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amplifiers at the transmitting device since, for some channels, it is possible that all

or nearly all the transmit power may be transmitted from one power amplifier.
There is room for improving the design of devices capable of MIMO radio
communication, particularly where it is desirable to fabricate the radio transceiver

of the device in an integrated circuit.

SUMMARY OF THE INVENTION

Briefly, a system, method and device are provided for simultaneous radio

communication of multiple signals (signal streams) between a first device having N

plurality of antennas and a second device having M plurality of antennas. Unlike
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5 prior approaches, the approach taken hereinis to
i npose a power constraint on each transmt antenna

WEaa0h/08234¢ he transm tting device. At the firstPdBEUSE3/023408

a vector s representing L plurality of signals [Si
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FIG 1 i's a system di agram show ng
p%Met ppﬂpet capelihitya andythiue less siligom arsat Conseqemtbfe ﬁlerfw;séwer

| tiple._si streans arge Sinmultanegu
13 hisRich B R FalsFivE, SR elbsPR R etacs ety e
'pokfer ash hﬁe@ fl ow chart depicting the mappi ng and
rrultlf exing of signals to nultiple _antenna paths_for
si mul therrbevisand efherabiestond adpantages ol bgegne more readily

aBSI’eﬁﬁ%Q&%P&%Q % made to the following description taken in conjunction

with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a system diagram showing two multiple-antenna radio

communication devices, where multiple signal streams are simultaneously
transmitted from a first device to a second device.
FIG. 2 is a flow chart depicting the mapping and multiplexing of signals to

multiple antenna paths for simultaneous transmission.
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35 FIG 3is a block diagramof a radi o comruni cation
devi ce capable of performng the M MO radio

Ww@eomionm3g@t i on t echni ques shown in FIG 1. Fl CHUS®03023408

bl ock di agram of an exenplary transmtter section of a
nodem formng part of the dgvice shown in FIG 3.

FIG 5 is a block diagramof "an exenplary receiver
sect ifdQ. dis a bleckdidgram Oﬂ@raﬂtocyonannmc@ogrcémb capabi oft
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t r anddevies HY widhsineltaneguddy frensniy Lipduraltyiof signalsé1,l8mownsL
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dfekanished.. 35 (atbdsktandPrt bi‘i’tfankl@uttdﬂ shdidthadd=1q .Ral & The
et al. WD 2004/012346 PCT/ US2003/ 023408 4

number (L) of signals that can be simultaneously transmitted depends on the
channel H between device 100 and device 200, and in particular L < Rank of H*H

<min(N,M). For example, if N =4, and M = 2, then L. <Rank of HH <2.

The device 100 has knowledge of the channel state (e.g., using training
sequences, feedback, etc.), i.e., device 100 knows H. Techniques to obtain and
update knowledge of the channel H at the transmitting device (between the
transmitting device and a receiving device) are known in the art and therefore are
not described herein. For example, training and feedback techniques are described
in U.S. Patent No. 6,144,711 to Raleigh et al.
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5 Two matrices are introduced: V is the eignenvector

matrix for HHH and A is the eigenvalue matrix for
woid4/0D3%6 ce 100 transmts the product As, WhePET/URM03/023408

matrix Ais the spatial nmultiplexing transmt matrix,

where A = VD. The matrix D T diag(dl,...,dL) where

ldpl2 is the transmt power in pth node, or in ofher

wor d wametricgome intesidupets Yihthe stenenvectos matex §ordil<H and A
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to the second device 200, where, for exanple, the
videpspudieisompater defaj ec.athal sEivigaborpthewisssspaated ntp AP)

. Th
e, BmSEGACEREL Rl TeReBl B b b 88 sharllty. 0%,
nwdtiplexedkand sfihusangatsly trammhlttednl Onabxamplstsethe sinivdtaheos| y
ht. I h h
R LR TS 8% 1 G ElE et BBy
RN AR! s HTORA 186 14 SQ(I:chine’Vfc% 206, VA& TBASKk e, t%he first

si mul t aneous transm ssion. Components x| throug
de¥ice he0 isewtIBEER02dddctéss goint 6P} 4nel theisgoord device is a client

[ tiphi i I t h
sgon AR el R R b e RE R S ufotar igg veotor x
TORVinERix rﬁﬁlﬁﬁﬁé@@ﬁﬁ's%p cEfR BRI Whighisl catls elehRnSeithetectdd s
of the wei ghted el enents of the vector s for antenna

agrosg eAeH o élmN ®ptepnas; hereby @igHbwing ﬂ@ﬁ plurpdityief ¢Ealgamong
oL S0P KSR ol oAU, Hepe Bl e o

off Elenastor xwedultirigsfrodMihe matrixafltipHdation blockrade Iheﬁ chupled td a
Each ant enna vvelfght may depend .on frequenc
CQHEPGRHINE gptenns p aé‘lﬁwoaléa@mﬂle ek T faXuamn component

K& ¥ biin OE ol oPthWéghtS@ElEfrl@lgts of iUl PRorMRhRAY, SuC h
as an orthogonal frequenc ivision nultiplexed ( OFDM
c@ﬁlpsymt ams thehsme of all af ﬂnaweughtd& flemegsa ofithsviectons farentenna
requency k. In other words, each transmt weight
2V\ft is a function of sub-carrier frequency k. For a

ti m’ﬂﬁﬁﬁhﬁnﬁ‘@la@ﬁ)@ A 19123 4H 1R 4tHR 2038 AARnsmit weights

wr, fori=1to L and j = 1 to N. Each antenna weight may depend on frequency

m‘l)

to account for a frequency-dependent channel H. For example, for a multi-carrier
modulation system, such as an orthogonal frequency division multiplexed (OFDM)
system, there is a matrix A for each sub-carrier frequency k. In other words, each

transmit weight wr; is a function of sub-carrier frequency k. For a time-domain
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5 5 (single-carrier) nodul ation system each transmt
wei ght WI,ii may be a tapped- delay line filter. Prior

wapmrosshes i nvol ve sel ecting the weights dp tBCT/US2003/023408

maxi m ze capacity L C=LIog(1+SNRp), SNRp =I dpl 2 E(sp
22) 10 p-1 E()npl ) subj ect to a tot al power
constraint emtted by the pldrality of transmt
(singlersaaisrcnadilatéen systenh sach mansmiltt wergltoix; may be e tapppd-OT

= Trﬂl/—\ﬁli% "EI'sPI2 = Tr(VDDHVH) 'EIsPI2 = Tr(VDDHVH) <
el iMe ANy ng EI'sPl2 = 1) 15 The opti mum sol ution to

t hi s Ppiop g‘élﬁﬁadh‘és ivoliasewatify the Meiglls & ptosehdaiize dapacity
weights dp (i.e., use waterfilling to put nore power

in eigenchannel s with higher SNR k p). ngs 2%
waterfilling a qg?gmgp]wb,r eSNR fﬂEdjp;@p abl e
pover anplifiers ar the transmtting devig nslizyce, for
some channels, it is possible for the opti rmaf

solution to require all ar pearly. al] the transnt
SHOREN 6 doBLPRERHEoP e A P%ﬂlﬁa’luréﬁtypogttwmw antehnas

c()ﬁfbﬁrﬁﬁ%h%he&Ek%nﬁffn%'ixa&ﬁfé?a‘:hes constrain the total
power emitted fromal] of .the ant epp\al% pat_hs combi ned,
t

simply E Pror PTOTAA"PEs f Bu(VDDE Bisgl ant ennas)
where Pmax is a pggﬁe constraint_and B is the
power fromtrarﬁﬁ{?&ﬂ%te .n<raPmab ?si,?min_mg’@@t—tg} appr oach
T dpnMELsRutRHBIthie sl idto s@twatailinizne kMbeuBd weights d,

transmt 25 antenna path. One such constraint is that
(1. beugsovaser fillingtormut mote powenie aiganchanesls withihighes SNR han

t he t al r transmtted all N ant ennas .
conbi e ¥ BT WRHTREaBieRs Sy ep Pl ampiifiers
AEntAitEn2 BEViOSGHce, F@fsBife@arR 1A i§ PEssibléfreRedptimal
power constraint" approach, each power anplifier can

sphitigade tpauire el or pearpiall thadrapwmiepeWienp berkaxy fkeravap agjenna
BBk e LORLE R Bhp IR FRAIE 80U S 20 08 o

oFitlginfénda phitbs eomibidedpdiniphi B P; -APpi06 ®h,.d (fortikat td Nentennas)

power anplifiers can be desjgned to haye | ower maxi num
i fotoial Pepah pmstrpint 1?%&Lﬂoweﬁ OSSN A

p%ﬁ?f?‘- The use of smaller and | ower-output power

anplifiers has the benefit of [ower on-chip power

anpl iA better appitoacli Erte nsea pomler constraib@or eachandividfiual mansgst

N T T AT CA ) ETI T
is less than the total power transmitted from all N antennas combined (Pmax)
divided by N, e.g., P; <Ppns/N for alli. Using this approach, referred to as the
“antenna power constraint” approach, each power amplifier can be designed to
output (no more than) Pra/N average power, where Py 1s the maximum power of
the transmission from all of the N antennas combined. A significant benefit of this
approach is that the power amplifiers can be designed to have lower maximum
output power capability, thus requiring less silicon area. The use of smaller and
lower-output power amplifiers has the benefit of lower on-chip power amplifier
interference and lower DC current drain.

Using a Pmax/N power constraint for each antenna, the problem becomes:

Maximize capacity C subject to
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Pmax/ N, i =1,..., N. This is a difficult problemto

waodum1f3as dp, since it involves finding the rpOL/ESID3/6R3408

non-linear function using N Lagrange multipliers (one
for each of the above N conﬁtrai nts). However, there

is a sinple non-optimal solution for each of two
case$AAID <Bse/Ni=N,<,NM In this case, the

PR B T s V2 B AR R M Rl SR

non-lin§d! finétforD&itg WIsetdnpethuplidrs ('bﬁé? fdrfeasts o the ABGWei X A
e., conputes As), where the transmt matrix Ais

(i
conswaiidd Hoverer,Rhawe i siagledionreptimal selytion frsasingt two
ere |l is the identity matrix) enforcing equal
power in each node. As a result, HHHis Hermtian and
(with probability 1) is full- rank, which neans that V
I's orthonormal. Consequently, (AAH)ii = (VDDHVH)ii =
j ex/ N = Prmax/ N, whi ch neans that equal power

Pmax/iNl;s cﬁsreaﬁ]l% Wahgrﬁﬁitu?g't HRehadiy W@raﬁ?o%&‘ antennas)

correspondi ng power anpl i fier of deV|c$ and t he
rmmulaﬂhestthammlts 2prepantiag thesl signals [310 Eﬂai@ bmwrrzﬁedl\vvﬁh

HHH |
R AT S et S e ot s PR i A b sortputed
vatop @M@éqﬁﬁﬁto ILQ%rt(Y‘ ax/I{I)/Qwhere Ii¥ldle 1d@ﬁt€’cy n@dtrid) enfei@fnl (e€{ua1

Prmax/ ere e power for each node is

pgzwemaﬁmh @p)df dhsfaoesydt, H H isdlarmitmeanddwith Hrﬁb@mtéﬁha? full-
th B hu H

o5 bt el S thono PP (i VAN bl

(Wf‘*ﬁlﬂ‘t;ng(mm. Fho/N waithfhdahs (gt etpial pevrTaY/NGs triiesnditted at each

antennas) nmultiplies the vector, s representin he L.
agicgARPY afcgnesponplsgupmebalﬁghfg far g Aeriee Lo a%?ﬁﬂ? t%ﬁﬂi transmit
p%(v%f‘%’@qthaﬂgt}“ x A (i.e., conputes As), where the

transm Y&trix Ais conputed with D set equal to
sqrt(d ' Pmax/N) " I, where the power for each node

: 52; EEE and dp = d for p =1to L. Approach 1: Set
S ere z = max{(W H)ii }. Then the nmaxi mum

i p%@ﬁlsfcmﬁm‘wm@m AM0anP Al vi,S., % d¥notEhiBe L@ @hvdens For
fromall antenna paths can be shown to be at Teast

Iﬁ{rﬂmwnna m@nzeo gigsavaves; AghVPniyx ... \Wh ezrddﬂfllémntéd Prax/N) ',
wher &JIS Zp%gv?é/r 9021‘3648.91’21; mode is the same and d, =d for p=1to L. The power in

antenna path 1 is given by (d * Pma/N) *(VV™);;. Thus, the power emitted from each
of the i antenna paths may be different. The transmitting device (having the N
antennas) multiplies the vector s representing the L signals [s; ... s.]* to be
transmitted with the transmit matrix A (i.e., computes As), where the transmit
matrix A is computed with D set equal to sqrt(d " Pmax/N) ' I, where the power for

each mode is the same and d,=d forp=1to L.

Approach 1: Set d = 1/z, where z = m_ax{(VVH )h. } Then the maximum

power from any antenna path is Ppa/N. The total power from all antenna paths can

be shown to be at least Pax/M and no greater than Py,
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7 5 Approach 2: Set d = 1. In this case, the total
power emtted by the N plurality of antennas is

Nis (Pmax/N) (VWVHii Assum ng the power amplifiers
at devices on both sides of the |link have the sane
peak out put power, then for se 1 and Case 2/ Approach
2, t Weptach2: PeivkT 1. Inghiscases thettoelipdwerranitied by thethenna

i ill b ll to.the total t L1t .
oSS RS P Bl RO S v
i S tri [ th i tuati . Ca
(};ﬁg}%?%‘?ﬁll S symetric In ese situatl ons se

| is slightly nore conplicated (since it
r equidssemingthe pewerAmnlisisrssat dpyicenan ppfl sidss ef the link have the

. i . :
HEERR A AR DAY 9E0,2 2 Apot M08y
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P e F0ien0s GO AP aRe Bﬂlagwresn Qﬁftweidéﬁwe%ﬁmmemc

ilggﬁké §ijcu‘§|§i§n§. ncdsd 9/%515’1‘6’&9 1t i) M6fe cofipicAtd fifisH! t .

Ieve lower on-chi'p Inter ce between radio
r@ptites a hornalemtiby steplebup besemoertpinisfuitéadsowen drant Aygroach 2.

waterfilljng sol utjo The ant enna. power .const.rai
haea Taseollops desttibval sbove G SADTHE pHREH i thin B of the
SARLRANASIt 3h SRYmBEc SRe&h {datncinier dF hitemRB onboth Lashf

antenna. Moreover, even if a different antenna power
throlirdor utdecilipteuse of soplle aoh mone efisient pawer amplifises in the

! s it Cnt s _
B S BB B R GRS e el £ o
paihk €Eunssd b tHe gofwn siplifiére) ey iteava@illimpdohann. t o t he

sanme type of power constraint at each of the )
pl ur dileraptenna pavenGeasiramtnsed pat by @§ala%§zﬁeﬁ%&4 the Ggpsmit

A Bin PRl rﬁ%r %@ﬁ{e@ifﬁ{l th Pr & R k fcg a8 Albvf. tl@oﬂé'ovéi‘,néile%lti‘f?a

appropri at offution is u r transmtting signals
dii fferebetvintand QOw et @str@nsik ovesl far badicintainagraghmobthe anteand-o
ni cati on devi ce ,syi le for Vi s 100 and

t d
Sgo 1C PRV PISONEBRIS Shahe Iﬁsg AL A9 Ny ural ity of

di gi te-deRice 208 vath MYMMET T anfePeSyilkZAsma t8deviad 160/
of anal og-to-digital ‘convérters (ADCs) 30 140, a M MO

snbjgfigottheasmesiype of 1GTer cougiiag at eachred g lurabifylof aptgnnas.
10 d. trol .
TR 900 AL BRI HELE e

appiopgiaBoldtidn e sedFoctaemittiag sighaleto 8éviswi(®. t o be
transmtted (vector s) and the baseband, denodul ati on
of r @86 §sHows @hlﬂck diagrang gf %Eﬁ%?omlﬁémﬁﬁé%‘lﬂel’m? suitable for

@f_&i E(? toicg)g ﬂé‘\%eofooscoféﬁﬁgéssaeﬁw&ﬁ 160S Hushigned cﬁ%i;k(ailto-

transmtt y the 35 transmt ‘matr
afaloglventiiess (LRACS) 18 0copintaity DAEmldgmtdigival centertels(ADCs)

% B anshand redil et ed 31 1AL 2L GGy B8 §°
control processor 160. The modem 120, also referred to as a baseband signal
processor, performs the baseband modulation of signals to be transmitted (vector s)
and the baseband demodulation of received signals. In so doing, the modem 120
multiplies the vector s representing the L signals [s; ... sL]T to be transmitted by the
transmit matrix A. The DACs 130 are cc;mplex DAC:s that convert the digital

baseband modulated signals representing As to corresponding analog signals

f orPCT/B$2008023408
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transmt paths in the M MO radio transceiver 150. The

WO\DKO8/0128@ convert the received anal og si gnal sPET/UR2003/023408

correspondi ng receive paths in the MMO radio
transcei ver 150 to digital sggnals for baseband
denodul ati on by the nodem 120. In the baseband
calmpiestitol teanisit naths de the, MIVMO madigdranscdverilod. dbpAPCs 140

appropriate .receive kghts to the received si
oFRHORE 1k e aTick iEpaly BOPLRrteSoonlfyd SEGE P Mo
rdd@¢ltr@ndcERBS T3 16 ligithb S ghAF BRI baEShaAd Bbmba@llation Bf the atidem

transcei vers each conprising a transmtter 152(i) and

120.r bcthp basebamhdenjodudaionipaecsss, Wha moderd 180 wpll apply gpprapriate

. . . . .
ST STABIEB AL EATR OSSP ST,
MO lrSdi_OWrailsceiKhﬁ (lij ddoprisds @ plurality o€ radds trddsOciverg eheh  a
t t .

EE R O R ST e

! o < ey . ed
oA WRSR e i
inyyales agioiven atiplifid@he6EpB8B, Thid MEM Dadubizansddiyer 150023y be

orolels ek i 60 ok Frprh el o ERE R A amwe
o%%@ingfé—ﬁ@egré’ce@l@ﬁl\/ﬁ) SaNrafRb 8ok 19 RBI8EBInRb-Rxaiglaag of
e

ransmtter section 120A and recei ver sections 20

copoBnly essigaed Uv IRptenbApplication doml /965,38 filed October 11,

ti-carrj el €.0. . Of . f di vi si on
ofRtchs PRl oy medolgBe R LARNERRY. 0 i S
mul t impleteCart hRy Sfayé Renipl@eedelembian 120.0VEGd. 8 and 5 show
E)ﬁgﬁ(for med i ndependently on eac OFDM subcarrier tao

h .
idigranp et eempdasod egransauéd sestidgiidicpddeserrsgions

[ : n j f : 4

1258, 1800 e mblicd) 126, BF £ AR Khniek B fortotnal
frequardyl dvisioh aoktigdtd (QFDMY kpBitstiaf. Gerevalyytiatiral
encoder.s, bl ock, 320 .of interl|leavers,, a i al

fpligatigy of g, t&q@eé%éoefl P"?)’érﬂcf)fgﬂﬁe‘{ W&(’%ﬁ@?ﬁy on each
ORI Rbe&AL SbpWiZe JbRrib@dS0 fndB& frdqheeyl §bdctive fading
different at each of the OFDM sub- carriers k (i.e., A
chaneks) ) With rofiisenee k¢ BIG. o thel ttanemitgagectipnd 28 diof sasmedem

Fast, . FEQuri T f E I
oS sirecy o, AR IR st e EREathng, ke
3R0lof atteridvaiska Srhfal Bukiplerbeblotio3 2 halifeiorhs the(rhhitix 3) .

reanbl e generator 350 is alsg provided and is

A
regliphiction vittHee besimeiTing e duEFFPiRGach of the RV~

ROl ey .
chAfr RIS AR ARER SIS O 59, loCk 338 Firbverse Fast
HoutieeEsinsigro([ERTY) dnd adbenkoB40refiewipasssiltpna| Tist owgumof the

i gasbifen BOE AP udbilia fepart b BEq Al Ahrametie

RALAIRRE 50 d1so provided and is coupled to the DACs 130. As shown in FIG.

4, assuming the modem is in an N antenna device, there are L instances of blocks
315, 320 and 325 to perform processing on each baseband transmit signal stream
and N instances of blocks 335, 340 and 130 for processing signals associated with

each transmit antenna path..
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section 120B shown in FIG 5 conprises a block 415 of

wo ewanopddes s, a bl ock of | owpass filters 420, aP@i/v83003/023408

425 of nunerically controlled oscillators (NCOs), a

bl ock 430 of FFTs, a bl ock o& equal i zers 435 in which
the receive weights are applied to the receive

si gndlhs recgiver eeckionfl 20 shewe m By dreomptiges ablgck 4b$ of k

of convol.yti.onal decaders, 445 apbl e _proces
AP Ao 1B NGE 2 ok RS B BB Ran SRt
oS1BA0E! (NTXDY) EBIBEK 13 PEKFHES a Bl kI 2QuANz0MI436 dn whivh the
channel estimation conputations and ot her functions.

rqquéfepw@'ahm laee apptiedrocthe picsisie siEpelsy @ blogk p5 derinipdenyarsd4n
SRR ESS Vo BB Bt 0 AR S P Romatic

gKiMnd ﬁd%}@\(ﬂ@) ]SlUﬂplﬁ (Eﬂldh Oclidnael dﬁﬂmatdr bR{CkMS ata)alm)pqob u%]ded

and apply.receive weights to the signals outpu t

Qe B ORI NG O A DT THBBHARS 5 e PTSHIRIe and AGC
; & : .

b%bg(ezf, SEng&gf\ﬁéfdscaj)re&HﬁE €n eere&wédrb‘f’ér?aﬁ] GicBthe chﬂrféﬁ KSinftdh 455

30 to perform processing on each
genereiey kdowkilgmaious theehamreeh 8, whichskrandedgeo$ supipbicd to thes,

440Q. and_. 445 to recaver.the .L si |s.. As s sted in
NI RO bt et Weffhin 5 tf St RER G e
RIGSHI68k 4501 9RQEidSHe dbeen 18 P ARt dn@fhnk dedcs 8RB Ere N
devi ce by sendln%mgﬁgnown OFDM 20 trai ning sequence

invtowes hf blagks AAac &and43Gto fesformypapgssEng an gadwisecived
le. F f i i
BRI SRR 4S8 BN B IR R0 sl

decomposigbbdet indesatipiish 48uve of FEG@land 15f o fisidevioe passes
and uses the SFD  data to process received signals

chaenal resaensgaviorBationa assoendArvifedyseaHag @ KpawR YiPM; he
AR RS B AT RS IS0 bi bl
Foe adiequendyalopeiid mipted entdtaet) thageeend davidd fedophas epace-
calibration are djsclosed in co nly assigned an

SSLEBr e S UG 080 L1 SOVl 239000 806 ser
dakd t%:i)rc;éégéere%eivgcpggmalﬁ H%metgiﬁﬂ defick, sd f}g‘y@faﬁ@}ni_t%ignals back to

I ncorporated herern by reference. |nformation
the gtheddevices difds asisimes xeaipoeddiorin & link, ot theragpredlIMO phase

supcarrier jndex an i genchannel . ' d
RlBEREA Affach U658 AR B HERRARRRS, 108 Al Qo RS pilkle
afB&ti6h bt disvlosed detoribnBaskighédedcioaending U.8. Pitent
transmtter section 120A, a nmulti-di nensional  vector

Apndicaiien Nac HY&7.2937 B ed-ie §e2003s the engreiapt VASHES bi t s
A T e

fanttion@flzabedreatindexums diganchainthinay algo b arheled st ateamble.

b LB 00, 2L KM 0 LG A8 5 00E SR ARY 1o e

transmitter section 1204, a multi-dimensional vector trellis encoder (VTE) may be

used to map input bits from the scrambler onto OFDM constellation symbols.
Examples of multi-dimensional VTE’s are known in the art. Other techniques for

obtaining channel state information are known in the art as suggested above.



5

10

15

20

25

30

10 5 A nodem may be built that applies the power
constraint principles described above to a

W pootsami N system i npl enment ati on wher e t apperCT/US2003/023408
delay-line filters are used. FIG 6 illustrates how
the nore efficient antenna ggq{ver constraint described
herein conpares to the opti wat erfilling approach.
10 | A modgm masy)b@tbeuit tatlappich e p@W@r mmﬁa@éﬁnﬁ@pleﬁ/l MO

MCOE L TN S

fkMr2d hde of antennas. At the f| rst deV| ce, a vector S
representing L signals [sl ... ng to be transmtted
| s pﬂﬁe@,é]@dtrWQ hov the marersfficipritniernapewerrorptipipiedescribed

[ h e first device and
é‘?;%ﬁ&tai\ﬁ" éﬁl%%aa&;l‘l%{‘lﬁﬁlgv@s%a&%r 15 constraint
t h at Ti fign RONETeneaid me@hobureqﬁsﬂdeﬁ foir MINKO andie roasnuingcation
| ess than a maxi num vver wher eby ?Igiﬂetran '

bRkitaen & fssldioice BBYINE N PREL of Fiepngs pug a secon fvié\%w&ng M
Elﬂglltg Nr Rt fs! A}ftt%f ﬁﬁ[}&&p%ag vEQbr sslle I*F’( gnals [ ... 5]

ransm ssion to the second devi ce. Y, R adio”
t@ bertrumsind aéd xsrpmt&vsedemtlsa pamﬁmdtmmrm ingkimggzlcapacity of the

| |
Ot b e dhnidenne ana efptridsiibe Stk tng noner of
cgﬁ)stfalﬁﬁ 1R H{eeﬂdv&éf cRfitt @G PERASS RN ateAREEORBSIHaH @ Mddximum

processor coupled to the N pl urallti of radio
powan snheretberrthe tr@nsrmlbmem A disrhudes the Eepgnabdat i.rfgl among the

to be trans t nsm t
AR of ez fhsvet Bansfes HRBR S Bt b Puien
SR aifly, ra&hdld R¥i@unidioh tawae&qﬁ}dvldawcmpmtg Nailutabityaof
power constraint that the power enmitted by each of

anteanay, hlmlmhasoﬁrgdlpé@@smﬁ@rﬁ FehaRmiethiopoREresPoRiiRgERp of
tﬁ&&uﬁ%ﬁ ?%?1% dinas, hr Itsdbafld §i %ﬁél b &Ssok Iagu J[&t'ﬂ@ ity

aneous trafnsni ssion e Seco
ofeadie ealpynittére tchmcassai vdc;orsfre;ae&eamm@k s1g'ﬁlab [61 arsghtiotbe

t A t ed t.t.o th { t
RV GO OABHGA O TSI fPeHE % (e AL ERLE Bren
thefiR9ddi& SAMRe EQoné ﬁ@ﬂc@iubﬁ Qe td\!l @W@r%hﬁtyan@tfthat the power

ant ennas. For exanpl e, ter case, the
emitiedby ¢achalf thodN An‘rmy@as éqsnﬁlm@dn@@mmpowem wherepiother

30 constrai,n of t.h N ralit e
005 N b BT im0 Bl Rhar Bl Ron
18 thd d26orl d¥lvidealyl thy NodluRMityes iatena VYDAVt lﬁaﬁxbylsN
The above description is intended by way of exanp

CQmp}ated\#monmﬁEqM@ cpastrays oo difergnilor ene ofRgte qféhe N
At BES v fﬁeé\ﬁrﬁsk&%qﬁt 8F thE R 1Rr AR TR GAGL OfoRELMBR in

the latter case, the transmit matrix A may be computed subject to the power
constraint for each of the N plurality of antennas being equal to a total maximum
power emitted by all of the N plurality of antennas combined divided by N.

The above description is intended by way of example only.



plurality of antennas and a second devi ce having M
plurality of antennas, conprising a step of

w@r@3assiang a vector s representing L signal sSP¢BUS2003/023408
sL] with a transmt matrix A that is conputed to
maxi m ze capacity of the chf;\lnnel between the first
devi ce and the second device " subject to a power

Wimt stdainet i$:hat t he power emitted by each of the N

plurali f tenpas is |less than or | .to a.

et e SR 1o G G RERER RRNe a5 G6 hbing N

di stri bihasity Seankenhh &R SsebdrHl doviceHalindMNGuralifioN
plurality of° antennas for sinultaneous transm ssion to
the secwtehnas)eempesing a sEpeoipeadeeringt veqten yiepreseliiedi n
the step o rocessi [ CeSSi L
vect or Sttt f vyt b SR FRAR Rty AR EHE ROt R meigice
subj ectcapacityef the R eI scithé fifse dadcelinid the eadont device
one or nore of the N plurality of antennas. 3 hne
met hod PIcst i) aworvergRBYLERnY that BlegRayyer Grotty %@Pﬁgt eN
conpri . I Ng; .t ' : t m t
at 1 x Bl OF ERanARis o] M Rud (i

const r avhérebeibegranbmitswrmx Aaotistebates dfe It signdls [spl..usidkinoyg
of antennas.. 4.. The net hod of aim3, wherei he
step ofthﬁm%ﬁt%@F%WF §1m‘a Ewﬁmn]fﬁﬁ’ém&gil?edsrec%nd
W th theidansmt matrix A that is conputed subject

to the power constraint for each of the N plurality of
an.ennathe ipethod of glaith 1t wherenghe bteprak progesspaaompsses t ed

by all of the lural ity ..of antennas. conhi.

ai vi dedPpgRmes S i § R g SRR SR € Efmpyed
step of sudjReE astik PIwePEaNsirsasbeinidiffefdny for®nt e moeed Dihe B
with the transmt matrix A where the transmt matriX
A is eqelaralitpolmtenigdére V i s the ei genvector matrix

f HH (1S, 4t C ir

ol be TS bePat SR PR Sr i
| dpl 2 i protémingahereadr stwith fhichransiait afattitie thatsis gompsted 6.
The nethod of claim5b5, wherein when N < M.t e

of procBRasehip ﬁ’@@ﬁﬁﬁe’f constraint heing (he sgme fE W@%Pgﬁm}& Wipt h

t he tragﬁpglﬁygpgﬂtglﬁlaé, where D =1 ' sgrt(Pmax/N),
and | is the identity matrix, such that the power WO

2004/ 0128 meROH/0fSEO03, d28utiBhe $2piof arpsassingepniriseach
of the Il}{rorc)les%{nagl tiuta ¥ec%r savr\}}tﬁ e rsanlsr%ittng]a i? Ahafild %01%%81%5

subject to the power constraint for each of the N plurality of antennas

being equal to a total maximum power emitted by all of the N plurality
of antennas combined divided by N.

5. The method of claim 4, wherein the step of processing comprises
multiplying the vector s with the transmit matrix A, where the transmit
matrix A is equal to VD, where V is the eigenvector matrix for HH, H
is the channel response from the first device to the second device, D =
diag(di,...,dr) and |dp|2 is the power of the p™ one of the L signals.

6. The method of claim 5, wherein when N <M, the step of processing
comprises multiplying the vector s with the transmit matrix A, where D

=1 " sqrt(Pa/N), and I is the identity matrix, such that the power



to Pmax/N 7. The nethod of claimb5, wherein when N <
M the step of processing conprises nmultiplying the
woewdor23g6 Wi th the transmt matrix A, where D PEI/F§00/023408

Pmax/ NTx) " |, such that the power transmtted by

antenna i for i =1to Nis éd Pmax/N) ' (VVH) 11, and

dp = d for p=1to L. 8. Thé nmet hod of claim7,

wher ei riradseiti¢celpy edch pf Gied$ plungity ofipribwes is ﬂmlsamp ayd egpal

t he vectolg S7N with the transmt matrix A where d = |1z

and z © % {(W H)ii }, such that the maxi num power

frpm anYhéJIfneﬁhBﬁ olNclairR b UvBérbinwidn MR R StdpSo fiPiFoesdthe

and the total power emtted fromthe N plurality of

ant ennaepraprissh radtinlging droisetor Pty the faasobfipatrgx Aqwhere D

met hod of aibm 7, er e

conpr i sedd &:ﬁlu :Pﬁ?xéﬁ’ifﬁ Sut%h gh a&/g%:tpgb'é&eg tr\%%rﬁﬁt%ﬁ%?t%? %ﬁnﬁl {0“

matrix Aj tM\Bi'stdeax/N) @och, daba, —td@rpmto Enitted by

antenna i for i = 1 to Nis, (Pmx/N), ' (VvH 11,  and

the t ot Bre methed of ﬁ%atrtl daWhergin the étemotapmcssfsmsfoa?pﬂses

ot enn B RATAL R vokor PR hnflRalEL ROUNGL L i

1, and er corrpr|S|ngt e steps at e second

device et ﬁqﬁ;@ aichttllitﬁ tid xﬁbx&hﬁim pywel fréfita8nbathe N
signal s transmtte the first dewce and

proc essﬂg Iearsy 8P&: 9&%\4}?& aff ¢ ngEﬁﬁgRﬂeH fﬁ%‘rﬂ ﬁﬁé N
of Mantennas Wth receive vvelgts a I ni ng
resul ti p]grzdltgﬂﬁduﬂemtaﬂ)cwmbmvcéls Hebveeen E,{ag]vfhdtml Pn;L,]. _The

ne hod cl ai , . wherein h of nals.is
obanghe FRofhatat g, RhSEIIR S chPrE NGO

pr oces Smuﬁﬂﬁ%qﬁ@ S dtok B%h&h@ﬁm%mpfr@ﬁ@@gl RHere QAP | 565

mul ti pl he vector s with a transmt, matrlx)éf!%1

at eachth@f potver emitieg byfanteaha tﬁﬂ Ferto NIS P2/ (

comuni caf i on .devi ce, i Si,n t

ant enna%m{t:k1 tcl\'ia%fotﬂ em#;% et th Lf%%lrl] mt {ee?}s}ése% ined

coupl edlstmna,glvporrespondi ng one of the plurality of

antennas; c. a baseband siﬁ%?tg processor coupled to

t heO.N phe meth%i obelaimd; and RFthpsGAmRTSing the sispyaidls sepond

vect or e‘)i@éo(l;ﬁ%&ﬁ{nbﬁ 9 tjhe i}[ gﬂﬁ'cldﬁ bPhntennas %{-%%alsvﬁahﬁnﬂted by

transmt nmatrix onpu {edto maxi
capacit meﬁrsﬁ/@v%%d@t&&éﬁngﬁﬁlﬂsm&/eﬂ 284428 of the plurality

of M antennas with receive weights and combining the resulting signals

to recover the L signals.

11. The method of claim 1, wherein each of the L signals is baseband
modulated using a multi-carrier modulation process, and wherein the
step of processing comprises multiplying the vector s with a transmit
matrix A(k) at each of a plurality of sub-carriers k.

12.  Aradio communication device, comprising:

a. N plurality of antennas;

b. N plurality of radio transmitters each coupled to a corresponding
one of the plurality of antennas;

c. abaseband signal processor coupled to the N plurality of radio
transmitters to process a vector s representing L signals [s; ... sp]

with a transmit matrix A that is computed to maximize capacity of



13 the channel between the first device and the second
devi ce subject to a power constraint that the power

wereinses4by each of the N plurality of antenneSI/US2003/023408
| ess than or equal to a maxi mum power, whereby the
transmt matrix A distributeﬁ the L signals [S

SL] for sinmultaneous transm$sion to the second _
devi ce by thtehainglbgtvadentthe ffst denienaukthe sgonddevide sibject to

of claim 12, wherein.the haseband sji gnal QGESSOr :

processes ¥ ?ég?s&am& rt}bﬁt ?rhe RO SHE yn%t% Piﬁfﬁ}? Riyrality
| s conput eff 25tHRhRGSE lesé thah BE PV 2 BRRFAIAPBIveR &IREEDY the
different for one or nore of the N pl urallt)i

of
ant ennas. tmapsoiitieatde v distribpies the lasigpals her &il fot faultaneous
baseband sj : . i h
T anam (raRlssBh 76 fRSLondURREL AR NIkt Sanfonithd
potkr c@hsdedcads dieinniR, Whersathe Hasebaad signaifprodessdy
plurality of antennas.  15. The devi.ce of claim 163 )
wher ei nPI9sessEaISSHEr SRR rpspidadEx A %@U& sewiguteq jjubject
vect or ' it 1o} ' :
Lot} o Byl LB b Bt o OO Sl
pl ur al i bfargénmmnt ennas being equal to a total naximum

oyver emtted b [l the.N.pl.urality. of. antennas
POl b engedr Gy, ribrei uRishant gl P

wher ei NpideessbaarRB&er Sivithal r-RERReSRAK A Mal fsicBhpafedsiBject
vector s with the transmt matrix A where the

t r ansni to thegopiexconsirginkbgiag thesawp forgaeh ef theidd phukaity of
ei genvegrtltgﬁnagatri x for HHH, H is the channel response
fromthe device to another device having M plurality

of 18nt emhadevikt &f diiadgl(4]lwherein tHe)basetdnd difgaddl procdsher
power of the pth one of the L signals. 17. The device
of cl ai RforesseiHisVeFtar Syath anransmiymatyx Aythabis spprgted sapject

process e . i : i £
T R hebbdETablifer (R e Nk T bl AR dpg
and | i squdhéo a cealtmaxymomt poiwey esittddl byt dlhof the & plowadity of
transmtted by echdl%f éﬁt%g lurality of antennas is
t he saﬁ%t_eﬁ?'?c? Cé’ﬂ@éﬂe Ligshby N 18. The device of claim
1616 Wherma deyibeBt dhif 14, viHeeeiR @kt sshng ispinal pro®dsasiessor

multiplies the vector s with the transmt matrix A
t hat i s maBiplGeAtoveeRe s witrthe) 82098t 0RB404, where the transmit

matrix A is equal to VD, where V is the eigenvector matrix for H'H, H

is the channel response from the device to another device having M
plurality of antennas, D = diag(dy,...,d;) and |d,’| is the power of the p™
one of the L signals.

17. The device of claim 16, wherein when N <M, the baseband signal
processor multiplies the vector s with the transmit matrix A that is
computed where D =1 " sqrt(Pmax/N), and I is the identity matrix, such
that the power transmitted by each of the N plurality of antennas is the
same and equal to Ppax/N.

18. The device of claim 16, wherein when N <M, the baseband signal

processor multiplies the vector s with the transmit matrix A that is



14 conputed where D = sgrt(d ' Pmax/NTx) | such that

the power emtted by antenna i for i =1 to Nis (d '
weea/ONB46 (VWH)ii, and dp = d for p = 1 to L.PCLBS2005623408

devi ce of claim 18, wherein the baseband signal

processor nmultiplies the vem rswth the transmt

matrix A that is conputed red=1/z and z =

mex{ (W édmipyted where® tisaut(dt RewxPéoe) rhetelpthakthe power mﬁt@dﬂoy

ant enna fth N plural.ity. of 1 S

t he tot?f& “Lwy‘%ﬁjéﬂwrﬁ)dmﬁé 'P&P‘gfiﬁ {T?% oL

anl@ﬂﬂfﬂ?b&@é’d@éd&@ld@ Izt themwb%@ﬁgnﬂmea&r The

devi ce of claim 18, wherein the baseban nal

pr oces swultipkgs themectegs wifd the FarsmibmairixpA ﬂr@é 13 qoampvieck
mat r t ed h that th
povve:r Xe?‘ﬁ?’ie% y% ag{i e%ﬂ"ﬁx VW” Fsuchihéijf g“%g%g u(rgPr%B’(‘?re

(WH)ii, and the total power emtted fromthe N
pl ur al i figmopny aaWn@:nﬁ%@e Sbpir g of @t%&rsmma@ﬂ angtiihe total

devi ce g(gwglj 3{{11 cfﬁ‘ fﬁlgélﬂraﬁﬁp{f a?lten}lg's.ecolmbih%fﬁ b%tv{/e%n

baseban -carrier atlon

pr ocesstaQAMaﬁmEmJQaseband SI gnal processor nultiplies
the vector s with_ a tran trix Ak each of a
St T Tbe dsvich s i TGP Botein B basebanisibng Grorcasbar | on

system ﬁﬁﬁgﬁ;ﬂé {HeQrectofts wath ths §5ns%ﬁ¥in‘é€ﬂx0& '@fpart hsséd?lgputéd N

plurality antennas; 11. N plurality of radio
t r ansmi wheresi eé;:dmchdmpﬂmdodvm amittesrryempeomdii figy ichktolN is

the plurality. nt en s; nd iii...a baseband signal
pr ocessé@“aég%p(l%v i §0¢ tRF"‘@P‘&Y’%ﬁ ?‘?‘?e‘bgmﬁﬁaﬁgﬂu’fﬁty of
transm hiehsas tOmBieE 858, . dM.ector s representing L

siggals [sI ... sL] with a transmt matrix A that is
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a. a first device comprising:
i. N plurality of antennas;

ii. N plurality of radio transmitters each coupled to a
corresponding one of the plurality of antennas; and

iii. abaseband signal processor coupled to the N plurality of
radio transmitters to process a vector s representing L signals
[s1 ... s.] with a transmit matrix A that is computed to
maximize capacity of the channel between the first device
and the second device subject to a power constraint that the
power emitted by each of the N plurality of antennas is less
than or equal to a maximum power, whereby the transmit
matrix A distributes the L signals [s; ... si] for simultaneous
transmission to the second device by the N plurality of

antennas;
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second device conprising: i. Mplurality of antennas;
WO Roo4MBhural ity of radi o receivers each coupl BAI/U82083/023408
correspondi ng one of the plurality of antennas; and
iii. a baseband signal procei§or coupled to the N
plurality of radio receiversS'to process signals
out put Uy atsbedndldgvimk compu$ingr adi o recei vers with
recei ve weights,and .comhining the resulting signals
to recover thei@PEFﬂﬁXgEaTS S: . sL]. 23. The system
of clai m 22,j; whgpRirdlitl be rddasrRaiReks she@uppidas@ssor of
the first device processes the vector s with the

transmt matri xomesphnding one ebihg pluselity gbpaiepnasp ande
power const
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processes the vector s with the_tragigit tri.x. A that
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with the transmt matrjx A that..i co t ed .subj ect
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equal t firsV@vi EesVed the VE@orsy WRNRGEDEMtAhAtX A fhat is
HHH, H is the channel response fromthe device to
anot her cemeRttedsubleel fnge peprLsnstraint Remghesamgdor gach of the

di ag(dl |2 is the power of the pth one
of the Np%%ﬁé%osﬁﬂ%nhgsp

25.  The system of claim 24, wherein the baseband signal processor of the
first device processes the vector s with the transmit matrix A that is
computed subject to the power constraint for each of the N antennas
being equal to a total maximum power emitted by all of the N antennas
combined divided by N.

26.  The system of claim 25, wherein the baseband signal processor of the
first device multiplies the vector s with the transmit matrix A, wherein
the transmit matrix A is equal to VD, where V is the eigenvector matrix
for H*H, H is the channel response from the device to another device
having M plurality of antennas, D = diag(d,...,dr) and |d,J? is the power
of the p™ one of the L signals.



