ henpleMehc NRBNGlansia@NpbAkt esllobafol/fallocdion C aédbsidube

total transmt ower to the transm ssion channels such that excess
transnit pdessribed abevensentuleni30 ceaivaethe Gpliramagediverspgie®alds #idrmpegi on

are reallocate Q ot her, tra 1 n e 1 n. th JAr At
egi on as HAGE Bt ABe, LOBHRE PRLR of H0B8 Rer Bbnbflich B SfbHi b 28
transni ssi QRarafiaiiRk ofale MIBIO d@idielll @ontrbBerdzB0atheataioenes theaotab damgniand
nodul ati on schene to be used for that transm ssion channel. [1123] Various
M MO and OPPWED G EesBppgnisdem alianels ush tha FreetfelrasEHS RPVERP! UARRINIBRORI ver
systens ar ri i [ I 3 I i l.eat al |

of ™ i ch SR RsRed P Bhlabilrdelth &G RLABE ARRNHA e

i ncor por at @@t ietheisatudition’ RERLEAC @éscribbdSabdel eTte aRhiitcpdwan FPSedioaktedoo

09/ 993,087, entitled "Multiple-Access Miltiple-lnput Miltiple-Qutput

(M MO) Coneugli ¢cahsmidsioy séhemeél i) etlen Meteemier tit, d2@0dxte atd She Rawdergt and
Application Seri al . 09/.854,235, entitled "Method and Apparatus for
Processi ng “f_%j_tué\atlioﬁ SQ%WH ‘i"iﬁ?l‘@gﬁ)ﬁﬁlﬂatﬁﬂ%ﬂ“ﬁ?l@n gﬁ‘?“ﬁ‘ﬁf (M MO Conmuni cation
System Ui @39 Goandgl MRS @nd WIEDNIBLERsing f tbetREqUMe Yo Both tBE @hnsmides.
Patent Applicafion Serial Nos. 09/826,481 and 09/ 956, 449, both entitled
"Met hod andndpgaiver systéos atst dds¢rihedgn detatlnisl thsfellawing petentepisationsaaiof el ess

o o 1S e SR B L S A A A BB GEPSY 20

"Ti me- Domairgrefengfism t  and Recei ve Processing with Channel Ei gennode
Deconposition for MMO Systens," filed Decenber 7, 2001. LllZfélq The
transmit power Al.SodatindonApplidationabéronh Nec HIW WP Td eentitlicd e dMbBiDLs-Acensy

Multiple-Input Multiple-Output (MIMO) Communication System,” filed
November 6, 2001;

e U.S. Patent Application Serial No. 09/854,235, entitled “Method and Apparatus
for Processing Data in a Multiple-Input Multiple-Output (MIMO)

e

Communication System Utilizing Channel State Information,” filed May 11,
2001; .

e U.S. Patent Application Serial Nos. 09/826,481 and 09/956,449, both entitled
“Method and Apparatus for Utilizing Channel State Information in a Wireless
Communication System,” respectively filed March 23, 2001 and September 18,
2001; and

e U.S. Patent Application Serial No. 10/017,308, entitled “Time-Domain Transmit
and Receive Processing with Channel Eigenmode Decomposition for MIMO

Systems,” filed December 7, 2001.

[1124]  The transmit power allocation/reallocation techniques described herein may
be implemented by various means. For example, these techniques may be implemented
in hardware, software, or a combination thereof. For a hardware implementation, the
elements used to allocate/reallocate transmit power to transmission channels may be
implemented within one or more application specific integrated circuits (ASICs), digital

signal processors (DSPs), digital signal processing devices (DSPDs), programmable



be inplenented by various nmeans. For exanple, these techni ques may be

i npl emented in hardware, software, or a conbination thereof. For a

har dwar e wopBeessst ati on, the elenents used to all ocat e/ r earlusozo®44 r ansm t
power to transm ssion channels may be inplenmented within one or nore
application specific integrated circuits;(ASICs), digital signal
processors (DSPs), digital signal processing devices (DSPDs), programmable
WO 03/ 06338gR@EV1dSO BPIINH4feldPtoragintablienite Bsa(sREPSAs), firededsdps, eonasmah) e
gate arrays FPGA%%, processors, controllers, _mcro-controllers

m cr opr oc es‘%‘éﬂ‘%‘?o s, SIICEPRTBERSEOTEn PHIST (FlRSiigRicd Upids slepignRdte merformntei ons
described Neh&idhs debcrfbel AERIABE b C8mbGliGPherdof 1291 FOr a software

i npl enentation, the transmt power allocation/reallocation nay be

i mpl enent ed1#28]h nbdulaesofiverg impleneoationethe frameatii power aletation/esa)lotdtidh
perform the functions dgscri beg he(rei n. The software codes mag be stored
in a menor yP@#hPe mmplsmgnted yuthmodules (e g, prpeedusas, fingtienseand siom\ihe RsF9E@s sor
(e.9., contelfh@tiohs@kscribl® hefSRiIO e YBftlyafPYodes rhdiPhbe FoRe Yliidly Lk
processor or external to the processor, in which’case it can be

communi cat i (@ ymerwon! éL inoFihe) pnd essaed by a pracdsenrs(ergeanatralieri 230) k Ahen i n

the art. [1r11126 I—Eaagi ngi) are i ncLe%ﬂegI?}hﬁ ein for referenﬁe %nd to aid in
| ocating cdPYaPi ULy bgdmblamenied Within fhe PlOcessRHOT PHERASNE BQCESROF: ihe
scope of t hehiclh st sarliBs EsthR@Hicatitgy Bbupleitahe pARtdsdoPOREv£RNE BiRhSs A8y have

applicability in other sections throughout the entire specification.
[1127] The koswpiia ke éscri pti on of the di scl osed enmbodi ments is provided to

Var ous i car Fananef e, behO8a icleih 3l BrGefte HAF i 06 Y RRRts aRESE, "

those skil Isectiom. tHesahtadingsrge hixcingmded tclipit the sgdprofdRé chrdplieicsidbegry be
applied to other epbodi n%nts w t hout depart i_n%élf romthe spirit or scope of
t he i nvent itBffe! 1, Jethpteacansents mayhave rppHcabdity in mithesdeetians thiwughautt ed
to the enbqdi gRit SphoMBoRerein but is to be accorded the w dest scope
consistent wth thll)a principles and novel features disclosed herein. [1128]
WHAT |'S CLARMED | STh\Drey8/uB 6I88BiptiPCDI tHSABIddsBd Bmb38intanA i¥PBrovided to enable

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

modifications to these embodiments will be readily apparent to those skilled in the art,
and the generic principles defined herein may be applied to other embodiments without
departing from the spirit or scope of the invention. Thus, the present invention is not
intended to be limited to the embodiments shown herein but is to be accorded the widest

scope consistent with the principles and novel features disclosed herein.

[1128] WHAT IS CLAIMED IS:



1. Anethod for allocating transmt power to a plurality of transm ssion 2
channels in a wireless communi cati on system conprising: defining a set of
one or nOWe 0B/06338411 ssi on channels to be all ocated transm PCTASPHNSAY
determining a total transmt power available to allocate to the

transm ssion 6 channels in the set; alégcating the total transmt power to
the transm ssion channels in the set based 8 on a particular allocation
schene; identifying transm ssion chaaﬂgAth$ a saturation region resulting
fromthe 10 allocated transmt power; reallocating each transm ssion
channel in the saturation region with a revised 12 amount of transmt
power; determning a total excess transmt fomer for all_ transm ssion

channel's 14 redl [ océt ewthad forradloraiing GrmsHt SOBEr ¢ a,@w}ityp@ﬁ,\gagsngis,sdon
per for 1 NG A GeAS b Oliflhss SGhENHICAiB0 syl QoM. | dent | FYi g, and

real | ocating one or nore | at1ons, in the set of

t ransmi ssi on chdefivehg o sot f drier &t miokee trafsnainsion rhhnmisstot bee afibastel transnuif
transm ssion channels and for each subsequent iteration 18 includes
transni%$si 8A%ehannel s not in the saturation region, and wherein the total

transmt power ﬁg%%%g{\éﬁftgfal QMO URSEIUSH: lable oAkl Rt RF idRSndesibot al

n
excess transmt etermned 1n a current iteration. 2. The net hod
of cl ai én 1lchadnelsén thetdee total transmt power available for 2 each

iteration is allgcated to the transm ssion channels in the set based on a
Water-filling éﬁ?%é}git%to TRt POWER f0 ttFﬁﬂ‘ambSr“oBl"Qia’FR“% “\,65?89%5??38

transm §si gn . GRARARI al1ScHRERBIbn@S 2 being in the saturation region if it
is allocated nore transmt power than needed to achieve a particular

maxi mum dat a r atdentifying 3r2p6®38nPcRNES 302 gxpratdE Aegiqhgesing drost tBe ai m
3, Whﬁ:@i n hhe revi séed anpunt of transmt power 2 allocated to each
transm Ssi SHOBHAHFFE PTG sat urati on region is a mninmmanount needed

to achieve the paXobMMgdedch tFakmissfon dHagnéleihhde safuratioal lpibn witle helenisad
transm ssion channel is deened as
12 amount of transmit power;
determining a total excess transmit power for all transmission channels
14  reallocated with revised amounts of transmit power; and
performing the defining, determining, allocating, identifying, and reallocating
16 for one or more iterations, wherein the set of transmission channels for a first iteration
includes the plurality of transmission channels and for each subsequent iteration
18  includes transmission channels not in the saturation region, and wherein the total

transmit power available for each subsequent iteration includes the total excess transmit

20  power determined in a current iteration.

2. The method of claim 1, wherein the total transmit power available for
2 each iteration is allocated to the transmission channels in the set based on a water-filling

allocation scheme.

3. The method of claim 1, wherein a transmission channel is deemed as
2  being in the saturation region if it is allocated more transmit power than needed to

achieve a particular maximum data rate.



2 being in the saturation region if it is allocated nore transmt power
than needed to achieve a particular signal-to-noise ratio (SNR). 6. The
met hod ofwoloaiosa384 wherein a single SNR is used for all tramarsoyeioen 2
channels in the set. 7. The nmethod of claimb5, wherein each transm ssion
channel is associated 2 with a respect'é/e threshold SNR. 8. The nethod of
claim1, wherein the identifying includes 2 determ ning an effective

si gnal -t o- noi seqr ati ghé SNRlod 6f claae 3, tWhansiritesicoted @hmNALLS irnshiie pswtr
based. in part on the transmt, power allocated to the transmssion 4
channel2 caligsatedrig aaple tiansraission chaNRl i theesasration FREPTS & d IBIHERA @MOVAL t he
set to a 6 threshold | | o the transm ssion channel, and

decl ari ng geetdF% %%%éeﬁeﬁé%ﬂﬁg%éﬁaég?ﬁéi ng in the saturation region if its
effective 8 SNR is greater than the applicable threshold SNR 9. The

met hod of claim.8, wherein the threshold SNR corresponds to . an_. 2 SNR
needed to achi eve a phe RGP fidimkinVieiea 3 fppsmiggion T’E@%ﬂ%%enﬁﬁd & ai m
1, whergin.t.he .wi.zel : ni-catj an ' - i 2l

il 11 p1 5 olpg (R B RS TEHRR R APaRUAL AT, Aqpeti Yol MRl 1o
wher ei n t hachpéwer apartigulafsignabnsnoissiatio (BN&)nel s 2 correspond to a plurality
of eigennodes for a M MO channel of the M MO comrunication system WO

03/ 063384 PCT/ US03/01949 37 12. The nethod of claim1, wherein the
wireless communicati §fe S RIDL a5, wheldih Q@Q@_@Nﬁﬁ@gwrfsyamxﬁmmon

mul ti pl exi ng (OFDM conmuni cati on system 13. "The nmethod of claiml,

wher ei 2 t hehannekliethe ssomuni cati on systemis a 2 nultiple-input

mul ti pl e-out put (M MJ) comunication systemthat utilizes orthogonal
frequency division nultiplexing (OFDM. 14. A nethod for allocating
transmt power o a gh¥hathdd/ofodlaigPs] whéreinleasH BGhaNRSbE chahnal Mistdgpted i nput
mul tipl e-output (MM comrunication system conprising: 4 defining a set
of one dr mothe: roppectivd theesbeldayR! s to be all ocated transmit power;

8. The method of claim 1, wherein the identifying includes
2 determining an effective signal-to-noise ratio (SNR) for each transmission
channel in the set based in part on the transmit, power allocated to the transmission

4  channel,

comparing the effective SNR for each transmission channel in the set to a
6 threshold SNR applicable to the transmission channel, and |

declaring a transmission channel as being in the saturation region if its effective

8  SNR is greater than the applicable threshold SNR.

9. The method of claim 8, wherein the threshold SNR corresponds to an

2 SNR needed to achieve a particular maximum data rate.

10.  The method of claim 1, wherein the wireless communication system is a

2 multiple-input multiple-output (MIMO) communication system.

11.  The method of claim 10, wherein the plurality of transmission channels
2 correspond to a plurality of eigenmodes for a MIMO channel of the MIMO

communication system



determining a total transmit power available to allocate to the spatial 6
subchannels in the set; allocating the total transmt power to the spati al
subchanneWwe o3t633Be set based on 8 a particul ar all ocati oRCTalsesrer949

identifying spatial subchannels in a saturation region resulting fromthe
allocated 10 transmt power; reallocatif4g each spatial subchannel in the
saturation region with a revised 12 anount of transmt power; determ ning
a total excess tt2ansnThe methed of claimall| wherain tht witchsheommiugichta dyseat @dn 14

wi th reyised .anmounts of transmt power; rform ng the defining,
det er ni 'ngc,’rt%g%agaﬁwﬁfcyi \é‘ﬁ‘f’f‘ﬂlﬁ?‘r&g"‘&ﬁz&q@% ‘iS’HH’E"i“HgaUOEéW%‘P- one or nore
iterations, wherein the set of spatial subchannels for a first iteration

includes the plurality of spatial subchannels and for each subsequent
iteration includes 18spaeihatl of glachdnmdlersimtte Wineledsecosabunicdtioorsystegiion, and

whereinthe total. transpm ower il abl e for. each subsequent iteration
'l uded + e PipftnpeCRalile PR B efmuSipicdion f Fitord et v dhoch rtagpnal
iteration. fi&ueddiedivRionadulbleslm (OFDAM). Wherein the total transmt power
available for 2 each iterationis allocated to the spatial subchannels in

the set based on a water-filling allocation schenme. 16. A nethod for

allocating transyjpt p t plyrality of transm ssion .2 chanpels.in a
wirel ess communi f(:Eati O%V\%’% ogm?orcgﬁ%cra}u&gnggn% (R:‘W%S%’Sﬁ ﬁ&‘ﬁltﬁéogfcf*f@thaé 38
i denti f @i ngsubclannéls Beta eduliplamgiit SHubiplebapae! MO eopiREatied $ysaasm t
power; 4 determning a total transmt power available to allocate to the
transmni ssi F?MRBK¥EEhel s in the first set; 6 allocating the total transmt

power tq the tr N} SS| We‘n& i j t . i.cul ar
al I ocation sche?rdls};§1 g?’rl d%ﬂtolp yi nghgress act%ahrllgugség%ﬁ%ellsstgr?g a@rgéaﬁrgc}{em}sﬁﬁ@n‘%és%i on
channel s al | ocatdeterméniogssi toealt transmit t posye ravhitablertef allocte apettat ispgrial
points; 10 a Iocatlisglr? each transm ssion channel in the second set with a

revi sed SanclRENBPES IFWESAt power to achieve the preferred operating point:
allocating the total transmit power to the spatial subchannels in the set based on

8  aparticular allocation scheme;
identifying spatial subchannels in a saturation region resulting from the allocated
10  transmit power;
reallocating each spatial subchannel in the saturation region with a revised
12 amount of transmit power;
determining a total excess transmit power for all spatial subchannels reallocated
14 with revised amounts of transmit power; and
performing the defining, determining, allocating, identifying, and reallocating
16  for one or more iterations, wherein the set of spatial subchannels for a first iteration
includes the plurality of spatial subchannels and for each subsequent iteration includes
18  spatial subchannels not in the saturation region, and wherein the total transmit power
available for each subsequent iteration includes the total excess transmit power

20  determined in a current iteration.

15.  The method of claim 14, wherein the total transmit power available for
2 each iteration is allocated to the spatial subchannels in the set based on a water-filling

allocation scheme.

16. A method for allocating transmit power to a plurality of transmission

2 channels in a wireless communication system, comprising:



12 determning a total excess power for all transm ssion channels in the
second set; identifying a third set of one or nore transm ssion channels
capabl e oWoO 0346B8pporti ng hi gher preferred operating poi nPET/U08101949

real l ocating the total excess power to the one or nore transn ssion
channel's in 16 the third set. 17. The mgthod of 16, wherein each preferred
operating point is associated 2 with a signal-to-noise ratio (SNR) needed
to support a paridentifiyarg afistsetbetraesndssi@t ehanidds tolbeealloebied dragdmit powbir t her
conpri si N9 2 eval uat.in ossi bl e reall ocations of the total

rali
excess power to e}’i"é‘mﬁlﬂg %F&ﬁﬁ%" I?%r?é’ﬂ‘iegﬁvé‘ﬁabé%é‘h rfelogate fot the tragsmssiont |

19. The methpdndf inl@e fidtiskdrer conprising: 2 selecting a reallocation
associated wth a highest gain in throughput. 20. The nethod of 16, wherein

the totdl excessaljpoateng ike tp‘ahltﬂansmmt @dwen ethe2raisaissiadn etanaelt iinrehe fist kdte one
or nore tr nsr‘asm on Ch%ﬁn]i he third set. 21. The nethod of 16,
wher ei n eacii*t$ ¥ha RELSH %&H%FC CWC oal | ocated 2 sufficient transmit

power t@ achi eVeidéntl'f?ihtg hi gehd Neef @ bRd RPRIoA ItHBsRRLIL: cRamellhsndEipod of
16, wherein the reallocating includes 2 determ ning an anmount of transmt

power neede@cﬁﬁweé@@ﬁmtrmmhf@sm‘tfnﬂ@mapﬂwlngpomnts,he third set to achieve a
next hi,gher pref t| n Qi n 63384. PCT/ USD3/ 01949 39
4 reall g)gatl ng tagfoc% (?8% g klaqngplnh tSF%l ek ¥t ERisedh amount of

associ at ed Mn&ﬂut@omwmﬁevgah@pﬂefbﬁ& o?bh&ﬂﬁglbom?:% The met hod of 16,
wherein the total transmt power is allocated to the 2 transm ssion

channelld in the éqtmn@é@t%als@@eﬁrpoavemﬁr@ﬂtfanmsa@n%m@s in2ke seped sast hod
f 16, wh t
Spat i subohanor sty i ter. DETHEL 3 ihe “UANASIon SpaMcfi hate (ol

pl ur al ildy olupporting highst prefectedrupetating pomes abpond to frequency subchannel s
in an OFDM system_. 26, r}@ Pi‘hod of 16, wherein the plurality of

transmi ssi on chdfificating thedptab xcsss PPweR iodhe ORe Pr §in5e HanvBisgop chawglsiia|
subchangel shé iy M MO- OFDM system  27. A nethod for allocating transmt
power to a plurality of transm ssion

17.  The method of 16, wherein each preferred operating point is associated

2 with a signal-to-noise ratio (SNR) needed to support a particular discrete data rate.

18. The method of 16, further comprising:
2 evaluating a plurality of possible reallocations of the total excess power to the

one or more transmission channels in the third set.

19. The method of 18, further comprising:

2 selecting a reallocation associated with a highest gain in throughput.

20.  The method of 16, wherein the total excess power is reallocated, one

2 channel at a time, to the one or more transmission channels in the third set.

21. The method of 16, wherein each transmission channel is reallocated

2 sufficient transmit power to achieve a next higher preferred operating point.

22. The method of 16, wherein the reallocating includes
2 determining an amount of transmit power needed for each transmission channel

in the third set to achieve a next higher preferred operating point, and ’



2 channels in a wirel ess conmunication system conprising: identifying a
set of transm ssion channels to be allocated transmt power; 4 determ ning
a total twensnsizspower available to allocate to the trans®Cgdisosnoisehannel s;
6 allocating the total transmt power to the transm ssion channels in the
set based on a particular allocation sghenme; 8 determ ning an excess
spectral efficiency based in part on the transmt power allocated to the
transmgsion chaanetsingahslioldl exeaklpowat ioe GagsmiksioD cRarinePMs6dised ith a
channels with reduced anounts of transmt power to reduce the excess
spectral ehifghest@pigyin thrgughpyé net hod of 27, further conprising: 2 reducing
the transmt power allocated to each transm ssion channel to achieve a
preferred operating point. 29. The nmethod of 27, further conprising: 2

det er mi ni ng i ncegnmenTat mdibod s 16,nwh¢reit thaltowrl frawsnein ppwbois alaohtad abithey of
transmt ﬁower, reductions for_the transm ssion_channels; and WO 03/ 063384
PCT/ US03/ oromgnission ghapaels an thedirst sebbaged pn & et riilting 808Mer educt i on
associated with an increnmental spectral efficiency change that is |ess
than or equal to the excess spectral efficiency. 30. The nethod of 27,
further conpriskag: Thedatthodi of 1§, avlizacik edhe oplurdlitanafnirangaiseen chainels

al l ocating the backed-off transmt to the transm ssion channels in
the set? 8T PRl SB#”@B?%BVFWQ:B%WM ng: 2 performing the
determ ning the backed-off transmt power and the allocating the
backed-of f transnmit power one or nore tinmes until the excess spectral
efficiency is 25wt fha methadt pic dbarwhenginsthgl plurdey f frepprigsion channels

comuni gcatively ¢ ed to a.djgital. sigﬂﬁﬂ prqcessing 2 device (DSPD)
capabl efof c?lﬁetsé%cfgﬁ‘?%]eaﬁ;ygﬂbﬁbg\nﬁ%d?% | thS?SS.qela'efi ne a set of one or nore
transm ssion channels to be allocated transmt power; 4 determne a total
transmt power available to allocate to the transm ssion channels in the
set ; 26. The method of 16, wherein the plurality of transmission channels

2 correspond to frequency subchannels of spatial subchannels in a MIMO-OFDM system.

27. A method for allocating transmit power to a plurality of transmission
2 channels in a wireless communication system, comprising:

identifying a set of transmission channels to be allocated transmit power;

4 determining a total transmit power available to allocate to the transmission
channels; ,
6 allocating the total transmit power to the transmission channels in the set based

on a particular allocation scheme;
8 ~ determining an excess spectral efficiency based in part on the transmit power
allocated to the transmission channels; and
10 reallocating one or more transmission channels with reduced amounts of

transmit power to reduce the excess spectral efficiency.

28.  The method of 27, further comprising:
2 reducing the transmit power allocated to each transmission channel to achieve a

preferred operating point.

29.  The method of 27, further comprising:
2 determining incremental changes in spectral efficiency for a plurality of transmit

power reductions for the transmission channels; and



6 allocate the total transmt power to the transm ssion channels in the set
based on a particular allocation schene; 8 identify transm ssion channels
in a sat uwetmoe3segi on resulting fromthe allocated tran®girtuspsomsy 10
real | ocate each transm ssion channel in the saturation region with a
revised amount of transmt power; 12 di?(if,erm ne a total excess transmt
power for all transm ssion channels realtocated wth revised anounts of
transmj power; ;afdink4a NefbQr Mulshft Jeken Sedudabe iRt WitCal encromeithl fy,
and reallocate for one or nore iterations, wherein the set of transm ssion
channel s f epectrafdffisienéyt draage that isdedsthrnsorgqualgo phe grgpsstspedral eiigipggy s si on
channels in a wirel ess communi cati on system and for each subsequent
iteration includes transm ssion channels not in the saturation region, and
18 wherein the ot al The ansiid of@IVWRIrthey éorhgddige:f or each ' subsequent
iteration includes the total excess transmt power determned in a current
iteratidn. 33. Acteonipinges baskedpHiirapsmiporer:dndal | ocating transnmt power to

a plurality 2 of tra 1:581.0n i i . i i ystem
P I T e S R R e A S T
or nore transm ssion channels to be allocated 4 transmt power; code for

determning a total transmt_ power available to allocate to the 6

transmi ssi on chahnel dbpathed 0, futigecemprismg ocating the total transmt
pover 1 Lthe 1! 3038iafk ot FIARAALS dbdcREl off RRUMRIDAE, Al fheRADLAGRY! RS

al I ocatTon schere; co or 1dentffying transm ssion channels in a

sat ur at i onbacgdaff trassrhit ipogvef ronm orlifiotehemas luoghthedexoesmspectralpeffisiency atle f or
real | ocati ng each trans 'sii n channel in the saturation region with a 12
revi se&anﬁ‘ﬂ@ﬂn%PaIle‘g]ﬁ%{Hr?s Béwer; code for determining a total excess
transmt power for all transm ssion channels 14 reallocated with revised
anmpunts of transmt power; code for perform nlg t he defining, determ_ning,
al | ocating, ideBRifyiMgnemory cadmupigativdnt¢avgletiofo @ndigiiel egnal ipreseatingns,

wher ei n2t h%e\%%é (19§P15{ garﬁsa{;ﬁlesﬁ Iir?tgrp(r:e %%Qﬁ’glgi?al Enc%gm?ation to:

define a set of one or more transmission channels to be allocated transmit power;

4 determine a total transmit power available to allocate to the transmission

channels in the set;
6 allocate the total transmit power to the transmission channels in the set based on

a particular allocation scheme;

8 identify transmission channels in a saturation region resulting from the allocated
transmit power,
10 reallocate each transmission channel in the saturation region with a revised

amount of transmit power;
12 determine a total excess transmit power for all transmission channels reallocated
with revised amounts of transmit power; and
14 perform the define, determine, allocate, identify, and reallocate for one or more
jiterations, wherein the set of transmission channels for a first iteration includes a
16  plurality of transmission channels in a wireless communication system and for each
subsequent iteration includes transmission channels not in the saturation region, and
18  wherein the total transmit power available for each ‘subsequent iteration includes the

total excess transmit power determined in a current iteration.

33. A computer program product for allocating transmit power to a plurality

2 - of transmission channels in a wireless communication system, comprising:



first iteration includes the plurality of transm ssion channels and for
each subsequent 18 iteration includes transm ssion channels not in the

sat urati oworeg63384 and wherein the total transmt power &¢aiusabdw4d or each
subsequent iteration includes the total excess 20 transmt power
determned in a current iteration; and g3, conput er-usabl e nmedium for storing
the codes 34. An apparatus in a wireless comuni cation system conpri sing:
2 neans for deficBigoidsralin®t sehef @he MR IMBorkr t@diSHiSBnothaghdpnelve dliocited
allocated transmt power; 4 neans for determning a total transmt power
avai | abfte tBNNItHEREE to the transmission channels in the set; 6 means for
allocating the t e LT .. po . 1,554 a i e
set based on a 6§§$if8hl(ger@&§n{ng a’ét{\ﬁé%ﬁ gt{:%%ﬁnett Ibg%nfenfﬁ/éﬂ%g? ct!adglﬁa y:t&ngthg
transmn 6si annehRkioelcharnngelsdn skt s¢e;at i on region resulting from the allocated
transmt power; 10 neans for reallocati n_g each transm ssi.on Ehan el 'hn t he
saturation regi 6Rdfenallpcating, the detah AT BEWeT L8R RN BiREPN channesiRdhe o
determ gin ] r for all transm ssion channels
reall ocgt e et\?\nba{sﬁ& ?Aee/' ?gﬁﬁgrn%lgﬁag%%c@@gﬁsm t power; and WO 03/063384

PCT/ US03/ 01949 cé@e fer idestifgingdranpmissmnmbagndlhm @ edtimting regien easniting dgpm

al | ocat i ng, igfnti f¥i ng,.and reallocating for one or nore iterations,
wher ei A0t héhg@l{ocgled{ralFRiliPe¥FGn channel s for a 16 first iteration includes
the plurality ofcoh ahSrhBSIaARs ChANRRAsidch ERInEIR®hE YRePMAeaNEgibA ¥l hON

i ncludes transm ssion channels not in the saturation region, and wherein
the 182t otravisad-am@mit of pawert pavedrt abl e for each subsequent iteration

includes the total, excess .transm ower determ ned i Len
iteration. 35. {&og%ﬁ?rr‘%%r@r‘m% ai"Rﬂf ?’Qﬁe%ss%ar%’r%"rw eég?ri %{r:tr%}ss gésrlrcfrl %h(?%?llssi ng:
2 nmeang4f oreflRChiRE RGthAedi8Ed Sho@NEoliral¥RlipdweaisM ssion channel's to be
allocated transm:t fgovver' 4 nmeans for determning a total transmt power

avail abl e to al Icogat l’tRﬁrﬁoﬁ”_éingt Hen §pfiriag.o Aeterminmg: stliogatinge ig‘éﬁﬁ,fyiéi_gﬂ@%s f or
al'l ocagng rgﬂﬁ)cﬁt%ga%ortd’n%r&%&reg%%[onts,ow}l&%iﬁ[ BNRIHE §h N hiSHAN Bthnfels Tof B€

first iteration includes the plurality of transmission channels and for each subsequent

18  iteration includes transmission channels not in the saturation region, and wherein the
total transmit power available for each subsequent iteration includes the total excess
20  transmit power determined in a current iteration; and

a computer-usable medium for storing the codes

34. An apparatus in a wireless communication system, comprising:
2 means for defining a set of one or more transmission channels to be allocated
transmit power;
4 means for determining a total transmit power available to allocate to the

transmission channels in the set;
6 means for allocating the total transmit power to the transmission channels in the
set based on a particular allocation scheme;
8 means for identifying transmission channels in a saturation region resulting from
the allocated transmit power;
10 means for reallocating each transmission channel in the saturation region with a
revised amount of transmit power;
12 means for determining a total excess transmit power for all transmission

channels reallocated with revised amounts of transmit power; and



set based on a particular allocation schene; 8 neans for identifying
transm ssion channels in a saturation region resulting from the allocated
transmt wowes¢338) neans for reallocating each transm ssi eaTaisasomho i n t he
saturation region with a revised amount of transmt power; 12 neans for
determning a total excess transmt pom%% for all transm ssion channels
reall ocated with revised anounts of transmt power; and 14 neans for
performing the gdebhdifadpediehangithé Mgfiniak] ds@irhitghg, | dR04tifgy iiaentifang, and
real l ocating for one or nore iterations, wherein the set of transm ssion
channel s f mallacatm for o8¢ oF fraradicENony cYRIRE thesetfitransmispicsr chapagls §9%sai on
channe each . els
ot 1 1§ no g BrfRGHCRIE B8 AR, B Budiley OF RIS SRNRT GRS BbsCARAD

avai | abl e ﬁt@fat@ﬁcihblﬁ&ﬁéstﬁﬂismﬁﬁswnt eaahdlomot icthedasurhtien tepial, and wamsem tthansmi t
power determned in a current_ iteration. 36. The contrall er of cla|n135
furt hed8 cofginli Gansgut poyreiapwrilable f96eathsihspgyenh iteration ipcludssi @ﬁéPta 63418t se
rati o (SNR i in the set based in part on the
transm t p%)r\%égﬁléﬁﬁg ?&%—ﬁ?{ﬁﬁlﬁ%&%ﬁ@g&%%m ssion channel ; neans for
conparing the effective SNR for each transm ssion channel inthe set 6 to
a threshold SNR pplicable to the, transm ssi.on. channel ; and WD 03/ 063384
PCT/ US03/ 01949 323 ménfROOlEr B Vuplpss ommpmicAtion SYSIEM- CHPREE as bei ng i n
the sat gr ation rnﬁ&rlé) for cieffn‘ir% a 8et®dff &fel bvRorRNRurlsthiSH GREIRINERAH beNlocated
applicable thres d SNR A base station conprising the controller of
claim 35. B@nspditpowemol ler in a wirel ess comuni cation syst em corrprl si ng:

2 nmeans for identif first set of tra m ssi.on n

al | ocat&d trans Wﬁaﬂxﬁgaé&enﬂl%ﬁsttqtglr tr&%? AN Hg™ e Cl?h@f’a fﬂrloc & % B wer
avai | abl e 4 @nahisieAtBardnelstiRhe det;ansm ssion channels in the first set 6
means for allocating the total transmt power to the transm ssion channel s

in the 6first semeabagwlleﬁatalggh‘p tateluraasmg poyeate e trnpamsionghapnelsingthe
Identi fyi N9eha3&ES, gp%l?%ul?lr al?or?:gtlgr[ sc'ﬁglrng transm ssion channel s

8 means for identifying transmission channels in a saturation region resulting from

the allocated transmit power;

10 means for reallocating each transmission channel in the saturation region with a
revised amount of transmit power;

12 means for determining a total excess transmit power for all transmission
channels reallocated with revised amounts of transmit power; and

14 means for performing the defining, determining, allocating, identifying, and
reallocating for one or more iterations, wherein the set of transmission channels for a

16 first iteration includes the plurality of transmission channels and for each subsequent
iteration includes transmission channels not in the saturation region, and wherein the

18  total transmit power available for each subsequent iteration includes the total excess

transmit power determined in a current iteration.

36.  The controller of claim 35, further comprising:
2 means for determining an effective signal-to-noise ratio (SNR) for each
transmission channel in the set based in part on the transmit power allocated to the
4  transmission channel;
means for comparing the effective SNR for each transmission channel in the set

6  to athreshold SNR applicable to the transmission channel; and



al |l ocated excessive transmt power for preferred operating points; 10 neans
for allocating each transm ssion channel in the second set with a revised
anmount ofwoDroanessd power to achieve the preferred operati RgTE0019442 means
for determning a total excess power for all transm ssion channels in the
second set; 14 neans for identifying a third set of one or nore

transm ssi on channel s capabl e of supporting higher preferred operating

points; and 16 npad rbPdeclRlslaQfalsni@ionthaii a4 beixg asthe Ravedtioh edibgifane or
nore transm ssion channels in the third set. 39. A controller in a

wirel es$ coaffastive SNRoa gespier dhian tho applicabladhreshold@NR.-f or i dentifying a set of
transm ssion channels to be allocated transmt power; 4 neans for
determning a total transnmt power available to allocate to the

transm ssi on chagmel sA Wasd@aivh dodmipraidgabatomepllehef ¢lain@B5t ransmit power to
the transm ssion channels in the set based on a particular allocation
schene; 8 neans for determ ning an excess spectral efficiency based in part
on the transmt spowef ali98a4ed iidstgo ﬁ:'ﬁiélfk}%&n?,%ﬂ{ebgils z: and 10 neans
for reallocating one or nore transm ssion channels wth reduced anounts of
transm 2 power tmeimducklehtifyimxchss sapéatnahisgdi chinanisyo by\all G diaaE8rhit

PCT/ US03/ 01949 44 40. A transmtter unit in a wireless comunication
system comMfW¥ing: 2 a transnit (TX) data processor operative to code data
for a plurality ffand F@NGELSIHAR GMRMCkMsHAS Bwen FRRLI HOIRARHoNtheand
nodul ati on schenes to provide a plurality of streanms of synbols; a
plurality ofrartsmasséon dhiaenals opbe firitvet; t o process the plurality of synbol

streans to 6 provide. a plurali.t nodul at ed signals sui.tabl e for
transni i on ove]ine%flssf%ﬁ]ﬁ‘?ﬁa[}% %ﬁtc’%i HARRT ?O\gﬁrdtogH%%&%erlF%?? gti’angﬁlérnéf}lleve to
al | ocate traRegEibhaf@WRla pRtENE dlobitddni scierd; t ransm ssion channels by 10

defining a set of one or nore transm ssion channels to be allocated
8 means for identifying a second set of one or more transmission channels

allocated excessive transmit power for preferred operating points;
10 means for allocating each transmission channel in the second set with a revised

amount of transmit power to achieve the preferred operating point;

12 means for determining a total excess power for all transmission channels in the
second set; }
14 means for identifying a third set of one or more transmission channels capable of

supporting higher preferred operating points; and
16 means for reallocating the total excess power to the one or more transmission

channels in the third set.

39. A controller in a wireless communication system, comprising:
2 means for identifying a set of transmission channels to be allocated transmit
power;
4 means for determining a total transmit power available to allocate to the

transmission channels;
6 means for allocating the total transmit power to the transmission channels in the
set based on a particular allocation scheme;
8 means for determining an excess spectral efficiency based in part on the transmit
power allocated to the transmission channels; and
10 means for reallocating one or more transmission channels with reduced amounts

of transmit power to reduce the excess spectral efficiency.



transmt power, 12 determning a total transmt power available to allocate
to the transm ssion channels in the set, 14 allocating the total transmt
power to Wbhae3iexssni ssion channels in the set based on aPgariSoyuloay

al l ocati on schene, 16 identifying transm ssion channels in a saturation
region resulting from the allocated tr mt power, 18 reallocating each
transm ssion channel in the saturation region wwth a revised anount of
transmt power, 20 determining a total excess transmt power for all
transm ssion channels reallocated with revised ampunts of transmt power,
and 22 perfor mi nd0-t heAdemsmitieg Uni &t & FikclisheomRPNisaEAn figien gemPrf)eng, and
real l ocaging for ‘ i.terat] Oﬁ@?ﬁ i r 1.$SLON
channel ? 24 foragtpa?]fgfr?%tt @{(grdgh 3%6%6%%%0 es {V%e{bpltcgg%ﬂscﬁ}t&ay?%% rat ?feﬁll?{{snt s%f?on
channel s angarfsafisstacthaandls bagednh onk e aidre noding hndlemdtlatios sthesiesto pioadee| s
not in the saturation regign, 26 and wherein the total transmt power

avai | abl%e #&pPlugalty okeireB e aY™MPPIsr ati on i ncl udes the total excess transmit

powver determ nedal_.;)ﬁlrﬁitgﬂf ﬁ%ﬁ'stmiitt&%rcﬁ)tefa?ge ttﬁ%rrocég%qgi %ﬁfh‘-mﬂ/ bt §mbHlistre s & @ M

40, wherein the data processor fIs rt rative to scal e each
nmodul at ifon prprtiela plitalityeofpaedul ated signale isgjkteblalfor cransmissioh asecth ammueation
transmt power allogcated to the transm ssion channel used for the

modul ation © ngé' WD 03/ 063384 PCT/ US03/ 01949 45 42. The transmitter

unit of gl ai m 40, firdiRe bp&aAR tosdiBate draasMt\IviRE 86 BRSAGraABes Rtk dnéidston
pre-condition the plurali Py of synbol streans to diagonalize the plurality

of transm sehaonelshgnnel s. 43. A base station conprising the transmtter

unit of,claim40. 44. /A receiver unit in.a 'wrel o] ni i tem
conpri s]r(ﬁg: 2 a recei gegm(’%()a f\ﬁ% I\%J%I}eo%é%%ﬁ t&%‘é‘%’éﬁ%?’?’e ag%i 8ct giaé/eegg%%}[e%
process a pl ural ichysn@f povedrf eans of sanples to provide a plurality of
streans of received synbols, and to derive 4 channel_ state infornmation

(CSl) t6 a pluralitydgemipigs i defrbriraaihdaosegsavribble tneallgpais 4pi e of
received symbol &Bﬂs?rﬁgg%n aﬁqnels in the set,

14 allocating the total transmit power to the transmission channels in the set
based on a particular allocation scheme,

16 identifying transmission channels in a saturation region resulting from
the allocated transmit power,

18 reallocating each transmission channel in the saturation region with a
revised amount of transmit power,

20 determining a total excess transmit power for all transmission channels
reallocated with revised amounts of transmit power, and

22 performing the defining, determining, allocating, identifying, and
reallocating for one or more iterations, wherein the set of transmission channels

24 for a first iteration includes the plurality of transmission channels and for each
subsequent iteration includes transmission channels not in the saturation region,

26 and wherein the total transmit power available for each subsequent iteration

includes the total excess transmit power determined in a current iteration.

41.  The transmitter unit of claim 40, wherein the TX data processor is further

[\

operative to scale each modulation symbol with a particular weight determined based on
the transmit power allocated to the transmission channel used for the modulation

4  symbol.



6 a RX data processor operative to process the plurality of received synbol
streans in accordance with one or nore denodul ati on and decodi ng schenes to
provi de Wodaeoesed data, and wherein transmt power for tRreTaisos/edouey of
transm ssion channels is allocated 10 based in part on the CSI by
allocating a total available transmt power to the plurality of

transm ssion channels based on a particular allocation schene, reallocating

each 12 transm . on Thwiriehitd? vaitDAtLAU0ofrthegiprisiidy a revi sed anount
of transmt power, and allocating total remainin

1B gtransrritn%gv\er to
transmi gsi on chaMEMO pecessar pprzativestoe-GPRdItigh thedughty ofssympRESHaERs; Per
unit of cl aj. . Ly sor is 2 further operative to
pr e- condi tf% Ot%é-téze\;l)\qﬂgﬁ)grlﬁ%@%&t@g&ﬁ%\@égﬂa@gﬁ%ol streans to diagonalize the
plurality of transm ssion channels. 46. The receiver unit of claimd44,

further conprising: 2 a TX data processor ol%er,ative toézﬁro ess the CSI for
transni ssi on baci-t o 4 bage siaitam qomeyising the trapsmilier Rh M A r at us in a

wi rel ess conmuni cati on system conprising: 2 nmeans for processing a
plurality of streans of sanples to provide a plurality of streanms of
recei ved synbol s44. andA trecether bwi¢ irch simeldss samanenicatfi@r syateimoheS$tingf or a 4
plurality of transm ssi els used for. the plurality of received
synbol <t reans: aa’f?ﬁel\)ﬂb(gg/) é@g\géi’r%ﬁ%%f%lﬁﬁ% rgc&%’ e g Frogess aé’?%ﬁlétg Sing
the plural i of SHBPIKE®H PRR!a SluFARVBE §tfeafl GTHERNEA sybblst And@REdRivenDr €
denodul ati on and decodi ng schenes to provi de decoded data, and wherein

transm & poshennd] state efophaital (GS1) der a rmavrshitysefi ansohssitnerkanpels aspdden B 8
based in parlt glp tthe CSl S,ébakltocat i,Q a total available transmt power to
the plural i RYFAGEY OfPesilen SOOOhSERRNHETS based on a particul ar al | ocation
schene, g eal | ocat IR3Y @& ProckSsol rapagative Stooprocdsanthel pluality satracedtddopymegi on

with a revised anmount of transmt power, and allocating total remaining
transmt poWkeams & pGoardaRre withione wamse demedulztipnand degoding schemes §hprogkicon.

8 decoded data, and
wherein transmit power for the plurality of transmission channels is allocated
10  based in part on the CSI by allocating a total available transmit power to the plurality of
transmission channels based on a particular allocation scheme, reallocating each
12 transmission channel in a saturation region with a revised amount of transmit power,
and allocating total remaining transmit power to transmission channels not in the

14  saturation region.

45. The receiver unit of claim 44, wherein the RX MIMO processor is
2 further operative to pre-condition the plurality of received symbol streams to

diagonalize the plurality of transmission channels.

46.  The receiver unit of claim 44, further comprising:
2 a TX data processor operative to process the CSI for transmission back to a

transmitter unit.

47. A receiver apparatus in a wireless communication system, comprising:
2 means for processing a plurality of streams of samples to provide a plurality of
streams of received symbols, and to derive channel state information (CSI) for a

4  plurality of transmission channels used for the plurality of received symbol streams; and
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means for processing the plurality of received symbol streams in accordance

6  with one or more demodulation and decoding schemes to provide decoded data, and
wherein transmit power for the plurality of transmission channels is allocated
8  based in part on the CSI by allocating a total available transmit power to the plurality of
transmission channels based on a particular allocation scheme, reallocating each
10  transmission channel in a saturation region with a revised amount of transmit power,
and allocating total remaining transmit power to transmission channels not in the

12 saturation region.



